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1. Introduction

One of the main research topics in mathematical physics is the study of symmetries
in dynamical (mechanical) systems and field theories. From a more mathematical point
of view, such studies of symmetries involve the analysis of ordinary and partial differ-
ential equations; this is because symmetries are associated with conserved quantities or
conservation laws, which give fundamental information about the physical system. The
foundational work on symmetries in physical systems is that of Emmy Noether, ref. [1]. The
general underlying concept of symmetry in a physical system was first presented as the
invariance of the equations of motion under a transformation on the phase space of the
system. In the more modern geometric formulation of classical mechanics and classical
field theories, symmetries are usually characterized by demanding the invariance of some
underlying geometric structure from which the preservation of the equations of motions is
included as a consequence.

The multisymplectic formulation of classical field theories takes place on the the
multivelocity and multimomentum phase spaces where the Lagrangian and De Donder—
Weyl Hamiltonian formulations are developed. These phase spaces are fiber bundles
0: M — M over an orientable m-dimensional manifold M (typically spacetime) where m >
1. In particular, ./ is either a jet bundle in the Lagrangian formalism or a bundle of forms (or
a quotient of them) in the Hamiltonian formalism. This formulation of classical field theories
can be viewed as a geometric extension of the classical mechanics of non-autonomous
systems for which m = 1. Furthermore, the phase spaces for field theories are endowed with
a characteristic geometric structure: a multisymplectic or premultisymplectic form (2 €
Q"+ #) (depending on the regularity of the theory). In practice, the (pre)multisymplectic
structures are constructed by starting from the Lagrangian function of the field theory under
investigation [2-7]. Then, the field equations (the Euler-Lagrange equations or the the
Hamilton-De Donder—Weyl equations) are stated geometrically using the corresponding
(pre)multisymplectic forms.
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All symmetries, along with their associated conserved quantities and conservation
laws, have been studied extensively in the geometric framework, both in the Lagrangian
setting [2-5,7-12] and in the corresponding De Donder—-Weyl Hamiltonian setting [6,9,13],
where the symmetries which preserve the (pre)multisymplectic forms are called Noether or
Cartan symmetries. The geometric presentation of Noether symmetries in field theories
culminates with the statement of the geometric version of Noether’s theorem [4,9,13-17].
We have paid special attention to the multimomentum maps which are the fundamental
conserved quantities associated with Noether symmetries. These are the generalization
of the momentum maps of symplectic mechanics to the multisymplectic setting for field
theory. (Multi)momentum maps are the relevant quantities for performing a symmetry
reduction procedure. However, the multisymplectic reduction of field theories is currently,
in general, an unsolved problem under research [18-21]. For the analogous geometric
construction of symmetries in (first-order) non-autonomous mechanical systems in which
M = R, the corresponding results for the Lagrangian and Hamiltonian formalisms can be
found, for instance, in [22-24].

Singular field theories are invariant under a family of Noether symmetries called
geometric gauge symmetries which are linked to the degeneracy of the Lagrangian and
are generated on the premultisymplecic phase spaces by vector fields which lie in the
kernel of the premultisymplectic forms. However, the term “gauge symmetry” is used in
various different contexts throughout the literature [25]; such contexts will be discussed in
Section 2.4. The so-called geometric gauge symmetries form gauge orbits on the premulti-
symplectic phase space which define equivalence classes. Physical states which lie in the
same gauge orbit differ from one another by a geometric gauge transformation and are said
to be gauge equivalent.

This paper has three main aims which are as follows. The first aim of this work is to
review and broaden the discussion about the geometric structures and properties regarding
the study of symmetries of first-order classical field theories and is mainly based on the
previous papers [14,15]. The second main goal of this work is to clarify and enhance
the relationship between the geometric treatment of classical field theories found in the
mathematics literature and the equivalent approaches which are standard in theoretical
physics. We believe this second goal is especially important as there seem to be several gaps
in the dialogue between the communities of theoretical physics and differential geometry
in this regard. In the theoretical physics literature, it is standard to work on spaces of
sections of some of the fiber bundles mentioned here, while in the differential geometry
literature, the analysis of field theories is conducted on the fiber bundles themselves. For
example, in theoretical physics it is standard to develop the Lagrangian formulation of field
theories on the space of sections of the multivelocity phase space where the Lagrangian
function is taken to be a functional of the fields and its spacetime derivatives, while in
the mathematics literature, typically, the Lagrangian function is taken to be a function on
the multivelocity phase space itself as mentioned earlier. The equivalence between these
approaches will be made precise throughout the paper with Sections 3.2 and 3.3 being of
upmost importance to this aim. Finally, the third aim of this paper is to detail some of the
subtleties that arise in the analysis of symmetries when dealing with field theories that are
singular in the De Donder-Weyl sense. The main goals of this paper mentioned above will
be further pursued through the geometric analysis of specific field theories that are relevant
in theoretical physics.

This paper is organized as follows. Section 2 reviews the main definitions and results
regarding the various types of symmetries along with the corresponding conserved quanti-
ties and multimomentum maps in the geometric framework of generic (pre)multisymplectic
bundles. Some new clarifying ideas regarding Noether and gauge symmetries are also
provided. Section 3 is devoted to explaining how to lift diffeomorphisms and vector fields
from the base space to the corresponding jet bundle; this is important in order to char-
acterize the most common types of symmetries in physics. In Section 4, which contains
the main contribution of the work, the definitions and results of Section 2 are adapted to
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the Lagrangian and Hamiltonian descriptions of classical field theories. Additionally, the
so-called Lagrangian symmetries arising in Lagrangian field theories are discussed. The
connection with the physical interpretation of all these ideas is detailed. Finally, in Section 5,
the symmetries of some typical theories in theoretical physics are displayed. Basic notions
on multivector fields are given in Appendix A.

The classical field theories discussed here exhibit various kinds of symmetries that
are typical in theoretical physics. The Nambu—Goto action for bosonic strings, which is
invariant under the full group of diffeomorphisms (local point transformations) of the
string worldsheet, is studied in the multisymplectic setting in Section 5.1. The string
action can be thought of as a matter action of a two-dimensional field theory coupled
to gravity; it is well-known that, in this sense, the Nambu—Goto action is invariant only
under spacetime isometries and not under the full group of spacetime diffeomorphisms
as is General Relativity. This is typical for matter theories, including Yang-Mills which is
presented subsequently. The symmetry of spacetime isometries, as well as the SU(N) gauge
symmetry, of Yang-Mills is discussed Section 5.2. The Chern-Simons theory with gauge
group SU(N) is the only theory discussed in this work (in Section 5.3) that is invariant
under the full group of spacetime diffeomorphisms. Finally, in Sections 5.4 and 5.5, we
discuss the electric and magnetic Carrollian scalar field theories which are invariant only
under Carroll transformations of spacetime; for more information on Carrollian field
theories see, for example, ref. [26] and references therein.

Some comments about notation: X(.#) and QF(.#) denote the C*(.# )-modules of
vector fields and differential k-forms on a manifold .Z, respectively; L(X)(Q) denotes the
Lie derivative of a differential form () with respect to a vector field X, and i(X)Q is the
inner contraction between X and Q.

All manifolds are taken to be real, second countable, and C*. All maps are also C*.
Sum over repeated indices (Einstein notation) is understood.

2. Symmetries on (Pre)multisymplectic Fiber Bundles

This section is devoted to the introduction of the main concepts and properties regarding
symmetries and conserved quantities (i.e., conservation laws) on (pre)multisymplectic manifolds.
This presentation is made in the generic geometric framework of (pre)multisymplectic fiber
bundles which are the relevant structures on which classical field theories are constructed.
The structures discussed in this section will later be particularized to the specific contexts of
the Lagrangian and Hamiltonian formalisms for classical field theories. The fundamental
ideas in this section are taken from [14]. For the proofs of the results and other details, see
also [13-15].

2.1. (Pre)Multisymplectic Bundles

Given a differentiable manifold .#, a differential form 2 € 2" (.# ) is 1-nondegenerate
if, for every p € .# and Y € X(.#), it follows that i(Y)Q[, = 0 <= Y|, = 0. Then,
Q€ O"(A) is said to be a multisymplectic form if it is closed and 1-nondegenerate and
(A, Q) is called a multisymplectic manifold. Alternatively, (2 is called a premultisym-
plectic form if it is closed and 1-degenerate and (.#, (2) is called a premultisymplectic
manifold. If 2 is an exact form, then it is called an exact (pre)multisymplectic form and
the couple (.#, ) is called a (pre)multisymplectic system.

The geometric framework for Lagrangian and Hamiltonian field theories consists of a
fiberbundle ¢: 4 — M over an orientable manifold M (dim M = m > 1,dim .# = N + m).
The volume form on M is denoted w € Q™ (M) (with w also denoting ¢0*w), and .# is
endowed with an exact multisymplectic or premultisymplectic form (depending on the
regularity of the theory) Q = —d® € Q"+ (.#) for some ® € Q" (.# ). Furthermore, the
(pre)multisymplectic form satisfies the variational condition i(Z1) i(Zy) i(Z3)Q = 0, for all
o-vertical vector fields Z1,7,, Z3 € xV(@) (_#), which allows for the field equations to be
obtained from a variational principle.
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The solution to the variational problem on .# is sections ¢: M — .# of the projection
0 which solve the field equations given by

P i(X)Q2 =0, forevery X e X(A).

Equivalently, the solutions to the variational problem are integral sections of a m-multivector
field (see Appendix A) contained in a class of integrable, o-transverse (i.e., X € ker" ),
m-multivector fields {X} C X" (.#) which satisfy the field equations which are now
written as

i(X)02 =0, M

where the g-transversality condition can be set, without loss of generality, as

The couple (.#,2) is usually called a (pre)multisymplectic system.

In general, solvable premultisymplectic systems admit stable solutions to the field
equations on some submanifold & C .# which is obtained by applying a constraint
algorithm (see Section 4.4 and [27] for more details); the submanifold & is called the final
constraint submanifold, and the physical states of the field theory under investigation are
the sections of the projection ¢ whose images are on &

2.2. Conserved Quantities and Symmetries

In geometric mechanics, conserved quantities are functions on the phase space which
are invariant under the advance along the dynamical trajectories given by the integral
curves of some dynamical vector fields. The invariance condition is stated by demanding
the vanishing of the Lie derivative of the functions representing the conserved quantity
with respect to the dynamical vector field solution to the equations of motion. For field
theories, there is an analogous geometrical way to introduce this concept using multivector
fields to represent the solutions to the field equations.

Let (.#,2) be a (pre)multisymplectic system.

Definition 1. A conserved quantity of the (pre)multisymplectic system (.#,2) is a form o €
Q"= Y(a') which satisfies L(X)a = (—1)"+i(X)da = 0 for every locally decomposable and
o-transverse multivector field X € ker™ Q) (i.e., which satisfies Equations (1) and (2)).

Conserved quantities are characterized by the following property: if « € Q"1 (.#) is
a conserved quantity and X € ker™ (2 is a o-transverse integrable multivector field, then a
is closed on the integral submanifolds of X; that s, if js: S < .# is an integral submanifold
of X, then djsa = 0.

Remark 1. Conserved quantities in field theories appear as conservation laws or conserved
currents as, for every & € Q" Y(.4) and X € X" (M), if p: M — 4 is an integral section
of X such that $*a € Q"1 (M), then there is a unique vector field Xy, € X(M) such that
i(Xy#a) = $*a. It follows that the divergence of Xy, is the function divXy«, € C*(M)
defined as L(Xy+o)w = (divXys,) Q which satisfies (divXy«,)n = dip*a. Therefore, as a
consequence of the above property, a is a conserved quantity if, and only if, divXy«, = 0; hence,
Stokes theorem assures that in every bounded domain U C M,

L Pra = /u(diVle*a);y = /udtp*oc =0.

