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INTRODUCTION

The development of Quantum Gravity (QG) is related to the construction of an adequate alphabet
which would permit the building of a bridge between the language of differential geometry (and
its subdomain Riemanniann geometry) which forms the framework of Einstein’s theory of General
Relativity (GR), and the algebraic symbolism forming the framework of Quantum Field Theory
(QFT). In pursuing this aim, we are led to consider the status of the following fundamental notions:
symmetry, observable, space-time, matter and Relativity principle. We open the discussion with
remarks about the first two of these: symmetries and observables.

1 Symmetry, Invariance and Observables

1.1 Symmetry and Invariance

The concept of symmetry and its role as a cornerstone in the modern formulation of mathematical
physics was discussed by H. Weyl [237] and E.P. Wigner [242], who were amongst the earliest writers
to stress its fundamental importance. Weyl recorded his conviction of that importance when he
remarked [237] "As far as I see, all a priori statements in physics have their origin in symmetry”.
However a crucial and intricate issue is posed by the recognition of two fundamentally distinct types
of symmetry: the space-time symmetry (or external symmetry) vs the gauge symmetry (or internal
symmetry). Furthermore, we must also note a further classification: some symmetries are termed
global symmetries of the theory, while others are termed local symmetries. We concur with Weyl
that symmetry principles are the cornerstone of modern physical theory and underline that at the
heart of symmetry principles lies the question: what is the geometrical object under consideration
and how are we led to characterise its related invariants ?

In physics, whenever a system is considered, we speak of a symmetry - and then about invariance
with respect to this symmetry - by specifying transformations that leave some related quantities
unchanged. Actually we define a symmetry as a change of coordinates or variables that leaves either
the action invariant, the equations of motion or the field equations. Thereby, the first step, from
a mathematical standpoint, arose with the theoretical definition of a symmetry as an invariance
under a specific group of transformations, which brings with it a consideration of the theory of
transformation groups. This recognition culminated in the Erlangen program of F. Klein. Klein’s
insight [146] was to show that geometry could be conceived as the study of structures on spaces
defined by their transformation groups. This provided a principle of unification yielding a conceptual
re-ordering of the subject-matter of geometry as traditionally conceived. The key point is that
the space of any geometry is defined via a transitive group action revealing its invariance under
group transformations. This development of group theory and its role in the generalization - and
classification of geometries - henceforth spoken of in the plural, and the recognition of its central role
in the physical interpretation of geometry - and its conceptual inverse, the geometrization of physics
- played a key role in crystalising the outlook of the Gottingen school on both mathematics and
physics in the early 20th Century. Klein’s seminal work, in conjunction with that of S. Lie, opened
the way to a conception of physical theories centered on their transformation properties. Lie groups
and Lie algebras - the infinitesimal generators of vector fields - are al pervasive in mathematical
physics and revealed the central importance of the theory of continuous canonical transformations,
already anticipated in the insights of Lagrange and Hamilton. It was also in Gd&ttingen, in the
later work of D. Hilbert, Weyl and E. Noether, that the foundations and framework for the modern
geometrical approach to the study of dynamical systems were put in place, forming the basis for
our current and still developing understanding of the relationship between physical invariants and
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their mathematical counterparts. The Poincaré-Cartan integral invariants remain one of the most
beautiful early expressions of that development.

1.2 Dirac constraints and Dirac observables

We will not enter into details here of the so-call Dirac constraints and the related Dirac-Bergman
canonical quantization program, - see Dirac [60, 62, 63], M. Henneaux and C. Teitelboim, [119].
However we give an indication of its connection with the notion of an observable. Gauge invari-
ance leads to a degenerate Legendre transform (canonical variables are related though Legendre
constraints). The treatment of these constraints in the context of Hamiltonian dynamics leads -
in particular through the notion of first class and second class constraints - to the notion of the
constraint submanifold ¥ C T*M of the phase space of the theory. ¥ is defined by the data of m
constraints {x;(¢,p)}1<i<m = 0. In the context of constrained Hamiltonian theory with first class
constraint algebra, a Dirac observable Op,,.. is a function over T*M such that {ODirac(q, D), Xi} =~ 0.
A Dirac observable Op,,. - on the constraints surface ¥ - has weakly vanishing Poison brackets with
all of the first class constraints. Hence, a Dirac observable Op;,,. is defined as a physical, gauge-
invariant quantity. Then dynamics with respect to first class constraints x; is perceived as a gauge.
We picture evolution of a function (g, p) over phase space (1)(i).

d

(i) = (ele.p) = {H o(a:p)} (1) {H, Opirac} =0 (1)

In generally covariant systems like GR, the covariant Hamiltonian H (which generates dynamics
and thus time evolution) is a constraint which vanishes identically (as a sum of first class constraints).
A Dirac observable Op,.,. is given by property (1)(ii). It is this feature which gives rise to the problem
of time in QG. This is also a reflection of the interplay between reparametrization invariance and
the schizophrenic status of time: seen as a dimension or parametrization variable. In the context
of a universal Hamiltonian formalism it is always possible to work in a more general Lepagean
equivalent theory. In this case, thanks to the introduction of (huge) unphysical variables one can
subsequently make the first class Dirac constraints set disappear. This point should underline the
necessity of studying gauge theory on the basis of Lepage-Dedecker (LD) theory.

Indeed, since we understand General Covariance as the abandonment of any preferred coordinate
system for field equations for space-time we are led to consider the idea of background independence
as fundamental. For detailed discussion about the meaning of background independence and gen-
eral covariance we follow the point of view of J. Stachel [217]. This insight leads to the problem of
observables in GR: for pure gravity no observables are given. This implies the rejection as mean-
ingless of the notion of any a prior: given space-time structure. In such a picture the conclusion
naturally follows that the Relativity principle! is intrinsically rooted in the relativity of observable.
On this view of the philosophy of GR, the theory claims that observable quantities are not detected
directly, but are only compared to one another. The key idea of the multisymplectic approach is to
give a precise definition of the notion of an observable and a method to compare two observables
without specify any volume form (which means for us without making any reference to a preferred
space-time background). In this approach, we recover a crucial insight: dynamics just tells us how
to compare two observations. To emphasize this fundamental point, we cite C. Rovelli [198]: ”What
has physical meaning is only the relative localization of the dynamical objects of the theory (the
gravitational field among them) with respect to one another.”

"We discuss Relativity Principles in the broad context of their development from Galilean Relativity to Special
and General Relativiy.
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In canonical quantum gravity, one formulates the concept of observable on the basis put forward
by Dirac [62]. The Loop Quantum Gravity (LQG) program [10, 197, 221, 222] makes intensive use
of Dirac observables. Dynamics is perceived as a gauge generated by first class constraints and an
observable defined on the phase space commutes with all the constraints. Drawing inspiration from
and studying the intersection of the formalisms of Yang-Mills theory (dynamical connections) and
QFT Rovelli and L. Smolin [201] made use of Wilson loop? in the QG context (since the functional
on the space of connections is invariant under gauge transformations) and studied the loop rep-
resentation for Ashtekar variables [8, 9]. This brings to light the basis of Quantum Riemanniann
Geometry. LQG is built upon two main kinematical operators, the volume and the area operators.
However neither of these is a Dirac observable, and neither commutes with all the canonical con-
straints. Addressing the question of the physical meaning of such operators even within kinematics, -
i.e. before confronting the issues in dynamics - concerning the status and meaning of an observable.
As this example indicates, the obstructions we face in establishing a good notion of observable may
be coming from several distinct, through related, conceptual and technical sources. One obviously
concerns the issue of Dirac first class constraints and the subsequent notion of Dirac observable
over phase space Op;.... Secondly, it appears that suitable matter degrees of freedom need to be
included to obtain a complete picture. Lastly, we have to face the more general issue of principle
as to what constitutes a satisfactory notion of observable in the setting of a fully covariant field
theory. The first two issues underline the necessity of Lepage-Dedecker (LD) theory for covariant
Hamiltonian field theory. There, the Dirac constraint set can always be taken to be empty, this is
possible by observing a total even-handedness as between space-time and matter fields. The last
question is more subtle and general, but forces us towards an appreciation of the principle that
any observable quantity should emerge from intrinsic properties, namely from dynamics. It is in
this interplay between observables and dynamical considerations that we are led to recognize the
astonishing beauty of the universal Hamiltonian formalism. One key underlying aim of this Thesis
is to illustrate the subtlety of the concept of observable in the setting of multisymplectic geometry.
Along the way we form an appreciation for the connection and interplay between the issues involved
in our choice of a suitable notion of observable and our understanding of the Relativity principle.

2 The road ahead

2.1 Symbolic vision and diagram

The underlying aim of this discussion is to provide a fuller articulation of new insights into our
notions of space, time, matter, observable and the relativity concept. To this end, we have cho-
sen to introduce some new notation. We have made the choice to use symbolic drawing and new
signs. Here we briefly introduce the nine unusual symbols which will be encountered below. Before
describing them, we first motivate their introduction. We believe that diagrammatic notation can
benefit mathematical physics, and not for extraneous or incidental reasons. Two recent develop-
ments in contemporary mathematical physics appear to us to illustrate a striking epistemological
shift - namely that diagrams have ceased to be merely representational devices, but have themselves
become objects of theoretical study. The modern development of pure mathematics already strik-
ingly illustrates this development with the rise of Category Theory. As is well known, this had its
origins in the work of S. MacLane and S. Eilenberg [68], in algebraic topology and homology. Later
it was enormously extended and developed to become a framework for the organisation of almost

2The canonical variables of quantum geometry as developed in LQG are Wilson loops (given by the trace of the
holonomy around the loop v, W, [A] = tr[h,[A]] of an SU(2)-connection A) and fluxes of the conjugate momenta.
Hence, W[A] is a functional of the connection that provides a rule for the parallel transport of the SU(2) connection.
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all major fields of mathematics. Many names are associated with this, but one which cannot go
unmentioned is that of A. Grothendieck.® [101] On the side of mathematical physics we cite three
examples. The first - perhaps more anecdotal in flavour by comparison with the second - is the
tensorial diagram representation developed by R. Penrose [190]. The second is the fundamental role
of diagrams in the work of Feynman [76], which today still pervades the formalism of the modern
canonical (quantum) gravity program. Indeed in LQG the analogue of a Feynman diagram is called
a spin foam and constitute the core of recent developments of the theory. This is linked to general
knot theory and its use in modern QG. Here once again, the role of diagrammatic representation is
central - see the book edited by J.C. Baez [13] and references therein for exposition and discussion
of examples. These are general remarks on the rise of diagrams in mathematical physics. The more
particular suggestion informing the introduction of the new symbols below is that, in the quest for
a Quantum Theory of Gravity, whatever the favoured approach, a new sort of dynamical figure will
prove to play a central role in illustrating, and permitting a grasp of, the novel primordial concepts
which will be involved. We now introduce our novel symbols in three groups.

The first is the set of three symbols: the space-time entity (s), the matter entity (M) and finally
the hybrid entity (m).*

We need to distinguish between the ontologic and dynamical aspects of variational problems
but also more generally the ontologic and dynamical aspects of the structure of the theories. The
first is chiefly concerned with kinematics - phase space structure -, in connection with which our
interest is principally with the ontologic aspect of symmetry principles. The dynamical aspect
comes to the fore when we consider dynamics. The Hamiltonian of a system, as much as it is to
be understood as standing for some kind of potential - an dynamical potential -, brings with it a
focus on the dynamical meaning of the symmetries of the system, as concerned with information
about the system. As further illustration of the intended contrast, we may cite the perennial issue
of the interpretation of the Einstein field equation - in particular the relationship of the purely
geometrical part of the formalism (which may be seen as having a predominantly ontologic aspect)
and the stress-energy tensor (regarded as having more of an dynamical flavour) This tension within
the heuristics of GR as a classical theory also finds expression in the tension between the conceptual
and structural ingredients of GR and QFT, the better understanding of which provides vital clues
in analysing - and perhaps eventually clearing away - the obstacles - both conceptual and technical
- blocking progress towards a Theory of Quantum Gravity. We denote:

(>  Ontologic Space (>  Dynamical Space
<]  Ontologic Form <]  Dynamical Form

A clearer understanding of the intended meaning of these symbols may be obtained when we study
their use, together with that of two further symbols, in connection with the classification of different

3who developed many parts of the machinery of general category theory, and many key concepts - in particular the
theoretical classification of the properties of limits and co-limits - in the course of his fundamental and path-breaking
contributions, especially to algebraic geometry, although also in his earlier work in functional analysis.

4Note that these are not essentially diagrammatic but merely symbolic. They will be employed in two distinct
contexts. The first concerns the setting of a variational problem. This involves the first two symbols, namely and
(M). They are to be understood more precisely as parametrization space and parametrized space®. This is connected
with the distinction between what we shall term the ontological source or aspect - the ontologic motif and the
dynamical source or aspect - the dynamical motif, X of the variational problem. The distinction or tension
between these two aspects has its roots in the Grassmanian picture for variational calculus for field theory. We hope
to show in what follows that these ideas can play a fruitfully role in connection with understanding the dual nature of
the structures encountered in multisymplectic geometry. On the other side, those symbol would be understood in the
last part as an heuristic clarification for ontologic mode of the multisymplectic space, in the final discussion
of the dual nature of the multisymplectic form.
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types of observable in the setting of both symplectic - see subSections (3.7) - (3.10) - and then
multisymplectic geometry, see section (6).

In the chapter of the thesis devoted specifically to the discussion of observables - and also in the last
part of the text (20.1), devoted to broader philosophical issues, we introduce two further symbols:

<>  Ontologic Observer Dynamical Observer

These use of these two symbols is intended to capture the distinction between the ontologic and
dynamical aspects of the notion of observable. The use of the two symbols is connected not only with
specific mathematical characteristics of the notion of an observable stemming from the ontologic
and dynamical aspects of that notion but, more radically, with the two aspects of a fundamental
duality - more precisely a double duality - which brings the notion of observable together with our
understanding of symmetry principles and relativity to form what I shall label Eye-mirror monad.
These two symbols for the Observers represent the movement in the search for observables within
the ontologic domain (the ontologic observer) and the dynamical domain (the dynamical observer)
respectively. We may say, picturesquely, that the notion of physical observable can be thought of
analogous to the place where these two observers meet, having arrived at this double duality from the
ontologic and dynamical directions respectively. In more mathematical language, we may say that
the concepts of pataplectic manifold and of dynamical observable functionals are the mathematical
keys to the understanding of the double duality.

2.2  Ontologic vs Dynamical

In this section we offer further exploration of the duality between the ontologic and dynamical
aspects of the notion of an observable and of symmetry principles, stressing the distinction between
invariance and covariance principles. To make the discussion more precise, we analyse two examples
- the relation between the Einstein tensor and the energy-momentum tensor in Classical GR and
the broader opposition between the deep structure and associated conceptual presuppositions of
GR and QFT as the two pillars of 20th century physical theory.

Since our principal focus is the issue of space-time-matter organization, we shall open with a
discussion of the Einstein equations. Einstein’s equations connect the distribution of matter energy
- given by the energy-momentum tensor 7}, - and geometry - crystalized by the Einstein tensor
G- We write them G, o< T},,. These simplify in the vacuum case to G, = R, — %gWR = 0.
In classical GR, the Einstein tensor is usually understood ontologically, whereas the stress energy
tensor is considered as having more an dynamical status.’

Guw S > Ontologic object Tw S Dynamical object

Recall that the stress energy tensor depends on the representation, and is usually treated via a choice
of cosmological model by imposing constraints on the matter distribution 4n the Universe. This
arbitrary distinction is precisely the wrong approach to take from the standpoint of an intrinsically
dynamical geometry. It will be a central claim of this Thesis that the framework of multisymplectic
geometry provides a new vision of the ontology of space-time-matter. We shall set out the heuristic
arguments for this conclusion below and most fully in the section (20). This claim regarding the

5The symbols ® and @@ represent the algebraic duality and the dynamical duality, respectively, e.g.

(GW)S@ is a tensor object that belongs to ontologic considerations (i.e. relative to the structure of the ge-
ometry only), whereas the stress—energy tensor is an object constructed on the dynamical duality (which is translated
as T,WS). Note also that the bold symbol £ is symbolic, meaning that the object considered is related to
ontologic or dynamical aspect, respectively.
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consequences of the multisymplectic formalism for our understanding of these ontological issues
is related to two further developments. The first lies in differential geometry and concerns the
possible generalization of Cartan Geometry and the notion of Riemannn-Cartan space to the setting
of multisymplectic geometry. The second is in cosmology and concerns a possible explanation of
the origins of so-called dark matter and dark energy. We shall argue that issues concerning the
ontological status of space-time in GR vis-a-vis its treatment in QFT - the clarification of which
is indispensable for conceptual understanding of the proposed approaches to a quantum theory of
gravity - has hitherto been hobbled by a mistaken identification between what we shall term distinct
ontologic modes. This notion will be more fully defined in what follows: but briefly, we underline
here that an ontologic mode (M,w) = is to be thought of as given by a manifold structure
together with a choice of multisymplectic form, which is to say to the choice of a Lepage-Dedecker
(LD) theory.

e We have touched on the conceptual opposition between GR and QFT, but what is of particular
interest from the viewpoint of what follows, is the way the gauge formalism points to geometrical
structures beyond QFT. Here we immediately sense the main distinction between the two great
pillars of modern physic. On one hand in GR, the ontologic space is space-time itself, described
by the ontology GR - see section (11.2) - whereas the gauge picture as more of the general
flavour of an epistemological representation. In the latter indeed, we describe the ontology of
matter fields Gauge as sections of principal or associated bundle over a point of the manifold,
which is taken to be space-time. We intuitively feel the lack of a unified conceptual framework
in such a picture. Many attempts have been made to overcome this difficulty. The point we
emphasis in the Thesis, within the enlarged multisymplectic framework for dynamical geometry is
to make use of the concepts of enlarged pseudofiber Py(z), pseudofiber Pg(z) and the generalized
pseudofiber direction LIt. This is closely connected to the fact that the dynamical structure (namely
the Hamiltonian and Hamiltonian equations of motion) for a multisymplectic manifold (M,w) is
invariant by deformations along pseudofiber Pg(z).

Gauge theory: Fiber bundles Multisymplectic theory: Pseudofibers
Fiber bundle (P, X, ) Multisymplectic space A"T*3°
Fiber P, over a point x € X Pseudofibers Pg(z), P,(2)
Fibers do not intersects Pseudofibers may intersect singularly
Gauge transformations Deformations along pseudofibers

Once again, in the last part, see section (20), we shall develop heuristic considerations on the crucial
importance of this insight. We believe it opens the way to a generalized non-local field theory, and
provides the conceptual resources for reconciling the local features of gauge theory with the non-local
features of gravity crystalized in the diffeomorphism group.

2.3 A glimpse of the journey

The Thesis falls into four main parts:

MULTISYMPLECTIC GEOMETRY comprises Sections (3) to (7) and concerns the general
setting of multisymplectic geometry MG. First we offer a survey of symplectic geometry (3) with a
special emphasis on the treatment of extended phase space. Then we pass to the multisymplectic
setting developed by F. Hélein and J. Kouneiher (4). After a short discussion of the traditional
presentation of the theory in terms of jet bundles and contact structure with the related graded
Poisson structure (5) we pass to the main subject of this part: section (6) which is observable theory.
Here we emphasize conceptual issues and make intensive use of diagrams. We conclude with some
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remarks on the notion of pre-multisymplectic geometry and the notion of n-phase space - see (7).
MULTISYMPLECTIC MAXWELL THEORY is the study of some aspects of multisym-
plectic Maxwell theory. Here calculations are given in detail. We first treat the multisymplectic
De-Donder-Weyl-Maxwell theory - see (8). In section (9) we set out some computations involved
in the search for observable forms. Section (10) gives a simple example of Lepage-Dedecker higher
theories. In this part we also develop the symbolic notation for various bracket constructions for
forms of arbitrary degree.
TOWARDS MULTISYMPLECTIC GRAVITY comprises Sections (11) to (19) and offers an
overview of multisymplectic gravity. This section is itself composed of three parts. Section (11) dis-
cusses the basic geometrical tools for GR, while (12) concentrates on the picture of gravity as a gauge
theory which clearly underlies the modern LQG program. The aim of these two sections is purely
introductory and descriptive. They offer a synthesis of basic tools and ideas. Sections (13) to (14)
concern equations of movement for Palatini gravity and some remarks on the canonical variables
that appear in LQG. One aim here is to highlight the way in which the work of Hélein and Kounei-
her allows a natural geometrical treatment of loop variables. Section (15) offers a brief treatment
of the Chern-Simon equations of movement with the aid of techniques drawn from the multisym-
plectic formalism. Section (16) concern the study of multisymplectic gravity chiefly through the
example of Palatini-Hamilton equations in the simple DW multisymplectic setting while (17) treats
the pre-multisymplectic case. Sections (18) to (19) concern observables, topological terms and the
Lepage-Dedecker formalism.
SPACE-TIME-MATTER consists of section (20) and offers an overall perspective on the topics
treated in the Thesis and the directions in which they may be developed in the future. These
considerations rest on heuristic rather than mathematically rigorous arguments. They present pre-
dominantly conceptual claims. There are two main ideas. The first draws an analogy with Einstein’s
considerations about the dual nature of the metric field by reference to the dual nature of the multi-
symplectic form. Here we emphasize a heuristic reinterpretation of the main conceptual principle of
GR within the extended multisymplectic setting. We replace the old ontological view on space-time
with a new one resting on the basis of n-forms in the context of multisymplectic geometry. This
opens the way to a further and more complex development concerning the possible extension of
the notion of curvature and torsion to multisymplectic space. This brings with it a new conceptual
setting for understanding the problem of dark matter and dark energy in Cosmology. Finally we
introduce the notion of monad (the reason for this Leibnizian terminology will become apparent)
which arises when we try to unify the notions of observable and symmetry on the basis of a single
intrinsically dynamical principle.

To sum up, the Thesis contain:

e A presentation of MG, especially a synthesis of the principal motives and results presented
in the work of Hélein, [111, 113, 114] and Hélein and Kouneiher [115, 116, 117, 118] (some
material is directly taken from their work) together with the development of new symbolism
based on conceptual reflection on new principles which are intended to make the connection
between our understanding of relativity and symmetry principle and the notion of observable.

e A presentation of basic tools for the study of first order gravity. Here we shall be concerned
only with the classical level and not with quantum developments and spin foam and a proposal
for merging tools from MG and LQG in which multisymplectic theory provides a natural
generalization for the loop variables.

e A more fundamental reflection on the nature of observables, relativity and space-time-matter
within which our proposal for new symbolism finds a natural justification and which gives



rise to the concept of Eye-mirror monad. We shall boldly claim to have given mathematical
substance to the metaphysical thesis of the union of oneness with duality. We claim also
to have provided a deeper understanding - one resting on the notions of algebraic observable
forms and observable forms - into the distinction between covariance and invariance principles.

MULTISYMPLECTIC GEOMETRY

Within the context of covariant canonical quantization Multisymplectic Geometry MG is a gener-
alization of symplectic geometry for field theory. It allows us to construct a general framework for
the calculus of variations with several variables. Historically MG was developed in three distinct
steps. Its origins are connected with the names of C. Carathéodory [36] (1929), T. De Donder
[57, 56] (1935) on one hand and Weyl [236] (1935) on the other. We make this distinction since the
motivations involved were different: Carathéodory and later Weyl, were involved with the general-
ization of the Hamilton-Jacobi equation to several variables and the line of development stemming
from their work is concerned with the solution of variational problems in the setting of the action
functional. On the other hand, E. Cartan [39] recognized the crucial importance of developing an
imwvariant language for differential geometry not dependent on local coordinates. De Donder carried
this development further. The two approaches merged in the so-called De Donder-Weyl theory
based on the multisymplectic manifold Mpy. The second step arose with the work of T. Lepage
and P. Dedecker. As was first noticed by Lepage [159, 160, 161], the De Donder-Weyl setting is a
special case of the more general multisymplectic theory. The geometrical tools permitting a fully
general treatment were provided by Dedecker [52, 53, 54, 55]. Indeed, for field theory, we are led to
think of variational problems as n-dimensional submanifolds ¥ embedded in a (n + k)-dimensional
manifold 3°. One observes the key role of the Grassmannian bundle as the analogue of the tangent
bundle for variational problems for field theory.

The final step was taken by the Polish school in the seventies which further developed the
geometric setting. W. Tulczyjew [224, 225], J. Kijowski [141, 142], K. Gawedski [93] and W. Szczyrba
[144, 145] all formulated important steps. We find already in their work the notion of algebraic form,
and in the work of Kijowski [141] a corresponding formulation of the notion of dynamical observable
emerges. We emphasize, for the full geometrical multisymplectic approach, two fundamental points
that will be treated later: the generalized Legendre correspondence - introduced by Lepage and
Dedecker - and the issue of observable and Poisson bracket, two cornerstones within the universal
Hamiltonian formalism developed by Hélein, [111, 113, 114] and Hélein and Kouneiher [115, 116,
117, 118]. However, in order to understand the difficult issues surrounding the choice of a good
Poisson bracket structure for field theory in the multisymplectic setting, we will also describe some
basic ideas about traditional multisymplectic theory in term of jet bundles and contact structures.

The first part of the Thesis is organized as follow. First we recall some basics of symplectic
geometry in the Hamiltonian setting for classical mechanics and the transition to the relativistic
case by means of the so-called Hamiltonian constraint. Later we give a basic exposition of MG for
the calculus of variations with several variables, the tool for field theory. Finally we concentrate on
the main ideas and motives concerning the treatment of observables found in [111, 113, 114, 115,
116, 117, 118]. Also we emphasize some points related to n-phase space theory.

3 Symplectic geometry and Hamiltonian dynamics

We refer to the classical textbooks of R. Abraham and J.E. Marsden [1], J.E. Marsden and T.
Ratiu [169] for complete geometrical introductions to classical mechanics and symmetry. A great
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part of our present introduction is inspired by various works and papers of Hélein [113] - published
and unpublished notes, in particular in Sections (3.1) and (3.2). Here we give a short treatment of
his work, and present a synthesis on the symplectic roots of Hamiltonian dynamics.

3.1 Lagrangian systems and variational principles

First we focus on the description of non-relativistic dynamical systems. In this context, time is
the evolution parameter, hence thought of as an external parametrization. The configuration space
is denoted 3 - described as a k-dimensional manifold - and we describe the dynamical variables
on 3 with coordinates {yi}lgigk. The evolution of such a classical system is described by a curve
v : 1 — 3:t+— ~(t). The tangent bundle T'3 is the wvelocity configuration space described by
local coordinates {(y’,v")}1<;<k. A path 7 is lifted to the tangent bundle T'3 in the following
way: (v,%) : I — T3 :t — (v(t),%(t)) and projects down to the configuration space for the
same motion. In the case where L = L(y,v) does not explicitly depend on time, we speak of an
autonomous dynamical system. In the present development, we are also interested in the so-called
non-autonomous case where the setting exhibits a Lagrangian defined on I x T'3. In this case the
Lagrangian depends explicitly on time so that L = L(t,y,v). This consideration leads a definition
of the evolution space as I x T'3 which is the data (¢,4,v). In such a context, the Lagrangian is
defined on the evolution space L : I x T'3 — R associates L(t,y,v) to any (¢t,y,v) € I x T'3. The
Lagrangian is defined as the functional:

£hl = [ Ler0 3@t = [ L. 50)ae

I t1

We may compute the first variation of £[y] along a trajectory v € C2([t1,ts],3) induced by an
infinitesimal variation 0y € C%([t1,t2],7*T'3) of the path. We write an infinitesimal deformation of
a path 7 as 7+ 00 where o is an infinitesimal parameter L[y + odvy] = ttf L(t,y+ 067,54 odv)dt.
A critical point of L[] is any path or trajectory v € C%(I,3) such that the infinitesimal deformation
- with fixed endpoints y(¢1), y(t2) - for the functional action £[y] is invariant up to first order. Since,

(7)Y + 5= (6,7, 9)84" ) dt + O(0?),

to ) to (9L
L[y + o] :/ L(t,'y,v)dt—i-a/ ( 50

t1 t1 ayl

we obtain the first variation as:

2 9L i OL
st = [ (Gt + g

oL N 2 9L .. d, 0L , ;
[@<t’%7)57]t1 Jr/t1 (afw(t,%v)—a(w(t,%'y))ﬁv dt.

(t7,4)3%" ) dt

Following the hypothesis of fixed endpoints for the infinitesimal deformation v + gdy we conclude
that v is a critical point of L[] if and only if:

d , OL . oL .

which are the Euler-Lagrange equations. Following Hélein [113], we shall focus on the variational
principle for the Hamiltonian formulation. We want to describe a functional £°[vy,(] on the set
of applications (v,¢) : I — T3 such that the critical points would correspond to those of L[7].
A simple way to achieve this is to consider the restriction on the map (v,() for the functional
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L°[v, (] so that when we perform the first order variational calculation, we need to set restrictions

on 55‘(37 0 [0, 0¢] for infinitesimal deformations 6 and 6¢. We summarize those conditions as:

Eo[f}/? C] / V(")/7 C)?C = 7 and 5£?77§) [577 5(} / 5< = 5'7

In order to grasp the constraint ¢ = 4 - and its counterpart on infinitesimal deformations (é+, d¢)
namely 0¢ = 6 - we apply the Lagrange multiplier method on the functional space. We add to the
unknown variables v and ¢ more unknown variables denoted A and consider the following action
functional:

L[, ¢, N = /1 (L(t,7,€) + Ni(3* — ¢))dt. (3)

The functions \; are seen as the components of a section A of v*T*3. We observe that Vt € I, A(t) =
\i(t)dy® is contained in T;(t)S so that, in order to emphasize the source and target space involved,
we describe the map (v,(,\) : I — T3 x T*3. Therefore for any (v, (, A) such that { = 4 we have
L°°]v,¢,A] = L]y]. This is the key feature of the so-called Lagrange multiplier method. The first
variation of E((); N [67, 8¢, )] is given by

oo oL i 0L i i i i
0L 67,6, 0] = /I(ayi(ta%C)(s’Y +w(t777C)5C )dt+/l(5)\i(’y = ")+ XY — NoCh)dt

oL § ) sni oL Y i Vs
= [(Grtn0-Aavars [ (Gt -Naca+ [ (7 - o

Therefore, (v,(,\) is a critical point of §L° . |\ [07,d(, 0] if and only if:

(7,6,A)

dA; OL
aL . N 7 _ uL
@(t777g) - )\'L =0 (1) dt %%1 (t777<)
oL ; — . 4 _ JL A
St =N =0 (i) A i ERACRAY (4)
yt — ¢ - 0 LA
¥ =C (iii) o ¢*.

The Lagrange multiplier method exhibits the interplay between the variables v, (, A and their dual
equations (4). We find the desired relation dv*/dt = 4* = ¢* and if we eliminate the variable )\; we
recover the Euler-Lagrange equations via the restriction of the action functional (3) £°°[,(, A] on
the path (v, (, A) such that (4)(iii) is satisfied.

When we turn to the Hamiltonian picture - and to the related variational formulation - we
understand these Lagrange multipliers as the canonical momenta, but in the Hamiltonian setting
we do not eliminate )\; - the dual variables of equation (4)(iii) - but keep them and instead eliminate
the unknown variables ¢? - dual variables of equations (4)(ii) \;(t) = %(t, 7, ¢). This is the core of
the so-called Legendre transform, on which the Hamiltonian picture is built. Before we give a more
precise treatment of the Legendre transform and the Hamilton equations, we first offer an overview

of variational principles in the Hamiltonian setting.

3.2 The Hamiltonian setting and variational principles

This part continues to develop the synthesis found in Hélein [113]. We now relabel the Lagrange
multipliers by the variable m as is conventional in Hamilton mechanics. So that the previously

"Where we have cancelled one term due to the fact that §v is supposed to be compactly supported.
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introduced action functional (3) becomes:

ﬁﬂmaﬂzz@m%o+MV—@wt

With this formal change of notation the system under consideration (4) is now denoted by:

B T
()  m() =

(i) D) =

?(70 ©)
().

The idea is to eliminate ¢ while keeping m;(t) = gULi (t,7,¢). The Lagrange multipliers are taken to
be the canonical momenta 7;(t) defined via the Legendre transform. We substitute 7;(t) in place of
¢* in equations (5)(i) and (5)(ii). The Hamiltonian picture® replaces the Euler-Lagrange system of
equations involving (v(¢),%(t)) by a new system of equations involving (y(t),7(¢)). This process is
equivalent to passing from the system (6)(i) to the system (6)(ii)

dﬂ'i 8H
| FGreamam) = Fraaocay GO = —GEeaw.m)
(i) dt \Ov oy (i) ; Y (6)
dl(t) = () il (t) = 8—H(t (t),m(t))
"’ dt ~ op ) '

where we defined m;(t) as m;(t) = OL/Ov'(v(t),((t)). Now we consider the following functional
on the space of paths (v,(,7) but with the restriction given by (5)(ii) provided by the Legendre
hypothesis. Namely we construct a diffeomorphism I x T3 — I x T*3 so that the relation (4)(ii) is
inverted ¢t = Vi(t,y, 7). We consider the object Z[y, 7] = £°°[y,(, 7] such that ¢ is a solution of
L (¢ ~,¢) = m;. We obtain the functional:

Bvl
I[’Ya 7T] = /I (L(tv s V(tv s 77-)) + 71—1(’72 - Vi(tv s 7T)))dt = /I (Wz’Yl - H(tv s W))dt'

This is the main functional in the calculus of variations, discovered by H. Poincaré. We perform
the first order variation of Z[vy, 7] denoted 0Z(, r)[d, d7]:

0Ly m) [0, 0m] = (f'yiém + bt — gh:(t, v, )0 — a—H(t,fy, W)éwi)dt

Opi
i, OH i d, < i of .
— _/1( 6xi(ta’>’,7r)57 dt—l—/ldt(méy )dt—l—/l(v on; (t,,m))0m;dt.

If 67 is taken with compact support, the first order variation 6Z, [0, dn] = 0 gives Hamilton’s
equations. Now we proceed to the geometrization of these ideas, in the spirit of the work of
Hélein [118]. In order to prepare the ground for later considerations related to the Grassmanian
standpoint’, we finally say a few words about geometrization. We introduce the following graphs
G[v,(], G|y, 7| and G, (, 7| as the representations of the maps (v,¢) : I — T3, (v,7): I — T*3
and (v,(,m) : I — T3 x3T*3. Notice that G[vy,(] C I xT3, G[y,(,m| C I xT3x3T*3 and finally,
G[vy,n] C I x T*3. The interplay of these three graphs is related to the geometrical description of

8thanks to Hamiltonian function H : I xT*3 —= R : (t,y,p) — H(t,y,p) = piV'(t,y,p) — L(t,y, V(t,y,p)) see below
9which basically emphasize the central use of graph as dynamical objects.
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each of the three previously described functionals: L£°[vy, (], £°°[v, (, 7] and Z[y, w]. We summarize
this idea:

Gl = {(a.gE) e £l = [Lenod= [
I ‘ G(~,m)

Ghntrl = (A0 A D) wd Gr = [ i

Glv,n] = {(t(), 7).t eI} [y, 7] = )pz-dyi—H(t,q,p)dt

Later we examine the condition dt|¢ # 0, which mathematically allows us to express an oriented
curve as a graph. Notice that | = L(t,y,v)dt : I x T3 is a 1-form defined on the evolution space.

3.3 Autonomous Hamiltonian setting and geometrization

In this section, we discuss the Legendre transform for autonomous Hamiltonian case in more detail.
A similar construction is possible for the non-autonomous case. However, we will return to this
point later. The Hamiltonian picture deals with structure on the cotangent bundle 7*3 by means
of a non-degenerate Legendre transform: the map described by (7)(i) is a diffeomorphism. Then
we are able to define its inverse J~! - (7)(ii). Notice that in this section, and in the following ones,
we often abuse notation when specifying coordinates (¢*, p;) = (Y*(t), m;(t)).

i) J: T3 — T*3 Gi) 37': T3 — T3
oL

(@) o (2 2, v)) @p) = @o)=@Vap) O

The Legendre transform hypothesis gives us a a characterization of V(q, p)

0L

CaVer)  wmd Vi G@o)= Q

Pilt) = i

Hamiltonian dynamics gives the time evolution of coordinates (g, p) on T*3, when (g, v) satisfy the
Euler-Lagrange equations. From the path perspective, v : R — 3 is a solution of the Euler-Lagrange
equations if and only if the map 3 : I — T*3/t — 37(t) = (y(t), 7(t)) is a solution of the Hamilton
equations. This is possible thanks to the Hamiltonian function, defined in the autonomous case:
H : T*3 — R. We observe the following definition:

Definition 3.3.1. The Hamiltonian function is defined H : T*3 — R such that'’ ¥(q,p) € T*3,
we have H(q,p) = piV'(¢,p) — Lo 3 (g, p)

First we focus on the first equation of the system (6) - recall that here we are dealing with the
autonomous case.

(2 ey con) = 2 ey o) o)

Since we want to express the problem with the variables m;(t) = gfi (v(t),¢(t)) rather than ('(t),

the left part of (9) is written dm;/dt(t). Now we come to the left part of equation (9). We first
compute:

0H 0

A o
— =~ pV? — —Loj! .
o0 (¢,p) WPJV (¢,p) ag s (¢,p)

%For which the object L o 3! is seen as the map Lo 3~ : (¢,p) — (¢, V(q,p)) — L (q,V(q,p)).
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Since we work under the Legendre hypothesis (8) gTL] (¢,VY(q,p)) = pj, we obtain:

O (103 gy - oL oL ovi
5 (Lo )@p) = SR @V + 55 @ V@) G )
oL %
= o (@V(@p) 4055 (a0) |
oL % oH

= g @Vep) = (3?1" (Lo3 Y(g,p) —pjafqi(q,p)) =g 0P

In making this change of variables by means of the Legendre hypothesis, we consider ((t) =
V(y(t), n(t)) so that:

5 (09) = = 510,610 = ~ 55 L@ Vi) = — 1 (5sa Via.) ==

We find the first set of Hamilton equations (10):

d’ﬂ'l’ (t) _ 78H
at "’ 0

(¢(t), (1)) (10)

)19’31{

Secondly we consider the condition: {(t) = V(q(t),p(t)), and thence obtain the condition: d/dt[y(t)] =
V(y(t), n(t)). Since

oOH 0 ; 0
il — )] _
ap; 4P o, [ng (q,p)]‘ o, [L(q,V(q,p))} |
; % oL ovi
= Viap) +pig,-(0:p) = 5750 V(a:p) 5 -(0,p) = V(g p),

the second set of Hamilton equations (11) naturally arises:

dv'
dt

_0H

() = 5, (&), 7(2) (11)

1<i<k

We picture the geometrization in the autonomous case by means of the Cartan-Poincaré form.
Indeed, symplectic geometry is the natural arena to describe Hamiltonian dynamics. A symplectic
structure w defined on a manifold M is a closed (dw = 0) and non-degenerate'! 2-form. The
geometrization of Hamiltonian dynamics is achieved via the use of the canonical Poincaré-Cartan
form (12)(i) and the symplectic 2-form (12)(ii) given in coordinates:

Q) 0= pdd (i) w=df= Y dpnrdg, (12)

1<i<n 1<i<n

This process allows us to write the geometrical expression (13) for the Hamiltonian equation. Given
a Hamiltonian function H : T*3 — R and a Hamiltonian vector field £z, we have:

¢y Jw=—dH. (13)

Notice that a vector field £ € T(T*3) is generally written as:

_d _dd 0 dpi 9
€= g (lap) =55+ 3 g

"The non degeneracy condition means that we can construct an isomorphism between the vector fields ¢ on M
and the space of 1-forms: TM — T*M : £ — £ | w. Then w is non degenerate means V€ € TM,§ 1w =0=£=0
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whereas the Hamiltonian vector field £y, is defined by the Hamilton equations:

OH. 0 OH, 0 OH OH 0 Id
&1 =5 )55~ Gi)ar = (5 —50) = | _ - dH.
dp; " 0q 0q*’ Op; dp;’ 0Oq Id 0

R — T*3

t = (q(t),p(t))
ton’s equations - they are the dynamical trajectories of the Hamiltonian system (M,w, H). We
want to characterize the flow on T*3 that is encoded in the Hamilton equations. Equivalently, we

picture the dynamical evolution for a point (q(t),p(t)) € T*3 via Eu(q(t), p(t)) € T(T*3):

Integral curves of £ are defined as maps 55 : { that are solutions of Hamil-

d _ By _
2(a().p(1) = —2L(1) = €r1(3,(1) = E(a(t), p(1))-

The map 3”(t) parametrizes an integral curve of £z. In order to better understand later develop-
ments, we write more explicitly:

B.{ I — T3
POVt = 520 = (@ @) O, pa (), i(8)

3.4 The Hamiltonian constraint and the presymplectic structure

In the previous treatment of Lagrangian and Hamiltonian classical mechanics, note that whatever
the time dependence of the Lagrangian (autonomous or non-autonomous), we are faced with the
notion of time as an exterior parameter which flows independently: it corresponds broadly to the
Newtonian absolute time as an evolution parameter of the system, much as time does in QM. This
is the non-relativistic case. This picture is altered when one treats time as a canonical variable. The
key point is that in the previous development, time plays a twofold role. First as a formal integration
variable, and secondly as the external evolution parameter in the Hamiltonian H = H (¢, q(t), p(t)).
However, with the advent of relativistic dynamics comes an understanding of space-time itself as
the fundamental dynamical entity of the theory. There is no a priori splitting of space-time into
space and time. The fundamental covariance of the theory is related to the lack of such splitting.
Then we need the notion of extended phase space, usually introduced in the context of classical
mechanics. The subsequent development is twofold. On the one hand, we work on the proper
covariant configuration space 3% with local coordinates {qu}ogugk' On the other, we choose a
specific time foliation and work with 3°*, the extended configuration space equivalently denoted
3° = R x 3. In this case, coordinates are denoted {¢"},.,<) = {(qo,qi)}lgigk. Note that if we
perform such a preferred time foliation we depart from the spirit of a purely covariant theory. Our
idea is that in the search for a possible QG it is a fundamental necessity to express the field equations
in a fully covariant way. This is the reason why we should distinguish between the relativistic case
- where we work on 3° = R x 3 - and the covariant case - where we work with 3, without a
preferred time direction.
Extended phase space. — The extended phase space - equivalently called extended phase
space with a preferred topology - is built on the extended configuration space: the set of points
(¢°(7),¢* (7)) € 3 x R = 3°. The notation is chosen to emphasize that we add one dimension to the
classical configuration space. Hence, the configuration space is no longer spanned by k variables -
the position-coordinates ¢’ - but we consider instead the trivial extended configuration space as the
data of (k+1) variables treated on an equal footing. It appears that the role of the variable 7 is that
of a parametrization variable, whereas the time variable'? ¢(7) = ¢°(7) is a variable parametrized

1225 well as any coordinates on the extended phase space T*3° = T*(R x 3) denoted ¢°(7), ¢"(7), po (), pi(T)
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by 7. In this connection we observe that ¢°(7) = t(7) plays the same role as the other variables.
It is no longer viewed in the ambiguous role of integration variable vs time variable. Before further
considering this dual aspect of time as parameter vs dynamical variable, we summarize the previous
three cases in the following table:

Configuration Spaces Phase Spaces

Configuration space 3 {qi}1<i<,C Phase space (PS) T™3 {(qi,pi)}KKk
Extended configuration space 3° {(qo, qi)}1<i<k Ext. PST*(3 x R) =T73° {(qo,gi,_po,pi)}KKk
Covariant configuration space 3 {q“}0<“<; | Cov. PS T*3= {(q“,pu)}KKk o

Notice that we generally describe the set of canonical variables by (¢,p). Now we consider
the ontological issues raised by the choice of dynamical variables. This leads to a consideration
of the conceptual resources which can be provided by a graph theoretic treatment of dynamics.
That treatment is deeply connected to a vision of the calculus of variations and to proposals for
the correct mathematical treatment of Hamiltonian curves and dynamics which takes Grassmanian
ideas as their point of departure. This leads us to emphasize the obvious and natural distinction
between the parametrized space and the parametrization space. This is the first fundamental duality
we discuss and - as explained below - its treatment is part of the ontological aspect of variational
problems. Notice that the objects studied in such a variational formulation, are given by the paths
Yy Ve a0 7Yoo, Tespectively described by:

{I—>3 {I—>3°:]R><3 ' {I—>3
t = () T = YealT) = (Vou(7):78:(7)) t = YealT) = (Fh,(7))

Therefore the parametrized space is given by the set of (¢*(t)), (¢°(7),¢* (7)) and (¢#(7)) which are
coordinates respectively on 3, 3°* and 3°", whereas the parametrization space is given in each case
by means of an open subset I C R coordinated by ¢ and 7' . Now we concentrate on the extended
configuration space 3° so that paths: Ve : T = Yee(T) = (75,(7), V(7)) are lifted respectively to
T3° and T*3°:

T3] { I — T3 =T(Rx3) T3] { I — T*3°=T*Rx3)

T o= (1) (1), 4°(7), 4 (7)) Jer T o= (7(7), Y1), o (7), mi(T)).

ext

We insist on the fact that here time is encoded in the canonical variable ¢°(7) = 7. We exhibit
the specific trivial case where time and parametrization are identified. In the case where v°(7) =7
we have paths v : 7 +— (7,¢%(7)) in 3° and the lifts are then described:

"y[TSO} . { R — TSO = T(]R >< 3) ' "}/[T*so] . { R — T*Bo'
L o= () = (), L) LT o= (7)), o(7), mi(7)).

The extended phase space is the crucial step to the relativistic treatment of time and space on
the same footing. By ¢(7) we denote, as in the previous case of classical mechanics, the whole
set of canonical positions. In this case, ¢(7) represents both 4°(7) and ~*(7) or 7 and ~*(7). We
describe T'3° with coordinates (¢°, ¢*, 2°, 2%) and T*3° with coordinates (¢°, ¢’ po,p;). Notice we
are now dealing with the core issue concerning the treatment of time as it will developed later
in the Thesis. This picture corresponds to the parametrization of the time variable ¢° by another

Bfor classical phase space and for trivial extended phase space or covariant phase space.
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additional variable ¢°(7). Then we write L = L(7,¢°(7), ¢'(7), 2°(7), 2/(7)). Note that in the special
case where ¢°(7) = 7, it is no longer possible to define J°, the straightforward analogous Legendre
map on 1'3°, for that would yield a meaningless expression:

P A LA = (16 (), o (g (), 2 0)), o (7,4(7), (7).

It is not possible to specify OL/9z°(t,¢* (1), 2*(7)). However (30)71 is well defined and gives rise
to the Hamiltonian H : T*3° — R. Since we want to shed light on the geometric construction
that allows us to observe a time-invariant reparametrization feature which opens the way to the
treatment of generally covariant systems. We imagine two Hamiltonian functions, those with and
without an additional parameter 7. Then the general construction exhibits a Hamiltonian function
as:

H(q%, q",pos pi) = PoZ°(¢°, q", Do, Pi) +PiZ(4°, ", Doy 0i) —L(a°, 4"+ 2°(4°, 0" s Do, i), 2°(4°, 4", Do i) ) -

Here, all canonical coordinates are functions of 7. In the specific case where ¢°(7) = 7, we define a
Hamiltonian function:

H(T,q", P, i) = po + pi 2 (1, 4", pi) — L(7,q", 1, 2 (7, ¢", ps)).-

This is always possible because in this case (30) ! (7,¢%, po, pi) = (1, 2,1, Zi(1, 2%, p*)) is well defined.
Relativistic mechanics is described with the covariant Hamiltonian H : T*(3 x R) — R:

H(T,q", pospi) = po + H(7,¢",pi). (14)

Notice that H = H(T,q',p;) is identified with the Hamiltonian on the phase space I x T*3. In
the relativistic formulation based on the extended configuration space 3° and the extended phase
space T*3°, we build a geometrical picture analogous to the one developed for independent time
mechanics - i.e we find a relation similar to (13) - but with objects - the Hamiltonian function and
the symplectic 2-form - defined on 7*3°. This leads to the relation (15):

&y Jw=—dH. (15)

However (15) makes use of the covariant Hamiltonian (7, ¢, po,p:) = po + H(7,q',p;) on T*3°
Since the space T*3° is a cotangent bundle it carries a canonical one-form § = p;dq’ + podq° and
symplectic form w = df. Notice that if dim(3) = k, then dim(T*3°) = 2k + 2. We exhibit pre-
symplectic dynamics by introducing the constraint hypersurface (16) X, as a 2k + 1 dimensional
submanifold of T*3°.

Yo CT*(3xR) ={(¢°, ¢, po,pi) € T*(3 x R)/po = —H(q,p)}. (16)

Let i: X5 — T%(3 x R) be the inclusion map. The restrictions on the hypersurface ¥,: 9|Eo = i*0
and wyy, = i*w indicate a degenerate feature. This is why i*0 is called a pre-symplectic 2-form.
Relativistic dynamics is given by the data of pre-symplectic space (Emleo) (with the additional
condition that (dg°)|s, # 0) whereas the pair (7*3°,w) is symplectic. The analogue of (15) - namely
the dynamical equations - is written in the pre-symplectic setting as follows:

Ve e I'(3°,T3°), (€ Jw)ls, =0 and (dg°)|s, # 0. (17)

We return later to the general case of n-phase space, where pre-symplectic dynamics is fully de-
scribed. The constraint p, = —H (g, p) leads to the picture of the problem on the constraint surface
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defined by the Hamiltonian constraint H = 0. Here we have defined H in a natural way as in
(14). This this usual approach, the theory takes on the form of a 1-phase space structure on the
geometrical level. We denote by ¥, = H~1(0) the submanifold of 7*3° such that:

S =H10) = {(¢.p) € T*3° / H(q,p) = 0}.

This is equivalent to working with the Hamiltonian function H(q'(7),p:(7)) = H(T,q', p;) without
explicitly making reference to H, but by imposing the Hamiltonian constraint. In the most general
context, using an additional parametrization variable 7, we consider the following paths:

:{ [7’0,7‘1] — ZOCT*(BXR)

T = (¢°(7), ¢ (), —H(q(7),p(7)), pi(T))-
Proposition 3.1. A path 7 : [11,72] C R — X, is a solution of Hamilton equation if and only if its
tangent vector ' = dy(7)/dT satisfy:
dq°
dr

(v Jw) ‘Eo =0 and (1) # 0.

We consider X € TS, C T(T*3°):

d de® 0 d¢t @ dp, O dp; O 0 ;0 0 0
== = oL 2 Pl _gel el yr, S,

dr <(q(7)’p(7))) dr 0q° + dr 0¢* + dt Opo + dr Op; dq° + aq* + Opo + Op;
with ©° = dq°/d7(7), ©° = dq'/dr (), Yo = dpo/dr(7) and finally Y; = dp;/d7 (7). Since we work
on Y, we have the relation p,(7) = —H(q(7),p(7)) and the term Y,0/0p, gives:

X

0 dpo 0 dH 0 0H dq¢* OH dp;\ O
T, = = —— , =— - — .
Opo dr (7) Opo dr (a(7) p(T))ﬁpo <8qz dr  Op; dr ) Opo
Therefore we rewrite X as:
0 .0 OH dq" OH dp;\ O 0
X=0° P— — - — — T,—.
© dq° +© aq* <0qz dr  Op; dr ) Opo Op;
Thanks to w = df we expand:
(X Jw)|s. = (X J(dpiAdg' + dps Adg®)) |y, |
0 . 0 OH dq* OH dp;, 0O
= dp;(T;=)dq" — dq' (0" = )dp; — dpo - —)=—)dq°
pi 8pi) a ¢(® 8q’) P P (((‘)ql dr * Op; dt 8p0>
—dq (@ aqo )dpo '
, , OH dq¢" OH dp; OH . OH
— Tz e/ ; — _ 1 3 ) o _dd’ ;).
dq’ — ©'dp (8(]1 dr +8pi d7>dq +© (qudq +8pidp>
Therefore, (X _ w)’zo = 0 is equivalent to:
OH . . OH - OH OH
T; °(==))d¢" — (©" —©O° dp; — (O (== Ti(=—))d¢° =
(i +0°(5,0)da’ — (O = (5 ) )dpi — (&' ) + Xl ) )da® =0
° 0H dp; o ° 0H
. H 1)
0 = 0°(=—) so that d—q(T) = @O(aH)
o OH o oh OH
0 = O(5>)+Ti(+— = O(5=)+Yi(m—).
(G + 150 0 = OGN
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The condition ©° # 0 means that ¢°(7) is an invertible map and we can define the map (@O)fl.
This allows us to drop the variable 7 and instead use ¢°. Let us call ¢° = t to recover our initial
description. In the (pre)-relativistic formulation we obtain Hamilton’s equations and conservation
of energy: '

dq"
E(t) ~ Op;’ dt ()=~ oq' dt
The question that naturally arises here concerns the treatment of the parametrization ©°. Then,
in the case where ©° = dg¢°/dr = 1, we get ¢°(7) = 7, 2° = 1 so that the extended Hamiltonian
H:T*(3 x R) — R is given by:

_OH dp; ,  OH dH _

dqo dqi o 1 .0 _1 o 1

o)t pilgo) = L(a%,4', 2% 2Y) = po + H(4®, 4", pi)- (18)
Classical mechanics falls under the case H = 0. In the next section, we exhibit a way of treating time-
dependent mechanics that allows us to treat the time issue directly from the specific construction

itself.

H(qov qiapovpi) = po(

3.5 Geometrical construction for relativistic dynamics

We exhibit the Legendre correspondence hypothesis developed in [115], applied to the case of classical
mechanics. More precisely, we find that the specific construction on paths v : I — 3 allows us to
recover dynamical evolution, where time and energy are seen as canonically conjugate variables
in a natural way. Let us emphasize that the construction found in [115] gives a straightforward
interpretation of time as a dimension and thus eliminates the schizophrenic opposition between
its interpretation either as a parameter or as a variable in the extended configuration space. The
universal Hamiltonian formalism was designed to address this point. Time and space are there
treated on an equal footing in accordance with the principle of relativity and therefore, we need
to separate the issue of parametrization of paths from the question of the number of dimensions
within the theory. The question of how such apparently distinct fundamental notions as (time,
space or fields) appear so different from each other is indeed an even more delicate one but finds its
resolution in the dynamics itself. For it is the dynamical behavior of observable forms that allows
us to address this question. The right and appropriate treatment of time dependent mechanics that
led to the setting of a fully covariant field theory can be viewed as follows: we consider a path
v : 1 — 3, and we denote by {7} local coordinates on I as well as {y',---,4*} local coordinates
on 3. We denote {¢"}1<u<(pt1) = {q', -, ¢} = {r,9",--- ,9*} coordinates on I x 3. Then, we
consider the following map:
_ { I — Ix3
YT e s = ).

The map 3, associates to any element 7 € I C R the graph of v, G[y] = {(r,7(7))/7 € I}.
Therefore we picture the graph of v, G[y] as the image of the map 3-(7) = G[y]. We associate to v,
YVTIRQT*I =v*T3® 1 C T3®1, as a bundle over I. Notice that if we consider the tangent bundle
T3 — 3, and the smooth map ~ : I — 3, then by definition the bundle v*T'3 is a fiber bundle over
I, whose fiber over 7 € I is given by (y*T'3); = (T'3)(r)- In this picture we have the following two
bundles, the tangent bundle and its associated pullback bundle by the map : respectively T3—>3
and v*T3—1. We construct the bundle:

VT3 T*] (19)

lﬂ

I



24 D. Vey — Multisymplectic Gravity

The total space of this bundle is made with fibers over 7 € I which are taken to be objects in
~Y*T3® T*I. These are maps from the space T'I to the total space of the previous pullback bundle,
namely maps to the space v*T'3. Therefore, we denote coordinates 7 on I and v’ = v%, with
1 <4 <k = dim(3) such that a point in v*T'3 ® T*I is described with coordinates (7,v). Indeed,
the object v is described by the map: T1 = I — *T3. Notice also that to the map v : I — 3,
we naturally associate the differential dy : 7 — dv,, a 1-form that associate to any point 7 € I the
T — Ty(7)3
T = dy/dr(r)

This basic construction justifies the introduction of the bundle (19). The differential dv is a

section of the bundle (19). Now we introduce another bundle: T3 ;x5 T*1 2 T3 Qrx3 [

differential of v at 7'4: dy : 7+ dr, : {

TB Rrx3 T*I (20)
lw
Ix3
We can think of v*T'3 ® T*I as a sub-bundle v*T'3 ® T*I C T3 ®1x3 I. In doing so coordinates

on the former are denoted by (7,v) whereas coordinates on the latter are denoted (7,y,v). Then,
coordinates on y*T'3 ® T*I, namely (z,v), are naturally represented by:

The interest of the bundle (20) appears clearly since the base manifold in this case is the product
I x 3. Therefore, either parametrization space I - in classical mechanics, parametrization space is
time - or the target space, namely the configuration space 3, are treated on equal footing as graph.
This further stresses the underlying philosophy, which is to treat on the same footing time and
space. Later, we apply the same principle to space-time and fields. To emphasize this we denote
3° =T x 3. Notice the distinction with the notation for extended phase space 3° = R x 3. Even if
mathematically these spaces serve the same purpose (since we work in the symplectic setting) still
conceptually they are obtained from different roots. The former is due to the graph idea whereas
the latter is concerned with a topological choice. Now we identify the following two bundles, - the
fiber over 3° = I x 3 denoted 5T(7’7’U)30 is described via:

T3 @13 T = °T(; )3°% = Tz x 3) (21)
s e e
Ix3 Ix3 Ix3

We consider *T(;,,1)3° = *T'(;,)(I x 3) = {(¢q,2) € T(I x 3)/z € T,3°,dr(z) = 1}. For any point
(1,v) = (1,7(7)) € I x3 , we identify the fiber 5T(m)3° with T, 3® T I though the diffeomorphism:

T,3® T 1 = Tir3°
.0 0 0 ; 0 22
v:Zvayi@)dT — 2= Z Z“@:§+Zvayi' (22)
1<i<k 1<p<k+1 1<i<k

Indeed, the bold index 1 < g < k+1 is a multi-index meaning that z# = 1 for p = 1 and z#* = o' for
2 < p < k+1. The identification 5T(T7Z)3° ~ T,3®T*I gives alternatively the coordinates (7,1, 2%)

Mpotice the canonical identification 7T = T
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or (7,5%, v%). A time dependent Lagrangian density is described by L : T3@T*I = T3®;x3T*I — R.
By considering the identification T*I ~ I, we recover the usual description of such a Lagrangian
- namely: L = L(7,7(7),dy(7)) - and its related functional: L[y] = [; L(7,7(7),dy(7))dr. Now
we proceed to Legendre correspondence geometrization. This exhibits the following Legendre corre-
spondence:

*T(3°%) =2 T(I x 3)eT*(I x 3) =T*(3°).

This correspondence involves the analogue of cotangent space T*(I x 3) and the analogue of the
tangent space T(I x 3). We emphasize that conceptually, T*(3°) = T*(I x 3) differs from T*3° =
T*(R x 3) even if they formally agree. Then, on the bundle 7*(I x 3) - the analogue of the cotangent
space - every point (q,p) € M = T*(I x 3) has coordinates ¢* = {7,y'} and p, = {e,p;} so that
p = edt + p;dy’ represents any element of the bundle whereas every point (¢,v) ~ (g,z) € *T(I x 3)
has coordinates ¢* = {7,y'} and v’ ~ z*. We emphasize the dimension of the involved spaces:

dim[T3 ®1y3 T*I] = 2k + 1dim[T*(3°)] = 2k + 2

Notice that the usual Lagrangian density L(¢,~(t),d7y(t)) for non-autonomous classical mechan-
ics, is defined on a 2k + 1-dimensional space. The Legendre transform - in the classical presentation
of non-autonomous dynamics - is described thus: I xT'3 — I xT*3 and is generated by the function:

s (LT X (T B
(¢;v,p) = (t,y", 0", pi) +— piv* = L(t,y,0).

Notice that we equivalently denote I x T'3 by means of o-notation. We obtain: (7'3)® = I x
T3 and (T*3)° = I x T*3. Following the method proposed in [115], we describe the Legendre
correspondence. On the Lagrangian side we work with *7°(3°). Notice that we can identify this
space with the classical non-autonomous case *T'(3°) ~ (7'3)° = I x T'3 through a diffeomorphism.
The difference comes into the play on the Hamiltonian side, where directly, in the construction,
we add a further variable ¢. Here we work with 7%(3°). In this case we introduce the Legendre
correspondence W °(q, z, p):

e - *T(3°) x T*(3°) — R
(quap) = (T’ yzvzzae)pi) = <p7 Z> - L(q, Z)’

with (p, 2) = (ed7 + pidy’, Z”(98M> = (edr + pidy’, ;Z_ + > vi@?ﬂ> = ¢+ piz’.

1<p<k+1 1<i<k

We define the Legendre transform hypothesis and we denote (¢, z, @)+ (q, p) if and only if V(q, z, @)
(1,¢', 2", @) € *T(3°) x R and Y(q, p) = (7, ¢*, ¢, p;) € T*(3°):

,2) — L(q, 2 =W° ) 2, = w
(4,2, @) (q;p) s ) aW(q ) B (23)
E(Qazap) = 0.
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The Legendre Hypothesis states that V(q,p) € T*(3°) there exists a unique z € *T(3°), denoted
Z(q,p), a critical point of z — W®°(g,z,p). The Hamiltonian function H : T%(3°) — R is con-
structed:

H:(1.q' e, pi) = HT, ¢ e,pi) = (b, 2(q.p)) — L(q, Z(q,p)) = W°(q, Z(q, p), p).-

By construction, H(7, ¢, ¢,p;) = ¢ + p; 247, ¢", ¢, p;) — L(7,¢', Z'(q,p)). The Hamilton equations
are pictured as necessary and sufficient conditions on the map 35 : 7+ (q(7),p(7)) such that there
exists fields 7 — ~(7) that verify two conditions. The first is that the Legendre condition is realized,
VT (1,7(7),dy(7))4*(q(7),p(7)), whereas the second is that fields x — ~(7) are solutions of Euler
Lagrange equations. In this geometrical construction for the time-dependent Lagrangian the map
is:
pal I — T*3°=T*(x3)
Tl o= (a(@),p(n) = (1.4 (1), e(7), pi(7)).
The conditions for a map v: I — 3 : 7+ ~(7) such that (7(t),v(7),dy(7))<(q(7),p(7)) are:
I - Ix3=3°
T = 3(1) = (1,4'(7))
under consideration with ¢(7) = (7,7%(7)). The image 3(7) of the map is the graph G[y].

e [2] In the bundle T3 ®;x3 T*I, the coordinates (7,9 ,v") = (7,9, %) are identified with

(q(1),V¥(q(7),p(7))). Hence, in *T(3°), we obtain g?_ = gﬁ = Z(q(7),p(7))) and thus the following

e [1] First we must have: ¢(7) = (7,v(7)) = 3(7). Let 3 : be the map

k equations:
9 ) = 2(a(r).p() (24)

Since, by construction, H(q,p) = W°(q, Z(¢,p), p) and recognizing the central role of the condition
OW?®/0z(q, Z(q,p), p) = 0, we realize that:
o o

- z z
dH(q,p) = 5 (0 2(¢p) )dg" + o

(a, 2(q,p), p)dpy. (25)

Also, by construction (p, z) — L(q, z) = W°(q, z,p) = 0.'° Then we have V1 < u < (k + 1):

W ) = =2 (g 21)
g (@2P) = ~55(0.2D)

We write the expression (25) for dH in the following way:
oL
- _ = Iz
dH=~ > 5 0(¢.2(p).p)dd+ Y Z*(q.p)dpu, (26)
1<p<k+1 1<p<k+1

with ZH(q,p) components of the vector Z(g,p) in the basis {%}1<y<k+1‘

0 0 0 0 0
= (] i ’L —
E“Z(q,p)aq Z(qpaT-f— E qu)ﬁl ZaT+ZBq’

1<i<k

But Z7(q,p) = 1 due to the condition expressed intrinsically by the construction of the space
*T(r)3°. Indeed, if Z(q,p) € *T(r1)3°, then dr(Z) = dr(Z7 £ + Z' ;%) = 1. We found:

oL
dH=- > aqu( Z(q,p),p)dg" + Y Z*(q,p)dpy. (27)
1<p<k+1 1<p<k+1

15we fix the value of the parameter w to be zero
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We make the following computation:

?:(Q(T)ap(ﬂ) = %Z(gv?(q,p)vp) SH +§L}ZZ (q,p)} —ge[flgz(q,p))} o
= L4pig- (¢,p) — ( 2(q,p)—5— e (¢,p) = L+ pig - (¢,p) — Pig (¢,p)

= 1.

This does not give any dynamical information. We exhibit the analogous relations for 2 < p <
(k + 1) that corresponds to 1 < ¢ < k:

oH Z.
a*pi(q,p) = 2'(q,p)-

Now following (24), we exploit the condition [2] in order to obtain k + 1 equations:

OH dt and OH dry

g(q,p) dT() 8pi(q,p)= Ir (7),

(28)

and obtain the desired result. Once again, the first is trivial, by construction. In such a context,
we obtain the first set of Hamilton equations:

gt oM om,
(TT(T) = @(Q(T),p(f)) = @(T,q (7),e(7), pi(7))-

We have determined conditions on 3" for the existence of a map ~ such that (7, v(7), dy(7))<(q(7), p(T)).
The second part of the Hamilton equations is still needed. This second step brings the elimination

of v in the Euler Lagrange equations. We are looking for a relation on 3™ such that v is a solution

of the Euler-Lagrange equations. We compute:

d roL dr o dr o dp;
(2L o] = [ 2] = [ ] 2
dr [81}’ (7,7(7), dy(7)) dr Lovt (p, ) dr Lozt (p.2) dr
Due to the Euler Lagrange equations, we have % = gyLl (1,7(7),dv(7)), so that we obtain the
second set of Hamilton equations, the following k equations:
dpi _ _87—[( )
dr — 0¢t 4.0/

The Hamilton equations can be completed with the following:

de d ; oH,
T)— 7[7{(7)(] 7eapi) = _7(7—7(] aeapi)-

%( ) dr or
This relation is strictly a consequence of the relations described above. If we consider the Hamil-
tonian constraint, and write for (7,¢’,¢,p;) € T*(3°) the old notation (¢°, ¢’, po,p;) € T*(3 x R),
we recover the description of the extended phase space as in the previous section (3.4). In this case
e(7) + H(7,q¢"(7),pi(7)) is a constant which is set to zero.

3.6 Covariant Hamiltonian dynamics, preferred topology

Now we consider paths v** : I — 3° = R x 3 - such that the target space itself is the extended phase
space with preferred topology. We denote local coordinates on I by {7} and bu {3°,y',--- ,y*} local
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coordinates on 3° = Rx3. Then we denote {¢"}1<p<(ki2) = {a*, - LT @R =yt L yR)
coordinates on 3°° = (3°)° =1 x 3° =1 x [R X 3].
———
3ext

Now the map of interest appears to be:

gmg LD 3T =Ix3 =Ix[Rx3)
T 1 s 50 = (RT0) = (A1) A (7).

The map 3r associates V7 € I the graph of I', G°[I'| = {(7,T'(7))/7 € I}. We picture the graph of T,
G°[I'] as the image of the map 3r(7) = G°[I']. We associate toI', *"T'3°®T*] =I"T3°®1 C T3°®I,
as a bundle over I. Notice that, if we consider the tangent bundle T'3° — 3° and the smooth map
I' : I — 3°, then by definition the bundle I'*T'3° is a fiber bundle over I, whose fiber over 7 € I
is given by (I"T'3°); = (T'3°)r(s). In this picture we have the following two bundles, the tangent
bundle and its associated pullback bundle by the map I':

T3° = T(R x 3) [*T3°
[~ E
3°=Rx3 I

5
Hence, having constructed the bundle T™T'3° iy, , we construct the bundle I'*T'3° @ T*I — I.
We see that the total space of this bundle is made with fibers over 7 € I which are taken to be
objects in Y*T'3°®T*I. These are maps from the space T'I to the space '*T'3°. Therefore we denote
coordinates 7 on I and v2 = v°, vL = v, with 1 < i < k = dim(3) such that a point in [*T3° @ T*I
is denoted with coordinates (7,v). The object v is described by the map: T1 = [ — I'*T'3°. Again
in this case, the differential dI" is a section of the bundle I'*T'3° ® T*I. Alternatively, the following
bundle is constructed with T3° ®@rx30 T*1 = T3° Q@30 I:

T3° @pxze T*I = T3 @5,0 T (29)
l/ﬂ‘ iﬂ‘
I x 3° 300

Hence I'*T'3° ® T*I is a sub-bundle I*T3° @ T*I C T3° ®rx30 [ = T'3° ®300 I. In doing this

coordinates on the former are denoted (7,v°,v%) whereas coordinates on the latter are denoted
(1,y°,y",v°,v") Finally, coordinates (z,v) on I'*T'3° ® T*I are represented:

The interest of this choice of the bundle (29) appears clearly since the base manifold in this case is
the product I x 3° = 3°°. Conceptually the manifold 3°° is the right object, within this picture, to
bring the parametrization and the parametrized space in the same geometrical construction. In this
case, the parametrization space is denoted as usual by I whereas the target space, is the extended
configuration space 3°. Now we identify the following two bundles, - the fiber over 3°° = I x 3°
denoted T(TVU):(TWOM')BOO is described below:

T3° @rge T 2 T}, )3°° = “Tir(I % 3°) (30)

|+ | |0

I x 3° 300 Ix3°
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We consider, *T{;,)3°® = *T(;.,)(I x 3°) = {(q,2) € T(I x 3°) / z € T,3°° , dr(z) = 1}. For any
point (7,v) = (7,7°(7),7 (7)) € 3°° , we identify the fiber ET(T,’U)SOO with T,3° @ T*1 through the
diffeomorphism (31):

T,3° @ T*1 - Tir)3°°
9 0 0 0 0 .0
v:Zv’ QAT+ = ®dr = z= Z M = 4° O—|—sz -
1<i<k ay ay 1<pu<k+2 8qll‘ aT 8y 1<i<k 8y
(31)

The bold index 1 < p < k + 2 is a multi-index meaning that z# = 1 for p = 1 , also z#* = v° for
p=2and 2 =o' for 3 < p < k+ 2. The identification 5T(ﬂz)B"o ~ T,3° ® T*I gives either the
coordinates (7,y°,y", 2%, 2") or (7,y°,y',v°,v"). Note that a time-dependent Lagrangian density is
described by:

L:T3° Qryze T*I =T3° ®30 1 — R.

Due to the identification T*I ~ I, we recover the usual description L = L(1,7**(7), dy**(7)). Now
we proceed to the Legendre correspondence geometrization.

5T300 _5 T(I X BO)HT*(I X 30) — T*3OO-
The Legendre correspondence is generated by the function Woo(q, z,p) such that:

5 o1} *x 900
wee . T4 oxz‘To3 i K N (32)
(Qvap):(T7y Yy ,v 7vae7p07pi) = <pJZ>_L(Q7Z)
with (p,v) = (p,2) = ¢ + poz° + p;iz'. We denote (q,z,@)<(q,p) if and only if ¥(q, 2, @) =
(1,4°,¢",2°, 2", @) € °T3°° x R and ¥(q,p) = (7,4°,¢", ¢, po, pi) € T*3°°:

(p,2) — L(q,2) =W°°(q,2,p) = @
(¢,2, @) (q,p) OW°° (33)
82 (Q7zap) - 0

Then, the Legendre Hypothesis means that V(q, p) € T*3° there exists a unique z € *T'3° (denoted
Z(q,p)) such that Z(q,p) is a critical point of z — W°°(q, z,p). We define a Hamiltonian function:
H:T*(I x 3°) =T*(3°°) = R

H:(1,4%q" e, po, i) = H(T,0°,q", ¢, po, pi) = (p, Z(q,p)) — L(q, Z(q,p)) = W°°(q, Z(q,p), D)

In this case, we will not enter into details, however the conditions for a map 3?611 L= T* (300) such
that: (7,7 (1), dv**(7))>(q(7),p(7)) and that v**(7) is solution a of the Euler-Lagrange equation
yields:

oM OH dq° OH dq'
e (¢,p) =1, e (¢:p) i (7) an o, (¢;p) Ir

(7).

Therefore we obtain the second set of Hamilton equations:

OH ~ dpo OH _ dp;
afqo(q,p)— o and ETqi(q’p)_ o

with an additional relation. We remark that in order to regain the usual description for extended
phase space, as set out in section (3.4) we do exhibit the relation between the two formalisms.
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Formally we pass from the Hamiltonian H = ¢ + pov° + p;v’ to the previously one, H = po +
H(T,q'(7),pi(7)) described in section (3.4). This is always possible where our time variable ¢°(7)
is disconnected from parametrization considerations and treated as a proper canonical variable.
Therefore, in the present general construction, taking into account either the parametrization or
the full extended space - so that the Hamiltonian and the Legendre correspondence lie on T*(3°°) =
T*[I x 3°]. Time and energy appear as canonical variables in extended Hamiltonian equations. If
further we identify time and parametrization so that dg°/dr(7) = 1 we recover a result analogous
to that in section (3.4). The principal feature here is that the variable ¢ does not play a role in the
traditional Euler-Lagrange equations.

3.7 Symplectomorphisms and infinitesimal symplectomorphisms

In this section, we recall some basic facts concerning symmetry for Hamiltonian dynamics. The two
central notions are: symplectomorphism and infinitesimal symplectomorphism, so that we have the
following definitions.

Definition 3.7.1. A symplectomorphism of (M,w) is a smooth diffeomorphism » : M — M such
that »*'w = w

Definition 3.7.2. An infinitesimal symplectomorphism of (M,w) is a vector field £ € T'(M,TM)
such that Lew = 0.

The fundamental symmetry of classical mechanics is contained in this statement L¢w = 0. Since
the symplectic 2-form is closed, this condition is equivalent to d(§ Jw) = 0. The vector field
¢ € X(M) that leaves the symplectic form invariant is called symplectic and is a generator of
infinitesimal canonical transformations. We have the equivalent definition:

Definition 3.7.3. An infinitesimal symplectomorphism of (M,w) is a vector field § € T'(M,T M)
such that £ 1w is closed, namely such that d(§ Jw) = 0.

We denote by X,,.,(M) the set of symplectic vector fields'®. Consider the flow (bf M= M
induced by a vector field £ as a one parameter family of diffeomorphisms. Then, a vector field
is £ € Xm(M) if its flow is defined by a symplectomorphism (qﬁf)*w = w. Such a symmetry of
the symplectic manifold (M,w) is connected to what we shall refer to as the ontologic standpoint.
Equivalently we describe the set of symplectic vector fields in X,,,(M) as a purely ontologic object.
This emphasis on what we term ontologic considerations is related to the kinematical structure of
the theory which is basically expressed by the data (M,w). In developing this idea we use the
four symbols introduced in (2.1) - in order to indicate whether we are focussed on the ontologic
or dynamical aspect. These symbols take on more interest in the multidimensional case, where the
motivation for their introduction will become fully apparent. What we have termed the ontologic
symmetry is to be thought of as captured by the preservation of the symplectic form Lew = 0 and
is what motivate the introduction of the first symbol [ [>]. We draw attention to the ontologic
flavour of symplectomorphisms by means of the following symbolic expression: X,,,(M)S[[>].

3.8 Locally and Globally Hamiltonian vector fields

In the next section (3.9) we will be concerned with the dual point of view i.e. with dynamical
considerations. We will observe that the natural setting for dynamics is a Hamiltonian system

6Notice that the analogue of such an object in the multidimensional case is the set of infinitesimal symplectomor-
phisms sp, (M). We develop this point later.
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(M, w,H). Before taking this step, we need first to introduce and define another duality'”. This
is the duality of forms vis-a-vis symplectomorphisms: this duality is still tied to what we have
termed ontologic considerations. These forms are usually called Hamiltonian forms.'® We introduce
the spaces X,,m(M) and X..(M), as the set of Hamiltonian vector fields and the set of locally
Hamiltonian vector fields respectively. Notice that in the present section vector fields are described
in connection with the function'? ¢ € C°(M) over the symplectic manifold. For the symplectic
case (n = 1) any function ¢ plays the same role in the classification of observables as does the
Hamiltonian function H € C°°(M). This is why we speak of the triviality of this duality in the
symplectic case. We give further explanations later. We now introduce some basic definitions.

Definition 3.8.1. A globally Hamiltonian vector field §, (or simply Hamiltonian vector field) is a
vector field such that &, | w is exact. In this case, there exists a 0-form ¢ € A°T*M = C>®(M)
such that & 1w+ dp = 0.

We denote by X..(M) the set of Hamiltonian vector fields. Notice that the set of Hamiltonian
vector fields is given in connection with the so-called Hamiltonian O-forms. This Hamiltonian
function is given by ¢ € C°°(M) and we describe the set of Hamiltonian functions, denoted QY. (M)
as the set: Q) (M) = {p € A'T*3 =C>*(M), / & Jw = —dp}.

ham

Definition 3.8.2. A locally Hamiltonian vector field £ is a vector field such that & 1 w is closed so
that we write & = &,. Locally there exists ¢ € C°°(M) such that {, 1w = —dep.

