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Abstract

One approach to studying the dynamics of a singular Lagrangian system is to attempt
to regularize it, that is, to find an equivalent and regular system. In the case of time-
independent singular Lagrangians, an approach due to A. Ibort and J. Marin-Solano is
to use the coisotropic embedding theorem proved by M.J. Gotay which states that any
pre-symplectic manifold can be coisotropically embedded in a symplectic manifold.
In this paper, we revisit these results and provide an alternative approach—also based
on the coisotropic embedding theorem—that employs the Tulczyjew isomorphism and
almost product structures, and allows for a slight generalization of the construction.
In this revision, we also prove uniqueness of the Lagrangian regularization to first
order. Furthermore, we extend our methodology to the case of time-dependent singular
Lagrangians.

Contents

1 Introduction . . . . . . . . e e e e e
2 Preliminari€s . . . . . . . . . e e e e e e e e e e e e
2.1 Distributions and foliations . . . . . . . . . .. ...

B R.Izquierdo-Lépez
ruben.izquierdo @icmat.es

M. de Leén
mdeleon @icmat.es

L. Schiavone
luca.schiavone @unina.it

P. Soto-Martin

pablo@soto.es

Instituto de Ciencias Matemadticas, Campus Cantoblanco, Consejo Superior de Investigaciones
Cientificas, Calle Nicolds Cabrera, 13—15, 28049 Madrid, Spain

Dipartimento di Matematica e Applicazioni Renato Caccioppoli, Universita degli Studi di Napoli
Federico 11, Via Cintia, Monte S. Angelo I, 80126 Napoli, Italy

3 Real Academia de Ciencias Exactas, Fisicas y Naturales de Espaiia, C/Valverde, 22, 28004 Madrid,
Spain

Published online: 16 September 2026 @) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13324-026-01261-z&domain=pdf
http://orcid.org/0000-0002-8028-2348
http://orcid.org/0009-0007-8747-344X
http://orcid.org/0000-0002-1817-5752
http://orcid.org/0009-0001-6958-3182

125 Page 2 of 62 M. de Ledn et al.

2.2 A Tulezyjew isomorphism for foliations . . . . . . .. ... ... Lo
2.3 Tan@ent StrUCIUIES . . . . .« t v v v vt e e e e e e e e e e e e e e
2.4 JetSUCIUIES . . . . . . . o v i it e

3 Regularization of autonomous SYStemS . . . . . . .. ..o e e e e e
3.1 Symplectic Hamiltonian syStems . . . . . . . . . . it e
3.2 Coisotropic regularization of pre-symplectic Hamiltonian systems . . . . ... ... ... ...
3.3 Coisotropic regularization of degenerate Lagrangian systems . . . . . . ... ... .. .....
3.4 Existence and uniqueness of Lagrangian regularization . . . . .. ... ... ... ... ....

4 Regularization of nON-autonomous SYStEMS . . . . . . . . ...
4.1 Cosymplectic Hamiltonian systems . . . . . . . . . ... i
4.2 Coisotropic regularization of pre-cosymplectic Hamiltonian systems . . . . ... ... ... ..
4.3 Coisotropic regularization of non-autonomous Lagrangian systems . . . . . .. ... ... ...
4.4 Existence and uniqueness of Lagrangian regularization . . . . . ... ... ... ... .....
4.5 Examples . . . ..o
4.5.1 Trivializedbundles . . . . ... ... ... L L

4.5.2 Degenerate MetriCs . . . . . . v v v v it e e e e e e e e e e

5 Conclusions and furtherwork . . . . . ... ... L L L L L
References . . . . . . . . . e

1 Introduction

One of the greatest successes of symplectic geometry has been to serve as a setting for
Hamiltonian mechanics as well as its Lagrangian description. Indeed, a Hamiltonian
function is just a function H defined on the cotangent bundle T* Q of the configuration
manifold Q, such that the Hamiltonian dynamics is provided by the corresponding
Hamiltonian vector field Xy obtained using the canonical symplectic form wg on
T* Q [1, 19], say

i Xy Wo = dH .

In the Lagrangian picture, given a Lagrangian function L on the tangent bundle T Q,
one obtains a differential 2-form wy, such that the equation

ig, o =dE

provides the Euler-Lagrange vector field &7 [19].

We need to make two clarifications about this last equation: (1) wy, is symplectic
if and only if the Lagrangian L is regular (the Hessian matrix of L with respect to
velocities is regular), and (2) &7 is a second-order differential equation (SODE, for
short) such that its solutions (the projections onto Q of its integral curves) are the
solutions of the Euler-Lagrange equations. Lagrangians giving rise to degenerate 2-
forms w; are usually referred to as singular. The Legendre transformation Leg :
T Q — T* Q connects both descriptions in a natural way (see [19, 23] for more
details).

One of the most interesting contributions in PA.M. Dirac’s and P.G. Bergmann’s
works was the introduction of the constraint algorithm for dealing with singular
Lagrangians, now known as the Dirac-Bergmann algorithm (see [3, 20-22]). That
algorithm has been developed in geometric terms using the notion of pre-symplectic
manifolds by M.J. Gotay and collaborators [25-27], incorporating in the Lagrangian
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picture the problem of the second-order differential equation, a remarkable distinction
between the Lagrangian and the Hamiltonian descriptions.

The above algorithm has also been constructed for the case of singular Lagrangians
depending explicitly on time [6]. In that case, the geometric scenarios are usually
taken to be T Q x R and T* Q x R, and now, the singular case uses the notion of
pre-cosymplectic structure. More generally, we may regard time-dependent (or non-
autonomous) Lagrangians as functions defined in J 'z, where 7: Q — R is a (not
necessarily trivialized) fiber bundle (see [12, 13, 35]).

In both time-independent and time-dependent cases, a Poisson bracket that provides
the dynamics (the so-called Dirac bracket) and the dynamics themselves, modulo the
kernel of the forms, can be found on the so-called final constraint submanifold selected
by the algorithm.

On the other hand, coisotropic submanifolds play an important role in classical
mechanics and field theories because they allow for the development of a procedure
for reducing dynamics. Indeed, a foundational result due to A. Weinstein [53] (see also
[1]) establishes that the quotient space of a coisotropic submanifold by its characteristic
foliation naturally inherits a symplectic structure, providing a rigorous geometric set-
ting for Hamiltonian reduction. The reduction is then accomplished when we consider
dynamics interpreted as a Lagrangian submanifold.

By taking the opposite road (unfolding vs reduction), coisotropic submanifolds are
also relevant in the context of regularization problems. In fact, the Dirac-Bergmann
algorithm is not the only way we could use to regularize a singular Lagrangian. Indeed,
M.J. Gotay [24] proved a coisotropic embedding theorem (see also [38] for earlier con-
tributions by C.M. Marle), stating that any pre-symplectic manifold can be embedded
into a symplectic manifold as a coisotropic submanifold, and that this embedding is
unique in a neighborhood of the original manifold. This result has been generalized to
many other relevant geometric scenarios by the authors [32, 48], by taking advantage
of the point of view developed in [49]. Using the coisotropic embedding theorem, as
well as a natural classification of Lagrangians [4], A. Ibort and J. Marin-Solano [30]
were able to develop a regularization method for certain types of Lagrangian systems
(called type II Lagrangians). This classification for Lagrangian functions has been
extended by M. de Leon et al. (see [16]) and later reconsidered again by A. Ibort and
J. Marin-Solano [31].

The main objective of this paper is to advance this programme of regularization
of singular Lagrangian systems, which will culminate in the case of classical field
theories in a future work. Thus, we begin by carefully re-examining the results of A.
Ibort and J. Marin-Solano in the pre-symplectic case, using a new methodology based
on the use of almost product structures and Tulczyjew triples [50, 51]. Most notably,
we employ a (to our knowledge) novel generalization of the Tulczyjew triples adapted
to a foliated manifold. The construction is presented in Sect.2.2. For completeness,
let us recall that the use of almost product structures to deal with singular Lagrangian
systems was introduced in [18] (see also [19]). This approach has allowed us to clarify
some of these results and introduce an alternative for explicitly constructing a regular
Lagrangian equivalent to the original singular one by using an auxiliary connection.
In particular, we would like to highlight the following results in the pre-symplectic
case:
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e In Theorem 3.23, we give a global description of the Lagrangian in the regularized
manifold, proving that the regularization provides a global Lagrangian, and not
only locally so. This description is more general than the one previously found in
the literature. Indeed, it depends on strictly less geometric ingredients (a connection
instead of a metric).

e Finally, this regularization is proved to be unique and independent of all choices
to first order in Theorem 3.27, a result which was not present in the literature.

Next, we studied the case of singular Lagrangians explicitly dependent on time,
obtaining similar results using pre-cosymplectic geometry (namely Theorem 4.20
and Theorem 4.21, respectively). Most importantly, the Reeb vector field needs to be
taken into consideration, which is a significant difference from the autonomous case.
In addition, our methodology does not explicitly rely on mentioned classification of
Lagrangians (even if it requires some conditions, equivalent to those used in [30], to
be fulfilled by the Lagrangian), and so opens a clear path to extend it to the case of
singular Lagrangian field theories.