The form *a is called the current associated with the conserved quantity w. This result associates
a conservation law on M to every conserved quantity on A .
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The field equations are partial differential equations (PDE’s), and symmetries are (local)
diffeomorphisms that transform solutions to the field equations into equivalent solutions.
In geometric mechanics, this property is stated using the vector fields which generate the
symmetries (by their flows) and the dynamical vector fields which solve the equations of
motion. For field theories, there is a similar geometric procedure using multivector fields
which are solutions to the field equations as follows:

Definition 2.

1. A symmetry of the (pre)multisymplectic system (., Q) is a diffeomorphism ®: M — M
such that @, (ker™ Q) C ker™ Q.

2. An infinitesimal symmetry of the (pre)multisymplectic system (.#, Q) is a vector field
Y € X(.#) whose local flows are local symmetries or, equivalently, [Y,ker™ Q] C ker™ Q.

Remark 2. If (.#, Q) is a premultisymplectic system with final constraint submanifold j¢: & —
M, then symmetries must be diffeomorphisms ® € Diff(.#) such that ®(8) = &, and in-
finitesimal symmetries are vector fields Y € X(.#) tangent to 8 which satisfy the conditions in
Definition 2 at least on §. The set of vector fields on .4 which are tangent to § will be denoted
here as

:{(CS’) = {Y € }:(,///) | dYs € %(é’) | ]Cy*Yg = Y|Cg’}

The elements of X(S) are the vector fields Y € X(.#') which, for some Ys € X(§), make the
following diagram commutative:

M

T.#
Y

s Trs
Yg

S TS

As we have said, symmetries transform solutions to the field equations into solutions,
since:

Theorem 1. If ® € Diff(.#) is a symmetry that restricts to a diffeormorphism ¢: M — M, then,
for every o-transverse integrable multivector field X, the map ® transforms integral sections of X
into integral sections of ®.X and hence ®. X € ker™ O which is also a o-transverse integrable
multivector field. Consequently, if Y € X(.#) is a 7t*-projectable infinitesimal symmetry and F; is
the local flow of Y, then Fy transforms integral sections of every o-transverse integrable multivector
field X € ker™ ) into integral sections of Fy.. X.

If Y1,Y, € X( ) are infinitesimal symmetries, then the Lie bracket [Y;, Y5] is also an
infinitesimal symmetry. Furthermore, if ® € Diff(.#) is a symmetry and &« € Q"1 (/) is
a conserved quantity, then ®*« is also a conserved quantity. Consequently, if Y € X(.#) is
an infinitesimal symmetry, then L(Y)a is also a conserved quantity.

Remark 3. Transformations of the base space M (usually spacetime transformations in field
theory) which preserve the (pre)multisymplectic structure of the phase spaces are called spacetime
symmetries. Therefore, in the bundle 9: .# — M, the corresponding diffeomorphisms ®: .4 —
A must be fiber preserving and thereby restrict to diffeomorphisms ®pr: M — M which satisfy
D10 0 = 00 D. For infinitesimal symmetries, this means that the vector fields Y € X(.4') must
be o-projectable; hence, there exist Yay € X(M) such that 0,.Y = Y.

Symmetries are generated by the action of a Lie group G on ./:

® : G — Diff(.#)
g Dy
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where @ : .# — ./ are the local diffeomorphisms induced by the group action. If g is
the Lie algebra of G, it follows that every ¢ € g induces a vector field Xz € X(.#) which
generates the diffeomorphisms produced by the group action of G on .. This is achieved
by constructing the exponential map for some g € G:

exp : g — G
¢ = g=exp(Ag)

where A € R is a parameter. Then, the induced vector field Xz on .# is written in terms of
the exponential map as

d . € X(A).

Xe= x|, Lewntrd

These vector fields are the infinitesimal generators of the symmetries, that is, the infinitesi-
mal symmetries.

2.3. Noether Symmetries

In order to obtain conserved quantities (or conservation laws) associated with sym-
metries, it is necessary to impose some additional conditions. In general, these conditions
are related to the geometric structures underlying the field equations (see, for instance,
refs. [24,28] and the references therein, for a complete study in Lagrangian and Hamiltonian
mechanics). The most relevant kinds of symmetries are the following:

Definition 3.

1. A Noether or Cartan symmetry of the (pre)multisymplectic system (.4, Q) is a diffeomor-
phism ®: A — M such that, ®* Q2 = Q. In the particular case where @*© = O, then O
is called an exact Noether or exact Cartan symmetry.

2. Aninfinitesimal Noether or Cartan symmetry of the (pre)multisymplectic system (.#,(2)
is a vector field Y € X(.A') for which L(Y)Q = 0. In the particular case where L(Y)® = 0,
Y is called an infinitesimal exact Noether or infinitesimal exact Cartan symmetry.

If Y1,Y, € X(.#) are infinitesimal Noether symmetries, then so is the Lie bracket
[Y1,Y2]. Furthermore, if Y € X(.#) is an infinitesimal Noether symmetry and X € ker” (2,
bearing in mind (A1), we have that

(Y, XN =L(Y)iX)Q —iX)L(Y)2 =0 < [V,X] C ker" 2,

and hence, infinitesimal Noether symmetries are infinitesimal symmetries (and the same
holds for Noether symmetries).

Remark 4. AsL(Y)Qy = di(Y)Q.y, the condition L(Y)Q = 0 is equivalent to demanding
that i(Y)Q is a closed m-form on . It follows that i(Y)Q = —day is an open set U C .# for
some ay € Q" Y(U) (where the minus sign is due to physical conventions). Thus, an infinitesimal
Noether symmetry is a locally Hamiltonian vector field for the (pre)multisymplectic form 2 and
wy is the corresponding local Hamiltonian form.

Therefore, Noether’s theorem is stated as follows:

Theorem 2 (Noether). Let Y € X(.#) be an infinitesimal Noether symmetry with i(Y)Q =
—day in an open set U C 4. Then, for every locally decomposable and o-transverse (integrable)
multivector field X € ker™ (€2, it follows that

L(X)D&y =0;

that is, every Hamiltonian (m — 1)-form ay associated with Y is a conserved quantity. For every
integral section  of X, the form p*ay is usually called a Noether current.
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Observe that the form L(Y)® is closed since
LY)O=di(Y)0+i(Y)d® =di(Y)® —i(Y)Q=d(i(Y)® —ay) =dly (inlU). (3)

In particular, if Y is an exact infinitesimal Noether symmetry, then {y is closed and
Ky = — i (Y)@

Remark 5. As it was pointed out in Remark 3, we will mainly be interested in Noether symmetries
which are are fiber-preserving diffeomorphisms for the bundle o: .# — M and in infinitesimal
Noether symmetries which are o-projectable vector fields.

Furthermore, if (., Q) is a premultisymplectic system with final constraint submanifold
S8 — M, then Noether symmetries must be diffeomorphisms ® € Diff(.# ) such that &(S) = &,
and infinitesimal Noether symmetries must be vector fields Y € X(.4') tangent to § which satisfy
the conditions of Definition 3, at least on §.

2.4. Gauge Symmetries

The term “gauge” is used in various different contexts throughout the literature. In
physics, it is typically used to refer to field transformations which are spacetime dependent.
This section discusses some of the different meanings associated with the term “gauge”
within the context of classical field theory. In particular, the description of a certain type of
gauge symmetries that are the most relevant from both a geometric and physical point of
view will be given. See also [15,29] for additional insights.

Let (.#,2) be a (pre)multisymplectic system and recall that Noether symmetries
preserve the (pre)multisymplectic form (2. Only fiber-preserving symmetries will be
investigated, bearing in mind Remarks 3 and 5 which characterize symmetries in the
context of the final constraint submanifold & C .# of the premultisymplectic system under
investigation. Furthermore, the particular situation where such symmetries restrict to
the identity on M will be the kind which will be generically referred to here as gauge
symmetries. Then, infinitesimal gauge symmetries are vector fields Y € X(.#) whose
local flows are local gauge symmetries and, consequently, are g-vertical vector fields. In this
respect, it should be noted that, the set of o-vertical vector fields are XV (@) (.#) = ker w.

Furthermore, infinitesimal Noether symmetries are vector fields Y € X(.#) char-
acterized by the the property that di(Y)(Q2 = 0. When ker Q2 # {0}, then (.#, Q) is a
premultisymplectic system. Then, any nonzero vector field Y € ker 2 (i.e., i(Y)Q = 0)
is a particular type of infinitesimal symmetry that is related to the degeneracy of the pre-
multisymplectic form (2. Such vector fields will be referred to as geometric (infinitesimal)
gauge symmetries.

Moreover, when (., }) is a premultisymplectic system, the field equations, in gen-
eral, have consistent solutions on a final constraint submanifold & < .# (as stated at the
end of Section 2.1) which is the manifold where sections representing the physical states
take their image. As above, the physically relevant gauge transformations are those which
transform physical states into equivalent physical states and hence are automorphisms
of the submanifold & which transform sections of the projection ¢ into themselves. Con-
sequently, these gauge transformations which act along the fibers of the projection ¢ are
necessarily generated by g-vertical vector fields.

The concepts above are summarized as follows:

Definition 4. A geometric infinitesimal gauge symmetry, or simply a gauge vector field, of
a (pre)multisymplectic system (., Q) is a vector field Y € X(.4') such that:

1. Y € ker Q.

2. Itisa g-vertical vector field, Y € XV (.#).

3. Itistangentto 8, Y € X(&).

The set of gauge vector fields is denoted <.
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The local diffeomorphisms generated by the flow of gauge vector fields are called
geometric gauge transformations. Physical states (i.e., sections which are stable solutions
to the field equations) related to one another by geometric gauge transformations are called
geometric gauge equivalent states, and they are physically equivalent (in the sense that
they are physically indistinguishable).

Remark 6. In the case where js: & — A is strictly a submanifold of .# , besides those of ker (2,
there are more vector fields related to the non-regularity of the premultiplectic form (2. Such vector
fields belong to the set

ker Qg := {Z S %(é’) ‘ dZ¢ € ker Qg ‘ ]J*Zé’ = Z‘g} ,
where (s = 1502 which, in general, is also a premultisymplectic form. The vector fields in ker Qg
are those which are tangent to § and can be identified on the points of & with the elements of ker Q.
Since ker QN X(S) C ker Q, then for every Z € ker QN X(S), it follows that

and, as a consequence,

g =ker QNX(S)NxVQ(#) CkerQsnxV O (a)=% .
In the case of singular (autonomous) dynamical systems in mechanics, it is proved [30,31] that € is
the complete set of gauge vector fields. Then, the elements of & are called primary gauge vector
fields, and those in € — € are the secondary gauge vector fields. The analogous concept in
classical field theories regarding the classification of € — € as gauge vector fields (i.e., if they relate
geometric gauge equivalent states through their flows) is still an open question.

As usual, if Z1,Z; € &, then [Z3, Zy] € € so ¥ generates an involutive distribution
on .#, and the quotient set § = §/%, assumed to be a differentiable manifold, plays the
relevant role in the so-called geometric gauge reduction procedure [30,31] which consists
of taking this reduced manifold as the set of “real physical” states and then removes the
unphysical redundancy represented by the geometric gauge equivalent states. Introducing
the canonical projection Ts: & — &, gauge equivalent states are sections of this projection.
An alternative way to remove the “geometric gauge redundancy” is by performing a
gauge fixing procedure which consists of fixing sections of this projection. A summarized
description of these two procedures may be found in [15]. The most general method for
gauge fixing in field theory involves the BRST-BV method (see, for example, [32,33]).