We denote by X,,.(M) the set of locally Hamiltonian vector fields. Any locally Hamiltonian vector
field £ € X,,.(M) is an infinitesimal generator of symplectomorphisms, namely & € X,,,(M). Notice
the relation between X,.,(M) and X..(M). Each globally Hamiltonian vector field £ € X,,,(M) is
a locally Hamiltonian vector field: V¢ € X,.,(M) = £ € X,,.(M). The converse is false. Generally,
a locally Hamiltonian vector field £ € X..(M) will not necessarily be a globally Hamiltonian vector
field. Indeed, if £ € X.(M), then we have Lew = 0 which implies d(§ Jw) = 0 so that £ Jw
is a closed 1-form. Thanks to the Poincaré lemma, locally there exists a function ¢ such that
§ Jw = —dp. This justifies the introduction of Hamiltonian vector fields £, on M. We next
consider a vector fields &, € X,,,(M) such that §, Jw+ dp = 0. Therefore, we find that L¢ w =0
and hence £, € X,.(M). We picture the following inclusion of spaces:

Fpam(M) C Fo( M) = Xy (M) C X(M).

Let us summarize the previous remarks in the following comparison between wvector field £ €

(M, TM) and 1-form (¢ Jw) € QY (M):

Locally Hamiltonian vector fields Hamiltonian vector fields
£ € Xioe(M) € € Xpam(M)
¢ Jw is closed ¢ Jw is exact

Equivalently, we formulate the interplay of spaces X,,,(M) and X,.,(M) from the cohomological
viewpoint. Indeed, if ¢ € X,,,(M) then & Jw is closed e.g d(¢é Jw) = 0 whereas if £ € X,(M)
then | w is exact i.e there exists a function ¢ : M — R such that §, |w = dyp. We observe the
following exact sequence:

O — xham(M) — %WC(M) — Hc}eRham (M’ R) — 07

17in addition to the ontologic-dynamical a.k.a kinematical-dynamical duality

1830 that we are faced with an ambiguity in classification. Later we will introduce the term algebraic observables.
Ythis we will call an algebraic observable O-form in the general multisymplectic setting. (See later developments).
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where the right hand arrow is the map described by & — (£ _Jw). Also, Hl . (M,R) is the first
de Rham cohomology: it measures the obstruction for a symplectic vector field to be Hamiltonian.
If H.,. (M, R) is trivial, then any symplectic vector field is Hamiltonian, globally. The sequence
is an exact sequence of Lie algebras. The key point is that we introduce an additional symbol
[ <J] to further specify the movement within the ontologic aspect (itself subordinate to the further
opposition ontologic-dynamical) which will be discussed further in section (6). We emphasize the
relation between vector fields and 1-forms given by the map: £ — (£ -l w). In a manner analogous
to the symbolic picture for classifying the ontologic space X,,.(M) (also to be further discussed
in section (6)), we now introduce the symbolic representation for the space of related forms - so
called Hamiltonian forms - Q0 (M)S[<J]. Notice that we are here still within the ontologic
standpoint, since we have not yet introduced any dynamical considerations. In the symplectic case,
we explain the relation with Hamiltonian 0-forms. We motivate the introduction of these symbols
[(>] and [ ] by starting from a consideration of the duality between vector fields &, € X(M) and
1-forms dp. Hence, we are concerned with a topological duality as opposed to a dynamical duality (a
concept shortly to be defined). For the moment, we just keep in mind that this notion of topological
duality is to be thought of as related to the ontologic aspect of the general ontologic-dynamical
opposition. More precisely, we observe that the ontologic symmetry is described as the pairing via
the symplectic form w of the tangent space T M and the cotangent space T*M. In the symplectic
case, topological and dynamical duality are closely intertwined. The key point is that the symbolic
expression ) (M)S[ ] is tied to the feature that some 0-forms can be thought as manifesting

the ontologic standpoint. In the general discussion the symbol [[>] is connected with what we call
the ontologic space, whereas [ <]] is tied to the ontologic representation. We summarize:

Ontologic space
Xoym(M) set of inf. symplectomorphisms
Symbolic vision: X,,,(M)S[[>]

Ontologic representation

(M) the set of Hamiltonian forms (n — 1) — forms
Symbolic vision: 7, (M)S[ ]

ham

5

3.9 Hamiltonian systems and Hamiltonian symmetry

Now we turn to dynamical considerations. Once again, let us begin with very basic definitions:

Definition 3.9.1. A Hamiltonian system is described as a triple (M,w,H) where (M,w) is a
symplectic manifold equipped with a Hamiltonian function H : M — R.

Definition 3.9.2. A continuous symmetry for a Hamiltonian system (M,w,H) is described by a
vector field which preserves both the Hamiltonian function (e.g L¢H = 0), and the symplectic form.

In the table below, the left side deals with the search for ontologic symmetry, namely symmetries
that respect the symplectic or phase space structure. It is connected to kinematics and should
be seen as concerned with the ontology of our mathematical framework: the symplectic structure
given by the phase space together with the symplectic 2-form. On the other hand, the right side
concerns dynamics: the search for dynamical symmetry or dynamical symmetry. This is connected
to the study of variational problems, where the Hamiltonian function plays the role of a potential
which selects a Hamiltonian symmetry. For that purpose we introduce the Hamiltonian curve,



Multisymplectic Geometry and Classical Field Theory 33

which crystalizes the expression of dynamical evolution. The key point is that these two aspects,
reflecting the primitive duality ontologic vs dynamical, will reappear in our investigation of the
notion of observables.

Ontologic

The symplectic space (M, w)
Infinitesimal symplectomorphism & € '(M,TM) / Lew =d(§ Jw) =0

Dynamical

Hamiltonian data (T, H)
Hamiltonian symmetry { € T'(M,TM) / LeH =dH(E) =0

From this standpoint, the symmetry of a Hamiltonian system (M,w,H) is described by a blend
of the two aspects. We propose to call a vector field { € I'(M, T M) such that L¢H = 0 a dynamical
vector field or an infinitesimal dynamomorphism. We shall see that the definition of this notion
is connected with that of dynamical observable functionals - see later. The overarching claim is
that the physical concepts are to be thought of as emerging from the intersection of the dynamical
and ontologic side. Here, to the end of section (3.9), we are concerned with the dynamical aspect
of the theory, the intuitive meaning of which is related to the symmetry of the Hamiltonian. We
define the wvector field £ € X(M) from invariance of the Hamiltonian. Recall that in the previous
section (3.8) we briefly introduced, via the concept of topological duality, the relation between
vector fields and 1-forms - see the relation §, | w = —dy. From these considerations there emerged
the concepts of ontologic space and ontologic representation crystalized through the related search
for such vector fields and observable O-forms. We now describe the counterpart for this move
for the (purely) dynamical side. Here we are led to recognize the centrality of the notion of a
Hamiltonian vector field. We describe the set of Hamiltonian vector fields - which form an aspect of
the dynamical space - via the notation: Xy (m) € [X|*5] (>]. Let H: M — R be a Hamiltonian
function and let X4 (m) be a Hamiltonian vector field, X3(m) € [X]t is such that Ym € M we
have Xy wpy = —dH,,. In the case of symplectic geometry these notions are trivial ; they were
introduced in anticipation of the general multisymplectic case in which they become fully accurate.
We are interested in the set of O-forms ¢ such that (Xy(m),dp,,) does not depend on the choice
of X(m) but only on dH,,. Equivalently, we can describe the evolution of an observable 0-form (a
function over space phase) via dp(X3). Here Xy is a vector field tangent to the Hamiltonian curve.
This implies that dp(X3) depends only on dH,,. We describe the set of observable O-forms as:
QYUM) = {p € A°T*3, /(X (m),dpm) depends only on dHm,, VX (m) € [X]7t}. The corresponding
dynamical representation is written as Q9 (M)S[ <J]. We have the analogous table:

Dynamical space

Xy (m) € [X]? Hamiltonian vector fields, Hamiltonian symmetry
Symbolic vision: [X ]ﬁ‘-‘»[ (>]

Dynamical representation

Q%(M) 0-forms such that the evaluation dp(&,,) only depends on dH,,
Symbolic vision: Q?(M)‘:)[ <]]

Remark: In the symplectic case n = 1 the distinction between the two side is trivial. We already
introduced these concepts to prepare the ground for investigation of the multisymplectic case where the
two movements cannot a-priori be identified. However we will see that the ontologic and the dynamical
representation can be identified only for pataplectic manifolds.
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3.10 Observables, dynamics and Poisson structure

Thanks to Hamiltonian dynamics, we have a good geometrical picture for the evolution of an
observable on the phase space ¢ : M — R. Then, we recover the duality discussed above from
the standpoint of the notion of observable. We try to picture the evolution of an observable from
the ontologic standpoint: we are led to exploit the relation { € I'(M,TM)/Lew = d(§ Jw) = 0.
Therefore, when £ _| w is exact, there exists a 0-form ¢ on M, such that:

§p Jw = —do. (34)

Relation (34) emphasizes the symmetry based point of view. The evolution of an observable dy
is given by means of the symplectic form and the related vector field £,. In the symplectic case
n=1,wisan+1=2-form. Any function on M is an observable O-form. We are naturally led to
consider the Poisson Bracket between observables (35). We consider, ¢, 0 € QU (M). There is a

ham
natural Poisson bracket {, }: QP (M) x Q2 (M) — QP (M) defined by (35)(i):

) {0} =wlntd=6nttw () {ooh=Y (5255~ 5552). @)

1

We have {SO?Q} = Ego(é’) = dQ(ftp) = E&,Q = _ﬁfgép and W(fgoagg) =& - (&p Jw) = =& Jdp =
—dp(&,) = —{g, go} = {go, g}. We observe that the coordinate expression for the Poisson bracket is
given by (35)(ii) following the notation found in [248]. We stress the dynamical insight provided by
the relation (36)(i). Here the evolution of an observable dy/dt is given by the Poisson bracket with
the Hamiltonian.

(i) {H,¢}= %’ (i) [H;F]=ih %. (36)
In the spirit of the canonical approach, the formulation of Hamiltonian dynamics is a good pre-
liminary for development of the quantum theory. We replace the functions in T*3 by Hermitian
self-adjoint operators and the Poisson bracket by the commutator [; ] Roughly speaking we are led
to the Heisenberg picture - see (36)(ii) - the quantum evolution equation. We conclude this part by
recalling the symbolic representation for the two standpoints: ontologic vs dynamical. We observe
for each one that the lower part - respectively [ (> ] and [ (2> ] - is related to vector fields. Therefore
symmetry incorporates two facets: the ontologic symmetry - the invariance of the symplectic form
Lew = 0 - and dynamical symmetry?’ - the covariance or the data of Hamilton equations given
by X3 Jwy = —dHy,. The upper parts in each case - [ {J] and [ <]] - are connected to the
description of observables and their evolution:

Symbolic picture ontologic vs dynamical

]

,_|
[—

[<]
< ) {6p€o}=ExNEo Jw (X (m),dem)via dHm {H,p}=dp
< > d(§ Jw)=0 Xy wm=—dHm LeH=0

[(>] [(>]

20Notice that we also describe the invariance of the Hamiltonian function via L¢H = 0.
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Notice, that in the context of symplectic geometry, n = 1 the figure above is trivial. In the diagram
above, the Noether theorem falls naturally into place. The Noether theorem allows us to derive
either a relation between global symmetries and conserved charges or a relation between local sym-
metries and gauge identities. They make a connection between continuous families of symmetries of
Hamiltonian systems (or Lagrangian systems) and their first integrals or conserved quantities. They
state that any differentiable smooth symmetry of a physical system has a corresponding conservation
law. From the Lagrangian standpoint they relate symmetries that leave the action invariant and
conservation laws of Euler-Lagrange equations. The Hamiltonian counterpart exhibits a homomor-
phism between between the Lie algebra of Noether symmetries and the algebra of conservation laws.
The former is a Lie algebra under the Poisson bracket structure. The theorems?! are concerned with
continuous symmetries of the Hamiltonian system. They contain, as already emphasized above, two
ingredients. The symmetry is depicted by a vector field £ € T'(M,TM). The first ingredient of
this picture is given by the fact that £ is canonical: d(§ Jw) = 0. Here we are concerned with
what we have termed the ontologic part. This condition is independent of the representation of the
phenomena, - the so-called potential landscape, determined by the Hamiltonian function. From this
viewpoint, the set of infinitesimal symplectomorphisms is only a matter of intrinsic geometry of the
vector field £&. The other ingredient of a continuous symmetry is the condition that the vector field
preserves the Hamiltonian function. Therefore, a symmetry of the Hamiltonian system (M, w, H)
involves the two aspects and is obviously Hamiltonian dependent.

4 Multisymplectic geometry

4.1 Covariant Finite Hamiltonian Field Theories

In a finite dimensional system, the cotangent bundle is chosen as the mathematical model for the
phase space. Elements of T*M are identified with initial data for the dynamical evolution. This
determines the state space of the theory. Following the same line of thought, in field theory, we
would like to describe the state space via the specification of Cauchy data for the system. In the
canonical approach to field theory, canonical variables are defined on spacelike hypersurfaces. We
thus have a frozen time picture. All the points on spacelike hypersurface are considered at the same
time. Consequently, dynamical equations are understood as the evolution of canonical variables
from one to another hypersurface of a foliation. This setting is the foundation of standard field
theory and of modern approaches to the canonical quantization of gravity. In this approach the
treatment of dynamics suffers from being postponed until the foliation of the manifold has been
imposed. The underlying geometrical setting is that of the instantaneous Hamiltonian formalism -
built on an infinite dimensional phase space. In such a viewpoint, space and time are not treated
symmetrically, thus destroying the possibility of a fully covariant picture. This infinite dimensional
phase space is a drawback. It presents several difficulties. Even at the classical level, the specific
constraints of a given theory already reflect these difficulties - see the examples of non-linear Yang-
Mills theory or the classical GR phase space. Further crucial difficulties appear when we set out
to quantize the theory.?> Therefore, we should recognize the potential gain of working in a finite
dimensional formulation of canonical field theory. Such a formulation also allows the treatment of
space and time on an equal footing. And this is precisely the insight of MG.

The project begun by Hélein and Kouneiher [111, 113, 114, 115, 116, 117, 118] has greatly developed
ideas that already appeared one century ago. Their project concerns the construction of a universal

21 See, in the broader context of covariant field theory the work found in [75, 81].
22The Stone-Von Neuman theorem does not apply to the infinite dimensional case and leads to the unitarily
inequivalent representations of the canonical commutations relations.
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Hamiltonian formalism. The key point turns on the investigation of Lepage-Dedecker theory. The
aim is to generalize the calculus of variations in the setting of covariant finite dimensional field
theory - see [26, 35, 38, 58, 77, 78, 91, 92, 96, 97, 98, 102, 132, 133, 134, 205, 206, 207, 208] and
references therein.?® At the core of this geometrical program, lies the construction of the generalized
Legendre correspondence. The motivation for such a universal Hamiltonian formalism lies in the
realm of integrable systems, the canonical structure of classical field theory and their quantization.
Notice that a strong underlying motive is to find a setting in which the principles of GR naturally
hold. In this approach the intrinsically dynamical nature of the geometrical background becomes
apparent. Indeed, gravitational theory forces us to consider space-time structure as no longer given
a priori ; rather it should emerge from dynamics. Following this line of thought we further pursue
the consequences of the generalized Hamiltonian covariant formalism. We want not only a formalism
where no space-time splitting is observed - following the principle of special relativity - but further
than this, a setting where no splitting of space-time-field is given a priori. This specific aspect of the
relativistic picture is linked in a very deep manner to our understanding of the notion of observable.
In this approach, space-time coordinates - as well as those of matter fields - emerge from two more
basic and closely interconnected notions: observable and dynamics.
The covariant Hamiltonian setting for the calculus of variations with several variables is concerned
with the question of the Hamiltonian theory for fields ¢ : X — 3 which are critical points®* of:
= /L x),do(x))B. The aim to provide a setting for the treatment of more general
Varlatlonal problems General variational problems are described geometrically as the study of n-
dimensional submanifolds ¥ chosen ¥ C 3° - we consider dim(3°) = n + k - which are critical
points of £(X fz (¢,T,X)5 - where (8 is a n-form on 3°. The works [111, 117, 118, 114] have

treated the partlcular cases, where ¥ is the graph in 3° = X x 3 of some map ¢ : X — 3, or
the section of a fiber bundle. In this context, the analogue of the tangent bundle in mechanics
becomes the Grassmannian bundle Gr"3° of oriented n-dimensional subspaces of tangent spaces
to 3°. The analogue of the cotangent bundle in mechanics is A?T*3°. The geometrization of
Lepage-Dedecker theory [52, 80, 117] leads us to extend this idea of treating all variables on the
same footing. The unified picture asks for a complete democracy between time, space and internal
variables. This viewpoint is the conceptual basis for Kaluza-Klein theory and supergravity theory
and is an intrinsic consequence of the view of dynamical equations that seeks a common framework
for the treatment of these variables.

The final aim of the development contained in the following sections concerns the notion of 0b-
servable forms. We refer explicitly to the work of Hélein and Kouneiher [114, 117, 118] to emphasize
the dual point of view concerning the notion of observable forms - namely symmetry vs dynamics.
Our exposition leads up to a discussion of the Poisson Bracket on observable forms. In the MG
landscape, the Poisson structure is defined via forms on A?~1T*3°, insofar as we are concerned
with the appropriate bracket on (n — 1)-forms. In the case of an (n — 1)-form, the generalization is
rather straightforward (80) if we follow the symmetry point of view and leads to the notion of alge-
braic observable form AOF. Along the way we note the distinction between with AOF and OF with
respect with their dynamical properties. This is why we distinguish between the Poisson bracket
and the notion of pseudobracket which is connected to dynamical considerations (6.3.2). We also
treat (p — 1)-form (with 1 <p <n —1). The symmetry viewpoint leads to inequivalent structures.
We find a good definition of the Poisson bracket and consequently of canonical variables by means
of a more careful use of the Relativity Principle. This open the way to a collective treatment of

ZNote that we give particular attention to the presentations given by H.A. Kastrup [139], H. Rund [203], H.
Goldschmidt and S. Sternberg [100]

% Here, related to this Lagrangian functional of maps ¢ we have X a n-dimensional manifold (space-time) and
B =dx® Adx' A ... Adz" "' a volume form on X and finally 3 is a k-dimensional manifold (fields).
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forms via the notion of copolarisation, which is a key feature of an intrinsic dynamical geometry.
This treatment provides insight for the appropriate generalization of the Poisson bracket on forms
of arbitrary degree.

4.2 Multisymplectic zoology

We observe in the literature a wide use of the so-called multisymplectic formalism. The most direct
and embracing presentation starts from the multisymplectic setting based on the multimomentum
phase space Mpy = AST*3. The bundle A§T*3 — 3 carries a canonical structure 6 = ¢f+p/’ dz' A By
and leads to the multisymplectic structure w = de A B + dpf A dz' A By. This is described by the
DeDonder affine multisymplectic form (50). Most of the literature on the subject - within the
traditional DW approach - focuses on the contact structure and jet bundles, [26, 35, 38, 58, 77, 78,
91, 92, 96, 97, 98, 102, 132, 133, 134, 205, 206, 207, 208], in the spirit of M.J. Gotay and al. We
will say more about it in section (5). We next list some specific approaches within the development
of the subject.

The first is that of I. Kanatchikov where the multisymplectic setting is based on the (poly)—
multimomentum phase space described by the quotient bundle* P(3) = AYT*3/A7T*3. This
object he called the polymomentum phase space [132, 133, 134, 135, 136, 137]. The polysymplectic
structure on P(3) is described as an equivalence class of canonical forms. Within Kanatchikov
polysymplectic structure, the main object is wV, the vertical part of the multisymplectic form w®.

The word polysymplectic is used in a different but related meaning in other works - see for example
G. Giachetta, L. Mangiarotti, and G. Sardanashvily [91, 92, 206, 207, 208]. The multimomentum
phase space in these works is also called the polymomentum phase space but is here defined as
PPY = m*TX @ V*(3) @ m*A"T*X where 7 : 3 — X. We shall also denote this bundle as P =
TX ®3 V*(3) ®3 A"T*X and notice that it is canonically described as P™ = V*(3) A A" 1T*X
where the canonical polysymplectic form is given by w™" = dp' A dz' A B ® 9.

Finally, a third line of research focussing on Lepagean equivalents was developed by D. Krupka,
O. Krupkova and D. Smetanova [154, 155, 156, 157].

However the geometrization we are chiefly interested in rests on the seminal work of Lepage and
T. Dedecker. We particularly notice how the work of Hélein and Kouneiher [111, 114, 117, 118§]
continues this development. Here the main focus is on the generalized Legendre correspondence
which, by means of the Grassmanian bundle, makes the universal Hamiltonian formalism the basis
of a unified geometrical picture.

4.3 Generalized Hamilton equations

Definition 4.3.1. A multisymplectic manifold (M,w) is given by a manifold M together with a
smooth (n + 1)-form w such that:

e w is non degenerate, Ym € M, V¢ € T,, M, if { €w =0, then { = 0.

e w is closed, dw = 0.

We introduce the notion of a Hamiltonian n-curve which, in the multisymplectic context, is the
analogue of the 1-dimensional Hamiltonian curve.

Definition 4.3.2. Let H : M — R be a smooth Hamiltonian function (such that dH # 0). A
Hamiltonian n-curve is a n-dimensional oriented submanifold I' C M such that:

VmeTl, 3IXeANT,I' X Jwp=(—1)"dHm. (37)

*Recall that by we denote AjT*3 denotes the space of n-forms on 3 which are annihilated by p arbitrary vertical
vectors of 3.
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We denote by £ the set of Hamiltonian n-curves. As will be emphasized below, the role of
the Hamiltonian n-curve is fundamental. It contains the geometrical description of the generalized
Hamilton equations. It is the geometrical object in which we find a clear manifestation of dynamical
properties. For example observable functionals are defined over the set £%. We are led to consider
the set of decomposable n-vectors - or decomposable n-multivectors - for any point m € M:

D" (M) =D ATy M = {X] A+ A Xp € ATy M | X1, Xy € TuM?. (38)

We also denote by [X]% = {X € D,(M) / X Jw = (—1)"dH,,} the class of Hamiltonian vector
fields. Notice that the concept of decomposable n-vector? plays a fundamental in the development
below, especially when we perfom the classification of observable forms.?” The general setting leads
us to view the Hamiltonian formalism in three ways. The first is based on the so-called generalized
Hamilton equations. The second rests on the geometrization of the first approach by means of the
Poincaré-Cartan form and the multisymplectic form. Finally, we can obtain the equations from a
purely variational principle since our concern is with the calculus of variations in several variables.
In the subsequent section we offer a brief view of these constructions, referring to [111, 113, 114]
[115, 116, 117, 118] for a detailed description.

The generalized Hamilton equations are described step by step [115] and we have already pre-
sented the geometrical construction in the previous section (3.5) for relativistic dynamics. That
construction dealt with the simple case where we are concerned with paths v : I — 3%®. For field
theory, we consider maps from X to 3. We replace the parametrizer space I by the space-time
manifold. Thus we consider the map o : X — 3, with {a!,--- 2"} as local coordinates on X
and also {y',---,4"} as local coordinates on 3. We denote by 1" i<p<ntr) = {g', -, q""*} the

coordinates on 3° = X x 3. We consider the map:

503{X - 3°

T 30(_)

(X % 3)
=( ().

The map ; associates to all # € X the graph of o, Glo] = {(z,0(z))/z € X}. In this field
generalization the role of the tangent bundle is played by the object T3 ®xx3 T*X. Therefore
we can study the dynamics of the map ¢?° , ¢ : X — 3 by means of a Lagrangian function

26 [ Let V be a (n + k)-dimensional manifold. We consider e, a basis of V as well as X € A"V an element of the n-
antisymmetric tensor product of V. X is decomposable, namely X = X;A---AX,,,ifand only if V1 < v < n, X, aren
independent vector that satisfy X, AX = 0. We take the example with n = 2, k = 4. In this case we consider X,, Xo €
TV, and a basis of TV as {el, 92,93,64} so that we decompose Xo, Xo as Xo = Xé‘e,‘ = Xéel +X02e2 +X§’e3 +X§e4
and X, = Xﬁ‘e“ = X,lel + X.2e2 + Xfeg + Xfe4. Therefore we write X = Xo A Xeo

X = (Xlei + XZes + X3esz + Xoea) A (Xeer + Xieo + Xies + Xoeq)
X = (XIX2—X2XDe1 Nea+ (X2X3 — X3XDer ANes + (XEXT— X2X)er Nes
H(X2X2 - X3XDea Nes + (X2XI — X2XDes Nes+ (X2XT — X2XDes N ey
(
Finally we compute X, A X, and obtain:
XoANX = (X2(XEX2 - X2X0) — X2(Xo X3 = X2X) + Xo(X2X3 — X3X0))ei Nea Aes
FXHXIXZ - X2X)) — X2(XOXd — X3X1) + X2 (X2X — X3X2))er Nex Nes
F(Xo(XIXS — X3X2) — XXX — XoX2) + XXX, — XoXJ))ex Aes Aey

We see that each coefficient associated with e1 A e2 A es, e1 A ez Aes and ex A es A e4 naturally vanishes. |

*"We refer to [33] for more general considerations on decomposable vector fields and forms within the context of
exterior differential systems.

Bwith {7} as local coordinate on R and also {y*,---,5"} as local coordinates on 3.

2The map o i.e. the field
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L :T3®xx3T*X — R. Notice that the bundle of interest, for the variational problem o : X — 3 is
given by o*T3®T*X with natural coordinates x* for the space-time manifold and vL as coordinates
on the fibers. A point (z,v) is given by:

=2 2.

1<pu<n 1<i<k

Then, we recover the Euler-Lagrange equations (39):

0 (0L oL
W <8U2 (x U( )7d0$)) a Z(IE 0'( ),dO’m). (39)
o satisfy (39) if and only if it is a critical point of the functional L[o] = [, L z),doy)dy. As in

the one dimensional case, we construct the space A"T3° = 5A”T()( X 3) given by.
SAMT3% = {(g,2) € A"T3°% | z =21 A+~ Nz /Y1 < < nz € T3, Bz1,- - 20) = 1)

For any (z,y) = (z,0(x)) € X x 3, we make the identification *A"T}, ,)3° ~ T3 ® T*X. Now an

element z =21 A--- Az, € 5T(ﬂ.,z)ﬁo is given by considering for each z, with 1 < v < n,

B 0 )
ZVzaxu""Zvu = 537

19}
1<i<k Yy 1<p<n+k

The bold index 1 < p < n + k is a multi-index meaning that 25 = 65 for 1 < u < n and 25 = v},
forn+1<pu<n+k. The Legendre correspondence geometrization, is generated by the functlon
W (g, z,p) such that:

SAPT3? x AMT*3° — R )
W with (p, z) = ( p cenghn
{ (¢,2,p) s ()= Ligz) Z bt ?

We describe the Legendre transform hypothesis (g, z, @)« (q, p) if and only if V(q, z,@) € *A"T3° x
R and ¥(q,p) € A"T*3°:

z) = L(q,z) =W(q,2,p) = w

{p.2)
(¢,2,@)(q,p) ow B (40)
az (Q7Zap) - 0

The Legendre hypothesis states that V(g,p) € O C A"T*3° there exists a unique z € *A"T3°,
denoted Z(q,p), such that Z(q,p) is a critical point of z — W (q, z,p). We define a Hamiltonian
function: H : M = A"T*3° - R:

H:(q,p) = (", pp,p,) — H(g,p) = (p, Z(q,p)) — L(q, Z(q,p)) = W(q, Z(q,p), p)-

The Legendre hypothesis allows us to write the exterior differential dH as:

oL
aH=- > ool + > 2t (g, p)dpy, -, (41)
1<p<n-+k pr<-<p,

with Z{"#7(q, p) the components of the n-multivector:

0 0
— e = By e
Z=2Zi(q,p) N\ Z,(q,p) E zZ g Ao A b
Il‘l< </l'n
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B P
zZhooozZh

0 0
Z=Zi@p) N AZalap)= D | L gam NN o
Py <<y, Zf'" o Zﬁ" q q

We notice that this expression is the straightforward analogue of the (27). If we want to express
a variational problem, in the multidimensional case, the question to ask is: which are the maps
i:2 — (q(z),p(z)) : X - M = A"T*3° related to the critical point o : X — 3? The detailed
calculus is found in [115]. Therefore generalized Hamilton equations are to be thought of as necessary
and sufficient conditions on the map 3 : x — (g(x),p(x)) such that there exist fields x — o(x) that
verify:

[1]. The generalized Legendre condition is realized. Vz (z,0(z),do(z))<(q(z), p(x)).
[2] Fields x — o(z) are solutions of Euler Lagrange equations for the Lagrangian.

We refer to [115] for details. The generalized Hamilton equations write:

o) o
BT o™ Oy £
s A ISR TN
ot ---am) o

Oy < <phy, /ll’oz:n—"_l

4.4 Geometrization and Variational Principles

The geometrization of generalized Hamilton equations (42) is obtained by means of the multisym-
plectic (n 4 1)-form w. The conditions on the map (¢(z),p(x)) are expressed by M = A"T*3° =
AM"T*(X x 3)

X Jw=(-1)"dH modZ, (43)

where T C A"T*M is the subspace generated by the dz® and the n-vector X € A"T{, ) M. It can
be written X = Xi A ... A X,,, where Vu = 1..n we have X,, = 9(q(z),p(z))/0(z",...,2™). The
equations (43) are the generalized Hamilton equations. It is proven in [115, 117] that thanks to
the variable ¢ = pj..., we can always deform a solution x — (go(z),po(x)) which is solution of (43)
and obtain another solution = +— (ge(x), pe(x)) which is again a solution of (43) and satisfies the
Legendre hypothesis (x,0(z), do(x))¢>(ge(2), pe(x)) where H(qe(z), pe(x)) is constant. In this case,
we describe the generalized multisymplectic Hamilton equations simply as:

X Jwp = (=1)"dHp,. (44)
The Poincaré-Cartan canonical n-form 6 (45) on A"T*3° is defined as follow:
Vze3° Vpe AMTr3° Oy (X1, -, Xn) == p(dma(X1), -+, drx (X)) (45)

Then, the multisymplectic (n 4+ 1)-form w is defined as the exterior derivative of the Poincaré-
Cartan form. w = df. The case of classical mechanics case, we give the expression of § and w
in local coordinates. Let (¢*)i<u<n+r be coordinates on 3° - a basis of A"T*3° is the family
(dgtr A ... ANdgtn)1<p <.y, <ntk - and py . coordinates on A"T*3°. We obtain the expression
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for the canonical n-form (46) and the pataplectic (n + 1)-form (47) which is a straightforward
generalization of the symplectic form (12)(ii).

6 = > Ppyoops, g™ A oo A dgt (46)
1<p<..p,<n+k

w= Z APy, .., N dght A A dghn (47)
1<py <oty <ntk

Variational principle The idea here is to exhibit the relation between a variational formulation
and Euler-Lagrange equations or generalized Hamilton equations. We consider the functional Z[I'] :=

Jp=0-Hp.

Proposition 4.1. I' C A"T*(X x ) is the graph of a solutz’on of the generalized Hamilton equation
if and only if T is a critical point of the functional Z]T'] := [ =60 — H}.

Given the constraint H(q, p) = 0%, equivalence with the variational principle is given: T is the
graph of the generalized Hamilton equations I' if and only if it is a critical point of the functional

:fF:Q.

4.5 De Donder-Weyl multisymplectic theory

De Donder-Weyl multisymplectic manifold Mp, The universal multisymplectic manifold (M =
A"T*3,w) is very large. Usually multisymplectic theory is seen from the DW standpoint. In this
context, one restricts the theory to the affine multisymplectic submanifold Mpy C A™T*3. We work
in the framework of a fiber bundle 3 — X" as configuration space. Coordinates on X are denoted by
{:c”}1<u<n, and we choose a volume n-form 3 = dz' A---Adz™ on X. Coordinates on 3 are denoted
{z hi<i<k. We denote e = pr..n, ]0Z Plo(u=1)i(p41)m> Phia” = Plo(ua—1)in (1) (2 —1)iz (a+1)--
. Also we use the notation ﬂm iy = =dz"" A AdZP A (8#1 A+ N0y, 5) as well as 8, = 0,, ﬂ
The De Donder-Weyl multisymplectic submanifold Mp, C A™1™*3 is given as a constramed set
of coordinates (z,p) € A™T™*3 obtained via the interior product of two vertical®! vector fields
§&xeTV3.
Mow = {(zp) €A'T™3 | YExeTV3 EAxIp=0} (48)

In such a context, set 0° := 6|1y, the restriction of 6 to Mpy. Working on Mpy is equivalent

to taking into account all the constraints p/' #? = 0 for all j > 1 in the expression of the full

i1-io
multisymplectic form (49).

w:deAﬁJan: >N :]/\B“ i (49)

J=1 p1<--<pj g <---<ij

We obtain the corresponding De Donder-Weyl multisymplectic (n + 1)-form w®" (50):

V=deAB+ D D dpl NdZ AP, (50)
H A

Classical De Donder-Weyl system. Starting from the Lagrangian side of the picture, the principal
object of study are the fields, - seen as maps o : X — 3 with dim(X') = n and dim(3) = k. We

3%r any constant Hamiltonian function

31We call a vertical vector field any £ € T,3 such that drx(€) = 0, then we denote TV 3 the set of vertical vector
field.
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recall that from the Lagrangian action Llo] = [, L Py x),doy)dy, we obtain the FEuler-Lagrange
system of equations (51).
0 (0L oL
o (M(ﬁ,ff(fﬁ),d%)) = @(x,a(a:),daz) (51)

We pass to the Hamiltonian side thanks to the Hamiltonian function: H (x“,yi,pf ) = pt UL —

L(m“,yi,vlz). Hamiltonian dynamics is obtained by a non degenerate Legendre transform. If

(zt, 4", v,) = (a*,y",pl') is a good change of variables, with pf' := aaLH (z#,y",v},), Euler-Lagrange

equations (51) are equivalent to the Classical De Donder-Weyl (DW) system of equations:

ot . H .
S0 (@) = 5op(at o' (a). ) (@) =~ G o @) Bl (52)

]

The classical DW system of equations (52), when written under in this form, can be understood
geometrically. This involves two aspects. The first is that we work in the DW multisymplectic
manifold (Mpw,w® ). This is the natural arena of system (52). Hence, we are forced to use the
multisymplectic form (50). The second aspect concerns the pre-multisymplectic scenario where we
impose Hamiltonian constraint. In keeping with these two aspects, we understand the geometriza-
tion of the classical DW system as the expression of a particular choice of LD theory. Working on
the manifold Mpy with a Hamiltonian function H : Mpyw C A"T*3° — R, we restrict ourselves to
the submanifold described by H = 0. In this case, the multisymplectic (n + 1)-form w®" (50) is

(W™) g =w® =dpl' Ady' A B, —dH A B. (53)

This interplay is possible thanks to the canonical variable ¢ = p1..., - seen as a canonical variable
conjugate to the volume form 3. Notice that ¢ does not enter into the Euler-Lagrange equations. We
can always write H(q,p) = H(q,¢,p*) = ¢+ H(q, p*) and then work on a level set % ~1(0), choosing
an appropriate variable e. If we fix H(q,p) = 0 then ¢ = —H(q,p*). This is the straightforward
analogue for field theory (in the n-dimensional case) of the process described in section (3.4) where
we described the Hamiltonian constraint and the pre-symplectic formalism in relativistic mechanics.
In section (3.4), we considered the relativistic case described as a l-phase space. The constraint
hypersurface ¥, is identified with the level set H~1(0) = { q,p) € M = A"T*3°/H(q,p) = 0}
Then, (’H_l(O) = Yo,W|x,, (6)‘20) is a n-phase space characterlzed by a volume form (8)s, that
does not vanish and wys,, is a (n+1) closed form. The key point is that we may observe a degenerate
feature for w)y,, and this geometrical setting leads to the following definition. A pre-multisymplectic

manifold (M,w®) is a smooth manifold endowed with a closed (n + 1)-form w® (dw® = 0) which
may be degenerate. In order to describe the dynamical equations, we need a volume n-form 3 -
an everywhere non-vanishing n-form. This indicates the right notion of n-phase space as the data
(M,w®, B). Therefore, we express dynamics on a level set of H.*> The framework which connects
relativistic dynamical systems and the treatment of the Hamiltonian constraint thus emerges. The
dynamical equations become in the pre-multisymplectic case (54).

VE € CO(M, TyM), € Jw®r=0 and Blr # 0. (54)

We will encounter these notions later when we briefly discuss the concepts of pre-multisymplectic
manifold and n-phase space in section (7) - we also offer some reflections on the notion of observables

32We can construct canonically a pre-n-multisymplectic manifold. (M°, w|aro, 8 = 7 w|ae). Here the M° :=
HL0) := {(¢q,p) € M| H(q,p) = 0} and T is a vector field s.t. dH(T) = 1
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in this context. This is strongly connected with the geometrical approach to the covariant phase
space. Working in the DW setting and imposing the Hamiltonian constraint gives a geometrization
of (52). We consider the n-dimensional submanifold I' € M = X x 3 x End(3*, X*) such that:

U= {("y"p}) )y =0'(x), o} = 5+ (a" 0'(2), 90" (2))} (55)

With the pre-multisymplectic (n + 1)-form w® = dp!' Ady’ A B, — dH A 3 defined on M®", the DW
system V¢ € A"T{; o(2) p(2))[ takes on the geometrical form & | w®|r = 0. Here we work on the
level set X, C MPW.

4.6 Multisymplectic manifolds: the geometrical setting

We do not enter into details here but refer to the work of Hélein and Kouneiher [116, 117] [118] [114]
for a deeper exposition. However, we want here briefly to emphasize two aspects: the focus on the
geometrical picture by means of the Grassmanian bundle and the role of the generalized Legendre
correspondence in such a context.

The Grassmanian picture. The idea of a full geometrical setting is to be able to treat more general
variational problems. The general study of n-dimensional submanifolds chosen in {G™ C (3°)"t*}
which are critical points of L(G fG (q, Ty G) is one example of such a more general problem.
Here f3 is a volume n-form on (3 )”+k. A particular example is when G is the graph in (3°)"F =
X x 3 of some map o : X — 3 as shown earlier. The central object from the geometrical standpoint
is the Grassmanian bundle Gr"3°. The full geometrical picture describes a Lagrangian density as
L : Gr®3° — R. The space Gr®3° is the sub-bundle Gr?3° = {(q,T) € Gr"3° / Bqglr > 0}
where Gr"3° is the Grassmanian bundle.®® Finally we introduce the set G/i as the set of all

oriented n-dimensional submanifolds G C 3° such that Vg € G , T,G € Grg 3°. The Grassmanian
bundle is the analogue of the tangent space of classical mechanics. We prefer to describe it by
means of an n-vector. So that we construct a map DQ(SO) — Gr33° which associates to any
z=21A- 2z, € D?(3°) the vector space T'(z1, - - - , z,) which is spanned and oriented by (z1, - - - z,).
At this point, we also introduce the following two notations (56) and (57):

Dy (3 3°)={2€A"T,3° Jz=21A- Nz, /Y1 <p<nz, €T,3°, (56)

which is the set of locally decomposable n-vectors on 3°. Also, we introduce the set Dqﬁ (3°)
which is the set of decomposable n-vectors with an additional condition. We have thereby fixed a
parametrization condition.

D{(3°) = {(4.2) € D§(3°) / By(2) = 1}. (57)

Here we recover the set *T3° = *T(R x 3) = {(¢,2) € T(R x 3) / z € T,3° , dr(z) = 1} in
relativistic mechanics as well as the set *A”T'3° previously introduced in the variational study of
the map o : X — 3. This allows us to construct a diffeomorphism Dg (30) — Grf3°.

Legendre correspondence, [115, 117] focus mainly on the generalized Legendre correspondence.
Notice that the fundamental objects in the full geometrical setting are the pseudofiber and the
generalized pseudofiber direction. We later say more about these in another connection. This
concerns the issue of invariance and the prospect for a generalized non-local field theory. For the

331t is the fiber bundle Gr"3° — 3° whose fiber over q € 3° s Grg?)o, the set of all oriented n-dimensional vector

subspace of T,3°
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moment we concentrate on the universal geometrical picture, emphasizing the central role played
by the notion of graph.

Universal geometrical picture. The core of the universal geometrical picture is the generalized
Legendre correspondence [115, 117]. Here we focus on the central role of graphs which implicitly
vindicates Grassman’s vision. In the subsequent section, we examine some simple examples to
illustrate the relation between the independence condition - which allows us to describe some maps
as graphs over space-time - and use of the additional dynamical variable ¢. The Grassmanian picture
allows to treat the following different cases:

[1] Classical mechanics with phase space T7*3.

[2] Relativistic mechanics with the extended phase space T*3°.

[3] Fields, i.e maps o : X — 3, with the multisymplectic phase space A"T*(X x 3).

Notice that MG is also the natural arena for extra dimensional theories with objects such as
strings, membranes or p-branes. Indeed, those different objects are nothing else but maps ¢ : ¥ — 3
from the parametrization space (a 2-dimensional manifold®** ¥) to the parametrized space - an
arbitrary dimensional manifold 3. The main example is conformal string theory. The map ¢ : ¥ — 3
is taken from a pseudo-Riemannian 2D manifold (¥, hag) into an arbitrary dimensional pseudo-
Riemannian: (3,g,,). We refer to the work of Hélein and Kouneiher [115] and for the more specific
example of the Nambu-Goto string, we refer to the work of 1.V. Kanatchikov [132, 134].

Graphs as a dynamical entity. Before we study the transition from the phase space of classical
mechanics to the extended phase space we make the following observations. We consider variational
problem on fields over space-time. Fields are described by a map o : X — 3, which relates two
spaces: the parametrization space X and the image space 3. In this setting we note the ontological
opposition between the space-time X(S) as opposed to what fills space-time (namely matter fields)
described by 35(M). We have a structural organization of the ontology: the matter fields are
described on the space-time. We state that the data of a trajectory or path, - in the n-dimensional
case this appears as the data of the map o - itself necessary implies a duality in the ontology: the
parametrized and the parametrization. This is why we speak about the ontologic motif (58) for the
variational problem:

Ontologic motif [X]|o|[3] SEm. (58)

Analogously, we are concern with the dynamical motif (59),

Dynamical motif [X] |3+ [30 =X x 3] S(8),(s) x (). (59)

The dynamical aspect is connected to the specific use of graphs. The expression (59) gives a
condition of type SB|gjs) > 0. This condition means that locally the map o over space-time X' is

expressed by the graph G[o]. Note that G[o] naturally lives in the following space: 3° = & x 3.
So that the map of interest is 3, : X — 3° = X x 3. The target space of the map 3, is the product
3° = X x 35(8) x M). The requirement that the graph is locally defined over space-time leads to
the symbolic organization (8),(s) x (M). Note that the dynamical motif (59) is intrinsically tied to
the setting of the Lagrangian variational problem. Indeed, the very framework of the Lagrangian
functional requires us to choose a volume form.?>> Furthermore, to express generalized Hamilton
equations, we need to find sufficient and necessary conditions on a map 3= : X — A"T*(X x 3) so

34The fact that the parametrization space X is a 2-dimensional manifold is expressed in the world-sheet picture

35We note a subtle point here. At first it seems that there is an epistemological difficulty in a total democracy
between space-time and fields. But within a more embracing view we understand that the choice of a specific volume
form 8 (for example a Riemannian volume form § = gdz' A --- A dz™ or a Minkowskian one 8 = dz' A --- A dx™) is
only a particular choice and that in the light of our further investigation of the notion of observable in MG, that such
a specific choice is of secondary importance.
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that it corresponds to the given variational problem. Hamilton equations are translated, thanks to
the multisymplectic form, as geometric conditions on a graph GJo,n]. The first and fundamental
condition amongst these is a parametrization condition. This ensures that locally G[o, 7| is the
graph of a map 5? : X = A"T*(X x 3) over the space-time. This independence condition appears
once again here. We define a dynamical entity by reference to this independence condition which
allows us to work with a map of type 35 over space-time and underlies the graph representation.
We now focus on the simple case of mechanics in order to give a better feel for the fundamentals of
this subject.

[1] Classical mechanics. The configuration space is a manifold 3 and the velocity configuration
space is the tangent bundle T'3. Here, time is seen only as a parameter. The object of study is
a path 'y I C R — 3. In this case, a dynamical entity is nothing than the graph G|, given
by G[y] = { (t,y(t)),t € I} C I x 3. In section (3.2), we introduced the following graphs G|[v, (],
G, ] and G[y, C, 7| as the representations of the maps (v,¢) : I — T3, (v,7) : I — T*3 and
(v,¢,m) : I — T3 x3T*3. A recurring question is the correspondence between a graph and an
application. We consider on I x 3 the coordinates (t,q'(t)) = (¢,¢*(t)---¢"(t)). Then any map
v : I — 3 is represented by the graph G[y] C I x 3. Equivalently, any oriented curve I" in R x 3
such that dt|r > 0 is identified with the graph G[v] of the map v : I — 3. The key point is the
independence condition dt|[r > 0. It is this condition that allows us to picture the graph of 7,
denoted G[v] as an oriented curve in 3° = I x 3. This is the same independence condition which
allows us to associate to any map (v,m) : t — (y(t),n(t)) its graph I' = Gy, n| in I x T*3. We
observe that I' = G[y, 7] is the image of the map 35 : t € I — (t,7(t),7(t)) which is a map from I
to I x T*3.

Oriented curve in I x 3 Oriented curve in I x T*3
tHa()Z(, () 3y 1t €I (t,(t), 7(t))
G[ J={t~@),tel} CIx3 Gly,m| = {(t,v(t),7(t)),t € I} C T xT*3

This condition is equivalent the specification of a volume 1 form on I. Notice the connection
with the definition of the Lagrangian functional L[] = [; L dv(t))dt on the set of maps
~: I — 3. The natural arena where a dynamical entzty, seen mathematlcally as a graph, live is the
space 3° =T x 3. We observe the distinction between the character of the I (the parametrization
space) and 3 (the parametrized space) on the one hand and that of the dynamical space I x T*3
where the graph lives on the other. In the present section we distinguish between (7*3)° = I x T*3.
and T*(3°) = T*(I x 3). The ontologic motif of the mechanics variational problem is given®® by:

Ontologic motif — [I]]7|[3] = [¢]|~|[7(t)]| SE)™. (60)

The ontologic motif emphasizes the ontological distinction between parametrized spaces and parametriza-
tion spaces. By the notion of dynamical motif we understand the possibility of expressing graphs
locally as maps over the parametrization space. This leads to the concept of dynamical entity where
the object of interest is G[y] or I' = G[y, 7]

Dynamical motif [1] |5+] [3°=1x3] =[] 3| [G]SE)E) x (61)

We apply this insight concerning the possibility of expressing graphs as maps over the parametriza-
tion space to various maps. We are concerned not only with the path v : 7 — (7).

36 Although in the general case and denote space-time and matter, we use them here for time and configuration
space in the setting of classical mechanics.
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Ontological motif I x 3 Dynamical motif dt|r > 0
b I13] [1,[3° =7 3] = [ | (6]
I = 3 3 I — 3°
AR ) Tt = Gl = {a@) el €37 =13

We can also build the analogous construction for the lifts of the tangent and cotangent spaces:
Ontological motif

(v ¢)|[T3] (][, m)|[T73]
){I_)T CROER S
(r.¢ t o= (v(0), C) ULt = (v(), (1)
Dynamical motif

(156, [(T3)% = T x T3] = [t][37,0)| [G . Cl]

T = (T3)°=1xT3
300 ¢ Gl = {(t,4(1),¢(t),t € I} C (T3)°
[ 36, | [(T73)° = I x T3] = [{] [3¢,m) | [Gr. 7]
1 - (T*3)° =1 xT"3
Wt e Gl = {0 w0t € T} © (173)°

Let jr : I' = I x T™3 be the embedding of some oriented submanifold I' C I x M, and let j7 7'M
be the pullback image of the tangent bundle T M by jp. The independence condition dt|p # 0 is
equivalent to the fact that locally T" is the graph of some map 35 over time. Notice that dt|r := jj.dt
where dt is a volume form on I. At this level, we describe a non-autonomous Hamiltonian system
with a Hamiltonian function H defined on I x T*3, H(t,y,p) = p;v‘ — L(x,y,v). We have seen that
~v: 1 — 3 is a solution of the Euler-Lagrange equations, if and only if the map (-, ) is a solution
of the Hamilton system. The geometrization of the system of Hamiltonian equations focuses on the
conditions on the graph I' = G[vy, 7] = {(¢,7(t),7(t)),t € I} C I x T*3.

dy' OH |
O ROr) e = o
) = ~oy L a®):p()) r > £

The symplectic form w = dp; Ady® in the right part of (62) and is defined on T*3®;y3TI ~ I x T*3
and X _ w is the unique 1-form such that®” for any ¢ € T (1) ,m(e)) (L x T*3) we have X Jw(§) =
w(X, ). Let X(t) € Ty y(),n(e)) Gy, 7l and § € Ty yi ) (T*S ®rx3 TI) be two vector fields described
as follows: ‘

0 dy'(t) 9  dm(t) 0

ot dt oyt dt  Op;

Tf
az+ i Op;

X(t) =

¢ 0

3"Notice that the bundle I x T*3 is identified with 7*3 ®rx3 T1 so that we equivalently describe & €
Tt v (t) w0 (T3 @1x3 T).
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The vector field X : I — I x T*3 is a ”basis” of the tangent curve to G|y, n] at (¢,~(t), 7 (t))
with fixed parametrization dt(X) = 1. Here, the condition dt|pr > 0 is directly taken into account
as dt|r = jidt = 1. We focus on the equation: dp; A dy*(¢, X) = —dH (€)dt(X). First,

X | — —) J [dp; ‘
“ it oyl ' dt apj) [dps 1\ dy]

_ dri(t) 9 g i j(d'(t) o _ _ (@) dmi(t) ;i
= (dpi( T apy) W — dy’( 7dt)(«jfyj)clpi) ——( T iy — 4l dy)

<d'yj(t) 0 dmi(t) 0

gg dyt + g—gdpi. The Hamilton equations take

On the other hand, since dH (t,q,p) = %—det +

into account the decomposition on dy’ and dp;. We have: X Jw = —dH, (tA(8),m(t)) mod dt.

[2] Relativistic Mechanics. We incorporate a further variable e. The underlined idea is to see
the parametrization condition as a new dynamical variable. We work in the following phase space:
T%(3°) = T*(I x 3). This justifies the previous construction found in section (3.5), where the
Legendre correspondence was described: *T'(I x 3)>T*(I x 3). Recall that we have the canonical
identification *T'(I x 3) ~ T*3®;x3TI. The extended Hamiltonian is H(q,p) = H (T, ¢", ¢, pi) = ¢+
H(T,q%, p;). On the cotangent space, we describe a vector field X € T(T*(I x3)). The independence
condition d7|p(X) > 0 is equivalent to the fact that we can parametrize any Hamiltonian curve I'
by the map 3 : 7+ (7,¢(7), ¢(7), 7;(7)). In such a context, we work with the same ontologic motif

described by the left part of the following table. However the dynamical motif is slightly different*:
Ontological motif I x 3 Dynamical motif
o
[I] y [3] [I] (T, ) [T*(3 ) =T"(I x 3)] = [t] %3 (,m) [Gh, 77]]
() - I - 3 I = T*3°) =T*1x3)
REE B v(t) 3(nem) T = Gy, e, 7]

with G*[vy,¢,7] = {(7,7(7),e(7), mi(7)),7 € I} C T*(3°). Notice that in such a picture the path v
lifts to T'(Ix3), or to T*(Ix3), placing I and 3 on an equal footing. We observe that [I] 5(7,0) [T(3°)]
and [I] S (y,) [T*(3°)]. We are now interested in the latter lift. We consider a 1-dimensional oriented
submanifold pictured by the graph G*[y,e,7] = {(,7%(7),¢(7),m(7)),7 € I} C I x I, x T*3.
Let us denote (7*3)%* = I x I, x T*3. In such a picture, we have a canonical identification:
(T*3)%¢ ~ (T*3®1x3 TI) x I, ~ T*(3°). Then, G[y, 7] is a solution of the system of Hamiltonian
equations and respects the independence condition - see (62) - if and only if G¢[7, ¢, 7] is solution a
of:
VEeT(T*(3%)  w(& X)=dH(§)dr(X)

The symplectic form is defined as: w = de A dr + dp; A dy’. Notice that a general vector field

€ € T(T*(3°)) is written as: £ = @g% + @é 88q2- + T§% + Tg%? whereas a vector field tangent to

the Hamiltonian curve X (t) € Ty y(1).e(t),x(1)G*[7s ¢, 7] is described as:

9 Ay 9 ded dmp @D D 9 .. 90

X(®) it om ot Doy T e T ligm

We emphasize that we have chosen a particular parametrization. In full generality, such vector
fields would be written as:

_dtd dy 0 de 0 dm O 8+® 6+Teg+Tii (64)

X(r) = drdt ' dr oy ' dr Oe + dr om; ~ Vot 237y1 Oe om;

38We describe here only the example of the ontologic and dynamical motives with the cotangent lift
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We do not enter into details of the geometrical approach here but refer to the work of Hélein
[111, 113, 114] for a deeper presentation. We should like however, to offer one intuitive remark on
the passage from the classical to the extended picture of mechanics. Before doing so, we recall the
comparison:

Phase space and Extended Phase space motives. Notice that in this picture the notation (usually

reserved for space-time) and (usually reserved for fields) is given a wider meaning, the aim of which
is to preserve a general notion of parametrization space and target space. For the classical picture with
path v : I — 3 we have:

Ontologic motif : [I] h| [3] = [t] |7| ['y(t)]

. . o

Dynamical motif : [[] |37‘ [3 =1x 3] = [t] |3fy| [G[’y]]

In this picture, is from the beginning treated ambiguously as both time and parametrization variable.
Whereas, for the extended phase space, namely the study of the path v*** : I — 3° = R x 3 we distinguish

from the outset the role of as a parametrization variable opposed to that of time, taken as an additional
variable in the ontology = [R X 3]

Ontologic motif : [] |’7°’“| [3°] = [7] ’7°Xt| [ (7]
Dynamical motif : [I] yj,yext ’ [300 =1Ix 30] = [T] yj,yext ’ [G[’yeXt]]

($){s) % B @
30:I><3 o BOOZIXBO

We see that the important thing is to consider the space of the graph construction. The geomet-
rical picture in the extended case - depicted in the representation of the two bundles to the lower
right above - gives non-physical extra relations. The related additional variables play no role in the
Euler-Lagrange equations. The key point is to consider the space of graphs over the parametrized
space, hence the dynamical picture (8),(s] x (M) is all that we need for relativistic mechanics. In this
case the extended Legendre correspondence is constructed on the spaces *T'(I x 3) C T'(I x 3) and
T*(I x 3). This naturally incorporates the relativistic treatment of mechanics, since symbolically
we introduce the differential operation - taking tangent and cotangent space - after having fixed
the dynamical motif. Hence, symbolically we have: (8),7((s) x M) and (8),7*((s) x (M)). This is
the main idea of the mathematical requirement of graphs over the parametrization space (S). An
heuristic argument for the equivalence of the two cases for physical Euler-Lagrange equations is
intuitively expressed by the following idea. The ontologic motif in the latter case O,O is con-
ceptually identified with the dynamical motif in the former case (s),(s) x (M). The space of interest
is the extended configuration space, obtained conceptually from two different constructions. More
serious considerations of this issue will be developed with the help of the dimension of the enlarged
pseudofibers in section (4.8).

This interplay with parametrization conditions allows us to describe a Hamiltonian curve without
the modulo condition - see (43). A Hamiltonian curve I' C T*(3 x R) is described if for all m € T,
there exists a vector field X € T,,,I" such that X | w,,, = (—1)"dH,, where we suppose that dH # 0.
There exists a 1-form 3 defined on T*(3 x R) such that the following properties (65)-(i) and (65)-(ii)
are equivalent:

(i) Ymel VX eT,T X Jwm =—dHn,

(i) VmeT VX €Tnl, X Jwm = Bn(X)dHom (65)
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Let X be a Hamiltonian vector field. We have X _ w,, = —dH,,. Since we suppose that dH # 0 we
can exhibit a vector field n such that dH(n) = 1. In such a context, § is intrinsically constructed:
B8 = m Jw. Due to the previous considerations concerning the extended phase space, we use
traditional notation on T*(R x 3) with coordinates (¢°, ¢*, po, ;). Let w = dp, A dg° + p; A dg* be
the symplectic form and let H = p, + H(7,¢*(7), pi(7)) be the extended Hamiltonian. In this case,
7 = 0/0p, since n Jw = 9/p, | (dpO Adg® + p; A dqi) = dq° so that 8 = dq¢°. The system of
Hamilton equations is equivalent to the condition that V¢ € T(T*3°)

dpo A dg° + dp; Adg' (&, X) = dH(£)B(X). (66)
With 0 P 0 9
= ¢ ¢
€ = Oigp t O T Tig, T Ty,

0 0
= 8qo+@i87qi+Toaipo+Tiaipi

where ©° = 1. The left part of (66) writes:

(dpo A dg® + dp; N dqz)(ﬁ, X) = X | (dpo Adq° + dp; N dqz)(f)
dpo(§)dg®(X) — dpo(X)dg°(§)

= +dpi(§)dq' (X) — dpi(X)dq'(€)
= T T.07+ 150" — T;0%

We focus now on the right part of (66). Let X € T,,,I' be a Hamiltonian vector field, then:
BX)=X1B8=XI(nJw)=XAn) Jw=—nJ (X Jw)=-—nJ(—dH) =

OH OH 587—[ ¢OH OH 87—[ ¢ cOH
AHE)B(X) = (025 + Ok + 065 =+ Ti5 7] = (625 +XS+ Y )

Thanks to (66) we recover the Hamilton equations. We refer to the work of Hélein [111, 113, 114]
for the geometrical construction in the n-dimensional case and the relation with n-phase space.

4.7 Geometrical construction and Legendre lifts

We develop some points about the geometrical construction and the variational principle treated
in [115, 116, 117]. Let 3° be a (n + k) dimensional manifold. We examine variational problems on
n-dimensional submanifolds ¥ C 3°. The diagram under consideration is:

Gr’3° X 0 APT*3° Tig2p) (GT73° X 0 A"T*3°)
/
D?(3°) ~ Grf3° , b , APT*3°
Gr
30/ 30

In this diagram, the diamond-shaped part is related to the generalized Legendre correspondence
whereas the variational principle is built on the square-shaped diagram. The generalized Legendre
correspondence is generated by the function W where the restriction of dp on TZD’g 3° is central.
Following [115, 116, 117], we a say few words on Legendre lifts. The construction involves two main



50 D. Vey — Multisymplectic Gravity

spaces. The first is the set of oriented n-dimensional submanifolds G C 3°, with the restriction
that 8 on G is positive everywhere. This space is denoted Gi. The other space of interest is the set

C;’L; of oriented n-dimensional submanifolds I' € M = A"T*3° with the restriction that 8 on T is
positive everywhere. The construction [115, 116, 117] exhibits the generalized Hamilton equations
without the help of contact structure or writing Euler-Lagrange equations. This is accomplished by
considering variational formulations on Legendre lifts I' € G’BO of an oriented n-dimensional manifold

G e Gﬁ. We observe that the right mathematical construction, or parametrization of the problem
is written:
GeG@? - red’
¢ = (a.p()

This construction treats the variational problem by means of functionals on the two levels: £[G] is
defined on Gi whereas Z[I'] is defined on éi For a Legendre lift, then Z[I'| = L[G]. We apply the
general setting to the specific case where G is the graph of some map o : X — 3 and describe the
construction.

Now we develop the spirit of the previous section (4.6) for fields, for which the map o : X — 3.
The space of interest is 3° = X x 3. We associate to the map o the graph G[o] = {(33, o(x)),z € X},
the image of the map 3 : X — X x 3. The dynamical data is described by a point (¢(z),p(x))
on the multi phase space A"T*3° = A"T*(X x 3) given by the map 37 (z) = (z,0(z), ¢(z), p(x)).
In the setting of Hamilton geometrization, we focus on necessary and sufficient conditions on maps
37 2 (q(),p(x)) giving rise the related graph I' = G[y, 7] = 37(z), which is the image of the
map 3"

Oriented curve in X x 3 Oriented curve in A"T*3°
30— 3(x) = (z,0(x)) 30 w3, (1) = (2,0(x), ¢, 7(x))
Glo] = {(z.o(@))z e X} c X x3=3° | Churl = {(z.0(2).e(@).7(x)).z € X} C A"T*3°

The problem of finding Hamilton equations reduces to that of exhibiting the Legendre lift of the
graph GJo]. The question of the Legendre lift connected with both to the variational aspect of the
problem and the search of critical points. We see the relation between the graph G[o] and its lift:
an n-dimensional oriented submanifold I' = G|y, 7] € A"T*3°. Here the graph G[y, 7] is the image
of the map 3 : z — 32(2) = (¢(z),p(z)) = (z,0(x), e(x), p(z)). Geometrically, the detection of the
Legendre lifts involves the parametrization given by the left part in (67):

{ el {,x@ — @ATHE) x @) (67
Glo] — T =Glo,n] Glo] — I'= Glo, 7]

This symbolic notation incorporates the dynamical perspective since we work intrinsically via
graphs. The dynamical organization is captured by the right part of (67). From the outset in the
Lagrangian setting we need the data of a volume form 8 on X. This is transported on 3° = X x 3
as the volume n-form 3 = 7*f3 - where m : 3° — X is the canonical projection.

Now we summarize this section by the following tables:

Ontologic motif and data

| Mechanics | Variational maps | General problems |
LA N[B]SEM | [X]lo][3]SEW | |
|Pathsy:]—>3 |Mapsa:X—>3 |n—dim.sub.GC3° |
| G o Set of paths v | Go Set of maps o | Go = {G™ C (3°)"F) |
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Dynamical motif and data (s),(s) x

I — 3° {X—>5°—X><3 L o
: o ! G embedding into 3
» { r = 30 =6 ¥ s o () =Gl °
[ Chl={(y().rely  |GloJ={(r.o()/zeX} |Gl |
Lagrangian side, functionals and spaces. — In each case, the Lagrangian function, the Lagrangian

functional, the analogue of the tangent space for mechanics, he set of decomposable n-multivector
fields and finally the set of decomposable n-multivector fields with a parametrization condition are
respectively described in the following table:

|L‘T3®IX3T*I—>R |L~T3®XX3T*X—>R |L-Grﬁ3°—>R |
|£ f[ (1,7,dv)d |L’ fX (x,0,do)B |£( fG (¢, T,G)B |
| T3 0131 | T3 ®xx3 T X | Gr’3° |
D(]iBO g%(so) DgBO D’,}So
5Tq30 5Aan30 Dgso

So that we can define the main canonical diffeomorphism:

| 5T3° ~ T3 @73 71 | SA"T,3° ~T3@7,3T*1 | Grl3° ~D;3°

The link between the right column and the other two is obtained thanks to the following diffeomor-
phisms: *7T{;,)3° =~ Gr?3° and ST(W,)SO ~ Gr?3°. These respectively concern mechanics and
field theory. V(7,y) € I x 3 and V(z,y) € X x 3,

15 o B o)
T,3T1 — Gr( (3°) T,3T; X — Gr(ﬂy)f')
v — T(v) v = T(v),
where T'(v) is the graph of the linear map v : 7.1 — T,3 and v : T, X — T,3. Thus T(v) is
identified with T'(z) and T'(z1,--- , z,). - the vector space spanned and oriented respectively by z
and (21, ,2pn). -Recall that z € Tir3®and 2 =21 A~ Az € ETW 3° are given:
0 -0
2=t 2 Vg vhsvsn, = (9:6” t 2
1<i<k 1<i<k

Legendre correspondence (g, z)*(q, p)

ST3° x T*3° SAPT3® x APT*3° Grf3° X0 A"T*3°

Hamiltonian function and spaces. — We note that the analogue of the cotangent space for
mechanics, the Hamiltonian function, the map of interest for generalized Hamilton equations and
theanalogue of the Hamiltonian curve space for mechanics are summarized in the following table:

| T*(R x 3) = T*3° | A"T*(X x 3) = A"T*3° | A"T*3° |
| H:M=T"3° >R [ H:M=A"T"3° 5 R [H: MR |
[T > M=T"3° |37 X > T 30x3TX x I |7 :G— M |
Ly, 7 2| Dy, 7 | rcMe G’i

{(r.2' (7). mo(7), mi(7)) } {(z,0(2),e(x), 7(x)) },
remM=1+3° [ Cc M=A"T*3° [ C M= A"T*3°
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4.8 Infinitesimal symplectomorphism and pseudofiber

The infinitesimal symplectomorphisms are the objects of the ontologic symmetry. We consider the
geometric multisymplectic setting as the source of fundamental insights into classical field theory
where space, time and fields are treated on an equal footing. We emphasize that conceptually,
we work on the ontologic space® Note that vector fields = € I'(M, T M) for ontologic symmetry,
describe the ontologic space - which takes into account the common source of space-time, field
coordinates and their dualities: the space of n-forms M = A"T*3°.

Definition 4.8.1. A symplectomorphism of (M,w) is a smooth diffeomorphism 3 : M — M such
that x*'w = w.

Definition 4.8.2. An infinitesimal symplectomorphism of (M,w) is a vector field 2 € T'(M,TM)
such that L=w = 0.

Thanks to the Cartan formula, we obtain: Lzw = d(E Jw) + E Jdw = 0. This relation is
equivalent to d(Z Jw) = 0. We denote sp,(M) the set of all symplectomorphisms of (M,w).

Now we introduce the following fundamental objects: the enlarged pseudofiber, the pseudofiber
and the pseudofiber direction. Following [118] the enlarged pseudofiber is defined to be:

Py(z) ={p e A"T}3° / aavzv(q’ z,p) =0} (68)

The enlarged pseudofiber is understood as the space of n-forms P,(z) C A"Tq*BO such that the
generalized Legendre correspondence is satisfied: (g, z)<*(q,p). We refer to [115, 116, 117] for further
details. The key point is that P,(2) is an affine subspace of A”Tq*3° with dim(Pg,(z)) = (ZTIS)! —nk.
As noticed by Hélein and Kouneiher we find an explanation for the interplay between time and
energy in mechanics where dim(P,(z)) = 1. Considerations on the dimension of the enlarged
pseudofiber emphasize the equivalence previously described for the extended phase space and the
reparametrization problem. From this perspective we compare both pictures. The first one is given
by the ontologic motif (variational problems on path v : I — 3) whereas the second one is
described by the motif (5)°,(M)° (variational problems on paths 7. : I — 3° = R x 3). We denote
by Py(z) and Pg(z) respectively the related enlarged pseudofibers.

(14 k)!
11%!

(14 (k+1))!

dim(Pq(2)) = 1(k+1)!

—k=1 dim(Pg(2)) = —(k+1)=1
Hence we observe the same freedom in both constructions. Notice that we could think of the
extended picture with maps defined on a worldsheet: ¢ : ¥ — 3. In this case, dim(X) = 2 and
dim(3) = k.

! 2 _
(2+/<:)._2k:(2+k:)(k+1)_2k:k k+2
21! 2 2
Now we try to picture the reparametrization problem considering the follwing ontologic motif:
Go : 2 — 3°° =R xR x 3 with dim(X) = 2 and dim(3°°) = k + 2.

dim(*Py(2)) =

(24 (k+2))!
20(k + 2)!

(k+3)(k+4)—4(k+2) _k*+3k+4

—2 2) =
(k+2) 5 5

dim(P(2)) =

Note that dim(*P(2)) # dim(*Py(z)), by contrast with dim(Pg(z)) = dim(P,(z)) = 1. This is
why, if the dimension of the enlarged pseudofiber is perceived as an indication of the interplay of

39In the section (6) below we will describe this idea by the symbolic picture sp, (M)S][ [> B
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canonical variables, we recover the time-energy relation only in the case n = 1. Finally, as noticed
in [115, 116, 117], for a given (q,2) € D?3°, we can find at the same time an element p € P,(2)
and choose the value of H(q, p). Therefore, we find the definition of the pseudofiber to be the space:

Pi(2) = {p € Py(2) / H(q,p) = h}. (69)

Notice that dim(Pg(z)) = dim(Py(z)) — 1 and that P,(z) and Pg(z) are affine subspaces parallel
to [TZDESO]J— and [TZDZ:‘SO]L where the spaces [TZDqﬂBO]J—, [TZDZBO]J— C A”Tq*3° are respectively
defined by (70)

[I.DI3°1F = {peA"T;3° /VeeT.DI3°, p(¢) =0} (70)
[T.D}3°)F = {peA"T}3° /VEe T.DI3° , p(¢) =0}

In the general case we have the following dimension for the involved spaces: dim[Gr"3] =
n 4+ k4 nk, dim[A"T*3] = n+ k + 2L qim[DY3] = nk and dim[A"Tr3] = “EE We also
have dim(Py(z)) = %Tkk’;)! —nk and dim(Pg(z)) = dim(Py(z)) — 1 for the dimension of the enlarged
pseudofiber Py(z) and the pseudofiber Pg(z), respectively.

Definition 4.8.3. The generalized pseudofiber direction for a Hamiltonian function H : M — R
1s described by:

L' ={=2eT, M /VX e [X]? VX e TxD" (M), E Jw(6X)=0}. (71)

The generalized pseudofiber L* direction is a set of vector fields on (M,w). The tangent sub-
spaces to pseudofibers L} = [Tix DM w] can be given an intrinsic characterization. Another
key point is the invariance of an observable functional along L7t. We do not develop this point fur-
ther for the moment and refer to [115, 116, 117]. We see later the crucial importance of this
concept with the example of canonical forms and observable functionals for gravity. Here we end
the introduction to the general framework for MG developed by Hélein, [111, 113, 114] and Hélein
and Kouneiher [115, 116, 117, 118]. We next give some remarks about the jet bundle formalism
for DW theory where the issue of graded Poisson structure appears. These remarks motivate the
construction developed by Hélein and Kouneiher of the distinction between AOF and OF.

5 Traditional Multisymplectic setting: graded standpoint

The traditional DW approach rests on the notions of contact structure and jet bundles [26, 35, 38, 58,
77,78,91, 92,96, 97, 98, 102, 132, 133, 134, 205, 206, 207, 208]. The Lagrangian density L : J'3 — R
is described on the first order jet bundle over 3. However, this (poly)multisymplectic approach
involves the triviality of the extended phase space as a bundle over space-time: it contains a duality
between the two ontological categories, space-time vs fields, and exhibits a decomposition of forms
and multivectors along with vertical and horizontal components. We refer to the appendix (C) for
a basic introduction of jet manifold and contact structures. We discuss the expression of canonical
forms in terms of contact structure and finally address the the issue of graded Poisson structure.
In this connection we note in particular how observable (p — 1)-forms raise severe difficulties for
quantization and conceptual issues concerning duality.
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5.1 Geometrical spaces for first order jet De Donder-Weyl theory

The Lagrangian densz’ty is described as the mapping £ : J'3 — A"T*X. In local coordinates, we
write L[z] = L(z#, 2*, 2,) 8 where L(z#, 2*, 2; )1s the Lagrangian function - whereas 8 = da'A- - -Adz"
is the volume form on X The prOJec‘mon of interest in this trivial picture over space-time X is the
source projection 7! = wlom : J13 — X - see Appendix (C). The Lagrangian density is equivalently
described as a m!-semibasic n-form on J!3 such that £ = L(7'*3), thus the Lagrangian function is
defined: L € C>(J'3).

The analogue of the tangent space for mechanics is the first order jet bundle J'3 with local
coordinates (z#, 2", 2! ) The bundle J'3 — 3 is an affine bundle. On the other hand, the analogue
of the cotangent bundle is the dual first order jet bundle, denoted J!'3*. It is the vector bundle
over 3 with fiber at z € 3, given by the set of aﬁﬁne maps J}3 — A"T*X. Fiber coordinates on
J13* defined via the affine map R C + pl'z z,)B, are denoted (e, p; /). Notice that dim(J!3*) =
dim(J'3) + 1. We refer to M. Forger and S.V. Romero [80] for a clear introduction to the issue of
affine space and the concept of duality for affine space in the jet landscape - see also M.J. Gotay
[98]. The bundle Z(3) = ART*3 C A™T™*3 (see appendix (464)) plays the role of the multiphase
space:

Z(3) = A3T*3

z(3)|
1~

In this context, ¢ € Z(3) is written as ¢ = ¢S + pl'dz" A B, and local coordinates on Z(3) are
(z#, 2%, e, pl'). We introduce the projection e : Z(3) — P(3) : (a#, 2%, e, p') = (a#, 2%, pl'). Notice
that ¢ € w?(3) is a horizontal n-form whereas pt'dz A 3, € W™ 1(3) is a(n— 1)—horizontal n-form.
The key point concerns the identification of fiber coordinates between J'3* and AZ7T*3. In such
a context, we have a vector bundle isomorphism J!3* = A3T*3 - see [18, 38, 96, 98] - denoted
a: AJT*3 — J13*
Let o € J'3 so that ¢ = jlo(z) for a given section o : X — J'3.%0 The canonical isomorphism
a: Z(3) = ABT*3 — J'3* is given for any ¢ € ABT*(3) by a(p) -0 = o*p € A"TX. Consider
the local expression of a form ¢ = e + pl'dz' A §,. Since 6*(dz") = da# and 6*(d2') = o', dxt,
the expression for the pullback of ¢ by the prolongation of the section o is given by: o*p =
o*(eB+pldz' AB) = (e+pl'o 1) Hence we identify the affine dual of the first jet bundle of sections
JZ13* with the previously mtroduced multisymplectic De Donder-Weyl space Z(3) = AJT*3.

(72)

5.2 Canonical Forms and contact structure

We define the Poincaré-Cartan canonical n-form 6 (45) and its associated canonical multisymplectic
form w = df (47) on A"T*3. Now, denoting the inclusion mapping i : A"T*3 — Z(3) = A3T*3 so
that w® = i*w and 6°" = i*0, we recover the local coordinates for w® and for 8°V.

W =B+ plds" A B, w™ =deAB+dpl ANd2PA B, (73)

The Legendre morphism®! is denoted F(£) : J'3 — P(3) and is defined by means of the Legendre
transform, defining momenta as functions of fields and their first derivatives, via the mapping:

IE(/.:) (.Z"u z ’Zﬂ) — (%N,Zi,pg) = (;17“,zi(m“) p) (Z‘u z 7ZN)>
2t
I

49The correspondence between 0' and Tyo is described by an 1somorphlsm of the bundle J'3 — 3 with the affine
bundle whose typical fiber over o(z) is {a’ T.X — Tow)3 / oo = IdTIX}
4t is sometimes also called the Pomcare Cartan morphism depending on authors
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The extended covariant Legendre transform F(L£) : J'3 — Z(3) is a fiber-preserving morphism
locally described by:

F(L) = (M, 2 ,zﬂ) — (w“,zi(x“),e,pg) = (JJ“,Zi,—(Zngzﬁi —,C),gj).
i I

Thanks to the projection e : Z(3) — P(3) : (z#, 2%, ¢,pl") — (z#,2',p!'), the bundle Z(3) fibers
over P(3). The Poincaré-Cartan n-form on J'3 is defined intrinsically by 6, = (FL£)*6"":

, OL oL oL

“8’ L’)ﬁ—i—a—zudz/\ﬁu (£ #82)6+ o2,

0 = (FL)*(eB + plidz" A B,) = — (2] dz' A B,

We write the Cartan form by means of contact basis forms 9 - see Appendix (C).
Proposition 5.1. The Cartan canonical form 07 = (FL)*6°" on J'3 is given by means of the
contact forms 9°: 0y = L3 —|—pf19i N Bu.