The paper is structured as follows. Following the introduction, we devote Sect.2 to
recall some well-known notions and results on distributions and foliations, as well as
to prove an extension of Tulczyjew’s triple to the case of foliations defined on a smooth
manifold; tangent structures and stable tangent structures are also reviewed. Section 3
is devoted to reconsidering the regularization of singular autonomous Lagrangians
and developing a new technique that differs from that developed in [30], as mentioned
above. In Sect.4, we extend this regularization scheme to the context of singular
time-dependent Lagrangians. The construction presented in Sect.4 is illustrated by
studying the trivialized case and degenerate metrics. Finally, we include a section on
conclusions and an outlook for future work to be carried out.

2 Preliminaries
2.1 Distributions and foliations

In this section, we recall the basic definitions and geometric properties of distributions
and foliations on smooth manifolds.

Definition 2.1 (Regular Distribution) Let Q be a smooth manifold of dimension n. A
distribution D on Q of rank r is a smooth assignment of an -dimensional subspace
D, C T, Q to each point g € Q. The distribution is said to be regular if the rank r
is constant over Q.

Definition 2.2 (Involutivity and Integrability) A distribution D is said to be involutive
if it is closed under the Lie bracket, i.e.,

[X,Y]e D, VX,Yel'(D), 1)
where I'(D) denotes the space of smooth sections of D. A distribution is said to be
integrable if, for every point g € Q, there exists an integral submanifold of D passing

through ¢ (i.e., a submanifold whose tangent space at each point coincides with D).
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Remark 2.3 Sometimes, one distinguishes between maximal integral submanifolds
and integral submanifolds, when maximal dimension means the rank of the involutive
distribution.

The fundamental link between these concepts is provided by the Frobenius Theorem
[52].

Theorem 2.4 (Frobenius Theorem) A regular distribution D on a smooth manifold Q
is integrable if and only if it is involutive.

Definition 2.5 (Regular Foliation) A regular foliation F of dimension r (and codi-
mension k = n — r) on a manifold Q is a partition of Q into a family of disjoint,
connected, immersed submanifolds {£,}qc4 called leaves, such that:

1. Forevery g € Q, there exists a unique leaf £, containing g.

2. Around every point ¢ € Q, there exists a local coordinate chart (U, ¢) with
coordinates (xl, xR f Lo, f7) such that the connected components of the
intersection of any leaf with U are described by the equations

x=c*, a=1,...,k, 2)

where the constants ¢ determine the local leaf.

Such a chart is called a foliated chart or adapted chart.

Remark 2.6 (Relation to Distributions) Every regular foliation F defines a unique
involutive regular distribution D, where D, = T, L,. Conversely, by the Frobenius
Theorem, every regular involutive distribution D generates a regular foliation Fp
whose leaves are the maximal integral manifolds of D.

In an adapted coordinate system (x¢, ), the distribution D is locally spanned by
the vector fields 5
D = span {—} . 3)
af A A=l,....,r

The coordinates x“ serve as local coordinates on the space of leaves when it exists as
a quotient manifold, while f4 serve as coordinates along the leaf.

Definition 2.7 (Tangent Bundle of a Foliation) Let F be a regular foliation on Q. The
tangent bundle of the foliation, denoted by .7 F, is the disjoint union of the tangent
bundles of its leaves:
TF=|JTL. )
LeF
This set carries the structure of a smooth vector bundle of rank r over Q, and it is
isomorphic to the distribution D C T Q associated with F.

Given an adapted chart (x¢, f A) on Q, we induce local coordinates on .7 F denoted
by:
[, 2 0t ) . 5)

a=l1,....k; A=1,..., r
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Here, a point in .7 Fis locally represented as vector v = v fA # attached to the point

e, f A). Note that the "transverse velocities" are identically zero, v,¢ = 0.

Definition 2.8 (Cotangent Bundle of a Foliation) The cotangent bundle of the folia-
tion, denoted by .7 *F, is the disjoint union of the cotangent bundles of its leaves:

T*F = U T* L. (6)
LeF

It carries the structure of a smooth vector bundle of rank r over Q. It is canonically
isomorphic to the dual of the distribution D, say D*.

In the adapted chart defined above, local coordinates on .7 *F are denoted by:

{0, 4 pra : (7

a=1,....k; A=1,..., r

A point in .7*F is locally represented by a covector @ = py ,df A restricted to the
tangent space of the leaf.

Remark 2.9 1t is important to note that the sets .7 F and J*F are smooth vector
bundles of rank r over the base manifold Q, being a subbundle and a quotient bundle
of the tangent and cotangent bundles of Q, respectively.

Indeed, by definition, the fiber of .7 F at g is the tangent space to the leaf passing

through ¢, i.e., (7 F)4 = T, L,. Since F is generated by the regular distribution D,
we have T, £, = D,. Thus, .7 F coincides with the total space of the distribution D.
Since D is a regular distribution, it is by definition a vector subbundle of T Q.
On the other hand, the fiber of 7 *F at ¢ is the dual space of the tangent space to the
leaf, i.e., (T*F)y = (Ty Ly)* = Dy*. Consider the annihilator of the distribution,
denoted by D° C T* Q, which is the subbundle of covectors that vanish on D. We
have a short exact sequence of vector bundles over Q:

0— D°—T'Q -5 T*F— 0, (®)

where the map r is the restriction of a covector in T; O to the subspace D,. Since this
restriction is surjective with kernel D°, by the first isomorphism theorem for vector
spaces applied fiber-wise, we have the canonical isomorphism:

T*F=TQ/D°. ©)

Thus, .7*F carries the structure of a (quotient) vector subbundle of T* Q.

Remark 2.10 As vector bundles over Q, .7 F and .7*F are dual to each other. The
duality pairing
(«v): T FxogTF—->R (10)

is defined naturally by the evaluation map. Let v € (J F), and @ € (T *F),. Since
« is a linear functional on (.7 F), the pairing is simply (o, v) F = a(v).
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In adapted local coordinates (x?, f A), a vector v € . F reads

4 0

A covector in the ambient space T* Q reads @ = p,dx? + PfAde- Since the 1-
forms dx“ annihilate the distribution D = span{afi.A}, they form a local basis for

the annihilator D°. Therefore, the equivalence class in the quotient T* Q/D® (which
represents the element a € .7*F) is determined solely by the components p s ,. The
pairing is thus given explicitly by:

0
(o, v) = (padxa—i-pfAde) (vaW> = pfAva‘ (12)

Definition 2.11 (Almost-Product Structure) [19] An almost-product structure on a
smooth manifold Q is a smooth point-wise splitting of its tangent bundle into a direct
sum of two complementary distributions. That is, for each ¢ € Q, the tangent space
decomposes as:

T,Q = D, ® H,, (13)

where D and H are smooth subbundles of T Q.
Equivalently, such a splitting is uniquely characterized by a smooth (1, 1)-tensor field
P e I'(T* Q ® T Q) that is idempotent, namely P o P = P. This tensor acts as a
projector onto D along H, meaning that Im(P) = D and ker(P) = H.

Given a pre-existing regular distribution D on Q, an almost-product structure P
is said to be adapted to D if its image coincides with the distribution, Im(P) = D.
In this scenario, choosing P is equivalent to smoothly assigning the complementary
horizontal distribution H = ker(P). If the distribution D is integrable, it generates a
regular foliation F. Let (x?, f4) be a system of local adapted coordinates, such that

D = span {# ] Since P must act as the identity on its image, we have P (ﬁ) =
% . Thus, the most general local expression for an almost-product structure P adapted
to D is given by:

P = (a4 = PAcr, ) @ (14)

afa’
where the local functions P (x, f) uniquely determine the choice of the complemen-
tary distribution ker(P) = span {% + PA ﬁ ]

2.2 ATulczyjew isomorphism for foliations

Since it will be relevant for the whole manuscript, we devote this section to adapting
the notion of one of the Tulczyjew isomorphisms to the context of regular foliations.
The isomorphism we are interested in is the one existing between the iterated bundles
TT*Q and T*T Q over a smooth differential manifold Q that we recall in the following
lines [19, 50, 51].
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Consider an n-dimensional smooth differential manifold Q with the system of local

coordinates .
{ ¢ } . (15)
j=1,...,n

mg : TO— 0, (16)

inherits the natural system of local coordinates

Its tangent bundle

(o ) . (a7
j=L,...n
where ' . '
wolq’, ¢) = q’. (18)

Now, consider the double bundle TT Q with the system of local coordinates
{al al oo v} (19)
It can be given two structures of vector bundle over T Q, namely

TTQ

TTQ Tro
TO / \ TQ (20)
N , o

where o ' ' o
T[TQ(qJ’ C}J, qu9 qu) = (51], q])’ (21)