As a last comment, it should be noted that sometimes in physics a broader definition
of (infinitesimal) gauge symmetry is handled which pertains to vector fields Y € X(.#)
such that di(Y)Q = 0, which, in the terminology used in this work, are the so-called
infinitesimal Noether symmetries.

2.5. Multimomentum Map

Let G be a group of Noether symmetries for a (pre)multisymplectic system (.#, (2);
that is, CI>:§Q = (), for every g € G, and L(Xg)Q = 0, for every ¢ € g. Therefore, as
di(Xz)Q = 0, there exists a form J; € Q2"~1(U) on an open neighbourhood U C .# of

every point in ./ such that,
i(X)Q = —dJe. @

This form ]z is determined up to some exact form df; with Bz € Q"=2(U) and coin-
cides with the conserved quantity ay introduced in Remark 4 and Noether’s Theorem 2.
Furthermore,

dJe = —i(Xe)Qy = i(Xe)d® = L(X7)® — di(X)O, ®)
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and, as X¢ is an infinitesimal Noether symmetry, then (3) holds for Xz, and L(Xg)@ = d{g,
for some {z € Q" 1(F). Now, by (5) it follows that

The (m — 1)-form Jz can be taken to be linear in ¢ by taking the generators { € g to be
infinitesimal. Therefore, for every point p € .#, define the linear map

]|p | G mel(Tp//l)
¢ = Jp) =1jc(p)
Then:

Definition 5. The map
J A = gRQ"(F)
p = I(p) := ]|p

is called the multimomentum map associated with the symmetry group G.

The terminology “multimomentum map” is also used to refer the (m — 1)-form Jz
arising in (4). Furthermore, it is usual to specify the multimomentum map by using the
natural pairing between g* and g as Jz(p) = (J(p), &).

Thus, Noether symmetries on .# produce multimomentum maps on .# and the so-
called Noether currentj = j*d" 'x, € Q" !(.#) of a symmetry is obtained as j = ¢*]¢
(see also Remark 1).

3. Lifting Transformations from the Base Space of a Jet Bundle

In classical field theories, some symmetries are associated with diffeomorphisms on
the base manifold M (i.e., spacetime transformations in most cases), and in the case of
first-order Lagrangian field theories where ./ is a first-order jet bundle, J'r — E — M
(see Section 4.1), it is common to obtain the law of transformation in J!7r from those
diffeomorphisms on M.

This section discusses how to induce jet bundle transformations from diffeomorphisms
on the base space. See [3,7] for other details.

3.1. First-Order Jet Bundles

Begin by letting 7w: E — M be a fiber bundle over an orientable m-dimensional
manifold M with dim E = m + n and m > 1. The first-order jet bundle ]! 7t of the projection
7t is the manifold of the 1-jets (equivalence classes) of local sections of 7r, denoted as
¢ € T(7). Given a point x € M, the points in J!7r are denoted by 7 = jLp, where ¢ € I'(7r)
is a representative of the equivalence class. The resulting natural projections are

mt: ' — E at:J'n — M

e ¢(x) xp

where 2! = 71 o 7t'. The volume form on M as well as its pull-back 7&'*w are denoted by

w. Local coordinates on J!7r are denoted (x”,yi,y;,), with0<p<m—-1,1<i<nand

(x#,y') are local coordinates on E adapted to the bundle structure so that w = dx? A ... A
dx™—1 = d™x.

The canonical lift of a section ¢ € T'(7r) to J'7 is denoted j'¢ € T(&!). A section
¢ € T(!) is said to be holonomic if 1 is the canonical lift of a section ¢ = 71! o ¢ € T'(7r),
and hence, ¥ = j! (7t! o ¥).
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3.2. Lifting Transformations from M to E

Consider infinitesimal diffeomorphisms ®ys: M — M produced by the coordinate
transformation x'# = x# + ¢#(x). These transformations are generated by vector fields
Z = —{"(x)5% € X(M) and the mr-projectable vector fields generating the corresponding
transformations on the configuration manifold E, which are written in full generality as
(xt,y) — (xM + & (x), ¥ + & (x,y)) with & (x,y) € C°(E), are given as

9

Y = ZE = _(:P‘(x) ot

¢i<x,y>aayi e X(E). 6)

The fields i (x) which are given as components of the sections ¢(x) = (x*,y/(x)) transform
as the Lie derivatives of the fields with respect to the vector field Z on M (denoted by

8y (x)) as

) ) . ) ot ~

8y (x) = L2 (1) = ¥ (x) — y () = ~&(x) 22 () + § (v) @)
These field trarlsformations are sometimes referred to as'the local variation of the fields.
The functions ¢’(x) are not related to the components ¢'(x,y) in (6), a priori. The term

Y’ ~
—gH(x) 3 i/ 7 in (7) is called the transport term, and &' (x) is called the global variation of
the fields which is given by

¢'(x) =y"(x) —y'(x).

A geometrical interpretation of the local field variations is given as follows [16,34-36]:

Definition 6. Consider a section ¢: M — E, and let Zg € X(E) be a mt-projectable vector
field which projects to Z € X(M) (and hence has the local expression (6)). The generalized Lie
derivative of the section ¢ by Z is the map L(Z)¢p: M — TE defined as

L(Z)p=TpoZ—Zro¢, (8)

which is a vector field along ¢. The generalized Lie derivative has the form L(Z)¢ = (¢, L(Z)¢),
and the section L(Z)¢: M — V(Tn) is called the Lie derivative of the section ¢ by Z and is

given as 1L(Z)¢p = (x”,@” %9 _

357 &o 4)) when the local expression for Z is (6).

‘The definition of this Lie derivative must be in agreement with the Lie derivative
of y'(x) defined by the field transformations dy'(x) in (7). This is achieved by setting
L(Z)¢' = L(Z)y'(x) for the Lie derivative of the components ¢' in (8); then, it follows that

the functions & (x) in (7) are given in terms of the component functions & (x,y) of Z¢ and
any local section ¢ as _ '
¢'(x) =% y) o ¢ ©)

For theories in which y/(x) are scalar fields, diffeomorphisms on the base M produce field
variations 8y’ (x) for which &(x) =0 = &(x,y) = 0.

On the other hand, if the fields are, in general, tensor fields on M of type (k,1) # (0,0)
(e, T € T*I(TM)), then the functions ¢(x) are obtained, as usual, from the Jacobian
(and its inverse) associated with the coordinate transformation x# — x* + ¢#(x). That is, if
the fields y/(x) are the components of tensor fields T = (T}, (x)), then

dx't ax'tr\ [ 9xP1 dxPs
Hise-sMr _ poeesly
(T/)Vll""'vs (x’) - <8x“1 ) o (ax“r > (aw) <8x’vs > Tg}ge(x) (10)
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The left-hand side of the expression above can be Taylor expanded around x giving the

transport term as
(Tl (x
(Tt (o) = (Tt (e ) = (Tl o) g0 2t ()

while performing the same Taylor expansion of the right-hand side of (10) for each Jacobian
(and each inverse Jacobian) giving the global variation of the fields AT/ "//" (x) given as

Hr ozH Vs 9N
S 1y (A o i g 1 peeerHhr
ATVL---/VS - HZF (ax/\ ) TV1/---er - VZV (axv ) Tvl,..‘,(v%/\),..‘,vs' (11)
=M =vy

It follows that the local field variation given by the Lie derivative with respect to
0
Z=—¢"x)s7 € X(M)is

oxH
STyl (x) = (T)odr(x) = T (x) = L(Z)ToY o (x)
ATl (x) s
= St AT (),

Now, recalling relation (9), it follows that

d d
— _[H _ AHLeHr
ZE g ax]/l AV]/“'/VS (x’ ) aTﬁ]],[;j]/:r 4 (12)
where now,
ATy () = 870 (x4, T) o ¢ (13)

It is important to note that, when the configuration manifold E is a tensor bundle over M
with coordinates (x¥, T}, /"), then (12) is precisely the canonical lift of Z € X(M) to E
which is defined as follows:

Definition 7.

1.  Let ®pr: M — M be adiffeomorphism. The canonical lift of Oy to E is the diffeomorphism
®r: E — E defined as follows: for every (x,Ty) € E where Ty € T®) (T M), define
Pr(x, Ty) = (Ppm(x), T Pp(Tx)), where T Py denotes the canonical transformation of
tensors on M induced by ®py. Thus, w0 Op = Py 0 7.

2. Let Z € X(M) be the vector field induced by local one-parameter groups of diffeomorphisms
of M, denoted ¢;. The canonical lift of Z to E is the vector field Zr € X(E) induced by
local one-parameter groups of diffeomorphisms (¢, )¢ which are the canonical lifts of ¢y to the
confiquration bundle E.

In conclusion, the definition of the Lie derivative (8) of the local sections ¢ are con-
structed to always agree with the Lie derivatives of the fields (7), where Zr in (6) is the
canonical lift of Z to E, and hence, the relation (9) is always satisfied.

3.3. Lifting Transformations from E to J'7t

Let ®: E — E be a diffeomorphism which induces a diffeomorphism on the base
space M as ®p;: M — M so Dy o = ro®d. Then, the canonical lift of d to Ji7 is the
diffeomorphism j'®: J'7r — J'7r defined as

('@)(7) = (@ogody)(Pu(x)); forge]'m.

Now, it is possible to define the canonical lift of 7T-projectable vector fields Y € X(E)
to J17t for which there exist Z € X(M) such that the local flows of Z and Y are 7r!-related.
The canonical lift of a 7-projectable vector field Y € X(E) to J'7t is the vector field
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'Y € X(J'rr) whose local one-parameter groups of diffeomorphisms are the canonical
lifts of the local one-parameter groups of diffeomorphisms of Y. If Y € X(E) is the
canonical lift of Z € X(M) to E whose expression in local coordinates is given by (6) as

Y = Zp = —gh () —

pyoT i(x,y)aayi, then the canonical lift of Y € X(E) to J'7 is

9 .
-1 — _fH_-  _x_Z

o (& E) D e,
o~ Yvaxr TMayT ) oy J'm

These canonical lifts are characterized by the property that they leave the canonical
structures of the jet bundle | 177 invariant: in particular, the contact module and, conse-
quently, the canonical endomorphism under such canonical lifts. This canonical lift can
be generalized for vector fields on E that are not 7r-projectable. If Y is not a 7r-projectable
vector field, its canonical lift j'Y € X(J'7r) is the only vector field that is 7t'-projectable
to Y and leaves the canonical structures of J!7 invariant (see [3,7] for details). In local
coordinates, a vector field Y = Zr € X(E) is not r-projectable if & = & (x, y). Then,

) agi a(;n/ agv agz
7z, — _gH _ga Y (% _ j j
[Ze=-¢ 8xﬂ ¢ dy! (axV Yy (axV Y 8y1> Yoyl oyl ayy

In the same way, one can define the canonical lift of any diffeomorphism ®: E — E to J' 7.

The variation of the spacetime derivatives of the fields, 5y;,(x) =94 (8]/ (x )) =

, oxt
ay'(x) . . . o 1
L(Z) Sr 0 can also be characterized by the generalized Lie derivative L(Z)j ¢ of the
) i
first-jet prolongations jl¢p : M — Jl7r : x¥ (x”,y’(x), agx(;)) with respect to the vector

field Z = —¢"(x )a% € X(M), where now

L(Z)j'¢ =Tj'¢oZ—j'Zoj'p, (15)

and L(Z)j'¢ = (¢,L(Z)¢). It thereby follows that

1N _uyﬂ ag’ ay'  og oy of
L@ G0 =09 () = ~E' 535~ 5ge + i+ ui gy

(16)

where now & (x) = &(x,y) o j'¢ as above. Furthermore, & = 0 for scalar fields transformed
under spacetime diffeomorphisms, and the equations above simplify it accordingly.