[ Proof We have the straightforward calculation:

oL i i oL i i oL i i
o7 Y(dz' A By — 2,08) = LB+ (Bzﬁ)(dz ABu—2z,0,8)=LB+ (Bzﬁ)(dz — z,dz") A By

O =LB+(

Since dz” A B, = 6. Then: 0 = L3 + (%)ﬁi A B,.. The Poincaré-Cartan form is written as 62 = L3 + pl‘d" A B,..
Notice that, since dvz® = ¥ we write 0, = L'ﬂ +p(dvz") A Bu- |

The canonical (n + 1)-form w, € w™1(J'3) is defined intrinsically way by w,; = (FL£)*w®™ We
have the Cartan form in local coordinates:

oL
eﬁ_(ﬁ_ ,u,al)ﬁ_‘_ Zd /\ﬁ,uz
m
so that we obtain for the canonical (n + 1)-form:
we = db; = d(L aﬁ)Amd(‘%)Adz A B, (74)
e 07,

We exhibit two subsequent formulations for (74). The first one simply expands (74) whereas the
second is given by means of contact forms. The canonical (n + 1)-form w, is written:

oL . 0*C oL ;
we= <@ - z”@zjazL - 8x“323)d2 nB

(g 08+ (55512 s+ (5

[ Proof First we just expand (74) this gives the straightforward calculation:

)dzj A dz A Bu
w

oL oL oL oL oL i
we = —dz" A,6+—d LA B — (dz, Z+zﬂd( Z))/\ﬁ—l—d(—i)/\dz A By
9z 2 9z a2},
oL i, OL ar"
= azidz Aﬁ_z“d(azz)/\Ber(a YAdz' A B,

o’ e

_ oL j
= patnp-s (azaazM MEr dzi) A p
oL ., oL ., oL .
+(W T + 8Zjazﬁ y4 azia dZ ) /\dZ /\6#
oL L L L N\ LN
= (52 T PugLiog, axuaz;;) A8~ (ﬂa 57 ) dz N B+ (azfaz;;)dz Ndz"N By

9L . )
+ . dz), Ndz" A
(azgaz;;) O]
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We also express the canonical n 4 1-form thanks to the help of basis contact form 9

oL
55— d(5.0) 1)

wL:ﬁi/\(

I Proof We have the straightforward calculation:

we = %d ‘AB =10,z Zd(aﬁ))/\ﬁ dz' /\d(aﬁ)/\ﬂM
(89 3 0z},
L i
= 5% ‘NB—=z d(f)) (dz” A By) — dz' /\d(a7)/\ﬁu
i
= gid AB— (z—zl,dx)/\d(gﬁ)/\ﬂM
Em
oL i oL i oL
= g NB = NG N B =0t ( (5 )/\/Bu)
Since, ﬂZAgZEL =(dz* — 2 dx“)/\gj _62Ld /\[3 |

For a presentation of the multisymplectic jet bundle setting see [26, 35, 38, 58, 77, 78, 91, 92,

96, 97, 98, 102, 132, 133, 205, 206, 207, 208]. Here the point of interest concerns algebraic graded
structure. In the following section, we first describe Hamiltonian (n — 1)-forms and their related
Hamiltonian vector fields, and secondly, Hamiltonian (p—1)-forms and related vector fields. Poisson
structure for arbitrary degree is not uniquely defined.
Remark. As in the previous section for symplectic geometry, Hamiltonian 0-forms are related to
Hamiltonian vector fields, and for the rest of the present section we speak about Hamiltonian (n—1)-
forms. Later, we call such object algebraic observable (n — 1)-forms. This offers insight into the
classification of observables, an insight which rests on a clearer epistemological grasp of the status
of observables in our general understanding of physical representation.

5.3 Hamiltonian (n — 1)-forms and Hamiltonian vector fields

The graded commutative algebra, X*(M) = e%gkgdim(/vt) AF(X(M)) is considered. X*(M) is
endowed with a Gerstenhaber algebra when we consider the Schouten bracket? structure. Let
¢ €w(M)andlet X =X; A--- AKX, € D"(M), the interior product X _I¢ is given by X ¢ =
(XiN---ANXp) Jo =X, -+ 1X; Je. Note that we extend the interior product on arbitrary
(not necessarily decomposable) multivector fields by C°°(M)-linearity. Now we introduce the notion
of Hamiltonian form.

Definition 5.3.1. Let (M,w) be an n-multisymplectic manifold. An (n—1)-form ¢ is Hamiltonian
if and only if there exist a vector field 2, € X(M) such that dp +Z, Jw = 0.

The important point is that we use to the adjective Hamiltonian when a form is described together
with an associated vector field Z, € I'(M, TM)*®. For the moment we keep this terminology from
the symplectic setting as a point of departure for understanding general cases. Let X! (M) and

Q- 1(M) be respectively the set of Hamiltonian vector fields and the set of Hamiltonian (n — 1)-

forms on (M,w): both are vector spaces. We introduce the Lie derivative Lz of ¢ € w*(M) along
a multivector field = € X*(M) defined via the graded commutator:

Lzp =d(E 1) — (-D)FI=E Jdp.

In the case where = € XY(M) = I'(M,TM) is a 1-vector field Lz = d(Z ) + = Jdp. The
first obvious property is that a Hamiltonian vector field =, € X1 (M) preserve the multisymplectic

425 —1 degree Lie bracket which satisfies the graded Leibniz rule with respect to the wedge product.
“3Notice that this leads to the definition of algebraic observable (n — 1)-form in the next section



Multisymplectic Geometry and Classical Field Theory o7

structure. Eapw =0:
Lz,w=dE, Jw)+E, Jdw=d(E, Jw) = —d(dp) =0

So that we have: X!

ham

(M) C Xyn(M)

Definition 5.3.2. The Poisson Bracket on two Hamiltonian (n — 1)-forms @, p € Q-1 (M) is

ham
{o,p} =Fo NEp Jw=E, Jdp=—-E, Jdp (75)
The bracket (75) satisfies the antisymmetry property as in the symplectic case.

{e.p} +{pp} =0 (76)

We notice that the bracket {¢, ¢} of two Hamiltonian (n—1)-forms ¢, g € w1 (M) is Hamiltonian,
{cp, g} € Qﬁ;l(/\/l). We have the straightforward calculation:

d{p,0} =d(Ep 15, Jw) =Lz, (Ep Jw) + Zp 1 d(dp) = [E4,Zp] Jw + Ep I Lz,w

Therefore, we obtain:
{‘P,P} = _[Etpage] Jw (77)

The relation (77) can equivalently be written Z, 5y = [S4, Zp]. However, unlike the case of sym-
plectic geometry (n = 1), the bracket satisfies Jacobi structure only modulo an exact term. Hence,
Y, 0,m € Q1 (M) we have:

{{e.e}.n} + {{e.n}, o} + {{n. 0}, 0} =d(E, NEg A By Jw) (78)

We refer to the work of Baez, and C.L. Rogers [19] for Lie 2-algebra structure, to the thesis of Rogers
[196] for relation with Deligne cohomology and Courant algebroids and to Baez and U. Schreiber
[20], for relations with Category theory, to offer some selected examples of connections between MG
and more mathematical perspective. One of the essential questions for MG concerns a good choice
of Poisson bracket structure in the case of forms of lower degree. Notice that if we focus on what
we refer as the symmetry-algebraic picture, as reflected in (75) to (77) above, for the case of forms
of arbitrary degree the link between Poisson brackets and dynamics is not clear - by contrast to
the (n — 1)-form case. More precisely, for 1 < p < n the (n + 1 — p) multivector field Z, such that
dp +E, Jw = 0 is not uniquely defined. It leads to a generalization of the Poisson bracket within
the setting of graded structure [134, 188, 225]. The focus is on graded bracket generalization with
objects such as the Schouten-Nijenhuis and the Frolicher-Nijenhuis brackets.** However the lack of
good dynamical properties for such forms suggests that we should give much more considerations
to the notion of OF developed in [117, 118]. In such a context, working on the basis of the Einstein
picture, reflection on the very nature of observable forms led Hélein and Kouneiher [117, 118] to the
notion of copolar forms. The notion of copolarisation allows us to define observable forms of any
degree collectively. This feature, as we will see later, is in perfect harmony with the spirit of GR.
Before examining this step, we first describe the traditional setting of graded structures in order to
understand the legacy of OF.

4411 those works bracket operations on Hamiltonian multivector fields and Hamiltonian forms capture graded Poisson
structure built upon higher-order generalization of Gerstenhaber algebra. We refer to the work of P.W. Michor [173]
and P.W. Michor and M. Dubois-Violette [174] for a presentation of the Frolicher-Nijenhuis bracket or the presentation
of L.K Norris [185]
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5.4 Hamiltonian (p — 1)-forms and their related Hamiltonian vector fields

Here we follow the symmetry-algebraic standpoint. Following a similar underlying theme to that
of the previous section i.e - namely the study of the notions of infinitesimal symplectomorphism
Xym(M), the set of Hamiltonian vector fields X, (M) and locally Hamiltonian vector fields X,,.(M)
in the symplectic case (n = 1) - we now go on to compare the rules for forms of arbitrary degree.
With this aim in view, we emphasize two main group of references. The first is found in the work
of Kanatchikov [132, 133, 134, 135, 136, 137] where interesting ideas on the graded setting, in
particular in connection with dynamical evolution for forms of lower degrees are developed. The
second concerns the closely related work of Forger, C. Paufler and H. Romer [77, 78, 79, 80, 188].

Definition 5.4.1. A p-multivector field = € XP(M) on a multisympletic manifold (M,w) is a
locally Hamiltonian p-multivector field if = Jw is closed or equivalently if Lrw = 0. We shall
denote the set of locally Hamiltonian p-multivector fields by XL (M). -

P
Definition 5.4.2. A p-multivector field = on a multisympletic manifold (M,w) is a globally Hamil-
)4
tonian p-multivector field if E | w is exact or equivalently if there exists an (n — p)-form @ on M

such that é Jw = dz_op. We shall denote the set of Hamiltonian p-multivector fields by XL (M).

The relation between vector field = € X7, (M) and (n — p)-form ¢ € Q"7P(M) is summarized:

ham

Locally Hamiltonian p-vector fields

[1]o

exy

loc

(M)

E Jwis closed or Lryw =0

]

Hamiltonian p-vector fields

o [1]=

exy

ham

(M) p

2 Jw is exact: there exists an (n — 1)-form ¢ on M such that Z Jw = d¢

Definition 5.4.3. A n — r-form "&r on a multisympletic manifold (M,w) is a Hamiltonian form

T T —
if there exists a r-multivector field X, such that X, 1w = dncpr.

s —
The equation under consideration is X, Jw = dntpr so we say that the Hamiltonian multivector

field )T((p is associated with the Hamiltonian form "gBT. Neither )r(<p nor ”47 are uniquely defined.
Equivalently, the kernel of w on multivector fields is non-trivial. This simple fact reflects a non
unique correspondence between Hamiltonian multivector fields and Hamiltonian forms. [77, 78]. The
following table exhibits the parallel between the symplectic case n = 1 and the higher dimensional
case:

Symplectic manifold (M, w) Multisymplectic manifold (M, w)
§p Jw=—dp Ep Jw=dp
&, is uniquely defined by d¢ E,p is not uniquely defined by de

Every 0 — form ¢ is Hamiltonian Not every (n —r) — form ¢ is Hamiltonian
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5.5 A glimpse of Poisson structure in the graded standpoint

We follow the setting developed by Kanatchikov [132, 133, 134, 137] and his polymomentum phase
space defined on the bundle 3 — X over the manifold X. In this work we encounter various
objects such as the vertical vector XV - an element of the vertical tangent bundle VT'3 - vertical
p-multivector fields )&,, vertical (n — p)-multivector fields 3(5 . The central algebraic object for
graded structure is the Schouten-Nijenhuis bracket [,]SN, first discover by Schouten [209, 210]
and later developed by Nijenhuis [182, 183]. The Schouten-Nijenhuis bracket is a R-bilinear map:
X(M) x X(M) — X(M) which obeys the following properties:

[1] Graded antisymmetric property: [V, X] = —(=1)P—D(a=1) (X,Y].

[2] Graded Leibniz rule: [X,Y' AZ] = [X,Y] AZ—(-1)P"D@Y A [X, Z]

[3] Graded Jacobi identity:

SN SN’

(_D(p—l)(r—l)y A [X, [Y, Z]SN] + (_1)(q—1)(r—1)Y A [27 [X, Y} SN} + (_1)(p—1)(q—l)y/\ [Y, [Z, X} SN]S —0.

SN SN N

The Schouten-Nijenhuis bracket coincides with the standard Lie bracket on vector fields. Let
| X |= p be the degree of the multivector field X € XP(M) so that we considered two multivector
fields X,Y € X*(M) with | X |= p,| Y |= ¢. Then, | [X,Y]  |=p+q¢q— 1. For detailed
studies on the Schouten-Nijenhuis bracket we refer to J.-L. Koszul [152] - who studied it from the
cohomological perspective - or C.M. Marle [164] - for its relation with the interior product. The
graded structure appears therefore as the bracket of two Hamiltonian forms - here we fix the degree

p q
of the Hamiltonian vector fields as: X, and X, so that, following Kanatchicov we denote r =n —p
and s =n — g,

r s n—r D ;) n—r i S
{p,0} =(-1)""Xp 1 X, Jw=(-1)""X, 1 do. (79)

The Poisson bracket (79) has the following properties:
[1] The first property, that | |=n—1—p, |e|=n—1—qand | ¢ |=n — 1 — r is satisfied by
the graded antisymmetry of the bracket:

T

{{0‘7 5} = _(_1)(TL71“71)(7’L7871){E’Qo}_

[2] Graded Jacobi Identity:

(=D{e{e.n}} + (-l {o{n. 6 }} + (-1)"e {n{g, 0}} = 0.
As emphasized by Kanatchikov [137] the Poisson bracket of Hamiltonian forms (79) is induced by the

Schouten-Nijenhuis bracket [, ] o Of the Hamiltonian multivector fields —d{gz, Z)} = [)g‘p, )gg] o W
The algebraic properties define a Poisson-Gerstenhaber algebra on the space of Hamiltonian forms.
A Gerstenhaber algebra is an associative graded commutative algebra with an odd Poisson bracket
[89, 90]. See the work of A. Nijenhuis [182, 183] and as emphasized by Y. Kosmann-Schwarzbach
[151] - who situates the construction within the general setting of Loday and derived brackets -:
“the Schouten-Nijenhuis bracket of multivectors [...] is the prototypical example of a Gerstenhaber
bracket.” We also refer to the work of S.P. Hrabak [123, 124] for a view of this SN bracket structure
within the general framework of the Loday bracket. Kanatchikov’s work is to be seen as leading
to a generalization of the Poisson algebra of observables in classical mechanics to field theory. The
natural setting for such a generalization is concerned with graded Leibniz algebra together with a
graded derivation. Notice that the exterior product of two Hamiltonian forms 5/\3 is not in general
Hamiltonian. Once again the defect is that this structure is not uniquely defined for such forms
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of arbitrary degree. This motivates the construction of OF by Hélein and Kouneiher and opens
the way for a good classification for observables from the viewpoint of our proposed ontologic wvs
dynamical duality.

6 Observables in multisymplectic geometry

We return now to consideration of the approach developed by Hélein and Kouneiher [115, 116, 117,
118] to the treatment of observable and the related issue of the Poisson bracket. While closely fol-
lowing their work, however, we seek to further its epistemological understanding and to encapsulate
the guiding ideas in a general symbolic representation. The notion of observable in multisymplec-
tic geometry can be approached from three directions. The first concerns the distinction between
ontologic and dynamical features of the notion. In this first part we emphasize the description of
observable forms from the viewpoint of that distinction. This in turn leads to a further distinction
between observable forms (OF) and algebraic observable forms (AOF). The second of those three
directions concerns observable functionals. These objects are defined by integration of differential
forms on hypersurfaces and we observe that there are two main sorts of such functionals: the kine-
matical and the dynamical ones. Finally, the last direction concerns the concept of copolarization.
This concept arises in connection with the definition of observable forms for arbitrary degree (p—1).
This is the cornerstone, at the heart of our investigation of the notion of observable, that reveals
a surprising connection with a deeper understanding of the Relativity Principle. Indeed, the spirit
of Einstein relativity leads us to recognize that no observable quantities are measured directly. We
emphasize the concept of observable within the GR setting. It is meaningless if referred to an
absolute frame. Indeed, observable quantities are only defined by comparison to each other. In
this section (6) we discuss the mathematical consequences of this. But this discussion will take
us much further. It leads towards deeper underlying principles concerning the representation of
physical notions. Keeping in mind Dirac’s insightful remark about the absence of a well established
theory of observables in physics, we reach a natural and amazing conclusion. One summarized by
this simple statement: there is no real position of the observer.

6.1 Ontologic vs Dynamical

The first fundamental distinction between observable forms concerns the primordial duality between
ontologic and dynamical symmetry. We oppose two types of observables: algebraic observables vs
dynamical observables. This dual point of view is taken fully into account even at the level of
the definition of observable (n — 1)-forms. This leads on to the distinction between OF and AOF
and is also strongly connected to the notion of copolarization. Here we offer a broadly heuristic
introduction. In the next section we give more mathematical details. First, let focus on algebraic
observables: they are not dependent on the Hamiltonian function H. These observables have an
ontologic flavor. Recall that the ontologic symmetry Lzw = 0 is described by the set of infinitesimal
symplectomorphisms sp,(M). Here we are interested in what were previously called Hamiltonian
forms, which we now rename algebraic observables. From this new perspective we are interested
in the set of (n — 1)-forms: P21 (M) = {p € A" 1T*3/&, Jw = —dp}. We summarize the idea
developed here:

Ontologic space Ontologic representation

spo (M) set of inf. symplectomorphisms P (M) set of algebraic (n — 1) — forms
Symbolic vision: sp,(M)S[[>] Symbolic vision: B2 HM)S[ ]
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Recall that the dynamical symmetry L=H = 0 forms part of the definition the symmetry of an
Hamiltonian system. Therefore we look for vector fields = € I'(M,TM) such that dH(Z) = 0.
When the infinitesimal symplectomorphisms satisfy the additional property dH(Z) = 0*° we call
those vector fields dynamical. On the other side we are interested in dynamical observables, those
which are defined via considerations on the Hamiltonian function . However the real objects of
purely dynamical interest are given by Hamiltonian n-vector fields: those are the objects of the so-
called dynamical space I'. Here the main objects of interest are the Hamiltonian function and the
Hamiltonian n-curves. We consider a Hamiltonian function H : M — R and the related Hamiltonian
n-vector field X (m) € [X]%. We are looking for the set of (n — 1)-forms ¢ such that (X (m), dep,,)
does not depend on the choice of X (m) but only on dH,,. Therefore we describe the set of observable
forms OF as VX (m) € [X]¥: B! = {¢ € A"71T*3, / (X(m),dep,,) depend only on dH,,}. We

summarize the picture:

Dynamical space Dynamical representation
X (m) € [X]** Hamiltonian n-vector fields P (M) set of observable (n — 1) — forms
Symbolic vision: [X]|S[[> ] Symbolic vision: P2 (M)S[ G ]

Finally, a physical - or dynamical observable* ¢ is an (n — 1)-form which involves both aspects.
It then respects both symmetries: the ontologic one and the dynamical one. We denote the set of
physical observable (n — 1)-forms by O = {p € A" ' T*M /&, Jw = —dp and dH(&,)=0}.

The opposition of ontologic vs dynamical considerations points to the opposition of symmetric
vs dynamical aspects for observables. This insight suggests a definition of the brackets between
(n — 1)-forms and later between canonical forms. On the one hand we describe the Poisson bracket
between two different ¢,p € PB2~1(M) algebraic (n — 1)-forms whereas, on the other side, we
describe the Poisson pseudobracket for an observable form ¢ € B2~(M). We emphasize once more
this feature of the vocabulary: the ontologic space and the dynamical space are characterized by
vector fields whereas the words ontologic representation and dynamical representation are related to
forms. This is the sign of a deeper philosophical perspective, and is connected to the related concept
of generalized topological and dynamical dualities. We need many more details before discussing
this connection. They are provided in the works [115, 116, 117]. First we are interested, in section
(6.2) in the symmetry standpoint and the definition of (n — 1)-AOF so that we recover exactly the
definition of Hamiltonian form ¢ € Qﬁ‘a;l (M) developed in the traditional picture - see the previous
section (5.3). In the rest of this text, we adopt the definition of Hélein and Kouneiher [117]. In
particular we replace the notation Qﬁ;l(/\/l) by P2~ (M). This provides a more accurate setting,
one which clarifies the distinction between algebraic forms AOF and observable forms OF, denoted

P M).
6.2 Algebraic observable (n — 1)-forms (AOF)

Definition 6.2.1. Let (M,w) be an n-multisymplectic manifold. A (n — 1)-form ¢ is called an
algebraic observable (n — 1)-form if and only if there exists E, such that 2, 1w + dp = 0.

We denote P71 (M) the set of all algebraic observable (n— 1)-forms. This reflects the symmetry
point of view. It is the natural analogue to the question of the Poisson bracket for classical mechanics

“5We denote o1, (M) the set of dynamical vector fields.

46Note that in the work of Hélein and Kouneiher those objects are called dynamical observables. Here we choose
the term physical observable in order to emphasize the constitutive role of the ontologic vs dynamical duality in the
conception of such objects.
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(35)(i). Then, Yo, p € P2~1(M), we define the Poisson bracket (80):
{p.0} =Zp NEp Jw=E, Jdo= -5, 1dep. (80)

where, {cp, g} € P! and the bracket (80) satisfy the antisymmetry property and Jacobi structure
modulo an exact term Ve, p,n € P71

{o.p} +{p,0} =0  {{o,pIn} + {{p.n}e} + {{n.e}p} = d(p N N & Jw).

Since we have defined an infinitesimal symplectomorphism of (M,w) to be a vector field = €
'(M,TM) such that Lzw = 0, using the Cartan formula, we obtain: Lzw =d(E Jw)+Z Jdw =
0.. Now, since the multisymplectic (n + 1)-form is closed dw = 0, this relation is equivalent to
d(Z Jw) = 0. We are looking for vector fields = € I'(M, T M) such that d(= _Jw) = 0. Notice that
we denote by sp, (M) the set of infinitesimal symplectomorphisms of the multisymplectic manifold
(M,w). We define the set of infinitesimal symplectomorphisms:

5po(M) = {E € T(M,TM) / d(E Jw) = 0}. (81)

Any infinitesimal symplectomorphism Z € sp,(M) can be written under the form: = = y + (, see
the result of Hélein and Kouneiher [117].

Proposition 6.1. If M is an open subset of A"T*3, then the set of all infinitesimal symplectomor-
phisms E on M are of the form = = x + (, where

B _ aga
X = X tPn (q)i and C = Ca( (82)

In proposition (6.1) we have:
[1] the coefficients Xﬁl...ﬁn are such that d(y Jw) = 0.
2] C =>.,¢%q )—a is an arbitrary vector field on 3.

[ ] Oé = Zﬁ1<---<5n Zu 5gup51"-ﬁuflaﬁu+1“-ﬁn8;;51%5”'

Any algebraic infinitesimal symplectomorphism can always be written = = y + (. [117]. The
analogous statement on the form part leads to the observation that any algebraic observable (n—1)-
form ¢ € P21 (M) can be written as ¢ = Q¢ + P;. Then we introduce the notion of generalized
position (n — 1)-forms, denoted Q&

Q' = ) s (@dg" A Adghmt with x Jw = —dQF. (83)

p1 <+ <pin

and the dual notion of generalized momenta, denoted P
PC =( 160 with ng = —dPC (84)

The decomposition of the set of infinitesimal symplectomorphisms is written as sp, (M) = spg(M)®
spp(M). Here spg(M) and spp(M) correspond respectively to the set of infinitesimal symplecto-
morphisms connected to the position part: spg(M) = {x € T(M,TM) / d(x Jw) = 0}, where
the vector field y is defined as in proposition (6.1). Equivalently, using the vector field ¢ introduced
by proposition (6.1) we obtain the set of momenta for which infinitesimal symplectomorphisms are



Multisymplectic Geometry and Classical Field Theory 63

written as: spp(M) = {¢ € T(M,TM) / d({ Jw) = 0}.. Following [117] we introduce the Lie
bracket relations (85). Let x, Xo, Xo € sPq(M) and let ¢, (o, (e € spp(M), then we have:

[X_o, )_(o] =0
Ko, Co] - [Coa C’] a (85)
¢l = ﬁg;ﬁn Vor--pn (4) Ippy--p,

g
volves a semi-direct product structure: sp,(M) = spp(M) X spq. The application of the general

where 93,..3, = >, (Co‘axﬂl bn 4 >u X61~~-6u71aﬂu+1~-ﬁnaﬁ)~ The Lie bracket relation (85) in-

proposition (6.1) allow us to write the generalized position Q¢ and momenta P¢, (n — 1)-forms:

Q= > s (@dg" Ao Adg'nt and Pe = 10, (86)
p1<-<pn

and we find related infinitesimal symplectomorphisms Z(Q¢) and Z(P¢) of the form:

OBy B 1 Bot1-+Bn 0
(Qf) — Z Z(_l)a €81-Ba18 B

«a
B1<-+<PBn C“ q apﬁlmﬁn (87)

(PC) = ZCO{ Zaq[g

As already understood, spg (M) C sp,(M) and spp(M) C sp,(M). We also introduce the following
notations: ‘B’é{l(/\/l) and PL 1 (M) are taken to be the set of algebraic observable (n — 1)-forms
such that:

[1]

[1]

PG (M) ={Q¢ € A"'T*3, /E(Q) Jw = —dQ°.} (88)

Here is the position part. On the other side ‘}3?,_1(./\/[) is described:
Pp (M) = {Pc € A"'T*3, /2(P¢) Jw = —dPg, } (89)

where the vector field Z(P¢) identified with the infinitesimal symplectomorphism ¢ described by
proposition (6.1). We therefore consider the Poisson bracket relations constructed on related ob-
servable (n — 1)-forms. Let Py, Peo,Pre € ‘13%_1(./\/1) be any generalized momenta observable
(n —1)-form and let Q¢, Q% , Q¢ ¢ ‘,]37(51(/\/1) be any generalized position observable (n — 1)-form.
These Poisson bracket relations are proven by Hélein and Kouneiher [115]:

{ng’ng} — O

{PCO’PC.} == P[CO C. +d(c JC J9) 5 a

{PCaQE} — ) Zﬁ ZZ oz—HCM B 6§q;§a+l B aqp 2dg® A N dgPr
1<-<pp «

6.3 Observable forms (OF)

Observable (n — 1)-forms OF [117, 118] give the right generalization of the quantum Heisenberg
evolution equation. Their underlying motivation is grounded in the dynamical aspect. The idea
is that given a point m € M and a Hamiltonian function H (with X(m) € [X]}), the object
(X (m),dep,,) should only depend on dH,,.
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Definition 6.3.1. Let (M,w) be a n-multisymplectic manifold. A (n — 1)-form ¢ is called an
observable (n — 1)-form if and only if for any m € M and VX, X € Dy, (M) C A7, T*M such that
X Jw=X Jw then dp(X) = dp(X).

We denote B2~1(M) the set of such observable forms. Then we construct the pseudobracket
in definition (6.3.2). The evolution of an observable with respect to the Hamiltonian function is
connected with the notion of dynamical potential to be defined in (20). It is the Hamiltonian n-curve
I' € M itself viewed as a space which holds the key to the reconceptualisation of dynamics. We

shall work on the class of n-multivector fields [X].

Definition 6.3.2. Let H be an admissible Hamiltonian function H : M — R, such that [X]|} C
O M C DZ,(M), then the pseudobracket for any P21 (M) is given by:

VX% C OpM CDL(M)  {H,p} =X Jdp = dp(X). (90)

Then, {H,¢} = dp(X) where X € D, (M) is such that X Jw = (—1)"dH. We have a relation
that involves the evolution of an observable form OF by means of a new object: the Poisson
pseudobracket. This evolution constitutes the dynamical part of the story. It is to be seen as
evolution along the Hamiltonian n-curve I'. In this case we have, Vo € P71

{H"P} B‘F = d‘p‘r' (91)
Now, from (91) we find the relation (92) for all ¢, 0 € P?~! and I', a Hamiltonian n-curve.
{H. o} dQ’I‘ = {H,e} d‘P’F‘ (92)

We observe that in the equation (92), no volume form f is singled out: dynamics just prescribes
how to compare two observations. This naturally encapsulates the Relativity Principle. It also
allows us to understand the relationship of dynamics and observables. Notice that in our general
classification of forms, we denote this movement symbolically B2~ (M)S]| <J]. The interplay of
both concepts L7~ (M) and P21 (M) leads to the notion of a pataplectic manifold: a multisym-
plectic manifold (M,w) where the set of observable (n — 1)-forms coincides with the set of algebraic
observable (n — 1)-forms. For a pataplectic manifold we describe:

‘»}3?71(/\4) — spf*l(j\/l) or in symbolic notation [ <} ] = [ <]]

We emphasize the interplay between DW theory and the more general Lepagean theories. Indeed
the DW manifold is mnot pataplectic whereas any open subset of the universal multisymplectic
manifold A"T*3° necessarily is. Therefore we stress below the relationship between the ontologic
mode of M C A"T*3° and the pataplectic aspect. We note that the pataplectic manifold is an
environment in which ontologic and dynamical observables overlap and therefore a good detector of
the physical observables. We enter into more details on this point when we deal with the duality
of ontologic vs dynamical symmetry in a multisymplectic theory - the analogue of the duality
symplectomorphisms vs vector fields which left the Hamiltonian function invariant - itself a reflection
of the dual nature of the multisymplectic form w, see section (20). We notice two important guiding
ideas that informed the previous setting. Firstly on the dynamical side we define B2~ (M)S[ <] ].
By this symbol we want to indicate that (n — 1)-forms provide the possibility of encoding dynamical
properties. We want to emphasize that Vm € M, X(m) € [X]¥%, (X(m),dp,,) only depend on
dHy,. Via the the Hamiltonian function H : M — R, we are led to consider a n-dimensional
submanifold I' C M, the so-called Hamiltonian n-curve. The dynamical symmetry is the covariance
symmetry, expressed by the generalized Hamilton equations: for any vector field X, € [X]? with
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(X%t ={X e DI,(M) / X Jw = (—1)"dHy,}. This operation gives a Hamiltonian n-curve which
symbolically represent the dynamical space. On the kinematical side, 37~ (M)S[ <] ] symbolically
indicates that we consider (n — 1)-forms that manifest the possibility of encoding the symmetry
standpoint.

6.4 Dynamical vs Ontologic: synthesis on (n — 1)-forms

This section is devoted to symbolic presentation of the duality of dynamical vs ontologic for multi-
symplectic theory. We are first interested in the (n — 1)-forms case, namely AOF and OF.
Symbolic picture ontologic vs dynamical:

[J]

dp+Zp Jw < ) {Ep. B0} =BpNE, Jw
Lzw= > E _Jw)=0

[

[e—
—_—

)

<X(m d‘PnL s dHm < ) {H’(’D} de

X Jdwm=(=1)"dHm

—_—

>]

We call our two Observers who are to be thought of as ”traveling through” the symbolic picture
above:

<>  Ontologic Observer Dynamical Observer

They represent the movement in the search for observables within the ontologic area and the dy-
namical area respectively: what we shall term the two sides of the Observer. We first follow the
movement from the ontologic viewpoint.

e The ontologic search for observables: algebraic observable (n — 1)-forms (AOF)

[I] Our first step is the expresses the ontologic symmetry. Mathematically it means that we are
looking for a vector field = € I'(M, T M) such that Lzw = 0. Here we are only concerned with
the preservation of the phase space structure and are looking for a vector field on the ontologic
space (M,w). This concerns a symmetry issue, more precisely an invariance: the preservation
of the multisymplectic form. No reference to the Hamiltonian or dynamical evolution is taken
into account.

[IT] The second step is still concerned with the ontologic space. The Cartan formula is Lzw =
E Jdw+ d(E Jw). In addition we assume that the multisymplectic form is closed: dw = 0.
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Due to this condition on the form - the object that shapes our generalized geometry - we
obtain for the symmetry condition Lzw = 0 the following simplification d(E _lw) = 0. This
mathematical requirement reflect the ontologic symmetry.

[ITI] The third step concerns the ontologic representation, namely the search for the set of
algebraic (n — 1)-forms B2~ 1(M). We are looking for (n — 1)-forms related to infinitesimal
symplectomorphisms determined by the previous step [II] - such that d(E Jw) = 0. The
ontologic representation corresponds to forms ¢ € P?~1(M). Also, we are looking for the
following relation =, such that Z, Jw + dp = 0. This expresses the topological duality.

[IV] The last step concerns the evolution of algebraic observable (n — 1)-forms. Here we
describe the Poisson bracket structure Vi, p € P21 (M). We have {p,0} = E, A5, Jw =
Ep Jdo = —E, Jdp. We shall later reformulate steps [III] and [IV] from a deeper mathe-
matical perspective by appealing to the notion of copolar forms. Here we simply draw pictures
symbolizing the journey of the ontologic observer <] >:

> [0 Lzw=0 III] dp+Z, Jw

/N /\/\

[>] O [J] [>] [J]

\/

II] d(Z Jw)=0 IV] {p,0} =E, N5, Jw

[>] O [J] [(>] O [J]

&/ N4

{p,0}=EpNEp Jw

e The dynamical search for observable: observable (n — 1)-forms (OF)

[I] The first step is an expression of the pure dynamical symmetry or covariance. We empha-
size pure covariance since it concerns the form of the dynamical equations. Mathematically,
we are looking for generalized Hamilton equations. Vm € I''dX € AT, I' X Jw, =
(=1)"dH,,. We contrast the concept of pure dynamical symmetry with that of dynamical
symmetry. The first is concerned with the form of the equations, thanks to the Hamiltonian
n-curve I' € M = A"T*3° and Hamiltonian n-vector fields. The latter is simply concerned
with the invariance of the Hamiltonian function. This means that we are looking for vector
fields £ € T'(M,TM) such that LzH = 0. This is why we speak only about dynamical
symmetry: the object of symmetry - invariance - is the Hamiltonian function.

[IT] The second step, still concerning the dynamical area, is strongly connected to the equa-
tion dH(Z) = 0. The connection here is reflected in the generalized pseudofiber Lt for a
Hamiltonian function H : M — R. Recall that Lt = {£ € T, M / VX € [X }H , VoX €
TxDI (M), E Jw(6X) =0} is equivalently described by L} = [Tix Dy M w]*. Sec the
previous section (4.8).
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[ITI) The third step now concerns the dynamical representation, namely the search for the
set of observable (n — 1)-forms L2~ (M). We are looking for (n — 1)-forms such that given
a point m € M and a Hamiltonian function H (with X (m) € [X]}), (X (m),dep,,) depends
only on dH,,. We refer to the development found in the previous section (6.3).

[IV] Finally the Poisson pseudobracket gives the evolution of an observable (n —1)-form. The
pseudobracket for any ¢ € Pr~1(M) is given by: V[X]® C O, M C DIL(M) {H, ¢} =
X Jdp = dp(X). We recall that in this case we have, Vo € P21 {H, ¢} ﬂ‘r = dp|, see

section (6.3). Here we draw pictures symbolizing the journey of the dynamical observer <J>:

I X Jwy = (—1)"dH,, [III] (X(m),dyp,,)via dHn,

a NN

[(>] O [<] [[>] O [<]

N

[ dH(Z) =0 [IV] {H, o} =dp

/N NN

[(>] @ [<] [[>] O [<]

S\

The right part of the previous two pictures - which concerns the ontologic and dynamical rep-
resentation - is only an approximate picture. A more accurate vision would take into account the
notion of copolar form. Before giving it, we would like to describe the construction of brackets from
this symbolic viewpoint. The easiest example is the usual Poisson bracket for field theory, namely
the construction of the object {(p, g} =2y, NEp Jw = —E, _Idp. This is interpreted as interaction
between the ontologic representation with itself, leading to the following diagram:

[[]]

B (M) X BLTHM) = BLTH(M)
(p,0) — {0} =E, ANEp Jw=—-E, Idp

Notice that each algebraic observable (n — 1)-form ¢, @ € B2~ 1(M) is obtained by the interplay
between vector fields =, and Z, forms by means of the equations Z, Jw+dyp = 0and =, Jw+do =
0. Here we see the concept of topological duality at work. In this symbolism we notice that in
order to compare the ontologic representation with itself we need previously to have built the two
objects ¢, 0 € P71 (M). Each of these is to be understood as the interaction of the ontologic space
with the ontologic representation. We have the following picture:

(D<) = Zptwtdp=0
(D] » EpJw+de=0

Now we observe that the symbolic picture for the dynamical construction is intrinsically of a
different nature. The building of the Poisson pseudobracket does not rely on the comparison of the
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dynamical representation with itself. Hence, this construction intrinsically compares an observable
¢ € PP Y(M) with the Hamiltonian function. Recall we are interested in the relation between
observables and dynamics. The dynamical space is here taken to be the Hamiltonian n-curve
itself while the class of Hamiltonian vector fields as the carrier of the dynamical evolution. It is
the interplay between the dynamical space and the dynamical representation that determines the
dynamical evolution for an observable form. All this leads to the following diagram:

[>]] (<]

H admissible : [X]* ¢ O, M c D" (M) {H,p} =X Jdp = dp(X)
P € P (M) o | P ar |
The last picture we build depicts the interplay of the dynamical representation with itself. We
are looking for a relation involving two observable forms ¢, o € B2~1(M):

(<1 ] (<]

H admissible : [X]* ¢ O, M c D" (M) {H,p}do|,. = {H,0}dp|, ‘
(p.0) € P H(M) x P (M) {H.p}de(X) = {H, e}dp(X)

Notice that in this context, we recognize what we call the dynamical duality. To give a flavour
of this idea, we consider how we build the respective pictures. In the case of topological duality for
algebraic observable (n — 1)-forms, we are looking for forms such that the exterior derivative dyp is
given by dp = —E, |w. Therefore the map of interest is the following:

U oM — A"TEM =~ (A" TpyM)* Z UL(E) = E Jw.

The topological duality is in this case concerned with the pairing between T'’M and A™T* M via the
multisymplectic form w. By contrast, the dynamical duality, as the relation {7—[,90} =X Jdp =
dp(X) suggests, is concerned with the pairing of Hamiltonian vector fields X € [X]* (recall that

m?
X% ={X e D(M) / X Jw = (—1)"dH,, }) with the space of n-forms A"T M. This is the
pairing in the main object: (X (m),dep,,). In this case, the map of interest is rather:

U DI (M) C AT M x AT M — R (X, dp) — U (X, dp).
Now we introduce the notion of copolar forms, which allows us to situate the distinction between
AOF and OF in a more precise and embracing framework and also provides the right treatment of
polarization and copolarization for forms of arbitrary degree.

6.5 Algebraic copolar and copolar (n — 1)-forms

We introduce the set of algebraic copolar n-forms P77, M together with the set of copolar n-forms
PyTH M.

Definition 6.5.1. Let m € M and let ¢ € AT} M. The n-form ¢ is called an algebraic copolar
n-form if and only if:

VX, X e A", M X Jw=X lw = ¢(X)=¢(X),
and is called a copolar n-form if and only if:
VX, X e OuM X Jw=X Jw = ¢X)=9¢X),

where there exists an open dense subset O, M C D} M.
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The set of algebraic copolar n-forms is denoted P77}, M and the set of copolar n-form is denoted
PTx M.
Definition 6.5.2. A (n—1)-form ¢ is an observable (n—1)-form if and only for any point m € M,
dep,, € P2 T* M. The set of observable (n — 1)-forms on M is denoted B2~ (M).

em-—m
Definition 6.5.3. A (n — 1)-form ¢ is an algebraic observable (n — 1)-form if and only for any
point m € M, de,, € P2 Tr M. The set of algebraic observable (n — 1)-forms on M is denoted
PoH(M).
Hence we summarize the following comparison:

Algebraic Observable forms (AOF)

Pr—1(M) set of algebraic observable forms

Symmetry standpoint Z, € TM [/ dp +Z, Jw =0

Poisson Bracket {¢,0} =5, AE, Jw=—E, Jdp

Copolar feature ¢ € P21 iff, for all m € M | dy,, € PM"T* M

Observable Forms (OF)

Pr-L(M) the set of observable forms

Dynamical standpoint Vm € M, X (m) € [X] | (X(m),dp,,) only depend on dH,,

Pseudobracket {H, ¢} := X 1 dp = dp(X)

Copolar feature ¢ € PrLiff, for all m € M, dyp,, € PITXM

Notice that with the help of those definitions, and considering the movement of the Observers

within the symbolic picture for various brackets, we see that the previous symbolic was lacking
in precision. For example, we have seen that the bracket and pseudobracket involved different
constructions in the ontologic and dynamical , so that the last two steps [III] and [IV] were
actually a mixture of several underlying stages. Now we reformulate the symbolic picture using
copolar forms. Note that the notion of copolar forms can be applied to both the ontologic and
dynamical representation.

[III] P"T5M [II1] PrT5M

/\/\ /\/\

[(>] [J] [(>] [<]

\/ \/

[IV] me M, dp, €P" T-M  [IV] me M, dp, € P2 TM

om—m em-—m

/\/\ /\/\

[>] [] [>] [<]

\/\/ \/\/

The last diagram embodies a more intrinsic picture. Just recall that step [III] describes the
sets PUTx M and PJTr M whereas step [IV] describes the sets of observable (n — 1)-forms and
of algebraic observable (n — 1)-forms on M: P2~1(M) and PB?~1(M) respectively. Now we have
the prerequisites for the proper study of the Poisson bracket and Poisson pseudobracket for the
dynamical evolution of observables. We delay further symbolic considerations until part [ IT ].
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6.6 Frozen or kinematical observable functionals

The other very important objects for the needs of physics are observable functionals. This provides
a bridge with the classical or quantum observables of field theory. We describe a multisymplectic
manifold (M,w) together with an Hamiltonian 7. We denote by £7 the set of Hamiltonian n-curves.
This picture is the generalization of a Hamiltonian system (M, w,H) to the n-dimensional case
where the dynamical data are (M,w,H). Before giving the definition of an observable functional,
we introduce the notion of slice. The quantities of physical interest are functionals on the set of
Hamiltonian n-curves £. We construct such observable functionals by integration of an algebraic
observable (n — 1)-form over a submanifold ¥ C I" of codimension 1 of a Hamiltonian n-curve I'.
Here we recover the picture of observable functionals in the classical (quantum) field theory as
smeared integrals over a spacelike hypersurface.

Definition 6.6.1. A slice of codimension 1 is a submanifold ¥ C M such that T, M/T,,% is
smoothly oriented with regard to m and, such that for any T' € E™, ¥ is transverse to T.

This definition allows us to give an orientation on X NTI". If ¥ is a slice of codimension 1 and g is
a (n—1)-form on M, namely o € I'(M, A"~ 1T* M), we define the concept of functional S = fz 0.
This object is described as fz 0: " — R on the set of Hamiltonian n-curves by means of:

ngz/ng‘»—) 0 (93)
b £nr

We can integrate the (n — 1)-form g on ¥ NT". To reach the object of interest, we pass from those
functionals to observable functionals whose form g is an algebraic observable.

Definition 6.6.2. Let ¥ be a slice of codimension 1 and let be ¢ an algebraic observable (n — 1)-
form. An observable functional § = fzgo defined on the set of n-dimensional submanifolds £ is

given by the map:
" — R
= . 94
£nr

Then for any ¢,n € L7! the Poisson bracket - which coincides with the standard bracket for
field theory - between two observable functionals [x ¢ and [, n is defined such that V I" € EM we

have (95).
o [npme= [ tom (95)

This Poisson bracket satisfies the Jacobi identity. Let us consider ¢, p,n € B2~ !. From previous

considerations, we know that {{p,p},n} + {{p.n}.0} + {{n.0},p} = d(& N & N & Jw) which

gives by antisymmetry {¢,{p,n}} + {n.{@.p}} + {p. {n,0}} = —d(& N & A & _w).. Therefore,
restricting ourselves to the study of functional observables along Hamiltonian n-curves I' such that

OI' = () we have the Jacobi identity as:

(oA Lo L)+ Lol L U o)) -

6.7 Dynamical observable functionals

The question of dynamical observable functionals hold the key to a fully covariant theory. In the
perspective of a covariant theory, one would like to define a bracket over two different slices 3°
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and 3°. The bracket defined previously in (95) depends on the choice of the given slice 3. Given,
@,n € P! we define the following bracket:

{/o‘p’/z.”} (1) = /EW {o.n} (96)

Therefore, we are interested in dynamical observable functionals. It is precisely for dynamical ob-
servables'” that we can construct a fully covariant bracket (96). We consider an algebraic observable
(n — 1)-form ¢ € P71 via its related infinitesimal symplectomorphism =, € C°°(M, T M) which

is the unique vector field such that =, Jw = —dg. The algebraic observable (n — 1)-form becomes
a dynamical observable if we have the additional condition:
Ep JdH =dH(ZE,) = 0. (97)

This condition reflects a homological feature: if I' is a Hamiltonian n-curve, then this functional
§(T") depends only on the homology class of ¥ [117, 118]. More precisely, following Hélein [114, 113]
we show that this result follows from:

Proposition 6.2. Let o € T'(M, A" T*M) be a dynamical (n — 1)-form. Let X° and $* be two
slices such that there exists an open subset D C M which verifies 0D = ¥° — ¥°. We have the
following equality: fzo 0= fz- 0

6.8 Copolarization and observables (p — 1)-forms

For details we refer to Hélein and Kouneiher [116, 117, 118]. Here we set out some key features of
the notion of copolarization. In particular we give the general definition of copolarization.

Definition 6.8.1. Let (M,w) be a multisymplectic manifold. A copolarization on (M,w) is a
smooth vector sub-bundle Py T* M C A*T* M which satisfies:

1] P*TeM = @<, PUT*M

[2] Locally, for any m € M, (P’,‘TZ;LM, +, /\) is a subalgebra of (A”T,fl./\/l, +, /\)

3] Vm € M,V € A"T}M, ¢ € PYTiM if and only if VX, X € Op, X Jw = X Jw =
P(X) = o(X).

We say that a multisymplectic manifold (M,w) is equipped with the copolarization P*T* M.
The notion of copolarization intrinsically defines for any 1 < p < n the set 3P~ (M), namely the set
of observable (p — 1)-forms ¢ by Vm € M, dyp,, € PPTy M. We refer to [115, 116, 117, 118] for the
construction of the standard copolarization and example of the Maxwell copolarization. The idea is
that this is the natural geometrical setting for canonical forms for field theory based upon potential-
like canonical variables. In the case of Maxwell theory, the two canonical forms are the potential
1-form A = A,dz" and its canonical form is the so-called Faraday 2-form (in the 4 dimensional
case) T = 1/2pAW6W =1/2 Zu,u pA“’j@p, 19, 1 5. In a more general perspective - for gravity or
non-abelian theories such as Yang-Mills - we describe a couple of canonical forms as (w,@). The
general setting allows us to construct a Well defined Poisson bracket between observable functionals
for such couples of canonical forms (w, )

{/m% /m} >, &m) (98)

meSNL,NCNT

We give more details later about the bracket (98) and the related geometrical objects ¥ NT',,, ¥ NT¢
and X NT, NI NT, as well as the counting object &(m). Notice that the study of (p — 1)-forms
involves analogous definitions for slices in this case. We have the following:

4TOr physical observables see some remarks in the previous section (6.1)
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Definition 6.8.2. A slice of codimension (n — p + 1) is a submanifold ¥ C M of codimension
(n —p+ 1) such that T,, M/T,,% is smoothly oriented with regard to m and, such that for any
I € &M, % is transverse to I.

We refer to [117, 118] for the question of orientation for the intersection ¥NI". The straightforward
analogue of definition (6.8.3) for the case of arbitrary (p — 1)-forms is:

Definition 6.8.3. Let ¥ be a slice of codimension 1 and let ¢ be an algebraic observable (n — 1)-
form. An observable functional § = [, ¢ defined on the set of n-dimensional submanifolds EM given

by the map:
" — R
&P:/E““ P osm=[ e (59)
xnr

Now we emphasize two conceptual points. The first is that the notion of copolarization defini-
tively emerges from the philosophy of GR. This highlights the fact that we can not evaluate dp along
a Hamiltonian n-vector X. If 1 < p < n then an arbitrary (p — 1)-form is necessarily of maximum
degree (n — 2). Then how are we to understand d(p‘ ! It seems we lack a good dynamical duality.
Hélein and Kouneiher supply this lack precisely through the notion of copolarization. We construct
a set of n O-forms {p;},,~,,- These n 0-forms are found in the copolarization of the multisymplectic
manifold under study (M,w). These are observables O-forms: V1 < i < n,p; € PBUM). Locally
we write for m € M V1 < i < n,dp; € Pl T%(M). Hence, we reach the full dynamical dual-
ity: the evaluation on a Hamiltonian vector field X of the product: A;.,., dp;. This evaluation
Ai<i<,, dp;(X) which only depends on dH,,, which means that A\ .., dp; = dp1 A A pn(X) is a
copolar form. In the philosophy of GR once again, this is fully acceptable since we never measure
an observable per se but only compare observable quantities between observables. Now we very
briefly discuss the (p — 1)-bracket found in [115, 116, 117, 118] via the table below. We describe an
equivalence class of (decomposable) Hamiltonian vector fields [X]*, observing that if X ~ X, we
have for any 1 < p <n and ¢ € PATXM, X L ¢ ~ X L ¢ so that we define the equivalence class
[(X]L ¢ =[XL ¢ € PePTM. We also have the notion of algebraic copolarization. This involves
the same set of rules but with the replacement of P}Tx M by P21 M C PYT M.

Algebraic Observable forms (AOF)

Algebraic copolarization, P21 M

Y € PP M Vg € PEPTE Mhere exists a unique Z,(¢) € Tp, M such that
dNdp+Z, 1w =0

Pseudobracket: section of Po "TM {H,p} = —Z, 1 dH

Observable Forms (OF)

Copolarization P2Tx M
@ € P2 M , H a Hamiltonian function
Pseudobracket: section of Pe PTM {H, @} = (=) PP X)L dyp

Hence, rather than using the classical Poisson bracket with graded structure - see section (5.5) -
we understand that the copolarization puts the dynamics directly in the algebra. We develop this
point in part [II] the example of Maxwell multisymplectic theory.
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7 Pre-multisymplectic and covariant phase space

The Covariant Phase Space approach (CPS) shares many features with MG. The main idea is
that we are not working on ordinary phase space but rather on the space of solutions £ of a
Hamiltonian®® dynamical problem, namely a functional space. As noticed by G. J. Zuckerman [249]
and also though the work of Goldschmidt-Sternberg [100] (1973) and Crnkovic-Witten [49] (1987)
the key observation is to define a canonical pre-symplectic structure®® @ = §©> on such a functional
space. We will not enter into details here but refer the reader to the ingenious paper of Hélein [111]
which draws on the work of Szczyrba-Kijowski (1976) [144], see also the work of Forger and Romero
in [80]. See also [111] for the relation of the CPS approach with modern multisymplectic geometry.
One observes the same fundamental mathematical entity in both approaches, MG and CPS, clearly
manifested in the n-phase space notion. We should underline that the invariant language provided
crucial insights merging from the theory of integral invariants - found by H. Poincaré and further
developed by Cartan [39]). Within this approach to dynamical principles, which we may call the
Cartan principle of dynamics, we find a deep connection between MG and CPS. This relation may
be seen as a modern continuation of De Donder’s attempt to extend the notion of integral invariants
to variational problems with several variables. Finally, we emphasize the strong relation of CPS with
the algebraic-topological theory of Vinogradov and the so-called secondary calculus. [178, 231, 232].
See the work of L. Vitaglino [234] for the relation between both approaches. This approach uses
tools such as C-spectral sequence or variational bi-complex, see I. Anderson [5] for an introduction
on variational bi-complex. Today development of this subject centers mainly on the work of the
so-called diffiety school. This addresses within a beautiful cohomological setting the idea of a local
functional differential calculus on the space of solutions of a generic system of partial differential
equations. We mention some key points very briefly. We introduce the notion of a n-phase space,
inspired by Kijowski and Szczyrba [144], and developed further by Hélein [111] [113].

Definition 7.0.4. A n-multiphase space (or simply an n-phase space) is a triple (M,w, ) where
M is a smooth manifold, w is a closed (n + 1)-form and 8 is an everywhere non-vanishing n-form.

7.1 n-phase space: generalized Hamilton equations

Recall that for the multisymplectic case, described by the data (M,w) with H : M — R, with
dH # 0, we have a Hamiltonian n-curve I' as an oriented n-dimensional submanifold for generalized

Hamilton equations:
YmeTl,3X € A", X Jwy, = (—1)"dHp,.

For a n-phase space (M,w, 3), a Hamiltonian n-curve is the analogous data. Here it is pictured as
an oriented n-submanifold which satisfies:

Vmel' VX e A"T,T X Jw, =0 and Ymel',3X € A"T,,I' X 18, #0.

The last condition is an independence condition and we recover the general considerations devel-
oped in the begining of this section. As emphasized above, we can canonically construct n-phase
space data by means of the hypersurface of a multisymplectic manifold. We recall that a premul-
tisymplectic n-form is closed but may be degenerate. In the general picture of a n phase space
we express dynamics on a level set of H. We can construct canonically a pre-n-multisymplectic
manifold (Mo,w\Mo,ﬁ =1 Jw|Mo). Here the w]Mo = H10) := {(¢,p) € wim| H(g,p) = 0}

48 Tt may also be viewed from a Lagrangian standpoint: the CPS of a Lagrangian field theory is the solution space
of the associated Euler-Lagrange equations.
P = §6% is the symplectic structure defined on CPS.



and 7 is a vector field such that d#(n) = 1. In this case we clarify the connection between relativis-
tic dynamical systems and the treatment of the Hamiltonian constraint. We recover the dynamical
equations in the pre-multisymplectic case, written here (123) for the n-dimensional case - see Hélein,
[111] [113, 114].

VE € C®(M, TuM), (EJw)r=0 and Blr # 0. (100)

7.2 Observable and pre-multisymplectic case

The pre-multisymplectic case is described by the n-phase space data. In this connection a very
interesting phenomenon concerning observables and observable functionals appears. We discuss
only the case of (n — 1)- algebraic observable forms. The condition that marks the transition
from the algebraic to the dynamical setting is expressed, given an infinitesimal symplectomorphism
Ep € C®(M,TM) by:

Ep JdH =dH(ZE,) = 0.

We observe that in the pre-multisymplectic scenario this condition is automatically verified so that
any observable (n — 1)-form is a dynamical one. Once again we refer to [111] [113, 114] for more
detailed view.

7.3 Covariant phase space and observable functionals

We refer to the work of Hélein [111, 113] for the relation between CPS and observable functionals.
As in the case for dynamical observables - see section (6.7) - there appears once again the central
notion of two slices (hypersurfaces) 3° and ¥* in the same homology class. The central formula
in Hélein’s work crystalizes two related notions: the canonical pre-symplectic form @ for CPS
symplectic structure and the theory of integral invariants. [39] We observe the connection between
MG and CPS from the point of view of Poincaré-Cartan invariant integrals [39] in the spirit of the
DeDonder generalization.

MULTISYMPLECTIC MAXWELL THEORY

The simplest application of MG to field theory is the treatment of the scalar field theory which
is free from constraint issue (for the non interacting case). We refer to the work of Kijowski, and
Szczyrba [143, 144], Hélein [114, 111], Hélein and Kouneiher [115, 116] and in particular to the thesis
of R.D. Harrivel® which offers a good introduction to Klein-Gordon multisymplectic theory. In this
section, we give a detailed treatment of the multisymplectic technics for Maxwell’s theory. We first
treat the DW case. The Maxwell theory is the most example for gauge theory corresponding to the
non-abelian case. In that case the Dirac primary constraint set is given by pAv* + p4#¥ = 0. The
Maxwell theory is the first example before we treat the case of Palatini gravity in part [III]. The
Palatini gravity example is concerned in the study of the constraints with a much complex structure.
We recover, in a more embracing view, the results of Kijowski, and Szczyrba [143, 144]. The physical
considerations which underline this development are the gauge potential and the canonical Poisson
bracket structure.

0which exposes a much more embracing viewpoint on the interacting picture and quantization,RD-01
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Let us recall the expression of the Euler-Lagrange equations for the Maxwell theory. We are first
interested with the vacuum Maxwell action, given by:

. o 1 . o 1 v o=
(1) EMaxweIl = 5 /XF /\*F, (11) ﬁMaxweII [vaa dA] = _Z /X FMVFM _gﬁ‘ (101)

The Lagrangian density is L(A) = —1/4F),, F"\/—g. We denote voly(g) a Riemannian volume
form such that voly(g) = /—gd*z. In the case where X is the Minkowski space-time we obtain
then \/—g =1 and then L(A) = —1/4F,,, F'*”. We have Maxwell vacuum equations:

dFF =0 and dxF =0 (102)

Considering the current of matter J#(x) over X the Lagrangian is written:

Lugewen [T, A, dA] = L3y, [, A, dA] — JH (x)AlM (103)
and the Euler-Lagrange equations are written:
dF =0 and dxF =xJ. (104)

The curvature in components is : F' = %Fde“ Ndx¥, with F,, = 0,A, — 0,A,. Thus, we write
the Hodge star xF' in components:

*F = *(%Fwdx“ A da:”) = %(* F)padxp A dx?, with (*F)pa = %CWWF,W

11 - vV~
- ﬁgeﬂ”ngWd:rp Adr® = \/Efm,pondxp Adz? = ngaugﬂvﬁwpaFaﬁdmp A dx?.

We see the equivalence between (101)(i) and (101)(ii).
I Proof Here we make a straightforward computation which involves the Hodge duality.

1 v— 1
FAxF = [gFAgd:ﬂA A dmg} A [ngaugﬁue“"pUFo‘ﬁdx” A dmo] = [gFAg\/ﬁga#gﬁye“upaFo‘ﬁ} dz® A da® A dax” A da®

1
Since volx(g) = /g8 = Bekpgdmx Adx® A dz” A dx®, we obtain

1 v (e o 1 (e o
FAF = [gFAg\/ﬁga#gﬁue” o I ’3] da* N da® Ada® N = ZFAF* easp0€ "7 /5P
1 . 11 o o 1 o
= ORI RF /g8 = —5 2 [Fas P — FpuF ] 58 = — S Fas P /g8
where in the last line we have used eagpgekp" = —2!2!5,[36;] 1.

The Euler-Lagrange equations for the Maxwell theory are written (105)

0 0
TA/LMaxwell = aﬂ(a(aufly)ﬁMaxwell> . (105)
m [
We recover the Maxwell’s equations:
JY(x) = —iFW(a}). (106)
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[ Proof We compute [I] and [II]. The first term is: [I] = ;Aﬁ = J”(z) The second leads to the following
calculation: :
_ L (FapFP)\ _ 1, ¢ OFap s OFF N 1, ( 9Fap ap 0™ g Fyp)
m = o~ 90, 4) )= 48“(8(851A,,)F  Fap a(aﬂAu)) = 48“(8(8HA1,)F “(D‘“B 900, Ay)
_ 1 OFap  pap | pop OFop) \ _ 1 OFap  pap) _ _1, ((0(0aAp) 0(9sAa)\ ras
= 48“(a(auAy)F + 8(8MAV)> = 28“(8(0“AV)F )= 28“((3(3#14,,) 20,4, " )

1 v v [ 1 v v v
_ _iau((agéﬁ — §LSH)F 5) = —SOu(F" = F*") = 0, F"
Then we obtain Maxwell’s equations (106) |

8 Multisymplectic De Donder-Weyl-Maxwell theory

We describe the geometrical setting and the notations for the four dimensional case. We consider
X to be the spacetime manifold with dim(X) =n = 4. Let A € T*X, be the potential 1-form. The
space of interested is 3 = T*X. As noticed in [116, 117], the more naive approach is to work in a
local trivialization of a bundle over X, since a connection is not a section of a bundle. This is the
chosen path here. A point (x,A) in 3 is in the position configuration space. Any choice (z, A) is
equivalent to the data of an n-dimensional submanifold in 3 = T*X — X described as a section
of the fiber bundle over X'. Let us consider the map 34 : X — 3 = T*X described by (107),

5,4:{ ¥ = 3=TX (107)

r — Azx) = Au(x)dx".

which is simply some section of the related bundle. We associate with A, the bundle P4 = A*T3®3
T*X. The useful quantities to describe dA the differential of the map A as sections of the bundle
PA over X. We denote the exterior covariant derivative on the 1-form A by dP A:

d°A = [dPA] , det A da? with  [dPA] = 0,4, (108)

uv
We denote v, = 9,4, so that d°A = V- The space of interest, the analogue for tangent
space is A"T(, )3 the fiber bundle of n-vector field of 3 over X. For any (z#, 4,) € 3, the fiber
AT 4)(T*X) = A"T (3, 4)3 can be identified with P = A*T'3 @3 T*X via the diffeomorphism:

PEATIT'X = AT, (T*X)
Z [dDA] Wda:“ RKdr" = z=2z21N.. Nz, (109)
v

where V1 < n < n z, = 8%1 + Zlg,@gn UQB%. In order to fix ideas we stress that we have local
coordinates (z#, A, ) for the configuration bundle 3. The data of the local coordinates (z#, A,,, v,)
- or equivalentely (z#, A, z,,)- can be thought as coordinates on P or A"T(, .., (3) We identify
P= AnT(x,e,w) (3)

In this section we first expose the setting of the DW-Maxwell theory. First we exhibit in (8.1)
the Dirac primary constraint set and the related Maxwell multisymplectic manifold My, S€€
(116). Then we derive the generalized Hamilton equations in the multisymplectic (8.2) and in the
pre-multisymplectic (8.3) settings. In the latter, we observe the connection with the covariant phase
space.

8.1 Multisymplectic De Donder-Weyl-Maxwell theory

Generalized Legendre correspondence. the generalized Legendre correspondence is constructed on
M = A"T*3. For all (¢,p) € M we introduce the local coordinates on the bundle M. Let us

)
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denote (¢*)1<p<2n the local coordinates on 3 = T*X and py, ..., the local coordinates on A”T;B n
the basis (dgtt A --- A dghtn)1<p, <...<p, <2n, completely antisymmetric in (g - - - p,,). The canonical
Poincaré-Cartan n-form is written in local coordinates (here n = k = 4):

0= Z Dy oo, G A oo N dghn.
I<p,<---<p, <2n

We consider the De Donder-Weyl submanifold Mgy C M:
Mow = {(z,A,p)/r € X, Ac T*X,pec A"T*(T*X) such that 04, A0J4, p=0}.

We restrict and adapt our notations to the case Mpy C M. All the components py, ..., are taken
equal to zero, excepted for p; ., = ¢ and for the multimomenta py._(,—1)(4,)(v+1)..n denoted pAn.

We define a Legendre correspondence’!:

AN'T(T*X) x R=A"T3Xx R A"T*(T*X) = A"T*3 : (q,v,w)e>(q,p),
which is generated by the function W : A"T'3 x A"T*3 — R(q,v,p) — (p,v) — L(q,v).

Maxwell multisymplectic manifold My.,wi- Let us describe the general construction for the De
Donder-Weyl multisymplectic manifold. We consider O(Dc‘l’vp), the Poincaré-Cartan n-form:

00y = eB +p e dA, A By (110)

where 8 = dxz' A ... Ada™ is a volume n-form defined on X' and we also denote Bg = 0g 1 3. Due
to the Legendre correspondence construction, the equivalence relation between (g,v) and (g¢,p) is

(g v)e(g,p) < 8<§;}v> - aLgi’ V), (111)

The term (p, v) is understood as the following expression (p,v) = )" (Z). With Z = Z1AZ2NZ3N 2,4
and where Vo Z, = a% + Za#%. We gives the straightforward calculation with Z,,, = 0,A,:

written:

(p,v) = O0V(2) = ¢B(Z) + pM¥dA, A Bu(2).
We have the expression (p,v) = 0,"(2):
(p,v) =¢ —i—pA“”ZW =¢ —|—pA“”61,A“. (112)

I Proof: We denote

Wehave ¢ =2 =2 if 1<p=v<n and ¢# =4, ,=A4,if1<p—n=p<n. The bold index 1 < p < 2n
is a multi-index such that Z¥ =08 for 1 <p<nand 28 =2Z,, forn+1 < pu < 2n.

Zfl ZZI
Z=Z1NZNZNZs= Y ZyM O pond _ > : ; O ppd

m m M m
By <-<py Og Oghs p1<<pa| zhs Zha Oe O
Bao o ZH

51'We generally describe a Legendre correspondence by the symbol <. Hence, the analytical duality described by
the Legendre correspondence is written (g, v)>(g, p).
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We expand the expression:

0 0
Z=Z153100 N2 NOs NOs+ Y Zi5ahton S 2mag, S
n<phy n<py
1] [11]
0
+ 3" 250N NONSt ) 2
3<Zu4 1234 01 3 2 3;“4 1234 Agha
[111] [1Vv]
Now we detail the different terms involved: 21335 =1
1 0 0 0 1 0 0 0
0 1 0 0 0 1 0 0
213254 = 0 0 1 0 = ZA’IM Zig;li% = 0 0 0 1 = _254
Z{M 254 Zg‘z; 254 Zf‘l 254 2#4 254
1 0 0 0 0 1 0 0
134, 0 0 1 0 234, 0 0 1 0
212354 = 0 0 0 1 = 254 21235:4 = 0 0 0 1 = _Z{M
ZH zhi gk g 2 zh ghi gk
Therefore we obtain:
[ = Z¥*01 A B2 A D3 A o [II] = — 25101 A2 A D pp [III] = 25401 A O3 A Oa A o
4 N2 NOs A 5 5 N2 NN 5 2 OLNOs N O 5
IV] = -2ZV10 ANOs A0 A %. Then we obtain the expression for Z :
q
Z=01N0O2NO3NOs+ Z (9/\(9/\8‘/\a Z&/\@Aa/\a+z (9/\8/\8/\a — 21,02 NO3 NOs A\
=01 2 '3 N\ 04 4,01 2 3 oA, 301 2 21 oA, 24,01 3 21 94, 102 3 21 94,
Since, (p,v) = 02V (Z) = ¢B(Z) + p**dA, A Bu(Z), we expand it
(p,v) = ¢B(Z) + p™* ! dA, A B1(Z) + p™PdAL A Ba2(2) + pAHBdAM A B3(Z) + p™ A, A Bu(Z)
(p,v) = ¢B(01 AND2 A3 A Ds)
0 0
+p A A, A By(= 21,02 A O3 A D A )+ p*#2dA, A Ba( 22,01 )
0A,, 0A,
+PA“3dAu A B3(—Z3,01 Ogha )+ pA,AdA“ A Ba(Zap 0A )
1
<p7 'U> _ €+pA”121“ +pAu222H +pAu323H +pAM4Z4H J
Since (p,v) =¢ +pA“”ZW, we obtain:
I{p,v) A A
= ¢ +pTr0,AL) = p”
20,4,) ~ 00,4, )
On the other side, since F),, = 0,4, — 0, A,:
0L(q,v) 1 0 1 0
== WA Fl, Fy,) = —~h* W Fyy (9,4, — 0,A
2(0,A,) ~  40(9,A,) ( ko) =5 "0, A,) (OuAv = 0,4y)
The expression of the multimomenta is given by (113).
Auv _ h,u)\hz/oF —
p - Ao — (113)
The equivalence (111) is now (114):
= Aut = hHARY 114
p - Ao ( )

Yda® A dx® A da?
—dxt A dx? A da®.

®2Notice that 81 = 61 18 = (—
B3 = da' A dz? A dz* and finally B4

= dz? A dz® A dz?* as well as B2 = —dzt A daz® A dz?, also

(q.0)¢(q.p)
v
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The Legendre transformation is degenerated. We cannot find a unique correspondence between the
multivelocities v and the multimomenta p. Given a v € TR ®3 T*(T*X) the equation (111) has a
solution p € Mpy if and only if p € My, with:

M ={(, A, eB + AT Fy,dA, AN B, | (v,A) € T*X, e € R} C Mpy. (115)

Notice that My, C Mpw is a vector sub-bundle of Mpy. The degenerate feature is related to the
contraint pAv# = F¥F = —F"_ The Legendre transform is recover if we impose the compatibility
conditions: pA#* + pAr¥ = 0. It is an example of a Dirac primary constraint set. Therefore, we
restrict ourselves to work with the submanifold:

Muoaer ={ (2, A,p) € Mpw | p™* + p¥ = 0 with p* = FY*} € Mopw. (116)

In the Maxwell case, the Dirac set are compatibility conditions that allows us to recover a Legendre
transform. The De Donder-Weyl theory setting is concerned rather with the Legendre correspon-
dence. We introduce two different spaces. The first is the De Donder-Weyl submanifold Mp, on
which we consider the canonical Cartan-Poincaré 4-form (110):

0 eﬁ+zzp WAAL N By, W =de A B+ dpter AdA, A B,.

The second is My, defined by (116) (with the imposed constraints pAvh 4 pAny = 0)53.

8.2 Hamilton-Maxwell equations in the De Donder-Weyl framework

We compute the Hamiltonian function of the Maxwell theory in the DW case:

1
Hs(q,p) = (p,v) = L(g.v) = (p.0) + (W7 Fy, )
Making use of relation (112) we find:
1 1
Hs(q,p) = e +p™ 2 + < (h“)‘hVUFMVF)\a) =+ po, A, + P AV, = e — szuVFMV
Then, the Hamiltonian function (117) is given by:
1
Hdeg(q’p) — ¢ — Zh“phVUpAHVpApU with pA;w — huAhuaF)\o — fuv (117)

In order to obtain the generalized Hamilton equations X Jw® = (—1)"dH, we need to compute
dH*e(q,p), the differential of the Hamiltonian function. Since we work with a degenerate Legendre
transform a naive use of the general method leads to incorrect equations of motion. We have:
dH*e(q,p) = de — huphygd( Auv o) = de — %huphprP"dpA“” which describes the right side of
the Hamilton equations (118).

X Jw™ = (=1)"dH (118)

Let us denote V1 < o < 4:

B ) ) , 0
x,=-2 1o, 1,2 |y
gae T Oengg T oz T 5y

(119)

Then we consider a n-vector field X = X; A Xo A X3 A X4 € A*T* Mpw.

53 The important point concerns the restriction related to those constraints on the allowed vector felds on the
multisymplectic space. In such a context, the vector fields on Mmaxwell must be written with the term Ta“u( 9

opAnY
—2 ) rather than with the term T 9__ in the expression (119) of X € A*T Mmaxwell-
OpAvH OpH
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Lemma 8.1. Let X be a (p — 1)-vector field and let {dpi be a set of n 1-forms. We have:

}1§i§n

X (N dp)=X ddpy A Adp, =D (=1 (dpy A Ndpy_y Adpjiy A+ Adp,)(X)dp;
1<i<n J

Thanks to lemma (13.2), the left side of the Hamilton equations (118) is written:

X Jw™ = X 1 (denB+dp™ AdA, A B,)
= B(X)de — (de A B,)(X)dx’ 4 (dA, A B,)(X)dps”
—(dp™ A Bu)(X)dA, + (dp™ A dAu N Bow)(X)dz”

So that we obtain:

X 0w = de— Ypde? +©,dp — TIVAA, + (YOO, — T76,,)du?

The decomposition on the different forms dp“#¥, de, dA, and dx” gives:

Auv Ayv

1
—@V == —*h hI/O' APU
14 9 Hnp p and _’I‘p + (Tp 97/# — Tl/ @PN) = 0

e —

that is equivalent to:

1
81/141/ = EhuphuapApa

and —0pe+ ((8ppA“V)(auAu) - (auPA“y)(apAu)) =0
dpt’ = 0

The second line of the previous system gives the half of the Maxwell equations. Notice that the
Legendre degenerate transform implies pA#¥ = FH so that d,p#” = 8,F" = 0. However we can
not recover the full set of Maxwell’s equations since

1 1
ihyph,,gpApa = S Fuw # OuAs.

We are not recovering the usual Euler-Lagrange equations precisely because we work on the degen-
erate space. Now we now work on M. The constraint pAW + pA”“ = 0 selects the authorized
directions for the vector fields and the ones we are not allowed to described. In this context, the
vector field we shall use to make the contraction with the multisymplectic form is given by (120).
We denote V1 < a < 4:

0 0 0 Tf“”( 0 0 ) (120)

Xo=—4+04— +To=— —
ox™ + “8AM + Oe + OpAwv  OpAvk

The Hamilton equations (118) becomes: X Jw™ = (—1)"dH.

X Jw™ = X 1 (denB+dp™ AdA, A B,)
= B(X)de — (de A B,)(X)dx" 4 (dA, A B,)(X)dps”
—(dp™ A B)(X)dA,, + (dp™ NdA, A Bp)(X)dz”

Then, we obtain:

X Jw™ = de—T,da’ + (O, — O )dp” — (YI* — T dA,
+((T;‘“”®W —TO,,) — (TA16,, - Tfuu@py))dmp
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The decompositions along dp?+* and dA,, gives:

(Ovy — Ouw) = _huphprpa OuAy =0 A, = Fu
_(T;“;ﬂ’ _ Tf”“) S = ay (pA"V . pAV,u,) -0 (121)
Hence, the second line of equation (121) gives Maxwell’s equations:
1
SO (P = ™) = O™ = 0, F1 = 0. (122)

8.3 Maxwell theory as an n-phase space

We refer to the work of Kijowski [141] for the treatment of Maxwell’s theory in the setting of a
n-phase space. Due to the abelian feature of the Maxwell gauge theory, this treatment is essentially
the same that the one exposed in the previous section. the notion of a n-phase space, inspired by
Kijowski and Szczyrba [144], and developed further by Hélein [113, 111].

Definition 8.3.1. A n-multiphase space (or simply an n-phase space) is a triple (M,w, 3) where
M is a smooth manifold, w is a closed (n + 1)-form and 8 is an everywhere non-vanishing n-form.

For a n-phase space (M,w, ), a Hamiltonian n-curve is pictured as an oriented n-submanifold
which satisfies:

VYmel VX e A", I X Jw,, =0 and VYme,3X e A"T,,T' X B, #0.

The last condition is an independence condition. We can canonically construct n-phase space data
by means of the hypersurface of a multisymplectic manifold. We recall that a premultisymplectic
n-form is closed but may be degenerate. In the general picture of a n phase space we express
dynamics on a level set of H.* We recover the dynamical equations in the pre-multisymplectic case
(123) - see Hélein [111, 113, 114].

VE € C®°(M, TpyM), (2 Jw)|r=0 and Blr # 0. (123)

The canonical pre-multisymplectic form is given by:

re-multi Maxwell | gMaxwell _ A, v

(a.0) =000 |g—g = €8 7 AN 51/‘%:0 (124)
We have H(q,p) = ¢ — 1/4huphprWpAP" with pA#? = h* W Fy, = F*. Hence, imposing the
Hamiltonian constraint H = 0 we are led to consider ¢ = 1/4huph,,gpA“”pAP” = —H(zH, Ay,pA*“’).

Hence, the pre-multisymplectic canonical forms 9‘(’:;)”'“ and w‘(’;e';')”'ti are respectively written:

re-multi ]' ]_
O = G Puohvap™ 073+ p U dA, N By = 1™ paB + P dAL N By,

re-multi re-multi ]‘ A A A
wr(iq,p)I - daEqﬁp)l - §huﬂh'/0p P7dpHY N B A dp NdAL A By

We denote, to simplify the notations: 02’:;;")“'” = H(Oq ») and w‘(";';)“'” = w(oqp). Therefore, we consider
the theory on the pre-multisymplectic Maxwell space (125):
1
M ={ (. A, p) € Mow [ pH¥ +p™ =0 and e = Jhyhuep™p™ 7t (125)

5We can construct canonically a pre-n-multisymplectic manifold (Mo,w|Mo ,0=mn_ w\Mo). Here the w\Mo =

HH0) :== {(¢,p) € w|m| H(g,p) = 0} and 7 is a vector field such that dH(n) = 1. In this case we observe the
connection between relativistic dynamical systems and the treatment of the Hamiltonian constraint.
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We observe the following inclusion of spaces: MMaxwe” C Mpaswet € Mpw. The generalized Hamilton

equations are given with the calculation of X 1 w®:

X Jw® = X J(1/2h,h,epdp™ Y A B) + X I (dp™” AdA, A B,)
= 1/2h,,h,ep 7 B(X)dp™” — (1/2h,,,h,0p 7 dp™? A B,)(X)da?
+(dA, A B)(X)dp” — (dp™” A B,)(X)dA, + (dp™” A dA, A Bp)(X)dzP

So that:
X Jw® = de— Y ,dz” + (O, — O + huphprﬂ")dpAu” _ (TA“V _ TAuu)dA
A, v A v 0 Auv
+<(Tp” @Vu e Gpu) B (wa@w B Tﬁu#@p'/) huphpr T )d .

Once again, the decompositions along dp?#* and dA,, gives:

)

(Oup = O + hyphuop™?) =

v 126
—(Tf“ _Tfuﬂ) - 0 (126)

We recover (121) and then the same conclusions.