TT[Q(CI]» qj’ vqjv vq]) = (qjv vq])~ (22)

There exists a natural isomorphism of fiber bundles of 7t and Tmg defined cate-
gorically as the unique double vector bundle isomorphism 6 : TTQ — TTQ that
interchanges the two vector bundle projections—meaning it satisfies g 08§ = Tmg
and Ty o = myg, while acting as the identity map on the core of the double vector
bundle (which is canonically isomorphic to T Q). In local coordinates, it reads:

8§ 1 TTQ — TTQ : (¢, ¢’, vg’, vi/) = (7, v,’, ¢/, v;/).  (23)

Consider the iterated bundle T*T Q, with the system of local coordinates

J o5l :
{61 4" Pgj> Pgj }j:l ,,,,, n’ Y
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It is the dual vector bundle to 7o with respect to the pairing

(0. &) = pgjvg’ + pgjvq’ (25)

where p is an element of T*TQ and £ is an element of TTQ.
On the other hand, the iterated bundle TT* Q, with the system of local coordinates

{a pidd bi) 6)
j=L,...n

is canonically the dual vector bundle to 7’7 . The duality pairing is defined intrinsically
as the tangent lift of the canonical pairing between T*Q and T Q. Specifically, if we
consider a curve y(t) = (qj(t), qj(t)) in TQ and a curve A(t) = (q-/ @), pj®))in
T* Q projecting to the same base curve on Q, the pairing is the time derivative of the
contraction (A (), y (¢)). In local coordinates, this operation reads:

d : . .
E(m(t)q"(t)) = pi()§’ (1) + pj()G’ (), (27)

yielding the pairing: . .
(n, ¥)' = pjvg’ +pjvg’, (28)
where 7 is an element of TT*Q and v is an element of TT Q.

The transpose map of § with respect to the pairing ( -, - )’ is the Tulczyjew isomorphism
between TT*Q and T*TQ. It reads locally

a=8" : TT*Q - T*TQ : (¢’. pj, ¢, pj) = (¢’. ¢’, Pq; = Pj. Pg; = pj)- (29)

Now, given a regular foliation Fg on Q generated by a regular integrable distribu-
tion K on Q, let us consider the tangent distribution K = K €. That s, the distribution
generated by the vertical and the complete lifts of the vector fields generating K." It
is a regular distribution on T Q that provides a regular foliation Fgx on T Q.

Denote by
B : (30)

a=1,...[;A=1,....,r

a system of local coordinates on Q adapted to the foliation F, and by

a .a A (A
) ) ) ) 31

{x . f f ]a:l,...,l;A:l ..... r ( )
a system of local coordinates on T Q adapted to the foliation Fx = Fgc. The set of
coordinates

{xa }a:I 1 (32)

.....

1 We refer to [19, 54] or to Definition 2.12 for the definition of vertical and complete lifts of a vector field.
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and

{x?, 2} , (33)

a=1,...,/

represent systems of coordinates on the spaces of leaves of Fg and Fg, which may
be treated as smooth manifolds locally.
Let us denote by

{X“, ).Ca, fA’ f:A’ UfA, va} _ ; (34)

a system of local coordinates on 7 Fxc = 7 Fk, and by

a A FA ca A A
) ) ) 3 3 ¢ 5 35
{x f f . vf Uf }a:l ..... [,A=1,..., r ( )

a system of local coordinates on T.7 F . As for the bundles ¢ and T 7, an isomor-
phism between the bundles .7 Fc and T.7 F exists. Intrinsically, this isomorphism

is exactly the restriction of the canonical involution § : TTQ — TTQ to the sub-
bundle 7 Frg . Indeed, since .7 F is a smooth submanifold of TQ (being the total
space of the distribution K), its tangent bundle T.7 Fx embeds naturally into TTQ.
At the same time, .7 F, kc is naturally a subbundle of TTQ. It is straightforward to

show that the canonical involution § maps this subbundle exactly onto T.7 Fx. We
can therefore define:

SF = 5\58& . TFge - TTFy, (36)

which locally reads:

8]-‘()Ca, )-Ca, fA, fA’ UfA, va) — (xa’ fA, f'A — va’ )-Ca’ va — fA, U,&A) .

’ (37
Similarly to what happens for the iterated bundles considered by Tulczyjew, the bundle
T*F k¢ » where we chose the system of local coordinates

a :a A FA
) ) ) ) 3 ¢ 5 38
Hx LTS g By }azl,...,l,Azl,...,r (38)

is the dual bundle to .7 F k¢ with respect to the pairing

(pr &) = mypvpt g vt (39)

where p is an element of .7*Fc and & is an element of 7 Fc.

Similarly, as for the bundle TT*Q, the bundle T.7* Fk is the dual vector bundle to
T Fk. The duality pairing is given by the tangent lift of the canonical pairing Eq.
(12) between .7 * Fg and .7 Fg . Explicitly, this means that for any curve y () in 7 Fg
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and any curve A(?) in .7 * Fg projecting to the same base curve on Q, the pairing of
their tangent vectors is the time derivative of their contraction:

d d .
SO0y 0) = = (maOFAO) = faft +paf? (40)
yielding the pairing )
(. ¥) = feaf* +puaft, (41)

where 7 is an element of T.7*Fg (with coordinates (x%, f4, ja, ¥, f4, j14)) and
¥ is an element of T.7 Fg.

The transpose map of 8 with respect to the pairing (-, - )’ is an isomorphism between
TT*Fg and 7" Fgc. It reads

a =87 TT*Fg — T*Fgc

D A was X9 FA ) e X9 fA Ay, (4D
= LA, Mj, = [A).

For completeness, we would like to remark that Tulczyjew triples have been gen-
eralized to wider contexts, besides tangent bundles and foliated manifolds. In fact, the
isomorphism presented here is a particular instance of the Tulczyjew isomorphism of
Lie algebroids when considering an integrable distribution as such (we refer the reader
to [18, 19, 39] for more information).

2.3 Tangent structures

In this section we introduce tangent structures, which correspond to the geometric
structures generalizing the local picture of T Q, for some configuration manifold Q
(see [19, 54] for further details). First, let us define some elementary operations on the
tangent bundle T Q of a configuration manifold Q and study its geometry.

Definition 2.12 (Lifts of vector fields) Let X € X(Q) be a vector field on Q.

e The vertical lift of X, denoted by X Ve x(T ), is the unique vector fieldon T Q
such that for any 1-form « on Q, XViy) = oz(X) o T, where i, is the ﬁbep—wi§e
linear function on T Q induced by « (locally v';). In local coordinates (¢', v'),
it X =X (q)%, then:

! ]
XV =X(g)—. (43)
av'

e The complete lift (or tangent lift) of X, denoted by X € e X(T Q), is the vector
field on T Q whose flow is the tangent lift of the flow of X. That is, if ¢, is the
flow of X, then &, = T'¢, is the flow of X€. In local coordinates, it reads:

(X9

a2 2 44
dgk v “44)

N
X¢ =X(g)— +v
aq’
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125 Page 12 of 62 M. de Ledn et al.

The mapping X +— X CisalLie algebra homomorphism from X(Q) to X(T Q), while
the vertical lift is commutative. Specifically, for any X,Y € X(Q), the following
bracket relations hold:

xV,y"1=o0, (45)
x¢,vV1=1x,v1", (46)
[XC, Y1=[x,Y]¢. (47)

Remark 2.13 Notice that complete lifts of vector fields X€ generate T Q point-wise,
for every v € T Q. As a consequence, we may use the complete lift to compute the
lift of tensors of different degree.

A first example of the idea presented in Remark 2.13 is the lift of almost-product
structures to the tangent bundle as well. The study of these lifts will result useful in the
sequel. For the sake of exposition, we restrict to the case of almost product structures
complementing an integrable distribution.

Definition 2.14 (Complete lift of an almost product structure) Let P be an almost
product structure on the configuration manifold O complementing an integrable dis-
tribution. Locally, with adapted coordinates, the projector reads as:

0
= A_pa dx?) @ —
P (df Py (x, ) )® 12 (48)

where (x4, f4) denote local coordinates on Q adapted to the foliation induced by P.
The complete lift of P to the tangent bundle T Q is defined by the condition

PC(xC) = [EX]°, V X € X(Q). (49)

In the induced local coordinates (x¢, f A v fA) on T Q, the complete lift P takes
the specific form:

0 d
P=Pl®—+Peo—, 50
f®3fA+”®8va (50)
where the projection 1-forms are given by:
P =df*— pidx®, (51)
Ips Ips
A A A Pk £
Pl =dvg” — pidv? — <vx axz +vsB 8f%)dx“. (52)

Remark 2.15 If P complements the integrable distribution K, its complete lift P

complements the complete lift of the distribution K.