In the case where the fields are tensor fields Tfll,f '_j;’f:' (x), the canonical lift j1 Zg in (14)
of Zp in (12) to J'7r is

9
dxH

, el 0 e r O
]1ZE = ¢t — Af,‘ll,z (x,T) W e

1/
where the A}!"/" (x, T) € C*(E) are again given by (11) and (13), while

Ur a@'V aT]}/,ill (‘u%/\) Hr Vs a@’A aT]"lr,Hr

H —
L= Loga — am " Law T am

H=m V=1

ag ]’ll Hiseesbr agﬁ
+ #Zm T 1/21/1 axv zxvl 1/—>/\),...,1/s - T/Svl,..‘,vs ﬁ'
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4. Symmetries for Lagrangian and Hamiltonian Field Theories

The concepts presented in the previous sections will be developed in this section in
the Lagrangian and De Donder-Weyl Hamiltonian formalisms of first-order field theories.
See [4,9,13-15,17] for other details and considerations.

4.1. First-Order Lagrangian Field Theories

In this section, a comprehensive review of the geometric framework for first-order
Lagrangian field theories is given. For more details, see [2-5,7,14,37].

The phase space for the Lagrangian formulation of first-order field theories is the
so-called (first-order) multivelocity phase space which is the first-order jet bundle J'7t of a
bundle 71: E — M called the configuration bundle of the theory, and the field states y/(x)
are given by local sections ¢ : M — E : x# + (x#,y'(x)) as in Section 3.

Each particular field theory is usually specified by a Lagrangian. However, the defini-
tion of the Lagrangian differs between the physics and differential geometry communities.
In the differential geometry literature, the Lagrangian is defined as a C* function on J!7,
while in the physics literature, the Lagrangian is defined as a functional on the space of jet
prolongations j'¢ from M to J'7. Both definitions can be used equivalently to formulate
the variational principle which gives rise to the field equations of the theory under inves-
tigation. However, working on J!7 has several geometric advantages over working on
the space of jet prolongations. One advantage is that J'7 is a finite dimensional manifold,
while the space of jet prolongations, which is a space of local sections from M to J'7, is an
infinite-dimensional manifold.

Thus, a first-order field theory is described by a first-order Lagrangian density
Z € ("(J'7r) which is a 77'-semibasic m-form denoted as . = LQ € Q" (]'7), and
L € C®(J'r) is called the Lagrangian function. The Lagrangian phase space J!7r pos-
sesses a canonical structure called the canonical endomorphism 7" which is a (1,2)-tensor

field whose local expression is given as 7" = (dyi - y;dx” ) ® 831 ® Using this

oxv’
structure, the Poincaré-Cartan m and (m + 1)-forms associated with ¢ are defined as
Qg = i(7)dL+ % € Q"(J'n) and Qg = —dOy» € Q"1 (J'7), respectively, and
they have the following coordinate expressions:

oL | JL oL .
Oy = -—dy Ad" 1x, — —yt — L |d"x = —dy' Ad" x, — E4d"x,
i, b\t o, '
L : PL
Qg =————dy, Ady' Ad" Lx, — ———dy/ Ady' Ad" 'x
v, " aylay), g
PL i i m L ; oL 0°L N
+ ——ydp Ad"x + e - |dy/ Ad™x.
By{,E)y;l 9y yy, dy  gxn ,

The couple (J'7t, Q&) is called a first-order Lagrangian system, and it is said to be regular
if 2 ¢ is 1-nondegenerate (that is, a multisymplectic form) and singular otherwise (i.e.,
2 ¢ is premultisymplectic). In the terminology of multisymplectic geometry, ® ¢ is said to
be a (pre)multisymplectic potential of (2 . The regularity condition is locally equivalent to

, , , . L :
demanding that the generalized Hessian matrix H f]w = - be non-singular everywhere

9,9y,

1
on | Tt.

The solutions to the Lagrangian variational problem stated for a Lagrangian . are
holonomic sections j'¢: M — J'7 such that

(j'¢)*i(X)Qy =0, forevery X € X(J ). (17)
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Equivalently, j!¢ are the integral sections of a class of locally decomposable and holonomic
multivector fields {X &} C X™(J'7r) which satisfy

i(Xg)Qg =0. (18)
Furthermore, the holonomic multivector fields must be 7t!-transverse,
iXg)w #0. (19)

This condition can be fixed by taking a representative in the class {X ¢ } such that j(X ¢ )w = 1.
The holonomic sections which solve the field equations (18) represent the physical states of
the theory. In local coordinates, the field equations for sections are given as

L a9 (o 4\ _
oy T\ gy, 010 ) T

which are the Euler-Lagrange equations of the system.

Remark 7. Equation (18) has a multiplicity of solutions (even in the reqular case) [13,37]. This
means that there is no unique class of integrable multivector fields (i.e., a unique distribution) which
solve the field equations (18) on J'7t. Instead, there is a multiplicity of integral sections passing
through every point in J' 7t which solve the field equations. If the Lagrangian is singular, there is
another arbitrariness which comes from the degeneracy of the form (2 o and is related to the existence
of geometric gauge symmetries. In general, when (J'7t, Q2.) is a solvable singular Lagrangian
system, the field equations admit stable solutions given by multivector fields which are locally
decomposable and 7tl-transverse on some 7tl-transverse submanifold S r C ]1 7t. Furthermore,
these multivector fields are not always integrable (even for reqular field theories). In addition, the
multivector field solutions are not necessarily holonomic on all of S ¢, but might be instead only on
another 7t'-transverse submanifold S¢ C Sy to which these holonomic multivector fields solution to
field equations must be tangent. This means that the image of the holonomic sections which solve the
field equations (17) are on Sy which is called the final constraint submanifold on which the field
equations are said to have “consistent solutions”. The constraint algorithm needed to find S is
overviewed in Section 4.4. See [27,38] for a deeper analysis of these features.

4.2. De Donder-Weyl Hamiltonian Formalism

This section provides a review of the (pre)multisymplectic De Donder—Weyl formlism
for classical field theories. See [6,39-41] and references therein for more details.

The De Donder-Weyl Hamiltonian formalism for regular Lagrangian (multisymplec-
tic) field theories is performed on the so-called multimomentum bundle J'*7t which is
constructed as follows: consider the extended multimomentum bundle A'T*E which is
the bundle of m-forms on E vanishing by contraction with two m-vertical vector fields;
then ™7 = AJT*E/A'T*E (where AT'T*E is the bundle of 7r-semibasic m-forms on
E). Natural coordinates on A}'T*E adapted to the bundle 7: E — M are (x",y', p}, p)
(so dim AF'T*E = nm 4 n + m + 1), and natural coordinates on J'* 7 are (x*,y, p!') (so
dim JY*7 = nm + n + m). The natural projections for these bundles are

Y r =M, T:J¥m—E, p: APTE— Y.

The Legendre map .. 't — J'*7t associated with a Lagrangian function L € C®(J'7r)
is locally given by

FLN =2, FLY =y, FLY =5
v

The Lagrangian L is regular if, and only if, .#.Z is a local diffeomorphism; .%.% is hy-
perregular when .7 ¢ is a global diffeomorphism. Then, there exist ®, € Q™ (J'*7r) and
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O = —dO,, € Q") such that .Z.£*0), = Oy and .Z.£* (), = Q & which are
called the Hamilton-Cartan m and (m + 1)-forms; (2}, is the multisymplectic form on J'*7,
and the couple (J'*7t, (2},) is the Hamiltonian system associated with the (hyper)regular
Lagrangian system (J'7r, 2 ). The local expressions for @}, and (2, are

On = pl'dy' Ad" x, — Hd"x, Q= —dp/'Ady' Ad" 'x, +dHAd"x,

where 4
H=(ZL ')VEy =pl(ZL )y, — (FZL ) LeC(J"n),

is the De Donder-Weyl Hamiltonian function. The field equations can be obtained from
the so-called Hamilton—Jacobi variational principle, and their solutions are sections ¢: M —
JY* 7t which satisfy

P*i(X)Qp =0, forevery X € X(J¥*m).

Equivalently, such sections are integral sections of a class of integrable and 7-transverse
multivector fields {X,} C X™(J'* ) satisfying

iXp)n =0, forevery Xy, € {Xp}.

The T-transversality condition is fixed (as in the Lagrangian setting) by taking a representa-
tive in the class {X}, } such that j(X)w = 1. Working with the natural local coordinates on

J¥* 71, the local sections are written as ¢ = (x#,y'(x"), p!' (x¥)) and satisfy

owoy) _3H . dpioy)  ¥H
oxH ap? ! oxH ayt "

which are the Hamilton-De Donder—Weyl equations of the system.

For singular Lagrangians, some minimal conditions must be imposed in order to
ensure the existence of a De Donder—Weyl Hamiltonian description. In particular, one
considers the so-called almost regular Lagrangians L € C*®(]'7r) which are those such that:
(i) Py := Z.Z(J'7) is a closed submanifold of J'*7t which is called the primary constraint
submanifold, (ii) % .Z is a submersion onto its image, and (iii) for every 7 € | 171, the fibers
FL Y FZ (7)) are connected submanifolds of J17r. Observe that, as Py := .Z.2(J' ), it
follows that Py — E — M. Then, denoting by jo: Py < J'*7t the natural embedding of
the primary constraint submanifold, the restriction .#.Zq: J'7t — P is the map defined
by Z£ = jg o F£. Furthermore, there exist Hamilton-Cartan forms @) € Q™ (P) and
) =—deY € Q" (P) suchthat Oy = .F.Z; O) and Q¢ = F L Q) and also a De
Donder-Weyl Hamiltonian function Hy € C*(P,) such that Ey = .#.%2" Hy. Therefore,
the coordinate expression of the Hamilton—Cartan forms are

@) =15 (pl'dy' Ad" 1xy,) — Hyd"™x, O =15 (—dp! Ady’ Ad™ 'x,) +dHy Ad™x.

In general, Qg is a premultisymplectic form, and (P, Qg) is the Hamiltonian system asso-
ciated with the almost regular Lagrangian system (J'7, 2 o). The Hamilton-de Donder-
Weyl equations are stated as in the regular case. When the non-regular Hamiltonian
system admits stable solutions, such solutions to the Hamiltonian field equations exist
only on a submanifold Py C Py which is obtained by implementing the corresponding
constraint algorithm described later in Section 4.4. The submanifold Py is the final con-
straint submanifold in the De Donder-Weyl Hamiltonian formalism and which satisfies
FL(Sf) =FL(S5) =P C JY 7t since S < Sy is defined on Sy by non-# Z-projectable
constraints (see Section 4.4).

4.3. Symmetries, Conserved Quantities, and Multimomentum Maps

Recall that the Lagrangian formalism takes place on the bundle J'7t — E — M both in
the regular and singular cases. Then, all the definitions and results from Section 2 regarding
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conserved quantities and symmetries apply directly. The concepts of Lagrangian conserved
quantities (or conservation laws), Lagrangian (infinitesimal) symmetries, Lagrangian (in-
finitesimal) Noether symmetries, Lagrangian gauge symmetries, and Lagrangian multimo-
mentum maps of a Lagrangian system (J!7t, 2 &) are also well-defined.

Nevertheless, in this situation, there are some new insights to be taken into account
due to the fact that now, sections, diffeomorphisms and vector fields in J17r can be canonical
lifts of sections, diffeomorphisms and vector fields in E, respectively. Therefore, we define:

Definition 8.

1. A (Noether) symmetry ®: [\t — J'7t of a Lagrangian system (J'7, Q) is said to be
natural if ® is a canonical lift; i.e., ® = j' ¢ for a diffeormorphism ¢: E — E.