9 Opbservables for Maxwell Theory

9.1 Some algebraic observable (n — 1)-forms

We are interested in the algebraic observable (n—1)-forms and their related infinitesimal symplecto-
morphisms on the multisymplectic manifold (M yer, w®"). First we take some simple examples and
we enter in the larger setting step by step. We find two types of algebraic observable (n — 1)-forms:
the (generalized) position (n — 1)-forms and the (generalized) momenta observable (n — 1)-forms.
Let us begin with the following algebraic observable (n—1)-forms: P* = dz* A, Pg = ¢(x)dzt A,

Qu = AN By and Q:f,, = () A A Buy. We denote the Faraday (n — 2)-form [115, 132, 134] by:

1 1 0 0
™= *pA“Vﬁuu =5 ZPA“V - B
v

2 oz+ — Ozv

and we denote the potential 1-form A = A,dx*. The couple of variables (A, 7) depicts the canonical
variables for the Maxwell theory [115, 116, 117, 118, 132, 134]. Notice that the Faraday (n—2)-form
is also written: xdA = h**h*? (9, A, — 8,A4,)Bx- First, we focus on P* = dz* A 7. We have:

P? = da” N = da” A ( Vﬂ,uu) = 1p " (6p611 - 5p/6u) = (pApV/BV - pA“p/B,u)

Using the constraint pA” = —pA# we obtain: P* = pA»’F,. Now we compute the exterior
differential dP* = d(dmp A 7r) = d(pA“”B,,) = dp? A B,: If we consider Z(P*) = % we have

dPF = —Z(P#) Jw"" as shown by the following straightforward calculation:

EPH) Jw™ = ——— I (de AB+dpt AdA, A B,) = —dp™t A B,

0A,
We prefer to consider Py = gb#(x)pAW By. The exterior derivative dPy is given by:

aP, = (m( W) By = (P SO (2)da + 6 () )

= 0%y g ()™ A B
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The related infinitesimal symplectomorphism is denoted by =(P):
0 o) 0
2(Py) = — = = —
Let us compute the contraction =Z(Py) 1 w®:

0 0 0
E(Py) Jw™ = (d)“(x)aT — (8¢5( )p )8e) I (de A B+ dp™ N ALNBY)
1

09, (x
- -5

Now we focus on some algebraic position (n — 1)-forms: Q¥ = J¢"(2)A A By, with ¢H(z) a real
function which is antisymmetric in the indices pu, v.

Q¥ = SU" () Ada? N B = 50" ()4, (58, — 5268, = 50" () (AuBy — A6

Since " = —p"* then Q¥ = M (z)AuB,. We compute dQv:

p) B — du(x)dp™” A B, = —dP,

oY
Qv = = d(qpuu(gg)AMﬂu)Au%(x)dx” A By + Y (z)dA, A By
oY
= 4,20 @)+ A A B,
The related infinitesimal symplectomorphisms are denoted Z(QY) and are given by:
— oY y 0
2(Q°) = ~ (45 g + (050
Let us compute Z(QY) _ w®":
=Y DW a¢ m v 0 A, v
2(QY) Jw™ = _((Auay) w”()apAuy)J(d”\ﬁ‘de“ NdAu N By)
oY
- —(A,L%@:))ﬂ U ()dAL A B, = —dQ”

We summarize the results relating the algebraic observables forms P¢,Q¢ and their related in-
finitesimal symplectomorphisms Z(P), Z(Q¥):

- 9 Opu(x) 4,0 O
Py = Gu(@p™ by =(Py) = dul@)gy _{ azcv "5 (127)
[ SN 4 AN y _ 8¢MV v 0
Q 2¢ ()A N By 2(QY) = —(4, o V) R (o )8pAMV
Let notice that if we work in the pre-multisymplectic case (Mgq,w®) we have:
0
o _ A =(P°%) = —
v _ » 0
B = "WAN2@)) = @)y ]

We need a more embracing view to better take under consideration the conditions on the functions
¢u(z) and " (x) and more general choice of such functions. In doing so we provide a deeper
description of the infinitesimal symplectomorphisms Z(QY), Z(Py), E(Qlé) and E(Pg). It is the
subject of the following sections (9.3) and (9.5). Before going to that step, we give in the next
section (9.2) the Poisson bracket structure in this simple case. The objects of interest are {Qd’, Qw},

{P¢,P¢.} and {Q¢,P¢}.
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9.2 Poisson Bracket for algebraic (n — 1)-forms

First, following the symmetry-algebraic standpoint, we describe the diagram is the symbolic picture
within we compare the ontologic representation with itself [ ] ]‘[ <J]- The ontologic reflection for

(MMaxwell)wDW) is given by

Proposition 9.1. Let ¢, (), q@u(az) and Y (x), 0 () smooth functions with Y (z) = —VF(z)
and w“"( )= —w”“( ). for (M pawen, w?Y) the set of canonical Poisson bracket is given by:

{Q".Q"} = {Py,P;} =0, and {QV. Py} =" (2)du(2)B,.
This corresponds to the mathematical setting of the traditional Poisson bracket for algebraic

(n—1)-forms: P~ (M) xPL~H (M) — P2~ (M). Let us consider two algebraic position observable
(n — 1)-forms Q¥ and Q¥ given by (127):

QY = ™ (x)Au(x)B,,  and QY =P (x)Au(x)B,.

We compute the internal bracket:

(Q%,Q%} = =(Q¥) J=(QY) Jw™

= —E(Qw)J((AMa;Z’:)iH;W( )a(9 ) 1 (de A B+ dp™” AdA, A B)
= (g T ) - (4 O )b+ (a1 ) =0

Now we compute {P¢, P¢-} where the algebraic (n — 1)-forms Py and the related infinitesimal
symplectomorphisms Z(Py) are given by (127). Hence we have the internal bracket:

N 9 O o)
(PoPs} = =(By) JZ(Ry) 1™ = —=(By)  (Bule)z — () ) du™

— 2(Py) 2 (~ Buledip n g, — (P )

Finally we compute the last internal bracket {Qw, P¢}:

(Q".P)) = —=(Q¥) 1 [~ syl 1, — (L)
0
: [( o )g - 6}3‘#”] [ duldn s n 5y — (22D ey g
= —P"(2)ou(z)By
Finally,
(Q°\Pa} = 2Q%) S0Py = —[(u ) g+ @] = I 520 + oul ™ 1 5]

So that {Qw, P¢} = —Y"(x)du(x)B,. We summarize our results and recover the proposition (9.1):

{Q.Q"} = {Py,Pyp}=0 and {Q", Py} =" (2)¢u(2)B,
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9.3 All algebraic (n — 1)-forms
the following infinitesimal symplectomorphisms, E € T'(Mopw, TMpy) as:

o 0 >
apAuV 8]?‘4”“

0 0 J
Epw = X" —— +Y(q,p) 5 + T 12
Epw (@p) 5 +6“(q’p)814# +X(a,p) 5+ (qvp)< (129)
The objects X" (q,p),0u(q,p),Y(q,p) and TA“”(q,p) are smooth functions on Myawer € Mpw C
A"T*(T*X), with values in R. We evaluate the expression & _| w®"

Let us consider ¢ € 3 namely we introduce the notations:

, G, 5,

With X¥ : 3 — R and ©, : 3 — R are smooth fonctions on 3. Hence, we denote the
decomposition of Z € T'(Mpw, TMpw) as:

+ O, (x, A) = (130)

0 0 A
5= 2 g V(g p)—a— 131
Oula P+ T(a.p)p + T r)g o (131)
whereas the decomposition of Z € I'( M yaens T Muyiawen) aS:
_ 0 0 A, 0 0
—_ = — _— v —_— 1
0u(an) g5+ X@.0) g, + T @) (g~ ) (132)

With X”,GH,T,TA“” are smooth fonctions on Myuwer C Mpw C APT*3, with values in R. Now
we evaluate the expression Z | w®":

E Jw™ =18~ XVde A B, + YA, A By — ©,dp™ A B, + XPdp™” AdA, A B,y
We rise relations from the definition of a symplectomorphism d(Z | w®) = 0. We make the

following calculation:

dE Jw™) = dYANB—dXY ANde A B,
+dYVdA, N B, — dO, A dp™ A B, + dXP A dpt AdA, A By

Then let us write the expression under process as a sum d(= Jw®) = >, 1; with each terms ¢;
given by:

1y = dYNAQ
13 = dYdA, N B,
Ly = —dO, Ndpt AB,
ts = dXP ANdp™ ANdAL A By
T T T T
Since dY = %d + %dAg + %—ede + 8]?A5adpA6a’ the first term ¢ = dY A 3 is written:
oY oY oY
——dAg A B+ =—de A dpee A 133
L1 = aAg B B+ De B+ a Aga P B ( )
oxX?’ 0X 12), & oxX?’
Moreover, since dX” = 50 dz® + DA dAg+ e de + dpiso dp?8®, the term ¢o = —dX” Ade A3,
and t5 = dXP A dpAr¥ A dA, N By, are written:
190, & 1), & 0X" | A
Ly = ~ 50 dz® /\deAﬁV—@dAgAde/\By—aAadpﬁ ANde N By, (134)
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o0XP P

Ly = 8x06 d{]}'a A dpA'uV VAN dAM A /pr + ZA dAIB A dpAMV A dAM A /BPV

s (135)
). & Y ). & o y
+Wde Adp™Y NdA, N By + 950 dp5% N dp™V N dA, A B,

oY Ay oY Any oY A XAy
Av _ fe
Thanks to 7" = dae T F 0Ag g+ g et opee

dpABa

) SRl Ss oxAnr  grivk
~ (o~ T )N B 0Ag  0As JdAs N dALN By

) SRl S ) SRl S
— A » —
+( e e )de Nd p By + (apABO‘ apABa

(136)

)dpe™ N dA, A By

00

06
M «
D dx® +

0A

00 00
NdA Md M
5 8+ e e+8pAﬁO‘

and finally d©, = dp?#® give us the last term

Ly = 99, dpA“” AB—
ox?

8,
8pAﬁOé

98,
94
dpA/Ba A dpA”V A Bl/

dAg A dp™ A B, — (ﬁ“de A dpt? A B,
(137)

The decomposition of the terms (133)-(137) on the different (n+1)-forms involves deA 3, dp™=¥ A,
dA, A B, de NdA, A By, dpA8® NdA, A By, de NdpAe?Y ANdA, A By, dpAe AdpAe A B,. More precisely
we now describe precisely the different terms. First the decomposition involves the following term
on [dpABO‘ A dpAnY A ﬂl,]:

B 09,
8pABa

Let us consider the decomposition on [dpABa A dp?nY A dA, A Bpl,]

dp8 A dp™¥ A B, (138)

). ¢
apAga

dp5% A dp™V N dA, A B,y (139)

Hence from (138) and (139), we conclude that X” and ©,, are independent of variables p45®. The
next terms involve the decomposition on [de A B],

oxv 0T
—)d 14
( axu + 82 ) e 5 ( 0)
on [dp A ﬂ]:
00, ., 4 oY Ag
uv a 141
v P A6+8pAﬂadp AB (141)
and on [dA A ﬁ]
or oxAn  gxAve
the part of the decomposition on [de ANdAN By]
Apv App P
(8’1:% — m;)e Yde AdA, A B, — %dAg ANde NS (143)

044
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decomposition on [dA ANdAN ﬁ,,]

) SRl S

A A L 144
(GAB 8145 )d ,3/\d u/\ﬂ ( )
decomposition on [dA Adp A ﬁy]
X’ A 00 oA
dz® A dp™? A dA , — —LdAg A dp™ A B, dp* NdA, A B, 14
5o x® Ndp”r NdA, N B, 94, g Ndp™Y A B +6p’4ﬂo‘p NdALNB (145)
decomposition on [de A dpAn¥ A ﬂy]
— PO e p dp & B, (146)
de
the decomposition on [dpABa Ade A ,BV]
oxr 4
_ s
Gy 0 N de A B (147)

Hence from (146), (147) and (139) we observe that ©,, are independent of the variable e. Now we
continue the path with the term related to the decomposition on [dA ANdp AN dA N /pr]

X7
a—dAg Adp™Y NdA, A By, (148)
0Ap
Then, from (148) we find that X” is independent of the variables Ag. The last term is given by the
decomposition on [de ANdp NdA N Bp,,]

p

8;ide Adp™Y NdA, A B (149)
From (149) we find again that X* is independent of the variable ¢. The decomposition of d(Z J w"")
gives us information about the dependence of the involved functions. Due to decompositions (138)
(139) (146) (147) and (149) we have: X” = X”(x, A) and 6, = 6 ,(z, A). From (148), we observe
X’ = X’(x), so that, due to (143) and (144) we conclude that: T’L{f‘” = T4 (2, p). We don’t have
any extra information on ¥ = YT (x, A, ¢,p). The functions X”,0,, T, YA are smooth fonctions on
Mopw C A™T*3, with values in R satisfy the following coordinate dependance:

X' =X"(z) , ©,=0,(x,4) , T="T(zr,Aep) , YW =214 (zp) (150)

We consider the further condition TA“”(q, p) = —TA”“(q, p) so that we are left with equations (140)
(141) (142) and (143):

ax’ or . oY  ox 0
+ = = _—— =
v 0A, ox¥
agu 4 g’f - 8TA“V B oxv _ (151)
ox? apALLV e aAu -

together with the set of equations involving more than two terms, namely those witch arise from
(145). We have the following proposition:
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Proposition 9.2. Let = € T'(M,TM) then E satisfies d(E Jw") = 0 if and only if Z is written
= =+ x with
= s, 0 0 0XV.  09u 4.\ 90
¢ =X oxr¥ (e( aazl’) or¥ >8e
X oxXA 90 oXv N 0
_ Apo it _ sV o _
(r 85 () = 85 ) + () — ol 04, ) gy

with Y : 3 = R and T4 : 3 5 R smooth functions on 3 such that:

(152)

and x = T —f—TAW

pAP'D‘

oY 9rAm
0A, Oz

=0 (153)

The general proposition (6.1) is a result due to Hélein and Kouneiher [117] and it describes the
more general search for all algebraic observable (n—1)-forms. Any infinitesimal symplectomorphism
E € sp,(M) can be written under the form = = x + (.

We decompose the vector field = € I'(M, T'M) with general coordinates:

0

N
E=2@ngat 2. Eaelepg——

a1<...<anp

Now we adapt our notations for Maxwell, namely we denote and also the only component on
multimomenta area as

E%(¢,p) = {X"(¢,p);Oula,p)} Earoan(@:0) = {X(q,0); Y4 (q,p)} (154)
We denote: 9 9 9 9
N v A, v 7
xX==2-(¢=X awy+eﬂaA +Ta +re api ¢
We consider the expression (152) so that we obtain a expression for y = Z —
B OXY 004 4.\ O
o= G+ 5™ )
XC
oX" oX* . 00 OXV \ 0 (155)
Apv _ Aposp _ sV TV — (=) ——
+ (1 =3 () = Gl + (52 e(aAH)) Dper
X

As announced in the proposition (6.1), we have coefficients of x such that d(x Jw®") = 0. Since
X = Xe% + xP a;.#?w’ the interior product of y with w® writes simply:

x W™ = (g X ) (den B+ dptY AL A By

= XB+ (dp (X

gy LA N Bu) = X8+ XA N

Now we compute d(x _w®™) =dx* A B+ dx? NdA, N B,.

OX" 90, 4,
I

+a (4 — (phrap ([

dix Jw™) = d(T—(e

M)A B
oxv. ., 09X , 00, oX"
par) 7 g+ (371,,)} —(Ga,

)))) ANdA, N By
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thanks to the expression of the exterior derivative dT and dTA‘”’, we obtain:

owy O ox or 09X
d(x Jw™) = (8A P ———)dA, A B, + (8e " —)de A3
o1 094\ , a x4y
+(76PAW— o )P A B oA JdAg AdA, A B,
orAr  9xv
+(—5, ~ o4, Yde NdA, A By

8TAuV oXxXVv . aX)\ 8@,/ Ao
+<( ap po—)_ép(K 8150’)_50-(%)]_(8140)))6&? /\dA“/\BV

Now we are interested in terms in which T is involved: the first three terms in the last equation
are concerned. Let notice that, if we denote ¢ = {x, A} then, T = T(q, ¢, p) and the first two terms
in the last equation give:

oY ox"
50 (o) =g = 0
oA 35, (156)
gpter &0 T G0 = 0
Hence, it exists T(¢) = Y(z, A) So that:
B 0O, a, OXV
T(g,e,p) = Tlg) + (5 0™ +el5 )

On the other side, Y44 (q, p) = TAY (2, p) therefore, the interesting information is contained in the
set of equations:

oY Awv oXv
(z,p) — ( @) = 0
Oe 0A, 157
oY Anv dXV HXA 00, (157)

- _ SH S pno —
5 (009) = (G 2) = (o] = () |dp™ nddunp, = 0
Hence, it exists T4 (q) = T4 (2, A) So that:

T4 (q,p) = T4 (, A) — p™76l{ |(

6X” ox* 00, oXV
(5 z<w>}—<%>}+e<%>

The set of infinitesimal symplectomorphisms $p, (M yaumer) Of (M pawen, @ DW) is described by vec-
tor fields = = H‘MM L= = ( + x with ¢ described by (152) and x = T .+ T Awa wuw Here,

X",0,,T, T4 are defined on 3 and not anymore on the full multlsymplectlc mamfold M Maxwe -

Proposition 9.3. If we assume that dz"(Z) = 0 - we throw away the X" which correspond to
parts of the stress-energy-tensor - the proposition (9.2) gives:

009, 0 00u a0

0
67141/)) 8pAW + (T orv

= Ay _ Ao
— (Fr p ( HaA‘u

B,
)&Ha

YA Y and ©,, are smooth arbitrary functions of (x, A) with YA (q) = —TAH(q), they satisfy

the condition:
oY oY Awv

oA, ow
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Proposition 9.4. Let @ € T'(M ety A" 2 T* Mypaser). The (n—1)-form ¢ is an algebraic observable
if and only if @ is written ¢ = @x + @4 + @, where

px = <Xy~ pRIXAAL N By (158)
pa = p OB,
where X*,0,,: 3 — R are arbitrary smooth function on 3 and ¢, is a (n — 1)-form such that
dp, = YB+ Y4 dA, A B, (159)
with T and YA such that YA = — YAl The function T and Y4 satisfy

We notice that ¢x + ¢4 are the so-called generalized algebrai(a: momenta (n > 1)-forms. Re%all
il;ituzndirﬁézza;ivzec?j f;e;i (;}rij: is written (130), ¢ := >, (*(q) g= = X" (2, 4) 5.7 +Ou(z, A) 5
Pe=C I (eB+ptdAu AB) = eB(C) +p (¢ 1 dAL) A B, —dA, A (¢ 1 B))

Since, ¢ JdA, =0, and ¢ 1, = (X”{f%) I B, = X*B,, Then we obtain:
P¢ = eXPB, +pOuB, — p XPdAL N By = ox + P4

P are the generalized momenta (n — 1)-form. We have dP; = —( Jw"™. The canonical sym-
plectomorphism associated to P¢ is denoted Z(P¢) = (. We evaluate the exterior derivative

dP¢ =d[px +@al:
dP; = d(eX” +p*0,) A By — d(p™ ' XP) NdA, A By
= X"de A B, +edX” A B, +perdO, A B, +0,dp Y A B,

L1 L2 L3
—dpXPAA, A By — p MV dAXPAA, N By

-~

Lq

L5 Le
Now we expand the objects dX”, d©, so that:

X" 0X

7 X" ), &
b2 = edX"” A ’BV = e( dz® + dAﬂ + ¢ de + apA,Ba dpABOl) A 51/

Do 945 )
s = 0" a0, A B, = (e 1 gj; AAs + O de + 8?93; ap ) A B,

Then,
dP: = XVde A B, +edX” A B, +0,dp " A B, — dp ' XPdA, A B,y

-~

L1 L2 L L5
00 50 90
Apv(ZZH @ Apv M Auv M

+p (81‘@ )dz™ A By, +p (8A5 YdAg A By +p (—(96 )de A By

L3

Ly Ly

00 oxX?’ oxX?’
A, v Aga A, v a A, v
+ pe (TA:Q)dp N By = p P o da® N A N B —p @dAg/\dAu/\Bp,,

Lio0 ti L12

, 0X?
A, v Aga
de N A B =" 5 ™ N A N By

L13 L4

0X
_ A
P Oe
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Since, X = X(z) and O, = ©,(x, A) - see (150), we obtain vanishing contributions from the
terms Lg,L10,L12,L13 and L14. Therefore:

dP: = X"deA By, +edX” A By +0,dp™” A B, —dp* XPdA, A B,

L1 L2 L4 L5

XP
—l—pA“”(g?C’:)d:ca A By +pnv dAg A B, — ((?)xa)d:ca ANdA, A B,

L7

“((M)

L3 t11

On the other hand, the general expression for a canonical symplectomorphism is:
(aw™ = (JdenB+{J[dp™ NdA, N B,

0X" ) 00, 4
- - )3 —X"de A B,
(2(3xy)+ ax’/ ’ )ﬁ\_\ﬁ/\_ﬁ/

+dp “”(g_‘)dA /\ By — dA,(Q)dp™ A B, + dzP (C)dp™ A dA, A By
= (aX )/B _7“ AHV/B _Xyde A /BV +dpA#V(§)dAM A /Bl/
N————

—t1

*LQ *L7

—dA,(Q)dp Y A B, +XPdp™ A dA, A By

—t5

Since, dA,,(¢) = ©,, then we compute :
_dAM(é)dpAu” A ﬁl/ = _eudpAHV A 51/ = -

Let us denote, [I] = ¢1 +t2 + 4 + 5 + 7. We remark that EJ W™ = —[I] + dp™¥({)dA, A By let
also notice that dpA#*(¢) = (P with { = XV 2 Bav +6,,% oa; T Ce + Cpa 2 —, we are left with the term

¢

- XV OXA 00 XV

D AH0'|: — Y o ] _

C p [(axg) U(ax)\)]+(8Ay) e(aAu)
so that: ¢ Jw®™ = —[I] + Fp} WdAu A By. Finally we shall denote the remaining terms [II] =
t8 + t11, hence we can write the equality d[py + 4] = [I] + [IT]. Therefore in order to prove the
equality ¢ Jw®™ = —d[px + @], we only need to prove that dp™¥({)dA, A B, = —[II]. Since

dz® A By = 898, — 525,

8X

wmo= —p 7y Ay A [026,- 525)
X aX ox" ox*

Auv v
_ A - s

D T A 1 By = (G0 = (0
and also, on the same vein,
Ao 00, oxv

g =p (8A) e(aA#)

so that we found the wanted result.

9.4 Dynamical equations

In this section we recover the dynamical equations using the following external brackets: {7—[6 , P¢}
and {Hﬁ QY } The vocabulary external bracket is a reflect of the first work of Hélein and Kouneiher



92 D. Vey — Multisymplectic Gravity

[115] on the route towards a good picture for the connection between observable (n — 1)-form and
the dynamics. The work of Kanatchicov [132, 134] points also this connection. We introduce briefly
this work in the following section (9.6). This first attempt in the work of Hélein and Kouneiher is
replaced later by the concept of pseudobracket which is more deep and gives the good setting for the
connection between dynamical properties and the notion of observable forms. We emphasize below
in section (9.6) the mathematical structures for the setting which involves Grassman variables - with
the underlying framework of graded, super-graded structure and supersymmetric investigations -
as opposed to the ones of the copolarization idea. Let us compute the bracket {HB,P¢}. By
definition,

{HB, Py} = —E(Py) JdH A B =—[¢u(z) ai# (giﬁ( )p““”)%] JdH AP
{HB, Py} = [~ dul= ) +8¢“( )y g

oxV

So, along the graph of a solution we have:

{HB. Py} = [~ opd" + 0ugu ] B.

On the other side, since d(Py) = [ #”gﬁ’u‘ﬁ + gbu(:r)dpAM” A B,,], we obtain:

()8 = [P0,y + 0,0, P™]8

0¢
d(P¢>)‘r = FW MB + ¢u()
So that we finally observe the first set of dynamical evolution equations, along a graph of generalized
Hamilton equations:

d(Py)|, = {HB.Py}|, <= O F"=J" (161)
Now we are intersted in the second bracket:

oY 0

{H67Q¢} == Qw) AdHAB = _[(AN B (z ))ae _{_wuu(x)W

| JdHAB

DY L OH
wper) TV @G

So that along a graph I' of a solution of the Hamilton equations we have:

dypv L OH
[(AM%) + oyt (x)apAHu

{18,Q"} = [(4

8.

{#6.Q"}] = I

Whereas the expression of d(QY) is written:

4(Q¥) = (4,227 (2] + 6 @A 1 B = (A D ()] + 4 (2)0p A
= ey + pH (z)d u/\ﬂu—[ m gy (x)]5+¢ (x)ap pdx A By
D
A(Q") = [4, G () + 4 (2)0, A, 8

So that we finally observe:

dQ")|, = {HB,Q"}|, = Fu =04, -84, (162)
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Notice that in the general underlying symbolic insight we understand this external Poisson
bracket as the dynamical evolution, we picture this movement by the comparison of the dynamical
space with the dynamical representation®:

) d(P¢)|F = {H67P¢HF
[D]\[@]-{d(gmr = {#n5.Q"}|;

9.5 Algebraic (n — 1)-forms for pre-multisymplectic case

We enter into more details, considering the pre-multisymplectic case. For the DW pure theory with-
out constraint type, and forgetting the decomposition on the space-time variable - so that we forget
the stress-energy tensor part - we would focus on the following infinitesimal symplectomorphisms,
E° e (M2, TMS3,) as:

0

i (163)

—_ 6 1
Bow = e“(q’p)@ + T4 (g, p)

Notice that due to the Dirac primary constraint set, we must consider the following object Z° €

(Mg TMZ. ...) which is given by the interplay of some forbidden directions:

Maxwell ? Maxwell
0 0 )
apAuV 8])‘4”“ .

[1]

0
°=0,(q,p) s + TA“”(q,p)(

oA, (164)

©,(¢,p) and TA“”(q,p) are smooth functions on M2 C Myt € Mpw C A"T*(T*X), with

Maxwell

. . —O0 Q
values in R. We evaluate the expression =~ Jw™:

[1]

1
® Jw® =E2° 1 (Ghuphwop™7dpt’ A B) +E° 1 (dp™ A dAy A By)

1
E° Jw® = (Y4 — TYH)dA, A By — ©,dp™ A B, + ihwhprf"’(TA“” — T3

Now using the definition of the symplectomorphisms d(Z° Jw®) = 0, we make the following cal-
culation:

1
d(=° Jw®) = d(X4 =LY NdA, N B, — d8 N dp™” N By + Shyphuepe7d (T4 — A1) A

1
+5huphvo (T4 — 1Ay dpteo A B

Using the decomposition of dO,, and dY“#" which are given by:
8, 0,

U St
arAnr  — e dz® + 94, dAp + %Tad Aga
We write the expression as a sum d(2° Jw®) =", ¢;:
_ o oxtee o graer 22 SIS S 5 SRS S

_ - )dpABa NdAL N By

YdAs AdAu A By + (

L =

YdAL A B+ (

dxv oxv 0Az 0Ag ophse  gplsa

%In fact we do compare with ontologic representation namely we consider algebraic observable (n — 1)-forms,
however since P2~ (Mpw) C Lo~ (Mpw) any AOF is an OF.
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00, , a 00 A 00 A A
— —d d Apv = B dpAnv _ HdA dpnv L, — B qpABY A dpAnY 3
L2 O, Ndp™" A B o P NpB 94, s Ndp™*Y A B 8pAﬂap Adp™*Y A B
1 a0 OXAY oYX 1 Apo (DL QXA
b3 = Shyphuop™ ( oA, oA, )dAs A B+ Shuphuop (8pA50‘ oy )dp™Pt A B
6= S uphus (X4 T4 g7 A
The different decompositions of (n + 1)-forms are written:
e decomposition on dp?2® A dpn? A B,
66# Aga A, v
- apAﬁadp Ndp™HT A By (165)
So that ©,, depends only on ©,(z, A)
e decomposition on dA A dA A B,
oxAny  grivn
( oL o )dA;; AdA, A By (166)
Hence Y41 = Y44 (z, p)
e decomposition on dA A 8
1 Ao (O oY Ak 0 SIS S
e (ST (T T e

e decomposition on dp A 8

) G2 S o ) . 1 . -
aphee  apie )dpAB AB+ W“dpf‘n A B+ Shuphuo (T4 — M) dpteT AB (168)

1 -
ihuphprp (

v

e decomposition on dA Adp A B,

90,
94,

oYAny  grAve
apAﬁa - 8pA13a

dAg A dp™” A B, + ( )dpAﬁa AdA A B, (169)

The mathematical requirement on the infinitesimal symplectomorphism d(Z° Jw®) = 0 allows
us to precise the condition on the functions ©, and Y44, The equation (165) gives us that ©,, is
independent of momenta, ©, = ©,(x,, A,). The equation (166) gives YA = YA (2, p). Since we
have equation (167) we obtain the following condition:

53 SRCARA St
( drv  dav >
We recover the results of Kijowski [142] and Kijowski and Szczyrba [144].

=0 (170)

9.6 Grassman variables vs copolarization

In this section, we heuristically illustrate the tension between the graded structure and the copolar-
ization process. The fundamental interest for field theory is the search of the good Poisson structure.
The modern classification concerning AOF and OF appears in the work of Hélein and Kouneiher .
This duality is expressed in the Thesis via the more embracing standpoint: ontologic vs dynamical -
which relates symmetry and observable considerations. The Poisson structures and the brackets are
fundamental in QM theory by means of the quantum canonical relations which involve the passage
from classical observables to self dual operators. Here we emphasize this tension by means of the
example of superforms and Grassman variables found in the work of Hélein and Kouneiher . The
tension is summarized in the following table:
Graded structures

Supersymmetric algebraic structures, supermanifolds
Graded generalization of Lie, Schouten-Nijenhuis and Frolicher-Nijenhuis brackets
MG Graded structure (see I.K. Kanatchicov, F. Forger ...)
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Grassman variables

Ghosts, anti-ghosts, BRST and BV formalisms
MG Grassman-odd variables and superforms (see Hélein and Kouneiher [115])
MG Grassman-odd variables (see S. Hrabak [123, 124])

Copolarization

Collective definition of observable form from Relativity Principle and dynamics
Hélein and Kouneiher [116, 117, 118]

Now we translate the mathematical structure beyond the graded structures with the symbolic
picture. In the context of MG, we first focus on the example of I.LK. Kanatchicov bracket (79) with
main focus on graded antisymmetric bracket {42,3} = —(—1)(”_7"_1)(”_3_1){2,(2} (recall that we
denote r =n — p and s = n — q) so that we draw:

[r] [s]
(1<
(M) x X}

ham (M) — %:a—i_ns_n—i_l (M)
r s r s . q
((pag) = {(p7g} = (_1)71 7“XV(PJ‘XVQJ"‘)
Notice that, as told before, have a fundamental ambiguity in the search for the ontologic reflec-
tion - which means the compared ontologic representation for form of arbitrary degree p with the

ontologic representation for form of degree ¢ - for arbitrary Hamiltonian forms. To be more precise,
the ambiguity lays in the choice of the objects themselves, namely in the choice of the Hamilto-

%I‘

ham

nian multivectors fields )&, and )gg. In the general symbolic picture, we delimit the boundaries
of this ambiguity via the previously introduced topological duality. This topological duality, as we
briefly described it in section (6.4), consider the pairing of forms and vector fields via the study
of the equation: dep = —E, Jw. Therefore, for any arbitrary degree, the topological duality is of
uncertainty feature expressed by the use of the map:

Y NPT M — AV PTEM = AT M 2 U2(E) =2 Jw

[r] [s]
So that, the Poisson bracket [ ] ]‘[ <] is built on two non-uniquely defined prerequisites. In

symbolic picture:

2 U(E) E - U(Z)

e 0O 4 = O (9

N4 N4

Hence, the previous drawing is a particular arbitrary choice. We symbolically describe with the
following the whole issue of the grade scenery and the non-unique Poisson structure. The ontologic
Observer is actually ”lost”: he does not know how to describe the topological duality.

Before discuss the copolarization process, we notice the construction of Hélein and Kouneiher con-
cerning the internal, the external and the *p-bracket - see [115]. These considerations are connected
to the expression of the dynamical duality. Notice that we delimitate two directions in connection
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with this. The first is the relation with the dynamical area and the construction of the external
bracket {#H3, A} [115] - see the clear relation with the dynamical evolutions equation gvien by I.K.
Kanatchicov. The second is in [115] the introduction of Grassman extra variables - which makes
connection with the work of S. Hrabak [123, 124]. Notice that all these considerations are before the
full distinction between AOF and OF. At the end, we write dynamical equations under the form:

dA = {HB, A} and dr = {HB, 7} (171)

Where d is the differential along a graph I' of a solution of the Hamilton equations. This however
involves to be able to define such a Poisson bracket between HS € T'(M, A"T* M) and (p—1)-forms,
with 1 < p <n — 1. We adopt here the terminology developed in [115] where we find the following
different brackets: external p-brackets and internal p-brackets, as well as *p-bracket. First, let us
recall the construction of the so called internal p-bracket developped in [115].

(i) Internal p-bracket. If A,k € L7 H(M) with P21 (M) the set of all algebraic observable
(n — 1)-forms, we define the internal p-bracket on B7~1(M) as

{ME}=Z2(K) JEZN) Jw (172)

The internal bracket is basically defined on algebraic (n — 1)-forms. Hence we interpret internal as
a term pointing the fact that we stay in the same degree in the ontologic reflection. So that we
recover the description found in section (6.2).

(il) External p-bracket. Now we extend the previous definition to the case where ¢ € I'( M, APT* M),
with 1 < p <n and X € P2 (M) we obtain the external p-bracket:

{o, Ay =—{A o} =-EQ) Jdp (173)

Hence we describe the symbolic picture for external p-bracket. One part is straightforward under-
stood, since we have A € 71 (M) - X belongs to the notion of ontologic representation. We have no
prescription for the other part: let us consider a general form ¢ € I'(M, APT* M), with 1 <p < n.
At this stage, it is not clear whatever we shall termed it ontologic or dynamical representation. We

choose to illustrate this ambiguity by the following picture for [I'(M, APT* M)] ’[ JI:

D(M, APT* M) x P2 Y M) — T(M,APT*M)
(‘PvA) = {A’SO} = _E(A) - d‘a@

The interesting case for dynamical evolution is when, ¢ = HB. Then we notice that for any
X, € P21 we have the following relation {H3,A} = —Z(A) J dH A B.

(iit) “p-bracket. We are first interested by the first attempt, developped in [115] which is the con-
struction of a bracket between (n—1)-p forms for p of arbitrary degree. Hélein and Kouneiher intro-
duced anticommuting Grassman variables 71 - - - T,, which behave under change of coordinates like
01 - - - Op. Hence, a general form in such a setting depends on the set of variables (74, 2%, Ay, ¢, pAne),
For a more detailed presentation of these Grassmannian variables T, - and an intrinsic geometrical
picture - see [115]. However, we do not insist on this notions of the °p-bracket since for deeper
purpose concerning the treatment of the dynamics, we will choose for adequate bracket a slightly
different object.”®. Here we feel the connection to the conceptual setting of the supersymmetric area

56The construction rather based on copolarization of the multisymplectic space allows us to define observable forms
of any degree collectively. Then in the next section we find good bracket described by Hélein and Kouneiher without
this superform artifact. Notice that the distinction which emphasized the symmetry point of view vs the dynamical
point of view - and the related copolarization of a multisymplectic manifold - incorporate this aspect not on fields by
directly in the ontologic space.
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- where additional virtual matter degree of freedom is find with the notion of ghost - and open the
supersymmetric landscape [59, 247] - see Hélein [110] and references therein for a basic introduction.
Once again we observe, from the mathematical perspective the graded scenery and the Gerstenhaber
algebra [89, 90]. Now we just give some remarks about the *p-bracket to emphasize the difficult road
concerning the bracket topic. This philosophy is strongly connected to the one found in the work of
S. Hrabak on multisymplectic formulation of the classical BRST symmetry for first order field theo-
ries [123, 124].57 In the work [115] Grassman variables T, make rise the notion of superform. For any
Ac ‘,B]g_l./\/l such that for all 1 <oy <--- < ap—p < n we have: dz®* A--- Adz®P ANX € ‘B’g_l/\/l.
We define in this case the superform A =° A = Za1<~--<an,p Tap** Tan_pdx® A Adz®n=r A A
We define also a °p-bracket for ¢ € I'(M, A"T* M)

{(,0,5/\}5 =—E(°A) Jdp =— Z Tar * Tay_p=(dz® A Adx® P AX) Jdp

a1 <--<ap—p

Let A be an admissible form [115], and let T a n-dimensional submanifold of M which is a graph
over X, then for any oriented ¥ C I' with dim(¥?) = p we have:

/Ep {HB, A}, = /EP {HB,A} (174)

In the context of Maxwell theory, the 1-form A and the Faraday (n—2)-form 7 lead to the superform
°A and *7 and to the dynamical equations [115].

(i) dA={HB A} (i) dr={HB,7}
(i) dA= Z gaugﬁl,pA””d:U“ A da? (it) dm = JBa
a<f

Canonical bracket is described via the computation of the °p-bracket {577',514}5. The important
point is that the additional Grassman variables are only a tool, as in the case of ghost and anti-
ghost, and disappear at the end of the calculation. Notice that finally this method is not retained.
The good canonical Poisson bracket is now exposed, via the copolarization.

9.7 Copolarization and canonical variables

We recall the result obtained by Hélein and Kouneiher [115], they give a possible copolarization of
(MMl ) for Maxwell theory - with w = de A 8 + dm A dA:

PlT*MMaxwell — @ dot
0<u<3

PTMM = de Adat? @ dA
0<p1<p2<3

P37 MMl — D de'' A dz'? N dat® © @ dat AdA® dn
0<p1<pa<ps<3 0<p<3

PiT MM = o P % J0™e @ da Ada2 AdAS @ dat Adn

0<pu<3 0<p1<p2<3 0<p<3

5THere lay the connection with the conceptual setting of huge domain of modern investigation of mathematical
physics. This concerns the ghosts and the anti-ghosts in the BRST formalism developed by C. Becchi, A. Rouet, R.
Stora, I.V. Tyutin [23, 226] and the related BV setting of I.A. Batalin and G.A. Vilkovisky, [22]. Nevertheless this is
another story.
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In this case the symbolic picture for copolarization process leads to a good setting for structures.

The ontologic and the dynamical Observers travel freely in the framework as opposed to the previous
situation of the graded machinery where we have a non uniquely defined topological duality. The
notion of copolarization describe the data for forms of various degrees. However, the ambiguity lay
now in the choice of copolarization. We can choose several copolarizations for a given theory.
The ontologic (or dynamical) space and its representation are well defined - even if different choices of
copolarization are possible. The real gain is in the Relativity essence. Rather to describe ambiguous
Poisson structure or to call to virtual matter - see the example of superform - we argue for a more
fundamental idea for copolarization process. The forms of interest are described but in a collective
manner, implying a consideration on the whole space of forms.

10 Lepage-Dedecker for two dimensional Maxwell theory

10.1 Lepage-Dedecker correspondence

Now we perform a Lepage-Dedecker correspondence for the Maxwell 2D theory. In this section
as opposed to the next one, we work with indices notation, in particular with the tedious but
straightforward computation of the Hamiltonian. It is just to emphasize the huge amount of cal-
culations for LD theories - even in a simple case n = 2 for the simple setting of the Maxwell
theory. We refer to H.A. Katstrup [139] or Hélein and Kouneiher [117, 118] for some aspect of
the two dimensional Lepage-Dedecker Maxwell theory. First we express the Lagrangian density
L(z,A,dA) = —1h#*h"7 F,, F), so that:

L(A) _ —%(hD\hQUFlQF)\J + h2)\h10F21F>\U) _ _% (h11h22 (F12)2 + h22h11(F21)2) _ %(FH)Q
then, the Lagrangian is written:

L(l‘, A, dA) = (61A2 — 62A1) (81142 — 82141) = %(((91_42)2 + (82141)2) — (61A2) (82A1)

| =

Now we construct a non degenerate Legendre transform in the 2D case via the following Poincaré-

58 Lepage-Dedecker [lH[Z] [2]
Cartan form”® (175) 9( "g) = H(q’p) = 9( o)

9[2]

gy = B+ T dA, A B, + sdAr A dAg (175)

and the related Multisymplectic 3 form:

wl = de A B+ drtY NdA, A B, + ds A dAy A dAs (176)

Then, we concentrate on the expression of (p,v)

(p, >_9§4 (2) = ¢B(Z) + T dA, A B,(Z) + cdAy A dAy(Z) (177)

We demonstrate by direct calculation that:

(p,v) = 95],},) (2) = 770, Ay + 26(211202 — Z122m)

*8We use here the following notation OEZ“IE)Z] means we specify the canonical Poincaré-Cartan form for Maxwell theory
in the 2 dimensional case and taking into account forms that involves 2 fields. (namely forms of the type ¢dA; A dA2)

Following this logic we write the previous canonical form as 9 ) = 0[; IZE‘)‘
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[ Proof Since Z, = % + ZW a4, We have : Z1 = 01 + Zlm% and Zo = 0o + ZQM% so that we compute
1 2
Z = Z1 N Z5 Then we wrlte it as:

Zul Zm

0 L 2 0 0
- 3 ay - .
s 8ql—L1 8qll«2 wi s Z{Q 252 aqﬂl aqll«2
19} 0 0 0
_ zl12 1“28 A 22“28 A ZH1k2 A
zZ 212 al A 82 + Zlg 1 7(914#2 + 12 2 7814“2 + 12 814“1 7814“2
With, the different terms:
2 =1 R A
20 2 (178)
luz 1 0 K2 H1p2 Z{” Zgl M1 Zh2 M2 Z 1
Z12 = Zh2 ghe = Z; 21" = Zhr gk = [Zl 23" = 2172y ]
We make the following calculation:
(p,v) = e+ 7 dA, A B, (Z1528: A 4 + 2229, A 4 Y4+ ¢dAy A dAg(ZFLH2 0 0 )
’ g GY WS A, 2 94, " 9A,,
(M (11]
The first term in the last equation is given by:
M = > 7%dA, AB(Z) = 7" dAL A Bi(Z) + 71 2dAL A B2(Z) + 72 dAs A B1(Z) + 7122 dAs A Ba(Z)
Tn%
All 0 A2 lpo 0 Asgl 2o 0
dA A da*(Z; oA, ) — 72 d AL A dat (215 81/\8A )+ 72 d Ay A da? (278 82/\&4 )
n2 K2
= 742204, A dml(leg281 A 85 =M1 Zy 4 a2y 4 a2l Z, 4 a2 2, = ﬁA“Val,AM
2
Whereas the second term is given by:
M0 = cdAy AdAs(Z) = cdAy AdAs(zirz 0 n 9y cqn, ndas( [2“12“2 zﬂ?zﬂl] 0 ,_9,
0AL, T 0AL, b A, OApu,

S(Z11222 — Z12201)

Since

266" 211, Zy) = <€ 2120 — 210 Zop = (211222 — Z122m) — (212201 — Z11222) = 2¢(Z11 222 — Z12221)

we write the term [II] = ¢e"” 21}, Z5,) ]
Then we have the expression of (p, v)

(p,v) = TN 21y + 7221 + 1421 Zy5 + 1422 205 + ¢(211 200 — Z12201) (179)

We can equivalently write in more contracted notation: (p,v) = g2 )( ) = WAHVBVAM+§€MV21[“Z2V].

(g:p
With the notation Z,,, = 9,4, we write:
(p,v) = o (2) = 79,A, + Se 01 A, 00 Ay
Let us denote:

d(p,v) 0 2
= [4 = ? = [ ] Z 1
K/ul/ /{'uy 8(8#141/) a(aﬂAy) e(q,p) ( ) ( 80)

we work in coordinate expression so that we use the expression (179):

GEZ},p)(Z) = a9 Ay + 71200 Ay + 12101 Ag + 7220, A + §(31A182A2 — 31A232A1)
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Hence, we find the relations (181)(i).

/Q/u/|u:1,1/:1 = 7TA11 +c02 A3 A/U/|u:1,1/:1 = 0

(i) Fulpmtvme = 721 —cOyAy (i) Awlp=1p=2 = 014z — 02 Ay (181)
Kul/’u:?,u:l = 12 _ G01As A/u/|u:2,l/:1 = OA1 — 014
Kv;w|,u:2,zx:2 = 7TA22 +c01 41 A;w|u:2,zz:2 =0

On the other side, we denote dL/0(0,,A,) = Au. We use the coordinate expression of L(z, A, dA)
and we obtain (181)(ii). The condition for the Legendre transform is:

oL d(p,v)

2(0,4,)  0(0,A,)

We obtain (182)(i) and, choosing to work in the case ¢ = 1, we then obtain the relations (182)(ii)

0 = Al + ¢0pAg Al = —0hAs
DAy — A = 72l — A -1 Lol = 94
(1) 3;4? _ 8?14; — 7TA12 o §aiA; §:> (u) 7TA12 — 8;14? (182)
0 = g2 + ¢01 A1 7422 = —01 A1

The generalized Legendre correspondence is non degenerate. It is always possible to invert the
multimomenta from multivelocities. Now, we give the expression of the Hamiltonian function.
From (182)(i)

OsAy = —(cHmM!
hA = (s(2- ) ( A1z 4 (1 — §)7TA21)
Aol A2 (183)
Ay = (s(2-9) (@ 4 (1-)nt?)
HA = —(¢hrt?
" Proof Let us explicite the second line in (183), from the second line in (182) we find:
1Az = 1 4+ (1) ds (184)
The third line of (182) writes:
BaAy — D1 As = 72— 1A, = Al =7 4 (1)1 A, (185)
We insert (184) in (185) so that:
DAy =M% 4 (1-5%) (WAzl + (1 =¢)0241)
02 A (1 — (1 — g)z) = g2 + (1 — §)7TA21 — A (2< — gz) = g2 + (1 — §)7TA21
D2A16(2 — <) = 7% + (1 — ¢)7*2' An analogous process holds also for the other relation. |
10.2 Calculation of the Hamiltonian
We are interested in the expression of the Hamiltonian:
(2]
H—Q(qp)( )— L (186)

where 02 (2) =[1] + -+ [6] and —L = [7] + [8] + [o] with

1] = 194, 4] = 7422054, 7] = —1/2((91142)2
2] = 7204, 5] = <01410:4, 8] = —1/2(6241)°
3] = 7914, 6] = —<014:0:4 o] = (9142)(%241)
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[ Let us examine each of these terms. We denote by ¢ = 1/<(2—¢). The terms [1]-[4] correspond to the terms

(p,v) =0 (2)

(g:p)
bl = —(c Eﬂjll AEQ )
[2] _ A12 . 12 1—¢ Azl
[3] — Azl[ﬂ_Agl + (1 7§) 12]
[ = e

Also the two terms which are related to the Lepage-Dedecker part.

G

[6] — 7§g2 [7rA21 + (1 o g)ﬂAﬂ] [WA12 + (1 o C)WA21}

And finally, the three terms which come from the Lagrangian density:

7l = /2[4 (1=t [+ (1) n ]
8 = —(1/26° [ + (1= )™ [712 4 (1— )]
S L (EOE IR RN eSS

Let us consider the equations [1], [4] and [5] in (187). We denote by (i) = [1] + [4] + [5] so that
() =~ rtt
We denote (ii) = [2] + [3] so that
(i) = g[7rA127rA12 n 7TA12(1 —&)m Al 4 o Axl Anl 7rA21(1 B <)7TA12]
It remains the following equations [6]-]9] We have respectively:

[6} _ [—ggz] [WA217TA12+27FA21(1— ) + (1 ) A2 A12+ (1—()27TA12(1—§)71'A21]
[ =]+ (1=<))m™in ™ 4 [ SRNCEDRED Y
[= s [0 = o)+ H)m™ a4 [r 27 (1= <) + (1= ) [+ ]

The second and the third give

7l = [- @2 [[7"*2']* + (1 - )’ [7"%]" + 272! (1 = ) n 7]
8 = [f(l/zkz][[w/““’]+(1f<>2[w 27 22 (1 - ) 2]

Now, we denote (iii) = [6] 4 [9] so that

(i) = (1 = <)s [(2(1 —¢)+s )7rA217rA12 + [ﬂAzl]Z(l —¢)+(1—%9) [ﬂ.Aﬂ]?}

and finally we denote (iv) = [7] 4 [8], then

(i0) = 71(2 [[WA21]2 e 7<)2[7TA12]2 +27rA21(1 7§)7TA12 i [WAIQ]Q e 7§)2[ﬂ_A21]2 +27TA12(1 7()7TA21]

2

Finally we compute (ii) + (iii) 4 (iv). We introduce the following notations:

A12_A;2 A;272 A12_As1 A11l_Ag2 Agl_Agl A172
70 = a3 = [ m°® = qgfir 2 Tt =gt 7 =afiptt = [r72]

So that the equations (191) (194) and (195) are written (197) (ii)-(iv):

(i) = ¢[r°+2(1 -7 +7°°]
() = (@ —g)[c}Z[(Q(l —)+H) T+t (1-¢) + (1 —g)ﬂ'oo}
(i0) = —1/26P [ + (1=)"n° +2(1 = )7 +7°° + (1-¢)*n"* +2(1 = o)=™]

where we have denoted ¢ = [¢(2 —¢)] ~! So that (197)-(ii) is written:
(ll) — [C]Q I:ﬂ_oo _|_ (2 _ 2§)7ro. _|_ 7r..:|§(2 _ §) — [C]Q I:ﬂ_oo _|_ 27[_00 _ 2§ﬂ_oo _|_ ﬂ_oo:l (2§ _ §2)
If we denote ® = (2§2 (2 — g)z)fl, we obtain:

(11) _ 2@ (271_00C _ 71_oo{2 + 471'0.§ _ 2 oe 2 47T0.§2 + 2ﬂ_oo§3 _|_ 271' < — oogQ)

(187)

(188)

(189)

(190)

(191)

(192)

(193)

(194)

(195)

(196)

(197)
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The equation (197)-(iii) is written:

(i) = 29

2 _oe

(27°® — 2¢7°° + ¢ + 1t

(1= 9[-+ + 7 (1 =) + (1= 5)7*°]
(1 _ C) _ §’/T“ + ﬂ_oo _ gﬂ_c>oj|
— 2(1) |:271'0. _ 2§7TO. + §27TO. + 7'('. o
S

2 _oe 3 _oe 2 _ee

T S _ §7T.. + A _ §7TOO + g271_0oi|

_ C'Tl'.. + TI'O _ §7TOO _ 271_0.(

and finally (197)-(iv) is written:

~9
= -0

** + (1 _ §)27T.. + (1 _ g)Qﬂ_oo + w°° +4(1 _ §)7TO.:|
271'.. o 2(71'.. 4 §27T.. 4 271'00 o 2§ﬂ_oo 4 (271'00 4 471'0. o 4§7TO.]

(iv)

We now writes H = (i) + (ii) + (iii) + (iv)
7‘[ — (1) + d 47TOO§ o 2ﬂ_oo§2 +87TO.§ o 47TO.§2 o 87FO.§2 +4ﬂ_o.§3 +47‘r..§ o 27‘('..(2 +47|'O. _ 4§ﬂ_o. +2§27|'O.
+2ﬂ_oo _ 2§ﬂ_oo + 2ﬂ_oo _ 2g7roo _ 4ﬂ_oo§ + 4§27T0. _ 2§3ﬂ_oo _ 2§ﬂ_oo + 2§2ﬂ_oo _ 2§7I'OO 4 2§27T00
2 _ee

7271_.0 + 2§7'r“ — 3 _ 271'00 + 2§ﬂ_oo _ §2ﬂ_oo _ 47’[’0. + 4§7TO.]
= B|27°° — 7% 427 — Pt 4+ 27°°7 — 67 + 4”0.4 + (i)
= D|(2—)rc+ (2— )"+ 2" (¢ — 3)7™* + 47T°'<] + (1)

= o((2- g)g[ﬂ'oo + 77"] +2¢%(¢ = 3)7°° + 47r°'§] +@{) |
We finally obtain the expression of the Hamiltonian:

1—0. 1
H__Zﬂ- +27§(2_§)

1 [e]e) [ 1] (g_S) oce 1 oce
(x4 ]+(2_§)2w +§(2_§)22w (198)

If we use the transform with ¢ = 1 then (198)(ii) gives the following Hamiltonian:
—0e 1 (o) (1]
H=-7"*"+ §(Tr + ) (199)

[ Proof. We compute in coordinate the straightforward calculation:

1 1
H = WA”VauAH + §[311222 - 212321] - 5(31142)2 ) (82141)2 + (31142) (82141)
= (M2 (pf2l)2 _gpdilgAa2 | p Al A2 A2 A0l E(TI_A21)2 _ E(WA12)2 412 A0l
2 2
1 1
— _ﬂ_Allﬂ_AgQ + 5(7_‘_1421)2 + 5(71_,412)2 J

And the Hamiltonian (199) agrees with the general case (198).

10.3 Equations of movement

Now let us derive the generalized Hamilton equations. The general form of a vector field is given:

0 0 0 Ay
Xa = a3 QA 4 Tai TozM
g T O "oA, de omAny

9 A, 0
T




leads us to X = X7 A Xy

+31/\T

0

Oe 87r wv
0 3 0 0 0 0 y 0
+@1M8A /\62_'_@1“814 A@2M8A +@1M8A /\Tga —i—@lMTAu/\T?” DrAny

0 0 "o 2" 0 0
Oe

0 A,v
Ti— A O T N O T AT T AT H
+ 18 b + 18 QpaA + 1(% 28+ 15° 2 HrAuw

L, 0 g 0 P 0
+T1“ o A /\82—|-T a AVA@Q”(?A —{—T 8 AV/\T288

O pyher 9
OmAny 2 OmAuny
We compute the first part of Generalized Hamilton equations, namely X _| wl

X Jwll = X J(deA B+ dntm AdA, A B, +ds AdA; A dAs)
= de — (de A B)(X)da" + (dA, A B)(X)dr” — (dn¥ A B,)(X)dA,
+(drM A dA, A By)dz? 4 (dAy A B2)(X)ds
—(ds A dA2)(X)dAr + (ds A dAr)dAs

X = 81/\82-1—31/\@2“8?1 —|—81/\T2a

e

And, in this case, since ds = 0 the multisymplectic form is written w? |§:1 = de/\ﬂ—}—dﬂ'A“”/\dA#/\ﬁ,,.
So that X _| w[z]L:l is given by:
X Jwl| _ = de— (de A By)(X)dat + (dAy A B,)(X)dre” — (de” A B,)(X)dA,,
+(dr A dA, A By)da?
= de — Y pda? + O, dx — TPV dA, + (15" O, — T 0,,) da”

we only keep the interesting part on the decompositions along dr#" and dA, -

O drt’ = dH (i) O1udre! + Ogdn™? = dH
Apv . Apv (200)
=1" 0 (ii) -1, - 0

With dH|§:1 _ —oo_|_1/2( oo+7roo) = _qAl gpAe2 _ A2 0 A1l —|—7TA21d7TA21 +7TA12d7TA12. Finally
we obtain from (200)(i) the Legendre transform given by:

A = —rA2? oAy = —mAr! O Ay = w2l DAy = w2 (201)
Whereas from (200)(ii) we obtain the Maxwell equations:

Dt =0 (202)

TOWARDS MULTISYMPLECTIC GRAVITY

11 General Relativity

11.1 Hierarchy of structures beyond mathematical model of space-time

The mathematical model of space-time is involved with a hierarchy of structures, from the topolog-
ical structure to the causal structure. GR is built on a specific mathematical model® of space-time
denoted: GR. The suitable space-time entity in GR concerns a differentiable structure with a
Riemannian (Lorentzian) metric.®" The setting of GR is concerned with a n-dimensional manifold

"see the next section (11.2) for the choice of this symbol.

%90One speaks of a Lorentzian metric when the dimension of the manifold is four and when the signature is of type
(1,3): therefore it is a special case of Riemannian metric.
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X given with a riemannian metric g,,,. We denote symbolically GR = (&, gw,). This simple
statement points the interplay between different layers from mathematical standpoints. We follow
C. Isham [128] to emphasize a hierarchy of structures related to the quantization of gravity puzzle.
We also denote symbolically the chain rule: () C (,) C (,)d'ff c ()™ c GR. Let us

say few words on the differential structure (,)dm. A differential structure is defined via the main
concept of smooth manifold and we want to use differential calculus for generalized space like the
Riemannn-Cartan spaces where curvature and torsion are taken into account. Also we would like to
consider different topologies for a given space - or a given model of space-time. After the aspect of
the topological structure (,)** the next layer appears as the adequate differential structure. Hence,
we addressed this via the notion of a manifold X perceived as a topological space locally homeo-
morphic to R™. Further appears the causal structure (,)®*. The causal structure is defined via the
concept of Lorentzian metric. In QFT, the causal structure is fixed and we have a preferred notion
of causality, or equivalently preferred notion of locality. It is one of the Wightman axioms [219], and
is related to the existence of a non-dynamical, Minkowski background metric h. Then one observes
a well-defined causal structure. However, in General Relativity the situation is drastically different.
Since no prior geometry is given, then what is the meaning of causality relation ? This point leads
us to introduce the spirit of the AQFT approach®!, see [30, 86, 211], toward quantum gravity. At
the left side of the chain, we found the symbol (,) that would be mathematical landscape beyond
topology, a kind of conceptual ground-state, which represents somehow, from an abstract viewpoint,
the natural mathematics area on which foundations for Quantum Gravity would lay.®? At the right
side of the symbolic chain, we find the mathematical model of space-time GR. In the theory of
GR, the topological, differential and causal layers are related to various mathematical settings and
obstructions. Then, we observe different specificities depending on witch layer we imposed restric-
tions. Once again we comprise all these characteristics for the space-time entity of GR with the
symbol%? GR. For us, and in a broadly first approach, the symbol GR means in particular
the existence of a Lorentzian metric.

From the Einstein standpoint, the space-time structure GR is not defined by points, the space-
time entity is rather built on the notion of metric. It means that if we delete the metric structure on
the space-time entity, then nothing remains: there is no possible Minkowski space-time, there is also
no remaining topology description. For Einstein, the metric g,,,, describes not only the gravitational
field, but also the topological properties of the manifold. Entering in more details later, we will see
that, in a modern view, the gravity feature is encoded via the notion of solder form. The solder form

5'The Algebraic Quantum Field Theory (AQFT) (see [30, 211]) is connected to the study of formal functional
methods and is to be understood, from a physical standpoint as motivated by the needs of QFT (the path integral
approach). A further question concerns the possibility of formulating a consistent axiomatic within arbitrary curved
space-time. More technically, following [30] we define a local, generally covariant quantum field theory as a ”covariant
functor between the category of globally hyperbolic (four-dimensional) space-time manifolds with isometric embeddings
as morphisms and the category of C*-algebras with invertible endomorphisms as morphisms”. We mention this
approach in order to emphasize a crucial point about causal structure since AQFT is based upon two main principles:
covariance and locality. [86] In QFT the causal structure is fixed. Then, one observes a well-defined causal structure:
for example, for a scalar field ¢(z) with spacelike interval between the points = and z’, we have causality relations:
[o(x), p(x")] = o(z)p(z") — @(x')p(z) = 0. Our intuition is that it is the area where MG and CPS overlap, formally
and conceptually, that, we shall discover the necessary tools to resolve this very subtle question.

52This mathematical area may endow, from Quantum viewpoint, the face of intersections like the ones of algebraic
topology or quantum-topology. For example we may try to formulate another chain rule, based on the grounds of

Quantum area as (7) C (7)t°p° - (,)quantum c - C GR. However in the statement of some kind of

quantum topology, it seems that the first step of the chain, namely (7)t°p° - (,)quantum, destroys the well established
differential structures (,)d'ﬁ.
53We enter slowly into the explanation of the choice of this symbol along the discussion, and, by the way, find full

justification for it. It is a manifestation of what later on we will call an ontologic mode.
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appears as the gravity potential. This is connected to the fact that the disappearance of preferred
inertial observer is encoded in the displacement fields FZV (the Levi-Civita connection) whereas the
existence of Riemannian metric g, is of secondary importance in this play. This is the purpose
of the following sections where we precise the meaning of close but different related fundamental
concepts: the vierbein and the solder form. Before going on some reflections about the ontology of
space-time itself - and its intricate relation with the ontology of matter, what would be contained in
it - and in doing so appreciate the deep vision of relativity rooted in this fundamental problem, we
first specify the commonly used model of the general relativistic space-time. The general relativistic
space-time structure GR is the data of a manifold X, together with a metric g, of Lorentzian
signature and a connection®® V. We forget the connection for the moment, and other artifacts®
- such as orientation given by the volume element or time orientation - therefore we symbolically
describe a space-time structure by:

GR = (X7g,u,wv7UOZX(g)'“) = (X7g/u/)

The general setting of metric-compatible connection is connected to the Riemannn-Cartan spaces
where the curvature R and torsion T tensors appear as master pieces of the theory. In the general
case we not only allow the curvature (Riemannn space) but also the torsion (Riemannn-Cartan
space) to be non vanishing objects. Classical GR considers a Riemannn space with the following
relations: Vg = 0 and T = 0, and in this specific case, there exists a unique connection: the
Levi-Civita connection, see section (11.9).

11.2 Ontological being of space-time

We are faced to the ontological status of space-time. Now we focus on the space-time manifold X
itself: does a point in space-time X has an intrinsic existence, as the substantivalism view picture it?
The old Newtonian way to capture physical reality is related to the picture that material content is
defined on space-time. On the other side, the Leibniz relational standpoint is a conceptual expression
of the underlying impossibility to refer to a space-time structure. This old debate between the
substantivalism and the relational standpoints is perceived from a deeper perspective and leads in
a modern view to what Stachel calls dynamic structural realism [217]. If we follow’® Einstein [70],
”On the basis of the general theory of relativity space as opposed to what fills space has no separate
existence. If we imagine the gravitational field [...] to be removed, there does not remain a space
of the type [of the Minkowski space of SR/, but absolutely nothing, not even a topological space [...]

54Here the Levi-Civita, see section (11.9) below, or later a more general Riemannn-Cartan connection.

65 GR roughly means the existence of a Lorentzian metric. We find in the litterature properties such as:
globally hyperbolicity, orientation ... Hence we speak about an oriented, time-oriented, Lorentzian 4D-space-time.
Global hyperbolicity is connected to the initial value problem, the definition of Cauchy surface and therefore appears
at the intersection of both structures (,)Caus and (,)mpo. This assumption means that X is diffeomorphic to ¥ x R. As
emphasized by Stachel [216, 217], the historical road toward general relativistic Cauchy problem is related to the work
of Hilbert, [121] A. Lichnerowicz [162] and G. Darmois [50]. These mathematical investigations led to a discussion on
null and space-like hypersurfaces, the delimitation for initial data on spacelike hypersurface and geometrical objects
such as first and second fundamental forms. Finally, appeared also the distinction among the ten field equations
into two sectors: on one hand we have four constraints on the initial spacelike hypersurface and, on the other hand,
six evolution equations. The interplay between these different structures is really connected to a profound insight
revealed by GR. It is worth noticing that, after all this fact isn’t mysterious if we follow Einstein himself. From

GR
Einstein standpoint, at the heart of GR, space-time structure is not defined by points, space-time entity is
rather built on the notion of metric. What means that if we delete the metric structure on space-time entity, then,
nothing remains, there is no possible Minkowski space-time, there is also no remaining topology area. For Einstein,
the metric g, does not only describe the gravitational field, but also the topological properties of the manifold.
56The selected citation and comment are from Stachel [217]
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There is no such thing as an empty space, i.e., a space without field. Space-time does not claim
existence on its own, but only as a structural quality of the field”.

This idea leads us to picture the following ontological organization: GR represents the space-
time itself and GR represents what fills space-time. Let notice that the expression what is contained
in space-time is taken to emphasize the opposition with the ontology of space-time itself. From the
Einstein viewpoint, GR has no separate existence from GR. The abstract symbol, GR represents
the matter area or more precisely it concerns what is contained in space-time: fields. Hence, GR
content, actually concerns any interacting entities ¥ = {Wrq, Upoiae } defined on the ground of the
space-time concept - as maps from or into space-time. The idea of General Relativity is that we
cannot separate the two entities. They are solder together: space-time has no proper existence but
as a structural property of the field [71]. Hence we consider an interacting entity ¥V = {Ueq, Vpartice }
defined abstractly as a map into or from space-time: matter. An interacting entity is either a
particle Wp,4iqe Or a field Weoy. A field is a map from the space-time manifold X to a vector space
or an affine space, Wgoy : X — V whereas a particle Ve, is represented by a map into space-time
Upice : R — X. Then, any field is described as part of an interacting entity. This is why we
introduce ¥g and Wy where Wy denotes abstractly fields - or particles, any interacting entity -
which represent the material contents of space-time whereas Vg concerns abstract fields which give
the space-time structure.

The role of the metric tensor field g, is particular. First, the metric field is a field defined over
the manifold, a bilinear symmetric 2-form g = g,,, (v)dz* ® dz” and we describe in our picture g,
as a field U\ S(M). The Riemannian metric g, (7) is the gravitational field, and deserves the role
to be the potentials for the inertio-gravitational field. However, the relativity insight emphasizes
also the dual role for g,,,: to set the chrono-geometrical structure of space-time. In that perspective
g, is part of fundamental objects that describe our space-time model (s). It is then picture by the
symbol Wgs(s). Actually, a field ¥ = {\I!s, \IJM} is either what we would call a dynamical entity
Wg - namely an object that crystallized the two dual aspects: inertia and gravitation in a single field
(the metric field) - or a simple field. It has been expressed by the passage from the special role for the
inertial frame in special relativity, to general arbitrary accelerated frame. From physics standpoint,
an accelerated frame taken in the setting where we have no gravitational field is equivalent to an
inertial frame with gravitational field. Therefore, the mathematical model of space-time in GR is
intrinsically related to the ever present companion: the field. We denote symbolically:

B = (¥S(E), 350, Us, Ty) = (X, 3, Tg, Ty)

to emphasize these consideration on fields and interacting entites. Here 3 denotes symbolically the
target space of matter fields. Again, in the first movement of our journey - that would be transmuted
with the multisymplectic relativity insight, see later developments in sections (20) and (20.1) - we see
the natural arena for GR can be seen as the mathematical data written GR = (X s B \IJM) where
Wy represent non-dynamical fields. Within the Einstein vision, they represent “non-gravitational
fields and/or matter and acting as sources of the metrical field in the inhomogeneous Einstein
equations” - the citation is from M. Iftime and Stachel [126]. We observe in the following section,
the key role of the choice of a frame of reference. In that sens, a point z* of the manifold X is
only a label. Associate the choice of coordinate system to any physical content is meaningless. We
cite Stachel [217] "To talk about a principle of relativity only makes sense if one has first defined a
frame of reference.” Then the space (i.e space-time) in the Einstein viewpoint is described by the
choice of a metric. In a more modern language we speak of the choice of a section on the linear
frame bundle. We would like to emphasize that this is precisely this choice (whatever we consider
the metric or the solder form) that highlights Relativity principle.
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11.3 Principles of General Relativity

The theory of GR is constructed with two fundamental principles. The first is the so-called diffeo-
morphism invariance whereas the second is the equivalence principle. The diffeomorphism invari-
ance is the modern expression of the more primitive principle of covariance. The proper feature
of general relativity is what we call general covariance, or covariance. Roughly speaking, general
covariance means that there is no dependance of physical quantities on the choice of coordinates.
This is a mathematical requirement and constrains the way we formulate the theory. The second
main principle of GR is the equivalence principle. It states that for any local region in space-time
it is equivalent to write equations for physical laws such that the effect of gravitation is not taken
into account. The curvature is the geometrical object which encodes the gravitational field. Lo-
cally appears this relation with the flat Minkowski space. Hence, the strong equivalence principle
establishes the local equivalence between gravitation and inertia.

In the following discussion we concentrate on the idea of background independence. Many mis-
understanding about the concept of general covariance trace back to the following concepts: point
and events. Background independence deletes the possibility to identify a point of the manifold X
with any physical content. In this case we formulate a fully dynamical, background-independent
space-time theory. In a fully background-independent theory, the global topology of the space-time
manifold is not given a priori. The topology may depend on solutions of the field equations. This is
a crucial aspect of a dynamical entity related to the fact that the structure on X is not fixed a priori.
We observe that what we usually call a space-time symmetry, in a purely ontological meaning, is
given by means of the diffeomorphisms s : X — X. We realize diffeomorphism invariance via the
condition »*Wg = Vg where Vg symbolize the typical gravitational field g,,,. The principle of co-
variance is expressed via the active view of diffeomophism invariance. If we describe a mathematical
model GR of the relativistic space-time in correspondence to any precise physical content of a
gravitational theory, then for any diffeomorphism ¢, the abstract mathematical gravitational model
%*GR equivalently describes the same physical situation. This is what we call below an active
view of covariance principle, [12] symbolically described by:

BM™ = (X, Ts, Ty) = (X, 5" Vg, 3T y) = s G0

In this active standpoint, we speak of general covariance as diffeomorphism invariance and we
observe a maturation of the old debate concerning the physical content of general covariance, crys-
talized in E. Kretschmann [153] objection - that this principle is empty of any physical content.
In this direction, one argue today that background-independance is related to the concept of diffeo-
morphism invariance. As indication of this debate stands the opposition with general coordinate
transformations and the tensorial laws for physics. Einstein’s field equations are invariant under
general coordinate transformations. In this story, the pseudo-group of general coordinate trans-
formations €oo (X') is involved and concerns the fact that we allow mathematical possibility of
formulating the theory using tensors fields. Tensor fields present good transformation properties
under a general coordinate transformation®” so that they can be defined globally on the manifold.

Let Dw(X) be the diffeomorphism group, the group of active transformation of X. If we follow
the Einstein point of view, @Di(X), the group of diffeomorphism on a Riemannian space-time is
seen as the invariance group of general relativity.’® As Einstein emphasized the invariance under

%"Let ¢ € €oo (M) with ¢ : 2# — ¢(z*) and let a tensor field P(z) = P*1-#a,, , (2)0u, @ - ®0,, ®dz"" - - -@dz"a.
Under the general transformation ¢ € €oo (M), the components of the tensor field transform as PH Mg Vv (z¥) =

oz 91" dzh1 ozt
(ale ) B (aiﬂq ) (83/1 ) o (rz% )P’” ey ()

58 Any theory of nature is (in contrast to a covariant one) is invariant under passive diffeomorphism transformations.
Also, notice that Einstein’s standpoint is historically rooted before the spin has been discovered.
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Dir(X) delete any physical signification to a point of the manifold. If by Mewics(X) we denote the
space of all metrics over X, the relevant (physical) space is the space of geometries of the manifold
Geom(X) = Mewics(X) /Di(X). The equivalence principle is pictured as the existence of a Lorentz
metric on our space-time manifold X. One can understand this point as a bundle reduction of the
linear frame bundle F'(X) to the Lorentz sub-bundle Fgp(;3)(X). This picture appears to be the
good landscape for the setting of studying the space Gem(X) - understood as a space of 4-geometries.
We refer to the work of M. Iftime [126] for the analyze of the structure of the moduli space X501 3)
of all isomorphism classes of SO(1, 3) reduced principle sub-bundles of the linear bundle F'(X). We
refer to the forthcoming section (12.3) for more comments on the bundle reduction.

The class of background-independent theory concerns several aspects. In the most general case,
the background structure concerns the Lorentzian metric g,,,,, - namely (,)Caus previously introduced.
However it shall be emphasized that we may also understand the concept of background structure
as involved in several of the layers necessary to build the space-time entity GR. In other words:
the topology may be concerned as a proper part of the background structure and then the question
of its implication in the theory become fundamental. Maybe an acceptable QG theory shall not
only try to quantize the gravitational field itself, but also the topology beyond. For example, usual
QG approaches - the covariant and canonical frameworks - drastically suffer on their own way for
the application of this idea. On one hand, we consider the covariant approach, where we consider
the decomposition of the metric g, = hyu, + hyy. This setting is deeply impregnate with a fixed
topology and fixed differential structure modeled on Minkowski background metric. Difficulties of
such a covariant approach - with preferred causal structure - make not reasonable place for a full
background-independent meaning. On the other side, in the canonical approach, we work with a fixed
topology ¥ x R and the background-independent prescription is apply on the causal layer. However
in this case, we do work with singular topology. Both approaches,’” covariant and canonical - the
latter leads to the modern LQG program - are part of the same logic that want to realize QG on
the basis of a quantification of classical general relativity.

11.4 Canonical framework and topology

One of the conceptual issue of GR faced to the machinery of gauge theory lay in the prism of
the following question: it is possible to see GR as a gauge theory and, in this case, how we can
implement a gauge vision for the diffeomorphism group @ir(X)? The choice of a topology via a
given foliation of space-time leads to the decomposition X = R x ¥ and makes more subtile the
role of the diffeomorphism group Dir(X) in the story. It is often argued that the symmetry group
Dir(X) for Einstein-Hilbert action is "faithfully implemented in the canonical framework, although
in a not very manifest way [222]. For us however, this question is far from being an artifact. Beyond
it, the fundamental issue of a fully covariant Hamiltonian formalism for field theory without the
asymmetrical treatment of space and time is related to the perspective of working free from these
specific topological constraints. This is one of the main motivations for multisymplectic setting. The
classical canonical approach for GR is built on the Hamiltonian setting and is constructed with this
space-time decomposition. This space-time foliation is the backbone of canonical quantum gravity -
historically developed with Wheeler’s Geometrodynamics [239] and the related work of R. Arnowitt,
S. Deser, and C.W. Misner [6]. Space-time entity GR is assumed to be globally hyperbolic and

59String theory shall be understood to belong to another category: within perturbative tools and with the idea
that General Relativity appear as the low energy limit of the theory, this one is build on quantum principles but the
classical analogous is not. Then, working within logic of string theory, we have well established quantum part whereas
it is commonly admitted that connection to geometry of General Relativity and connection to physical principles is
obviously lacking.
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thanks to Geroch’s theorem [88] it admits a foliation with the singular topology R x X. Notice
that this picture is related to the initial value of calssical GR formulation and, in this context, to
the existence of Cauchy surfaces”™ concerns a topological restriction. Hyperbolic space-time can be
foliated by a family of spacelike hypersurfaces ¥;.”' Notice that in the classical picture there is no
difficulties but in quantum area topological changes do have importance. Canonical approach for
QG, based on a space-time foliation, suffer from huge global topological restrictions. Nevertheless,
these are the roots of traditional canonical approach which flourished at the crossroad of the work
of Dirac [60, 61, 62, 63] and the one of P.G. Bergmann [24, 25] within the context of Hamiltonian
dynamics with constraints. In this setting, the idea is to relate properties defined on a 4-dimensional
Riemannian Manifold (X, g, ) to an embedded 3-dimensional Riemannian submanifold (%, v;;) via
an embedding ¢ : ¥ — & The bilinear form g, defines the induced metric on ¥ by means of the
pullback ¢*g. We obtain the induced metric on ¥ xR denoted (¢*g) . (x,t). Alternatively, one speak
also of the induced metric v,, on 3 by the diffeomorphsim ¢;. Then, the foliated leaves inherits the
structure (X,v) and the canonical variables are the 3-metrics v;; on X, we alternatively describe
these objects by 7., on ¥y = ¢(2).

11.5 Basic geometrical features

Dynamics of GR is described by the Einstein equations. They are obtained from variational principle
applied on the Einstein-Hilbert action (203) which depends on the metric 8,,,- In this approach the
metric is the dynamical variable and satisfies Euler Lagrange equations. The fundamental objects
- the Levi-Civita connection Fﬁy and the curvature tensor ¥, - are expressed via the metric. In
such a framework, we describe GR as a metric theory.

Cenlg) = /X Lig, |5 = /X Ry —gf = /X V8" R g5 (203)

The variational principle is applied to Lg, [gW]. We perform variations with respect to the metric
variable g, and we obtain the vacuum Einstein field equations. [69, 70, 71]

G = Ry — %gWR =0. (204)
The action (203) is called the Einstein-Hilbert action since the action principle for gravity was
given by Hilbert [120]. Here, G, is the Einstein tensor, Ry, is the Ricci curvature tensor and R
is the scalar curvature. Besides the curvature tensor, hides the introduction of covariant derivative
object V,,. This one turns into the use of an affine connection I'*,,, (the Christoffel symbols with
inhomogeneous local coordinate transformations). Hence, the definition of the Riemannn curvature
tensor in terms of commutator of covariant derivative is given by the following expression:

Rl gy = Oy — 0,10, + T4, T0, —T0, T, (205)

The canonical Riemannian volume form is a coordinate free object, denoted voly(g). Let us denote
B = dz' A....Adz"™ so that voly(g) = /—gB = /gdz' A....Adz" so that voly(g) is expressed with the
coordinate system (z?, ..., 2™) where {9} is the coordinate basis of the tangent space TX. The dual
coordinate basis for the cotangent space T*X is {dz*}. Let us introduce €, ,, the Levi-Civita

"0 A Cauchy surface is a spacelike hypersurface such that each causal (i.e. timelike or null) curve without end point
intersects it only once. A space-time (X, gW) that admits a Cauchy surface X called globally hyperbolic.