Definition 2.16 (The geometry of the tangent bundle) Given a smooth d-dimensional
differential manifold Q, with local coordinates {qf }j= & the geometry of its
tangent bundle T Q is characterized by two canonical objects (see [19, 23]):
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e The vertical endomorphism (or soldering form) S, which is a (1, 1)-tensor field

S on T Q that locally, using the system of coordinates { ¢/, v/ }j=1 _yforT O,
reads 5

S=dg’ ® —. 53

Q5 (53)

It defines the vertical distribution V(T Q) = Im(S). Identified as a map

S: TQ — T Q, it can be intrinsically defined as the unique map satisfying
S(X(v) := ()« X ()", (54)
for every X € X(T Q).

e The Liouville vector field A, which is the infinitesimal generator of dilations
along the fibers. Locally,

.0
A=/ vk (55)
These tensors satisfy the following properties:
ImS = kerS, (56)
Ns = 0, 7
A € ImS, (58)
LAS = -8, (59)

where Ng = [S, S]r—n (where [ -, - ]p—n denotes the Frolicher—Nijenhuis bracket
[34]) is the Nijenhuis tensor of S. We will denote by dg the operator on forms given
by dso := disa + isdo

Properties (56)-(59) are not incidental; they uniquely characterize the tangent bundle
structure (see Theorem 2.19).
With the above discussion in mind, the following definition is natural.

Definition 2.17 ((Almost) tangent structure) An almost tangent structure on a man-
ifold M is a (1, 1)-tensor field S such that, when identified as an endomorphism
S: TM — TM, it satisfies ImS = ker S. An almost tangent structure S on
M is called a tangent structure or involutive if the endomorphism S satisfies
Ns =[S, Slr-ny = 0.

Remark 2.18 Let Q be an arbitrary configuration manifold. In light of Definition 2.16,
we have that M = T Q admits a canonical tangent structure.

In fact, any almost tangent structure on a manifold M, say S € I’ (T* MTM ) has
the local expression of Eq. (53) if and only if [S, STr—ny = O (see [34]). Whether a
tangent structure S € I’ (T* MQTM ) is isomorphic to the canonical tangent struc-
ture on T Q is characterized by the existence of a Liouville vector field satisfying
properties Eq. (58)-(59).

Indeed, we have:
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Theorem 2.19 (Characterization of tangent bundles) [9, 10, 43] Given a 2d-
dimensional manifold M, equipped with a (1, 1)-tensor S and a vector field A such
that:

o The vector field A is complete.

o The set of zeroes of A, Q .= {m € M | Ay, = 0}, is a smooth d-dimensional
embedded submanifold of M.

e The limit of the flow of A, lim;_, _, F,A (m), exists for allm € M (and defines the
projection onto Q).

o S and A satisfy the relations in Egs. (56) to (59).

Then the manifold M is diffeomorphic to the tangent bundle of Q, M = T Q.

2.4 Jet structures

In order to deal with the regularization of time-dependent (or non-autonomous) sin-
gular Lagrangian systems, the geometry of the so-called jet bundle of a fiber bundle
over the real line Q —> R will take a primary role. The first jet of the manifold is
defined similarly to the tangent bundle:

Definition 2.20 Let 7: Q —> R be a fiber bundle. As a set, its first jet bundle J'7
is defined as the equivalence class of sections y: R —> Q to first order. It can be
naturally endowed with a smooth structure (see [45]).

Remark 2.21 (Natural coordinates) There are natural coordinates on J!x, for any
given fibered coordinates (¢, g')onmw: Q — R, Wthh read as (¢', ¢', t), represent-
ing the class of sections through (¢‘, 1) with velocity -2 3 ta 8‘;

On J 7, the notion of vertical and complete lifts may be defined similarly to the case
of T Q, and take the same local expression as in Definition 2.12 when the canonical
coordinates (g7, ¢, t) are chosen. In particular, one may define it using the following
embedding:

Remark 2.22 (Embedding of jets into tangent bundle) For a jet bundle J ', of some
(arbitrary) configuration bundle 7 : Q — R, we have a canonical embedding

ir: J'mr > TQ. (60)

This embedding is defined using the global vector ﬁeld - on R as follows:

9
iz (Jiy) = Vs (5> . (61)

Defining natural coordinates (,¢',7,4") on TQ, it reads as i’ (t,q',7,4") =
(t7 qi7 1’ q.i)'

Then, given a vertical vector field X € X(Q) with respect to the projection
7: Q — R, we can define the vertical and complete lift simply by restricting the
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vertical and complete lift on T Q to J 'z (which are tangent vectors). On jet bundles
one usually defines the so-called 1st order jet prolongation of a vector field on Q. It can
be defined for vertical vector fields like those we are considering here (and, indeed, in
that case it is the same as what we are here calling complete lift), and, more generally,
for projectable vector fields.

Remark 2.23 (Local expressions of vertical and complete lifts) Let X = X'(q, t)%

be a vertical vector field on w: Q — R. Then the vertical and complete lift take the
following expressions:

.9 .3 axt  axi .\ 9
X'=X—  and X=X _——+4+(—+ "4/ )—. (62)
aq’ aq’ ot aq/ aq’

Definition 2.24 (The geometry of the jet bundle) Let w : Q —> R denote a fiber bundle
over R, where the standard fiber has dimension d. The geometry of the first jet bundle
is characterized by the following ingredients:

e A closed 1-form, T = dr.
e The vertical endomorphism S, which is a ( 1, 1)-tensor field on J 17 that, employ-
ing the canonical set of coordinates {g/, ¢/, t} =1, 4, reads as

; ; d
S=(dq" —4¢'d)® — (63)
aq’
and satisfies that Im S is an integrable distribution with

$?2=0, rank S =d , dt(Im S) =0, and [S,S]lp_ny =2dtAS.
(64)
e It is an affine bundle over Q modeled on the vector bundle ker dr — Q.

Remark 2.25 (Trivialized bundles) When the bundle is trivialized Q = Q xR — R,
we have a canonical diffeomorphism J'7 = T Q x R. Since every fiber bundle over
R is trivializable, it follows that J'7 = T Q x R, for some Q (which is the standard
fiber). However, this diffeomorphism depends on the trivialization, and breaks the jet
geometry. The discussion that we present applies to the trivialized version as well, and
has the advantage of being readily generalizable to more general variational problems,
where the bundle may not be trivial.

When dealing with trivialized bundles, the geometry of J ' is that of stable tangent
structures (see [17]). In this case, the vertical endomorphism canonically splits as

S=S—dr® A, (65)

where A is the Liouville vector field inherited by the vector bundle structure on T Q.
In this case, one may introduce the following (1, 1)-tensor

~ 3
S=S+dr® . (66)

@ Springer



125 Page 16 of 62 M. de Ledn et al.

These objects (and their relations) completely characterize stable tangent structures.
Similarly to almost tangent structures, one can define an almost stable tangent structure
on amanifold M to be a collection of objects that satisfy point-wise the same properties
that those canonical objects on T Q x R satisfy. For completeness, we collect the
definitions and results here.

Definition 2.26 ((Almost) stable tangent structure) An almost stable tangent struc-
ture on a (2d + 1)-dimensional manifold M is a tuple (S, 7, &) consisting of a
(1, 1)-tensor§ el (T* MR TM), al-formt € Q'(M) and a vector fieldé € X(M)
satisfying

S?=t®¢, rankS=d+1, and T =1. (67)

If, in addition, dt = 0 and [§, g]p, N = 0, we say that (§, 7, &) is involutive or that
it defines a stable tangent structure.

Locally, every stable tangent structure looks like T QO x R. To obtain a global
isomorphism we need the linear structure, which is characterized by the existence of
a Liouville vector field (as in the tangent case).

Theorem 2.27 (Characterization of stable tangent bundles) [17] Let M be a (2d + 1)-
dimensional manifold equipped with a stable tangent structure (S, t, ) and a vector
field A € X(M) satisfying:

e The vector field A is complete.

e The closed form t is exact T = dt, for certain surjective functiont: M — R.

e The following set Q := {m € M : Al,, = 0 and t(m) = 0} is a smooth
d-dimensional embedded submanifold.

e Denoting by F,A the flow of A, the limit lim;_, _~ F,A (m) exists for allm € M
and is a surjective submersion onto Q.

e A satisfies the following:

~

£AS=-S, and S(A)=0 (68)

Then, M is diffeomorphic to a stable tangent bundle T Q x R, for some configuration
manifold Q.

It is unknown to the authors if a similar characterization for jer structures on a
manifold M exists. However, to deal with uniqueness of the Lagrangian regularization
of non-autonomous systems, we need to introduce this notion abstractly. In principle,
there may be a regularization which could be considered Lagrangian locally (due to the
presence of a vertical endomorphism and 1-form dt), but not considered Lagrangian
globally, in the sense that it is not diffeomorphic to a jet bundle itself. The notion that
we work with is the following:

Definition 2.28 (Almost jet structure) Let M be a (2d + 1)-dimensional manifold.
An almost jet structure on M is a pair (S, &), where S is a (1, 1)-tensor and £ is a
nowhere zero 1-form, that satisfy the following properties.