2. An infinitesimal (Noether) symmetry X € X(J'7) of a Lagrangian system (J'7t, Q) is
said to be natural if X is a canonical lift; i.e., X = j'Z for some Zg € X(E).

If j'¢: M — J'7t is a holonomic solution to the field equations (17) and ® = jl¢ €
Diff(J!7) is a natural Noether symmetry, then

(1 (9op)) i)z = ()" (f9)"i(X) Qg
= (') i(('e) ) (1 9) 2g)
= ('¢)"i(X)2g =0, (20)

since X' = ®;1X € X(J'n), " Qg = Qg, and ®*Q o = 0. Therefore, j(¢ o ¢) is also a
holonomic solution to (17), and thus we have proved that:

Proposition 1. Every natural (infinitesimal) Noether symmetry transforms holonomic solutions
to the Lagrangian field equations into equivalent holonomic solutions.

As stated for the general case, when (J'71, 2 &) is a singular Lagrangian system with
final constraint submanifold & < | 177, then (Noether) symmetries must be diffeomor-
phisms leaving §¢ invariant, and infinitesimal (Noether) symmetries are vector fields
tangent to 8 and satisfying the conditions of Definition 3 at least on .

Furthermore, as stated in Remarks 3 and 5, we will be especially interested in the
case where (Noether) symmetries are fiber-preserving diffeomorphisms for the bundle
7l J't — M, and infinitesimal (Noether) symmetries are 77! -projectable vector fields.

Similarly, for Lagrangian gauge symmetries we can define:

Definition 9. A geometric infinitesimal Lagrangian gauge symmetry (i.e., a Lagrangian gauge
vector field) X € X(J'7t) of a Lagrangian system (J'7t, Q o) is said to be natural if X = j' Zg for
some vector field Zr € X(E).

As a consequence of Proposition 1, if X € X(J!7r) is a natural Lagrangian gauge vector
field, then it transforms holonomic sections of the projection 7z! which are solutions to the
Lagrangian field equations onto other holonomic sections solutions, all of which represent
gauge equivalent physical states. Nevertheless, it should be noted that a holonomic section
could be gauge equivalent to a non-holonomic one (both of them solutions to the field
equations) when they are related by gauge transformations generated by gauge vector
fields which are not natural.

In local coordinates, if X is a natural geometric gauge vector field, then the corre-

d
sponding vector field Zr € X(E) only has the component Z = —& (x,y) — 3y € ¥(E), and
it follows that the gauge vector field X = j'Z is given by

i 9 SRS
-~ (i Jag <30
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A particular type of symmetries in the Lagrangian formalism are the following:

Definition 10.

1. A Lagrangian symmetry of a Lagrangian system (J'7t, Q &) is a diffeomorphism ®: J'7r —
JY7t that leaves £ invariant: ®*¥ = £ .
If ® = jlo for some fiber-preserving diffeomorphism ¢: E — E, then the Lagrangian
symmetry is said to be natural.

2. An infinitesimal Lagrangian symmetry of a Lagrangian system (J'7t, Q) is a vector
field X € X(J'7t) that leaves . invariant.
If X = j'Zg, for some r-projectable vector field Zg € X (E), then the infinitesimal Lagrangian
symmetry is said to be natural.

Observe that given a diffeomorphism ¢: E — E and Zg € X(E), then

('9) 2 =2 < ('9)0y=0g,
L(G'Zp) % =0 «— L1(j'Zp)®¢ =0,

and hence, (infinitesimal) Lagrangian symmetryies are (infinitesimal) exact Noether symmetries.

Nevertheless, a generic (infinitesimal) Lagrangian symmetry does not necessarily
leave the Poincaré—Cartan form (2 & invariant unless it is a natural Lagrangian symmetry.
Likewise, as (2 ¢ is not canonical (since it depends on the choice of the Lagrangian density
Z), it is not invariant under canonical lifts of fiber-preserving diffeomorphisms and -
projectable vector fields unless some additional condition is assumed, such as the invariance
of the Lagrangian density. In the spirit of this discussion, consider the following type
of symmetries:

Definition 11.

1.  Ageometric Lagrangian symmetry of a Lagrangian system (J'7t, Q &) is a diffeomorphism
®: Jlr — JY7r such that:
(a) P Z=2.
(b) The canonical geometric structures of J' 7t are invariant by ®.

2. Aninfinitesimal geometric Lagrangian symmetry of a Lagrangian system (J'7t, Q.g) is
a vector field X € X(J'7t) such that:
@ LX) Z=0.
(b) The canonical geometric structures of J'7t are invariant under the action of X.

It follows that (infinitesimal) natural Lagrangian symmetries are (infinitesimal) geo-
metric Lagrangian symmetries, and (infinitesimal) geometric Lagrangian symmetries are
(infinitesimal) exact Noether symmetries.

It is also worth noting that demanding the invariance of .2 under some Lie group
action on J!77 is an exceedingly strong condition that is not necessary in order to obtain
the same field equations from the variational principle. There are Lie group actions on J!7r
which produce so-called gauge equivalent Lagrangians which give rise to the same Euler—
Lagrange equations (see, for instance, [12,42]). Gauge equivalent Lagrangian densities
differ by an exact differential form: ®*.¢ = .# + df. Recall that in the physics literature,
the analysis of field theories occurs on the jet prolongations j'¢ : M — J'7t so that
Z =LO = (j1¢)*.Z € C®(M). In this setting, gauge equivalent Lagrangians differ by a
total derivative 6L = ayKV where K* = (j1¢)*K* for some K*. Furthermore, recall that
when the field variations are produced by diffeomorphisms of M generated by some vector
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field & € X(M), the variation of the Lagrangian function L on j'¢ can be written as a Lie
derivative of the local sections j'¢ with respect to ¢ so that
oL oL

0L = ——oy'(x) + W&y;(x) e C*(M),
I

9y (x)

using Equations (8) and (16). Then, the corresponding Lie group action ® on J'7 is
generated by the canonical lift Xz € X(J'7) of ¢ € X(M) to J'7r given by (14). It follows
that for ®*.¢ = £ 4 dp,

df = L(X)Z = —d(K* + Lg*) Ad™ 1x, € Q™ (J' ).

Similarly, when the field variations are gauge transformations, 8y’ (x) = & (x) = ¢*&(x,y),
it follows that
dB = L(Xg).Z = —dK* Ad" x, € Q" ('),

where now X is given by (14) with ¢# = 0.

Finally, let G be a group of Noether symmetries for the Lagrangian system (J177, 2 ),
and let J; € Q"™~1(U), for U C J'7 be the corresponding Lagrangian multimomentum
map. Now, consider the situation in which the Noether symmetries are exact, and they
are associated with diffeomorphisms on the base M, as described in Section 3.2. Then,
denoting Xz = j1 Zg, we have L( j1 Zr)O ¢ = 0, and (modulo exact differential forms) the
Lagrangian multimomentum map is given as

oL

Jo(Xe) = —i(X:)Ogp = a7 (@idm_lxy — &y, d" ' x, = gVdy A d’"—zxw) +L&vd™ y, .
H

The corresponding Noether current is given by
jpd" e = (') [-i(Xp) O]

_ oL . 5 w0y (x) , m—
= l(ay;,o 14’) (C —¢ axv> +§”<LO]14’)%1d "

The part of the Noether current shown above which corresponds to the infinitesimal
spacetime transformations is linear in ¢, and the canonical energy—-momentum tensor,
denoted as usual as T;,’,, is defined from the terms contracted with ¢ above:

JL . ayl(x) ' B ) B
_61/[(%0]14)) ox _(Lojlq’)”ﬂdm X = —EThd" L,

Similarly to the Lagrangian formalism, all the definitions and results introduced in
Section 2 apply straightforwardly to the De Donder-Weyl Hamiltonian setting by taking
M =]Y1m — E — M for regular field theories or .# = Py — E — M for almost regular
field theories as discussed in the previous section. The concepts of Hamiltonian conserved
quantities (or conservation laws), Hamiltonian (infinitesimal) symmetries, Hamiltonian
(infinitesimal) Noether symmetries, Hamiltonian gauge symmetries, and Hamiltonian mul-
timomentum maps are well-defined for regular and almost regular Hamiltonian systems
(]1*7'[, Qh) and (P(), Qg)

In particular, the Hamiltonian multimomentum map can be obtained by applying
the push-forward of the Legendre map .7.Z to ] #(X¢) or, equivalently, using the .7 .-
projection of Xz and contracting it with the corresponding (pre)multisymplectic form on
the image of the Legendre map. When the field theory under investigation is regular, the
calculation is straightforward, and the Hamiltonian multimomentum map is given as
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72.(02(X) = WFLXe) = —i(FL.X)0
= pl@Ea" &y Ad" Pr) — HEM" M,

where H is the De Donder—-Weyl Hamiltonian function. However, when the field theory
is singular, important subtleties (which are detailed below) arise when projecting vector
fields via #.Z.

4.4. Symmetries in the Presence of Constraints

The projection of Lagrangian symmetries to the Hamiltonian framework is straight-
forward when the Lagrangian is regular; that is, when the Legendre map .% ¢ is a (local)
diffeomorphism. Given a vector field X € X(J'7r) which generates a Lagrangian Noether
symmetry on J'7t; that is, L(X)Q ¢ = 0, the corresponding Hamiltonian symmetry on
J¥* 7t is generated by the vector field obtained from the push-forward by the Legendre map,
Y =.7.2.X € X(JVn); in fact,

0=L(X)Qg =L(X)(FL Q) = FL*LY)] <= LY)O=0,
where the push-forward by the Legendre map .#.Z. is given by the matrix

(Id)mxm (O)mxn (O)mxnm
(O)lem (Id)nxn (0)n><nm

6\ p—
172 = o Ry Ry
e\ ayBayy dyBoys

When the Lagrangian is singular (in particular, almost regular) the primary con-
straint submanifold Py = Im.#.¢ C J'*r, is defined by some independent functions
@1 € C®(J¥*7r). It follows that the null vectors of the Hessian matrix are given by [38]:

(75‘)1 B y"%*gg ’

and since ker.Z.%, c xV(™ (J 1 ), the vector fields I'; € ker.Z#.Z ., can be written using a
local basis for ker.#.%, in natural coordinates on J!7 as

.\ 0
T = () gy
Furthermore, since
ker ZZ, =ker 24 N XV (J'E) C ker Qo N XYM (JUE) = ker Q & Nker w,

it follows that I'; € ker (2 » N ker w and thereby generate geometric gauge symmetries.

In general, the Lagrangian and the Hamiltonian field equations have consistent so-
lutions on the final constraint submanifolds & r C Jim and PrCPhC] begr, respectively,
where .7 £ (S¢) = P. Moreover, vector fields X € X (J'7r) which generate Noether sym-
metries on J!7r must be tangent to S in order to preserve the full constraint structure of
the field theory under investigation; the tangency of X to &y is guaranteed by ensuring
L(X)Qg = 0 (at least on ).

If X is .7 .Z-projectable from J!'7, then, proceeding similarly as in the regular case,
the vector fields which generate Hamiltonian Noether symmetries on Py are given by
Yy = (F L)X € X(Py), and it follows that,

0=L(X)Q¢ =L(X)(FL;R) = ZLLY0)Q)] <= LNYo)=0,
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since .7 ¢ is a submersion. Furthermore, as 7 .Z(8s) = P, the tangency of X to the La-
grangian final constraint submanifold &y guarantees the tangency of Yj to the Hamiltonian
final constraint submanifold Py, as desired.