"'The hypersurfaces ¥; are integral manifold of the distribution. A space-time foliation is given via an embedding
G:X > Xz € X q(xr) =c(t ), from which the diffecomorphism ¢ : R X ¥ — X : (¢t,2) — <(¢,2) = ¢ (x) is
constructed.
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7

symbol and €, ., = VO]X(g)m.--un the components of the Levi-Civita tensor’” expressed in the

basis dz" ® ... ® dz#». We have™ the relation €,,. ., = \/|gl€u;..un- In the subsequent sections we
use the following property (o is the signature of the metric.)

A 5, = (1P~ O

11.6 Moving frame, holonomic frame

Let us recall some basic facts about moving frames to introduce the deepness of the tetrad formalism.
Let X be a n-dimensional manifold. The tangent space T, X at any point x € X is a vector space
so that any vector on it is expanded in a basis or frame e(x) = {e,(x)}1<u<n, a set of n linearly
independent vector e,(x) at x € X. We call a moving frame or repére mobile - in the spirit of
Cartan [40] - a smooth assignment z € X — e(x) of the frame e(z) of T, X to each point of the
manifold. A vector field £ : x € X — £(x) € X(X) is written {(x) = &#(x)ey(x) or more simply
¢ = &Me,. A tangent vector fields on X is a section of the tangent bundle TX and X(X) is the set
of such sections. We introduce the coframe as the dual object: an ordered set of n linear 1-form
0" (x) = {0"(x)}1<u<n at a given point x of the manifold. The cotangent space T;X is also a
vector space. A moving coframe is the smooth assignment 6 : x € X +— 6(z) of the coframe 6(x) of
TxM to each point x € X. We observe the duality relation 6#(e,) = 6,,. In the section (12.4) we
will describe the coframe field as a bundle isomorphism and some considerations on the soldering
procedure, which is fundamental for gravity and supergravity theories. Moving frames and moving
co-frames do not require the existence of a metric. An holonomic frame, or coordinate frame™ is
associated to specific coordinates chart x* and writes e, = 0, = %, whereas dual object i.e the
holonomic coframe is given by 6# = dz*. An holonomic basis for TU™, is a set {e,}, such that
Vu,e, € I'(X,TX) there exists a coordinate chart (U, ¢) and a coordinate function z# : U — R,
such that for each differentiable function ¢ : X - R with m e Y C X and ¢(m) =2 € O CR"

9
eu(¥)],, = 57V o,

This definition justifies the notation e, = d,,. On the other hand, a set 0" where 0* € I'(U,T*U) C
(X, T*X) is called an holonomic basis for T*U if there exists a coordinate chart (U, ¢) and a
coordinate function x# : «f — R such that 0% = dz#. Since the basis 6" is the dual basis of e,
we have for holonomic side the relation: 6#(e,) = da#(9,) = 6. A general coframe O* = da* is
holonomic if d§* = 0, then the coordinate frame is trivially holonomic since d(dz*) = 0.

The structure coefficients ci, are the objects which give the indication for holonomic feature
and are defined via the commutators relations [e,,e,] = ¢ e,. The Lie bracket of vector fields is

"We have volx (g) = volx(g) ., AT @ L@ datt = €y, datt @ @ dot = (1/nh)ep, ., datt AL A datT

K-t

volx (g) = (1/n)Vlglewy .. dz™ A .. A dzt™ = /|gldz' A ... Ada™ = \/|g|B = B°

€u,...un, Tepresents the components of an n-form, and €, ...,.,, are component of a pseudotensor density. From tensorial
density €,....,, we build up the volume form (i.e tensorial invariant) multiplying by \/@ the Levi-Civita density
volx(g) = B8 \/E . The volume form is a canonical way to chose a particular continuous and never vanishing n-form
on X. Any non degenerate metric provides a canonical volume form.

Tsince g = det(g,,) = |g,,| is a tensor density of weight —2. The dual relation is: €“*~#" = (1/+/1g])etr--+n

"The holonomic frame is not orthogonal in general (see later development and the definition of tetrad or vielbein
in section (12.2)). The notion of orthonormal frame is related to the metric structure: g = g, dz" ® dz”. The metric
distinguishes which frame are orthogonal, namely a change of frame is in this case a linear transformation which
preserves orthogonality. By definition the metric acts on basis vector as: g(dyu, 61,)|z =g(0y, 8u)|z =g, ()

"with 4 C X an open subset
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encoded with the Lie derivative Le, (e5) = [eq,es] = /e, = —Le,(€a) = [eg,a] = ] €,. For an
holonomic frame dz#, the structure coefficient are zero so that: ¢, = [e,,e,] = Le,(e,) = 0. The
structure equation that encodes the anholonomicity for the coframe is given by the Maurer-Cartan
relation df? = —1/ 2c259"‘ A 65, We refer to the appendix (B.9) for more details on the Maurer-
Cartan form. Finally, a general moving frame is a smooth section of the general linear frame bundle
F(X) — X. From fiber bundle standpoint the frame bundle F'(X) = Fgr(,r)(X) is a principal
bundle associated to the tangent bundle with gauge group GL(n,R). This viewpoint open the road
toward G-structure and the bundle reduction. We describe below, in section (12.3), the connection
with the Lorentz sub-bundle Fgo(1 3) ().

11.7 Covariant derivatives and connections

We refer to the appendix (B) for a general presentation of covariant derivative and connection son a
vector bundle. For classical GR, the linear connection on the manifold X is described as the specific
case where the vector bundle is the tangent one. Let {e,} an arbitrary frame on T X, let {6”} be
the dual frame. We introduce '}, the connection coefficients in the frame e, defined by means of
the action of the covariant derivative De,e, on a vector basis e,, with respect to e, (206)(i) and
the dual relation (206)(ii).

(i) De,e, =17 e, (i) De,0" = —I,0" (206)
Definition 11.7.1. A linear connection (covariant derivative) on a manifold X is the mapping D
which gives to every pair of vector field X,Y € X(X) = I'(X,TX) another vector field® DxY €
(X, TX) such that D : X(X) x X(X) - X(X) : (X,Y) — DxY

The notation '}, is reserved for the Christoffel coefficients: the connection coefficients in the
holonomic moving frame 0, given by relation (207)(i) - and the related dual basis dz* given by
relation (207)(ii).

(i) Dg,0, =T%,

00 (i) Dg,dz” = ~I" da’ (207)

Lemma 11.1. Let e, be a moving frame on X and let 0 be the moving co-frame, with the in-
troduction of the connection coefficient De, e, = I‘Zyel,. We eavpre&s77 the vector field DxY in a
moving frame e, as DxY = (X*dY*(e,) + T, X"Y")e,

11.8 Torsion and Curvature Operators

Definition 11.8.1. The torsion associated to a connection D on TX is the operator T : X(X) X
X(X) — X(X) such that for any X, Y € X(X) we associate the vector field T(X,Y) given by
T(X,Y)=DxY - DyX —[X,Y].

Lemma 11.2. In an arbitrary moving frame T(X,Y) = X+* X" (I, e, — Th.e, — ey, €,])

"The covariant derivative Dy, in the direction of the vector field X € X(X) satisfy (bi-linearity in X and YV
and the Leibniz rule); Vf,g € C™(X), X,Y,Z € T(X,TX) (i) DxyvZ = DxZ + Dy Z, (ii) Dsx(Y) = fDxY,
(i) Dx(Y + Z) = DxY + Dx Z and (iv) Dx(fZ) = fDxZ + X(f)Z

771 Proof Let X = X"e, and Y = Y"e, be vector fields on X.

DxY = Dxue,(Y'e,) = X¥D,,(Y"e,) = X" [dY”(eM)eV + Y”Deueu)] = X"dY" (e )e, + X*Y " De, e,

De, e, is decomposed on the basis e, since Ffw = 0° [De“ el,] we have De, e, = 6r [De“ ey}ep = F,’fwey ]



112 D. Vey — Multisymplectic Gravity

Proof We explicitly follow Hélein [109] for this proof. From (11.8.1) and Lemma 11.1 we deduce:

T(X,Y) = DxY—-DyX-—I[X,Y] (208)
= [X"dY"(eu) + 0, X"Y"]e, — [Y"dX"(e,) + 5, V"X ]e, — [X,Y]
We have,
Lix,yie Lx(Lyp) — Ly (Lxp) = Lxre,(Lyve, ) — Lyve,(Lxre,P)

XYY Le, (Lo,p) + XHdY Y (ep) Lo, 0 = Y'X Lo, (Lo, ) — Y dX"(ev)Le, ¢
xXry” (Ee“ (Le,p) — Le, (Ee“@)) + (Xudyy (en) — Y"dX" (eu))ﬁeu@
XYY Lio, 019 + (XHdY" (e) — YHdX"(ep)) Lo,

So that [X,Y] = X*Y"[e,,e,] + (X*dY"(e,) — Y*dX"(eu))e,. We inject the last equation into (208):

T(X,Y) = [X"dY"(eu)+T0,X"Y"]e, — [Y'dX"(eu) + 10, Y"X"]e,
—{X"Y"[en,e,] + (X"dY" (e,) — Y'dX"(eu))ew }

Then: T(X,Y) = X*"Y" (Il e, —I'),e, — [en,e]) |

T is identified with a tensor T' = T/,e, ® 0* @ 6” where T'(X,Y) = T},,e,X*Y". From Lemma
(11.2) we set Tf, = T, — T, — 6°([e,, €,]). Due to the definition of the structure coefficients we
find the expression T}, = I'f,, — '), — cf,.. Notice that the torsion tensor is seen as a section of the
fiber TX @ T*X ® T*X. Since we notice that torsion is antisymmetric we describe T' as a section
of the fiber TX @ A2T*X. Let X(X) ® Q2(X) be the set of sections I'(X, TX ® A’T*X), i.e the set
of T'X-valued 2-form.

Definition 11.8.2. We define the torsion 2-form as a TX-valued 2-form. ©F = 1/2T},0% A 0¥

We write the torsion tensor 7'(X,Y’) by means of the torsion 2-form ©” since
1
T(X,)Y)=T}e,X'X" = erT[jl,G“ NOY(X)Y) =e,0°(X,Y).

Notice the key following fact. The torsion has only meaning on the tangent bundle but it become
meaningless on an arbitrary fiber bundle.

Definition 11.8.3. For any X,Y € X(X) = I'(X,TX), we define the curvature operator of a
connection D on TX as the following mapping (i) whereas the TX -valued curvature 2-form is given

by (ii):

1
(i) R(X, Y) = DxDy — DyDx — D[X,Y} (ii) Qg = §R0PMV0N A QY (209)
The curvature tensor is a M ® T* M-valued 2-form. The Riemann curvature tensor lives in the
tensorial product TM Q@ T*M @ T* M @ T* M. Then, the components of the curvature tensors are
given by:
R oy = €u(T0,) — €, (T0,) + 10,10, = T4, 10, — 1%, (210)

When we work with holonomic frames, we recover the expression previously given (205). We
introduce the fundamental Cartan structure equations in modern mathematical physic.

Proposition 11.1. For a general Riemannian-Cartan space we have the following structure equa-
tion
(i) OF =do* +wh Aot (i) QU =dwl +wh ANwp (211)
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[ Proof. Once again we explicitly follow Hélein [109] for this proof. First we are interested in proving (211)(i).
For that purpose, we need to write the torsion 2-form with the help of the connection form w*,. Let recall that
w”y, =T4,0° then w", (X) = w",(X,e,) = X,I'} 0*(e,) = X,I'y, 0, Therefore w”, (X) =T, X°.

T(X,Y)= XHYU(quep - Ffmep —ley,e]) = (FZVXN)YUEP - (pguyy)xﬂep - X"Y"[eu, e.])
T(X,Y) = {wf,’(X)O”(Y) —wh ()8 (X) — X“X”@p([eu,ey])}ep
Since df°(e,,e,) = Lo, (07(€,)) — Lo, (0°(eu)) — 0° (e, @]) = La, (62) — La, (82) — 0 ([ensen]) = —0%([e e.])
T(X,Y) = {w{f(X)Q”(Y) —wh(Y)0"(X) — X" X"do" (ey, el,)}ep = {d@”(X7 Y) 4+ wh A7 (X, Y)}ep

We finally write T' = (d9” +wh A 9”)ep namely Cartan first structure equation ©° = d6” 4+ wf, A 0. Now we focus
on the proof that concerns (211)(ii). Once again, on the grounds of De,e, = I', e,, the key point is to use the
connection form. Now since w”, =I'5,0” = 6" (De,e,)0” then it is equivalent to write De, e, = wh(e.)e,.

R ppves = De,, De, €p — De, De,€) — D[e,“eu]eﬂ = De, (wg(eu)eg) = De, (wg(eu)ea) - wg([eu’ e])es

Rapuuea = Leu (wg<eu))ea + (’J;C)r (eu)Deu €s; — {ﬁeu (Wg(eu))ea + wg(eH)Deu e"} - wg([el“ eVDeU
R pwes = {Le, (wy(ev)) = Le, (w; (en)) + wy (ley, ev]) feo +wi(ev) Do, 60 — wp (e4) Do, €o
Using Cartan formula we notice that dwj (eu,e.) = Le, (wj (ev)) — Le, (w) (en)) + wy ([en, €,]) so that:

R pves = dwy (e, eu) + {w] () De,es — wi (€4) De e } = dwy (e, e0) + {wf (0 )wy (en)ex — wh(en)wy (ev)er}

Finally, one writes R ,.€r = dw (ey,e.)es +w] Aw) (e, e)exr = (dw) +w] Aw))(eu, ev)ex |

11.9 Levi Civita connection

We choose on the tangent bundle T'X and the cotangent bundle 7*X the holonomic moving frame
and coframe {0,} and {dxz*}. Lemma (11.1) for holonomic case gives the expression DxY =
(XHD,YP+T0, X Y")D,. In this case we call the connection coefficients the Christoffel symbols and
we denote by V the associated covariant derivative to the torsion free connection. The Christoffel
symbols are given: I'},, = dz”(Vy,0,) and the holonomic frame is called integrable if Y, v [0, 0] =
0. In this case, the coefficients of the torsion tensor are simply given by T}, = I'h, — I'),. The
Levi-civita connection, described by means of the Christoffel symbol, appears to be the cornerstone
of classical Einstein’s theory - see [70, 71]. The Levi-Civita connection satisfy two conditions. The
first is the absence of torsion”® which is related to symmetric feature of the connection coefficients:
I'f, = I',. The second is the metric compatibility condition Vg =0 (covariant consistency).
We construct a covariant derivative operator V : X(X) — QY X, TX)

V€ = 0,8 + TN (212)

Then, the Levi Civita connection is the
A

(nv
translate T, ﬁ\y = 0. These conditions allow us to write the expression of the Christoffel P;/\w =

The torsion tensor is given by T,f‘l, = Fi‘w - F;}u =T [);W]-

only metric compatible V,g,, = 0 connection with the torsion free condition Fﬁy =T ) wich

1/2g>‘a(&,ga” + 0u8ay — Oagyy)- Finally, we decompose any connection fz‘y = Ff;,, + Kﬁ‘y where
Kl’)y is the contorsion tensor which writes K}i\l/ = (1/2)(Th, + TY, + Tf,). Hence, for any affine
connection:

- 1 1
]‘—‘i\LlI = igAa (al/gau + aﬂgcw - aag,uy) + §(T/§V + Tze,u + T/fy) (213)

"8 A connection is said to be torsionless or without torsion if VX,Y € X(X),T(X,Y) = 0.
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12 General Relativity vs Gauge theory

12.1 Prolegomena

Now we focus on the geometric foundations and we give some remark about the interpretation of
gravity as a gauge theory. The key idea is that we may picture Gravity as a gauge theory but with
an additional feature: the presence of specific constraints due to the solder form.

Cartan [40] gives primacy of the solder form as opposed to the initial Einstein standpoint which
emphasizes the metric field. Einstein initially described the metric field as the only dynamically field
and in classical GR, the affine connection is determined by the metric via the Christoffel symbols.
The Levi-Civita connection - see the fundamental theorem of Riemannian geometry - is the unique
affine connection which is symmetric and metric compatible. The roots of this issue is related
to the correspondence between Einstein and Cartan [41]. Therefore we exhibit two reflections of
this question. First, in the Cartan standpoint, there is an unnecessary relation between metric
considerations and the notion of absolute parallelism which is given in the affinity of the connection.
In a modern view we describe gravity with two independent field (e,w) giving birth to the so
called Palatini formalism - or in a more embracing view to what we term the Einstein-Cartan
standpoint. The second aspect concerns the fundamental notion of torsion and its interplay in
the Einstein-Cartan theory [223]. We introduce torsion consideration with the machinery of the
vierbein or the tetrad formalism which allows us to consider spin and matter fields. However the
deepness of Cartan’s vision is wider [40]. Gravitational theory is described naturally by Cartan
generalized spaces and Cartan Geometry, and relates in an astonish way the philosophy of GR.
This is the main focus in the following section. Fist let us remark which concerns the form of
the Lagrangian. In typical Yang-Mills theory [177], the Lagrangian is quadratic in curvature:
Lyw(A) = —1 [, tr(F AxF)B. On the other side, the Einstein-Hilbert Lagrangian (203) is only
linear in curvature. This simple fact, is actually deep. However, the difficulty to cast gravity as a
gauge theory is related to understand in one single principle the general covariance, and the gauge
muariance.

The first consideration concerns the Kaluza-Klein program™ [138, 147]. In a second time, arises
the Einstein-Palatini formulation which is concerned with local Lorentz symmetry. The modern
construction via the use of Einstein-Palatini action - see section (12.5) - is related to the work of
80 given by Utiyama [227], D. Sciama [212] and T. Kibble [140]. The modern Ashtekar program
[10, 197, 221, 222] is also fully involved with such a setting. Finally, the solder form and the notion of
tetrad field appears important ingredients in the geometrical framework of the supergravity program.
The simplest supergravity model (M = 1,d = 4) involves the tetrad field ef“ the spin connection
wl’ - considered as an independent field - and the gravitino 1, and is described by the following
action: Lsyale,w,¥] = [ (eR+ €*7 4,757, Dpibs) B. The supergravity program [48] [83, 85, 187]
proposes to gather the principle of supersymmetry with the theory of GR. In this case, the local
symmetry is given by means of the super Poincaré algebra. This direction of mathematical physics
has open the road to string and superstring theories, see the work of J. Polchinski [192], M.B Green,
J.H. Schwarz, E. Witten [103] and A.M Polyakov [193]. The common feature of those theories lay
on extra dimension and their compactifications, which in turn is perceived as a generalization of
the Kaluza-Klein theory. Here, we work with ten, eleven, or twenty-six dimensions wrapped up on

We cite F. Wilczek [243] the Kaluza-Klein idea ”secks to submerge gauge symmetry into general covariance. Its
leading idea is that gauge symmetry arises as a reflection in the four familiar macroscopic space-time dimensions
of general covariance in a larger number of dimensions, several of which are postulated to be small, presumably for
dynamical reasons. [...] In the Kaluza-Klein construction, [...] the gauge symmetries arise only from isometries of the
compactified dimensions.

89%hut we would not loose ourselves in the winding historical road that had led to this gauge gravity idea.
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themselves, and we find the notion of Calabi-Yau spaces and orbifolds.

We notice the work of MacDowell and Mansouri [167], and Chamseddine-West [42] (see D.K.
Wise [244] for the underlying setting of Cartan generalized space and Cartan connections), which
gives a particular focus on the solder form. In a modern viewpoint, the fundamental feature that
opposes GR theory to a traditional gauge theory is mathematically given by the concept of the
solder form. The following section is dedicated to the clarification between the tetrad field and the
solder form. We have been inspired from the work of W.A. Rodrigues and E.C. Oliveira [195], R.
Aldrovandi and J. G. Pereira, [2] and from the book of Baez and J.P. Muniain [14]. Note also the
work of Hélein [112] and the related work of®! N. Kahouadji [131].

12.2 Tetrad field

Remark. In the subsequent section, the indices I, J, - -- denote tetrad indices, strictly speaking they
are related to orthonormal basis grounds. We emphasized this point since in the section devoted to
the solder form (12.4), we use the same notation, however there those indices would be taken as Lie
algebra (Minkowski vector space) indices.

An orthonormal moving frame is termed a n-bein or a wvielbein and in the 4D case a tetrad or
vierbein. An orthonormal basis for TX is a set {er} with e; € I'(X,TX") and we have the relation
(214)(i):

(i) gler,es)|, =hms (ii) g0, 07)| =n"’ (214)

where hy; is the Minkowski metric. We insist here on the meaning from greek language. The word
TeTpds means a group of four or equivalently the number four. Historically, frame fields perceived as
tetrad have been introduced in GR by Weyl [238]. Hence, the set {er} is a section of the orthonormal
frame bundle Fgo(1 3)(&), a principal bundle with structural group SO(1,3). As we proceeded for
arbitrary moving frame we introduce the set of dual objects as an orthonormal basis for T*X is a
set {07} with §7 € T'(X,T*X) and the dual relations (214)(ii). Duality is exhibited thanks to the
relation 61 (ey) = 55 We expand ey in a holonomic frame as e; = €70, and the dual frame writes
0" = el dz”. Notice that e/ (z),e%(z) : X — R are functions such that efe; = 67 and effe] = 6 We
have the formula®?.
8w = €nehry hrs = efelg,.

The notion of tetrad concerns an additional structure: the metric. Hence an orthonormal moving
frame is pictured as a moving frame that remains orthonormal at each point of the manifold. General
frames transform from one to another via local linear transformations associated to the linear
group GL(n,R). In the case of the tetrad field the situation involves only the special orthogonal
transformation associated to the special orthogonal group SO(1,3) C GL(n,R).** Hence, the most
simple way to picture the tetrad is to see the tetrad field eﬁ(x) as the components of an orthonormal
moving frame given with respect to an holonomic one. Once again, we insist on notations: we
use either {e,} = {0,} either {er} (respectively an holonomic moving frame and an orthogonal
moving frame) as a basis for TX. Analogously we have for the dual objects: {6*} = {dz*} and
{67} which constitute basis for the cotangent space T*X. In such context, the objects el are seen as
the components of a basis of 1-forms 6! expressed with respect to the canonical holonomic 1-forms

8lwhich focusses on local conservation laws and generalized isometric embeddings.

82From this standpoint, we can write a vector field ¢ € T'(X,TX) and a 1-form « € T'(X,T*X) in holonomic basis
{en} = {0.} and {6*} = {dz"} respectively as { = {He, = £#0, and a = a,0" = audx”. We may also expand the
vector field and the 1-form (covector field) in the associated orthonormal moving frame as: £ = £'e; or a = are’.

83Then a transformed tetrad via such transformation is again a tetrad. In the case of space-time and gravity theory

we will see that we are concerned by the Lorentz group and Lorentz transformations.
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basis {dz”}. We develop e’ = el dz” = el (x)dz” and e; = €/ ()0, so that we express Dy, 0, with
two different manners. Note that Da‘ﬁ = F,ﬂ,@ = FWe €I, SO

Dy, 0, = Dy, (e{,e;) = (Dauei)el + eiDau (er) = Ou(ei)e[ + eiwff[eK = (@Le + eleiK) er

Equalizing them we obtain: (d,el + e,f(wﬁK)e[ = Fﬁyege[. So,
el + el wﬂK Fﬁy =0 (215)

The object e‘; are seen as components of the vector e; in the basis J,,. Equivalently we can think
of the object ¢/ (z) as matrix components. We see el(z) as the components of a tensor field.
Let us consider e € I'(X, T*X ® TX) so that el (z) are seen as the components of a tensor field
e = el(r)dx” ® e; by means of the mized basis. We calculate the covariant derivative Dy, e =
Dau( £dl‘ ®ey), for which we introduce the connection coefficients w/{ r and I'Y\. They are defined

such that Dy,er = wl{IeJ and Dy, dx" = —I‘”Adaj)‘. Finally we obtain:
Dy, e = (Oel, e/\FW + eyqu)dx ® ey

[ Proof We have the straightforward computation:

Ds,e = Da“(eidaz ) ® er + eud:r" ® Do, (er) = ((Daﬂei)dx” + (eiDa“d:c”)) ®er+eldz’ ® Do, (er)
(Buerdz” — el dz) @ er + eldz” @ wjjes = (Duel, — exl'p,)dz” @ e + ejwi dz” @ ey |

Notice that when coeflicients eu are defined by e/ = eldz” = el (x)dz” then De = 0 due to the
relation (215). We have:

Dyel, = [Da,e]} = duel + eKwl o — T8 el =0 (216)

The notation [Due]i stands for the components of Dy, e in the basis e; ® dz*. More explicitly the

picture gives Dy, e = [D#e]:ej ® dz*. Notice also that the covariant derivative acting on tensor
fields is the map: Dx :e e (X, T*X ® TX) x X(X) — Dxe € I'(X, T*X ® TX). The important
point is the mized basis feature. Let emphasize that the identity (216) is a trivial one if we picture
the tetrad field as components of an orthonormal moving frame expressed in an holonomic basis.
As emphasized in [195], for a general tensor field P = P(z) € T'(X,TX ® T*X) described in such a
mized basis there is no needs to be the case. For P = P (x)dz” ®e; the components of the covariant
derivative Dy, P along the vector field 9, writes Dy, P = Dy, [P} (z)dz" @ ;] = [Dy,Plle; @ da”.
We obtain by straightforward calculation:
[Do,P]. = 8P, — PIr), + Plul,

v

"Proof We have P = £ ® i where ¢ € I'(X,TX) and 7 € T'(X,T*X). Let Do and D, be the covariant derivative
acting on vector fields X(X) and on 1-forms:

(i) Do:X(X) X X(X) = X(X): (X,Y) = DoxY (i) De:X(X) x QY(X) = Q(X): (X,n) = Dexn

we write D(P) = D(E®n) = (Do) @0+ & ® (Don) and D = De ® Idrsx + Idrx ® D, Taking &€ = e; and
n = Pl(x)dz”. We observe then (Def) ® 1 = De(er) ® 1 and £ ® (Don) = £ ® Do (P (x)dz"). Connection coefficients
[Dd]s, er = w)yes and [Ds]s, (dz”) = —T",,dz” are defined.

Ds,(P) = ([Du]o,er) @ Pi(z)dz” +e; ® ([Dolo, (P, (x)dz"))

= (wfuej) ® Pl{(:n)dr” +er® (P,{(m)[Do}au (dz") + deBM(P,{)(x))
wp PL(z)e; ®da” — T}, PL(z)e; ® dz’ + e; ® da”’ 9, P} (x)
= (9.PL—Pil), + Pw/.,)er @ dz” |

In the general case that [Da ]I do not vanish. Notice that ec "X, T*"X ®TX) is pictured as
the identity tensor on TX. We have, e = el (z)dr" ® e; = ! ® e; = dat ® 0.
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12.3 Frame bundle standpoint and G-structure

The equivalence principle as one essential feature of GR is related to the framework of G-structures.
The equivalence principle is related to the reduction of the frame bundle F(X) to the Lorentz
sub-bundle Fgo(1 3)(X). G. Sardanashvily calls the geometric equivalence “the ezistence of Lorentz
mwvariants on a world manifold”. In the Relativity Theory, geometry of Lorentz invariants are
fundamental. The existence of a global section on some bundle is equivalent to the existence of a
pseudo-Riemannian metric which is to be thought of the gravitational field in the Einstein stand-
point. The interpretation of the tetrad gravitational field as a Higgs field is given, via a sponta-
neously symmetry breaking, in the work of D. Ivanenko and G. Sardanashvily [129, 205]. We focus
on the concept of frame bundle. The frame bundle F(P) is the principal fiber bundle (P, M, )
such that the fiber P, over x € X is the set of all ordered basis - or frames - for P,.

F(P) = H P = {{e“}}x = (z,{ey}s) / v € M,{e,}, is an ordered basis of P}
reM

We have a similar structure to the vector bundle structure, however the fiber in each point
x € M is not a vector space but is the set of frames on a vector space. F(P) is as a principal fiber
bundle. The general linear group GL(n,R) acts on F(P) via a change of basis and gives to the frame
bundle the structure of a principal GL(n,R) bundle. In the fiber bundle standpoint, a vector bundle
(P, X, 7) and its frame bundle F(P) are associated bundles - see more comment in appendix (B). If
we consider the tangent bundle TX we call it the linear frame bundle, denoted by F(X). A general
moving frame is pictured as a section of the frame bundle F(X) — X, a principal bundle associated
to T'X, with structural group GL(n,R). An element A € GL(n,R) defines a change of basis whereas
an element in F'(X) is given by the data (z,{e,},) for x € X. In GR, the Levi-Civita connection V
is the central object and we introduce - see the previous section (11.9) - the connection coefficients
in an holonomic moving frame®! V,(9,) = Vg, (0,) = 'y, 8,. The connection 1-form is given by
e, = F’;yda:’\. We focus on the four dimensional space-time, so that we consider the linear group
GL(4,R) and the connection takes values in the gl(4,R) Lie algebra. The set of connection forms
['*, is seen as a gl(4,R) Lie-algebra 1-form. The linear connection, denoted ') is described
as a GL(4,R)-principal fiber bundle connection which turn to be a Lie algebra gl(4, R)-valued 1-
form defined on the principal frame bundle F(X). We write I'grur) € OYF(X),gl(4,R)). Let us
consider the canonical projection 7 and m,:

F(X) — X T F(X) — ToX
T Ty & ( ) Z)
(r,€;) +— w((m,ez)) =z 1S g
The pullback of the connection form I'gr4r) by a section o : X — F(X) is denoted by I'grr)
and is the local connection form (gauge potential) I'gryr) = 0* (FGL(4,R)) € T*"X ®gl(4,R). Let
(3%8)a,p=1,- 4 be a basis of gl(4,R), with some suitable representation.®® With respect to this basis:
Torar) =1760% = (TN, dz") 3%

We describe the spin or Lorentz connection. The vierlbein or the tetrad is given by a section of the
orthonormal frame bundle Fgp(;,3)(X). Notice that Fgo(;3)(X) is a principal frame bundle with
structure group SO(1,3). Let (J37;); j=1... » be a basis of s0(1,3) C gl(4,R) the Lie algebra of the
special orthogonal group SO(1, 3).

Tsoag =173 = (T da*)3"

84Notice that the connection coefficients I’ are frame dependent, they are not components of a tensor.
85See appendix (B) for further details on this point.
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Note that the two indices I,.J are Lorentz (or tetrad) whereas the tensorial index is holonomic.
In this case, T/ = h/K Ff( and I''Y = I'"/] are antisymmetric. A gauge transformation® gives
the rules relating (w*®), (w°) € Ql(é\,’ ) ® g - the connection forms in two different frames (e°) and

(e®) related by (e®); = (A_l);- (e°); as (w°) = A ' (w*)A + A" 'dA. Applied to the introduced
connections I' g4 r) and I'go(1,3), we are first interested in the general transformation rule, involving
I'grr) = I relating two holonomic frames and I'go (1 3) expressed in orthogonal frames: €], — e}, =
Al(z)e;, and e} — e = Al (x)es, with A, (z) € GL(4,R) and A’ ;(x) € SO(1,3). The connection

transformation rules are given:
o —1\% /e —1\° o —1\L /1e _1.\L
(T°)f = (A™HX(I)AL + (A1) dA) (I°)) = A (M) AT + (A1) dAT

The gauge transformation for the coframe field is given with the dual relation 6% — 6% = (A~1)¥ ()05
From coordinate transformations standpoint, we observe that two types of indices are involved: the
space-time indices p are related to general coordinate transformations whereas the Lorentz indices
I correspond to the local action of the pseudo-orthonormal group SO(1,3), with suitable represen-
tation. Following [194] and writing e = eﬁ € GL(4,R) the transformation is equivalently given:
T, s (D1 y)le=eil = elTr el — d(e])e!}. From now, we denote w’; = (T ;)e=¢"u] the connection
obtained in the orthonormal basis and call it the spin Lorentz connection. Then e € GL(4,R) is
seen as a matrix with non vanishing determinant: det(eﬁ) # 0.

A Riemannian structure is rooted in bundle reduction process from GL(4,R) to SO(1,3) and
appears as ground area for classical GR. Reduction of structural group precisely consists to choose a
particular frame class. In this case, the pseudo Riemannian metric identify with the global section of
the homogeneous space®” GL(4,R)/SO(1,3). Reduction process pick up the choice of a given metric
and exhibits a special sort of geometry - as structure - on the initial manifold. We know already
that locally - with respect to a general moving frame e, - , the metric is written g = g, e" ® e or
g = g, dz" ® dz”, working locally on the holonomic natural frame. In the case where the frame is
orthonormal, we have g,,, = h,,. Finally, if a linear connection is given on F'(X’), and such that this
connection is compatible with the reduction F'(X) — Fgo(1,3)(X), it is then equivalent to picture a
connection directly on Fso3(X'), which is called a metric connection. If ey is such an orthonormal
moving frame, then we have the expression g = e; ® esh!”. From geometrical perspective, all this
construction is built on the underlying picture on associated bundles, described more precisely by
means of TX = F(X) X, GLn,r)) V and T*X = F(X) X 5« GLn,R)) V-

12.4 Coframe field as a bundle isomorphism

Remark We describe the notion of solder form, in the subsequent sections, the indices I, J,--- are
Lie algebra indices, more precisely Lorentz Lie algebra so(1,3).

861 Let D be a connection on a fiber bundle V — X and let o = o'e; € I'(V) a section on V. Here the indices
denoted i, j - - - refer simply the basis of the fiber: a set of local sections (e1, ...,e,). We have, Vz € X, (e1(z), ..., en(x))
is a basis of V,. Any section o writes 0 : U C X : x = o(z) = o'(z)e;(z) and, with { = {"09, € I'(X,TX) we have
for any section o € T'(X,V), D¢o = (§"do”? (9y) + w0 )e;. Let (e;)° and (e®); be two moving frames. It exists
a function A : X — GL(n,R) which describe the matrix transformation (e°); = (e®);A] between (e°); and (e®);,
equivalently (e®); = (Afl); (e°);. Now o is decomposed on moving frames (e°);r and (e®); as 0 = (e*)i(c®)" =
(e°)i(c°)" = (e*);Al(c°)". The connection forms (w°)% and (w®)} are related D in the different frames. We have
(eo)j(wo)z =D(e°); = D((e')jAZ) = D(e')jAZ + (e')jdA{, leading to

1 l

()5 (w*)] = (€")r(w*)f AT +(e")ndAf = () (A™ ) (w)FAT+(e”)(A ") AT = ()i (A (w")f A +(A™"),dA)

We conclude: (w°)! = (A~} (w*)¥A? + (A1), dA¥ |
8"Notice that in the general case we have; dim(GL(n)) — dim(SO)(n) = n(n + 1)/2.
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Let us cite Hélein [112]: "The idea of a solder form on a vector bundle is a refinement of the
notion of a moving frame”. This justifies the previous considerations about the frame field. Let us
notice, following Baez and J.P. Muniain [14] that the frame field is thought to be as a trivialization
of TX. Before we discuss the concept of the solder form, we recall that the frame bundle is a
very singular bundle as opposed to any other traditional fiber bundle. In order to clarify this idea,
we present gauge gravity as the following setting: space-time is represented by an n-dimensional
oriented manifold X.

Y =X xR

N

X

TX

From the Palatini point of view, X is not directly given with a metric. We recover the metric, by
the pullback along the coframe field e : TX — V = X x RY3. The trivialized space V = X x R is
called the internal space, as bundle over space-time X. In such a context, we work by means of the
bundle isomorphism e : TX — V between the tangent bundle 7 : TX — A and the bundle V — X.
Since V is locally trivializable, we treat the coframe field e locally as an R("3)-valued 1-form. Here,
we follow [14, 112, 244]. The idea of the coframe field as a bundle isomorphism expresses the notion
of solder form. If we have a metric h on V then, we obtain a metric on X by g = e*h, given by

Vm € X,VE, 0 € TyX (€*h)m(&,0) = gm(em(§), em(a))

In this case, the vector space V is given with a connection D so that we obtain the following
connection V = e*D on T'X - described by: V¢,0 € T'(X) =TX , Veo = e*(Dge(o)). Once again,
we refer to appendix (B) for details on connections on vector bundles as the differential operator
D: X(X)xI'(X,V) —T(X,V): (X,0) — Dxo. We recall the following lemma:

Lemma 12.1. Let s = sle; € I‘(V) a section of the bundle V — X and § = £#0, € T'(X,TX) we
have Dgs = (§4ds”(0,) + w; 1&#s" ey

(Prooﬂ see appendix (B). We make the straightforward computation:

Des = Deng, (s'er) = £"Dy, (s'er) = ¢ [Dau(sI)eI +5'Dy, (e,)] =g [dsj((‘)u)ez +sID3u(ez)}

Then we obtain Des = &*ds’ (9, )er + €#s'Dg, (e;) and let denote Dy, (1) = wj e, where w;

that we find the result Des = (£#ds” (9,) + wj ;&5 ey r
The set of 1-forms w? 7 defined on a open subset O C X by wI = w‘] dx* and allows us to write

VE € X(0), f“wul = w{(€). Then:

; = e’(Dg,er), so

D¢s = De(oler) = ds! (€)er +wi (€)sey.

We have (D,0)! = 9,01 —i—wﬁ JO'J . Now, via the solder form, we obtain a connection on 7'X. Pulling
back the connection on V via Veo = e*(Dge(0)), we get the covariant derivative components:

(V€)Y = 0u8” + (e ?auef; + €?W£J€g)§p (217)
But we have also: (V,§)" = 0,€" +T,,€” So that I}, = e?@uef, + e?wijeg. Therefore, we recover

the well known relation between spin connection coefficient and Christoffel symbol I'f,,:

p . I _J P _
ry = ef0,el +efw, e = Ouel + el qu Flwep 0

The bundle isomorphism gives a correspondence between objects on the tangent bundle T'X and
the internal bundle V. The curvature of D is given by F” = w[” )+ w[MKwI}(J, written F1/ =
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dw!’ —i—w Aw/. The bundle isomorphism e map the curvature of D to that of V with the relation
R, = FI J eIe 9. Therefore, we observe the corresponding relation on the Ricci tensor and the
curvature tensor (218):

R, =TF,Jefey and R =Rl =efeFL) (218)

12.5 Palatini formulation of gravity

Classical general relativity can be formulated in terms of the vierbein (tetrad): e = eI dz* and the
spin connection w!’ = w,ﬂ‘] dx*. The passage from GR seen as a metric theory to the first order
Palatini gravity based on the use of a co-frame and a spin connection is built on two steps. The
first is the Palatini first order form of the theory: we consider the connection and the metric as

independent variables. Symbolically: Leplg] — Lpaaini[g, I']. Therefore, we write Lp,.ini(g, I'] as:

[rPalanm g, / Fgu R,uu[ ] (219)

We perform respectively the variations 61" and dg. The variations with respect to the former leads
to set the connection I' to be the Levi-Civita affine connection while variation with the latter give
the Einstein vacuum equations (204). The second concerns the use of tetrad field. We picture the
leap as Lp,aini[8, I'] — Lenle, w]. The following section demonstrates that the Einstein-Palatini first
order theory - given by the action (220)(i) - leads to replace Euler-Lagrange system of equations
(204) (Einstein equations) by the system (220)(ii).

dPe’ =de! +wyne! =

) Len = el ne?d A FEL ii
(i) Len /GIJKL (i1) e’ A FKL

o O

(220)

The tetrad field is a (Minkowski) vector-valued 1-form e € QY(X,V) = I'(V) ® Q'(X). Note
that ey is a basis on the vector space V whereas 6* is a moving frame defined on Q!(X). We have:
e = eI oH ©er = e[eI 0*. We refer to the appendix (B) for more details. We use the covariant
derlvatlve D:T(V) — QYX,V) =T(V) ® Q1(X). Let o be a section of the vector bundle V — V
so that Do is a section 1-form, Do € T'(V) ® Q'(X). By means of the exterior covariant derivative
dP:

dP (V) @ Q"(X) = Q"(X,V) — T(V) @ Q"THX) = Q" TH(&, V)

see (B.4.2), we have:
dPe = dPlese],0"] = dPlese]] A 0" + ere,,db" = (Dep)el, A 0" + erde], A 0" + ere!,do"
Since De; = wgleje” and defb = &,eﬁe“ then,
dPe = wZ{IeJHVefL AOH + ej(?,,efﬂ“ ANGY + e]eidH’L

Finally, for an holonomic co-frame 6 = dz* we have df* = 0, while d6" = —1/2¢,,6” A 6" for a

non holonomic co-frame. Hence, in this case:

dDe—eJ[Oe —I—wyle —1/2e/¢? 16" no"

ptup

For a holonomic frame we obtain the result (221):

dPe = eJ[8 e, + wlre ]dx Adzt € T(V) @ QHX). (221)
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Once again, we play with notations. Since e we consider dPe € T'(V) ® Q?(M). Equivalently, e is
decomposed on the basis e; ® e/ such that (222):

e= e,ﬂe[ ® et =erel, (222)

without making reference to space-time indices. Now we can write the object dPe decomposed on
a basis of I'(V) ® Q?(M), namely e; ® e A ", then we write it as:

dPe = %[dDe] fwel ®el Nne”. (223)

Following notations widely used we may write this object as:
dPe = e/De! with Del = del +wh e’ (224)
We introduce the exterior covariant derivative via the gauge covariant derivative. We insist on the

underling geometrical treatment via connection form and connection potential. We make explicit
reference to the space-time indices w!; = wﬁ ydzt and de! = d(eﬁdx“) = deﬁ A dz*. So that:
I I I J
De de, N dat +w, dz" Ne

= Ouelda Nda¥ + w ydat N e)dn” = [Oe], + w), ye) | dat A da¥

Then, taking into account the notation exposed in (224) , we find again the formula (221). Let notice
that we have used the holonomic basis in order to describe the form part. We could equivalently
have used a general moving frame 6.

The spin (Lorentz) connection. We refer to the appendix (B), for more detailed treatment about
the gauge potential w and the connection form w on principal and associated bundles. We are
interested into g-valued one-form on X: w € QY(X,g) described as w = w,dat = bzwgdmﬂ =
wgdaz“ ® bz. The gauge potential defines a connection form (denoted by w) on the principal fiber
bundle P(X,G). In this case, w € Q'(P,g). In Palatini or Cartan gravity, described by the
pair (e,w) we concentrate now on the second object, the Lorentz connection denoted wﬁJ since we
implicitly supposed suitable representation for Lorentz group SO(1,3). The curvature is written®®
(225):

FlﬁL [w] = 8[Mw£]‘] + [wu,wy]” = (3'uw£‘] — &,wﬁ‘] + w/{Kw,f(‘] — w,waff‘] (225)
Notice that the covariant exterior derivative dPw = brDw? = J;;Dw!’ is given by the means of
the object Dw!”:

D!’ :dwl‘]—l—wé/\wK‘]—l—w{(/\le:dwU—l-wf{/\u)KJ—w‘[]{/\wKI
IJ _ IJ I, ,KJ J, KI
(Dw)uu - a[ﬂwlj] + w[#le/] B w[ﬂKwu]

So that, (5Flf,;] = 2D[M5w£]‘]. Notice that we also describe the action (220)(i), by means of internal
or external hodge operator, see the section (13.3).

88 Note that in the subsequent section we sometimes use different convention for antisymetrized symbol [,], however
the context is usually sufficient to understand if we consider the numerical factor or not.
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Remark on notations. In appendix (B) we refer to mathematical treatment of connection, exterior
derivative and all that ... Various notations are introduced that may differ from the ones encounter
in the body of the manuscript. Let us make the following clarification. For a principal fiber bundle
P(M,G) we denote the exterior covariant derivative relative to a connection 1-form w € Q'(P,g) as
D¥ : Q"(P,V) — Q"T(P,V). We introduce the connection and exterior derivative on a vector bundle
respectively as the operator

D:T(V) = Q' (M,V) d® Q" (M, V) = QT (M, V)

We introduce the exterior covariant derivative on basic forms ¢ € Q (P, V) given by D¥¢ = dp+p(w)Ap €
QY (P, V). Finally we have the interplay, between the n-form ¢ € Q" (M, P x, V) and its related basic
form @ € Q&(P,V). The object D¢ canonically defines d°¢ € Q" (M, Px,V) so that we summarize:

D¥ : Q%(P,V) — QLT (P, V) d® Q" (M, Px,V) = Q"N (M, Px,V)

For physical use, we refer to the connection 1-form w or to the gauge field w we alternatively use the
following notations respectively for the exterior covariant derivative on basic forms and on bundle-valued
forms:

dw : Q&(P,V) — QEH(P,V) du : Q" (M, Px,V) = Q" THM, Px,V)

12.6 Topological terms in gauge gravity

In the Palatini-Cartan framework, the gravitational variables constitute a pair (eﬁ, wi‘] ). The Holst
action® for Gravity writes:

1 1
EHoIst[evw] = 2/€IJKL€IA€JAFKL — 7/61 /\e‘]/\FU.

We find different topological terms, the Euler invariant Lg,.[w], the Pontrjagin invariant Leonjagin[w]
and the Nieh-Yan invariant [181], Lyienvan|€, w]:

1 1
‘CEuIer[w] = QGIJKLFIJ A FKL7 'C’Pontrjagin[w] = §FIJ A FIJ, £Nieh-Yan[ea w] = TI A TI - FIJ A 61 A 6J'

The 4-forms Leyer[w], Loontjagin|@], Lnienvan|€, w] are topological invariants means that they are exact

forms, namely it exists 3-forms g, (W], Mpontrjagin (@] AN My van (€, W] SUCh that Leye [w] = AN, (W], Leontrjagin|w] =
MMponiogn|@] AN Luiehvan|€, W] = dMyienvanl€; w]. Let us say few words about the Nieh-Yan Invariant
Lyienvan|€, w]. 1t is the only exact 4-form that is invariant under local Lorentz transformations asso-

ciated with torsion. We show that 9, y..[e,w] = e A T7. We compute:

ANyienyan €, W] = d[el ATq] = de! ATy — el A dTy.
We consider the second Cartan structure equation 77 = de! + w’ ; A e’ so that:
d[el/\Tj] = [TI+WJI/\€J] NTr —61/\de = TI/\T[ —el A [W[J/\TJ+dT[]
(1

We recognize in [I], the covariant derivative d,T7 = dT7 + wr’ A Ty so that d[el A TI] =TIANT —
el A d,T;. Now with the help of Bianchi identity d,17 = Frj N\ e’ we obtain:

dle! AT =T' ATy — e NFryne! =T AT+ Fryne’ nel =T ATy — Fryne ne’

All the encountered topological terms for gravity are given by: (el A e’) A Fry, el Ael A Fry,
*F17 N Fryor FI7 A Frj. In the multisymplectic formalism, we understand the features connected

894 is the Immirzi-Barbero Parameter, see [21, 127]
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to topological terms directly from the principle that gives force to the total democracy of space, time
and matter fields. In such a context, we should recover the features of topological terms”’ directly via
the interplay of the generalized Lepage-Dedecker correspondence and not by adding those topological
terms by hand in the Lagrangian. We refer to this idea as the topological hypothesis. Along the
subsequent section we try to put in perspective this idea. More work is need to fully accomplish
it. Before we give the set of possible terms involved for first order Palatini theory, we first give the
example of the Holst action (see [122]):

1

1
Liosle, w] = 2/ errel Nel N FEL — 7/ el Ned N Fyy (226)
X X

The Holst action in the Hamiltonian setting leads to recover the Ashtekar-Barbero formalism [8, 9,
21]. Holst action does not modify the classical equations of motion. The Einstein-Hilbert action in
the Palatini formalism is also seen as a constrained SO(1,3) BF theory given by the action (227):

Los|B, F] = ;/

tr(BAF) = / B A Fyy (227)
X

X

where the field F' is the curvature 2 form which is derived from a connection 1-form w. In the case
of traditional gravity, we consider B as a Ad(P)-valued 2-form - the setting involved a principal
SO(1,3)-bundle over X', and Ad(P) an associated vector bundle via the adjoint action of SO(1,3)
on its Lie algebra - whereas tr is a trace related to Killing form for of the chosen group. We also
find the action (228):

1 1
Lee|B, F] = Q/BU/\F”—l— 5(*B)IJ/\F” (228)

One recover the Hilbert Palatini action if we take B!/ = x(e Ae”) this is one example of the so-called
simplicity constraints. BF theories are topological field theories, we notice in particular the work of
J.C Baez [15, 16, 17] or the thesis of Wise [244]. This embracing view and the issue of the simplicity
constraints today crystalize efforts for quantum perspective with spin foam models - a prolongation
of R. Feynman work [76] - within modern LQG program. The path-integral quantization for such
theories is considered as understood. The missing point concerns the interpretation of evolution
and the full covariant dynamic. It exists now some work that gives force to the picture of GR seen
as a symmetry breaking of a BF theory. This emphasize the underlying role of the topological terms
as described by S.W. MacDowell and F. Mansouri [167] or L. Smolin and A. Starodubtsev [220].
The general action for first order Palatini gravity is described by a set of finite terms composed of
the Holst term, the topological terms and finally the cosmological constant term (229) - see various
works [51, 122, 170, 172, 175, 191] which is compatible withthe diffecomorphism invariance and the
Lorentz invariance:

£[67 W] = EHolst [67 UJ] + EEuIer [W] + EPontrjagin[w} + £Nieh-Yan[e7 UJ] + ﬁCosmological[e] (229)

Ofor quantum perspective, mostly
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Namely, if we introduce various coefficients {a;}; ;<4

,C[e,w] = al/ GIJKL€I nel N FEE —i—az/ el /\GJ/\F[]+O[3/ E[JKLFIJ A FEE
X X X
EHoIst[evw} LEuIer[w]
+Oz4/ FIJ/\F]J+045/ TI/\T] —FU/\eI/\eJ
X X (230)
'CPontrjagin [W} ACNieh—Yan [evw]

+a6/ EIJKLCI/\EJ/\BK/\EL
X

cCosmoIogical [e]

In the next section (12.7), we briefly discuss Cartan Geometry as natural area for gravitational
theory. To conclude this section we first say some words about the issue of matter coupling. Notice
that to picture in a whole unified picture matter fields and space-time one of the main ingredients to
understood is the notion of torsion.”! As already announced, the vision is twofold, in that meaning
that now also torsion, and not only curvature is a cornerstone of the story. We refer to Cartan [40]
and F.W. Hehl and al. [106, 107, 108] for torsion study.

Einstein-Cartan standpoint and Dirac action. The Einstein-Cartan theory describes a system of
fermion fields coupled to gravity via the action Lgc = Lygee + Loirac, Where Ly, is the Dirac action
(231) [4, 29, 170, 172, 191]

£Dirac[e7w7w7a] = ;/*e[ /\ (&’YID?p - wa’}llw) (231)

The covariant derivative operator D acts on spinor fields with the following definition:

7 — 1 _
Dy = dip — w19, DY = dip+ w19,

with Y77 the generator of the Lorentz group. This is the minimal coupling for a system of half
integer spin fields coupled to gravity. In this case, the usual physical interpretation is the following:
spinor (matter field) generate torsion. The variation with respect to the spin connection w!” leads
to doe! = x(e! AeyJ?) and appears the spinor azial current J! = hyIySe. [170, 171, 172]. We
refer to the work of A. Perez and Rovelli [191], M. Bojowald and R. Das [29], S. Mercuri [170] or
other [4, 172] for a detailed treatment on these questions within the prism of (3 + 1) Hamiltonian
setting. The study of non-minimally-coupled fermion field as been studied in particular by S.
Mercuri [170, 171, 172] or L. Freidel and al, [82]. In this case the non-minimal coupling term
proposed writes:

Enon-minimal[eawa @ZJ?E] = ;A*el A (1;7[(1 - 275)Dw - m(l - é'YE))’YId})

Beyond the scope of matter field and Dirac coupling issue this setting is related to the understand-
ing of the Barbero-Immirzi parameter which is an ambiguity quantization parameter. Sometimes
is argued the hope to connected future experimental cosmological data. This aspect is related to
considerations on parity violation, and an analogy with the #-angle in QCD, and topological struc-
ture of quantum space. The Barbero-Immirzi parameter may be interpreted as an instanton angle,
see the work of S. Mercuri and A. Randono [172] - which appears, in the LQG setting, as a modern
continuation of the work of J. Zanelli et al. or O. Chandia and J. Zanelli [43].

91This is related to the leap from traditional Einstein-Hilbert framework, where gravity is addressed as a metric
dynamical theory, to the general Riemann-Cartan landscape where gravity is described rather as a dynamical theory
of a co-frame field and a connection
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12.7 Cartan geometry as ground area for Gravity

Now we briefly discuss the Cartan generalized spaces. Once again, let us notice the specific nature of
the gravitational field. Whereas in gauge theory, the principal object is the gauge field - expressed as
an Ehresmann connection - in gravity the presence of the solder form, - that gives torsion - disables
such picture. In Yang-Mills theory gauge transformations are vertical automorphisms of (P, X, G),
the principal G-bundle over X. The case of gravity leads us not only to consider geometry of an
abstract internal space - picture via the bundle construction - but also geometry of space-time itself.
Therefore from GR perspective we want to encapsulate a gauge theory which is specific. This gauge
theory interact with the geometry of the space it lives in. Gravity itself is geometry.

Cartan geometry makes relation between homogeneous space - as the Minkowski space-time - and
a non homogenous space - the space-time. We understand Cartan geometry as a generalized method
to approximate the space-time manifold X', by a more general homogenous space. The Fquivalence
Principle suggests that locally we describe the non homogeneous space-time by the Minkowski space-
time. We refer to the work of R.W. Sharpe [214] for the study of Cartan geometry as a generalization
of Riemannian and Klein geometry. On this grounds, Gravity is described as Cartan geometry [64]
[245] [246] which appears the natural arena for gravitational theory. It provides, by means of the
Cartan connection - as opposed to the Ehresmann connection - the natural geometric framework
for MacDowell and Mansouri [167] theory - see the work of Wise [244, 245, 246] - or supergravity
investigation - see the work of M. Egeileh [64, 65]. Those generalizations are intrinsically connected
to the solder form.

Modern approaches to gravity share Einstein-Cartan theory which disregards the central role
of the metric field for replacement of the following two variables: the tetrad field together with
the spin connection. Moreover, we look at the spin connection and the tetrad trapped into a single
connection. This connection takes values in the Poincarré group”” 1S0O(1,3) = R13 % SO(1,3). This
path lays in the geometric framework of Cartan reductive algebra, Cartan geometry [64, 65, 194]
[244, 245, 246] and provides the use of Cartan reductive connection A = w + e. In the case of zero
cosmological constant, gauge gravity is given with the connection A taking values in the in the
Lie algebra iso(1,3) of the Poincaré Group” ISO(1,3). In such context, the Cartan connection
A = e+ w is defined on a principal bundle 7 : P — X. The Cartan connection is seen as a g-valued
one form A : TP — g, decomposed as g = h @ g/h. In the case of four dimensional Palatini Gravity,
we identify the Lie algebra h with the special orthogonal Lie algebra so(3,1), and g/h with R3!
whereas g is the 4D Poincaré Lie algebra. These two objects are the two geometrical ingredients
for the Einstein-Cartan gravity. The first one is the tetrad field e € QY(X,g/h) = QY (X, R>!), a
vector-valued 1-form taking value in the so-called internal space e : TX — g/h. The second object
is the spin connection w : TX — b, a h-valued one-form: w € Q' (X, h).

The idea of Klein is to enlarge the Euclidean geometry (R™, ISO(n)) to arbitrary symmetry
group. Klein geometry describes space-time structure of Einstein special relativity. It is a good
geometrical construction for a fixed background context. The Klein geometry constructed on
(RY3 % SO(1,3),50(1,3)) is given as the Minkowski space-time. While Klein geometry gener-
alizes Euclidean geometry, Cartan geometry appears as a generalization of the Klein geometry by
taking into account the curvature. Therefore Cartan geometry is understood as a generalization of
Riemannian Geometry. More precisely it concerns the generalization of the tangent space geometry.
We now see the connection with arbitrary inhomogeneous spaces. Let us cite Wise to emphasize the

92Tn the present case we focus on isometries of Minkowski space, that is the set of transformations preserving the
metric: boosts, rotations and translations.

931f we consider A, a non-zero cosmological constant, comes the interplay with the de Sitter and anti-de Sitter
groups, depending on the sign of A.
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setting of Cartan geometry in this relation to the equivalence principle. ”The Cartan connection -
not a connection in the standard sense - is effectively a curved version of flat homogeneous spaces.
By “flat”, we mean a space for groups; by "curved”, we mean a space that infinitesimally approx-
imates this structure. The analogy is with the flat Euclidean space and the curved Riemannian
metrics that approximate it.”

13 Actions for Palatini Gravity and equations of movement

13.1 Derivation of Einstein equation from Palatini gravity

We consider the so-called Einstein-Palatini action for General Relativity:
Leple, w] / B(e eIeJFU[ | = / vol(e )eIeJF”[ 1, (232)
X
since (e )eIeJF” Bv/—gRly, = Bv/—gR = vol(g)R. We expand the integrand more precisely,

involving the €,,,,, symbol (Levi-Civita tensor density):

Lemma 13.1. The Einstein-Palatini action Leple,w)| is described by:
1 1%
Loles) = 7 [ cramieelel FiSHulp (233)

I Proof We have the straightforward calculation (we directly write the equality with Lep[e,w] since at the end, we
find the result.):

Conle.] = [ VR = | VERB IR 00
X X

with the notation: o7, 05 = 3(6505 — 6482], since 003 = T€uape’?? then, we obtain:

Leple, w] / —geuvape " R o8 = 7/ Y il (234)
x
with €uvap = /—8€uvap the Levi-Civita tensor. Since €uvap = ej,zKLe,{Legefeé = eUKLefLe;,Iefeé we use this

decomposition of the Levi-Civita tensor in (234), so that one obtains:

1 VPO o 1 vpo a
Leple,w] = 1/ erixrejenenese”? R o8 = 1/ erxrene e’ [en es R 1o] B (235)
X X ~——
(1]
One finally notice that the term [I] in (235) is given by [I] = eX ef R*” ., = F5*. Therefore one finds:
1 vpo
Leple,] = /X errxe* kel FXYW)8 | (236)

Apart from the tetrad field e the other fundamental variable for the Palatini action is the con-
nection on V ~ X x RY3 given by the object w[t‘] . The curvature of the connection D is given by
(237):

FI‘] Auwl’ — 8,,w + wﬂKwK‘] - w,{KwKJ = 2“[# ks 2w[IMKw5J (237)

written from more geometrical standpoint F'/ = dw!’ + wf{ A w&7. Torsion is not assumed to
vanish a priori. The spin connection is not determined uniquely by the tetrad rather it is seen as an
independent variable. Then we calculate the variation  F’ If‘y] with respect to w. We refer to Baez and
J.P. Muniain [14] for more detailed treatment - from which we takes the following computations.

Lemma 13.2. If we denote D,, the covariant derivative and FL{‘V] the curvature of the spin connection
we have 5[“’]F” = 2Dy, Swld i
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[ Proof. It is straightforward calculation SEL = 8(0uwl’) — 8(0vwl”) + S(whirxwl ) — 6(wirwi )

6Fi;’ = 25w[IM‘{V] + é(wﬁK)wlIf‘] —‘,—wﬁKé(wf‘]) — 5(wlI,K)wa + w,{Ké(wf‘]))

= 250}[1;3,11] + wauKéwﬁ‘] + Zw[itK&uﬁI = QD[H&ULI,]J ]

Then we evaluate: 6! Lle, w] = (6L[e,w]/dw)dw with the Einstein-Palatini action (238).

1
Lle,w] = /ee’fe?Flf;fﬁ = 4/6]JKL€MVpU€£€iF£L (238)

Then, we first vary with respect to the variable w:

Dw!? = dw! 4wk AT Fwl AWTE = dw! + wle AwET — wi A wET
(Dw)fu‘{ = O[le{]‘] —}—w[#ﬁ{wﬁ‘] —w[ﬂi{wﬁl

J

1J _ I
So that, 0F),; = 2D[M(5wy}

s¥lLfe,w] = i/ee’f@"’, <2D[u5wlf]‘]>ﬁ = ;/ee[l"e?DuéwiJﬁ — _% /Du(eegﬂe?)éwiJﬁ
The last equality is obtained by integration by part. Since ee[I“ ef}] = 1/2e"Per ek eé we obtain
sl Lle,w] = —/e“”"quKLDu(efeg)éwijﬁ (239)
On the other hand we compute the variation § [e]ﬁ[e, w] with respect to the variable e:
slgle,w] = (5[6](/66';85}7‘{‘”] ) = / (eée‘;eﬁFl{l{ +effdes Fl — Rei&e‘j)ﬁ

— 9 / (65&3{5 - %Reg)aeyﬂ — 2 / (RW - 1/2ngu)ef<vae;;5

(240)

Notice that we can write directly 5[8}(6[JKL€'LWPU€£€Z{FPI§L) = 26UKL6/‘VP‘76,{FPI§L56£. From rela-

tions (239) and (240) we obtain the equation of movement for Palatini gravity.

K _L
G‘U'VPU€IJKLDV£60 €p>

v KL
erJxLe" e, oy =

(241)

13.2 Equivalence of the Einstein-Hilbert action in the language of forms

Now we give the related formulations for the Einstein-Hilbert action.
Lenlg] = / BV —gR = / vol(g)R
X X
is equivalent to the action:
1
ﬁPaIatini[€7 w] = 5 / GIJKLQI /\ €J /\ FKL

[ Proof. Let us evaluate vol(g)R = B+/—gR, the integrand of the Einstein Hilbert action. We have, contracting
the Riemannn curvature tensor the following equality R = R*? pgél’; d5). Therefore,

LEn =/ uol(g)R :/ UOl(g)(S[pa(sg]Raﬂpo — i/ UOl(g)(—1)SGWQBGWMRQBW
X x N
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We have used (with n = 4 and p = 2) the following relation 67, dgp!(n — p)!(—1)° = €uvape””””. Then, expanding
the volume form written in a holonomic coframe {dz"}, we get:

vol(g) = \/—gd:rO Adz! Adz? Ada® = —‘Zl_'ge,\mﬂ,dx’\ Adx® ANdx” Adx” = %emmdﬂcA Adx® Adx” Adx”

Since €777 €xnry = (—1)%416% 676257

1 —1)°
EEH = Z / %e‘uuaﬁeuw}gf)\nq—qRaﬁpgd‘IA Adx™ ANdz” Adx”
X :

—1)5(—1)541
= i/x %ewaﬁéyé:ﬁéz]}iaﬁpgdazk ANdz"™ ANdx” Adx”

1
— Z/XewagR"‘ﬁpgdas“/\das"/\d:cp/\dgv‘7

1 v
= —/ €uvapds’ A dz” A R™P
2 Jx

where the last equality is obtained since the curvature 2 form as R*? = %R"‘B podz? A dx?. Finally, using the relation

that relation between the volume element €,,q5 of 8 = eie;fhu and the volume element €;yxr of hry, namely:

€uvaB = eiel{efeéeuxb then we write:

1 1 1
Len = 5/ elejel efersrde” N da” AR = 5/ erixrendat Aejda’ Aelef R = 3 /€IJKL€I Ael A FEL
X X

Notice that in an tetrad frame, we have: €;jxr = €ryxr so that we also may write the integrand of the action as
1/26]JKL€I A e‘] A FKL J

13.3 Hodge duality on a vector space

The use of Hodge duality is everywhere in the modern mathematical physics literature - canonical
variables, topological terms ... We now explore the relation between Hodge star operator and the
Einstein-Cartan equations. First we recall some basic properties about Hodge duality.

Definition 13.1. LetV be a n-dimensional vector space with inner product h of signature (n—m, m).

We now consider the Hodge dual in AV denoted as % = x. Now we consider {0;} an ordered basis
for the vector space V then a p-form A € APV is written as A = (1/p!))\i1mip0i1 A ...\ 0% then the
Hodge dual xA € A""PV is given by (242):

1 . )
* A= W ( * Ajl._.jn,p)ejl VANAN Qj(”—l’) (242)
We denote the components of x\ in the basis 672 A ... AN§I—>) by (*)\jl-njn—p) = (*)\)jl i Then,
cedn—p
we obtain (243) the expression:
1 ..
* Ajtfnp = @6“'"l”jl...jn,p)\z‘l...ip (243)

From definition (13.1), we consider the case where the considered vector space is space-time:
V = X. Let {#*} = {dz"} be a holonomic basis, and let VA € APX be a p-form on X we write it
as: \ = (1/p!))\i1mz-pdxi1 A ... Ndz*. We consider the Hodge dual in AX, written *A € A" PX and
given by:

1

* A= 7)'(* /\ul,,_#n_p)dx‘“ A ... Adgtnr with (* )‘u1~~-un—p) = ﬁeul,,,un)\“l"“?
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We notice that A\1-Hr = gttt ghe¥p ), is the contravariant object and we raise and down

indices when one contracts with the metric tensor.

[ Remark One may write xR = x(6* A0”) A R,,. Let demonstrate that xR = x(6* A”) A R,,.. The purpose here
is to derive Einstein equation thanks to the use of external Hodge operator. Let us denote X*¥ = x(0* A ). First,
we demonstrate that xR = Rdy = ¥,, A R*” since:

/= 1
EHV = *(0“ A\ 91,) = Tgeaﬁpo'gaugﬂuep N 00 = §€aﬁpogaugﬂuep N 90

Therefore we express the covariant quantity g, contracting two time with the metric tensor: Xap = g,,85,3"" =
1/2€a8p50° N 6. We obtain:

Sap AR = [%eaﬁpgep AOT A [%R“EWG“ NG| = %RQBW [%eaﬁpgop NN d

= %R"ﬁw (6465 — 0404]B = RB=%R |

In this section we introduce two operators: the internal % and the external x Hodge operator
in the context of vector (Lie algebra)-valued p-form. Let A € QP(X,V) = QP(X) ® V a V-valued
p-form. Naturally we construct the space Q"(X) @ A™(V) and we consider the case where dim(X) =
dim(V) = n. Then, let 0 < p, g < n we describe a A?(V)-valued p-form on which we apply an Hodge
operator either on internal indices or on space-time indices.

o [ FMBAY 5 PMSATV LM @AY QM) 8 AT
' A — A ' A — *A

Definition 13.2. Hodge duality for vector-valued p-form X\ € QP(X,V). We consider {0,} a basis
of V and dx* the holonomic basis of T*X. Therefore, the basis of the space AP(X) ® AL(V) is
dzt A+ ANdax™ @0, A--- NOp, . Then :

_
plg!

1
(n —p)!

[*A

]hqu

Iy---1T
A det A ndatr @01, A 001, and o = dz"' A---Ada"™ P @0, A- - A0,
1

ViVp—p
] I-I4

with [*)\}
vy

whereas we have analogous for the internal operator, in components:

_ _ 1 _p1epp
=* vy, = i€ V1t p At g
np

o J "'J'nfq o
[*)\] ' :*AJl In—q — l'ell Iqu---Jn,q)\Il---Iq
H1vpp q:
We consider now the Minkowski case where V = RY3. Let e be a basis of the Minkowski vector
space R13 and we denote 0 = e A e € A2X ® A%V a A?V-valued 2-form. The related basis e; A ey

of A%V leads us to decompose:

L

0= ﬁg J;w [el A eJ] ® [dl‘# /\d$l’} = l[g]fiel ANey @ dxt Adx”.

4
If we construct e = ejelﬂdzz:“, then o = (e[eﬁdw“) A (eyeldx”) where the wedge product acts both
on vector space and space-time part. We can choose to not write the Minkowski-like basis (namely
e; Aey) on A%V indices so we write:
1

o= ZGUde“ Adz” = eﬁeidﬂv“ A dz” with o, = 46565
Lemma 13.3. With a Hodge operator either on internal indices * or on space-time indices *
defined above, the tetrad field, seen as a Minkowski vector valued 1-form and o = e N\ e we have

ia:i(e/\e):*(e/\e):*a
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I Proof Notice that we have always the possibility to apply the external Hodge operator on o: we directly apply
the definition (13.2)

1 IJ - . 1J v I J
*x0 = 5[*0]/)0 d” Nda® @erNe;  with  [xo] " = §€H po €€ (244)
Then, the term [ x o] WU in (244) shall be expand as the following:
* IJil po I Jil poaf I Jil KLMN p o o S I J 245
[ U]W = 56 pr€pls = 56 8ou8p,CpCo = 56 e el N eNEau8p,CrCa (245)

Then we also expand in (245) the terms g, = hopegeﬁ and gg, = hQRege}j in order to obtain:

IJ  _ _KLMN p o _a B o_P Q R1.I_J _ KLMN p o P[cO Q R I J
2[*0]#,/ = € 6K€L€M€1\é[h0P€a eM] [hQReB el,]epeg 706 ekere, [6Mhop] [5NhQR} €, €pey
KLMN p o P R_I_J KL o I _J1 P R
= € ehele, [0rrhop] [5%hQR]eV €pey =€ horhor [eheTeses e, e (246)
KL sl o] P R _ I
€ PROkOL€,€, —€ PRE,EY

Now, we apply the internal Hodge operator *toeA e, and once again we directly apply the definition 13.2 hence

(i) *o= %[ia}ffdx“ ANdz" @ ek Ner (i) [ia]i‘: = %EUKLefef (247)

Therefore we obtain, from (246) and (247)(ii): [10} ii = [*0o] i‘l]/ |

Now, we follow the spirit of previous remark, but this time we rather play with Minkowski
indices. Then we define: £/ = x(e! Ae”) = [xo] 7 and °$KL = *(eF nel) = [ia‘} KL in more
simple notation:

1

iep"u,,efegd:c“ ANdz¥ = DK
Keeping trace of Minkowski indices I,.J is equivalent to describe A2V-valued 2-form as 0 = !’/ ®
e; A ey with o/ = o/ udx? A dz¥. Therefore we observe the following notation:

OEKL -
*

o 1 1
A = §€IJKL)\KLW,CZZL‘M A dx” and A = iee“”pg)\”#yd:v” A dz?

It is then straightforward to find back, with ¥7; = x(ef A ey):

Lpatatini| €5 W] :/ Eag/\Ro‘ﬂ = / (e?egZaﬁ)/\(eéeéRaﬁ) :/ Y AF :/ *(er Ney) A B
X X X X

Let notice that we may alternatively work with the following action:
Lpapatini[€, W] = / *(er Ney) A FIJ = / i(el Aeg) A L (248)
x X

13.4 Einstein-Cartan field equations, with differential forms

We make some remarks on Einstein-Cartan fields equations, using differential forms. We have the
following system of equations:
GIJKLGJ/\FKL = 0

24
EIJKLD(eK/\eL) =0 ( 9)

Here we are dealing with the Einstein-Cartan equations, not in the full Cartan geometry setting.
We just want to emphasize to role of the differential form and the possibility to describe spin via
non-vanishing torsion. Due to the setting of Cartan, a covariant derivative - namely a connection - is
described by a Lie algebra-valued 1-form. With the help of Hodge duality, the equations of movement
are straightforward derived. Let us compute the variation of the action. For the term o [W]L',Pa|atini[e, w]
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- the full treatment would be the following variation: 0Le, i€, w] = 5[e]ﬁpa|atini[e, w]+ 6["J]Epa|atini[e, w]
we describe variation with respect to w:

5[W]S=5M(/*(el/\ej)/\F[J) :5[w]</ ZIJ/\F[J>:/ EIJAD5WIJ
X X X

Since (5[w]F[J = d(éwu) + [w, 5&)][] = Doéwry we have:
1 1
5[w]S = /21‘] ANDéwry = Q/EIJKLEKL ANDéwry = —5 /EIJKLDEKL AN dwry

Then, 6“S =0 «— DKL = D(eX Ael) = 0. Following Wise [244] we also notice the following
equivalent formulation for Palatini gravity. We write the Palatini action as (250):

Lomanle ] = / tr(e Ae A F) (250)

The expression e A e A F is a A*V-valued 4-form on X while tr is a trace - build on the the

internal Hodge operator * -, which turns such a form into an ordinary real-valued 4-form. As
already emphasized, - see appendix (B) - the wedge product A acts both on space-time indices
and on internal Lorentz indices. F' is the curvature of w, described as a A2V-valued 2-form. tr :
QX, A*Y) — Q(X,R) Then performing variation with respect to w and e, we obtain:

5EPa|atini = /tr(25€ ANeNF + dD(€ A 6) AN 6&})

The equations of motion are written by:

eNF =0

dyo(eNe) = 0 (251)

Following Wise [244] we focus on the interplay of internal and external Hodge duality - the relation
plx [e A A e} = (n—p)lx [e A A e} . In 4D case we found e € VRT*X and eAeAe € ASVRA3T*X,
—_—— —_——

p times n—p times

so that xe and x(e AeAe) arein A3V ® T*X. In components:

o o 11JK
*€ = [*e} dr* @ er Nej N\ ek
: IJK
xleNeNe] = [*[e/\e/\e]} dzt @erNej Nek
o

we are not enter into details and refer to the work of Wise [244] or Baez [15, 16] for the underlying
relation with more general BF theory.

13.5 Einstein-Cartan and the spinorial area

The deepness of Einstein-Cartan formalism reveal two sides of the same mask: either it allow to work
with dynamical variables - curvature and torsion - or it is the suitable framework for the inclusion of
matter field. A system of spin-1/2 fields coupled to gravity is described via the Finstein-Cartan-like
action (252):

Lecle,w, ¥, 9] = ;/GIAQJA*FIJ+;/*61A [@'yIDw—DzﬁfyIzp] (252)
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Then, we write: Lgcle,w, ¥, 1] = Lo + Lpiac Let notice that:

1
xe=[xe] Vpgldm” ANdxP ANdz® ®er  with [*e] ung = geuypaeft (253)

Lemma 13.4. The interplay of Hodge duality defined in part (13.3) leads to:

5 [ *er A0 Do) = 5 [ cet (71D — Dy o] (254)

1 — 1 — . 1 1
D¢:d¢+§w1J01J¢ D@b:dw—iwfjdjjw with orj = Z[’)/[,’)/J] = §*€IJKL7L

[ Proof The one form e! = eidw" is defined on space-time manifold X and its Hodge dual form is
1 v P o 1 H M
*xe =g [* el,,w] dz” NdzP Adx and [* el,,w} = Jy€uvps€’ = Euvpoe
Then
xe = (1/3D)epvpoe’dx” A dx” Adx® = (1/3)eepnpoe’ dz” A dz? N dz®

Taking into account the Lie algebra-valued feature we obtain: xe; = (1/3!)e€ v poeydz” Adx? Adz?. Since: €”°7" B, =
dx” A dx” A dx?, we obtain:

1 *
iee}‘ (316, Bx

1 1
_ W _VpoK _ n VpoOK _
*€] = —€€uvpoe€ Br = sreel€uvpoe Bk =

3! 3!
On the other hand, since ¥y Dy — Dyl = W}’yIDAw — Dmﬁ’ylw] dz we have

xer A [0y DY — DYy ] = eel [0y Darp — Dapy'¥] B A da™ = eelf [Py Dty — Dby 9] 8 |

14 Canonical variable and phase space for canonical gravity

In LQG theory, see A. Ashtekar and J. Lewandowski [10] Rovelli, [197] T. Thiemann [221, 222],
we work with basic canonical variables (A%, E®). We observe either the connection representation,
see section (14.2), or, via the loop transform, we pass to holonomy-flux algebra, see section (14.3).
The latter describes canonical variables as the holonomy hr[A] and the flux vector Fs[E]. We give
canonical variables for Ashtekar-Palatini gravity with (Alﬂ, E}L ) - for the connection representation -
or (hr[A], Fs[E]) - for the loop representation, see the seminal work of Rovelli and L. Smolin [201].
The later find natural geometrical setting with the copolarization and the observable functional in
MG setting - see (18.3). The main fact related to the issue of the arbitrary foliation of space-time
- and beyond the issue of the covariance for gravity - is the following. We realized that in the full
multisymplectic setting, we have directly an explanation of the right canonical variables (w7, w!”)
as a 2-form and a potential 1-form - for more comments see section (18.3). For an introduction
on basic canonical variables and quantum Riemannian geometry in LQG, we refer to [10] [11, 16]
[179, 180] - and for more elaborate considerations and generalizations, we refer to [27] [28, 189] [222]
and references therein.

14.1 Phase space and canonical variables

We distinguish three distinct periods for the establishment of modern phase space and canonical
variable in LQG theory:
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[1] Historically, A. Ashtekar [8, 9] developed new variables for general relativity in relation with
the work of A. Sen [213] and we focus along this historical perspective on the so-called Ashtekar-Sen
connection. The original Ashtekar connection A! is the spatial projection of the self-dual part of
the four dimensional spin connection.”® We have the canonical variables (A%, E2) (255):

i i i _ Lk oi a_ 1 ijk b c
A, =T, +7K; = S€ikWa" +9Ws and E} = 5 €abee " €jEl; (255)
We denote equivalently A% = 1/2¢%w,;; +vK:. The usual Hamiltonian formalism process via the

(34 1)-decomposition gives the set of constraints for Ashtekar phase space are the Gauss G;, vector
H, and scalar H constraints:

Gi = D E} M = (E{E/VE)eF}, Ho = E}Fy,

[2] The second step in the development of LQG program has been the switch to the Ashtekar-
Holst-Brabero and is now considered as the right generalization for canonical variables in LQG. We
denote it as (AL’ )LQG where now stand the use of the Immirzi-Barbero Parameter - see [21, 127].
This approach is base on the Holst action:

1 1
Lioe|e, w] = 2/ el Ael A [*—i—f]F[J =el nel AU Fyy (256)
X

The Holst action, via Hamiltonian setting and the time-gauge leads us to recover the feature of the
classical ADM phase space. We have the following constraints:

EgE;?