$2=0, rankS=d, EImS)=0. (69)
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When the equalities d§ = 0, [S, S]JF—y = 2& A S hold and Im S is an integrable
distribution, we call it a jet structure.

3 Regularization of autonomous systems
3.1 Symplectic Hamiltonian systems

Definition 3.1 (Symplectic manifold) A symplectic manifold is a pair (M, w), where
M is a smooth manifold of even dimension 2n and @ € QZ%(M) is a closed and
non-degenerate differential 2-form, called the symplectic form.

Theorem 3.2 (Darboux’s Theorem) Let (M, ) be a symplectic manifold of dimension
2n. Around every pointm € M, there exist local coordinates (q', ..., q", p1, ..., pn),
called Darboux coordinates, such that the symplectic form locally reads:

w:dqi/\dp,-.

Definition 3.3 (Hamiltonian system) A Hamiltonian system is a triple (M, w, H),
where (M, w) is a symplectic manifold (the phase space) and H € C>®(M) is a
smooth function (the Hamiltonian).

Remark 3.4 (Poisson manifolds) [19, 36, 42] Some authors define a Hamiltonian sys-
tem more generally as a pair (M, A), where M is a manifold and A is a Poisson tensor
(a bivector field whose Schouten-Nijenhuis bracket [A, A] vanishes), together with a
Hamiltonian function H € C*(M). Every symplectic manifold (M, ) is a Poisson
manifold, with the Poisson tensor A being the bivector field wt associated with w.
The resulting Poisson bracket is given by {f, g} = A(df,dg) = w(Xr, X). The
converse, however, is not true, as a Poisson tensor may be degenerate (i.e., the map
A%: T* M — T M is not an isomorphism). Throughout this paper, we will adhere to
the definition given in Definition 3.3, and the term Hamiltonian system will always
refer to a system defined on a symplectic manifold.

Since the 2-form w is non-degenerate, the musical morphism o TM — T*M,
given by @’ (v) = i, , actually defines a vector bundle isomorphism. This guarantees

the existence of a unique vector field Xy € X(M), the Hamiltonian vector field,
satisfying the intrinsic Hamilton’s equations:

ix,0=dH. (70)
In Darboux coordinates (qi, pi), the vector field takes the local form:

_9H §  9H

= 71
" dpi 9q'  9q' dp; 7
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and its integral curves y(t) = (¢'(t), pi(t)) are the solutions of the Hamiltonian
system, satisfying the standard Hamilton’s equations:

dg/ 9H dp; oH
. _ o7 e o (72)
dr api dr aq!

The non-degeneracy of w ensures local existence and uniqueness of solutions for any
given initial condition m € M.

3.2 Coisotropic regularization of pre-symplectic Hamiltonian systems

In general, when working with singular theories (such as gauge Hamiltonian theories
and singular time-independent Lagrangian theories), we work on a pre-symplectic
manifold, rather than on a symplectic one, say (M, »).

Definition 3.5 (Pre-symplectic Hamiltonian system) A pre-symplectic Hamiltonian
system is a triple (M, w, H), where (M, w) is a pre-symplectic manifold and H €
C*(M) is a Hamiltonian. In this case, the characteristic distribution V := ker w is
non-trivial. The dynamics is still formally governed by the equation

ixw=dH . (73)

However, this equation poses two distinct problems:

1. Existence: A vector field X satisfying the equation may not exist.
2. Uniqueness: If a solution X exists, it is not unique (it is defined only up to the
addition of any vector field ¥ € V).

These two problems identify two classes of pre-symplectic systems:

Inconsistent Hamiltonian Systems. A system is inconsistent if the existence condi-
tion fails, i.e., dH is not in the image of w”. This happens at points m where dH,, does
not annihilate the kernel: ker v ¢ ker dH. For these systems, one must first find the
submanifold of M where a consistent dynamical evolution exists. This is achieved by
the pre-symplectic constraint algorithm (PCA), developed by M.J. Gotay, J.M. Nester,
and G. Hinds [27] (see also the papers [25, 26]).

The algorithm proceeds iteratively. We define My := M and define the first con-
straint manifold M as the locus where dH is compatible with w:

M, :={m € My | (dH)(Y) =0, VY € (T,,Mo)"*}, (74)
where (T}, Mg)*> = V,, = kerw,,. Assuming M, is a smooth submanifold, the
algorithm imposes solutions of (73) on M to be tangent to M, which is a new
consistency requirement. Eventually, at each step £k > 2, one finds the submanifold
My C My_1:

My = {m € Mi—1 | @H)p(Y) =0, VY € (TuMi—1)"}. (75)

@ Springer



Regularization of singular time-dependent Lagrangian systems Page 190f62 125

where (Tka_l)J-w =YeTyM | w,(Y,Z) =0, YZ € T), M_1}. Assum-
ing that all of these subsets are actually smooth submanifolds, we have two main
possibilities:

e There is a certain k for which My = &, in which case the dynamics are globally
not well-defined.

o The algorithm stabilizes on a final constraint manifold My # &, meaning there
exists k € N such that My = My =: My.

If the algorithm stabilizes, then the pre-symplectic Hamiltonian system (M ¢, w s, H )
(where wy = i’}w, Hy = i?H ) is, by construction, no longer inconsistent. Equations

irfa)f = dHy, (76)

are now well-posed and the integral curves of I ¢, embedded into the starting manifold
M, are the solutions of the original pre-symplectic Hamiltonian system.

Remark 3.6 The above (PCA) algorithm is a geometrization of the so-called Dirac-
Bergmann constraint algorithm developed by both authors in an independent manner
(see [3, 20, 21, 44]). The reader can find more complete information in PA.M. Dirac’s
monograph [22] as well as in these two papers by M.J. Gotay and J.M. Nester [25,
26].

Consistent Hamiltonian Systems. A system is consistent if it admits a global dynam-
ics, i.e., ker w € ker dH. This corresponds to a system that either started consistent
(like a pure gauge theory) or is the result (M ¢, w s, Hy) of applying the PCA. In this
case, the existence problem is solved, but the uniqueness problem (gauge ambiguity)
remains, as the dynamics X is only defined upto X > X + Y for ¥ € kerwy.

To solve this remaining ambiguity, one can regularize the system using the coisotropic
embedding theorem.

Theorem 3.7 (The coisotropic embedding theorem) Let (M, w) be a pre-symplectic
manifoldwith characteristic distribution’V = ker w. There exists a symplectic manifold
(M, @) and an embedding 5

it M— M, )

such that i*@ = w and (M) is a closed coisotropic submanifold of (M, &). The pair
(M, @) is called a symplectic thickening of (M, ). Furthermore, this thickening is
unique up to a neighborhood equivalence [24].

Remark 3.8 (Construction of the symplectic thickening) The construction of M (see

[32, 49]) requires choosing an almost product structure P of the type (2.11). Locally,
using Darboux coordinates (g%, ps, f*) suchthatw = dg? Adp, and V = span{#},

the projector P (which defines H = ker P) is given by

0
P=pPre = (df = Pldg" - P Adp.) @

374 (78)

9
A
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The thickening Misa neighborhood of the zero section in the dual bundle V*, with
coordinates (¢%, pa, f*, ua). The symplectic form is @ := t*w+do’, where 9 ¥ =
wa P4 is the tautological 1-form. In local coordinates:

@ =dg* Adpy +dus A P2+ padPA . (79)

It is symplectic only in a tubular neighborhood of the zero-section of T (uag = O,
namely 114 approaching zero), unless P has a vanishing Nijenhuis tensor [19].

The coisotropic embedding theorem provides the tool to regularize any consistent pre-
symplectic Hamiltonian system. If we start with an inconsistent system, we first apply
the PCA to get the consistent system (M, wy, Hy). We then apply Theorem 3.7 to
this M r.

Inboth scenarios, the procedure is the same: we embed the consistent pre-symplectic
manifold (M, ) (which could be Mo or M ¢) into its symplectic thickening (M a)) We
extend the Hamiltonian H to H € COO(M) as H = t*H. The new system (M o, H)
is regular (symplectic), and its unique Hamiltonian vector field X j is easily shown to
be tangent to M, providing a (gauge-fixed) unique dynamical evolution for the original
system. Indeed, let us introduce the adapted basis of vector fields on M:

H—8+PA8 vy = 2 wa = 9 (80)
a—axa aafA’ A_aan _8I,LA )
and its dual coframe of 1-forms:
{dx“, PA = dfA — pAdx?, d,uA} . 81)

Notice that the characteristic distribution of w is locally spanned by V4, meaning
ker w = span{V,}, and the original pre-; symplectic form locally reads w = ;a)abdx A
dx?. Since the extended Hamiltonian H = t*H depends only on the base coordinates
e, f A), its exterior derivative can be naturally expanded in the dual coframe as:

dH = 8—Hd a df = H,(H)dx“ + V4(H)P" (82)
e T3 fA “ '

On the other hand, the thickened symplectic form is defined as @ = 7*w +d (4 PA).