However, it is not always the case that a vector field on J'7 is projectable onto Py via
FZL. Asitis well-known, the necessary and sufficient condition is that [X, Y] C ker .#.%,,
for every Y € ker Z.Z,. Recall that a function f € C*(J!7) is # #-projectable if, and only
if, L(T'y)f = 0. It follows that, locally, a vector field X € | L7t can be splitas X = X° +,
where Y € ker .#.Z,; then X is # Z-projectable if, and only if, the component functions
of X° are .Z .Z-projectable functions on J!7r. Furthermore, it is sometimes the case that a
vector field on J17 is not .7 Z-projectable as a result of a dependence of some components
of X? on the functions which define Lagrangian constraints on | 177, When this occurs, it is
natural to project such a vector field to J'*7 from the constraint submanifold defined by
the aforementioned nonprojectable constraint functions. It is also important to note that
SOPDE Lagrangian constraints are not .# .Z-projectable (see, for instance, [43]).

The following (commutative) diagram depicts the projection of Lagrangian constraint
submanifolds of J'7r to Hamiltonian constraint submanifolds of J* 7

FL
J'r JHr
i L T
S fo
s’ T

On the left-hand side of the diagram, the Lagrangian constraint algorithm starts with
compatibility constraints (if they exist) which define the constraint submanifold S;. The
next step in the algorithm is to impose the SOPDE condition which may produce additional
constraints which define the constraint submanifold &7. The rest of the algorithm continues
by imposing tangency of the multivector fields which are solutions to the field equations
to each constraint submanifold that appears, which may produce additional constraint
submanifolds until imposing tangency produces no new constraints (at which point the
constraint algorithm terminates). If no SOPDE constraints arise at the second stage of the
algorithm, then the tangecy constraint submanifolds are S, ..., S¢; if SOPDE constraints do
arise at the second stage of the algorithm, then the tangecy constraint submanifolds are
S, Sy

On the right-hand side of the diagram, P, is the primary constraint submanifold
produced by the Legendre map .#.Z, while P; is defined by the compatibility constraints
(if they exist), and P,, ..., Py are the constraint submanifolds produced by the tangency
condition. Since SOPDE constraints are not .#.Z-projectable, the Lagrangian constraint
submanifolds S; and &; land on the same Hamiltonian constraint submanifold P; when
acted upon by the Legendre map.

As mentioned earlier, a vector field which produces a Noether symmetry on | 1y may
be .# Z-projectable only from some of the Lagrangian constraint submanifolds S; (or §;). If
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this is the case, then the vector field produced by the push-forward of the Legendre map is
a vector field on the corresponding Hamiltonian constraint submanifold P;. Furthermore, a
Noether symmetry may exist only on one of the Lagrangian constraint submanifolds S; (or
§;). If this is the case, then it follows that on the Hamiltonian side, the Noether symmetry
exists only on the corresponding constraint submanifold P;. The collection of different
scenarios of how symmetries behave in the presence of premultisymplectic constraints are
listed as follows:

1.  There exists some X € X(J'7) such that L(X)Q ¢ = 0 and is .#.Z-projectable only
from the constraint submanifold 8¢ < | 172, Then, on the corresponding Hamiltonian
constraint submanifold Py C P, there exists the vector field Y = #.2. X |5f € X(Py)

such that L(Y) QY| p; = 0. Furthermore, the vector field X € X (J'7r) may or may not
be the local extension of some Z|s, to | 7t for some Z € X(J' 7).
2. There exists some X € X(8y) such that L(X)Q¢l|s, = 0, and X is .#.Z-projectable

only from §y. Then, on the corresponding Hamiltonian constraint submanifold
Pr C Py, there exists the vector field Y|pf = ﬁf*XL;f € %(Pf)|pjr such that

L(Y)Qg’pf = 0. Furthermore, it is possible to construct a local extension of Y to

Py, denoted as Y € %(Py), but X € X(J'7r) may or may not be the local extension of
some Z|s, to J' 7t for some Z € X(J' 7).

In the following sections, various field theories are worked out as examples whose sym-
metry structures in the presence of constraints exhibit special cases of the scenarios
described above.

5. Some Examples

In the next sections, we summarize the main results about gauge and Noether symme-
tries and their associated conserved quantities (given by the corresponding multimomen-
tum maps) of some differents and known classical field theories in theoretical physics. For
the details and calculations of the systems studied in Sections 5.1, 5.4 and 5.5 see [38].

5.1. Bosonic String Theories

Now spacetime M is a smooth (d + 1)-dimensional manifold endowed with a space-
time metric G, with signature (— + - -- 4). The string worldsheet X is a smooth two-
dimensional manifold and has local coordinates ¢ with a = 0,1. The fields x# (o) are
the scalar fields on X given by the embedding maps X : £ — M : ¢® — x#(0) (see [44]
for a thorough presentation and discussion on String Theory); so the configuration bun-
dle E over X is E = X x M, with natural projection 77 : E — X whose sections are
L —ExM:0" — (0 x#(0)). The Lagrangian and Hamiltonian phase bundles
Ji7t and J'7t* have local coordinates (c?, x¥, Xy ) and (07, x#, pf,), respectively, and the jet

: i1 1 a a .U oxt
prolongations are j'¢p : X x M — 't : 0% — (a Xt (o), w(a)).
The bosonic string theory is described by the standard Nambu—-Goto Lagrangian density

£ = L(0" ", x)d*c = —T\/—detg d*c = —T\/—det(Gux}x}) d*c,

where T is called the string tension. This Lagrangian is regular as can be seen directly from
the regularity of the multi-Hessian matrix

2L

e = — T /—detg {ngb” _ GyaGpvx?xf (gbagci +gcbgai o gcagbi)} , (21)
dx; 0},
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where g" = (g1 = d(jtg €"e¥¢,.. The Lagrangian energy function and the Poincaré—
Cartan forms on 17t are
Ey = iixg —L=-Ty/—detg gub - 1 = —Ty/—detg,
dxy
0y = :xLa dx* Adlo, — Ey Ad% = —T\/—detg [Gyvgbadex” Adlo, — dza} ,

Ny = T{ \/ —detg {ngb“ — GuaGpyxcx; (gb“g“ + g%t — g“‘gbiﬂ dxb Adat A dle,

—i—% <\/ —detg G;,ng“x’g)dxp Adxt Adle,

_ /—detg {Gw/g _ GyaGﬁyxlX ﬁ (gbagcz +gcbguz gcugbz>}x£ldxz A dZU'

[a a(w/ detg Gug"'x V)+ V/—detg " xéxfd Gaﬁ]dx”/\dzcr}.

Writing h, = (1) * gap, the resulting Euler—Lagrange equations are

ox* oxP 0G
0 = —v—deth hb“a; e (\/det Gwhb“ )

P
+ (\/ deth Gwhb” )ax

do?

9x* 9xP ; ‘ KL
b b b b
I —deth {Gwh a_ GWGﬁVﬁ 5o (h Che + hPh — W) l)} e

The Legendre map .#.% : J'mr — J'7t* gives
FL*0" =0, FLxM = xH, 53,,%* = —Ty/—detg ng Xy,
which is invertible due to the regularity of the generalized Hessian (21). Using that
I = G"Vp;i;aﬁ = FZLT% = —T?detg g™

—
F L*detl] = (—T?detg)*det(g™!) = T*detg,

and that I'l,, = ﬁecbeduﬂc”l, it follows that

_ 1
(21l = —7V —detlT G*'I1ppy, ,
and therefore, the De Donder-Weyl Hamiltonian function is
_ _ 1 o
H(o" x¥, py,) = pi(F & Yl — (727 Y)'L = —T\/—detH € Co(Jth).
Then, the Hamilton-Cartan forms on J!* 77 are given as
On = phdxfA dlo, — HAd%0 = prdxl A dlo, + — \/ —detIT d?c,

Qn = —dpiAdxtadlo,+dHAdY

v/ —detIT

= —dpy Adxl A dlo, — 7

I, (;aprUpf,pgde + Gwpﬁdp;) A d%o.
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The field equations are the Hamilton-De Donder-Weyl equations given by

apy,  /—detll dxt  /—detll
aale - Tnbaaﬂcpapng =0, 307 + fnbacwl’ﬁ = 0.

The worldsheet diffeomorphisms are produced by transformations ¢ + ¢%(c); so the
vector field § € X(X) which generates the worldsheet diffeomorphisms is given by

f— - exm)

dot

Then, & € X(Z) can be lifted from X to the trivial bundle E = £ x M and from E to J'7r as

9 _ _ad  p0gt 9 1
5oa € X(E), Xe=-¢ e +xbaaﬂ ™ € x(J'm).

Ce=—¢"

It follows that the field variation given by the generalized Lie derivative (8) of the local
U

oo’
L(Xz)Z =0 = L(Xf)@g =0,

sections ¢ : £ — E with respect to ¢ is 6 X" (o) = —¢" Furthermore,

so the multimomentum map on J!7 is
J#(Xz) = —i(Xg)@g = -T *detg(%cCCngb“dex” + fj“dlaa) e OV (J'r).

The vector field Yz = .7 .2 Xz € X(] 17%) which generates the worldsheet diffeomorphisms
on J¥*7r takes the form

0
dot

- %\/fdetH GM Ty ph ¢ 9

a 9g*
Y, = - & 2,
¢ 6 a(raapﬁj

and the corresponding multimomentum map is
. 1 %
Jn(Yg) = —i(Yp)®p = €qcl“pjd!' — v/ —detll &dle, € QY ).
On the other hand, spacetime diffeomorphisms are generated by the vector field

(=02 e (M),

whose canonical lift from M to E and from E to J!7 are

d d d
_ _ru —_mm Y vy u Y 1
e =05 €X(E), Xp =050 X ds o € X('),

Then, when ( is a Killing vector field on M, it follows that

T ]
L(Xg)g = E,/—d_etg gbaxeg L(é)GWdthéE = —gym €EE=0 = L(Xg)@_iﬂ =0,

and this means that spacetime isometries produce exact multisymplectomorphisms. So,
the multimomentum map on J!7 is

J2(X7) = —i(X;)® .y = T+/—detg G, GMxjctdlo, € Q'(J' 7).
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Furthermore, the exact multisymplectomorphisms of J*7r are generated by

9

= Z = — M
Yg Jf*Xg ¢ FY¥T

1 9y 9 «
+ ?\/—detH G Iy, p ﬁ T e x(J¥*n),

and the corresponding multimomentum map is given by
In(Yg) = =i(Y0)On = —pj, ¢ dlog € QN 7r).

5.2. Yang—Mills Theory

The Yang-Mills theory with non-Abelian gauge group SU(N) takes place on a four-
dimensional Minkowski spacetime manifold M endowed with the Minkowski metric
fuv of signature (— + ++). The gauge connection is denoted as A, = Ajt,, where
t, are the generators (in some matrix representation) of the corresponding Lie algebra
g = su(N). These generators satisfy [t;,t] = fi.ts (4 = 1,...,dimG), where f{ are the
structure constants. Then, J!7t has local coordinates (x*, A%, Aj,), while on | L7, they are
(x#, A?, h"). The Lagrangian density is

¥ =Ld* = —iFfVFﬁVd‘lx c *(Jin),

where Fj, = A}, — Ay, — fgcAﬁAf/ give the non-Abelian field strength curvature tensor
when pulled back by j'¢. The Yang-Mills Lagrangian is singular as the multi-Hessian
is singular:

9’L

) HO VP _ P VoY
971,94 an (10" —nHn"7)

Using the notation in which rank-2 tensor components split up into their symmetric part
Vi) and antisymmetric.: part V[M.v] as Viw = Vi) + Vi, it is evicllent that. the relev-ant
null vectors of the Hessian matrix above form the set of symmetric spacetime matrices

{Vio = Vi }-

The Lagrangian energy function E o € C*(J'7r) and the Poincaré-Cartan forms on
Jim are

1
Ey = —F'Aj, + ZFf”F;jV.
1
@y = —FdAIAdx, + <F;”A,ZV — 4F;VP;:V) dix,
Qg = —(h7y'e — yhey'o) (dAaW + fabcAf’,dA;) NAAL A x, — fiFY ALAAS A dx

+(py e — yey7) AL (dAG, A dix o+ frAbdAS Adlx).
The resulting field equations are the Euler-Lagrange equations,
Dk =0,
h [ — a a C
where D)), = Py Ay |-

The Legendre map .Z.% : J'7r — J'* 7 is almost regular, and its image is the primary
constraint submanifold Py C J'*7r defined by

FL " = —F". (23)
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It follows that, as F}" = Fa[” V], the image of 7. gives (") = 0. The Hamilton-Cartan
forms are

@ = Al Adlx, — ( flm Al A - ;n,[f‘”] nfw]>d4x,

fol —dn[[fw}/\dA,’iAdaxy—f—[ (froabas —mt,,) ) amd™ + frmd" abdag | ndtx.