VE

Notice that in the expression of the Gauss constraint we define D the covariant derivative defined
by the connection Y A% such that: Do E = 0, E8 + €;;*7 AL EL. Here, ¥y = 28[a'YAi] + €Y AT AF is
the curvature of the connection 7 A%. These constraints are the Gauss law LQGG,;, the vector Y¢H,
and the scalar constraint *?“H of the loop gravity.

3] The last modern development is found in the use of new variables (7%, A7) and the role of
simplicity constraints (257). We follow the recent work of the Erlangen group - N. Bodendorfer, T.
Thiemann and A. Thurn [27, 28], on the ground of the earlier work of P. Peldan [189]. This approach
leads to another extension of the ADM phase space than the usual LQG one. We emphasize the
underlined perspective of those authors: higher dimensional supergravity loop quantizations. [28]
In this case the new canonical variables are a densitized vielbein 7¢; in the adjoint representation of
SO(D + 1) whereas AL/ is the other canonical variable. For us, dim(D) = n — 1 = 3 is the number
of spatial dimensions. The two canonical variables are: (7¢,, A7) with 74, = e®¢r kel el. Since
7¢; has 18 components and elf( has 12 components so we need 6 primary constraints C%. These
constraints are called the simplicity constraints (257):

LQGgi — DaE;l LQGH —

la

(Vb =20+ P)KLKY) MM, = BYFy, — (1+97) KL Gi

Ccw — e”KLﬂ'?le[’(L =0 (257)

These constraints play a role in the quantization perspective with different model of spin foam
and related strategies. We denote 7§, the canonical momenta associated to wl’. In this case, we

941n this section we denote ¢ = 1 for Riemannian signature, and ¢ = —1 for Euclidean one. Indices p, v, p denote
space-time indices whereas a, b, c... denote spatial indices and finaly 4, j, k... are related to su(2) or so(3) Lie algebra
indices whereas, I, J, K... denote s0(1,3) indices. In the literature concerning LQG one distinguish several pairs of
canonical variables.
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define the momenta 7¢; = 5L/580w£‘] = eUKLeabceg(ecL so that we assume the passage from the
Lagrangian Lygele,w] = w;{,wgJ +w!’Gr;— NH — N*H, - with the Lagrange multiplier Gz, N, N®

to Hamiltonian side, via the (3 + 1)-decomposition:
Mo = 71 70g” — Lo = w3'Gry = NH — N*Ha + capC
with the constraints
Gu=Darty  H=rhelfEY Ha=ehEY 0=,
In a particular choice of gauge, namely the time-gauge choice e; = 0, the simplicity constraints does

not appear. Now we concentrate on geometrical objects for the canonical variables. Following [27],
we define (n — 1) linearly independent vectors {e so and the common normal vector

(258) is written:

{l}lgaﬁ(n—l)

1 1 Jn 1

ay-Qp— J
ny=-———<~——=¢ Lrdn 1€[J1..‘L]n_1€a} S (258)

(n—1) V&
which satisfy eln; = 0, nyn! = —o. For example in the case where dim(X) = 4 - so that the
spatial dimension reduce to dim(X) = 3 - we obtain n; = (1/3/8)e®er kel el el. The simplicity

a
constraints is given by the following relation:

nd; = 2/ggnll el = 2nll Bl (259)

14.2 Connection representation: canonical variables (A], EY)

In this section we give the connection representation. We consider the traditional Ashtekar-Sen
connection. In the setting of Quantum Riemannian 3-Geometry, we consider basic LQG canonical
variables: (Alﬂ, E¥). The first one is a Lie algebra-valued one form A = Aﬁdm“ ®gr = gIAﬁda:“.
Then, we consider A{L as a su(2)-valued 1-form. Whereas the second is a densitized triad Ef = eef.
It is a Lie algebra-valued vector density of weigh 1. In LQG we find the following expression for

the densitized triad E7:
1
Bl = iqmeﬂp"egef. (260)

Following T. Thieman [222], one remarks that the precious consideration on a densitized triad is
extend to any dimension. For a general n-bein we define:

1
E}L = Udet(el{)W&“m”'un_l6]]1_”[n_16£11 LR 6{[:;_11 = 66? (261)

Notice that the one form e! = eﬁdw“ is defined on the three dimensional submanifold . We can

evaluate the Hodge dual form as:
1
xe = 5(* ep)dat Nda”  and  (xen) = i€ = €puve”
Then, xe = 1/2¢,,,e’dat N dx” = 1/2ee, ePdzt A dx”. Now we take into account the Lie algebra-
valued feature:

1 1
xey = §eépuu6§dx“ Ndz" = §6puyE§)de“ A dz” (262)

We immediately see that the component of the pseudo two from ey, denoted as (*ew,)
identified with: (*eu,);
su(2)-valued pseudo-two form ey which is often designed by its components (*E)

; are precisely

= EPWEf . Since E}‘ is a vector density of weight one, to it we associate the
_ P

ol = E%€p, Or

without the reference to the Lie algebra indice we write xe,, = €,,,£7. The object (* E) is a

vI
2-form of density weight 0. !
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14.3 Holonomy-flux variables

Now the electric flux F7[S] is defined. Let us consider the element xe; = dF; = 1/2¢€,,,5 Ef dzf Ada”.
Let S C ¥ br a two dimensional surface, we define the electric flux through § by the quantity F7[S]:

Fr[S] :/dFI or Fr[S] :/n#E?d%:/nME?dgl/\dg2 (263)
% S S

We focus on the geometrical picture beyond the definition (263). We consider an embedded 2-surface
(S,h) into a Riemannian 3-manifold (¥, g). On X we have the 3-metric g,,,. Then, we express the 3-

L we connect the inverse

metric in terms of the triad: g, = eﬁel{ dry. Thanks to the inverse metric g~
metric components g*” to those of the densitized inverse triad via gg"” = EY E"jél 7. Riemannian
geometry of the three-manifold ¥ is encoded in the momenta EY. We focus on a parametrization of
S. Let ¢ : § — ¥ be an embedding, under the hypothesis that we identify the manifold & with the
submanifold ¢(S) the embedding is the inclusion map i : S — ¥. The local study of the embedding
is perform through the local parametrization z : U - S C ¥ : ¢ = (gl,gQ) — z#(s). Now (gl,gQ)

are local coordinates on §. We have the following lemma:

Lemma 14.1. Let (S, h) an embedded two surface into a Riemannian 3D manifold (X, g) and
consider a local parametrization t : U - S C X :¢ = (g1,§2) — x#(s). The determinant of the 2D

metric h writes:
ox¥ .  0x¥ , 0xP  0x°

G G )

h= ggaﬁf;wafpa/ﬁ(

ozt

[ Proof. Here h is the determinant of the metric so that h = det(has). We have has = gw(ac—a)(%), with
a,B=1,2. Since h = 1/2¢?7 €™ h,ychoa

ozt 0x” )}[ pa(axp oz’ }

1 7 K 1 7 K
h = det(hag) = 5¢€ e hycho = 5¢€ e [guu Tw)(agﬂ aTv)(a&

ozt ox¥ , 0x° ., 0x°
gul/gpo'(aign) dcr Tgﬂ,)(agk)

1 "
h = det(hag) == ieme A
We write explicitly on the local coordinate gl, ZonS

h_ guugpa[e € (agl )(a§1 (8§2 (a§2)+6 € (8§2)(8<1)(8§1)(8§2

2
12 21 oxt . ox¥ . 0x* , 0x° 21 21 oxt  ox¥ . 0x* , 0x°
+e e (876)(8(2 (ng)(aglﬂ'e € (T&)(agl)(@ ol )}

= 58 (5o (5 (G5 Ge) — (5 (5o (G (5
L7 Ost 7 962 7 Og AT S RAT ISRAY R
OB+ oy 2oy By O]
h:g“”gp"[(%)(gi)(%) ?3?2)_(85%)(2?: (%)(Z:)}=2gwgpg(%) %L: %‘Zj 2—?2
"= Qg“[”gp]“(%)(%)(%)(%)Since 8u8olo = %Euuaepaaggo‘ﬁ , we finally obtain

o ozt ox¥ ., 0xf  0x°
h=gg Bﬁwaﬁpaﬁ(aigl) Bt (87c2)(87g2) ]

The previous calculation leads us to construct the area operator. We introduce a normal vector
ny, = n‘j as ny, = EWP(%)(%) so that the 2D metric h writes:

3 oxH . o0x” oxP . 0x°

h = 88" o (Gp) (Gor) ) [eoms(Goz) (5ez) | = 88 mams (264)
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If we denote Vs € U, z(s) = X(s) € S C X, then EY = E¥(x(c)). Hence dF; and Fy(S) respectively
writes:

oxP ( ) o0x?
Ogl 7 962

1
dFT = 2EM,UE dz? N dz® = € EY (2(5)) 5 (¢)dst A dg?

Fi(S) = [ eum oy (503 (VBT ({6 ! n d”

With the help of n, = nﬁ = em,p(‘g—g)(gfp) we obtain the equivalence of descriptions.

dF; =n,Blds' Nd?  and  Fi(S) = / n, Bid*s = / n,BYdst A ds?
S S
dF7 is the area element for the spatial submanifold . In term of forms, we equivalently speak

about a pseudo 2-form dF;. We have dF; = erjxe A el. We have the following straightforward
calculation:

K _L J K
dFr = €rkLe, egdxl Ndx® = = €JKLE,C, eaeld:rp Adx® = eupgeldac ANdz® = eupgee?dazp A dx®

Then we find dF; = eungfL dx? A dx?. The link with the traditional classical area picture emerge
to the idea of area operator. The area classical area (265) in term of metric is given by:

AlS] = / dst A de2vh (265)
S
From this consideration, we derive the area operator (266) in LQG:

= / \/ EYEY 6T n,n,dst A ds? = / (n, B (n, EY)ds' A ds? (266)
S S

The object F[S] already introduced under the form (263) is now written:
1
Fr[S] = /(*6)[ =- / eepveida! A dz” (267)
S 2 /s

So that we equivalently write F[S] = [sns A (xe)!. Here nj is a su(2)-valued scalar function. We

equivalently write ny Axe! = nj(xe)! so that we can write F[S] = [sn;A(xe)! as the classical area.
We have:
F[S] = / ny A (xe)! = / (ELE)\HGIJKGJGK) <leauyee?dx“ A dﬂs”)
S 3 \/> 2

11 11
= / 30 f€AneIJKee‘}‘€§€’;(€auudx“/\d:B” — / 576 ( )6)\56 alk Ea‘uydxu/\dxy

= /\/EE)\H((SL)‘(sl’f])dx“/\dx”:/\/gdgl/\d§2
S S

Spin network appears with the concepts of edge I', an open curve embedded in spatial manifold X
and the holonomies, as path oriented exponential object hp[A] = Pexp [ A dxt - see [27, 28, 179,
180, 197, 221, 222] for details - we describe therefore the holonomy hr[A] as a matrix functional which
transform SU(2) representations pr for given spin jr. Hence the holonomy is spin jpr-valued and
described as (pj. (hr[A]))ag, Where a, B are related to the representation choice. The flux variable
is thought to be a smeared version with a test function ¢;: FI[S,¢] = [ reupEHdaP A da’.



Multisymplectic Geometry and Classical Field Theory 137

The canonical Poisson bracket is described as the main object for LQG program with the following
relation - given two edge I'; and I's and related holonomies h%l and h%z, ¢ an infinitesimal parameter,
[179, 180]:

(e lADap P B ]} = i (68, [ADan | AL’ [ 4 e o @) B 0 [ADas] (268)

From geometrical perspective, this relation founds deeper roots within MG with canonical bracket
for forms of arbitrary degrees and the process of copolarization, see some remarks in section (18.3).

15 Chern-Simon Gravity

We discuss Chern-Simon [44] degenerate theory. In doing so, we give the geometrical construction
for the covariant derivative and the Killing form. This example of topological field theory is treated
in the degenerate space in the MG setting. In this case we have an equivalence between the Hamilton
equations and the Euler-Lagrange equations. This phenomena appears also in the study of Dirac
equation [105]. This phenomena appears also in the Chern-Simon theory, Dirac theory and in the
Palatini first order theory. As emphasized by Harrivel [105] this is connected to the first order linear
feature of those theories. The Legendre correspondence is strongly degenerated, however, working
on (M., w?®), we derive the Euler-Lagrange equations from the Hamilton equations. This is
explained by a geometrical interplay between the two spaces (M., w?®) and (Mecs,w®) with the
projection 7 : Mcs — M, and the injection i : My, — Mcs such that moi = Id y dee. Here we do
not enter into details, we give Chern-Simon equations.

15.1 Chern-Simon Lagrangian

The Lagrangian of Chern-Simon theory is described by (269):
1 2
Los(A) = 2/ (ANAA+ AR AN A (269)
X

The Killing form plays the role of a symmetrized trace, tr(,) : g ® g — R. We consider a non
degenerate Killing form.”> The symmetric bilinear form is invariant under the adjoint action
Ad, which is the map for any { € g from g to itself Adyg = g — g : { — gég~'. We have:
tr(Adg(€),Adg(¢)) = tr(§,¢). Since tr is a two entry object, the object tr(A A A A A) stands for
1/2AT A AT A AFtr(bz, [b7, bx]). Let us notice that via the bracket [,] described”® in (272) the
Chern Simon functional is written:

Lcs(A):/Xtr<AAdA+;A/\[A,A]>:/Xtr<AA(dA+:1))[A,A])> (270)

Chern Simon Lagrangian. We describe A as a g-valued form A = AT @ by € Q'(M)® g =
Q' (M, g) where {br}, 7, denotes a basis of g. Since A is a connection on a principal G-bundle,
it is seen locally as a Lie algebra-valued 1-form. We describe its exterior covariant derivative:
dP A € Q%(M, g) and also the exterior differential that acts only on the form part (271). We obtain:

dA = dAT ® by = d(Alda") @ by = (0,AL)da” A da" & bg (271)

By Ceg tr(€,)=0=£=0.
See more details in appendix (B)
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Notice that if we use notations introduced in the appendix (B), we can write A = Agdaz“ ® bz =
Aﬁj Jrsdz*. The covariant derivative,”” which acts on Lie algebra 1-form A\ = A\ ® br.

dPX = b DN with DN = d\ + AL AN

Let us construct the bracket (272) which acts on the two parts of the object: it takes the ordinary
wedge product on the form part whereas it takes the Lie bracket on the Lie algebra part. Then we

have
[A,A] = [bz,b7]AT A AT =K, AT A AT @ b (272)

Notice that [A, A] € Q%(X, g) as well as dA € Q?(X,g). Then we write the curvature (273), locally
a g-valued 2-form, as:

1
F:dA+§[A,A] F=dA+ANA (273)
We define the action of tr on a wedge product of g Lie algebra-valued forms (274):
tr(AA o) =tr{(AM @ b7) A (67 @ by)) = tr(bz, b7)A Ao (274)

The expression with space-time indices is written: tr(A A o) = tr()%a;? dzt Ndz¥ @ bz Aby))
Terms involved in the Chern-Simon Lagrangian The first is the term tr(A A dA).

tr(A A dA) = tr{ (Agdx# ® bI> A (8,,A;,7 dz” A dz” & b j)> = tx([bz, bs]) AZ(D, AT dzh A da¥ A da”

For a semi-simple Lie algebra g, in the adjoint representation, we simply denote trzs = tr{bz, b 7),
in this case the bilinear form is the Killing metric and we write:

tr(A A dA) = trzy AL (0, AT )da" A da¥’ A da”
The second term is tr(A A A A A). In this case, we obtain:
2 1
tr(ZANANA) = tr<§(A§dxﬂ ®bz) A (SeA A AR @ b.))
1
= _tr(bg, be) G ALAT AXdat A da¥ A da?

= gtrzjchAﬁAfAfdx” Adx” A dx”

We consider the coordinate (x“,Ag) so that the Lagrangian density is L(x, A). Let 8 = dx! A
dz? A dx® be a volume form. The Chern-Simon Lagrangian is written in component:

1 y 1 1 y 2
L(z*, Al) = Stz P(ALo, AT + g141[6[,4y,,4p]~7) = Ftizge P(FL,AT — §Ag[A,,,A,,]J)

pvtip

15.2 Chern-Simon multisymplectic manifold

The following De Donder-Weyl Poincaré-Cartan 0?{}"’}7) n-form is considered:
oW = e+ ppdAL A By, (275)

97Let us recall that if we denote AT = Aﬁdm" we shall define the connection matriz, the image of the gauge potential

A by the representation p. Then we describe p(A) in matrix component p(A); = AZ(p(bz))%. Also we use the

following notation: A% = Afud:r“ = A (Tr)}.
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with 8 = dz' Adx? Adx® a volume 3-form on X and Bg := 03 I B. The construction of the Legendre
correspondence gives the equivalence relation between (¢,v) and (g, p):

dp.v) _ 9L(g,v)
ov ov

where the term <p, v) is understood as: (p,v) = 0p"(Z) with Z = 21 A Z2 A Z3 and where Va
Zy = axa + Za“ AT We make the calculation with ZI = (%Aﬁ + C%QAEA/?:

(¢, v)¢(q,p) = (276)

(p,v) = O2V(Z) = eB(Z) + py*"dAL A B, (Z)

The expression (p,v) = 6)"(Z) is written:

v 1
(pv) = eB(2) + 9 dA] N u(2) = e+ 0" 2], = et Strrg P ALZ], (277)

I Proof Let us denote:

— 0 P Q r_~
Z v QAI - ? + Z(auA + CPQA A 8AI = Z Z ql"
n 1<p<2n
We have ¢* = 2#* =2 if |l <p=v<3and ¢* = A;,_,, = AL if 1 <p—3 =y < 3. Where the bold index 1 < p < 6
is a multi-index meaning that Z¥ = §8 for 1 < p < n and Z“ ZZ for the other case. Then,

K1 K1 M1
zi zhr gk

H2 K2 K2
Z Zy Zq

0 0 0
8(]/‘ 1 aqﬂz (9ql‘3

. 0 0 1o}
_ _ HiH2o2H3 —
Z=ZiNZNZ= Y ZiH 50 5 Bgm =

B <pa<ps B1<pa<ps

We therefore expand the expression as:

_ 2123 12u 0 13u 0
Z=213300N02 N0s + “23123381 A Oy g 123° 01 A\ O3 g 123 dqks
3
1] (1) [111]
The different terms involved are written Z133 = 1
1 0 0 ) 1 0 0
Zis =1 0 1 0 |=2zs Ziks = 0 0 1 |=—2s
Zhs  zhs  zls Zhs zZhs  zhs
’ 0 1 0
Z=l 0 o o1 |-z
ZHs ks zhs
We obtain:
1] = 28201 A O A2 1] = — 25301 A O3 A —— [I11] = 2420, A O A2
3 9 2 6(]#3 2 “1 3 aqﬂ's 192 3 8ql—‘3
zaaazaaazaaazf-aaa
1 ANO2 N O3 + 23,01 A 2/\814“ 2,01 A 3A8A1+ 1,02 A 3/\8—AE
Since 1 = dz? A dx?, B2 = —dz! Adx® and B3 = dz' A dz?, we have:
Apv
(pv) = 6;"(2) = (p,v) = eB(Z )+pf dA,{ ABu(Z)

eB(2) + 15" dA] A BU(Z) + v dA] A Ba(Z) +pl dAT A Bs(2)
= 25(81 /\82/\33)—|—pjp dAJ/\['h(ZlMaQ/\ag/\ +pj dA;Z/\BQ(—ZQIual

=a7) )
DAL DAL

3 0
+pjp dAj A ,63(231#81 A 82 A ﬁ)

= B+p1“ Zlu +p1“ ZQu +pIu Z3u J
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We express the Legendre correspondence thanks to the expression (p,v) = ¢ + pé"” Zl\/7p , with
Zyjp = [&/Apj + ngAprQ]. Hence:

0 0 A, v Apv
9 = (et pET) = p
8(8,,14,,‘7) P,v) 3(81,Ap‘7) (e Ps p) bs

On the other side we have:

OL(q,v) 0 [1
)

1 J 1
—trrye?(ALo, AT + AL |A,, A = ——trzze"P AL
00,A7) ~ 9(d,A7) 2" (40045 + 3 M{ ’ P} ﬂ 9 "ITE

2

We obtain the expression of the multimomenta (113):
1
Py = Jorrge P AL (278)
The equivalence (276) is now written by (279):
A 1
(.0)e(gp) = Py =g Ay (279)

Then, the Legendre transformation is highly degenerate. We cannot exhibit a unique correspondence
between v, the multivelocities and the multimomenta p. More precisely, given a v the equation (279)
has a solution p € My if and only if p € My, with:

1
Mg ={(2, AL), e + Qtrzje“”pAgdAf AB, | (z,A) €g@T*X, e € R} C Mpy (280)

Let notice that Mg, C Mpy is a vector sub-bundle of Mpy. The degenerate feature leads to

the following observation: pf;” = —pé”p . Then Legendre transform works only provided the

compatibility conditions: pé” Yy pé”p = 0. It is an again example of a Dirac primary constraint
set. Therefore, we work on

M :{(aj,Ai,pépV) € Mpw / pf;p'/ _i_péuﬂ =0} C Mopw (281)

15.3 De Donder-Weyl multisymplectic equations

The next step in our journey is then to consider the Hamiltonian function. Since our aim in this
section is to prove that we recover the Chern-Simon feature on the degenerate space Mg, we
consider:

H*(q,p) = (p,v)— L(q,v)
= ot stizge AL[0,A7 + Lo AT AQ] - ttrg e {AZ0,AT + éAﬁ A, AP}J}
= ot ey P ATAT AS — Lty o ATAT A
= et gtirg e el ALATAD
We have also 1
dH*(q,p) = de + itrzge“”pchAprQdAg
Proof We make the explicit calculation:

dHE(q,p) = de + d [%trz je“”ﬂchAiA,’,’AS] (282)

[e]
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Let explicite the term [o] in (282) Then,

o] = = gdftrrs [P FATAT AP + 2] QAT AT AT + e g AT AT AS

L ATAT AL + P12 ATAT AS + emcggAgA;’A?]]

= %trz 7%0 [[dA{A;’Ag + ATdAT AZ + ATATdAZ) — [dATAT AS + ATdAT AS + AT AT dAS]
—[dAZ AT AS + ATdAT AS + AT AT dAR] + [dATAT AR + ATdAT AR + AT AT dAR]
+[dAFAT AS + ATdAT AS + AFATdAS) — [dAFAT AR + AZdAT AR + A%A;’dA?]]

= Zurselo|[ADASAAT + AT ARAAT + AT ASAT) + [ATASAAT + ATAPAAT + AT ALdAT]
+[ATATdAS + ATATdAL + A%AfdAQQ]]

= %trz 7%0 [[A;’A%dAf + ATARAAT + AFATdAR) + [AT ARdAT + ATASdAT + AT AT dAS]
+[ATAAAZ + AT ARdAT + AIAPdA.Q]]

- %[trljc%QAfA dAT 4 trprclo AT ASAAT + trog el AS AT dAT + trrscho AT ARdAS + trp s o AT ASdAS
ttros b AL ATAAL + [trrcho AT ASAAL + trp s lo AT ARAT + troycd AR A] dA%]

= % [[trzgcgg +trogelp + trpredr| AL ASdAT + [trzscho + trpaclo + trogchs | AY ARdAS
+[trzrefo + trogelp + trpgcd] A?AQQdAﬂ

In fact, trzy is invariant under the adjoint action of the Lie algebra g. It means that we obtain trzs[€, X]ICJ +

trzzxF[€,¢]7 = 0 for any elements ¢7,x7,¢* € g. We shall define cz7x = trzzc5c. The invariance property under
adjoint action leads to:

czgk = czgx) = (1/31) Z(*l)ata(z)a(ma(m = (1/3)(czgx + coxz + cxz7)

o

[o] = [[CIPQ + cozp + cpoz] AY ASAAT + [czpo + cpzo + copr] Af ARdAT

[czpo + cozp + tpoz] A}’AQQdAg]
- g [[3cm]A;’A?dA% + [3czpo) AT ARAAT + [3czpo] AT ASd Ag]
= 2czpo[AT ASdAT + AT ARAAT + AT A AT ]

2
3
J’_

On the other side: . L
[oo] = §trzje“”pchAfA?dAf = 56“””cmA1’APQdA§ .

Now we are intersted in the multisymplectic form:
1
wiE =de NS — d[ trrge” AT ] NdAT, A B, = de A3 — ftrIje“”pdAj NdAL A B,

Therefore, to precise better our notation we can write X1, Xs and X3s:

0 0 0 0 0 0
81+@1“13AZ +T18 82+@2“28AZ +T28 and X3 _83+@3'LL38AI +T3ae

We obtain, after a straightforward calculation (denoting % by 0,,) the following expression for
X1 A X9 A Xs:

0 0 0 0
XiAXoA X3 =0 /\32/\53+01/\52/\9§u3m + 0 /\@2“28,41 A5+ 01 /\65“28145 /\@3#38141
0 0 0 0 0
+@1M1 6AI /\82/\83‘1‘@1”1 6142 /\82/\@?’#3 6141 +®1M1 8141 /\QQHz 6141 63
17} 0 0 . . .
+@1M JAT, A @gw 9AT, A @3% JAL, + multivectors involving 9/0¢
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Now we can write the multisymplectic Hamilton equations:

1
X Jw™ = X J(deAB— Stz g€PdAT N dAL N B,)
= B(X)de — (de A B,)(X)da" — trrze™?X 1 dAT N dAT, A B,

ol
= de—Y,da” — trzze" Pi((dAf A By)(X)dAT
—(dAT A B,)(X)dAL + (dAT A dAL A By,)(X)da?)
Then, we obtain:
X Jw't =de — T ,da’ — trrge?(67,dAT + 67 dAT, + [6],07 —03,67,]d?)
So that the decomposition on the term involving dA gives:
—trrz et (07,dAT + O dAL) = —trr e ], AT AZd AT,
(trz7e? (05, — ©2))hdAL = —(trr7e"?[A,, A,)T)dAL
Then we obtain Hamilton equations:
trrg P (0,47 — 0,47 + [Ay, Ap)) = trzze™PFy, =0

Since, tr is non degenerate the solutions give a theory of flat connection.

ePES =0 (283)

16 Multisymplectic Palatini-Hamilton equations

We treat the Palatini-De Donder-Weyl multisymplectic theory. We introduce the multimomenta,
respectively related to the tetrad field (284)(i) and to the spin connection (284)(ii):

i) p =0 (i) pou’ = —eele”) (284)

We can write p;4” previously described by (284)(ii) under the following form (285):

piy” = —eel'el] = elefely — eliel) = Eyely — Bl = — B! (285)
Equivalently we have pUIJjV = —ee[f eZ] = —1/2¢1 51" p"ef ek. Let us notice that the multisym-

plectic treatment of Einstein-Palatini treatment is rather rare in the literature. We refer to some
work, for example see the work of Rovelli [197] which gives an introduction. We note a covariant
treatment for Ashtekar constraints in the work of Esposito and al, [72], whereas the work of D.
Bruno, R. Cianci and S. Vignolo [31, 32] discusses a more detailed treatment, in the setting of natu-
ral bundle theory and multisymplectic jet formalism. However, we insist on the observable treatment
for Palatini gravity, and on the necessity of a Lepage-Dedecker transform for a full treatment of
dynamical observable. We have in several steps. First, following the method developed in [115] we
define the general geometrical construction and precise the notations.
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16.1 Geometrical setting and notations

We describe the geometrical setting and the notation for the four dimensional case. We consider
X to be the spacetime manifold with dim(X) = n = 4. Let e € R1:3) @ T*X| be the tetrad field,
seen as a R(3)_valued 1-form - see section (12.4) and (12.5). We denote {e7}1<7<, a basis of the
Minkowski vector space RU3). In addition we consider the Lorentz spin connection, see section
(12.5), as a so(1, 3)-valued Lie algebra 1-form: w € s0(1,3) ® T*X and {brs}i<r,7<n a basis of the
s50(1,3) lie algebra. We described in section (4.3) variational problems on maps o : X — 3. Here
we are concerned with the setting of gauge type theories. Hence, the space of interested is not
3° = X x 3. It is rather 3 = is0(1,3) ® T*X. As noticed in [116, 117], the more naive approach is
to work in a local trivialization of a bundle over X, since a connection is not a section of a bundle.
This is the chosen path here. A point (x,e,w) in 3 is in the position configuration space. Any choice
(e,w) is equivalent to the data of an n-dimensional submanifold in 3 described as a section of the
fiber bundle over X.
3=is0(1,3) @T*X

Let us consider the following maps, (286), ¢ : X — 3* = R @ T*°X and w : X — 3¥ =
s0(1,3) @ T*X.

e _ w(1,3) * X w _ 1 T X
56:{ X = 3=RWWeTXx and Zm'{ — 3 =s50(1,3)® (256)

x = e(x)= ei(az)dm“ ®er r — w(r)= wﬁ‘](aﬁ)dw“ ®bry

Also we introduce the maps 3. and 3, which are simply some section of the related bundle. We
associate with e, the bundle P¢ = e*T'3° ®3c T*X. On the other hand, we consider the bundle
PY =w T3 @30 T*X or P = (e,w)"T'3 ®30 T*X. The useful quantities to describe de and dw the
differential of the map e and w as sections of the bundle P¢ and P* over X'. For vector-valued or
Lie algebra valued n-forms see appendix (B). We denote the exterior covariant derivative on vector
valued 1-form e by dPe and the exterior covariant derivative on so0(1,3)-valued 1-form w by dPw:

dPe = [dDe]I dzt A dz @ e = Del @ ef = eyDe!
D D 11J " 1J 1J (287)
d“w = [d, w]wdw“/\dajl’@)bu =Dw'” ®br; =br;Dw
with: ;
D _ I I.J
[d €:| Iff; - 8[1'4611} + w[ujeV} (288)
D _ IJ I, KJ J, KI
[d w] 2 8[#"‘)1/} +w[#le/] - w[#KwV}
We introduce also another notation:
I
¢ w = 8ue,{ + wuf]ei (289)
v, = uwi” + wugew ™ — wygw,

Then, in our notations, dPe = BU{W] and dPw = “’U[IJV]. Following the same underlying theme

previously described, with 3¢ = R(3) @ T*X and 3% = so(1,2) ® T*X we denote now:
3=p@T*X =iso(1,3) @ T*X (290)

The space of interest, the analogue for tangent space is A"T(, .., 3 the fiber bundle of n-vector field
of 3 over X. For any (z*,el, wl’) € 3, the fiber ATy e0)(pRT*X) = AT ¢ .,)3 can be identified

b 78

with P = (e,w)*T'3 ®3« T*X via the diffeomorphism:
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P (e,w)'T3 Q30 T*X = ATy ew)(pRT*X)
(Z Z [dPe] fwdaﬁ“ ®dx¥ ® ey, Z Z [dPw] i‘idw“ @dr* @bry) —  z=z21A..Az,
v I<J

where V1 <n < n:
cn = 61@ Z + Z “v aﬂ’a IJ
1<B<n 1<B/'<n

In order to fix ideas we stress that we have local coordinates (z*, el w 7) for the configuration

9 “7
bundle 3. The data of the local coordinates (z*, ef“ w{;], U[w, w{ti) (or equlvalentely (xH, eﬁ, w[LJ, z{w, Z{LZ)),

can be thought as coordinates on P or A"T(, . ,)(3) We identify P = A"T(, . .y(3). Alternatively,we
understand the set of coordinates as coordinates on the first jet bundle J'(3).

16.2 Legendre correspondence

Let M = A"T*3. Y(q,p) € M, we denote the local coordinate on the bundle M over 3 by ¢* and
Dy, ..., completely antisymmetric in (g;...4,,) and:

Z Dy, dGH" A oo N dgtn
Hiseeosbp

We adapt our notation, the De Donder-Weyl submanifold denoted as Mpy C M is:
Mow = {(z,e,w,p)/z € X,e e R(1,3) @ T*"X;w € 60(1,3) @ T*X,p e A"T*(p @ T*X)}

with 8€{L NOer Ip = awij NOyrs Jp = aeﬁ A 410 1 p = 0. Therefore, we adapt our notations for
Mpw C M and we consider all the components p,,, ..., equal to zero excepted for p;. ., = ¢ and for
the multimomenta related to e and w written P1..(v=1)(el)(v+1).m = pyy and Pl (v=1)(wl)(v+1),.n =

p‘;jy. We define a Legendre correspondence:
A"T(p @ T*X) x R = A"T3 x R &A"T*(p @ T*X) = A"T™*3
(¢, v,w) ¢ (q,p) (291)

As usual, the Legendre correspondence is generated by the function W : A"™T3 x A"T*3 —
R, (g,v,p) = (p,v) — L(q,v).

16.3 Palatini multisymplectic manifold

We consider the following Poincaré-Cartan H(D;"’p) n-form:

Gy = B+ pde, A By + pTy dwl? A By,

with 8 = dz! A... Adz™ a volume n-form on X and Bg := 0z _I B. The construction of the Legendre
correspondence gives the equivalence relation between (¢,v) and (g, p) by:

O(p,v) _ 9L(g,v)

292
(q,’U)H(q,p) <:> 8U av ( 9 )
where (p,v) = O00,p) () with Z = Zy N Z5 N Z3 A Z4. We have Vu

9 0 17 0 9 I,J 9 1J I KJ g, Kkny_9
Zp = Oz M+ZMVW+ZMV(9 17 = g +(Ouestuwpe )@"‘(aﬂ% TWuRWy " Wy )@
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We notice that generally, we can write the multivector Z under the general following form:
Zfl e fol
iy O 9 ) Ploo P
Z=Z1NZNZNZs= Y ZRM T AN = > : : Ao A

" ’ " . 7 ’ 7
By <o <py g Oghs Bi<-<pg| =k ZHa Og Ogha
1 4

We now make the straightforward calculation:
(p,v) = " (2) = eB(Z) +p}""dey, A By (2) + 075" dw)” N Bu(Z) = e+ 07" 2, + 075" 2,

Let us compute the two parts involved in the Legendre correspondence.

(p,v) wav 9L (g, v) v o, I KJ [ ]
8(8Vw£J) = Ppj W = W(ee?eJ(a[#wyl + Wi kW) )) = eeI“eJ
3<p,’u> o eV 8L(q7 U) o a JT3%7 IJ I KJ _
o) — M o)~ e O] ) =0
Therefore the Legendre transform leads us to write:
pp = —eef'el) = —Ej'e] (293)
p” =0

Then Legendre transform works only provided the compatibility conditions: p}4" +p74” = 0 and
p?‘ Y = 0. It is an example of a Dirac primary constraint set. Therefore, we shall be restricted to

the submanifold:
MPaIatini :{(x7 evva) S MDW / pU[Jf;V +pﬁ}J;M = 07 p?]jy = _Eguet/]} p?“/ = 0} (294)

The Legendre transformation is strongly degenerated since from momenta one cannot invert any
field derivative. Momenta p}u;'/ are functions of the spin tetrad. A regular Legendre transform (non
degenerate) would directly gives the momenta p* = {pi , p;ujy} as function of the fields derivatives:
p* = p*(¢"5v) = p*(a, el wl’ 9 el, 8,wl’). Here it is impossible to invert any momenta to give
all fields derivatives 8Me£ or 8Mw£‘] . This is a general feature for gauge theory: when gauge occurs,
the Legendre correspondence degenerates on My, whereas, when it is restricted to the submanifold
Mpaaini C Mpw with the imposition of constraints, it becomes non degenerate. Finally, we introduce

the space - see the next section (77):
mPalatini :{(.'137 €7w7p) S MDW / p?;y +p?}:}u = 07 p?ul/ = 0} (295)
Notice that we have the following inclusion of space:
MPaIatini C MPalatini C MDW

Expression of the Hamiltonian: DW vs Palatini — Now we express the Hamiltonian func-
tion for the Palatini degenerate theory. We alternatively term Palatini or degenerate the related
submanifold.

H"(q,p) = (p,v) = L(g,v) = (p,v) — e e (i +wl,xwiy”)
= ¢+ p?‘”Z,{u + p?j”Zii — ee[I“eZ] (ﬁuw,f‘] + wlILwaJ)
= e+ p?“VZ,f# + p‘})jy (8,,&){[] + wyf(quJ — wyf(quI) — ee[l'/e’j] (&,wﬁ‘] + wl{waJ)

Let us work on Mo, C Mpw so that the use of the constraint p?‘y =0 leads to

Palatini _ Wy IJ I . KJ J, KI [v_H] IJ I KJ
H== " (q,p) = e+ Y (8,,&)# +wy w7 — Wy Wy )—eel e (&,w# + wy, Wy, )
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The other constraint leads to the identification p‘;j” = —p}”j“ = —ee[I“ e J], therefore we write
—eelet = _penv btain:
;€57 = —DPrj SO we obtain:
HPaIatini(q7p) —¢ +pc}15u (&/wij —I—w,,%qu‘] _WVJKWMKI) p?jy(ayw +WVKWKJ)

Hence, we keep in mind the Palatini Hamiltonian:
alatini KI
H (g, p) = ¢ = pry Wy wy (296)
Now we introduce the degenerate Hamiltonian #*¢(q, p) as the following function:

H*(q,p) = ¢ — ee[I e’j]wVKqu[ =e— ee[I“eJ]wui(wVKI =e— ee?e'j(w[‘sz,f]H) (297)

The Hamiltonian function H*#(q, p) : Mg, — R is written H*t = ¢ + H*t. The constraint H*s =
0 gives the pre-multisymplectic setting.”® so that e is written e(z) = eefe’(w [MKwﬁf). It is a
singular case of vanishing Hamiltonian found in the context of covariant Hamiltonian theories.
We can always choose e¢(z) such that H(z,e(z),w(z),e(z),p*(x)) is constant. The evaluation of
dH*5(q,p) = de — d(ee?e?winﬁf) is given in the Palatini 3D and 4D cases.
Exterior derivative of the Hamiltonian dHs —

e We are first interest in the three dimensional case, so that dH3e is written:

dHE(q,p) = de —ee‘;ef}d[wELleﬁI)] —d[ee‘;e’j]w[;[(wﬁf

(1] [11]
Since d(eefel) = d[(l/?)‘)eUMeW’\ ey ] = (1/3Der e del. Therefore the term [IT] is written:
1] = (1/3Dersmre™ il ewpy ! dey’ (298)

On the other hand we focus on the other term [IJ:

I = —eeIeJd[w[MKwﬁl] :—ee’;ef}(w/{deKI—w;]deﬁU)—eeg-“ef}] yde
ee[I”eJ} ,,deﬂ —(1/3!)61JK6“””6K J deI (1/3!)61JK6”“'06K 7 deI

We introduce the notation (299)

v 11
S =iy = g grerw (e + ) (299)

so that:
VA M KI vp K, J MI
[I] - g#JMe)\ qudwu g-'LILJfI)(e wVdeu (300)
See appendix (D) for details, we have the relation (301) in 3D:
e"’pUEUKe{Lwa‘]deéwK = —1/2€HPU€LJK6£WULIdUJPJK (301)

K J deI

EIJKG‘LW’D(B = —1/26“VPELJ]6£(WVLKCZW!{I = 1/26MVPGLJ[6§wVLde£J

This relation improves the situation, especially in order to compare the different terms in the Hamil-

ton equations. We have the expression of the second term in dH*, which is dH, = Dﬁ'jfleK wy de#

Now, we obtain the expression for the 1-form dHsE (g, p), thanks to relations (298), (300) and (301):

1
dH (g, p) = de+ rersme™ Aot gewpy e’ + O el w, b duw, (302)

98we come back below on this point, leading the construction of dynamical structure of an n-phase space (M,w, §),
this path open indeed a strong connection with the covariant phase space approach.
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e In the case of Palatini 4D theory, the expression of the Hamiltonian is basically the same, i.e
deg

the equation (297). For the exterior derivative of the Hamiltonian we obtain dHig(q,p) = dH*®
such that:

dH™ = de— d(ee[lﬂef}] (quwKI)) =de — d(ee[IMeJ])(wl{Ku}K[) eeE“e'jd(winKl>
= de— ergrne el wlyw,)  del + eeltewd duwMT

" 5 ur el MI
= de—ergrne"e, wiyw, dek + epjreper? €, Egwyprdw,

The counter part of relation (301) for the 4D case writes (303):
G“VPUEIJKLeﬁe,{ngMClwéVIL = —G“VPUEINKLeﬁel{wJNdefL (303)

Then, after a quick interplay with spacetime indices we obtain:

K_L J MI LyyJ MI K L N 3 JI
ergrLe’ p(’ep eqwppdw, = G’DUV’uEKije wyprdw,” " = —e“”"”eINKLep egwy’ Ldwy,
Now we can obtain a suitable expression for later purpose:
K 3 L KL N _ ;I
dMiE(q,p) = de — epgrre* el del + epngre™” el elw, N pdw)’ (304)

16.4 Multisymplectic Hamilton equations on (M, w"®)

Let us define the (n + 1)-form w® = d6°":

w™ =de A B+ dp7s” Adw,” A By (305)
Therefore we can express w*e by:
w* e =de N — d[eegﬂef}}] A dwi‘] A By (306)

Thanks to (306) we now enter in the Hamilton equations.

Lemma 16.1. Let X be a (n — 1)-vector field and let {dpi}1<l.<n be a set of n 1-forms. We have:

SN dp) =X ddpy Ao Ndp, =Y (=1 (dpy A+ Adpj_y Adpjiq A+ Adp,,)(X)dp;
1<i<n j

Multisymplectic Hamilton equations for Palatini 3D. — First, let us treat the 3D Palatini
theory, one considers X = X1 A Xo A X3 € A3TMDeg. In the present case we write V1 < v < 3,

0 0 0

0
1J
X, = Dz ””(97[ + @W—a T+ 7Ty Y56 (307)
Therefore we explicitly write X1, X5 and Xjs:
0 0 0 0
X = e! H Ti—
1 681+ 1M181 + 1#16551—’_ 185
Xo = 92#2 oI +@2#2 i + Yo (308)
022 85 83“2 Oe
0 0
X3 == a:p 63“'38 I + 63/1'38 I + Tga
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Using (308) we obtain, after a straightforward calculation (denoting &% by 0,) the following
expression for X1 A Xo A X3:

0 0
XiNXoNX3 = 81/\82/\(93—1-61/\82/\@3#381 +81/\82/\®3Ma i
Ms
0 0 0
+81/\G)2M28[ /\63+81/\92u28£ /\@éisa?
2

b o’
+0, A O A O3+, A OL net —
M2a ﬁQ uza a1 MsaG{LS

0 0 0 0 0
+91“16 I /\82 /\63 + 91#18 /{L /\82 VAN 93“38 [L + 91#16 i 92#26 bi
1 3

€ Wiio

0 0 0
+@1H18 IJA82A83+®1M18 éJAa2A@3lt3a 1 +®1u18 IJ/\®2M261 A O3

+ multlvectors involving 9/0e

The first step to obtain the generalized Hamilton equations is to compute the expression X _| w?e
First we re-express w®e, we have:

w'e = de/\ﬁ—1 (eelej)/\dwu/\ﬂl,—i— d(eeIeJ)/\de‘]/\ﬂ,,

1
= deNp— 55eMM(e"”A + e dey! Adwl! A B, =den B — Ok ded! A dwl? A B,

So that we obtain:
X Jw* = X J(deAB)— O X J(ded ndwl? ABy)
= B(X)de — (de A B,)(X)da” — D;jg(uw[ﬂ A B)(X)deE — (dek A By)(X)dw£J>
~Of3 ((del A dwl? A Bp)(X)da
= de —(de A B,)(X)da? — OFF (del N dw)” A Bp)(X)da?

Ao JAVS

— O (dwl? A B)(X)dek + D15 (del A B,)(X)dw!!

-~ -~

A Ay

Following our notations, the expression of the left side of Hamilton equations becomes:

X Jw™ =de+ Ao+ Ae + Ac + Ay (309)
Each term in (309) writes:
Ay = —(deAB,)(X)dz? = -7 ,da?
Ay = —OW9(del Ndwl! N BL)(X)da? = —O1 7 (0] 6L, — el o], )dx’
A, = —D%%(dwi‘] A ,BV)(X)deL —%%GUL (6‘“’0‘ + el’“a) @iidea
Ay = OB (el A B,)(X)dwl! = %%em( pa g ey QL i1

All this preparatory work allows us to write the Hamilton equations:
X Jw* = (—1)"dH"*® (310)
We compare both hand of equation (310). The left hand is given by (309):

X Jw's =de — Y,da? — O (01705, — 0L 6] ) dar — O 10l del + O 70l dwl’  (311)
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which is identified with (302):

1
dHF(g,p) = de+ rerne™ il wiSTded! + O el w, b gedw) (312)

For this Palatini 3D case, we concentrate only on the decomposition of the 1-form X _|w® in the
basis del and dwl{‘] . The identification of the expressions (311) and (312) leads to:

1 L L
S€IIL (e +er)e)) ) = eIJLG“"O‘w[‘LKwV] ‘ *GIJL (et — e”“"‘)w/{Kw,f”‘
J 1J
—€rJI (e“m + e”“a)@fa = (e‘“’"‘ — e”“a)eLJ[eKw,, K‘
So that without making reference to the decompostion on del and dw,{b‘] we obtain:
ergLet’® (@{Li — @{,i) =  erge*® (w;{KwKI — winKI)
erjre’’e (@gu — ®5a) = —ergre"® (eKw,,LK — eKw,,LK)
Finally one obtains the system of Hamilton equations (313):
erjLeFL] =
313
€1 yLeve (@[Lw] T e[léwy}LK> (313)
Then, one looks at the decomposition of the 1-form X _ w*e on the basis dx” so that:
p
—- T, - o (elel, —elrel )| =0 (314)

With (313) and (314), we find the generalized Hamilton equations for the 3D-Palatini case:

eULe‘“’aFU =0
L
EIJLG“WQ(@[ } + 6[awy} K> - O (315)
T, - o1 (el —ejiel.) =
Multisymplectic Hamilton equations for Palatini 4D. — We consider:
W =de A B — dlecl e Adwl? A B, =de A B — eryire”P el del ndwl? A B, (316)

This time we consider X = X1 A Xo A X3 A X4 € A*T Mo, and V v € {1,4}:

0 0 0 0
X, = -2 I 1J T,
By +®Vﬂal+@’/ﬂal+ Y 5e

Then:
X Jw'e

X 1 (de AB) — ergxre e X 1 (del Adw!” A By)
B(X)de — (de A B,)(X)dz?

—ergrr e el (dwl? A B,)(X)del - (dek 1 ) (X)dwf )
—EIJKLEMVpaef){ (deg VAN dwﬁj A 5py)(X>d.%'p)

We perform the different terms in X _ w®e, namely (dw{[] A B)(X), (del A B,)(X) and finally
(dek A dw/{‘] A B )(X), taking into account the expression of the multivector X, we obtain:

X Jw' =de— Y ,dzf — eryrree K<@Ude = O dw,” + (6,0, - @ii@i)dm”)

v~ po
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Now, we give the Hamilton equations X Jw'e = (—1)"dH*t by means of the expression of
dHi%(q,p) (304). Thus we are first interested in the decomposition of the 1-form X _|w® in
the basis de’ and dwﬁ‘]:

L L

KglJ K, J  MI

oo KL Ir oo K L N\ (317)
<€1JKL€” e, 9,,0) = <61NKL6“ Peltelw, L>
I Iz
Therefore, we obtain the Hamilton equations:
EIJKLGMVPUL?;{ (9{;5 + w{Lwa,WJ> = 0 a1
pvpo K (_)L L _N - 0 ( )
€EIJKLE €, (Ovs twnes =

We recover the results obtained by D. Bruno, R. Cianci and S. Vignolo [31] or the result obtained
by Rovelli [199].

17 Palatini Gravity as an n-phase space
Now let us concentrate on:
H*E(q,p) = ¢ — ee‘;e‘”](w[inﬁ]U) =0

This relation is equivalent to chose the constraint ¢ = ee’;ej(w[lﬁ Kwﬁl )

. We are in the framework
of a n-phase space. It is precisely the notion developed in [144]. In his seminal paper, Kijowski
gives the basic principle of a n-phase space: a n-dimensional submanifold endowed with a closed
(n+1)-form that may degenerate with the Hamiltonian constraint H = 0. We describe two aspects.
The first is to describe the intrinsic n-phase space and dynamical structure in the deDonder-Weyl
seeting (with the manifold Mpy) but with the additional constraint # = 0. The second apsect is
that we have directly a n-phase dynamical structure on the manifold 3 when given with a closed,
degenerate (n + 1)-form w. This approach works also for Palatini gravity and non-abelian gauge

theory (Yang-Mills fields). See the Palatini action proposed by Hélein and Kouneiher in [116, 117].

17.1 Pre-Multisymplectic treatement of 3D-Palatini Gravity

In this section, we treat the equations of general relativity for 3D-Palatini action. We consider the
Palatini action as the 3-form 1/2¢;; xel A F7X and the functional:

1
Lpatatin: = 5 /€IJK€I A FJK

with F/E = dw’/® 4+ w’ 1 AwlE is the curvature. Since e/ = eﬁd:v“, w/E = w;dex“, we obtain the
following expression for the Poincaré-Cartan 3-form:

1
9° = §€]JK€MPU [eﬁdng A By + eﬁwp‘]ngKB} (319)

[ Proof We demonstrate (319) by direct calculation:

0° = leUKe,ﬂdac“/\ [d(w[{Kdacp)—&-prLd:pp/\wad:rU]

= Eeuxeidx” A dwl® Ada® + ieuxeiwp‘]Lwﬁde“ Adz’ A dx’
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We write the Poincaré-Cartan 3-form as 6° = 0‘% + HﬁiwAﬂa With:

o
€|éiw/\ﬂg = leUKedem“ A dwl® A dz®
QIB = E[JK@{LWpJLUJGKd.TH A dx? A dx®

Lemma 17.1. We have the following equality

1 1
T —eriee ehdw!™ A B, = eraKe e, endw!™ A B, (320)

We prove the following equalities (321) and (322):

1 o 1 o (
H‘Odw/\ﬁn = 7561JK6‘LP eﬁdng /\ﬁg = 56[JKEH peidwp]K A [‘30 (321)
1 1
H‘Oﬁ = 26[JK6£UJPJLUJO. d{E N de N diU = §€IJK€MPUG{LW0JLW§K5 (322)

First we are interested in the term Gﬁiw A8+ by direct calculation we decompose the index o from 1 to n = 3:

1 1
O, = —€1JK€ aud ICZ(/JJK/\/BL7 = §€1JK[ upl IdeK/\ﬁl—Fe pp2 IdeK/\ﬂQ—‘rE #p3 IdeK/\/B:’,]

Since 81 = dz? Adx®, B = —dx' Adz® and B3 = da! A da?

1
0, = SE1IK [e“”leidprK Adz? Ada® — e“p2e£deJK Adzt Adx® + e“”?’eidwp‘]K Adzt A de]

So that if we expend and use properties of the antisymmetric symbol:

1
O, = 56[]}( [ngleédwé]K Adz? A dz? + 63216§dw2 Adz? Adz® — 132@{dw3 Adzt A dx®

—Pesdw!™ Nda' Ada® + PP eldws ™ Adat Ada? + €Pesdw!™ A dat A da?]
1
0, = —561JK [eéde A dw‘glK Adz® + eédac3 A dwéIK Adz® + e{dml A dw‘ng A dz®

—|—e§dw3 A dwi]K Adzt + e{dml A dwin Adz? + eéde A dwi’K A dxl]
Therefore we finally find:

1 - 1 -
Oo = —€1JKE a Idwp /\/30 = 7561,]K6£dmu /\dwiK ANdz® = 79|OdegU

which prove (321), also one observes that (322) is right.
Let us express the second term O = 1/2¢5x€"? efbprLw 5 using the volume form: = dzt A dz? A da®.
Since, 8 = (1/3)eag,dz™ A dz? A dz¥ one writes:

1 1 o
Qoo = ~ergreenw,’ WK B = E[JKE pee eﬁprLw(fK[geag.ydx A da? A dz”]
Ooo = §§€IJK€ eaﬁ'yeuwp Lwﬂ [dCL‘ A da® A dz” ]
66 68 62
0% 63 oL 6 ok 6%
: npo o — 6#« 5!7 52 — Sk B B _sp el « o «@ «
We have the expression €7 €qg+ 5 0g 05 ok 5 62 of, s 67 + 62, 6; 55

S T4
7 eapy = 010507 — S1O505 — (50,6487 — 850564 + 65,8405 — 65,8504
that is equivalently written:
"% €apy = 31615507) = %![égég’a;’] — 85065 + 820464

So that O, is now written:

11 1
Oo0 = 23'€[JK€ aled eaﬁ.yeﬂprLw(dex“ Adz® Ade = ieUKeprJLw (dm Adz? Adx® —dx? A dx® A dx’

—dx” Ndx" Adx® + dz’ A dz® Adxt 4+ dx® Adx? A dx’ — dx® Adx” A dw“)
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11 1
Ooo = 53'61”(6 e&gvef‘wp‘]LwﬁKdma Adx? Ade? = 56[]K6ﬁWpJLUJ£Kd"IJM Adx’ A dx®

Similarly we find directly (321), namely ©,. Notice that:
P78 = (1/3)€" enprda® A da® Adx? = dz™ A da” A dz”
We recover the Poincaré-Cartan 3-form (319): g° =1 seryxetr? (eﬁdw;,’K ABp+ eftwp‘]Lw(fK,B) |
Hence, on one hand, we make the straightforward calculation of the exterior derivative df°,

of the first term 6°

|das\ B

\dewn By in the Poincaré-Cartan like 3-form 6°:

1 1
d9|dw/\,6’g = d[§6]JK6'upU€£dng N ,Bp:| = ieijeﬂpadeﬁ A dng N ,Bp (323)
whereas on the other hand, we get for the exterior derivative d9|% of the second term 0‘% in the
Poincaré-Cartan 3-form 6°:
1
dglﬁ = d[ erjret’? eﬁprLwLKﬁ] §€[JK€'upUd [eﬁprngK} NS

With d[eﬁprngK] = d[e }prLwLK +e d[wp L] LK 4 ¢ prLd[ ] We obtain the following
expression:

1 1
dﬁ‘oﬁ = ieUKe“paprLw(deei AB+ §EIJK€MPJ [dwp Lw K4 prdeLK} NS (324)
Therefore we consider the multisymplectic 4-form, using (323) and (324):
o o o o
w”=di” =db,,; +dig (325)
Then, we obtain:

1
w® = d¥° = 561JKGW" [dei A dng A By + prngKdeﬁ A ﬂ} + ergr e’ [eﬁprdegK A ,8}
1 1
= §eUKe”p” [dei A dng A By + prngKdei A ﬂ} — §€L]K€'upo [eﬁngldw[{K A ﬁ]
(326)
We decompose the multisymplectic form (326) in three terms:

o _ o o o
W =Wigendwngs T Wdens T Wdwns

namely:

1
w® = §<€[JK€MpUd€£ A dng A /BP +€]JK€MpJ(prLw§/K>d€£ AP —€LJK€M’OU(€ICU0L[)dng A ,3)

“w
Q\clc/\clw/\@fr Q|de/\B Q|dw/\3
The Hamilton equations — In the pre-multisymplectic setting, we work with the constraint

H = 0, so that the Hamilton equations are written X _|w®|r = 0. We evaluate the interior product
of the vector field X with each of the term involved in w®. We find three terms w°|de AdwABy > w°| deng

and w® ldwng- One is first interested in the first term X _ w\deAdeB

1
X Jwﬁie/\degg = X [561JK6“p0d6£ A dng /\Bp]
1
= Sere” [[dw™ A B,](X)dej, — [del, A B,] (X)dw]"] (327)

1
— +§€1JK€WU [deﬁ A dw] A Bxo) (X)dx)‘}
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The second step is given by:

1
X w|de/\,6’ X [éeUKe“p"prngKdeﬁ A ﬁ]
1 J LK I I A (328)
= 561”(6“’) wp” Wy [ﬁ(X)deu — (de, A B\)(X)dx }
Finally, the third term is given by:
1
XJ“)\?iw/\,B = XJ[—ieLJKG'up eprLId ‘]K/\ﬁ} (329)
329
1
= —serxe efw,  B(X)dwg® = (dw] A B) (X)do|
Now, thanks to (327), (328), (329) we are left with the following equations:
pX) = 1
—(de), A Br)(X)dz* = —OF da* 230
—(dwl™ A B (X)da = —O4)da? (330)
[def, A dw)™ A By (X)da* = [0]Fel, —elke] ]
Then:
1
X Jw® = §€1JKGWU“@JK +wp LWLK] de - [@I te WpIL]dw } [Tk] dx }
With [TA] = e#wp L@/\J - prLwLKG [@ﬁ_{@fm — @gg@{\u] what leads us to the following
equations:
EIJKGHPJ (@JK + prLwLK) =0
upo I I (331)
€ETJKE (@ + euwp L) =0
Together with the following one:
€1k e M ~0 (332)

Remarks:
(i) One observes that if the first two conditions in (331) are satisfy, then the last one (332) [Y5] =

0 is automatically verified.

L J LK JK JK
€[JK6MP [T,\] —GIJKGMJ €wa LGAU —€]JK€MP Wp Lw @ [@)\U @pu_@pd @)\H]

ersre? [Ty] = —G)f,u@{f + 9%{@{\# + [Qﬁ(@iu - 9;595\#] =

(il) The system (331) gives backs the Einstein 3D equations. It is equivalent to write it under
the followings form:

ek = 0 F =0

GIJKdDel =0 dDe =0 (333)

[ ' We have:

EIJKFJKZEIJK[a[p W —i—w[pL U} }dazp/\dx —EIJKa[p o] KdaP A da® +6]JKw[pL U}Kda?p/\dxo

E]JKFJK = €1JK [@‘[]UI;]} dx? A dx® + EIJK(A}[Z)LngKdZL'p A dz®
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as we might write e”7#3,, = dx” A dx°

o]

JK JK J | LK J LK
[@ap - @po + Wy Lwa — We LWy }Bﬂ

1
JK JK | J LK
ek " =€k [@[W] + Wi, W }Ep(wﬁu = EIJKEPU“§

JK JK | J LK JK | J LK
ey F°" = erjke”" [90;) + Wy Wo }5# = ergr e’ [@crp +wp  We }@t

Hence, having computed the first Hamiltonian equation, we see that as 3, # 0 it is equivalent to
write it €7y F/K = 0, namely the first line of (333). Now we are interested in the second equation
eryrdP (ef) = 0. We have:

(If}—l—w[[;Leg]} dxPNdz® = eIJKa[pef]d:L‘p/\de+61JK0J[I;L6£]d:L‘p/\da:U

D _K K
ergrd-e” =eryrde :EIJK[a[pe

erdPe’ = errx [@[I‘gf’]} dx? N dz® + GUKw[[;LeCL,}da;p A dz®

as we might write e”7# 3, = dx” N\ dz°

D _K o K K _L oK op, . J LK o K K _L
EIJKd e :EIJKGp “[@Up—i-wp LGU}BMZGIJKEWL @oyﬂu—i_eu pwupr ﬁPZGIJKEp‘LL [@W—le, Leﬂ BO’

So the result follows. |

17.2 Pre-multisymplectic treatment of Palatini 4D Gravity

Now we are interested in the 4D Palatini case, see”” the work of Rovelli [199]. Let us consider the
action (334):
1

Shatatink = 3 / ersre’ Nel NFEE (334)

with FEL = dwBl 4+ &y A wML Then, as, ef = eﬁdw“, wil = wﬁ“dw“ we obtain the following
expression for the Poincaré-Cartan canonical 4-form:

1 1
]
0" = fGUKLew’p”eﬁeidwa A Bo + ieUKLe“”p”e

5 eiwoKMwéVILﬁ (335)

I
"
[ Proof We derive by direct calculation from (334)
1
0° = 5eUKLe,{dac“ Aepdz” Ald(wp “dz?) + w,™ \da? A wy'Fdz)]

1 1
9° = §EUKL6£eida:” Adz” A dwET A dz® + 561JKLefLeiw,,KMwyLda:” Adz” Adx” A dx®

So that we write the Poincaré-Cartan form as 0 = 0jg,ng, + 03 With:

o
07 dwng, = %eUKLefLe;fd:v“ Adz” A dwl®E A da®

(336)
GOIB = %eUKLe,ﬂel{wpKMwédem“Adm”/\dmp/\da:”

Since we have

1 1 10(4 — 1)1
P By = P e oopada® A de® A da? = geawpeoaﬁwdma Adz® AdzY = Q&[ﬁégés]dma Adz® A dx”

3! 3!
So that €% B, = daz* A dz” A dxz” then, dz* A de” A dwEE A dz® = dwEE Adzh Ada” Adz® = e“"p"dwf]‘ A By

1 vpo
0, = §€IJKL6H s eﬂe,{dwa A Bo = eoldeBa (337)

99 Hélein and Kouneiher [118] propose a slightly different action, Lpaiatini = (1/4!) fX ersxh™Nel nel A FLK under-
lying the account of all possible signatures for the metric.
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we recover the first part of the expression (335). For the second part of (335), we find the analogue development for
the expression Oo:

nrp J K MLB

_ 1 o I
Ooo = -€1IKLE eutyWs MWy

2
since 8 = da' A dx? Ada® Adzt. Since, B = (1/4)eaprsdz® A dax? A dx? A dz® one writes:

B0 = %eIJKLeW’mef‘el{wUKMw,yLﬁ = %EUKLe“"’weﬁeiw(,KMwéwL [(1/4!)ea575dxa Adz® AdzY A dxé]
06 ba 04 63
DA
I
shos 8 62

Ous — 1 IJ K ML

SEIIKLEREL Wy Wy dz" ANda” ANdz’ A dz® =0

We use €"?7eqpys = so that (we drop out the calculation):

We have (335) |
Now let us compute the pre-multisymplectic 5-form: w® = df°

1 1
) I_J KL I.J,, K ML
w = 56[JKL6quJd[6u€V] A dwp A By + ieijLe‘uypad[eueng MW, A B
= EIJKLEMVpo-eidei A dwa A Bs + eIJKLﬁu”pUeﬁwUKMwyLde;f A B
1
vpo I _J K ML
+§61JKL€” Penend[we pwy V] A B
_ pvpo I J KL K ML . J
= €1JKLE e, {dey A dw, Aﬁa—i—wUwa de;, \ 8

eingMd[wML] Ap

I.J ML [ K
+§€”KL€WW€ueV"Jp d[wya] A B+ §€1JKL€“”pUe p

I
o
Finally, we have:
w® = eIJKLe“VpUei [del‘{ A dwfl’ A By + wawﬁ/dee;{ A ,8} + eUKLe“”paefLeingdeyL NS
Then, in the 4D case'?’
e“”p”eUKLe{Lel{ngdeyL = —G‘LWPUEINKLBLGZ{WUNdeg(L (338)
Then we find the expression of the pre-multisymplectic 5-form:

o
w’ = qJKLe’“’p"eﬁ [dei A dwé(L A Bs + woKMwyLdei AB| — e“”p"qNKLeﬁe,{ngdefL AB

We decompose the multisymplectic form given by the last equation into three terms: w® =
Q|de/\dw/\,80 + Q|de/\5 + Q\dw/\ﬁ- namely:

o]
W = eUKLeWp”eﬁdei A dwffL A Bo + GIJKLEMVpaeﬁngMwyLdei NS

g
Qdendwnbs Qdens
I_J N KL
—E“V’OUEINKLEMveJ dep AB (339)
Qawns

The Hamilton equation. In the pre-multisymplectic setting, we work with the constraint H = 0,
and we recover the Hamilton equations by:

X Jw®=0 (340)

100¢here is a straightforward generalization for n-dimensional gravity.
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The idea is to evaluate the interior product of the vector field X with each of the term of w®, just
in the interlude below we exhibit each of these three terms wﬁle AwABo w‘ode AB and finally w‘?iw AB
exactly as we did for 3D case. We choose a 4-vecor X = X1 A Xo A X3 A X4, with Va

-9 e, 9 e O
ozr®

Xa Ol 861 e 80.1[
Mo Mo

The left side of equation (340) is written:
o [e] o o
X Jw :XJw\dmdw/\gg+XJ“’|de/\5+XJ‘*’\deﬁ

Then:

X Jw® = eryrre el [(dw" A B,)(X)dey — (degl A By ) (X)dw!S" + (def A dw™ A m(,)(x)dx*]

+€1JKL6WM€;ILMUKMW,]JML [(ﬂ)(X)de,{ - (de,{ A 5A)(X)d$)\]
—ernrre " ehetws 5 [(8) (X0 dwl + (dwf A B)(X)da (X))

o vpo I/ oKL K ML\, J I N _J I KL A
X Jw” =ergrree, [(9(,,, +wo' pw, )dey, — (epey wo' N+ Opy)dw, T+ [k * *]dx ]

The term [x**] is not considered for practical purpose. We find the generalized Hamilton Palatini
equations (341) in this pre-multisymplectic setting.

v 1 KL K ML
GIJKLG'u pgeu[@ap + we wa }

0
[@j,, + el],vw(,JN] =0 (341)

erskLe”e),

18 Algebraic observable (n — 1)-forms and canonical forms

18.1 Prolegomena for the ontologic standpoint

In this section we give the general method for the algebraic observable studies. This example
is to emphasize all the complexity of this approach. In particular we focus on the proposition
(6.1). We consider the specific case where we are not taking the full constraint set, rather we
consider Mpy, described by (342). Notice that in the Palatini gravity we have two sets of constraints
previously described by (295). We considered Mo by the set of coordinates (z,e,w,p) € Mpw
with pcij + pUIJj“ =0 and p?" Y = 0. Now we are not condidering the antisymmetric constraint for
the multimomenta pUIJjV but we keep the condition p?‘” = 0. We denote the related multisymplectic
manifold by (Mpw,w®). We focus on the study of the infinitesimal symplectomorphism sp, Mopyy.

Hence, we introduce:

Mow ={(z,e,w,p) € Mpy / p“fj” , p?”’ =0} (342)
Once again, here we do not consider the constraint p;ij = ee[lye‘j] = —E}” e;]. The purpose of this

approach is to stress the use of geometrical objects beyond the key relation d(£ | w) = 0 and a clear
application of the proposition (6.1). We have the following inclusion or injection of multisymplectic
manifolds:

Meaiatini € Mpaiaini € Mow C Mo
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We work within the DW setting such that the multisymplectic form of interested is w™ = de A 8 +
WV euV

dp;; A dwﬁ‘] A By +dp/y A def[] A B, Let us consider ¢ € 3, we introduce the notations:

0

v 0 M 0 1J
(=X"(z,e,w)5— + O\ (z,e,w)—; + O, (x,e,w)w

ox 8ef\\4 (343)

XV ,@ﬁ‘\/f ,@,ﬂj : 3° = R are smooth fonctions on 3. We also decompose the vector field = €
['(Mopw, TMpy). In general case, as introduced in the proposition 3.1 we write:

0

B
= _ o 7 = a.
= (q,) 3+ > Earon(@p) T o

a1<...<0an

Now we adapt our notations for the Palatini gravity:

=%(q,p) = {X"(q,);03 (¢,p); 0% (¢, p)}

the only component for multimomenta are Z,, q,(¢,p) = {T(q,p);T?‘V(q,p);Toij} Hence, we
denote the decomposition of = € I'(Mpw, T Mpw) by:

[ 8 M a 1J a ey v 8 W,V a
==XV — Y(q,p)— + Y Y —
(@:p)5 5 +Ox (q,p)ae¥+eu (q,p)awﬁﬁr (q,p)aeJr I (q,p)ap?u+ Pyt (q’p)ap‘;f;”

So that X”,GM,GIIL‘],T,T?‘V,T‘}J}V : Mpw — R are smooth fonctions on Mpyw = A"T*3°. We
evaluate the expression Z _ w"":

EJw™ =08 — X de A By + X7 dw!? A B, — O dp s A By + XPdpTs” Adw) A By
+T§“Vde£ A By, — Gidp?‘u A By, + Xpdp?‘u A dei A Bpw
We now work with Mpy so that we consider:
0

v (344)
Iy

o9 9 -
E=X"(q,p) 5= +OX (¢,p) =7 + O (a,p) +0(g:p) 5+ 175" (4,p)

v M TJ
ox Oey c')wu

The interior product involve now the following object: = € TI'(Mpw, TMpyw), also we set @™ =
WV

de N B+ dp7y" Ndwl” A B,.
Ew™ =08 — X de A By + X dwl A B, — O dp i A By + XPdpTs” A dw) A By

The right treatment would consider w® which makes appear the term T;“Vdeﬁ A B,. We observe:

E W™ =2 1w™ + Y del A B,

Let concentrate on = _|w®". The related infinitesimal symplectomorphism arise from the relation
d(Z Jw"™) = 0. We are led to:

d(E 21@™) = dYNB—dX" NdeABy+dX 75" Adw!! AB,—dOL NdpTi” B, +dXP Ndply” Adwl! A By

axr = gf: da®™ + %)6(; del, + gf; dwl” + agi “de+ ai;; pﬁ dp?s”
ey = 88334 da® + 8866 zM de, + gi{g dwy” + age{ de + ;;ﬁ; dp5”
with el = 682 éf dz® + 882 (é: del, + Z?;{Ej dwl’ + 62£‘J de + g;é; dpys”
ar = %dma + %deg + aizj dwl” + %de + %dﬁ;ﬂ
axyy” = aggfydm“ + 8§§g Cael + a(;i g{‘,y duw” + ma;;; Cdet ngg; dpi5”
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The expression is decomposed:

d(Z Jw™) =i+ ur + un + uv + v

with each term ¢ given by:

oY oY

- M)d e /\5+(3wﬁJ)dwﬁJA5+(%)d”\5+( o

apys”

ledTAﬂ:( )d“aﬁw

= —dX" AdeA By = (%Xy)d AB— (g)i:)deA Ade A By — (giil;)dwf/\de/\ﬁy— (%)dpﬁﬁ/\de/\ﬂy
W

ory
aM

o 108 el 158 el
v = dY5Y A dw,” A B = (— #)dw[ﬂ AB+ (#)dwﬁﬁ Adwl” A B, + (

oxV Ow&L )d x /\dw” N By

axsH

+(%{5U)de/\dw£‘l/\ﬁu+( )dp?é’f/\dw A By

opse "
207y . 00’ v 00’
LIv——dOIJ/\dp ABV_((‘?!:) YNNG — ( el )de,\ Adpth Aﬁy—(ﬁ)d /\dp “'AB.
861J aeIJ
de Adp7h” A By — (=25 )dpss AdpTh A B,
() (29)
P
v = dXP Adp?t N dwl A B = (%)dp““” Adwl? N85 B, — 65 Bu] + (gXM )deA AdpThY A dwy” A By
axr o X" o 5 G o
(rwi“)d P Adp; A dwy! A B + (T )de A dpTs A duol” A B+ (6 -~ B)dp 5P A dp A dwl? A Bow

Now we write the decomposition on the differents (n + 1)-forms:

e decomposition on dw A dw A (B,
e decomposition on dp A dp A B,
J
B ( 00,
ap‘;;aLﬁ

(aTu )dwf L Adwl? A By (352)

KL
owy,

)dpw“B AdphY A B, (345)

e decomposition on de A dw A 5,
e decomposition on dp A dp A dw A B

153 e
P 1J M 1J
( 8{5 5 )dp“’“ﬁ Adp{i” Ndwy A B (346) ( deM )de)\ N dwi” N B (353)
oL
e decomposition on de A 3 e decomposition on dw A dp A B,,. concerned the two
involved terms:
ox” oY
— )de A 4
(G * 3 Jde N8 (347) 9O\ wer s ST
—(W)d Ndpy /\5u+( o 5 )de”L Adw,,” ABy
e decomposition on dp A 8 “A Ipi (354)
08}’ oY v
4 o
( S + 8p?f; ) A B (348) e decomposition on de A dp A B,
1J
e decomposition on dw A 8 _ (aaexj )dey Adpih A B, (355)
ex
UJMU
( ‘(ffJ - a’r,;, )dij AB (349)
ow/; Ox e decomposition on de A dp A B,
e decomposition on de A 3 v 89”
(afﬁ)de/\dp;’;ﬁ/\ﬁu—( )de/\dp““”/\ﬁy
( ox )d MAB (350) Op15 de
el (356)
e decomposition on de A dw A B e decomposition on de A de A 5,
oxv oYy’ 17 ) &
(awy L Ve ndwl' AB, (351 (5o M)de/\d X A By (357)
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e decomposition on de A dp A dw A Bou e decomposition on de A dp A dw A Bpu
19). & WV 1J
(a M)deA AdpSs” Adwl? A By (358) (agc )dep N st A B (360)

e decomposition on dw A dp A dw A Boy
( ). &

s I1J
W)dm Adps A dw!? A By, (359)

Finally, it remains only the last decomposition related to (354) on dw A dp A 5,.

(%Xp)dp Adwl) N By — ( D )dpw“u Adwl” A B (361)

since dz™ A By, = 0, B, — 0, B, we obtain (361).
General conditions lead to determine the dependance coordinates on the following functions:
XV, e}, 9” Y, Y7, Y74" from the analysis of the equation d(Z _@™).1% We conclude that:

X’ = X°(z) B
M (xe) = GM(a: e) and ;I: v wTZE:E,oJ) (362)
7 .5 = Y4 (x,ep)
e (z,w) = GIJ(:E w) 1 17 (&P
© 9y
We are left with equations (347) (348) (349) (351):
X +g =0 or  axry”
oxv Oe 77— = 0
ow, e
and 1, Mm% (363)
0017 oY 0X or s
Ly ——©5 =0 Ol T e 82 =0
ox¥  Op4 Iz

together with the set of equations involving (354) and (361) - decomposition on the term dpAdwA S,

wpv

/\dpw“”/\BmL[ L ]dp‘f(”Lﬁ/\dwﬁJABqu

00!’
[ < ]d 3172(15

- KL
ow¥

dp}h” A dwh’ A By

P o oxX’
5 1Y Adwl” A By — S

The conclusion straightforward appears with the equations (345)- (361) and leads to the following
conclusion: the set sp,Mpy of infinitesimal symplectomorphism of (sp,Mpw,w"") is described by
vector fields = = E‘ﬂow = ( + x with the vector field ¢ described by:

= v 0 M 0 17 0 oxv 8@{;7 warly O
(=X g+ O g + 0 o — G + T D
ZB
v A KL v
Apo o | sK 5L 0X v 0X 8@0 _ 0X 0
IR0 05 () = 5G] + )| = <o) gy
ZW
wp o UJHQ . . oY 8T75LV —
and x = T i o ww with, T,T;" smooth functions on 3 such that: Bl T o = 0

101 We observe in this case that equations (346) (357) (358) (359) (360) give us X” = X*(z). Also from equa-
tions (345) (355) (356) we obtain: ©.’ = ©,’(z,w) and from equation (350) ¥ = Y(z,w,e,p). From equa-
tion (352) (353) we obtain Y74" = Y74 (z,¢,p) and finally ©)" =6} (z,e,¢).
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Alternatively we can directly use proposition (6.1). Let us give some details for this approach.
Moy is an open subset of A"T*3. From the general result, the set of all infinitesimal symplecto-
morphisms = on My, are of the form = = x + (. Here we denote a vector field ¢ = Co‘(q)% with

¢ € I'(3,73). With this notation ( is written:

. 0
(= Zga (z,e,w) Za ST with 15 = 3" 300 psg, rapn- S —
q B1< <Bn 14 pﬂl ﬂn
= 0
N2 DD DD DR -
« a,f p1<<fn K B1-Bn

Notice, that we have slightly modified the notations.'’?> In our case of interest, the multisym-
plectic manifold considered is Mpy C A"T*(p ® T*X) = A"T*3 with coordinates denoted as

(0" Ppyopi) = (2, el wl e, p%“,p‘}’f}“) see the notations: p1_n = ¢ P1_ (-1l (v+1),.n = Py =
0 and Pl.(v=1) @l (v41),n = p” . We translate in these multisymplectic notations, then the ex-

pression of the vector field ¢ is given by:

T yv 0 M 0 7 0 (el 0X" (kD)
(=X oz” 861M+@H &u”i[z P+z H awKLH”p ]
A 13 v,p v,p P
K1
a@A 1 008 (WKL) 208 (M) 0017 (WKL) 00, () 0o’
*[ (eM) Z WKL H(eM) ~ oely H(Eﬁ/’)] - [ 8WKL H(WU) Ded N H W[LJ oxv H(w”)}
i 14

KII KIII
The next step, is the expression of the following terms:

e e, nl e,

@EE) () 1 @EE) ()
(eanys ey S T8 Ty s TGy T

) (e (W) 7

Those appear in the terms sy, k11 and srp given by: ¢ = ¢ + k1 + K11 + k1. Notice that there

KL N
is no term in ki1, thanks to p?‘y = 0. We observe that HI(/eM) = HE M)) = HEZ}’VI)) = 0 as well as
A A
N N
mics) — HEZ(:{;) = 0. Hence we set:
008 v N~ 00X st | 5 00X i) _ N 0XY peed) N 990 ey
Bz (XD T Lw UKL (@A) T L §el () T La gelN Y T La el (W) T
Ap P Ao v,o po
so that the infinitesimal symplectomorphisms are written:
Foxr 0 L gu @ Lol o 1 (WKL) 00}’ “r s 00 JH
C=X e TN e “aww_[ 8xﬂ +ZaKL J-1 KT ety T 2 g et
v,p WP v
K1 RIII
We refer to (E) for a tedious but straightforward calculation of the terms 1 and Krri.
. Iy 9X¥ ., 09,7 .7, 0
C=X o aM @MW*{[( 57+ o1 Ve
wpo oxX" ox* ookt oxX" d
7 _ v _ o _
+{ |:6I 6J [( ox° ) 50‘( x> )} ( 8&),{‘] )] e(awﬁj)}ap(}:;u

1021 order to not make confusion of the objects II? with the notation of the multimomenta p“#® whereas actually

the two notation already differ by the position of the indices and the presence of the greek letter w or the latin letter

e.)
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The decomposition of = given by (344) gives us:

0 M O
Oxv

g 0 0 wur O 0 M O
3M+eu Ow 1J+Ta +TIfI a% - X v aM

_0

E-(=X"
* o owl?