As discussed in Theorem 3.7 it is symplectic only in a tubular neighborhood of the
zero-section of T (where 4 = 0), and it reads

~ 1 a b A
0 = za)abdx Adx” +dus A P (83)

The Hamiltonian vector field in the adapted basis considered reads X7 = X“H, +
XAV4+ X 1A WA (note that 114 is one index, not to be confused with an expression
of the sort uA). Computing its interior product with @ gives:

ix;® = X"wap, dx" + X, P* — X dps. (84)
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Imposing the Hamiltonian condition i XﬁcT) = dH and matching the coefficients of
the linearly independent 1-forms, we obtain the system:

X0 = Hp(H), (85)

—X4=0 = x4=0, (86)
OH

Xy, = Va(H) = a7 (87)

Since the original pre-symplectic Hamiltonian system is consistent by hypothesis,
the original Hamiltonian H must annihilate the kernel of w, meaning dH (V4) = 0,
which translates to 33% = 0. Substituting this into Eq. (87), we find that X, = 0
everywhere on M. Since the transversal components X,,, along the directions wA
vanish on the zero section, the dynamical vector field X 5 does not point outside the

submanifold, meaning it is strictly tangent to M.

3.3 Coisotropic regularization of degenerate Lagrangian systems

We now shift our focus to the Lagrangian formalism. Using the intrinsic geometry of
the tangent bundle, we recall how the dynamics of any Lagrangian system (regular
or degenerate) can be formulated in a "Hamiltonian-like" manner on the velocity
phase space T Q. The presence of the tangent bundle structure (S, A) requires slightly
modifying the coisotropic regularization scheme presented for Hamiltonian systems.
First, using the geometry of the tangent bundle described in Sect.2.3, let us recall
the geometric definition of a second-order differential equation and let us define the
geometric structures associated with any Lagrangian L € C*°(T Q).

Definition 3.9 (Second Order Differential Equation (SODE)) A vector field X €
X(TQ)is a Secqnd Order Differential Equation (SODE) field if its integral curves
y () = (¢’ (1), v/ (1)) correctly relate the position and velocity coordinates, i.e., they

satisfy the kinematic condition % = v/. In local coordinates (g7, v/), a general
vector field X reads

, 0 ; a
— AJ J _

Its integral curves satisfy ¢/ = A/. Therefore, for a SODE we must have A/ = v/.
Intrinsically, this condition is expressed by

S(X)=A. (89)

Definition 3.10 (Regular Lagrangian system) A Lagrangian system is a pair (Q, L).
We define:

e The Poincaré-Cartan 1-form 6; := dsL = S*(dL), locally reading

oL :
— —dg’/
0 = 307 dg’ . 90)
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e The Lagrangian 2-form w; := —d6r, locally reading
PL 3°L .
= ———dg’ AdvF — ~dg* A dg’ . 91
PL = Suigok v dgkov/ 1 g Oh

e The Lagrangian energy E; := A(L) — L.

A system is regular if w; is symplectic (i.e., its Hessian matrix (W,- = %) 18

non-singular).

The following theorem gives sufficient (which are, trivially, also necessary) conditions
for a 2-form w on T Q to be Lagrangian.

Theorem 3.11 (Characterization of Lagrangian 2-forms) A 2-form w on T Q is a
(local) Lagrangian 2-form, i.e., o = w; = —ddsL for some L € C*(T Q), if
and only if it satisfies the following conditions:

dw =0, (92)
w(SX, Y) =o(SY, X), VX,Y € X(TQ). (93)

Proof ( — ) Condition (92) implies that @ can be locally written as
» = d(Ajdg’ + Bjdv). (94)

Condition (93) for any pair of the type X = %, Y = % gives

a d .
w(m, W>=O, V],k:l,,n, (95)

namely that

B _ovik=1 96
m_ 3 ]’ =1,...,n ( )

(square brackets denoting skew-symmetrization) i.e.,

_ 9B

= i 97
j 307 CH)

for some B € C*°(T Q). Thus, w locally reads
. oB . . oB . .
w = d(A,'dq/ + de/) = d(Ajqu +dB — ﬁdqj) = d(C;dg’), (98)
. v 4

for
0B

Ci= A= 55

99)
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d

On the other hand, condition (93) for any pair of the type X = 32_/" Y = 3gF gives
d 0 0 0
ol —, — )| =0o|l— — ). (100)
vl agk vk’ g/
It is easy to see that this latter condition implies that
aCLj .
W—O,V],k—l,...,n, (101)
ie.,
I 102

for some L € C°°(T Q). This proves that there exists a local function L on T Q such
that o = ddgL.

( <= ) The necessity of condition (92)-(93) is trivial and follows from a straight-
forward computation. O

The solutions of a regular system are the integral curves of the unique SODE (Second
Order Differential Equation) field X7 (namely, satisfying S(Xr) = A), which is the
unique solution to the intrinsic Euler-Lagrange equation

ix,wp =dEy . (103)

Definition 3.12 (Degenerate Lagrangian systems) A Lagrangian system (Q, L) is
degenerate if w; is degenerate (pre-symplectic). A degenerate Lagrangian system
is precisely a pre-symplectic Hamiltonian system (T Q, wr, E1), but one which
carries the "extra" kinematic constraint that its physical dynamics must be a SODE
field.

As in the Hamiltonian case, this pre-symplectic system (T Q, wr, E1) can be either

inconsistent or consistent.

Inconsistent Lagrangian Systems. In this case ker wy, gé ker dE}, and, thus, the

equation ixwy, = dE[ is not solvable on the entire T O, meaning no global dynamical

field X exists.

To find the (sub)manifold where consistent solutions exist, one must apply a constraint

algorithm. Historically, this problem was tackled by the celebrated Dirac-Bergmann

algorithm [22]. This term often encompasses two related but distinct procedures.
Dirac’s Hamiltonian Algorithm, developed by PA.M. Dirac and P.G. Bergmann

[22], follows the following steps:

e The Legendre map FL: T Q — T* Q, defined by the fiber derivative

d
(FL(), w) = —L(v +sw)‘ , (104)
ds s=0
and locally reading
o . JL
]’ J ], = — y 105
(q v)r—>(q pj aw) (105)
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is assumed to be almost-regular (meaning the Hessian W;; has constant rank).
Consequently, its image M, := FL(T Q) is a submanifold of T* Q defined by
a set of primary constraints CDgl)(q, p) ~ 0 (where ~ means that the equality
should be fulfilled along solutions of the equations of motion).

e A canonical Hamiltonian Hc € C° (M) is defined (as it can be shown that E,
is constant on the fibers of FL [25]). This H¢ is then extended to a Hamiltonian
Hg € C°°(T* Q) on the ambient space.

e The total Hamiltonian is defined as Hr = Hg + u* bell), where u? are arbitrary
functions (Lagrange multipliers).

e The algorithm imposes the consistency condition <I>(1) {<I>(1) Hr}w, ~ 0. This
procedure iteratively generates a set of secondary (and tertiary, etc.) constraints,
defining a final constraint manifold My C T* Q.

Remark 3.13 (Relation between Dirac’s algorithm and the PCA) We can now clarify
the relationship between Dirac’s algorithm and the geometric PCA (as defined in
Sect. 3.2). Dirac’s algorithm is, in essence, the local coordinate version of the geometric
PCA. Indeed, as itis proven in [25], Dirac’s k-ary constraints ®®) a2 0locally select the
submanifold My C T* Q. Furthermore, the Hamiltonian vector field X «) (associated
with a k-ary constraint via the symplectic structure wy+ o of T* Q) is tangent to the

constraint submanifold M; and belongs to the space (TMk)L”’T* ¢ used in the PCA

iteration. On the other hand, it is also proven that any vector field Y € (T, My— 1)L‘”T* 0
(the space used by the PCA) gives rise to a local constraint condition (dHg)(Y) ~ 0,
which is precisely how Dirac generates the next set of constraints. Therefore, one
can conclude that the constraint conditions imposed by Dirac are the local coordinate
expressions of the geometric conditions that select the submanifolds M} of the PCA.
However, a conceptual difference between the two approaches exists. Dirac’s algorithm
works on the whole Phase Space T* Q along the constraint submanifolds My, and
defines solutions (vector fields X7) on the whole T* Q. In contrast, one could apply the
PCA (as defined in Sect. 3.2) intrinsically, starting from the pre-symplectic manifold
(M}, w1 = wr* g|M,) as the "ambient” space. As noted in [25], these two procedures
are equivalent and stabilize on the same final constraint manifold M .

In this respect, it is proven in [25] that the intrinsic solution X s (found on My and
satisfying ix .y = dHy) can be lifted to a solution X7 on the ambient space T Q
satisfying the equations for the total Hamiltonian, ix,wg = dHr.