There are no Hamiltonian constraints other than the primary constraints (23), hence Py = I,.
The (Hamilton)-De Donder-Weyl field equations for this theory are

dA% 1
=0, 5o 5 (i — fieanas) =0

dx# 2

The SU(N) gauge fields transform as

o9x ax?
0A, = pyeT +[AwX] =Dux . A= abﬁ —fbebA‘;l = D”bxb ,

The vector field which generates the SU(N) transformations on E is

d
XE = D7yt 547 € X(E),

the canonical lift of X)E to Jlrmis given by

3 aDe xb 3
_ AvwE _ _pa b _ vb _ga pc b 1
XX =] XX =-D bX aAu ( dxh beA}H/X ) BAﬁV < x(] 7-[) ’

and the .7 Z-projection onto Py C J¥7t, Yy = Z.Z. X, € X(By), is

0 oD% x? 1
b b b ad
Y, = —D“h)( JAT a;by + Effh)( (nfw] — foeX AyAi)

up sva _ spua svp
(5 8 — ghes >an£;"/3]'

The corresponding multimomentum maps are
Jz(Xy) = —i(X)0g = —F'Djx’d’x, € Q*(J'7),
Ry = —i(Yy)e) = nl"Diyxd’x, € *(Py) .

Yang-Mills also exhibits spacetime isometries as a Noether symmetry. The infinitesi-
mal version of this symmetry begins by lifting Killing vectors, in this case of the Minkowski
0
metric, & = —&M(x )— € X(M), to the configuration bundle,

9 & 9
__FH azo
Ce=—¢(x )axV AV&xV aA;g € X(E).

It follows that the canonical lift to the multivelocity phase space J! 7 is given as

, 3 aE d ag" 9"\ 9
—lx _ _ap — a —
Xe=j'¢e = —8"(x)5 o + Al 2 adg " <Avua o +APV8xl‘>8AZH ’

and the corresponding multimomentum map on J! 7 is
Jo(Xg) = —i(Xg)0g

age 1
= RALY ~d%xy + E)YEPAAL A APy, + (F”VA“ — 4P;VF””>gPd3xp
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The .7 £ projection of X is

+r PP {(ﬂb[w] frea Ay A ) g(:p (ﬂh[up] - fbchf/Aﬁ) gg;} a;}gﬂ(m ,
and the resulting multimomentum map on Py C J'7t* is
1Y) =~ ag agv &, — mlMepd Al A dx, ( s, + 1%,,] i’ V])C"d3

5.3. Chern—Simons Theory

For the multisymplectic treatment of the Chern-Simons theory with the Abelian gauge
group U(1), see [16]. Consider Chern-Simons theory in 2 + 1 dimensions with gauge group
G = SU(N), dimG = N? — 1. The gauge connection is denoted as A, = Afta where
t, are the generators (in some matrix representation) of the corresponding Lie algebra
g = su(N). The generators satisfy [t;, t.] = f/.ts,a =1,...,dim G, where f{_ are structure
constants. Then, J!7t has local coordinates (x#, A%, AZV). Now, let A = A,dx# € Q(J'n)
and F = 3F,,dx* Adx¥ € O2(J ), with F, = 2A1 + %[AH, Ay]; so the Chern-Simons

Lagrangian density is

L =L(x", Ay, Ayy)dsx =Tr [F ANA— %A ANANA A} = e"PTr [AWAP + gAyAVAP} d3x
nvp 1ab1bucd3 1yvp ubzbacd3
=ePau _ZFHVA + ngdAMAVAP d°x = —5€"gap A Ap + ngdAHAVAP d’x,

where the trace shown above is ad-invariant on the Lie algebra and can thereby be taken

using the Cartan-Killing metric g, = —2Tr(t,t;) on g. This theory is singular as the
Hessian is
2L
dA1,0AL,

The Lagrangian energy and the Poincaré-Cartan forms are given by

oL 1 -
Eg=-——AS, —L=2e"g,flAL AL AL € C®(]'n),
AL, 3

1 1
Oy = —ePg,, [2AgdA3 Ad2x, + 3 ffdA;’lAﬁAng’x} ,
Qg =gy BdAZ NdAY A dPxy, + fO AL AAAT A d3x] :

The Lagrangian constraint in this theory arises from imposing the SOPDE condition on the
multivector field solutions to the Lagrangian field equations, giving the following constraint

el'? (gabA;iv + gdbfcbaAiAf/) =0,

which defines the submanifold 8 C | 17t The tangency condition on this submanifold
gives no new constraints.

The multimomentum phase space J* 7 has local coordinates (x#, A2, Th"), and the
Legendre map Z.% : Jimr — Jir* @ (x#, A%, Aly) — (M, AY, g 1") satisfies

1
07 etg,al,

* MV __
FL _aAgw_ 2
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which means that the image of .# Z is the submanifold Py C | L 71 defined by the constraints
 + 1e’”P Al =0
a 2 8ab o — Y
Thus, local coordinates on Py are (x*, A7). The De Donder-Weyl Hamiltonian function is
1 0
Hy(x#, Ay) = geP’VpgabffdAZAﬁAg € C®(P),
and the Hamilton—Cartan forms on Py are
@0 — Hnvp 1AbdAa d? 1 b Aa AcAdd3
h = —¢€ gubi pdAy A xﬂ+§fcd pflyApdix |,
1
Q) = Py, [szg NAA) A dxy + fo AL ASAAS A d%} .

There are no further Hamiltonian constraints other than the primary constraints and
F£(8f) = Po. The field equations in both the Langrangian and Hamiltonian settings are

Mg (ayAfj +f§CAiA5> =0= F5, =0 = Fy,=0.

The gauge symmetry group SU(N) of the Chern-Simons theory produces infinitesimal
transformations

SAu = Dux =dux+Aux] , AL =Dix" = 80ux" — fix" A

where x = x*t;, € C®(M). The vector field which generates the SU(N) transformations on
Eis

d
Xy = —Dix"

€ X(E),
x 0A4

whose canonical lift to J'7 is

) oD", x* )
. b b b
XX = ]1X§ = —DZhX aAﬁ — ( a;” _féle;vX >(,M%U c %(]171?),

and its .#_.Z-projection onto Py C J'*7t is

d
Yy = FL Xy = *DﬁbxbaAa € X(Ry).
Finally, the corresponding multimomentum maps arey
: 1
J2(X) = —i(X)0y = —5elPgy ALDI P, € OX('),
, 1
RO = —i(0)0) = —2e™g ALDYx dxy € Q') € O2(Ry).

Exactly as in the Yang-Mills theory, spacetime diffeomorphisms which are isometries

are a Noether symmetry generated by the Killing vector field { = —¢# (x)% € X(M).
The canonical lift to the configuration bundle E is

3 3 d
= _CH _— a
gE g (X) oxH + Al/axy aAz € x(E) ’
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which can be lifted again to J!7, giving

. d 9" o agv ag"\ o
= 1 — _CH R a - a a ~o 1
Xe=jte =" Wgm T Agmaa t (AW oxe T v axu> aag, < XU,
as before. The corresponding multimomentum map J #(Xz) € Q2(J'7) is

Jo(Xe) = —i(Xe)Og
Hvp 1 uaémZ T3 A0 1 1 b 2o pa go pd 2
= g | 5 AP AS 5 APy +E7dAT A d x| — S fLET AL AT AL X

Furthermore, the projection of Xz € X(J ) to Py C Jlmr*is

SN S A B,
oxH " oxt 9AY,
The resulting multimomentum map J (Yz) € Q2(P) is
Rz = —i(Y)ey
= gy, {1Ab (A” 9 42y, + c0dAT A dlx ) — Lpb o a8 A add2y
27 T 9xV 4 v Ho 3/cd uttviip [y

5.4. Electric Carrollian Scalar Field Theory

Consider two scalar fields ¢(x) and 7(x) which are given as the local sections ¢ :
M — E: xM — (x¥,¢(x), m(x)) of a configuration bundle 77 : E — M : (¢, r) — x#, where
M is an m-dimensional spacetime manifold with Minkowski metric #7,,,. Now, take the
electric Carrollian contraction of the following Lagrangian,

1 1
L=npy— 57 = S’ € C°(J'), (27)
by making the field redefinition ¢(x) — c¢(x), (x) — 17(x), and taking the limit c — 0
for the speed of light. It follows that the Minkowski metric becomes degenerate:

ds® = ypdat @ dx’ = —c?dx’ @ dx® + 5jdx' @ dY) — §;dx’ @ dl. (28)

The Lagrangian function L € C®(J'7r) which is obtained from the electric Carrollian
contraction of (27) is

1
L:mpo—inz,

which is the electric Carrollian scalar field Lagrangian studied in this section. This La-
?L L 9L
Opudp,  Om,omy,  OmuOPy

function and the Poincaré—Cartan forms are

grangian is singular since = 0. The Lagrangian energy

1
Ey = Enzec‘”(]lrc),
1
0, = ndg{;Adm*lxo—Enzd’”xeQm(]ln),
Qg = dpAdrAad"'x+ndr Ad"x € Q"] ).

Again, the compatibility of the Lagrangian field equations produce two SOPDE constraints

=0 , 4)0*7'(20,
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which define the constraint submanifold 8 C | 17, and the tangency condition on this
submanifold gives no new constraints.

The Legendre map is
oL ;oL oL
a * 0 = — = Z *pt = — = Z% * = ==
FL Py = 390 T, FZL Py 0, 0, FL%% any 0,

and gives the primary constraints
pg,—n:o, pfpzo , p’ftzo,

which define the submanifold Py C J!7* with local coordinates (x*, ¢, 77). The Lagrangian
function L is almost regular, and the De Donder-Weyl Hamiltonian is

1
Hy = E?‘L’2 S COO(P()) ,

and the Hamilton-Cartan forms are
@) = mdpAd™ lxg— %nzd’”x e Q"(P),
Q) = dpadrAd™ txg+ mdr Ad"x
The spacetime symmetries are the Carroll transformations [26]

=20 p kK =x +eijxj = M =Cha, (29)

where C =1, C% = by, Ck; = 0 and (Cl ) € O(d). These transformations are represented
infinitesimally by

Chy =4 +éy, (30)
so that now by = €Y is infinitesimal. Up to linear terms in ¢’ (x") = ¢(x) and 7’ (x') = 7(x),
the infinitesimal transformations of the fields are

op X 84) ;0
— 4/ _ —
op(x) =¢'(x) — p(x) = —e“ﬁxﬁa L= —bx 930 el.x]a -
an o ; jOT
— _ k
ort(x) = ' (x) — m(x) = —€ ﬁx’S —bex a5 - e’ axl

Furthermore, -
P(x') = S u(x) = (C-x) = (CT)u(x),

where C = (C!)) and C - x = C!,x; hence,

99
0y (x) = ¢y (%) — p(x) = —€upy — eprP o0,
om
_ M
6ty (x) = 7, (x) — 7ty = —€Yy 11y — e”‘ﬁxﬁ P
Component-wise,
_ 9o _ . k90 _ k9o
S¢o(x) = —eﬁxﬁa = —byx 550 € x]a T
90
591(0x) =~y — e8P 20 = gy — ek — bk 200 001

and similarly for the components of 677, (x). Under the transformations presented above,
the Lagrangian transforms as 6.2 (x) = —0q (e“ﬁxﬁf (x)) These transformations are
produced by the Lie derivatives of the local sections ¢ : M — E and j'¢ : M — J'rtby a
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vector field { = —¢#(x) % € X(M) which generates the Carroll transformations; where

now &M (x) = el xv is given by (29) and (30). The vector field which generates the Carroll
transformations on the configuration bundle E is

0
gE = —Euvwi S f(E) ,

while the canonical lift of & to J'7t is given by

d 0 p)
N . v v
A N A r o T
.0 .0 . 9 ) 5
= —bxt— — ety — . Jp\ 2 ) J o 1
bix 920 €X pY¥ + (bzfl’o +€14)]) Y + (blno +€’n])787'c1- e xX(J'n).