+0©

axv . 00 .10
-l—[e( oxv )+ oxv Pry ]

So that = — ¢ = x with

v P 0X" , OX* dOKE oX" d
a |:(SI 6J|:(a )_50(817)\ )}_(8&),{‘] )]_e(awﬁj)}w

B oxv.  0OL .11 0 wo [oxsnp 0XY 0 L, OXP oekr X" 9
X= [T_ [e( ax”)+ oxv Pry H +{pk [51 55 Kam“)_ U(amA )]_(Gwl{J )} _e(aw{ﬂ)}w

x¢

P

As announced in proposition (6.1) we have coefficients of x such that d(y 2 w®) = 0. The
interior product of x @ is written:

. 0

J wDW
X 8e

+x 8pr } [de A B+ dpss” A dwh! A ﬂy}

The interior product of x € I'(Mpw, T Mpw) with @™ is given by x Jw®™ = x*3 + X“’dw{/ A By s0
that:

oxv. 00l
—DW) __ 4 w 1J _ _ ©noowpv
d(x Jw™) =dx* A B +dx“ Adw, /\ﬁ,,—d{! [e(axy)—i- 8x”p””/\ﬁ

Wat Wuo oxV ox* 00Kl oXV
{75~ {py] [aF ok [( ]

W)_ g(W)] _(8W£J) _e(awﬁj)}}/\dwﬁJ/\/Bu

We have in mind the expression of the exterior derivative dY and dY"* 7 J S0:

or  9xv or oo’ o ax AN 1
dix 1) = (82 oxv )d A+ <8p‘}}jy ox? ) AB+(8w/§J ox? )dw“ NB
8TL;5V KL 1J 8TL;5V 0X" 1J
(ang)dwa A dw,, /\ﬂu-i-( e _&uﬁ(’;)de/\dw" A By
158 i oxv. ., 0x* 00Kl wpo
(Gt — 84 oS () = 85 )] = ()| ey Ay A,

Now we are interested in terms in which Y is involved. The first two terms in the equation are
concerned. Let us notice that - we denote ¢ = (x,e,w) so that T = Y(q,e,p) - the first two terms
in the last equation give:

oY oxv
——(g,e,p) — v (9) =0
Oe Ox
- = o
o @6 p) =
Hence, there exists T(q) = T(z,w) So that:
00, X"
— H wWu v
T<q7ep) T(q)+( 8.TV ) IJ e( axy)



162 D. Vey — Multisymplectic Gravity

On the other side, we have the function T‘;jy(q, p) as “r‘;g”(a:, p) therefore, the interesting informa-
tion is contained in the set of equations:

o) wirs X" B
D (%p)—(w)(Q) =0
o) wirs 5[, 0X" L, 0XA 0OKL wuo 17 B
(greases) = 80165 | (o) = ()| = Cop Nt Ay g, = 0
Hence, there exists Y74"(¢q) = Y74"(z,w) such that:
Y5 (0.0) = X5 ) + BT S () — oG] - ()

The set of infinitesimal symplectomorphisms 5po Moy of (Mpw,w ) is described by vector fields
== E‘WDW = (¢ + x with ¢ described above and x = T o s T T(}jjaa m Here, X, O, @” T, Tw“a
are defined on 3 and not anymore on the full multisymplectlc manifold. We can simplify the setting
if we assume that dz*(Z) = 0. In doing this we throw away the X*# which correspond to parts of

the stress-energy-tensor. In such a context we obtain:

HOKL o 00!t 0 0
- _ wul Apo m o . B wpv | Y 1J
== {TU PR %! dwl/ )}8 i {T av P17 }ae O Owl T

T?jy, T and @f;] are smooth arbitrary functions of (z,w) and they satisfy the condition:

or ary”
&u[ﬂ orv

18.2 Infinitesimal symplectomorphism sp; M OFf (Moo, W)

Now we are interested in the application of the constraint set. For Palatini 4D case since we have

pfﬁy = _ee[luez} = %UJKLEWW@KGL we write:

g , 1
W = de A B = d[ect'e]] Adwy! A B, = de A B —d[Sersrre el ef] Adwy! A B,

WP — de A 08— [GIJKLEIWPU(Z[I;(] deOL. N dwlILJ A By

We focus on the expression = _J w®"?". This time we consider a vector field Z € T'( M p,atiniy T M paiatini):

—_
—
—

Palatini

0 0 0
=X"(q,¢0)5 5 +63(¢,¢) 537 +0,7(a¢) +T(g¢)5, (364)

Oe M aw/ﬂJ

Therefore we make the computation: = _| w (we simplify notations). We introduce: X, 0% 9,5‘], T
o]

which are smooth functions on Mp, i — R C Mpw C M = A"T*3°.

= w=| Vaiv +e§48§M efaau+'r§J 3 [dens]

, 0 0
8

— + eﬁjaau +T§] - [EUKLEW'M@;(} {deCL, A dwi‘] A ﬁy]
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The first term = _ [de A ﬁ} is straightforward given by:

= [de A 5] — de(2) — B(E)de = TS — XVde A By
whereas the second is given by:
e [E]JKLEHVpaef)(] [deﬁ/\dwﬁ‘]/\ﬁ,,] = —eIJKLe“”paef [ngwli‘]/\ﬁ,,—eﬁ‘]deg/\ﬁy—i-Xpdeg/\dwli‘]/\ﬁpy]
Then we evaluate the expression d(= _|w) so that:

d(E Jw) =dY AB—dX" Nde A B, —ejkre"* el dO) Ndw” N B, +erskre el dO) Ndel A B,
L1 LII L;Irl v

—GIJKLE’quoelI)(dX)\ A del A dw,ﬂ‘] A B

v

Aslo, we have the expression of dX" ; d6§4 : d6£‘1 and dY:

). & oxX“ ). ¢ ). ¢
dXr = dz® de! dwl’ + ——d
gue T T el Mo T Iy W T 50k
ey — oY d° +86}\ de! +(96)\ dwl? + ooy
ox® Oe Owl’ Oe 365
el el aeof;f 19 ae{ﬂ (365)
e’ = dz® d - dw d
N
d¥ = ——da®+ del dwl! + ——de
gza ™ T gel “o T ol M T e
then, we express the differents ¢;: L = —E[JKLEMVpdeﬁ( [deg] A dw,ILJ A By
i =dYAp = [g'l; 68T +%—Tde] AB uv = et ef [defﬂ] Adek A B,
ox" 8X ox" w = —€ergrree K [pr} AN deg A dwu A Bov
= [ 5oda + o b+ g "] ndens,
The decomposition of d(Z _w) is written:
e decomposition on de A 3: e decomposition on de A de A SB,:
1), & 8’!‘
[ }de A B (366) .
Oz 8 0X" vpo Kaeu L
el erskLe"e, . de A dez A S,
e decomposition on de A 5: €o ¢

(369)

oY vpo KaeIJ L
[OQZ;_EIJKLEALP € T;j]dea/\,@ (367)

e decomposition on de A dw A S,:
e decomposition on dw A B:

oxv 89
TWIJ_GIJKLGIWPU el Do de N dw!? A B,

(368) (370)

oY 00k
R (AR
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e decomposition on de A dw A By:
08,’ ook
owl? el

e’“’”"eK [ }def)\[/\dwi‘]/\ﬂy

(371)

€IJKL

e decomposition on de A de A ,:

o [ aeIJ

5o ]de AdeLAB, (372)

€IJKL

e decomposition on dw A dw A B,:

[_ o0L

KL
Ow A

ergxLe’’ "eff

]dwffL A dwﬁj A By
(373)

e decomposition on de A de A dw A By

e decomposition on dx A de A dw A B,y:

erskLeP7 el {aX

1J
e }d:r /\de Ndw,” N Bpu

(375)
e decomposition on

ergxLe’ "eff

[_ 19), ¢

KL 3. La g IJ
S } dw, “Ndeg Ndw,,” N\Bpy

(376)

e decomposition on

oxe

vpo K N L 1J

B [aegy }dep B, [87Xf)d$ }de Ndel Adwld A B, (377)
(374) Ox® 7 " P

Equations (374) (376) (377) give us: X” = X”(z). From equations (372) (373) we obtain:

9{;1 = GﬁJ(x,w,e) and GSJ
tions (369) (370) ©} = 6/ (2,w) and O} =

= 924(.1‘,6, ¢). Since, X” is independant of (e,w) we get from equa-
Gy(m,e). Hence, from this analysis Xp,Gi)W,GfLJ

satisfy:
X* = X*(x) 6) =6 (z,¢) e =6//(z,w) (378)
We are left with the equations (366) (367) (368) (371) (375) namely:
ox” oY
+ == =0
OxV 836”
oY
[W—EIJKLEMVpUBf,(aV}de AB =0
o 00k
[3 ]J“FE[JKLEMVpUII)(aV}d I‘]/\ﬂ = 0 (379)
08 ek
vpo K o N 1J _
GIJKLG/J‘ P e |:8le — 8e£]d€p /\de /\61, = 0
“”P"KaX dz® A del A dw!? A = 0
€IJKLE ep [W} i €, CA.J'u ﬁpy =

Equivalently, we apply the proposition (6.1). Since Mo, is an open subset of A"T*3, the set

of all infinitesimal symplectomorphisms = on Mp,...i are of the form =

vector field ¢ € I'(3,73):

0
= X"
g ($,€,W) 8%‘

Then, ¢ € T(Mpainis TMpaiaiin) ¢ = >0 (e, W)aia -

q

for the Palatini multisymplectic manifold:

, 0 0
6

(=

+ 6 (z,e,w)

1J
+@“8 IJ Ca_

= x + ¢ where we denote a

9 +9U(az e,w)=—

0
Oe M 8wf;J

dap g%(q)ﬂg, with our notations we have

0 =0 - 0
opry”
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with Ee and ¢ given by:

. aXy 8@IJ o aXy y 8@IJ
Ce = ox? )+ 8;’ pry = oxv ) - EEH@J](T;)
W [ 0'] K <L aXV v aXA 8@£{L aXV
¢ = B |60 () — 8] + ()| —e(gm)
KL,
o] W v ox"
~EReR T o117 — o5 )
Then we need to compute: Cwé)];;‘]”j' Since!% ¢ 313?;5” = [e”opewjmeb]afg and since p’;’f =
o 1 :
_E%GL] = —iepmﬁeKLQRegeg. We obtain:
= 0 l oo Ri[FA1KL 1w 90X 11 rjop L
¢ W = |- §€p ﬁeKLQReaQeﬁ [[Ce] po’]/;.] - e(aw;}]) le 26pumeo]@

We simplify the issue, and we focus on the case dz#(Z) = 0 - we throw away the X* which correspond
to parts of the stress-energy-tensor:

—w 0 0OKL 0
_ _ [.moaf 1JOP o QR
< apa};ju = [E Ey,l/l,’l]]e 6KLQB( 6w£] )ea €3€o 867113

A more detailed study of this equation is need to obtain the full set of algebraic observables for
Palatini gravity. The idea is to obtain the classification of observables and in particular of dynamical
observable.

18.3 Canonical forms for Gravity

In this section, we briefly introduce the construction developed by Hélein and Kouneiher for the
canonical Poisson bracket on the observable functionals. The most precise mathematical treatment
shall appears in a forthcoming paper [229]. However in the spirit of the Ashtekar program - where
the metric is not given a priori but obtained by pulling back along the tetrad field - it seems natural
to focus on the spin connection. We describe the copolarization:

PlT*MPaIatini — @ dx*

0<pu<3
P2T* MPaatint — @ dz™ A da'? @ dw'”’ where, dw!’ = dw{t‘] A dx*.
0<p1<p2<3
PITMP = (B datt Adat? Adatt e @D dat Adw! @ dwry
0<p1<pa<p3z<3 0<p<3
103This is straightforward computation from
3€g I1JKL P 0 665 0 0 I1JKL P 0
= 2e CuvpoCi and “wr = (G w7 Sy = 2€ €uvpoCi 5 T

U )7 -
Oprly Op¥r opyly " Oet Op¥s
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P4T*MPaIatini — ﬁ @ @ dmﬂl /\ dx/—LQ /\ deJ @ @ d(L"u’ A dWIJ @ @ W _ 0
0<p1<p2<3 0<u<3 0<u<3 r

with w!’ = wﬁ‘]daz“ and wry = 5 Zuypw”y,é’w, =3 Zu LD ?j”ax# J axy I 3. So that we have:
@iy =23 el e, = —teore i el (380)
2 4

We denote w!’/ € P2~IM and @w!/ € P3~IM. Following the method developed in [118] we
make the hypothesis on PYT5 MPii  For all function s : MP2" — R and ¢, : MPR 5 R
whose differentials are proper on O,, - equivalently ds, ds; and dgy are in PYTx MPainil0d - The
two canonical forms are w € PLMP and w € P2MP= We introduce s, <1, ¢,t = 2° on
MPaktin gyych that the level sets of ¢ are slices. Vm € MPni dse.. dsi, dso are proper on O,, and
dstm N dgnl1 A dgng1 % 0. Also let wé‘],wml‘] € ‘B"‘lM be the forms:

wDU:d%/\wU and wé‘]:dgl/\ck?/\wu

We assume that s J dsr = 0 and also {51 - ds' = 0 and §fwt) ds? = 0. Finally we denote
3] 3] 3|

by I' a Hamiltonian n-curve and by X a level set of ¢ then:

{/Zwmu’/zwéJ} () = (/Z{WEU,wéJ})(F) = /Emr{wgwé"} (381)
m

(1]

We introduce the submanifolds T',, and T'¢ of codimension n — 2 and n — 1 respectively. For a
four dimensional space-time, we obtain dim(T",,) = 2 and dim(I'c) = 1. These submanifolds I",, and
I'. are the ones on which the functions » and ¢ = (¢!,¢?) are defined. Following [117] we suppose
that ds and ds' A ds? is set to be zero outside of tubular neighborhood of T',, and I'. of width e.
Therefore we obtain:

lim w!’ = lim dx Nw!’! = / w!’
e=0 Jynr U =0 Jynr alaialn (382)
lim W’ = lim ds' A dS® AWl = f wl’
=0 Jyqr O =0 Jynr >N
We have
lim [T] —hm {/ L / } —Iim {/ dse Nl dgl/\d§2/\wl‘]}(F)
54)0 e—0 » e—0 » »
lim [I] = lim {/ dx Nw!”, d§l/\d§2/\wu}:{/ o'’ wU}
e—0 =0 | Jznr >nr >AC,.NT >N
We observe that:
lim[I) = { / w!’, w!! } () (383)
e—0 ST, ST,

We denote by ¥,, = ¥ NI, NI the surface of interest and . = X NT'¢ NI the other submanifold,
a curve in the three dimensional space ¥ NT'. For [II], we obtain:

104gee [118] for details on the notion and hypothesis on proper forms
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[II) = (@l W} = / drz A ds' A ds*{w!’ w7}
s OO Nr

If T',, and I'c cross transversaly, we have:

lim [IT] = lim dr A dst A ds*{w! w7} = {@!’ W’}
e—0 e=0/ynr SN, ATl

Therefore from (383) and (384) we have lim [I] = lim [IT], then:

e—0 e—0

{/ wIJ’ wIJ} (F)—/ {wIJ’wIJ}
>N, YNle >Nr,.Nrenr

We construct the following bracket for the observable functionals:

o fo 0= 3 e

meSND, NI

(384)

(385)

We recover the description for the canonical variables used in LQG, see [10, 11, 16, 27, 28, 179,
180, 189, 197, 221, 222] and references therein. We feel the important gain of this approach for the
geometrical objects of LQG theory: in particular the Poisson bracket (268) developed in section
(14.3). We believe that it corresponds to the natural geometrical setting for the loop variables.
The canonical variable is not the densitized triad but the natural canonical variable zo (380) which

v

embraces it. Hence w;; = % > v €1 e‘}} B, appears to be the four dimensional analogue object in

analogy with the traditional densitized triad in LQG.
Loop Quantum Gravity Full covariant Gravity

Canonical variables (@, w!”)

: 1 v ul
Electric field wy; = 3 ; ee; e‘}

Canonical variables (EY, A)

Electric field E} = ieUKe“p"egef

Lie algebra connection 1-form Aﬁ Lie algebra connection 1-form w!’ = wﬁ‘]d:v“

19 Topological hypothesis

19.1 Holst and Nieh-Yan terms

In this section we do not give the full treatment we just discuss the context. We consider the

following Poincaré-Cartan 6 n-form:

(aop) = B+ dey N By +py5dwy,” A By

with the Holst action functional:
1 o

Cuanles] = 5 [ evmne! ne? n (FFU)+ 2 SFV]) S FVL] =

2 ol 2

and the Nieh-Yan term:

Luienyanle,w] o< TEA Trw] = T e, w] A Tle, w] = ae““p”T!{V le, w]|Trpe e, w|f

1
1J KL
—€ KLFHV
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with T1 = d el ZT‘dex“ Adz” @ Er. The Holst term is:

FKL M ML

1 1
Lioise [67 w] = %ee?e{jﬁ[] = %eel eljeIJKL (a[ﬂwlﬁ[l + w[[;Mwl’] >

The Legendre correspondence with the setting of the Holst and the Nieh-Yan terms gives:

9L(g,v) 9 1
= 7 (ee‘;ef}(awwl{]‘] —i—w[lquﬁJ) + fee’;ef}eUKL (8[uwﬁL +w[lew%L>)
aL(uw ) 9(Ouwy”) 2y
q,v — /u/pa'TI T
8(8u€£) aa(auez{) [6 - Ipa]
aL(Q» v) V] [V KL
(WIJ) = eelﬂef} + 2766;;62 IJ
oL q,v 0 Qv po I I J
= a——I""[0 Tro0
W) @) O+ il Tl
Therefore the Legendre transform leads to:
o __pluy] 1 e KL
pr; = —Ej 6J(1+2766K6L6 1J) (386)
P = (P T1pe — €M7 pg) = =267 T1pe = =277 Dyeqy

The Legendre transform works only provided by the compatibility conditions:

Wy, vV v 1 v S 4 vpo v [
Miopo ={(z,€,w,p) € Mpow / p;} f—E[” ](1—|——ee&fgeL]eKLlu)7 pt =€ Tipo + €M Trpo }

We should recover various considerations about the topological terms - see the works [51, 122,
170, 172, 175, 191]. However we would like to recover the same equations of movement rather by
consideration of additional terms in the Poincaré-Cartan canonical form.

19.2 Lepage-Dedecker transform for first order gravity

The mathematical computation to support the topological hypothesis needs more time for the full
setting. We just give here the heuristic and conceptual setting. Within the enlarger topological
hypothesis - see some comments below - we want to describe the dynamical equation from higher
Lepage-Dedecker geometrizations. Here we simply introduce notation in such a context with addi-
tional LD terms. This might seems a notation artifact, however we believe that this proposition is
related to a deeper understanding of space-time-matter organization. We consider for example the
following Poincarré-Cartan actions:

O,y = B +p7" ey, A By +p75 dwl! A By + 558" defy N dwi™ A By
i

H(qu = ¢f3 —|—p1“ de A By —I-pf“ dw”/\ﬁy—i—%EPEE’Wdeé/\deg/\BW
(11]
c9€qp : e6+p1“ de! /\61,4-]915 dw”/\ﬁ,,—I—%?{’;%’Ldeé‘]/\dwa/\ﬁW

[T11]



those type of Cartan forms should lead to the intrinsic treatment of Holst, Euler, Pontrjagin,
Nieh-Yan terms. Then, we obtain the multisymplectic forms:

CmZ

Wi, p = de A B+ dp" Ndej, A By + dpTs N dw,” A B, + doe " N dep, A dw)™ A By

wf%p) =de NS+ dp?”y A dei A By, + dp‘}’f}y A dwﬁ‘] A By + d%ﬁf"’“’ A def) A dei A B

eplv Wy WolWg UV

Wiy = de A B +dpy" Adey N By + dppy” Adwi” A By + doeg 5 A dwp” N dwgt A B

The notation we introduce allow to write respectively the terms:

1] = HE,pl)[l] [[4] 1) := 951],}7')[0] 4] [I11] := 95},;;')[2] [[4]
w0 that: []°][x]“I[4]
D 1]¢[[1]“][4
%q,p) - H(q,p) + H(q,p)
_ [2]°[[0]][4]
(qup) - (Dt}/t/p) + e(q,p)
3 _ pow [o]°[[2][4]
H(q,p) - H(Q,p) + e(q,p)

Some more work is need to put in better application the topological hypothesis. [230]

SPACE-TIME-MATTER

The last part of this Thests, attempts to provide insights on the foundations of our thoughts about
space, time, matter, symmetry and observables. It must be viewed as a highly speculative, tentative,
then provisional, and exploratory discussion. Much more work is needed to put these ideas in a
more unified form.

The key feature is an ubiquitous double duality. It is at the same time a nested duality each aspect
of the duality itself contains a further inner opposition. We first note the opposition between what
we term ontologic space and dynamical space. The former is described by the set of infinitesimal
symplectomorphisms sp, (M) whereas the latter one is described by the set of Hamiltonian n-vector
fields: X (m) € [X]%. Further underpinning each of these respectively are the following geometrical
objects: the multisymplectic form w and the Hamiltonian function H. The notion of space is further
involved in understanding this first aspect of the double duality via the role of the multisymplectic
space M itself on the ontologic side and the Hamiltonian n-curve I' C M on the dynamical side. This
aspect of the double duality is further connected to the opposition of the internal or dynamical space
vs external or kinematical space. Symmetry in such a very general framework is to be understood as
carried by vector fields and this provides, in the setting of MG the key to ontological understanding
of a much more general notion of dynamical variables. In the former case - that of the ontologic
space - we note that the central object of study is the = € TM = TA"T*3°. The concern is
here on the side of ontologic space with the issue of invariance, namely the the invariance of the
multisymplectic form, see relation Lzw = 0 with X € TT' C A"T'M. On the side of dynamical space
our concern is rather with the issue of covariance - what we refer to as the dynamical symmetry
or dynamical evolution. Here the object of focal concern the generalized Hamiltonian equations
Ymel',3X € A"T1,I, X Jwy, = (—1)"dHp,.

We seek to capture the second aspect of the duality by the contrast between ontologic and dynam-
ical representation. Here our concerns is with the notion of observables and the opposition between
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ontologic and dynamical aspect on the side of representation is connected to the contrast between
the concepts of topological duality and dynamical duality. Here the objects on the respective sides
are the set of algebraic (n — 1)-forms PB?~1(M) and the set of observable forms (n — 1)-forms
P21 (M). The notion of algebraic (n — 1)-forms AOF is the core concept on the side of ontologic
representation see section (6.1), that of observable forms (n — 1)-forms OF on the side of dynamical
representation see section (6.3).

The concept of dynamical observables essentially arises from the intersection between the onto-
logic and dynamical aspects of the double duality. This gives rise to an understanding of dynamics.
We are trying to bring to light here nothing less than a radically enlarged conception of physical
reality. This is to be thought of as given in the first place through a re-conception and deepening
of our notion of dynamical observables. It is not just that this notion of dynamical observables has
its source within the opposition of ontologic vs dynamical aspects of the duality but more exactly
that its sources are to be found in a further double movement within that opposition which gives
rise to and enlarged notion of the physical on the sides both of space and of representation. The
infinitesimal symplectomorphisms must satisfy an dynamical invariance by means of the additional
condition dH(Z) = 0. The double movement within the duality which we are seeking to describe
may be briefly set out in the following table. It has emerged how these intuitions can be given
mathematical shape in the language of n-forms and copolar forms - see section (6.5) - in the setting
of MG particularly with respect to the way the notion of the CPS of the theory - see section (7) -
re-appears from such a setting.

| | Ontologic landscape (./\/l,w) | Dynamical landscape (F,H) |
| Symmetry | Invariance | Covariance |
| Observable | Algebraic observables AOF | Observable forms OF |

We re-emphasize the key point. In table above, the upper part is concerned with symmetry
whereas the lower part concerns observables. Notice that in the context of variational problems,
thanks to the Legendre correspondence, we have available the notion of exact multisymplectic
manifold (M,w). This notion rests on the fact that the multisymplectic form is derived from the
canonical Poincaré-Cartan form: w = df. The canonical Poincaré-Cartan form 6, is what we shall
term the (ontologic) potential for w. Dynamical evolution is described by means of the Hamiltonian
function H but what plays this role in the generalized Hamilton equations is the exterior differential
dH. The Hamiltonian function dH is to be thought of as the dynamical potential. Notice that
the exterior derivative of the Hamiltonian dH is the appropriate object, not only to characterize
dynamical symmetry or covariance in the setting of the generalized Hamilton equations but also
plays a key role in the classification of observables via the dynamical duality.

A principal focus of Einstein work in GR [69, 70, 71] was the equality of gravitational and inertial
mass. This yielded the celebrated Equivalence Principle. Inertia and gravitation are essentially the
same. From this conclusion appears the idea of a single inertio-gravitational field, the metric field.
As emphasized by Stachel, ”The distinction between the two is not absolute - i.e., frame independent
-, but depends on the frame of reference adopted.”[217, 218]. In such a picture there is no observable
difference between an inertial motion and a motion subject to a gravitational field. In the next
section we discuss the double role of the metric field from the multisymplectic viewpoint. The
traditional ontological understanding of GR is based upon the categories of space and matter (see
section (11.2) for the our symbolization GR in this respect). However GR does not encapsulate a
full intrinsic vision of matter.'%> There are at least two reason for this claim. The first is the issue of
the cosmological constant or equivalently, the issue of the ontological status of the objects G/, and

105Binstein himself considered much with his celebrated remark
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T}, that appear in the Einstein fields equations. The second concerns the fermionic form of matter,
with the underlying spin and torsion. In its original formulation, GR makes central use of the Levi-
Civita connection - which a torsion free connection. Because of the Fquivalence Principle locally we
are dealing with flat space, which involves passing from the Riemannian to the Minkowski metric.
The right landscape for further investigations is Cartan geometry and Riemann-Cartan spaces - (12)
- where we work not only with curvature but also torsion. However, in this setting the Dirac field in
the Lagrangian formulation has to be added by hand and we lack an understanding of how spin arises
intrinsically. Roughly speaking the idea of incorporating the interaction of space-time and matter
in a unitary ontological picture crystalized by the famous ”space-time tells matter how to move;
matter tells space-time how to curve” [241] has not really succeeded in alleviating the ontological
tension between space-time and matter. A principal expression of this simple and central fact of
modern physics is the tension between the underlying structure of fiber bundle theory and that
of the diffeomorphism group. The ontological aspect of general relativistics space-time, (captured
here by the symbol GR ) is in conflict with the gauge picture which stresses the epistemological
aspect. This rests on Gauge which symbolizes the matter fields over space-time and associated
bundles. We call these epistemological in the broad sens that they depend on points of space-time.

Very much as Spinoza argued the impossibility of there being two substances - a substance being
that which exists sui generis - there cannot be an absolute space-time-fields and matter-fields exiting
together, without the theoretical possibility of a further space-time-matter field encompassing them.
The setting of MG - as a mathematical framework - together with the idea of Eye-mirror monad, -
expressed in the central notion of dynamical figure -holds the key to the conceptual conflict between
oneness and plurality. Notice the ubiquity of duality in physical representation - parametrization
space vs parametrized space, space-time vs matter etc ... In our view this points to the conclu-
sion that the fundamental category of our ontology should be intrinsically both dynamical and
geometrical in its local aspect (abstract points) and its global essence (space).

20 The Double Duality

20.1 Eye-mirror monad

We would like to draw together the previous intuitions concerning the notion of observer into what
we call Eye-mirror monad - inspired by Leibniz [158]. The following figure summarizes the whole
discussion. Philosophically we may that there are two conceptual setting involved in the notion
of observable and symmetry. The first is concerned with the ontologic landscape (/\/l,w). In this
case, the space is the multisymplectic space whose dual nature is described by the multisymplectic
form itself and the related ontologic mode. The second is concerned with the dynamical landscape
described by (F, H) which is also formed from two objects. The duality is reflected in the Hamil-
tonian function whereas the carrier of the dynamics is the Hamiltonian curve I'. The Eye-mirror
monad is summarized below in a symbolic dynamical figure.

The notion of Eye-mirror monad brings together two key concepts related to symmetries of
physics: invariance and covariance. We summarize this unification in the following comparison:

e Invariance

Concerned with object conservation

Noether theorem

Pataplectic invariant Hamiltonian functions V¢ € L}, dH,,(¢) = 0
invariant by deformations parallel to pseudofibers
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e Covariance

Concerned with the form of the equations
Einstein covariance principle
The Hamilton equations are invariant by deformations parallel to pseudofibers

The invariance vs covariance opposition is further connected with the contrast between topolog-
ical duality and dynamical duality:

e Algebraic observable forms — Topological duality
e Observable forms — Dynamical duality

The resulting deeper re-conception of dynamical observable, brings together the two dualities.
Dynamical observable (n — 1)-forms correspond to symmetries of the variational problems. More
generally we believe that the notion of Eye-mirror monad is an invitation to the use of diagrammatic
method in mathematical physics. We have already described in (2.1) how the selected examples of
[68, 101, 190, 76] mark the transition from a representational function for diagrams to a conception
of the diagram itself as an object of study.

The monad is an invitation to invert this process. The movement within the double duality
in its ontologic and dynamical itself forms the diagram. Put differently we may say that the
theory in its own development towards grasping its main constitutive objects - in particular in
its focus on observables and symmetry as the cornerstone of physical representation - intrinsically
describes a dynamical figure. Hence, we invert the statement: the order of development of the
ideas in the theory, in its essence is the dynamical diagram which itself appears as the primordial
conceptual entity or monad. The diagram becomes the essence of the physical representation. It
forms a symbolic picture of the physical representation. Representation and Reality always form a
duality, the two aspects of the Observer, the ontologic and the dynamical arise at the intersection
of observable and symmetry. We remark that in the Leibnizian meaning, there is no part nor figure
to described or grasp a monad. Nevertheless we drawn such a figure and call it monad. To say it
more simply, it is a paradoxal representation of the “no name”.

20.2 Dual Nature of the multisymplectic form

In this section, we do not recapitulate the whole previously presented classification for the dualities
around the two ”seeds” (M,w) and (F, ’H) Here we simply explore some possible directions. Recall
that we emphasized in section (11.2) the dual nature of the metric field for classical GR. This view-
point, resting on the work of Einstein [69, 70, 71] gives fundamental insight into GR foundations
and underlying principles. We refer here to the work of Stachel [216] for more embracing considera-
tion and a very clear description of the historical and conceptual sources and development for these
ideas. Here we propose to take the essence of these ideas and apply them to the multisymplectic
setting. For some aspects of the double duality:
General Relativity

‘ 8. set chrono-geometrical structure of space-time.

g, represents the potentials for the inertio-gravitational field.

Multisymplectic Relativity

w set multi-chrono-geometrical structure of multi-space-time-matter-hybrid
w represents the potentials for the multi-inertio-gravitational field.
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We see below that what we call the multi-chrono-geometrical structure for the multisymplec-
tic ontologic space is connected to the concept of ontologic mode which mathematically
correspond to the ontologic setting of a Lepage-Dedecker theory - see this section (20.2) and the
following (20.3). A second aspect of this structure calls for a generalization of the notion of inertio-
gravitational field. This is a much more delicate issue.

Multisymplectic form as a choice of ontologic mode . The following diagram expresses
the idea that the multisymplectic form, or more exactly the choice of a multisymplectic form w,
corresponds to the choice of a particular ontologic mode of our space, denoted therefore (M,w) =

> / (d(8) = de A B)

(M,w) = (da) = dpf A By,)

[ Ontologic | \ ( = dpﬁlzjj A 5;11'-'.’2].)

The pictograph at the top left of the figure is understood as symbolizing the dual nature of the
multisymplectic form - or more generally of the dual ”seeds” (/\/l,w) and (F,H) - related to the
classification of the notions of symmetry and observable in respectively the ontologic - kinematic vs
dynamical - dynamic settings. In the following discussion we introduce these notions.

space-time entity
matter entity
hybrid entity

By way of prelude, we lift arguments which Einstein offered for the metric case to the general
multisymplectic setting. Here the structure of interest is no longer the space-time manifold but
the multisymplectic space. We emphasize the key point: we are interested in the ontology of the
multisymplectic manifold itself. In parallel with the considerations involved in the choice of metric
in the Einstein discussion, we emphasize that, from the ontologic multisymplectic space viewpoint,
M - as opposed to what fills M - has no separate existence. If we imagine the multisymplectic
form w to be removed, there no longer remains a space or a relativistic space, not even a topological
space. In the spirit of Einstein, we say that is no such thing as an empty space: a space without
a multisymplectic form is not a multisymplectic ontologic space. In other words if no w is given,
then we cannot describe any ontologic mode (./\/l,w) = (s)M)(H). In this case, no such space-time,
matter or hybrid entities may be identified. The ontologic space is the more general one, it may
be thought as the ground state of the theory. We propose to call this concept the multisymplectic
trivial mode. The multisymplectic trivial mode is understood as the largest pataplectic manifold of
the theory and is identify with M = AT*3°.

A particular multisymplectic state (M° w®) - a multisymplectic manifold with M°® C M - is
equivalent to the choice of a particular ontologic mode (S)M)(H) . Again following the ideas of Einsein
in the setting of classical GR, we posit that any such entity (s), or has no claim to existence
on its own, but only as a structural quality of the form w®. We insist on the following: to chose a
multisymplectic form w® and a specific submanifold M° C M involves two considerations. We can
chose to work from the perspective of ontologic space or from the multisymplectic form itself. Hence,
in the more general cases - where more than one field is involved, or constraint considerations apply
- we see that an ontologic mode is determined by two related aspects: the choice of the space M°
and the choice of the multisymplectic form w®- which can incorporate mixed terms derived from the
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Poincaré-Cartan canonical form - see the example of Dirac theory or Palatini theory. We set this
delicate issue to one side. To simplify the description we take only the canonical example of the DW
ontologic mode described by the space M™ = {(z, z, ¢S+ p} Pdz' A By, (z,2) € X x 3,¢,pl' € R}
and the DW Poincaré-Cartan form H?W = e + pi'dz" A B,. Here the multisymplectic canonical
form is therefore w®™ = de A B+ dp!' Adz' A B,. We remark that the DW ontologic state differs from
the ontologic trivial mode. From the perspective of the notion of observable, the key conceptual
consideration is the non-pataplectic feature. The ontologic trivial mode corresponds to the whole
LD geometrization:

EE@™ = (M=A"T*"3 , w= Y dpu,.p, Adg" A Adgt)

1<p,<..p, <n+k

In the universal multisymplectic formalism, the Lepage-Dedecker standpoint leads to the canonical
multisymplectic form:

Tr|V|a| de /\B"_dp A dZ A 5M+Z Z Z dpzl ZH] /\ﬁ“ ZJ
—_— 2 << py i <o <
; ; j 1 M i1 27
(1)
We therefore understand the three entities (s), (M) and (H) as the different parts of the w™®. We
observe that the hybrid sector d(H) can be described only through the Lepage-Dedecker geometriza-

tion. The (n+ 1)-forms that constitute the hybrid entity from an ontologic standpoint, are denoted
dH). We say equivalently that (H) is prescribed by forms:

L g 1/1 i
= Z?:Q Zu1<~~-<uj le< <1y dpll i "N By J

Zl z” IA BLII o #;- These do not simply evaluate

the interaction within the ontologic mode (M,w) = (s)M)(H) of the space-time entity (S) with the
matter entity (M). Rather we see that in addition to the space-time entity (S) and matter entity (M), the
hybrid entity (H) is also required has a further primordial ”seed” of the ontologic mode. Let us again
examine the symbolism. We observe that the space-time entity is related to the part d(s) = de A 3
of the multisymplectic form w. The matter entity is related to the part dM) = dpf' A dz' A By of
the multisymplectic form. Notice that the hybrid entity really is an hybrid object. It correspond
to objects that can not be identified purely with either space-time or matter. The hybrid entity is
constructed on the basis of a "mixture” of ”seeds” that appear in or respectively. It follows
that the hybrid entity is related to the detection of forms for the description of which classical field
theory or classical physics lacks the resources. Indeed, until now there has been no convincing
conceptual motivation for the application of higher LD geometrization to physics. The traditional
literature only focus on the underlying DW framework. We believe that this application is a natural
historical development since the huge number of purportedly unphysical variables and the related
mathematical complexity has always been seen as an obstacle a priori for physical purposes.
However, we also believe that due to the new insights presented here and in particular the relation
to the concept of observable and also due to the status and treatment of the Dirac constraint set -
and related obstructions, in particular concerning the quantum formalism - the LD development for
variational calculus for field theory deserves careful consideration. Later we suggest a cosmological
perspective on the meaning of the interplay of the additional degrees of freedoms which this calculus
involves. We suggest that the hybrid entity provides a possible framework for the explanation of the
concepts of dark matter and dark energy, via the interplay which it permits between the dynamical

Forms that appear in the hybrid area are of the type dp
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geometry prescribed by the space-time part (s) and the dynamical geometry prescribed by the matter
part (M). Because of the additional degrees of freedom of the dynamics this no longer a matter, as
in the old Geometrodynamics program, of bringing matter within the space-time geometry. In this
connection, we notice that in the DW ontologic mode, the hybrid entity (H)pw is empty and therefore
plays no role in the story. The DW mode is the multisymplectic manifold (MDW,wDW):

DW = (MDW = A;LT*S , w™ = de A 6+ dp? Adzt A ﬁ#)
N— N————
DW DW

We think of the problem in the following way. Notice this is a subtly different viewpoint but the
underlying idea is the same. We introduced at the beginning of the discussion the conceptual idea
of ontologic motif and dynamical motif (S),(S) x (M) as part of the setting of any variational
problem.

In connection with the identification of the different parts of the ontologic mode involved in the
decomposition of the dynamical variables in the multisymplectic form, we introduce the following
variant notions for the space-time, matter and hybrid entities using the color green: (s), and
(). This symbols are intended to keep track of the natural duality of the parametrization vs
parametrized space. They lead us to take n = k so that we have the same number of dimensions for
space-time and matter degrees of freedom. From the perspective of symmetry, duality and aesthetic
consideration this possibility is interesting. It directly addresses the conceptual problem of how to
describe scalar or matter fields for arbitrary degrees of freedom.

This idea has been implicitly invoked - for different but related purposes - in the use of the tetrad
field and related matter representations involving the idea of solder form for gravity e. '°% In the case
where n = k we observe the following possibilities: the first is described by a (n+1)-form containing
only the space-time degrees of freedom: d(S) = de— A 8 whereas the second is described only by

matter degrees of freedom d(\M) = de /\dh Notice that we have the followmg notation: e. D1.om,

H1p2 — “Hn
DY = DL ueDiGu 1) e DL =Py (m Vit (1) (ua—1)ia(pa+1)on -+ 8 = Phy” = Piyoiy - Also
we use the notation ﬁ;ll...lfjp =dz"" A ANd2 A (8,“ N+ N0Oy, ﬁ) as Well as 3, = 0y - B so that

in this specific case, 8 = dz' A --- A da™ is a volume n-form on X whereas the new object df is
thought of as a volume n-form on 3. Hence dh = dz' A --- A dz". In this case we have the picture:

space-time entity
matter entity
hybrid entity

In such a context, the hybrid entity becomes:

dD) = Z SN Al aBT,

J=1 p1 <o <pj ig <--<ij

and the multisymplectic form decomposition becomes:

w = de A db + Z o>l 4N B+ de A db

J=1 pr <o <pj i1 << —
d. ll
ll

We summarize in symbolic picture:

106We model the geometry of the tangent space of space-time by the so-called internal space V - see section (12.4).
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> /’(d:de/\ﬁ)
)

(S;M,H) (:de/\db)

[ Ontologic | \) (d = dpff: N ﬂ;llzﬁg)

This device of coloring the symbols emphasize how flexible are the concepts (5), (M) and (). Now
we return to the monochromatic world and abandon the green picture.

Relation between ontologic mode and observables. Here we emphasize the role that the pataplectic
manifold plays in this extended notion of observable. For example, the De Donder-Weyl ontologic
mode. (S)M(H)pw is not a pataplectic mode, because we find here the example of observable (n —1)-
forms OF which are not algebraic observable (n — 1)-forms (AOF). This is a case where we have an
inclusion only on one side:

sBg_l(/\/low) C ;B:L_l(MDW)

This remark will play a later role in a search for more embracing for Principles.

20.3 Ontologic groundstate and background independence

In this section we offer some reflections about the ontologic symmetry and a possible notion of
multisymplectic metric U(s)M)(H). First we emphasize on background independence. This involves
a focus on the ontologic symmetry: invariance of the multisymplectic form and related symplecto-
morphisms. The ontologic symmetry is described by a symplectomorphism, namely a vector field
such that it leaves the multisymplectic form invariant: 3¢ : M — M : 3r*w = w. Hence the sym-
metry is expressed as Lzw = 0. The group of infinitesimal symplectomorphism is the analogue of
diffeomorphism invariance in General Relativity. In the case of GR the diffeomorphism invariance
is fundamentally connected with the notion of background independence. We do not want to refer
to a particular coordinate system. We have emphasized in section (11.3) that the active view of
diffeomorphism invariance pictured symbolically by GR = *GR assigns a specific role to
the metric field g,,,. In GR, it is widely recognized that the observable are endowed with a non-
local feature due to the role of the diffeomorphism group. We summarize the analogous setting for
multisymplectic relativity:

General Relativity Multisymplectic Relativity
.. Trivial
(GR) ontologic space-time ()& Structure Trivial mode
Ontological space is space-time X Structureal space of n-forms M = A"T*3°
Diffeomorphism » : X — X Symplectomorphisms s : M — M
Ontologic symmetry »*g,, = g, Structure symmetry »*w = w

Before proceeding further, we introduce the concept of multisymplectic metric U(S)M)(H). The
guiding idea is to grasp the structure of the general ontology in both its static and dynamic aspects.
Just as in Riemannian geometry, the metric is the object that determines distances and measures
them, we feel the intuitive needs in the extended multisymplectic case for a more embracing analo-
gous arrangement of the broader relationships between the newly introduced entities (s), and
which articulate the corresponding ontological MG vision. Thus appears the concept of ontologic
mode - the related idea to is take into account all degrees of freedom. Hence we naturally think of
the trivial metric, namely the multisymplectic metric associated to the trivial ontologic mode. Since
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the Poincaré-Cartan n-form is the potential for the multisymplectic form we have the related ideas
of potential metric vs metric. Hence consider respectively the canonical forms:

grrvial eﬁ+pfdz A By +Z Z Z pzl z] 11 w

J=2 p1<--<prj i1 <---<i
n

W = de ABHdpi AdE AR+ Y Y AT AR,

J=2 p1 <o <prj iy <<

We therefore introduce the related potential metric and metric as given by:

Trivial — (. — [e] . — [pu] . [pitll Z/;J )
AEM® ™™ = (d(s) = [1], db) = 1], d() = [1])

The coefficients of the potential metric U(s)M)(H)™' are simply the multisymplectic manifold co-
ordinates - generalized position and generalized momenta - while the coefficients of the metric
dU(s)M)E)™ are equal to 1. We emphasize that in such a picture we are in the purely ontologic
region of the double duality. We have not yet spoken of dynamics or the related constraints that
appear in the setting of the variational problem - built on the generalized Legendre correspondence.
To reflect this ontologic bias, we designate by U°(S)M)(H)™ and di°(s)M)(H)™"' the objects that
become respectively the ontologic potential metric and the ontologic metric. When we pass to the
dynamical viewpoint, namely when we taken into account the dynamical duality by means of the
Legendre correspondence we introduce two analogous objects: U*(S)M)H)™ =" and diA*(s)m)E)™e'.
In such a context, we can not refer to those objects unambiguously without having first imposed the
Legendre correspondence. We illustrate these notions by the help of the Palatini example within the
DW ontologic mode. Recall that the Palatini multisymplectic form is written (with the imposition
of constraints) (316):

we — de A B — d[ee[luef,}] A dwﬁ‘] ABy,=deNS— eUKLe“"’”efdeg A dwﬁ‘] A By

Hence we write the dynamical metric:

AR = () = (1], da) = [ - ersxre™™e,])

From the more general standpoint on variational issues, the Palatini multisymplectic form is seen to
come from the more fundamental object of the Poincaré-Cartan form itself. Here we are concerned
with an exact multisymplectic form where the Poicaré-Cartan form is taken as a potential - w2 =
dfF" So that the dynamical potential metric is given by the coefficients:

u.PaIatini — ( — [e]’ — [ _ Eguel}} — _1/2€IJKL€MVPU€§€£ )

Notice that in the previous case we have described the canonical forms with the imposition of
constraints. Hence if we apply the previous idea, before describing the constraint set, we have the
following case:

LR = (=[]0 = [r75"]) A = (d(s) = (1], diw) = [1])

Here we recognize a strong heuristic resonance with the viewpoint of GR. One main aspect of
Einstein gravity is the Equivalence Principle. It makes the connection between the curved picture
of space-time (S)™M" and the locally flat Minkowski space (S)80) . This corresponds to the
transition, from metric standpoint:
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Before going more deeply into the notion of the multi-chrono-geometrical structure of the multi-
space-time-matter-hybrid entity, namely space, we want to make some remarks about the universal
nature of gravity. Gravity is a singular interaction since it is the only all pervading phenomenon
in the Universe. Every piece of matter of the Universe is affected by gravity.'” The crucial step
due to Einstein was to incorporate space, time and matter in a single framework. We have the
underlying unifying concept energy for whatever we label as part of this Universe. We see the
intuitive motive for such claims as: mass is energy, gravity is geometry ... Energy, in physics is
inextricably connected to the concept of Hamiltonian function - which for us, is one of the dual
aspects of the multisymplectic form, equivalently to be thought of as the dynamical potential. Also
notice that constraints denotes relations between degrees of freedom - they manifest a connection
between them. All these previous remarks lead to an interesting suggestion. Perhaps we should think
of gravity as the manifestation or as rooted in the interplay of constraints.'® In this connection we
focus on one of Einstein’s central insights:

Gravity is Geometry

So that we are face to face with the root question: what is Geometry ? We have argued, from a
heuristic viewpoint that we would like describe geometry through the constitutive notion of glyph
(see the forthcoming paper [230]), which is defined by the implementation of symmetries — invariance
and covariance, and of observables — (AOF) and (OF). We have a picture which contains the insights
- very naturally motivated from the MG context - that glyphs are dynamical glyphs - amongst the
symmetries we want not only to describe invariance but also covariance. We emphasize that this aim
is nothing but a continuation of the spirit of the Erlangen program of Klein later greatly developed
by Cartan - see section (1) - to perceive geometry as the study of structures on spaces, considered
as given via their transformation groups. In this spirit we believe we should reconcieve Geometry in
the glyph vision and in light of the MG setting, as the study of the organization of the collection of
glyph, in particular a collection of pseudofibers. Here we refer to the ideas of Hélein and Kouneiher
[116, 117, 118] developing the earlier work of Dedecker [53]. We recall the main conclusion of those
work - the following remarks are directly extracted from [116, 117, 118]:

e T'wo points in the same pseudofiber, Py(z) C A"T, ;30 of affine subspace of A"Ty 3° represent

the same physical - infinitesimal - state. Coordinates on A"T*3°, - the Dedecker momentoides -
are not themselves physical observables quantities.

e In the case of the DW theory the Legendre transform - as opposed to the generalized Legendre
correspondence - transversally intersects all pseudofibers at one point.

e The dynamical structure encoded by a multisymplectic manifold (M,w) and a Hamiltonian
function H is invariant by deformation along pseudofibers, [117] ”This situation is similar to gauge
theory where two fields which are equivalent through a gauge transformation are supposed to cor-
respond to the same physical state. A slight difference however lies in the fact that pseudofibers

107 Tight and the related concept of photon may form the only exception. The photon may be the only massless
boson - we exclude consideration of gluons since they are never observed as free particles. We notice however that
light is central to an understanding of basic principles, as Einstein recognized when he built Special Relativity Theory.

108 A heuristic argument is the simple fact that even the modern program of LQG can not avoid the needs for a
full treatment for the Hamiltonian constraint. We observe the close connection between our choice of description of
gravity and the constraint issue
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are not fibers in general and can intersect singularly.” So that pseudofiber are a reflection of the
interplay of gauge invariance and constraints.

e There is a theorem for invariance of an observable functional along the generalized pseudofiber
directions.

e Consider an ontologic vacum mode (M,w) and H a Legendre image Hamiltonian. Then all
generalized pseudofibers direction L are vertical L} C Ker (dr) with 7: A"T*3° — 3°.

Thanks to the previous remarks we can describe the intuitive notion of flat as opposed to curved
geometry. The full expression of invariance and covariance - in the trivial mode - rests on the
fact that the generalized pseudofiber directions are wvertical. In the presence of gauge constraints
the pseudofibers (which is equivalently referred as a glyph in the section) may intersect. In this
case we no longer have a general geometric characterization of the situation. Hence the previous
remarks relating the structural organization of the phenomena to the primal glyph P,(2) and their
possible intrinsic characterization either via subspaces tangent to pseudofibers L% or via the notion
of Hamiltonian pataplectic invariance - lead to a natural and unusual perspective on the opposition
flat - curved.

Hence generalized Gravity, is related to the manifestation or absence of a unified geometrical
characterization. If we have gauge invariance or a setting where glyphs overlap and cross we would
speak about Curved Geometry. If however the glyphs do not overlap (i.e. the generalized pseudofiber
direction are parallel), we speak about a flat characterization or Flat Geometry. The development
of non-Euclidean geometry - in the classic work of C.F. Gauss, B. Riemannn, N.I. Lobatchevski, J.
Bolyai, Poincaré, Klein or Cartan - goes back to the initial speculation as to the correct treatment
and nature of parallel lines which led to Euclid’s fifth postulate.

We observe an analogy here to the ideas presented in this Thesis: the notion of directed line
segment in Euclidean space can be thought of as a very primitive kind of glyph - after all the line
gives an invariant direction in space. In Euclidean - or flat geometry - parallel lines never intersect.
Even in such a primitive context we can recognize a connection with the notion of glyph. The
lines manifest a global identical behavior as glyphs. In curved space the situation is different since
parallel lines can intersect and this gives rise to the notion of curvature in geometry.

In GR we find the geodesics - a generalization of the notion of straight line to curved space-
time. It is in the light of this analogy that we understand the previous remarks on the distinc-
tion between the potential metric and the metric U°(s)M)H)™=', ds°(s)M)E)™ ', U(s)ME)™ = and
di*(s)m)(m)™='. Here we see the analogue for the metric of GR in its role of setting the chrono-
geometrical structure of space-time GR described by the ontology GR. Now we able to treat
the multi-chrono-geometrical structure of space both in its ontologic and dynamical meaning.

The traditional Einstein equivalence principle, where we are in the setting of classical space-time
geometry, what we call the ontological being GR, with locality understood via the notion of
a point - where we have no clear distinction between points, glyphs and space - has a conceptual
counterpart within Multisymplectic Relativity where the analogue of locality is thought of as given
by the glyph. We make the analogy between the Einstein Equivalence Principle:

Locally: inertia and gravitation are essentially the same

and the Multisymplectic Relativity Equivalence Principle:

On glyphs, Invariance and Covariance are essentially the same

In the former case we have seen that the distinction between the two notions is frame depen-
dent. Beyond this distinction lies the question of the meaning of the notion of observer. For the
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multisymplectic relativity equivalence, it is again the notion of observable that allows us to distin-
guish invariance and covariance on a glyph. However this notion of observer is much more rich
and pervade in the following section as the idea of Eye-mirror monad - see section (20.1). As a last
comment we emphasize that we work with the conceptual dualities inertial mass vs gravitational
mass or movement vs geometry. Hence in the new setting of MG we recover the essence of the above
equivalence since the object of dynamics is characterized by the dynamical glyph - the generalized
pseudofiber direction L!% whereas the object of geometry is characterized by the ontologic glyph
- the pseudofibers P,(z). All the previous distinctions within the double duality focused on either
an ontologic object or an dynamical one (for example the space of n-forms or the Hamiltonian
function). But in this contrast of dynamics and geometry we see both the duality and unity of
ontologic and dynamical aspect at the same time. The meaning of this intertwined nature is the
final aim of the monad idea - see section (20.1). Before turning to this notion, we want to make
some remarks about the ”seed” of dynamics (I‘, H)

20.4 Dual nature of the Hamiltonian function

Here also much more conceptual work is need to grasp the way in which the notion of the Hamil-
tonian function is connected with the double duality. Here, we offer only some intuitions. The
first is that the Hamiltonian function should be thought as the dual aspect of the multisymplectic
form. As emphasized in the next section (20.1) the two fundamental "seeds” that unite the ideas
of symmetry and observables for physical representation are (M,w) and (F, H).

This is connected with the search for observable forms OF and more generally to the generalized
Hamilton equations and the issue of the covariance as distinct from invariance aspect of symmetry.
An intrinsic aspect of our notion of dynamical potential - the Hamiltonian function - is the fact
that it determines the dynamical space: the Hamiltonian n-curve I' C M. This fact is concerned
with the dynamical symmetry which appears in connection with the issue of covariance and dy-
namical evolution. This is why we work with the so-call Covariant Hamiltonian formalism for field
theory. The Hamiltonian n-curve is the object for the covariance expression of the equation. By
the means of this symmetry we are concerned with the form of the dynamical equations of motion.
Additionally the Hamiltonian function, in the great tradition of physics is related to the notion of
energy. Therefore the dynamical potential serves a double role: the first is to structure the data
of the evolution space - this idea goes back to Dirac who thought of the dynamical evolution as
a transformation in the phase space. Furthermore the dynamical potential concerns the notion of
potential energy. We notice that in the work of Hélein and Kouneiher [115] - or remarks found
in Hélein [113] - there is a specific treatment of the variable ¢ dual to the volume form 3, and
we have good a representation for the stress energy tensor &4 (). Its Hamiltonian counterpart is
the Hamiltonian tensor $),(q,p). More deeply, the concept of graph underlies the whole Grassman
calculus - see section (3) (4), especially on the side of its connection with the MG approach. We
find in [115, 113] the following definition!!" for the stress energy tensor &4 (x) and respectively its
Hamiltonian counterpart, $,(q, p):

o’

Ghz) = 6L(z,o(z),do(z)) — gﬁ(az, U(x),da(x))amy (z)
8ip, b (387)
Silap) = OGP~ = |z

If (q,v)+>(q, p) we have &, (x) = —$(q,p). The components of the stress energy-tensor are related,

109covariance issue: how to preserve the description of movement.

101 a variational problem on map o : X — 3 (with L : L(z, o(z), do(x)))



by means of the Noether theorem, to space-time symmetries - space-time translation, diffeomor-
phism invariance depending on the context. In the same manner as the emergence of the notion
of generalized multisymplectic curvature, viewed as the key to organization of the ontologic space,
opened the prospect of new kinds of cosmological models, we believe that a further source for the
elaboration of cosmological models can also be found by closer attention to the notion of dynamical
potential - the object $,(q,p) is also holds the promise of a richer landscape of cosmological models
within this generalized ontological perspective centered on the entities (S), [M] and [H].

This duality for the dynamical ”seed” re-appears in the determination of observable forms via the
dynamical duality. In the search for dynamical observables, the spirit of the Relativity Principle is
expressed via the relation {#, ¢ }do(X) = {H, 0} dp(X) where no specific volume form is singled out
but we can only compare two OF, ¢, o € B2~1(M) via the relation: {?—[,go}dg(X) = {'H, Q}dcp(X).
The covariant aspect of dynamical symmetry seen in the Relativity Principle is concentrated in the
form of the previous equation. Here we feel the key insight of Relativity lies. We compare observable
forms only to one another they have no absolute meaning relative in a fixed background. Notice
also that the notion of copolar form and copolarization is grounded in this insight. We summarize:

[ Dynamical | /Vm el3IX e AT, X Jwy, = (—1)"dHn,
< > (I’ %) vm € M, X (m) € [X]}, (X (m),dp,,)
\ X (m) € [X]*, Hamiltonian n-vector fields

PERSPECTIVES

We summarize four main ideas and directions for future works. We leave apart the previous dis-
cussion to focus on the mathematical and physical aspects. I am now working on the mathematical
calculations to describe and support these points [229, 230]. All them lay on an enlarged vision
for space, time and matter. This can be summarized in the context of Hamiltonian covariant field
theory with the concept of the ontologic mode (M,w) = (S)M(H). In such a context - whatever we
refer to or to - we need to further add to the space-time entity (s) and the matter
entity (M) a third one: the hybrid entity (H). We enumerate four points:

e The first is the topological hypothesis. We discuss it with the help of the topological term

in gravity described by the general action: (229) which involved the different part Lyfe, w],
Leuer[W]; Leontrjagin| @], Liieh-van[€, W] aNd Leosmolngicat €] Notice that the topological hypothesis apply
for any theory, - for example the addition of a topological term of type [, FAF to the Maxwell
vacuum Lagrangian functional £y, .[A] = % [+ F A%F The topological hypothesis is described
by the following idea. Rather than adding by hand the different topological terms - Holst,
Fuler, Pontrjagin, Nieh-Yan and the Cosmological constant terms - in the original action and
then proceed to variational study for equation of movement, we would like to directly obtain
the same equations of movement from higher order Lepage-Dedecker geometrization. It shall
be performed making use of Poincaé-Cartan form of various following type:

gRIFILIIIlal  plal®ll2]*[ll4]

[1]°][x]“|[4] [1]°[[2]“I[4]
0 ’g(q,p) » “(g:p) » “(gp)

(g,p)

The case for cosmological constant is heuristically taken into account via:

[4]6”4} _ osmologica _ I J K L
Oup) = A=l Ne Ne Ne = N de, N dey, A dey A dey



182 D. Vey — Multisymplectic Gravity

We write the related Lepage-Dedecker momentum with the notation A“™°#<" in relation to

question of the cosmological constant. The application of this ideas permit to focus on one
and only one Lagrangian functional for gravity.

In this direction the case of Dirac field - with the conceptual inclusion of matter fields - is
much more delicate. Dirac field makes connection with the issue of torsion. However in such
a setting, the commonly found statement that the Dirac field generates torsion is naturally
inverted. We do not want to find the equations of movement by adding terms by end in the
Lagrangian but from consideration of various ontologic modes. Hence we need to understand,
after all the subsequent principle underlying the organization of four main objects: e,w, ¥, .
An indication is the connection between the four degrees of freedom of the axial current
J' = 9py'454) and four dimensional tetrad fields e in an embracing view. We refer to the work
of MacDowell and Mansouri gravity - and the underlying use of Cartan connection - to stress
that we are able to describe gravity with higher action of the type Lym(A) o [ tr(F A <F)_.

e The second point is the application of the method developed by Hélein and Kouneiher [115,
116, 117, 118] for the natural setting of covariant canonical variables and Poisson bracket to
the Einstein-Cartan theory. In particular the Nieh-Yan term gives an interest: we have non
vanishing momenta for the tetrad field p®”. The idea is to exhibit good copolarization in this
case.

e The third direction concerns the fundamental issue of Principles for physics. We have felt,
upon the diagram insight in the search of observable, the idea of eye-mirror monad. Maybe
would stand a Principle that make central this dual nature for observables and physical rep-
resentation in what we would call the eye/mirror monad (mirror for the symmetry and eye
for the observable) The aim beyond is surely to connect the missing underlying ontology of
QM where the notion of observable, one century after the rise of the theory is still involved
into paradox and debates. We now give some indication for connection with QM area. We
would like to give a quantum picture for MG - some attempt is made in [137, 111]. In pursu-
ing the search for QG we encounter two related issues: non linearity and quantization. The
interplay of these two notions has been revealed in particular by Goldschmidt and Sternberg
[100], Kijowski [141], Hélein and Kouneiher, [117, 114]. Their works show that the two ques-
tions may be related. Let us cite Hélein [114] "the quantization procedure works when the
classical equation is linear but fails as soon as the problem become nonlinear (interacting fields
in the language of physicists)”. Since some part of the obstruction for quantization can be
understood as the fact that we don’t get enough dynamical observables when the theory is
non linear, the presence of gauge symmetry can helps us to construct many more dynamical
observables. Actually, beside the gauge sector, one also overcomes these difficulties and finds
observable functionals with the tools of perturbations theory. This is the idea developed by
Hélein in [114], and applied by Harrivel in the study of interacting Klein-Gordon theory [104].
This is why we shall conceptually think along two directions:

Hence the underlying aim of the thesis shall be picture in a single statement: we shall definitively
try to make use of multisymplectic technics for any prolegomena to a future QG theory. This is
first due to the LD vision and the treatment of constraint where we can always find a Lepage
theory - where the primary Dirac constraint set can be set empty. The idea developed by Hélein
and Kouneiher - who have pushed further the classification of observable - definitively appears in
relation with deeper foundations and principles for physical representation.



NOTATIONS

Structureal-Dynamicalal consideration
[ [>] Ontologic space
[ <J] Ontologic representation
[ (> ] Dynamical space
[ <J] Dynamical representation
sp,(M)S[ [>] ontologic vector fields: symplectomorphism
[X)71S[ > ] dynamical vector fields: Hamiltonian vector fields.
Pr(M)S[J] — (n— 1)-forms that encodes the symmetry standpoint
P (M)S[E]] — (n— 1)-forms that encodes the dynamical standpoint
Notation for specific theories
AQFT Algebraic Quantum Field theory
CPS Covariant Phase Space,
DW De Donder-Weyl theory,
GR General Relativity,
MG Multisymplectic Geometry,
LD Lepage-Dedecker theory.
LQG Loop Quantum Gravity,
QFT Quantum Field Theory,
QM Quantum Mechanics
Structural modes
space-time entity,
matter entity,
hybrid entity
GR: mathematical model of general relativity space-time;
Gauge mathematical model for gauge theory,
Trivial ontologic mode,
(sS)M)(HE)pw De Donder-Weyl ontologic mode.
Fiber bundle theory
P(M, G) Principal fiber bundle over M with gauge group G,
F(X) Linear frame bundle,
Fs0(1,3)(X). Lorentz orthogonal bundle.
General Relativity
Dir(X) be the diffeomorphism group
Metics(X') the space of all metrics over X
Geom(X) = Mevics(X) /Dir(X') the space of geometries of the manifold
Differential geometry basics
TX ={(m,&)/m e X,§ € T;,X} = U,pexr T X is the tangent bundle of A';
"X ={(m,a)/m e X,a € T} X} = U,,cx Tm& is the cotangent bundle of X’
AMT*X = {(m,a)/m € X,a € AT, X} = U, ,cx AT X is the n-forms bundle of X’;
X(X) =T(X,TX) space of vector fields on a manifold X’;
X"(X) =T(X,A"TX) space of n-vector field on X
QX)) =T(X, A"T*X) the space of differential n-form on X
OP(X,g) = QP(X) ® g: the set of g-valued p-form on X;
(X, TX®) The space of tensor field on X
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voly(g) = & Riemannian volume form,
voly (h) = 8 Minkowski volume form

* Internal (usually Minkowski) Hodge star operator,
* external (space-time) Hodge star operator
'/, Connection coefficient in arbitrary frame (holonomic or non holonomic)
'Y, Christoffel coefficient;
Connections and derivatives
D: arbitrary connection on a vector bundle;
V Levi Civita connection on the tangent manifold
dP exterior covariant derivative;
d,, gauge covariant derivative relative to the connection w;
dv Vertical exterior derivative;
dyg Horizontal exterior derivative;
d,, Formal derivative (or total derivative);
d exterior derivative along a solution of the Hamilton equations
First order gauge gravity - Loop Quantum Gravity
e{t Tetrad field:
e/ Co-tetrad field:
w{/ Lorentz (spin) connection;
EY densitized tetrad
hr[A] Holonomy of the connection 1-form A.
F1[S] Flux variable
Multisymplectic geometry
0 Poincaré-Cartan canonical 1-form (symplectic case);
w Symplectic canonical 2-form;
0 Poincaré-Cartan canonical n-form;
w Multisymplectic canonical n + 1-form;
0, Cartan canonical n-form (jet bundle formalism);
w, Multisymplectic canonical (jet bundle formalism) n + 1-form
Pr1(M) the set of algebraic observable (n — 1)-forms;
Pr=L(M) the set of observable (n — 1)-forms.;
O™ the set of dynamical observables;
Obirac describe a Dirac observable
5P (M) = spp(M) X s5po (M) the set of algebraic symplectomorphism;
spp(M) set of symplectomorphism related to (n — 1)-algebraic generalized momenta,
spg(M) set of symplectomorphism related to (n — 1)-algebraic generalized position
D3 := {Xl AN NX,€eANT3 /) X1, ,Xpn € Tm3} The set of decomposable n-vector
(Xt ={XeDp3 /X 1Q=(-1)"dHn}, class of Hamiltonian vector fields.
P,(z) Enlarged pseudofiber
Pg(z) Pseudofiber
L} Generalized pseudofiber direction
U°(s)m)(H)™ =, Potential ontologic multisymplectic metric
dse(s) ()™, Ontologic multisymplectic metric
() M)(H)™* Potential dynamical multisymplectic metric
ds*(s)M(m™ . Dynamical multisymplectic metric
G4 (z) Stress-energy tensor
$5(q,p) Hamiltonian tensor



APPENDIX

A Differential forms and exterior differential calculus

We denote C*°(M) the commutative algebra of functions with real values on M. Let A"V* be the
vector space of n-forms on the real vector space V. (Then a n-form « on V is a multilinear and
alternated application o : V x ... x ¥V — R). The exterior product of two forms a € APV* and
B € A1V* for p,q € N is defined by APV* x AIV* — APTIV* : (o, B) — a A B with

A BL, ooy Uprg) = p,lq' S (S0, s Uy )8 (V15U (388)
0E€Sp1q

We construct the associative exterior algebra (A*V* = @gzp AP 4+ A). This is a graded commuta-

tive algebra. This property of graded commutativity means that for any a € APV*, 8 € A9V* then

aNp = (=115 A a. We denote respectively Q"(U) and Q"(M) the set of differential n-forms

on an open set and on the differential manifold M i.e a regular application « : U — A"R*, hence

we consider the data at each point x € M of a n-form a,, € A"T*M. For a coordinate system

(xl,...,2") : U — R™ we decompose a, on the basis (dzil A ... A dxim”)1§i1<m<ip§n:
Qp = Z a(w)il,mipdacil A ANdz'™ = Z a(ac)jd:cl (389)
1<iy<..<ip<n I

We also exhibit the vectorial space generated by graded property. On the manifold M, we denote
X (M) the vector space of tangent vector fields on M. We denote X" (M) the space of multivectors
of degree n. It is described as the set of section of the vector bundle A” TM — M. In the natural

local coordinate system (!, ...,2"), we obtain a natural basis for TM: (8%1’ s %) A multivector

field ¢, at € M - hence {, € X"(M) - is written on the basis (0;; A ... A 0;, )1<ii<...<ip<n- We
have:

Co= Y C(@)in,ipOiy AN, =D C(x) O (390)
I

1<i1 <...<ip<n

Finally we denote the vector space generated by graded process, respectively for differential forms
and multivectors fields on a manifold M with the notations

(M) = é = M) (M)D...00" (M) and X*(M) = é = C®°(M)BX I M)D.. X" (M)
0=1 0=1

The exterior differential on the manifold M is defined as the application on Q*(M) d : Q"(M) —
Q" FL(M) If we consider the n-form a € Q"(M)

o= Z ail,,,,ipdxil Ao ANdz' = Z ardz’ (391)

1<i1<..<ip<n I

we have the exterior differential:

do = Z dail,mipdxil A .. ANdz'™ = Z dadz’ (392)

1<i1<..<ip<n I
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Graded Leibniz property The exterior differential satisfies the graded Leibniz property Va €
QP(M), VB € QM)
dlaNB)=daA B+ (—1)Pandp (393)
[ We consider o« = Zl§i1<m<ip§n ail,‘,‘ipd:cil A Adx'n = Z] ardx’ and 8 = Zl§i1<.“<ip§n ﬂilwipdxil A Adx'n =
> Brdz! We write a A = > ZJouﬁJdasI A dz” then

dlanB) =" darBs) Adz' Ada” =D (d(er)Bs Ada' Ada?) + (ard(By) A da' A da?)
I J I J
= darnda") A Bada’) + (O arda’) A (D (~1)PdBs Ada”)
I J I J

Interior product and differential forms The interior product. Let ( € X (M) and let o € Q™(M)
a n-form Vx € M we consider the multilinear and alternated (n — 1)-form

(¢ Ja) (T M) SR

(vl,...,vp_l) —>Oéx(C(«T),’U1;--wUp—1)) (394)

This application define for any n-form a € "(M) and for any vector field ¢ € X' (M) the interior
product of a by ¢, denoted ¢ _J a such that ¢ Ja € Q"~!(M). We have an analogous property to
the graded Leibniz rule. We have, V¢ € X'(M),a € QP(M), 8 € QI(M):

CI(anf)=(Ja)AB+ (=1)Pan(CIp) (395)

B Gauge theory, connections, derivatives and all that

B.1 Gauge fields: Fiber bundle framework

In this section we do not give a precise definition and content for most of the introduced objects
that appear within the fiber bundle theory and the connection on fiber bundle. We refer to classical
textbooks for a full description, for example Y. Choquet-Bruhat and C. DeWitt-Morette [45], S.
Kobayashi and K. Nomizu [148, 149] or M. Nakahara [176]. This section, also, as been largely
inspired from the text about basics of differential geometry and Lie group theory, in french, by R.
Coquereaux [46] - see also [47] -, A. Fabretti [73] and T. Masson [165]. The idea is just to emphasize
the key points for the modern description of connection on principal and associated fiber bundles.
The point of interest is therefore twofold. On one hand it allows to grasp the picture of connection
forms and local gauge potential. These are the basis of the theory of connection on fiber bundles
that falls in the realm of FEhresmann connections. On the other hand, we emphasize the role of
associated bundles and clarify the setting for further investigations which concerns the good use of
covariant derivative and gauge covariant derivative encounter in various contexts.

We consider a fiber bundle as a fibered space (P, M, 1) where P is the total space of the bundle,
M is the base space and 7 is the (surjective) projection. A fiber bundle is called a G-principal fiber
bundle (P, M, ) if it carries the following properties: (P, M, ) is locally a trivial fiber bundle!!!,
we allow a Lie group G to act transitively on each fiber of P and finally the fibers are homeomorphic
to G, the structure group. The fiber over x € M is by definition 7~ !(z) = P,, in the case of a
G-bundle, the typical fiber diffeomorphic to the group G. We emphasize that the choice of a local
section (a trivialization) x € U C M — o(x) € P allow us to identify the structural group G with
the fiber P, over x. Then we will speak about a principal''? G-bundle and we denote it as P(M, G).

LA locally trivial G-bundle is given by a fiber bundle (P, M, 7) such that for any open set & C M , 7~ (U) is
diffeomorphic to U x G

12 Then the set of local trivialization ¢; : U; x G — 7~ (U;) is given by ¢; ' (p) = (,g;) where p € 77 *(U4;) and
z = (p)
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On such a principal G-bundle, P(M, G) we associate the canonical right action R : P x G — P
then, Vg € G, Ry = R(-,g9) : P — P for p = (x,9) € P, we have Ry(p) =p-g

First, we introduce the notion of Fhresmann connection [67] in the context of principal fiber
bundle with G as gauge group. It exists several equivalent definition of a connection form w. The
first one picture the notion of connection as an horizontal equivariant distribution: it lays on the
grounds of a separation of the tangent space TP into vertical VP and horizontal HP subspaces.
Then, equivalently, we picture the notion of connection w on the principal fiber bundle as a Lie
algebra valued 1-form w € Q!(P, g) with equivariance property.

(Ehresmann) principal G-connection. Ehresmann [67] defines an infinitesimal connection on the
bundle P as a smooth distribution of horizontal subspaces along with an equivariance property.
It is based on the grounds of a decomposition of the tangent space TP = HP & VP. Thus, a
connection in that sens is a way to choose a vector subspace H,P C T),P such that for any p € P,
one has T,P = H,P @ V,P and such that the mapping p ~ H,P is smooth. One observes
that the vertical part is defined in an intrinsic manner. We define the vertical bundle VP as
the following VP = Ker(m,) We recall that the linear tangent application m, = dm is express
Vp e P/ (dr)p : TyP — Ty M. Therefore VP is seen as the kernel'' of the differential map
drm. A principal Ehresmann connection is a way to choose a complementary sub-bundle HP to VP
in TP. Alternatively, we can define the vertical vector space V,P at p as

VpP ={C e T,P / m(C) = dm(C) = 0} (396)

We denote ¢V € V,P a vertical vector field at p € P. We obtain a unic decomposition of
any vector field ¢ on P: ¢ = ¢V + ¢H with ¢H € H,P. Specific additional property is necessary
since we only descibe an arbitrary horizontal distribution up to now. Hence a connection on a
principal G-bundle is a smooth distribution of horizontal subspaces p — H,P with the additional
equivariant feature. We denote the right action''* of a group element g € G on the fiber bundle as
Ry :p+— Ry(p) = p-g. We also define the associated tangent application dR; = (Rgy)«. Then the
equivariance property means that we want to find equivalence of picking a choice H,.4(P) or either
using the action of G on the fiber namely: [H,P]- g

VpeP,VgeG Hg )P =Hy,P = (dRy),(H,P) = (Ry)s),(H,P)] (397)

Moreover, the canonical right action R, allows us to describe the vertical subspace VP with
another way. Hence we picture it as a space generated by fundamental vector fields (acting on the
right). Since the Lie group G acts on the right on P, we define fundamental vector field (¢ on P
associated to the any element £ € g. Therefore, we see the vertical space also as the image of the
Lie algebra g of G under the action R,. Then, if we fix p € P then the action gives a map G — P
whose pushforward at the identity (R), define a map g, : g — T},P. For an element, let says £ € g,
one obtains ¢, (&) € V,P (398), we alternatively denoted then ¢,(&) =¢ € such a fundamental field
generated by &.

p(§) = %[pexp(té)} ‘t:o (398)

113 We can canonically identify the quotient bundle TP/VP with the pullback 7*T M

"14Generally, a right action R (respectively we may define in an analogous manner the left action L), of a group G
on P is an application: R: P xG — P : (p,g) — R(p, g) such that Vp € P we have R(p,e) =p and Vp € P,g,h € G
such that R(R(p,g),h) = R(p,gh). Then when one considers action of the Lie group G on itself one rather denote
the canonical right action as Ry whereas the left action is denoted by L
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From this standpoint, we shall see the vertical space at p € P as the one generated by the vectors

fields (¢¢)p so that V,P = {(¢¢)p/€ € g}, (399)

VP = (S pesp(te)]| ./ ceo) (399)

t=

Therefore, a connection is defined as the horizontal equivariant subspace, defined via the following
(i) LP=H,PaV,P and (=¢Y+¢M with (FeH,P with HeV,P
(i) VpeP and geG H,,P = (Ry).(H,P)

Equivalently we can picture the desired geometrical construction based not any more on the
horizontal equivariant distribution, but rather on the connection form w.