On the other hand, Bergmann’s Lagrangian Algorithm, developed by PG.
Bergmann [3, 44], operates entirely on the tangent bundle (the velocity space) T Q. It
follows the steps:

° The Euler-Lagrange equations are W;; g’ 4+ ( v/ — dL ) = 0, where (W;; =

vt dql
BU, 31)/ =2 is the singular Hessian.
e Contracting with a vector Y ! in the kernel of W (Y' le — O) annihilates the ¢

v — ALy~
aql) 0.

term, yielding the primary constraints <I>( )(q v) R Y] e e 0(1 5
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e The algorithm imposes consistency by differentiating these constraints, %d)fll)
(g, v) ~ 0. This introduces ¢ terms, which are then replaced using the "evolutive"

part of the E-L equations, generating secondary constraints <I>l()2) (g,v) = 0.

Remark 3.14 (Relation between Bergmann’s algorithm and the PCA) In our intrin-
sic formulation (Definition 3.12), the degenerate system is the pre-symplectic system
(T Q, o, Er). It can be proven that Bergmann’s algorithm is exactly the local appli-
cation of the PCA to this system. Indeed, the PCA begins by defining M; = {m €
TQ | dEp),(Y) =0, VY € ker(wr)nm}. Let us identify the kernel K = ker wy . It
can be locally decomposed as K = Ky @ Ky, where Ky = K NIm S (the vertical
kernel, related to ker W) and Ky is a horizontal complement (related to ker W in the
d/dq directions). We test the PCA condition (dE)(Y) = 0 on both parts:

o For the vertical kernel Yz = Z! % € Ky (where W;; ZJ) =0):

0E]

(dEL)(Yz) = < o0
v

) Z' = Wi Z' = v (W Z') = 0. (106)
This condition is satisfied identically because Z € ker W. The vertical kernel

generates no constraints.
e For the horizontal kernel Yy = Y # € Ky (where W;; Y/ = 0):

OFE . - 0%L AL\ _ .
WED(Yy) = (ZE)vi = (v — 2= ) vix0. (107
aq! dgtov/  9q!

This last equation is precisely the set of primary constraints CDgD(q, v) & 0 derived
from Bergmann’s Lagrangian algorithm. Since the subsequent steps of both algo-
rithms are defined by the same iterative tangency requirement, the two algorithms are
equivalent.

The PCA only checks for the existence of some vector field X satisfying ixw; =
dEL. It does not check if this X is a SODE field (i.e., S(X) = A). A system can be
Hamilton-consistent (M s # @) but Lagrangian-inconsistent if none of the solutions
X on My are SODEs.

To solve this, one should use a "SODE-compatible" PCA (see [41] for a more in-depth
treatment). At each step k, one defines the next manifold Fy C Fj_1 as the locus of
points m where there exists a vector X,,, € T,, (T Q) that satisfies all three conditions:

1. Hamiltonian condition: (ix, w;, +dEp),(Y) =0forall Y € (T, Fk,l)L”’L.
2. SODE condition: S(X;,) = Ap,.
3. Tangency condition: X, € Ty, Fr—1.

If this algorithm converges, it finds a final constraint manifold F'y where the Lagrangian
system becomes consistent, and which is, in general, a subset of the Hamiltonian one,
Fr S My.

The case of inconsistent Lagrangian systems forces us to first apply the Lagrangian
constraint algorithm to find the physical manifold F. In general, there is no reason
to expect Fy to be a tangent bundle itself.
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At this stage, the system is (Fy, (wp)f, (EL)r), which is a consistent pre-
symplectic system (generically with gauge freedom ker(wy) sy # {0}), but it is no
longer a Lagrangian system. To regularize the remaining gauge freedom, one can
apply the coisotropic embedding (Theorem 3.7) to (F, (wr) ). The result is a sym-
plectic manifold (Fy, @y). This manifold is generic, non-Lagrangian, and has lost
the original physical tangent structure. This path solves the constraint problem but
"destroys" the Lagrangian structure.

Example 3.15 (Affine Lagrangians) A particularly enlightening example of the prob-
lem presented above is that of affine Lagrangians. Indeed, let o € '(Q) be a 1-form
and f € C*°(Q) be a function. Let

L:TQ —R, L) :=a@)+ f(mo)). (108)

Locally, if « = «;dg’, we have L = «;§’ + f(g). The Poincaré—Cartan form in this
scenario is ‘
oL = —d (a,-dql) = —da. (109)

And the Lagrangian energy is E; = — f. Then, the equations of motion are tydo =
df, so that it is actually a first order equation on Q, and may be regarded as a pre-
symplectic system. Then, the constraint algorithm on (T Q, L) is wp-related to the
algorithm on the pre-symplectic system (Q, da, f) as follows:

Ffe—s -3 F——TQ

/ L] aw

Mf;)r_>er_>Q
and we have the equality
Fr={veT,Mr1: pe My and (,da =df}. (111)

In particular, (M7, do, df) is a consistent pre-symplectic Hamiltonian system and
Fy —> My is an affine bundle modeled over K = ker da. Then, the characteristic

distribution on Fy is K | Fy» and the thickening is (an open subset of)
7 = (€)' |
r=\4A lFy — Fy. (112)

In particular, by taking adapted coordinates (x“, f*) to K, the coordinates on F | are
(x4, fA, fA, MA, fta), and there is no reason to expect F'y to be a tangent bundle.

Remark 3.16 (Gotay and Nester’s Lagrangian constraint algorithm) There are differ-
ent ways of performing the constraint algorithm to ensure that the final constraint not
only has well-defined (tangent) dynamics, but the dynamics can be chosen to satisfy
the SODE condition. To our knowledge, the most standard algorithm is the Lagrangian
constraint algorithm by Gotay and Nester [26]. The algorithm proceeds as follows.
Let L € C*(T Q) be a singular Lagrangian. Then, instead of requiring the SODE
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condition at each step, one follows the Hamiltonian version of the algorithm, namely,
by setting My = T Q and then

My = {m € My_y | (dH)u(Y) =0, VY € (T, Mg_1)™}. (113)

Suppose that the sequence Mo, My, ... stabilizes at M y. Then, there is a vector field
X € X(My) such that
ixwr =dEy, (114)

where wy = (wL)|M_/ and Ey := (EL)le. However, the vector field X may not
satisfy the SODE condition. The idea by Gotay and Nester is to find a submanifold
of My, in which X can be chosen to satisfy it (we refer the reader to [2, 33] for a
complete proof). The construction employs the Legendre transformation, and that the
algorithms (in the Lagrangian and Hamiltonian side) are conveniently related by it.
Indeed, when L is almost regular, by defining

Py:=Leg; (TQ) C T*Q, (115)

one has a fibration Leg; : T Q0 — Pp. One can show that the Energy E is constant
along this fibers, so that there is a well defined Hamiltonian

TQ
Leng Er . (116)
Py TO) R

Then, by denoting Py, P1, ... the submanifolds obtained by the pre-symplectic con-
straint algorithm applied to (P, (wg)|p,, Ho), one has that they are related by the
Legendre transformation:

My— ---—M —TQ
Legj’y LegL'/ Ley ) (117)
Pp—> o= Pl—— Php——T" Q

Under mild regularity conditions, Leg; : My —> Py defines a fiber bundle. Gotay
and Nester then solve the SODE problem as follows: Choose a vector field X € X(Py)
solving ix(wr)p, = d(EL)p;, (Where (wr)p, reads the pull-back of (wg)|p, to Py
and (E) p, is the pull-back of E to Py)and Y € X(My) whichis Leg, -related to X,
namely (Leg;).Y = X. Then, Y solves the equation iy(a)L)Mf = d(EL)Mf (where
(a)L)Mf is the pull-back of w; to My and (EL)Mf is the pull-back of E to My), but,
as discussed, does not necessarily satisfy the SODE condition S(Y) = A. Hence, one
studies the defect

Y*=85¥)—-A. (118)

Let us show that lim,_, o )" (where " denotes the local flow of ¥Y*) exists and
defines a submanifold Sy < M y which is diffeomorphic to P through the Legendre
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transformation. Indeed, if ¥ = ! aiqi + bl a%i’ we have

. .9
Y = —¢)—. (119)
9q

Because Y is Leg, -projectable, a’ is constant on the fibers of M r —> Py and,
furthermore, since we have isyyw; = iaw; for every vector field Y, in particular we
have Y* € ker wr. This, together with the fact that ker d Leg; = kerdmg Nker oy,
implies that Y* is tangent to the fibers. Now it is clear that the integral curve of Y*
through the point (qé, q'é) is

y(0) = (gh,a' +e7' (G —a')), (120)

so that its limit exists, and is the point with coordinates (qé, ai). In particular, Sy is
the image of a sectiono : Py —> My

Sp—My—---—M —TQ

L .
N Pfr S

. (121)
——Pl—— P —T"Q

By definition, Y* vanishes on S, sothat Y solves the equation and satisfies the SODE
condition S(¥) = A.However ¥ need not be tangent to S ¢, but it is enough to consider
Y := 04(X), which

o Istangent to Sy.

e Solves the equations by definition. ~

o Satisfies the SODE condition. Indeed, Y satisfies it, and Y — Y is a vertical vector
field (with respect to the projection wg: T Q — @), since ker(dLeg;) =
ker dmr Nker wy .