Evidently, X is tangent to the constraint submanifold & since L(X)(7 — ¢o) = 0 and
L(X) 7y = 0. Finally, since L(X).Z = 0 = L(X)©®_¢ = 0, the momentum map J ¢ (X) corre-
sponding to the Carroll spacetime transformations in the Lagrangian setting is given by

Jz(X) = —i(X)Og

o 1 . o
= —e’jx]ndgb Ad"™ 2y — 5712 (b,»xld’”flxo + eljx]dmflxo e " (Jin).

In the Hamiltonian setting, which takes place on Py C J'7r*, the momentum map
12(Y) € Q"1(Py) is constructed using the vector field
u. oy 0 ; 0

Y
Y - ygo*X: —€ VXVW = _blx ﬁ —el]'x]@ c :{(PO)

As in the Lagrangian setting, L(Y)®) = 0 and J{ (Y) is given by

o 1 , o
RY) = —i(Y)e) = —e'xrdg A d" 2 xp; — Enz (b,'xldm*lxo + e’jx]dmflx,-).

5.5. Magnetic Carrollian Scalar Field Theory

The magnetic Carrollian contraction [26] of the canonical Klein-Gordon Lagrangian
is performed by reinserting the factors of ¢ (speed of light) into the Lagrangian (27) and
taking the limit ¢ — 0. The Minkowski metric (28) becomes degenerate as in the electric
Carrollian scalar field theory. The Lagrangian function L € C*(J!7r) obtained from taking
the magnetic Carrollian contraction of the canonical Klein—-Gordon Lagrangian (27) is

1 .
L = gy — §<Pi¢l-

This Lagrangian is singular since the components of the Hessian matrix (with respect to the
multivelocities) are

i 0’L o’L

2L 2L 2L B

- O’ - 0/ - 7 - 7 - 0'
9oy 0pooP; 847184)] aﬂyaﬂv aﬂya()by

The Lagrangian energy function and the Poincaré—Cartan forms are now

1 )
Ey = —5¢ip' €C™(]'m),

Oy = mdpAd™ lxg—¢'dpAd™ x; + %@-qfd’”x e "(J'n),

QD
N
|

dp Adm Ad"™ Txg 4 def Adg Ad™ T + pldg Ad"x € Q" (),
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and (2 ¢ is a premultisymplectic form. Imposing the SOPDE condition,
Ci—mp=0 , ¢o=0.

The first equation gives a relation for the coefficients C!, and the second one is a SOPDE-
constraint which defines the constraint submanifold S; < J'71, and no more constraints
arise from the constraint algorithm.

The Legendre map .#.% : ['7t — J'7t* gives the multimomenta

Y Y : .
33317%:8770271, yfp;:@:—¢l, 9‘3%‘127:0_

It follows that pg — 7t = 0 and pl = 0 are primary constraints which define the primary
constraint submanifold Py < J!7t* with local coordinates (x*, ¢, 7T, pfp), and the Lagrangian
is again almost regular. The De Donder-Weyl Hamiltonian Hy € C®(Py) is given by

Ho = —%qui;ﬂ;,
and the Hamilton—Cartan forms on P are
@) = mdpAd"™ lxg+ phdp Ad"x + %p(,,ipf,,dmx € Q"™(Ry),
O = dpAdrAd" 'xg+dp Adpy Ad™ i — peidpy Ad"x € Q"TH(R).

The Carroll transformations which are symmetries for the magnetic scalar field theory
are written slightly differently than for the electric scalar field and are

o o o
- _ B — k —_
o (x) = —egx 3t = —byx 30 e x]a =
o ; o7

dr(x) = —e"‘ﬁxﬁw —bi¢p' = —bkxkﬁ — e Fi big',

_ 9¢o k9% _ k. j9%0
Spo(x) = —epr 35 = —bix' 35 — el L

opi _ opi 99i

Si(x) = — l¢v—eﬁxﬁ L= —bio — ek — by xk ’—ek ]ax’i'

Under these transformations, the Lagrangian transforms as 6L(x) =

]
5 (e”‘ﬁxﬁL(x)).
Notice that the field 77(x) no longer transforms as a Carrollian scalar; instead, 77(x) trans-

forms under a Carroll spacetime transformation —G“ﬂxﬁ% plus a term —b;¢’(x) which

cannot be represented on E. The field transformations behave geometrically as the Lie
derivatives of the local sections j'¢p : M — J'7t. The vector field generating the Carroll
transformations on J17r is

X = —€lx’ 9 —i—bigbiai —i—evy(,by J + €'y 5 — J

oxt Py Ty
0 ;0 ?
S +b¢y+(b¢0+€z¢/)$+€ nva—ex(jln),

which is tangent to the constraint submanifold S; C J'7, given by the constraint ¢y = 0,
since L(X)¢o = 0. Furthermore, although the vector field X leaves the Lagrangian density
invariant (L(X).Z = 0), it does not produce an exact Noether symmetry as

L(X)@y = b'po(¢id"x — dp A d" 'x;).
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Moreover, the vector field X as written above on all of J! 77 is not projectable onto Py C J!7t*.
Instead, X on S; given by

- . .9 .0 i d d
[ P S S Y ]' L v 7
Xls, b;x 550 €Y 5 + bip Py + €, 39 —l—eﬂnvaﬂ# , (31)
is F £ y-projectable onto Py, giving
; 9 ; ;0 ; 0 i j 0

Now, letting X be the local extension of X| s, to J17t whose coordinate expression given by
(31), it follows that L(X)@ o =0on Jlm Itis thereby possible to define the momentum
maps, giving

Jo(X)=—-i(X)®y = - (eijxjn + bjqubi)dfp Ad™ 2xg; + <pi€jkxkd<p Ad" )
+%cpi<pi (bkxkd'”flxo + e"]-xfdmflxk) e Q" Y('n),

Ry)=-iv)e) = - (ei]-xjrc - b]-xjpfp> dep A d"™2xg; — pfpejkxkdgb A dm_zxij
+%p¢ipfp (bkxkd’”’lxo + ek]«xfd’"’lxk) e Q" 1(py).

6. Conclusions

One of the primary objectives achieved in this work is the precise connection of how
classical field theories are studied in the standard physics literature and how they are
treated in the more modern works of (pre)multisymplectic geometry. This work provides
a general overview of Cartan (Noether) symmetries present in (pre)multisymplectic ge-
ometry and how they are used to describe Noether symmetries in classical field theories
both in the Lagrangian and DeDonder-Weyl Hamiltonian formalisms. In the literature
of differential geometry, the treatment of Cartan symmetries is well-known [9,14,16,17].
However, subtleties arise in the treatment of Noether symmetries of field theories whose
Lagrangians are singular; the constraints of such singular field theories are obtained from
the premultisymplectic forms of the corresponding multiphase spaces [38]. In particu-
lar, the analysis of Noether symmetries in the presence of the constraints is described in
this paper.

More specifically, the Noether symmetries of classical field theories developed on the
relevant (pre)multisymplectic multi-phase spaces are encoded by their conserved quantities,
called multimomentum maps (as described by Noether’s theorem). The construction of the
relevant multimomentum maps is carried out explicitly for various singular field theories
that are important in theoretical physics. These multimomentum maps give the standard
Noether currents of classical field theories when pulled back by local sections which map
from the base space of the bundle structure to the multi-phase spaces. Furthermore, the
multimomentum maps associated with gauge symmetries are essential for carrying out a
desired symmetry reduction procedure (or gauge fixing), e.g., [19]; the formal development
of such symmetry reduction procedures in premultisymplectic field theories continues to
be an open area of research (see, for instance, [18,45,46]).
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Appendix A. Multivector Fields on Manifolds and Fiber Bundles
(See Refs. [37,47,48]). Let .# be an N-dimensional differentiable manifold. The m-
m

multivector fields in .# (m < N) are the sections of the m-multitangent bundle /\ T =

m
D ———

T N... N T//z ; that is, the skew-symmetric contravariant tensor fields of order m in .#;
the set of which is denoted X" (.#). Then, if X € X" (.#), for every point j € .#, there is
an open neighbourhood U C .# and Xy, ..., X; € ¥(U) such that, for m < r < dim .Z,

Xu= Y, fmX, AL AX

1<ip<..<iy<r

i 7

with fi1-in € C®(U). In particular, X € X" (.#) is said to be a locally decomposable mul-
tivector field if there exist Xy, ..., X, € X(U) such that X|;; = X1 A ... A Xj,. The locally
decomposable m-multivector fields are locally associated with m-dimensional distributions
D C T.#, and this splits X" (.#') into equivalence classes {X} C X" (.# ) which are made
of the locally decomposable multivector fields associated with the same distribution. If
X, X" € {X} then, for every U C .#, there exists a non-vanishing function f € C®(U) such
that X’ = fX on U.

If Q) e QF(A) and X € X"(.#), the contraction between X and () is the natural
contraction between tensor fields; in particular, it gives zero when p < m and, if p > m,

i(X)Q |y:= Yoo XA A X)) Q= Yoo (X)L i(Xq) Q.

1<ip<...<iy<r 1<ii<..<iy<r
The Lie derivative of () with respect to X is the graded bracket (of degree m — 1)
LOX)Q = [d,i(X)]Q = (di(X) — (~1)" (X)) Q.

If X € X(.#) and Y € X/(4), the Schouten-Nijenhuis bracket of X, Y is the bilinear
map X, Y — [X, Y], where [X, Y] is a (i + j — 1)-multivector field obtained as the graded
commutator of L(X) and L(Y); that is,

L([X, Y])Q2 := [L(X),L(Y)] Q.

This is an operation of degree i 4+ j — 2 which is also called the Lie derivative of Y
with respect to X, and is denoted L(X)Y := [X,Y]. Furthermore, if Y € X(.#) and
X € X"(4), then

i([Y, X)) = L(Y) i(X)Q — i(X) L(Y) Q. (A1)

Now, let 0: .# — M a fiber bundle. A multivector field X € X" (.#Z) is o-transverse
if, for every p € Q" (M) such that B,y # 0, at every point p € .#, we have that
(i(X) (7% B))p # 0. We are interested in the integrable multivector fields, which are those
locally decomposable multivector fields whose associated distribution is integrable. Then,
if X € X" () is integrable and o-transverse, its integral manifolds are local sections of the
projection ¢: .# — M.

In the particular case where .# = J'7r and we have the jet bundle ': J'mr — M; an
integrable multivector field X € X" (.#) is said to be holonomic if its integral sections are
holonomic sections of 7t'.
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