Local gauge potential and connection forms. The idea is that the decomposition of the tangent
space TP = HP & VP into two subspaces can be picture with the connection form as a 1-form
with values in the Lie algebra g. The main idea is that, if we choose a trivialization, we may picture
the connection form w € Q'(P,g) in relation to a one form on M, described by w € QY(M,g).
The underlying idea for connection as a g-valued 1-form is to encode the projection of T),P on its
vertical subspace VP, identified with g. The horizontal subspace H,P C T,,P, as a linear subspace,
is annihilated by n = dim(G) linear equations 7,P — R. It is then equivalent to describe H,P as
the kernel of n 1-forms at p, namely an n-dimensional vector (Lie algebra)-valued one form. Hence
that picture of a g-valued one form w € Q' (P, g). Then, if qlg € H,P we have w(C‘I];I) = 0 whereas if

C; € V,’P we obtain w((lg ) = £ € g - where we have described canonically the vector field C‘X = (-
To an element of the Lie algebra £ € g, we associate its fundamental vector field , € V,P C T,;P
defined by (398). Now we have fully described our horizontal distribution, thanks to w € Q(P, g).

Equivalently, if we denote ¢ the fundamental vector field associated to the element bz of the Lie
algebra g - described by the basis {bz}1<7<,, - , the tangent space decomposition T,P = H,P&V,P
is generated on its vertical part by the means of vectors fields {7, whereas the horizontal one is
describe by the connection w. Hence, its characterization writes (400)

wip(Czpp) = bz and ker (w,) = H,P (400)

In order to give a nice geometrical definition of an Fhresmann connection, let introduce quickly
the adjoint map and adjoint representation. We recall that ad : G — G is defined by adjh =
ghg™': this is the adjoint action. We consider the linear tangent application of ad is denoted
Ady : Th(G) — Type-1(G) and is called the adjoint map. When one restrict it to TG, and
due to the canonical isomorphism T.G = g we therefore describe Ad, as a map from g to itself:

Adj=g—g: &~ gég ! forany € € g.

Definition B.1.1. An Ehresmann connection on a principal G-bundle P — M is a g-valued
1-form w on P such that:
(i) VgelG (R)w= Adgw

(i) w(Ce)=¢

Here, (R;)w denotes the pullback of w by the right action. By definition of the pullback, the
first condition (i) in (B.1.1) actually means that for a given ¢ € T,P we have (Rj)w,,(() =
w|pg((Rg)*C) = g_1w|p(C)g. Also, we equivalently write this condition under the following form
Wpg(TpRyC)p) = g_lw‘p(qp)g. To exhibit (B.1.1), we process the following path. Following (398),
we notice that for a £ € g

d pgg texp(tf)g] ‘

(By)l€) = G Plpesate], = Grloesateal|, = L

t=0
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We observe that, if £ € g generates the one parameter subgroup H = {exp(tX¢) /t € R}, then
Ad, (&) generates the subgroup gHg ™! with exp(Ady(€)) = g(exp&)g™!, therefore:

(Rg)*gp(f) = %[pgexp(tAdgqf)]‘ N = Cf‘pg(Adgflg) = gpg(Adgflf) (401)

t=

Let consider a vertical vector field ¢ - defined canonically as ¢,(§) for a given £ € g ({¢ is given by
(398)) - then we observe:

(Rw(s(8)) = w((Ry)xs(€)) = w(s(Adg-16)) = Adg-1§ (402)

We choose a local section o € T'(P) and also we denote, as usual, the linear tangent map by
oy =do : Tj, M — Tj5(,)P. To chose a particular section is equivalent to perform a gauge choice.
We define the local connection form as:

VEETM w(§) =wos(§) = wolox(§)] (403)

The local connection form is thought as 1-form on M taking value in g. Later, we make intensively
use of such form and write them as w = w/% bzdz*. We picture the local connection form, namely the
gauge potential, - the pull back of the connection form w by a section ¢ : O C M — P - and denoted
as w = 0*(w) € T*M ® g. It is worth noticing that the local connection form is only described in
the local trivialization ¢ and thereby is a notion that depends on trivialization. In the language of
typical Yang-Mills gauge theory, a choice of the section o is called a choice of local gauge. The local
connection form is denoted A = Agdx” ®br = Aﬁdw“bz and is called the local gauge potential.
The important point concerns gauge transformation in field theory. Let ¢° and o® be two sections
related by the relation Vo € M, 0°(x) = 0*(z)-g(x) and g : M — G at each point x € M. Then a
change of section o® — ¢° is pictured by the action of a group element g(z) € G. Then, we picture
the well know transformation of gauge potential (a gauge transformation) as

o =g Yo%)g+g 'dg (404)

B.2 Vector-valued differential forms

V-valued n-forms QP (M, V) The Lie algebra-valued forms and related bracket structure described
in the previous section is a specific case of more general V-valued n-forms QP (M, V): n-forms with
values in a vector space V. Then we write ¢ € QP(M,V). We denote End(V) the vector space of
endomorphism of V. Canonically we identify V®V* = End(V). Any element Z = Zlv;ov/ € Vo V*
is identified with the endomorphism =y € EndV described as follow:

Ey v =vlvy = Ep(v) = Zv = Ehvv/ (v) = EL))v; (405)

Hence, any endomorphism =y, € EndV is given by the matrix 55 - in the basis v of the vector
space V. Later on, we would be interested in forms of different type, depending on the nature of
the vector bundle. It may be the associated bundle P x,V (see below), also it can be a Lie algebra
g and finally we can consider the vector space where the forms take values as V ® V* = EndV.
Then, we first consider the product of differential form ¢ € QP(M, g) and ¥ € Q4(M, V). This one
is given''® by (pg)a = pgle) A € QPTI(M,V) along with the following rule. [3] Let (i, ..., (piq
vectors fields on M,

Pa(P) AP(C1.--Cpig) = !

> ()70 @(Co1) - Co)) ¥ (o) Cotpra)) (406)

|
P 0€Sp+q

"3Following [3] we notice that (pg)a : Q*(M,V) — Q*TP(M,V) is a graded Q(M)-module homomorphism of
degree p.
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The product introduce in the following (408) allows us to picture Q*(M, g) as a graded Lie algebra
structure with the bracket [,]. Then, for any ¢ € QP(M, g) and ¢ € Q9(M, g), we define

1

[0, %] (C1.--Cptq) = gl

Z (_1)0[(90(Ca(1) "‘Co(p)))v (I‘p(Co‘(erl) '-‘Ca(p+q) ))] (407)

0€Sp+q

Finally, the last case of interest is when ¢ € Q"(M,End(V)) = Q"(M,V ® V*). For that pur-
pose, considering the tensor algebra generated by V, such forms falls in the category of form in
(M, QV) for p € (M, QV) and ¢ € Q*(M,Q V). Thus, we define the associative bigraded
product:

1 o
PAY(Cr-Cprq) = (@ ONY)(Cro-Gptg) = Z (=1)%(e(Co(1)-Cop)) @ @ (Copr1)-Colpra)))
P 0E€Sptq
Later on, we will come back on the specific case of V-valued n-form and define an exterior covariant

derivative for such form.

g-valued n-forms QP(M,g). Let A be a g-valued p-form on M i.e A € QP(M,g) = QP(M) ® g.
Let bz be a basis on g. Now, VA € QP(M,g) writes as''6: X\ = A\ ® bz. If we denote another
g-valued p-form on M i.e 0 = 07 ® by € QY(M, g) = Q4(M) ® g. The bracket of A, o denoted as
[\ o]

ol = AeT)@[br,b] = K, (0 Ao?) @ bi (408)

We use wedge product on form part and the classical Lie bracket on the Lie algebra part. We
observe the following graded property (409)(i) and the graded Jacobi identity (409)(ii)

©) ol = (=1 e (it) [\ [o,nll =[x oln] + (=1)[o, [A, 1] (409)
Let w € QY(M, g) be a g-valued 1-form and (1, (s € X(M) we have:
[w, @l (€1, €2) = 2[w(C1), w(C2)] (410)

" Proof Following [46, 176] we decompose w = w! ® bz

[, €](¢1, ) = [ @ bz,w” @ b7](G1, G2) = w' Aw” @ [b7,05)(C1, ) = g (W' Aw”) @ bic(Gr, G2)
Then
[w,@](¢1,¢2) = (7 (" ®w” —w” ®wT) @ bx)(G1,¢2) = 2(cryw” (()w” ((2)) @ bie = 25w (G)w” (G2)ox (411)
On the other hand, let \,0 € Q'(M, g) and (1, € X(M). We define [, 0](C1, C2) = [M¢1), 0(C2)] then :
[w,@](C1, 62) = (61, w(6)] = W' (1) ® bz, w7 (G2) @ bs] = w” (C1)w” (&) bz, by (412)
Hence, compairing (411) and (412) we obtain (410).
The previous lines actually are similar for a more general n-form with value in the vector space

V, A € Q"(M,V). Here, we prefer to directly consider the specific case of V being a Lie-algebra,
allowing us to write the expression of the bracket with (413). Let A € QP(M, g) and o € Q4( M, g)

Nol=MAod @br,b7] =AA0 — (—1)Plo A X (413)

When g is a matrix Lie algebra''” we use the notation A A o = bzbs ® AZ A A7 Therefore, for any
odd degree n, let A € Q"(M, g), we exhibit [\, \] = 2A A \. In this case of matrix Lie algebra we
often find this notation.

16ye use the curved capital letters to underlined the fact that we work with the basis of generator of the Lie algebra.
17This relation, is generally given for V being an associative algebra.
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B.3 Curvature of principal connection

The idea of curvature of a connection, from mathematical standpoint, is an object that measures
the obstruction of integrability of the horizontal distribution. Since we described a connection
form w € QY(P,g) - its role is to describe a well given horizontal distribution -, the curvature
appears as the covariant derivative Q“ = h*(dw) € Q%(P,g). Let go into more details. We denote
the horizontal projection h : TP — TP the projection onto the horizontal distribution along
the vertical one. It is therefore described as the set of linear maps h, : T, — T,P such that
Vp € P(M,G) ¥¢ € TP we have: h,(¢) = ¢ if ( € HyP and h,(¢) =0 if ( € V,,P. We extend this
notion of horizontal projection on forms defined on P(M,G). Let A € Q"(P) such n-form defined
on P. We denote: h*(¢)((1,...,¢n) = @(h(C1), ..., h({,)). However, notice that here h* is not the
pull-back by any smooth map. It is just a convention of notation to emphasize the dual nature of
the object: h*p = ¢ o h.

Definition B.3.1. A n-form ¢ € Q"(P) is called horizontal if h*p = ¢.

Exterior covariant derivative We define the exterior covariant derivative relative to a connection
w on the fiber bundle P(M, G) - by its action on ¢, a n-form on the principal bundle P(M, G) as
follows:

D¥: Qn(Pv V) — o (P7 V) : Dw‘P(Ch ooy Cng1) = h*(dso) = d‘p(h<<1)ﬂ "'7h(Cn+1)) (414)

We take the ordinary exterior differential on P(M, G) but we restrict the form to horizontal part of
vector fields. This is a general definition and there is no needs for ¢ to be horizontal or equivariant
of type p - see below. By construction, D“ is dependent of the vector space V and also of the
choice of the connection w on P(M,G). We emphasize that the horizontal form D“¢ preserves
the G-equivariance related to the representation p of G on the vector space V. - see below relation
(415). We recall that we symbolically denote h*¢ = ¢ o h following [165]:

RiD®p = D¥p(Ry:) = h*(dp)(R:) = (dp) o ho Ry = (dp) o Rg: oh = Ri(dg) o h = d(pg-19) o'
Then:
R;D¥p = pg1d(p o h) = p,-1 DY (415)

Therefore, we obtain the following important result. Considering ¢ € Q"(P,V) with the additional
property of being a G-equivariant of type (p, V), the above relation shows that D“¢ inherits the
same equivariance property. Since by construction it is a horizontal form h*D%p = D¥p, D¢ falls
in the case of basic form QZH(P, V) described in the section B.5 below. Before performing this
step, let us define the curvature of a connection on a principal bundle. In the subsequent section
we are partially inspired from notation and logic developed by Rodriguez and al. [195]

Definition B.3.2. Curvature of a connection on a principal bundle We define the curvature,
denoted as Q, of the connection 1-form w € Q1 (P, g) as the 2-form Q¥ = D¥w € Q?(P, g)

Let notice that V(, x € TP, we have:

Q¢ x) = d(h(¢), h(x)) = h(Qw(h(x)) — h(x)w(h(¢)) = w([h(C),h(x)]) = —w([h(¢), h(x)])

Therefore, (¢, x) = 0 if and only if [h(¢), h(x)] is horizontal. (Frobenius integrability condition).
Then, we can also consider the Cartan structure equation. The curvature 2-form = D¥w €
Q2(P, g) of the connection 1-form w € Q*(P, g). In this case, we surely have:

D*w((1,¢s) = dw(h(¢y), h((s)) = dw((1,€2) + [w(G1), w(C2)] (416)
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The Cartan structure relation (416) is written:
w 1
Q=0Q :dcu+§[w,w] (417)

[ Proof Let us demonstrate (416). We consider two vector fields ¢,;,{, on P. First, we consider that both vector
fields are horizontal, i.e. for ¢ = 1,2 ¢, € HP. In this case, the equality is a triviality since w({,;) = 0 and h({,) = ¢,

i
Now we consider the case where the two vectors are vertical. In this case, using the map defined above (398), we
consider their canonical extraction from &; € g such that ¢; = ¢(&;). In this case we have

dw(5(£1),5(€2)) + [w(s(61)),w(s(€2))] = Loe)w(s(€2)) — Loenw(s(€1)) —w([s(§1),5(2)]) + [w(s(£1)), w(s(&2))]
(1]
Since w(s(6:)) = & and since Lo, w(<(E) = s(Ew(S(E)) = o(€:)&;, we obtain
(] = <(61)&2 — <(€2)&1 — w([s(&1),s(&2)]) + [€1, €2] = —w([s(&1), 5 (&2)]) + [€1, €2]
Finally, we notice that [¢(&1),c(&2)] = s([£1, &2]) so that [I] = —w(s([£1), &2])) + [€1, &2] = 0. Equivalently, we find that
dw(h(¢,),h(¢;)) = 0 which clearly gives the relation (416) in this case. Finally, if { € HP and x = ¢(§) € VP, we

have dw(h(¢), h(x)) = dw(¢, h(x)) = 0 Therefore, we have equivalently w([{,<(£)]) =0
Bianchi Identity The Bianchi Identity basically states that

D¥Q = dQ¥ + [w, Q9] = 0 (418)

[ Proof We have: . 1
D¥Q¥ = h*dQ” = h*d(dw + i[w,w]) = ih*([dw,w] — [w, dw])

Since from bracket properties we notice that dlw,w] = [dw,w] — [w, dw] and also [dw,w] = —[w, dw], then D*Q* =
h*[dw,w] We notice that: dQ“ = [dw,w]. We slightly transmute this relation, using (417):

a0° = [0 — Lw,wl.0] = [07,6] — [lw.6]6] = [9,u]

Then, dQ¥ = [Q¥,w] € Q*(P,g), by definition we have for any vector fields on the principal bundle P(M,G),
€1,€2,¢5 € TP, we have D*Q((,(5,(3) = h*dQ¥((1,¢5,¢3) = [Q,w](h(¢y), h((2), h((5)). We write now w =
w? ® bz and Q¥ = (Q¥)7 ® by, therefore [Q¥,w]({,¢5,¢3) = w? A (Q¥) @ [bz,b7](¢;,¢5,C3). Using the definition
of the wedge product on the form part we obtain

(9,11, €arGa) = K@ A (@)7) @ b€, 6o o)k = 15 D0 (170 (o) (@) €y o)} b

og€eS

By taking into account only the horizontal part of the vector fields, from the last equation we obtain,

[0, @] (h(¢,), B(Ca), h(€a)) = 57 {5 30 (~1)7w” (h(Cr0))) (@) (B ia))s b))} @ b

oeS
which clearly vanishes, since V¢, we have w” (h(C 1)) = 0. Therefore we have written the Bianchi Identity.
Curvature form as a basic form of type (Ad, g). — Later we will introduce the notion of basic form,
see (B.5). From this perspective we state that the curvature form, namely Q¥ = D*w € Q?(P, g)
on P(M,g) is a basic 2-form of type (Ad,g), indeed, w € Q'(P,g) is G-invariant of type (Ad,g),
namely R5QY = Adg-1Q“. Then we can defined an induced 2-form 2 € O2(M, P X aq g) which take
values in the associated bundle P x4 g.
Local expression of Curvature form — Now the point is to describe the curvature locally on the base
manifold M. Above we have seen w = 0*(w) € T*M ® g. Equivalently we obtain the pullback by a
section o* of the curvature 2 form w = Q¥ = h*(dw) € Q?(P, g) which means the object = o*w.
We equivalently may write Q¥ = ¢*Q* so that:

0% = 0*(Q) = o*(D¥w) = o* (dw + %[w,w]) ot %[w,w] (419)
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The pull-back of the curvature form along with a local section Q% is the field strength in that
gauge. This is precisely the object introduced in gauge theory as the curvature F. (Field strength).
This object is a 2-form on M with value in the Lie algebra g: Q¥ € Q%(M,g). Let o be a local
section: o :x € M — o(x) € P and &,& € X (M) two vector fields. We have!'® Q@(&, &) =
0¥ (041, 04&2) Finally, if we apply this process to two basis vector field e, and e,, we then denote:
Qp, = Q%(ey,e,) € g. Now, with bz a basis of the Lie algebra g, then we write (27, = (Q“’)gybl.
Remark When g is a matrix Lie algebra, we denote (416) and (419) respectively as (420)(i) and
(420)(ii)
i) “=dw+wAw i) =dw+wAhw (420)

Therefore, in a given trivialization, we obtain

1
w=w"®br =w:da" @bz 0 = () by = iﬁi,jdm“ Adz’ @ by (421)
with qu = Mw% —&,wg +c§,cwg wk. Defined on a principal fiber bundle, we have proper geometrical

picture of a connection. However, we would like to define it on associated bundles, since matter field
in gauge theory are described as section of associated bundles. Before going toward the definition
of curvature on associated bundle, the underlying right setting for physical matter field, we shall
turn back to the differential structure on a general vector bundle V.

B.4 Connection, exterior derivative and curvature on a vector bundle.

Definition B.4.1. The covariant derivative is an operator
D:T(V) — QY(M,V) =T(V) @ Q' (M) (422)

that transform the section of V into 1-form section and verify D(ocp) = (Do)p+o®dy (the so-called
Leibniz rule) for any section o € T'(V) and any function on M.

Let emphasize that D¢o and o are sections of the vector bundle V whereas Do is a section 1-form,
namely Do € T'(V) ® Q}(M). We come back later on this expression in coordinate components.
(see below lemma B.1). Finally, a section o € Q°(M,V) = I'(V) is said to be autoparallel (or
D-parallel) if we have Do = 0. Alternatively, we call such covariant derivative operator wich satisfy
the Leibniz rule a linear connection. Notice that the space A()) of linear connection on V is an affine
space supported by the director vector space Q' (M, End(V))''?, see proposition B.1. Hence, a linear
connection on V is the linear application (B.4.1), alternatively describe as D : X(M) — End(T'(V))
with the following properties:

(i) D is C®°(M)-linear i.e Dyx4gy = fDx 4+ gDy, for all X,Y € M and f,g € C®(M)
This is why'?’ we can picture the connection as a linear application D : T'(V) — QY(M, V).

(i) For any X € X (M), the application Dy : I'(V) — I'(V) is a C°°(M)-derivation Dx(fo) =
X(f)o+ fDx(o) , for f € C®°(M)

18Here, we push-forward &1, & in order to get vector field 0,.&1, 0.&2 on P The application of w give back an element
of g.

19T he difference between two linear connections on V is a Q°(M, R)-linear operator from Q°(M, V) to Q'(M,V)
and therefore defined by an element of Q'(M, End(V)

120For any section o € T'\(V) the application D(o) :
seen as an element D(c) € Q' (M) ®co(a) (V).

).
XM) — T'(V) : X — Dx (o) is C*(M)-linear so that it is
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We consider a vector bundle V —— M. A local trivialisation ¢ : 7~ (1) — U x R™ allow us to
define un system of local section (ey,...,e,) with

e UCM-—V:z—er(r)=1¢ Yz ep) (423)

Ve € M, (e1(x),...,en(x)) is a basis of V,. Later on, we will emphasize this description and we state
that the data of a local trivialization is equivalent to a local frame. In this description, any section
o of Vis written: o : U C V: x> o(z) = ol (z)er(z) where o € C®(U).

Lemma B.1. Let'?! 0 = ole; € T'(V) a section of the bundle V — M and & = €19, € X (M) we
have:
D¢o = ¢+ (da‘](ﬁu) + wi[o'[)ej =M (@LU‘] + wijal)ej (424)

'Proof We make the straightforward computation:
Dga’ = Dgua“ (G'IEI) = fﬂDau (O’Ie[) = 6“ [D@H (Ul)e[ + O'IDau (ef)} = f'u [do‘l(a}t)e[ =+ O’IDau (e[):|

Since D¢(0) is a C°°(M)-derivation in 0. Moreover, since Do, (er) € I'(V), it exists a local function on M, denoted

wj)7, such that Dy, (e;) = w;/;e;. Therefore, we obtain Deo = (£#do” (9,) + wj1£#0 " )es which equivalently writes

as Deo = €*(0uo” +wjl0")ey.

Proposition B.1. The difference D° — D® between two connection D° and D® is an application
D° — D* : X(M) — End(T(V)), where the target space is End(I'(V)) = Endceoag)(T(V)) =
[(End(V)) is the push-foreward of a bundle morphism. We have:

D° — D* € Homgoo(p) (X (M), T(EndV)) = Q' (M) @cee(my T(End(V)) = Q' (M, End(V))

We do not prevent the proof of this proposition, however we stress the important point. For a
particular connection, let say D°, the space of connections A(V) on the vector space V is an affine
space and isomorphic to Q'(M, End(V))

Local form: Connection coefficients and matrix connection The introduced function w’ ; € T'(U)
are called the coneection coefficients and we observe equivalently (425)(i) and (425)(ii)

(i) Dy, (er) =w/ser (i) D(ey) =w dat ®eg (425)

Then, the connection matrix, related to the connection D, with respect to the local trivialisation is
given by a matrix of 1-forms defined by:

(i) w'y=wl de* (i) D(es) =wl®e; (426)

From these consideration and from lemma B.1, we now can express the section 1-form Do €
L(V) @ QYM) as:
Do = (dal + wﬂaj) ®er (427)

We recall that the standard flat connection, denoted as D° : X(M) ® T'(V) — T'(V) such that
D%o = X(o) = X(ol)es is not canonical since it depends on local coordinates on fibers - it is
trivialization dependent. However, with the help of proposition B.1, we state that any connection
D on V writes D = D° + w with w € Q}(M, End(V)) being the matriz connection.

Definition B.4.2. The exterior covariant derivative dP is the operator that allow for prolongation
of the operator D as a graded derivation of the algebra @,,V ® Q™ (M).

dP:T(V) ® Q" (M) = Q" (M, V) — I'(V) @ Q"THM) = Q"L (M, V) (428)

121More precisely, given a basis of local section ey, defined in (423) these expressions are dependant of the trivial-
ization ¢ so that we shall write o = oy and £ = &|y. We speak about the local form of the connection
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It is defined, for any o € I'(V) and for any n € Q"(M) by the following:
d°(n@ o) =dyp® o+ (~1)"n AD(0) (429)

Thus, it fulfills the Leibniz property (430)(i) and the induced property (430)(ii). For any A €
ry)eWwwMm)=9"M,V) and n € Q"(M) we define

(i) dP(fA) =df AN+ fdPA (i) dP°(AAn) =dPAAn+ (=1)IAAdy (430)

The figure below visualize the prolongation of the operator D as a graded derivation of the
algebra @, V ® Q"(M).

dP dP

ry)e QM) L) Qti(m) Q*(M,V) Qi (M, V)

rw) L)@ QM) QO(M,V) Q'(M, V)

D D

For example, if we denote by v a basis of the vector space V, then, the covariant derivative of
0 = o' ® vy is given by: dPy = dP(p! @ vi) = dP(¢'v) = Dplv;. The target space for n-form
values, can be the tensor product ¥V = Q V® @ V*. Then, we consider elements ¢ € I'(V) Q" (M).

1
Pp=vy®..0v,ovI®. <g>v=’qf(<pf;1 )i 0T A L A dat (431)

Which may alternatively writes ¢ = (V[1 ®.Q0v® vi®.. ® VJ‘?)QOJ {] , in this case we forget
about the indices related to the form part. Following this line, one shall write the exterior covariant
derivative as:

P =vy, ©..0v, v ®..0viDpl" Jq (432)
where
LI I ]1 In 1 KDady N K e I
Dy, f d‘le I . T Z w g - Z WJA/\(le JAleJAJrqu
1<A<p 1<A<q

[ Let us apply d® on ¢ then:

= 2@ vieo @ v ) =0 @ viee @ vARE T H @ vio @ vl

1<A<q 1<A<p 1<A<q 1<A<p 1<A<q 1<A<p

1]
Developing, one gets [I]
I={ Y (vi®.0v, ,@d°V,)ev,,..0v,)e > (vie.ev ed®v)ev i avi) el 7
1<A<p 1<A<q

Since d® (vr,) = wﬁv;{ and dP(v/*) = w2 v, therefor one obtains:

I ={ Z (Vi ®...0VI,_ W VK)®VI, ..V, )® Z (v']1®...®vJ**1®(w‘}](*vK)®vJ”1...®v']‘1)}/\ga§11:'_"‘,q

1<A<p 1<A<q

Finally:

oIy KIxgyodp N K I
dPp = {dp. Jq+ D wR AL D D ki () vne @ v

1<A<p 1<A<q 1<A<q 1<A<p
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The key point dP o dP = (dP)? is non vanishing in general so that, as already emphasized, it
exhibits the failure to be a complex: the measure of this obstruction is precisely what is encoded
by the curvature. Let notice also that we shall consider vector-valued n-form in the case of the
endomorphism space ¥V = End(V) = V x V*. Then, in this case we consider ¢ = End(V) @ Q" (M) =
Q"(M,End(V)). These two ingredients allow us to picture the curvature on a vector bundle V.

Curvature of a connection on a vector bundle. We can picture it as an application'?? F :
A2(X(M)) @ T(V) — T'(V) or equivalently F : A?(X(M)) — End(T'(V)) defined for all X,Y €
X (M) by:

F(X,Y) = [Dx,Dy] — Dixy (433)
From this standpoint we observe that F' satisfy the following linearity properties. (i) The ap-
plication F' : A%2(X(M)) — End(I'(V)) then it is is C°°(M)-bilinear. (ii) The application
F(X,Y):T(V) — T'(V) is C°(M)-linear. Linearity property (i) and (ii) leads us to picture the
curvature as a C°(M)-linear application which takes values in Endceo(aq) (I'(V)) 2 T'(End(V)). As
emphasized in [73], curvature is generated by a bundle morphism, we have:

F € Q*(M,End(V)) = Q*(M) @ce () T'(End(V)) (434)
Local coordinates The matrix curvature is the 2-form Q*(M,End(V)) is locally a matrix with

coefficient Qf, = 1 F iy ;dz* A dzv. Finally, we observe that F(e;) = Q} ® e;. From this standpoint,
we find again an avatar of Cartan structure equation (417) with the following proposition.

Proposition B.2. The connection matrix and the curvature matriz are related by the Cartan struc-
ture equation
QL = dwh + wh AWk = Q=dw+wAw (435)

In this case we exhibit the Bianchi identity under the following form
dQh = Qb AWl — Wl A QF — dA=QANw—-wAQ (436)

Proposition B.3. The curvature of the connection D, seen as an element F € Q*(M, End(V)),
measures the obstruction of the covariant derivative to be a differential, the later being given by d® :
QO(M, V) — Q*(M, V), see definition (B.4.2), . Therefore, for any section o € Q°(M,V) = T'(V)
we might define the curvature:

F=d%0d? =FAo=F(o) (437)

[ Proof Let o = o’e; € Q°(M, V) a section of the vector bundle V. We have, in local coordinates:
d® o dP(0) = dP(do’ @ er) + d° (0w} ®er) = (dodo’) @ er —do” AdP(es) + d(c’wh) @ er — 07w AdP(ex)

Since, (d o dO'I) ® er = 0 and also dD(eJ) = w_I, ® er as well as dD(eK) = wk ® ey, we obtain:
dDOdD(U) = —da"/\w§®e1+(da‘]/\w§+a‘]dw§)®e1—aJwﬁ(Awﬁ@e] = (—da‘]/\w§+da‘]/\w_];+ade§—Uwa;{/\wf()®e1
Finally we obtain:

dP odP (o) = a‘](dw§ +wh /\wﬁ() @er=0'Q®er=F(o) |

Ter we have therefore written dP o dP (o) under

Let notice that with the decomposition ¢ = o
the following form:

dP o dP(0) = (dw§ + whk A w?a‘])el (438)

Finally, before we process the next two steps, concerning basics forms (see section B.5) and con-

nections on associated bundle (see section B.6), we first notice that the connection D on the vector

bundle V induce a connection D) = DY on End(V) & V ® V* = V. We have the following

proposition:

1221 ot notice that if we would like to be more precise, we denote FP such curvature application, to remember that
it arise from the connection D on the vector bundle V.
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Proposition B.4. The connection D on'V induce a connection DY) on End(V) alternatively de-
scribed as DY) : X (M)QT(End(V)) — T(End(V)) or as D) . T(End(V)) — QY(M, End(V))
such that for any X € X(M), o € I'(V) and ¢ € End(V), we have

DY(¢)(0) = Dx(¢(0)) — p(Dx(0)) (439)

The proposition B.4 equivalently states that the operator D) : QY(M, End(V)) — Q°(M, End(V)),
defined by D"y = Doy —¢oD = [D, ¢] is a linear connection on End(V). Finally, we conclude
with three remarks:

(i) Working in local coordinates with a basis of local section of YV given by e;®e”, the connection
coefficients related to D) = DV are given [wv] = oK wﬂ . — oL qu 7
(ii) The connection matrix is given: (wv)fJ = 5K
(iii) Also, the connection D on the vector space V 1nduce a covariant exterior derivative on Y =

End(V), denoted dP* Q" (M, EndV) — Q""1(M,EndV). We define it for any ¢ € T'(End(V))
and for any A € Q"(M) via:

5Lw.]

P (N ® ¢) = dA® o+ (1A A dP™ Y () (440)

Since F € Q%(M,End(V)), the previous remarks allow us to exhibit the covariant Bianchi identity:
dDEnd(V)F _ 0

B.5 Horizontal, invariant and Basic forms

Now we want to extend the notion of horizontal forms to the notion of basic forms. This means
that we consider horizontal forms with an additional equivariance property.

Definition B.5.1. Basic form Qp(P,V). Let us consider a principal fiber bundle P(M,G) over
M with gauge group G. LetV be a vector space and let Q™"(P,V) = Q"(P)® V the set of V-valued
n-forms on P. The vector space endow a representation p: G — GL(V). A form is called basic if
it is horizontal and invariant for all g € G. The set of basics forms on P, denoted as (P, V), is
then described by:

QUP,V)={p e Q"(P,V) | We=gp and Rip=pg e} (441)

From this perspective, let notice that the connection 1-form w € Q'(P, g) is not a basic form.

It satisfies the property of equivariance, as it has been emphasized above, (it is a G-equivariant

form of type (Ad, g)) however it is clearly from the very definition a vertical form which vanishes as

soon as one vector on which it acts is horizontal. This allows us to picture the notion of curvature

from the light of basic form Q7 (P, V). For any ¢ € Q7 (P, V) of type (p,V) and p is also the induce
representation of g.

(D*)%p = D*D¥p = p(2) A g (442)

The key result is that we have a one to one correspondence between form ¢ € Q7(P,V) and
differential form defined on M with values in the associated bundle P x, V. This point exhibit
the canonical isomorphism Q7(P,V) = Q" (M, P x, V). We consider the zero degree step. In this
case we have an isomorphism between G-equivariant functions and sections of P x, V. In a first
place, we are more interested by the covariant exterior derivative on basic forms, namely on form

@ € QU(P,V).
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Exterior covariant derivative on ¢ € Q7(P,V) We denote p : G — GL(V) a representation of
G on the vector space V. Equivalently, we picture a group homomorphism, where GL(V) is the
group of invertible endomorphisms of V. We denote p; = p the induced representation on the Lie
algebra: p: g — gl(V)'*’. Notice that the expression of D¥ on ¢ € Q7(P,V) is given by:

D¥ =dp+ pw) Np € QZH(P, V) (443)

The product p(w) A ¢ is the one defined generally by (406). In this case, we denote the exterior
covariant derivative on basic form ¢ € Q7(P,V)

DY : Q¥(P,V) — Q7 (P,V) : ¢ — D¥p = h*(dp) (444)

For example, let ¢ = v; ® ¢’ and w € Q' (P, g) the connection such that w = w? ® bz, so that the
product (406) writes in this case:

plw) Ao = plw” @ b1) A (vy@@?) = pbr)v; @w’ A’ (445)

p(w) is the image of the connection form w by the induced representation p : g — gl(V). The
important case for later purpose is the case of forms with values in the Lie algebra g of the structure
group G. Hence we consider, forms of the type ¢ € Q,(P,g) which is equivalent to ¢ as a basic
form of type (Ad, g). The relation (443) writes in this case

D¥p = dip + [w, ¢] (446)

Let us give a glimpse on the important point that will appear in the following. If we consider ¢
a n-form ¢ € Q"(M, P x, V) we are able to represent it with its related basic form ¢ € Q& (P, V).
The object D¥¢ canonically define an element dP¢ € Q""1(M,Px,V). The exterior covariant
derivative dP : Q"(M, Px,V) — Q"F(M,Px,V) is therefore understood by the commutativity
of figure (447)

D“ = h*d

Q5(P,V)

|

Q" (M, Px,V)

Q& (P,Y)

QL (M, Px,V) (447)

Later on, we turn back on this equivalence of description later on, and especially within the in-
terpretation of gauge field and gauge group. For the moment, since in this section we introduced
several time the associated bundle P x, V let us explore this notion and the related concept of
curvature on associated bundles.

B.6 Connection and Curvature on associated bundle

The key point related to the utilization of associated bundle lay in the description of matter fields
when stand the central use of a space of linear representation of the Lie group G. We would like
that the Lie group now acts on such a linear representation vector space V. The usual theory of
connection in the general setting of fiber bundle leads us to consider £ = P x, V an associated
fiber bundle via the representation p on the representation - vector - space V. An associated bundle
is defined given a principal bundle P(M,G), whereas G' acts on V on the left. Then, P x,V is

123g[V) is the Lie algebra of V-endomorphism
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described by to any g € G and (p,v) € P x V it associates the element (pg,g~'v) € P X, V. Then,
£ =P x,V as associated fiber bundle is an equivalence class P x,V/G where the points (p, g) and
(pg, g~ 'v) are identified. Once again, for a more detailed treatment we refer to [45, 149, 176].

Connection on associated bundle. The section is directly inspired from R. Coquereaux [46]. In
this section, we denote {bz}1<7<y is a basis of g. The structure constants of the Lie algebra g are
cgj such that: [bI, bj] = cgjb;c. Also, as announced above, let pg : G — GL(V) : g — pg be
a representation of the group G associated to Lie algebra g, on a vector space V. Here GL(V) is
the invertible endomorphism on V. Equivalently, one observes it as a Lie algebra homomorphism
pg : 9 — gl(V) where gl(V) is the Lie algebra of V-endomorphism endowed with the Lie bracket
operation'?*. We also denote py(bz) = p(bz) = (p(bz))]. It is the matrix viewpoint. In a basis of
V: the object py(bz) is the matrix that encodes the endomorphism on V, that is p(bz) € End(V).
The image p(w) of the gauge potential w via the representation p gives the matrix connection:

p(w) = plozwldat) = Wl p(br)det = wE(p(br))}da” (448)

Here the object of interested are (p(bz))}: it is a matrix of dimension n that characterize an
endomorphism on the vector space V. Since we can write w? = wgd:c“ so that we can alternatively
use the notation p(w) = w?(p(bz))} = p(w)!;. The point here is to obseve that p(w) € gl(V).
Then, we denote J%I(V) = Jz = p(bz). {J1},<7<,, represents the basis elements of the Lie algebra
al(V). Then, following our previous discussion we equivalently write wh = wl(p(b1)), = Wt (37)].
Working in one fixed representation, we now omit the reference to it, writing simply its component
w!; rather than the full description given in (448), namely ( p(w){] = wf (p(bz))da#). The matrix

I 0 g o I _ Ty SIS S
elements denoted now by wj = w, ;dz" with w,, ; = w, (1), we can write W, as:

wh = wl (37 (449)
Since one writes w = wfdx“ ® bz and making use of (449), we obtain:

w = w! ;(3")da" @ by = bgw], ;(37)] da* (450)

Now, in order to lighten the notation, we drop the indices Z which concern the Lie algebra, and the
local connection 1-form w € Q!(M, g) is given by:

w= (wuljdx“)j‘]j =wl;37/; with (37;) a basis of gl(V)
Then, an analogous notation is retained, we equivalently write (450) under the form:
w= wﬁjdx” Iy = 3Uw£‘]dx“

Curvature on associated bundle. Let us consider & = P x, V the associated bundle of the
principal bundle P(M, G), though the representation p of G on the vector space V. In this case, we
describe w € Q'(P, g) now as p(w) whereas the curvature form w is now wiritten p(w) with value in
the space End (V) which is written:

) = pldw) + 3p() A p(w) (151)

124%e have the relation V bz, by pg([bz,07]) = pg(b7)pe(b.7) — pg(b7)pg(bz)
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B.7 Group of automorphisms and gauge picture

Vertical automorphisms and gauge group Gau(P). The best way to grasp this picture is to consider
two related diffeomorphisms » and z¢, the frist defined on the base mw’; anifold M whereas
the second is defined on the total space of the principal G-bundle P(M,G). We call a vertical
automorphism of the principal fiber bundle P(M,G) » : P — P if the diffeomorphism s :
M — M is the identity. Then, we obtain (i): Vp € P and Vg € G, 3(p) and p are in the same
fiber and (ii) s¢(p - g) = 3(p) - g, this correspond to the compatibility with the G-action on P.
This is equivalent to the data of an G-equivariant application ¢ : P — G for the adjoint action
ad. Since p and 3(p) are in the same fiber, they are related by 3(p) = p - ¥(p) with ¢(p) € G.
After using relation (i), we now make use of the other relation, namely (ii). This one gives us
#(p-g)=(p-9)(p-g) =2#({p)-g=p-1(p)-g therefore (p - g) = g~ '¢(p)g and obviously ¢ is a
G-invariant function. From the previous section, we know that this data is equivalently described
by a section of the assiciated bundle P x4 G.

Definition B.7.1. The gauge group of the fiber bundle P(M,G), denoted Gau(P) the set of all
vertical automorphisms of P(M, Q).

As emphasized [165], there is equivalence of the data of: a vertical automorphism (i) Y = s :

P — P, (ii) ¥ : P — G, a G-equivariant differentiable application (iii) A differentiable section
of the associated bundle P x,q G. Another point of interested is the action of the gauge group
on a connection w. Here we do not enter into details (see [165, 176, 149]), however we drawn the
important formula. The question under process is indeed the action of an element 3 € Gau(P) of
the gauge group on the connection w € Q'(P, g), we have:

ww = wp + P dy (452)

Later on, we will introduce the Maurer-Cartan form 6 on G. We can see [165] that ¢~ 'dy identify
with 1/*6 so that we can write (452) as s*w = Ad,-1 +¢*0. Finally, we can evaluate the curvature
»*w of the new connection s»*w. Then the curvature is given by s»*w = Adyw

B.8 Yang-Mills theory

With the knowledge of the previous section we are able now to describe briefly the vision of Gauge
theory in fiber bundle framework. To introduce the Yang Mills theory, let us set the question in a
more mathematical point of view. Yang Mills theory is concerned with the action (in vacuum).

Sywm[A4] = ;/Xtr(F A *F)voly(g) (453)

voly(g) is a Riemannian volume form such that voly(g) = /=88 = Jr€uvpedrt A dz” A dzP A dae.
Here we consider the space-time manifold X = R x 3, a Minkowski manifold endowed with the
metric h = diag(1l,—1,—1,—1). Then P = P(X, @) is a principal fiber bundle over X with group
G that has a Lie algebra g. The theory involve also differential operators'?” such as the de Rham
differential d : Q9(X) — Q4T1(X), the Hodge operator % : Q9(X) — Q479(X). The trace operator
is actually a map such as: tr : Q*(X;g) — Q*X). Then we define a principal connection over
P: V = Vg + A where Vj is a flat connection. A € Q'(X;g) is a g-valued 1-form over X that is
the gauge potential or what we call Yang-Mills field. Following the previous section, it is given as

Az) = Ag(m)da;“bz and we can derive the curvature of the connection V F' = dA + A N A.

1 , 1 , ,
F = §F§de# Ada¥ @ by = 5 Fyda A dx with  Fl, = 0,AL — 0,AL + [A,, AJF (454)

125For a more beautiful picture, we may use the homology boundary application § : Q7(X) — Q771 (X).
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B.9 Maurer-Cartan form

Maurer-Cartan form. In this section we present some basic of differential geometry connected to Lie
group and Lie algebra, where we are inspired directly from J. Butterfield [34], M. Nakahara [176] or
Marsden and al. [169]. Now we consider a Lie group G, with Lie algebra given by g and we denote
{bz} a basis of the Lie algebra. We also denote {#%} the dual basis of the dual Lie algebra g*.
We recall that the Lie structure (Lie bracket) on g is given vie the structure coefficients C§J such
that [b7,b7] = c§jblg. Since the fundamental property of a Lie structure is given by antisymmetry
(455)(i) and Jacobi identity (455)(ii). Namely, for VX,Y, Z € g, we have

i) [XY]=-[,X] () [XY],Z]+[Z X],Y]+][[Y,2],X] =0 (455)

Therefore the relation (455)(i) and (455)(ii) transmute in relation on structure constants: C§J =
—C§I and c% jc/ﬁ\fc + célc% + cé,cc% = 0. The forms #% are seen in a canonically way, those are the
Maurer-Cartan forms associated to the group G. We have the Maurer-Cartan structure equation:

1
dor = —icf{,ef N (456)

Definition B.1. Maurer-Cartan form 6 is a canonical 1-form associate to any Lie group G. We
describe it as 0 € QY (G, g) so that 0 is canonically defined as:

0:TG — g: £ €TyG — (Lg1)+(&) (457)

The cornerstone of Lie group theory exhibit the fundamental isomorphism T.G = g where we
denote by e the identity element of the Lie group G. Hence, the canonical Lie algebra g associated
to the Lie group G needs the introduction of the left'? translation: L, : G — G : h +— gh. We
denote e € G the identity element and Ids the identity map on G. Then L., = Idg and also
(Lg)™" = Lg—1 for any g € G so that Ly is a diffeomorphism. We consider the linear tangent
application (Lg).. Let emphasize that (L,). is equivalently described such that for any g,h € G we
have TpLy : ThG — TynG : Xjj, — X|gp,. Then, a left invariant vector field X on G is such that
for any g € G, (Lg)+X = X. One equivalently describe left invariant vector field X on G such that
Vg,h € G we have

(ThLg)Xpn = Xign (458)

We observe that the left translation operation L, via the use of the linear tangent application
(or pushforeward) (Lg). give a relation between the value taken by a left invariant vector field X
at gh to the value taken at h thought the relation (458). We denote by XL (G) C X(G) the space
of left invariant vector field. If we take h = e, we obtain (T,Ly)X|. = X|;. Therefore, in this case a
left invariant vector field is totally determined by the value at e € G. This is why for each vector
field ¢ € T.G we associate the left invariant vector field X¢ on G namely X¢ € X1(G), which is
determined by the vector field { € TeG' and such that for any g € G, we have X¢(g) = (TeLy)E.
Hence we describe the image of £ by (Lg).. Following [169]:

Xe(gh) = TeLgn(§) = Te(Lg © Ln)(§) = ThLg(TeLn(§)) = ThLy(Xe(h)) (459)

Then (459) actually means (X¢)|gn, = ThLy(Xe))p is clearly left invariant. Since [X7(G), XL(G)] C
X1 (G) we describe X7 (G) as a Lie subalgebra of X(G). From now, we exhibit the main canonical
isomorphism T,G =2 g. This result is presented as a ”cornerstone of Lie group theory” by P. Olver

1267t exists same definition with a right translation, giving actually two Maurer-Cartan forms later on, but in this
discussion we only focus on left invariant vector fields.
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[186] as emphasized by J. Butterfield [34]. The linear map ¢* : X7 (G) — T.(G) : X — X|, and the
map 7 ¢ : To(G) — X(G) : € — X¢ are such that: (c*)o () = Idyg, () and (G)o(s*) = Idy, ().
Therefore, as noticed in [169], T.(G) and X1(G) are isomorphic as vector spaces. Therefore, the key
point is that we picture a natural Lie algebra structure on the space T.G thanks to the isomorphism
T.G = g leading to the following Lie bracket definition: V¢, n € TG, [€,n] = [X¢, X,](e) so that we
exhibit the following structure

[X&Xn] = [(Lg>*X£’ (Lg)*Xn] = (Lg)*[X£7X77] = X[é,n} (460)

Remark Another way to picture it using the definition (B.1), is to introduce 6, : T,G — TG :
X + (Lg-1)+X. Then we apply 6, on left invariant vector field, let say X. Finally, with this notion
of Maurer Cartan form, we could have defined an Ehresmann connection [246]

Definition B.9.1. An Ehresmann connection on a principal G-bundle P — M is a g-valued
1-form w on P such that:
(i) VgelG (R)w= Adgw

(i) w restricts to the canonical Maurer-Cartan form w = wg : TPeon fibers of P

C Jet manifold and contact structure

C.1 Jet manifold

First order jet bundle We refer to D.J. Saunders [215] for a full treatment of first order jet theory. We

(e

X , with bundle coordinates (z#, z%). The first order

jets of sections at € X is picture as the equivalence classes jlo of its section o, identified by their
values o*(x) and 9,0'(z) at € X. Then the set J'3 of first order jets jlo is a smooth manifold
with respect to the adapted coordinates (x#, 2%, zz) so that ZL (jlo) = 8,0%(z). The coordinates zfl
are referred as the jet coordinates, and the first order jet manifold J'3 carries the natural fibrations
206, 207] 7t : J'3 — X i jlo— zand wl : J13 — 3 jlo — o(z). Equivalently, we then picture
the first order jet prolongation of a section o : X —+ 3 of the bundle (3, X, ) by the section j'o
of (J'3,X,7') which is locally given by z/, 0 j'(0) = 9,0 = 8,(z" 0 7). Let notice that a section
o of (J'3,X,n!) which is the first order jet prolongation of some section o of (3, X,7) is called
a holonomic section (in this case we have ¢ = jlo). Once again, in order to fix the encountered
vocabulary we alternatively call integrable such section o, pictured as the jet prolongation of some
section o. Here we give an illustration of the first order jet formalism (461).

consider the configuration bundle 3

L5
53— 13

>, o

o=jlo

Therefore the set J'3 = {j%a /x e X0 € Fx(S)} is the first order jet manifold, seen as the
total space of a fiber bundle. More precisely, we notice that the bundle (J'3, 7}, 3) is an affine
bundle whereas (J'3,7!, X) is a vector bundle. Then o being a local section of (3, X, ), the
prolongation of ¢ is denoted ¢ = j'o of the bundle (J'3, 7}, 3) express in local adapted coordinates
jlo(z) = (a*, 0% 8,0°).

127

where actually the leftinvariant vector field is fully describe as X¢ = {g — X¢(g) = (TeLg)E}
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k-order jet bundle J*3. The space (J*3, M, 7*) is defined by k-jets of local section of (3, M, ),
the so-called k-order jet prolongation. Coordinates (z#, z%) local coordinates on 3 induce coordinates
on J*3 given by (z*, zﬁ) where g is a multi-index of length | p | such that 0 <| p |< k. Then (z*, zL)
is a short notation for (z#, 2,2, 2, o *** 24y, ). The k-order jet of o (i.e. all partial derivatives
of o of order less than or equal to k), denoted j¥o is a section of (J*3, M, 7*) given locally:

zL o jfo = Ouo' = Ou(z' 0 o) (462)
with the notation 0y = 0y, © --- 00, so that (462) writes equivalently:

0zt

(o (x)) = m(iﬁ) (463)

C.2 Contact structure

We denote V3 the vertical bundle of 3 the sub-bundle of the tangent bundle T'3 which carry fiber
defined by the null space of the tangent projection 7. Namely as already pictured above, A vector
¢V € T,3 is vertical if and only if 7,(¢V) = dr(¢V) = 0. From this observation we state that J!3
is an affine space modeled on the vector space V,3 ® Ty M. More precisely we write that the affine
bundle (J!3, 7!, 3) is constructed on the vector bundle V3 ®3 T*M - see [215] for further details.
Also we introduce the following notation ([18, 19, 124]): we denote A5T*3 the vector sub-bundle of
A™T*3 whose fiber at z € 3 consists of all ¢ € A7T*3 such that for any Vox¥Yevi=vnm

AT3={pe AIT*3 / ¢V IxY Jp =0} (464)

Contact form A form ¢ € QP(J 13), where J'3 denote the first order jet of the bundle 3 Ty x
is a contact 1-form if (jlo)*p = 0 for any section o : X — 3. Contact 1-forms are found to be
linear combination of the basis contact forms 9 of J'3 given by:

W = dz' — 2, dat (465)

Horizontal form We call a horizontal p-form ¢ € QP(3) on (3, X,7) such that for any set of
vertical vector fields ¢ ...CZY we have: ¢((Y, ..., CZY ) = 0. Locally, we shall write a horizontal p-form

on (3,X,m) as
1

p= —'gomm#pdx“l Ao Adxhr (466)
p!

We shall denote the space of horizontal p-form as Q5(3) € QP(3). From this clarification and
following [166], we obtain the decomposition of any general 1-form ¢ € Q'(3) on J'3 by pulling
back of ¢ with 7!, the induced natural fibration 7! : J'3 — 3, leading to:

(m5)"p = P, dz" + p;dz' = (P + %ZL)d:v“ +@ 0" (467)

Then, the decomposition (467) of (7!)*¢ exhibit two parts: a part represented by a contact 1-
form @9 and a part identified with a horizontal 1-form on J!(3), that we denote by h(p) =
[h(p)]dzt = (¢, +'<pl-zfl)dm“. Then h(p) € QL(J'3) is the horizontal part of ¢ € Q(3). If we
denote con(p) = ¢,;U" the contact 1-form that appear in this decomposition, we can write

Vp € Q(3)  (mo)"e = h(p) + con(p) (468)

Now, the following section, largely inspired from P. Matteucci [166] and we introduce wverti-

~

cal, horizontal and formal derivatives. Then, the operator h is actually pictured as h : Q!(3) =
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QL(J3) — QL(J'3). Let notice that, in the case of 0-forms, namely function ¢ : J'3 — R, we
observe h(p) = ¢ for any ¢ € Q°(J'3). Finally, we can extend the definition of the operator h
acting to any n-form ¢ € Q*(3). In this case, h : Q*(J°3) — Q2(J!3) reduces to the previous case
with n = 0,1 and satisfy the property h(p A ¢) = h(p) A h(¢). From the standpoint, the hori-
zontal operator defined writes for k-jet theory h : Q7(J*3) — Q7(J"*+!3) whereas the analogous
object of contact 1-form and basis contact form, for k-order also arise. We defined a contact n-form
@ € Q"(J*3) if (j*0)*¢ = 0 and the basis contact form on J*3 denoted in the k-order case as (this
time with 0 <| p |< k—1)

9, = dz, — 2, dz" (469)

These considerations on J*3 allow us to describe for example a 1-form ¢ € Q'(J*3), (i.e a 1-form
on any jet prolongation) we can write it as (p = @, dz¥ + (,0'“ dzi and it follows that the object
h(p) € QL(J*+13) is given by h(p) = (¢, + ¢! W)dx where the operator h is formally defined as
h: QY(J*¥3) — QL(J**13). Finally, drawning inspiration from (468), we observe that the contact
part con(¢) of a form ¢ € Q"(J*3) defined as con(p) = (777)*(¢) — h(¢p) is a contact form.[166]

Horizontal differential dgr The horizontal differential dgg : Q7 (J*3) — QRFL(JF+13) is given by:
drx = h(dp) for any ¢ € Q7(J*3) such that

du(p AY) = du(p) A+ (=1)" (0 A dutp) (470)

Formal derivative denoted d, : Q°(J*3) — QO(J¥*13). Then, considering a function ¢ €
Q0(J*3), we have (with 0 <| pu |[< k ):

0
dyp = O, + z“lﬁ;“«p O+ z ’“’8(6 (471)

In the case we consider only the first jet order setting with ¢ € Q2°(J'3) we obtain:

dyp = 81/90 + z;&ap + 2t OH 8()0 + 2 8<p + P &p — agp 9z &p 0z 8@

wY% P = 5w T A g "oz, Oxv T 02 02 T Bwrowr 0z},

that we shall denote with the notation d,¢ = (9, + 2.0, + zwﬁf)go For a function ¢ € QO0(J*3),

dup = (dup)dzt. By definition of the horizontal differential, we have ¢ = ¢(z#, 2", z;, ‘1<\m<k

ng0:h(dg0):h( 88;0 (z#, 2° z dx“—kz (H, 2 z ) dz' + Z Z 22 )dz )
\—v—/ i \—v—/ 1<|u|<k i l‘
(de) (dep)i (dg)*

Leading to:

dire = B((dp)de + ()= + Y (dp)dzh) = ((do)+ 3 (dp)lep,)da”
1< |u|<k 0<|u|<k
dugp = (Ovp + 2,0 ) dz” = (dyp)da” (472)

as well as the property Vo € Q0(J*3), d,dyp = d,d,p <= dj,d,) = 0 and finally for a horizontal
n-form ¢ € Q7(J*3) on the k-jets: dg = (1/nY)dup,, ..., dot A dxkt A - A dxtn. Therefore if
0 € Q°(J*3) or ¢ € Q7(J*3) we have then the complex dg o dip = di o dg = 0.
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Vertical differential is generally defined, for any ¢ € Q*(J*3) as dy : Q*(J*3) — QP+ (Jk+13)
defined as the difference dve = dp — dge. We notice, a perfect analogous in the horizontal case
(470), the vertical graded property:

dv(p AY) = dv(p) AN+ (=1)" (¢ A dvy)) (473)

Also, for any ¢ € Q*(J'3), we observe the vertical complex since dy o dyp = 0.

D Algebraic identities for Palatini framework

. 1
For the 3D we have the relation e””"eUKeiwg‘]deMK = —ie“pUeLJKeingldng. If we denote

MK ~ MK
Jupo = €ryrefw,” dwy'™ and J = 7 (GIJKG wp” pdwy )

12 M3 12 M3 1 13 33
€123€,Wp" p dwy €W prdwy e, Wp 1dw +euwp 2dw +eﬂwp 3dw(,
Lo 8 quM2 Lo 8 goM2 1 d d d32]
€132€Wp 0 "-’%3 e M WLX“ [e#wp 1 wa +€u"~’p 2 wg3 +eu‘*’p 30Wo
Jm = | 213€u%0 wmdws | —euw, pdws | letwt jdwl 4 epw,t ydwl + enw, ! 5 dw’]
= = 23 .11, 2 35 91 | 2 3% 31
Hpo eggleinSdeMl eiwp?’deg“ €LWp 1dw(7 +euwp dea +euwp Jdwy
2 M1 32 M1 32 21 5 a1
€321€,wp 5 dwy —epwp” prdwy [gqu 1dwg +§wa deg —i—e#wp Sdo.;g]
3 01 M2 1 M2
€s12€,wp 3 dwy eywp prdws € Wp ldwa + e wp de(, —&—euwp 3dwa
12 gl
€ulp 1 wcr
N
—lenw,® dwi?
e 1
2 33
R 2wt dw . . ~ 1 I JK
= HP? ~lenw, pdw, Whereas on the other side we write =—-e"erike, wok rdw
2 dw?! 5 rdwy,
ur 3 wUSI
lepwp” sdwy
1
e Wy gdwy
I 23 I 1 5 23 2 1 ;23 , 3 1 ,; 23
61236Mw5 Idwp €Wy rdw e#wo dep —i—euwt7 3dwp
I 32 11 ,'32
elggeuwg Idw —e,Wo rdw, —[euw<7 dep —|—euwa 3dw }
T3 2 ;13
3 _ eglgeuwg Idwp 1 e Wwo rdw, 1 [e Wo ldwp +euwg 3dwp]
=3 1 =—3 I 2 31 =-3 12 31 3 2,3
weo 2 | esie,ws Idwp 2 €,wo" rdw’, 2 euwo 1dwp —|—euwa 3dwp

I 3 21 I 3 21

€321€,Ws " 1AW, —e,ws" rdwy, —[euw(7 1dwp +e#wa dep}
I 3 12 I 3 12 13 12

€312€,Ws " 1dw, euwg Idwp e Wwo"1dw, +e Weo* dep

12 ;'3 302 3 Nt

—lepwo " 1dw,” + epwo” 3dw,’] so that J =3
173 5 12 2 3 712

lepwo”1dw,” + epwo”adw),”]

A similar development leads to the 4D case: €"**7¢; ki Leﬁeing dwi,w L — _envpo

E Algebraic computation for infinitesimal symplectomorphisms

Let us consider the first term in x1 that involves II{ let us denote k1 = K1, + K1, + K1, With:

ox"_, 0X"Y _(e}) KL)
L= OxP L. 2 = Z oel v 3wKL
P v,o
First we are intersted in the calculation of the term:
oxX" _, oxY o 0
S S D DD 37 Y RPN
v,p v,p B1<-<Bn n 1P

Let us compute the first term in x1 that we denote k1, We want to prove that:

OX . 0w 0X L OX 7 8
R1; = ( FISY )9& + D015 |:( oz° ) - a( FISY )i| apa;i}]‘,t/ (474)

J
GINKLeueyWa de

KL
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Let us develop first taking values of 1 < p < n, then k1, = D 4+ lig, 41 K3 + 11, We shall expand each of the four
terms, the first one writes:

Calculation of the term ™'x1 = (xr,)
p=1
oxX" 1 0
= -— ) VBy 1B
o1 . Ozl Z Z BnPB1By—1vByt1--Bn s

B1<--<Bn 7 b

k1 = (k1,)

Then, we expand the index n from 1 to n = 4.

I ox" 1 0 oxX"” 1 o
T Z 8x1 D Chpmmng DT D Ombeivmssig ——
AN p516255"64 RN AN p5152/§'54
X
1 1
2 Opapae s maoare 2 dx! 2 5ﬁ4pﬁ1ﬁ2ﬁ3"m
OX B1<B2<B3<Pa 1720854 v B1<B2<B3<Ba 5 1P82P384
1 1 1 1
= 833 Z [651pl’ﬁ233ﬁ4 + 652p51V33ﬁ4 + 6631)5132”@1 + 6[341)61@2634 8;07
ﬁ1<32<ﬁd<64 5 oxv 5 81828384
= D DR ZOTHN D Gar D Paumbg———
8 1D<52<63<B4 OPrpapass 7 O B1<1<f3<fa Oppy18354

0 190, ¢d 0
Z Pp1B2vBa Z 1 Z P1BaBsv gy
B1<P2<1<pBa Opp162184 Oz B1<Ba<fz<l Opp1B2ps1

Let notice that if we consider the condition from the different sum over 81 -+« 8,, then 81 < 1 or 51 < B3 < 1 or
B1 < B3 < B3 < 1 leads us to keep only the first term: Then the only term that remain is:

oxX" 0
B = Z( 8x1) Z pVﬁ2B354m
v 2P3P4

X" 1</32<I33<54
;( oxt )[p,, 234

Since we work on the Weyl manifold Mpw the multimomenta involved is much restrained.

Pr23 Pv24 Pv34 ]
Z o Oprass, 5:012364 =, O Op12ag, 5]?1 2484 4<Zﬁ 4 Oprsas, 8p134@4

oxt 9
L, _ 9 ith
K1 (8x1)ea trt+RE 4R Wit
oxv 0 8X” 0 oxv 0
K= § ( ) E Pu23fy = E E Pr24fy 7 k=Y ( ) Pr3apy 7——
° v Oz 4<B4 ! 6p123ﬁ4 4< By ’ 6p124ﬁ4 ¢ ; Oz 4<Zl34 ’ 6p134ﬁ4

and from now we
. . . . . . . . ﬁ2:27ﬁ3 :4
translate notation on ( indices to the apropriate one with our prefered Palatini notations.

8XV 8 8XV 8
= X X e o= 3 G e gy

’9
IJ
1<v<n 1<pu<n p124(wu ) 1<v<n1<u<n

So we are interested first in the term k. This one correspond to the restriction x = Ty
(e} o

Since we work with 115, , the only freedom is v =1 or v =3

B2=2,B3=4
ox* ) ox? )
K (S )Pr2iiyay——— + (51 )Pasal/y 75—
° 1§zu£n Bzt 2wy )4ap12(w[LJ>4 1entn gt Ty )8p12(w{‘J)4
5 [ b+ s 2
= a 1 wlJ ~ 1 wlJd -
2 gt /12(wp’)e gl BT 51712(%1)4
noticing that in our conventions Pr2wll)e = pij and Pasa(w]’) = ~P(wll)23a = pfjl
oX' .3 L 0X® L1 O
K=Y [(78331 Yoy = (g )il ]W
1<p<n 1J
Then, we write also, x = 1k, =—> v =1or v =2, and: So that:
* B2=3,83=4
ad oxX" 0
k= pu34(wI N = (7)101,34@{1)7
® 1§zu£n1§%;n 6331 3P134(w{/) 1527119271 Ozt ¢ apl(w‘{-])34
ox! 0X? 0 OX'| w2 O0XP L )
= [(7)13134@”) + (7)p234(w11)] a5 . = [( )sz; (7 )p 5 } )
IS;Sn ox! z ox! z 6171(“,{,1)34 2 ox! ox?! opsh
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Finally we consider the last term k = Tigeq

—v=1orv =4, and:

oo B2=2,83=3
0
K = Z Z a1 pu23(wL Yo, Z Z pu23(w J) w4
°° 1Sv<ni<usn 83: ! apm‘(WI 7 1<v<ni<p<n Opry
ox! ox* ) OX' wa OX' L] O
= Z [( Ozl )P123(w”) + (51 Ozl )P423(u‘{J)] W = Z [( Ozt Ly — (W)sz ]8 wpd
1<u<n Pry 1<pu<n Pry
Calculation of the term ks = (k1,)
Now, we continue our path, the second term in i, one writes D kg
I 8XV 2 8
Yk = (K’Il) - = o2 Z Z6B7,p51“‘5n—11!5n+1‘“3napi
p= B1<-<Bn n BB
Then, we expand the index n from 1 to n.
I 0X 2 2 2 2 0
h2 =) o3 > [661PV5253ﬂ4 + 05,081v838s + 0By PB1B2vBs + 534P515263u] F—
v B1<B3<B3<Pa PB1B283 B4
I ox” 0 ox” 0
tho = Z 2 Z PvB2pB3Ba Ddorser + Z D2 Z PB1vB3Ba Y
” 2<Bo<P3<fa P2B28384 > B1<2<P3<Ba PB1283B4
ox" ad oxX" 1o}
+ZW Z pﬁ152’/ﬁ487 +ZW Z p3162ﬁ3"67
v B1<B2<2<B4 Ppr1pa26s 7 1< PaeBs<2 D51 52552
Then the only terms that remain are:
I ox" 0 oxv 19}
Yhe = Z 2 Z Dvp2p3Ba Odorsen + Z 02 Z PB1vB3Ba Dbronn.
v 2<Bo< B3 <Ba P2p528384 > 81 <2< P3<ba 'PB1283 84
¢ S

Therefore we denote: 'xy = k + k. Since we work on the Weyl manifold Mpw we have:

L 0X” o ox! 0X? ox? ox* )
k= Z D2 Z Pu34py Dpam, Z [pr;(wﬁf) + B2 P23a(wl) + a2 P3sa(wl) + WIMM(%J)]
v 4<pB4 1<pu<n
ax*t ox* 0 ax*t pon? o o)
K= [717134(“;”) + 7p234(w1~])i| o . =~ 1% w Q1T ﬁ
. IS;Sn Ox? w O0x2 Z 3p234(w‘ILJ> e ozz P i lg;n 8362 opsh
_ [oD.4d : f .
On the other hand, we have for the term K= 527 Zﬁ1<2<ﬁa<54 DB1vBsBa m the following expression:
ox* X2 X3 X4 o)
K= Z [(j)pﬁﬂﬁ?ﬁz; + (72)17512@%64 + (j)p31333ﬁ4 + (j)pﬁ145354} a
O s Rt Ox ox Ox Ox OPB, 28584
ax? ax? ax* )
k= Z [(72)1712[33,34 + (72)1713/33,34 + (72)1)14[3354] a.
° 2<B3<Pa Oz Oz o 8p125364
G 0 0 1o}
oo (X I T RS T,
o ( o0x2 Hpr2ss Op1234 1<%;n Pras(wi) a17123( 17y Prza(u] >8pl24(wi”) J
0 ax* 1o}
+ [ p wld +( VD143 (0wl 7}
1<MZ<7L 0z TN )5’10124(%1) 02 T >8p123(w1‘])
_ BX wpa O w3 O ] ax3 w2 O ax* w2 O
k= ( 8x2 + Z { 6m2 [ 8p?f;4 Py Op?ffs ( B prh Op?js + ( B Py 8p?j4}

Calculation of the term k3 = (x1,)

p=3
Now, the third term in x1, writes " x3 = (k1)

_ oxv 3 el
s Z,, 523 251<m<5n ZU 5B"pﬂ1"‘Br,,71V/37,+1“‘Bn g, o

_ 9
Opp. 825384

I BXV 3 3 3 3
'h3 = Z( 928 ) Z [561101!523354 +05,P81v8384 + 083Pp1 BovBs + 6,64175132!33”}
v B1<B3<B3<PB4

817234(%?)
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oxX"” 1o} 1o}
I —
K3 = E ( O3 )[ § PB1vB3Ba 5, 35051 § PB1Bavpa 8p6152334]

v ﬁ1<3<ﬁ3<ﬁ4 ﬁ1<ﬁ2<3<ﬁ4
I 8X" 0
'R = Z [ Z Plvpspa - Z P2vpspa gy~ } Z Pravwlhy g ——
v 3<B3<py P13ssbs 3 gi<p, P230s64 1<p<n Pras(wih)
written k3 = k + k + k. The first term & is:
[} [e]e] L] o
8X” 8X" o}
K Z Piwpspagyg— = Z Z prS(wIJ)
A 3
&v 3<B3<Ba 8p13@ Pa 1<u<n ap134(“’”>
8X" 0 0X?% .4 ,0X* o)
K= Z Piu3wls ) = Z [( wr — (55 )pIJ ] 2
3 L w 3 3 (=
° 81: 1<p<n ! p 52 1<p<n 8:1: 8:0 8p]f]
whereas the second term x gives:
aX” 0
(ﬁ = Z Z PovBzBa 5 9
3<Ba<Fa P23B384
8X” d OX' s 0XP L1 0

K= Z Z Pova(wlly g — = — Z [( 5Py — (55)prf ] 1
oo 1<p<n 8p234<w1J) 1<p<n ox ox 8p‘;‘j

and finally the third x gives:

aX" o 0X3 L, ,0X* L1 O
,..;: 8:103 Z Piov(w - Z [( )p,‘j _(8x3 )Pﬁ ]W

MMa, 3
1<p<n OPrizaut?) 15in b 07 Py

Calculation of the term " k4 = (k1,)
Finally we attack the last term in k1, one writes Ty

I 0xX" 19}

tha= (k)| = Ot Z Zéﬁnpﬁl Byp—1vByt1-Pn Oppr

p=4 z Ps1
B1<-<Bn 1

Once again, the same tedious but straightforward calculation gives:

L. oxv 0 ox” 0
k4 Z ozt Z PvB2p3Ba Opaspass + ZV: B Z PB1vB3Ba 051450

v 4<B3<B3<Pa B1<4<B3<Pa

oxXv o X" 9
tD o D Pmewmig——— D ax D Passwg
v B1<B2<4<pBa Pp1624pa v B1<Ba<fBz<4 PB1B2B34

It remain only:

0xX" 0 0
I —
Yhe = Z Ozh [ Z Pﬁlﬁzvmm + Z pﬁlﬁzﬁiﬂ’i]

v B1<B2<4<p4 B1<B2<B3<4 OPp1 52634
v 4
I o0X [ 0 oxX*, 0
K4 = ( Py Bav(wl) +( Jeo-
; ot IS#ZSn a1<%<4 B A
We denote ks = k 4+ Kk + k with k = T ky , k= N and finally k = Ty , the first
© oo e ° B1=1,B2=2 ©o© B1=1,B2=3 . B1=2,B2=3
Kk ="Ky imply that v =3 or v =4
° B1=1,B2=2
o (8X3) 0 +(8X4) 0 _ [_(OX W w“ +(8X4) w“3] 0
o ozt p123(w‘1‘J)6p124(wﬁ") dt p124(w‘I‘J)ap124(wﬂJ) - dut P o ‘;53
v 4
=Y [ 2 - )
K4 = Dg1 v (w]) + ( 4 Je
1<p,<'n, B1<B2<4 ! apﬂ1524(wﬁ") Ozt 7 Oe
Then, the second gives: x = x4 so that v =2 or v =4,
oo B1=1,B82=3
CES AR O -+ )
= (= wlJ J _— — —_ — 3
00 Dt 12wy >8p134(w£1) Dt /T3 8p134(w11) x4 717 ozt 1 L g 152
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and finally the third gives: k = sy so that v =1 or v =4,
L B1=2,B2=3
ox* ) ox* o) OX' L4 0X' L1 O
K= (@)Pzguw,{q) Brsscap) +( o )Paza(wlr T— = - [( 5 iy — (@)pn }W

Finally we can express the term:

X" o
kL = %xppZ:nllzllnl+llffz+llm3+ll
ox' 0X? 0x?® 0X* 1 0
= [(Gor) + (Gor) + (o) + (5o,

S {[ 2 (8X)W4 (axl)w“gi[(aXQ ox*® ax‘l] w1y O

8m2 1y ozt 1 T (55 )Py 02 )+ e )+ ( pe )|Prs ol

1<p<n Op;}
1 0X? 0X? .3 ax! ax3 OX* 1 w2y O

Z {|: 81’ 15 +(8 4) IJ +(8 3) |:(8$1)+ 8133)+(8IE4 ):|p15 8])752

3 3 1 2 4
= S [ G+ o+ Eowrst - [(E+ B+ o 2

S Ax2 1 Ox* Ozt )+ Ox2 )+ Oz? )|p Bpff
le aX w2 8X w3 aXl 8X2 8X3 w4 8
ap> {[ i g pr +(a i = [(Gor) + (Gar) + (G|t g o
1<pu<n Prg
w aXl w1 aX w aXl w1 8
L P v W1 7
kn, = 6:5)\ Z {Z axp 1~ Ozl Prj _Z( 81’*) Py + Ozl Prh ]}6;7“’“1
1<p<n A 1J
w aX w2 8X w aXz w2 8
P L 2 7
-2 {Z 8xp Wi’ = Gt~ LG Wi+ bl ]}a 2
1<p<n A Pry
wup  OX° 3 ox* 0X® .31, O
Iflp* 913 pr,‘ *Z(a ,\) IJ + o3 Plf; ]}W
1<p<n A Pry
w aX w 4 aX)\ w4 aX w 4 a
P
- Z {Z axp wrs" = 94 P 17 Z( ISy Pry + ozt P 17 ]}8 ol
1<p<n h Pry

0

e x> e OX™ | w2
R = ; aJ;A - {Z axp > (G IS P1y ] w,b - {Z (%p ;( GI )1y ]}313“)“2

1<p<n A 1<p<n

P OX* | P OX™ | w4
Z {Z 8369 Z(W)p ] wﬂ Z {Z axp ;(W)plj ]}J

1<pu<n A Pry 1<pu<n

We write it as:

1J

0
w4
1J

). GIN) ox* e 0X" o  ,0X* 0 wpp v OXN L w0 XY )
ot = G Ve = A =" o) +02” C [y g = G dege — (= 85+ 05 ()|
We conclude that: \ \

L 0X ane oXV X d
o = (P ea — s [y — 5] 5 (475)
The term ki1, identically vanishes, due to the choice of De Donder-Weyl theory.
(e
il 4
Z aeg =0 (476)

Now, one concentrate on

K ox" Z L)p 0

1. = = B1-By 1vBus1 B A
8 vp BwKL 8UJKL ! po1¥Pptd (9p51m5n
I . 0
*r1 = (k1) WKL IE E BwKL) § § 6,(3,7 pﬁl By—1vBy+1-Bn Ops

B1<--<Bn 7 1hn
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oxX" 0 0
13'%1 = Z(awKL){ Z pvﬂ253548p(7 Z pBlVﬁsﬂA‘W
v 1 wy 1(wq

KL)B3Ba

KL
(WKL) <Ba<Ba<Pa 0628384 g, < (WEL)<B3<py

d 0
Z Phrpavia gy — + Z Porpapav g
p1<Ba<(wKT)<py B1B2(wi*¥)Ba B1<Pa<fz<(wKD) B1B283(wi* ™)

Then,

L [, 0X* 0 0xX% 9 0X% . 0 ox' 0
" *e[(aw{ﬂ)a wid +(aw{<L)a w13 ”aw{“)a iz +((9wa)8 m]

PkL PKL PkL PKL
We can write for general 1 < p <n

8X" oxX" 0
I?’KJH—Q Z wpy:>m3:e Z ( )

KL a KL wWopV
LL) W
1<p<n ap 1<v,p<n P 8pKL

Then from (475) (476) (477) we obtain the term k1 = k1, + K1, + K15 wich is:

oX* 0 oxv, o ,0x* 9xXv., 0
5o <50~ P () — 0+ ()

HIZ(

It remain for us to evaluate the terms involved in ki1, then the first of it is xirr,

00}’ 00}’

0
—E 117 1J 55 P WI]
o aIE” (w}, )y — o Oxv 31<Z<3" zn: ntB1Bp—1( )Bn+1Bn 9y 317/31 B

00y 5 9
R, = Oz” Do D OhPais, 1@k By saeeBn G T

v, B1<<Bn 7 B

KiIn, =

Then, we have that: ki1, = ZV e with V1 <v<n

8@IJ . Pl
L= 2 ge) 2L 2P, sl B
m

Br<—<Bn 7 Opgy-pn

111,

Ky = (K1, )

8@1J

0
-1 :Z( 8:;; ) Z Z6Bnpﬁl Bn—1(WkT)Bys1-Bn
n

opg, ...
B1<<Bn N PpyBn

(k11 )
v

9
" 0Py B

(k11r, )
1%

66;11«‘] 1 1 1 1
- = Z( Ozl ) Z [651 + 5ﬁ2 + 5ﬁ3 + 654}p51-~5n_1(w£,‘7)ﬁn+1'“ﬁ
I

B1<--<Bn

oel’ d 00, 10
ZMI( gy > [p(w17)526354M] %:( 5a1 P17 B,

1<B2<B3<B4

(k11r, ) =
v=1

after careful computation for each of the term ™k, finally, we can write:

001 v 0

RIII; = (W)p[] &
Finally the only one remaining term is xiri,

00} (WKL) 00}’ 9
g = QKL H(WZJ) = Z(awKL ) Z Z(S 1 Bn—1(wh?)Byt1Bn

Opg. ...
wap wp P B1<<Bn 7 PBy--Bn

00}’ KL) 3}
= Y By—1 (W) Bys1Bn
Rt Z(awKL) > Z 6, By 1 (W) By B

opg, ...
wsp p B1<-<Bn M PBy-+Bn

0oL’ (WK 0
:Z(ﬁ) Z Zd 1 45,’]71(WLJ)571+1...57L
"

opg, -
Bi<—<Bn 7 PB1---Bn

08, @I (@I ) (@i
| = (5orT) > [0 P05 Pas it Pousaes s Poisasye
B1<--<Pn

KIIIg

a@IJ 8
= (ﬁ) Z [pﬁ15253(wﬁ‘])]

! B1<B2<B3< (Wi L Porsam(of ™)

)

(477)

(478)

(479)

_ 9
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KIIIg

00}’

1 (W) [p123(w 0 0 0 0 ]

Iy T Pisawl/y g T DPi2awll)y 53— T Pazals
» )8P123(w{<L) i )3p134(w{<L) i >3p124<w{<L) “n

) ap234(w{“)

w2 0 w3 19} w1 0 a@IJ Wy A 1o}
+ BE__— 4 e 4 Iz 7] — E I Iz
I opz TP gppE TP gl u,A(awl 2 oy

p=

KIIIg

1J
L R
p=1 A 8p‘;<1L4

And also the similar computation for each p = 2, 3,4 we finally obtain:

a@{;’) war O :(ang

) 0oL’
_ W[ o
K113 _(awg(L pI,] awg(L) 7

wpo O
Pry o = ( prY
(‘9pr5 OwlL

- 480
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