Remark 3.17 (Relation between both algorithms) The algorithm presented is related
to the one by Gotay and Nester as follows. Denote by Fy, F1, ... the constraint sub-
manifold obtained by requiring the SODE condition at each step. Then, it is clear that
at each step Fy C M, so that Fy € M y. Furthermore, Sy C Fy, as we clearly have
Sy C F, for every k. Indeed, the inclusion Sy C Fy is clear, and the subsequent ones
are obtained iteratively by definition.

Consistent Lagrangian Systems. If the system is consistent but has gauge ambi-
guities, we can bypass the constraint algorithm and apply the coisotropic embedding
theorem directly to the initial, degenerate Lagrangian system (T Q, w; ). This approach
raises the true "tangent structure problem": does this procedure preserve the tangent
structure? Specifically:

1. Is the regularized symplectic manifold M diffeomorphic to a tangent bundle T é ?
2. If so, is the new symplectic form & a regular Lagrangian 2-form wj?

@ Springer



Regularization of singular time-dependent Lagrangian systems Page290f62 125

In the next section, we show that for a specific, physically relevant class of degen-
eracies, the answer to the first question is yes, while the answer to the second one
is no, unless the coisotropic regularization scheme used in the Hamiltonian setting is
slightly modified.

3.4 Existence and uniqueness of Lagrangian regularization

The objective of this section is to prove the existence of an autonomous Lagrangian
regularization, under specific conditions on the gauge ambiguities of L. We also discuss
the matter of uniqueness. Although global uniqueness is not guaranteed, as a plethora
of extended Lagrangians may be considered, we prove that any tangent structure on
a particular symplectic regularization M must be “isomorphic on T Q” to the one we
build. Namely, the first-order germ of the extension is unique. The main assumption that
we will make to endow the regularization with a Lagrangian structure (as in [30, 31])
is that the characteristic distribution K = ker w;, providing the characteristic bundle
K C T(T Q) is the complete lift (tangent distribution) of an integrable distribution K
on Q, which defines a regular foliation Fg. Let Q have local coordinates (x“, f A),
where x“ are coordinates on the leaves of Fg and f A parameterize the fibers (the

distribution K). The tangent bundle T Q has coordinates (x?, f4, %%, ). Under
this hypothesis, the kernel of w;, is K = K€, locally spanned by

() -3 () =3
T \ar) T e i) T (

The symplectic thickening (1\71 , @) is constructed as a neighborhood of the zero section
in the dual bundle K* — T Q, as described in Theorem 3.7. As discussed in [30],
such thickening coincides with the whole K* if the almost product structure P can be
chosen to have vanishing Nijenhuis tensor. We assume this is the case from now on.
On the other hand, the thickened space M = K* can be identified as the cotangent
bundle of the foliation Fx in the sense of the following proposition:

Proposition 3.18 The following canonical isomorphism exists:

M = K* ~ T*Fg = | ] ™F. (123)
FeFg

where F denotes a leaf of Fk.

Proof A point p € K* is, by definition, an element of the dual bundle to K. It consists
of apair (m, o, ), where m € T Q is the base point, and «,, € K, is alinear functional
on the fiber K,, = ker(wp);,. Thus, o, : K, = R.

On the other hand, a point ¢ € J*Fk is, by its definition as a disjoint union, an
element of the cotangent bundle of a leaf F € Fk. This point consists of a pair
(m, Bym), where m € F is the base point, and f,, € T}, F is a linear functional on the
tangent space to that leaf, T,, F. Thus, 8, : T,, F — R.
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The foliation Fx is, by construction, the integral foliation of the distribution K. This
means that, at any point m € T Q, the tangent space to the unique leaf F' passing
through m is precisely the subspace K,:

T, F =Ky . (124)

Since the domain spaces K, and T, F are the same vector space, their dual spaces K}
and T}, F are also canonically identical. Therefore, there is a natural, fiber-preserving
isomorphism & : K* — J*Fk given by ®(m, o) = (m, a,,), which simply re-
interprets the covector «, € K, as an element of T}, F. This establishes the identity
K*= 9*F K- O

Remark 3.19 1In the case where the almost product structure P does not have vanishing
Nijenhuis tensor, the identification of K* as a global tangent manifold does not make
sense anymore. Indeed, the coisotropic embedding theorem forces us to restrict to a
tubular neighborhood of T Q in K* for the form to be symplectic. This neighborhood
may no longer be a vector bundle, thus destroying the global tangent structure. How-
ever, it inherits a natural tangent structure, and may be considered a tangent bundle
locally. For convenience, we restrict to the case in which @ is globally symplectic,
although without much difficulty all the constructions extend to the situation where
one must work on an open subset (indeed, the local expression and constructions that
we show work for any almost product structure). Moreover, if the Hamiltonian vector
fields are complete (in particular, if the Hamiltonian vector field in the thickening
is complete), the dynamics always remain in this open subset, as the flow maintains
regularity.

The coordinates of M are (x4, fA,)%“, fA, Kf gs ,uf'A), where (uy 4, ,u,f-A) are the
fiber coordinates dual to the kernel generators

0 0 125
Y (=

We now define a new configuration manifold Q We identify @ as the cotangent bundle
of the foliation F, denoted Q := 7 *Fx = K*, and defined as

~

0=7F = || TE. (126)
EEFI,S

where by [ we denote a leaf of Fk. The manifold é has local coordinates (g) =
(x?, fA, ). The tangent bundle of this new space is T Q = T(J*Fg), with local
coordinates (§, §) = (x%, fA, wa, X%, 4, [1a).
Proposition 3.20 There exists a canonical isomorphism o that relates T é to the thick-
ened space M ~ T*TFk

a:TO > M (127)

@ Springer



Regularization of singular time-dependent Lagrangian systems Page310of62 125

Proof The isomorphism is the Tulczyjew isomorphism for foliations defined in
Sect.2.2

a: TQ = T T Fgc — TFrg = TFk

D A s X A fa) e 0 FAL R A g = s (128)
Ko = [a).

]

The isomorphism « is evidently differentiable, thus defining a diffeomorphism, and
allows us to endow the regularized manifold M with the structure of a tangent bundle,
by "pushing forward" the canonical tangent structure (Sp g, Aypg) from T Q to M.

We define the tangent structure (S , A) on M as:

A= (A ) (129)
S=a*(Srp). (130)

Intrinsically, Alis the vector field on M thatis a- -related to the canonical Liouville field
ATQ The tensor S is the unique (1, 1)-tensor on M satlsfylng So Oy = Qy O STQ
Since « is a diffeomorphism, this new structure (M , S , A) automatically satisfies the
tangent bundle axioms (Eq. (56)).

To see this structure explicitly, we compute its local form. The canonical structure
on T Q (with coordinates (x¢, f*, ua, x¢, fA, La))is:

Mg =5+ f —a s (131

(132)

At this point, a fundamental issue arises. Let us pull-back the standard regularized
symplectic form @ from MtoT Q via the Tulczyjew isomorphism «, and check if
the resulting 2-form @ := o*w is Lagrangian with respect to the canonical tangent
structure St 5

Recall that the thickened symplectic form constructed via the standard Hamiltonian
coisotropic embedding is:

5= ttoL +d(MfAPA +,uf~ARA) , (133)

where the 1-forms P4 and R4 are the 1-forms defining an almost-product structure
P adapted to K

3
P = PA®—+RA®

777 i (134)
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where
PA = dft — PAdx® — PAdx?, (135)
A p A .
R = df* — R} dx" — R dx”. (136)

Applying the pull-back «*, we obtain:
® = twp +djia AP+ iadPY +dpa A RN + padRY . (137)
For @ to be aregular Lagrangian 2-formon T 0, it must satisfy the symmetry condition

(93), namely &(Sy X, Y) = &(St 5Y, X) for any pair of vector fields X, Y. Let us
test this condition using the canonical tangent structure

d d
— +dus ® —, (138)

+dft® —
f afA oA

ST@ =d'® oxa

and the specific pair of coordinate vector fields X = a,% and ¥ = deB Applying
the vertical endomorphism, we have Sy 5X = % and Sp5Y = 3—;%. Evaluating the
left-hand side of the symmetry condition yields:

~ ~f 0 ad
o(SppX.Y) = w<m, 8f_3> . (139)

The only term in @ containing djt 4 is dftg A PA. Since P4 ( ) = 84, we obtain

0
afB
D(SppX.Y) = 55 (140)

Conversely, evaluating the right-hand side yields

>(Sp5Y. X) A( o0 ) A( o0 ) (141)
w 5Y, =w|l—, — )= —-o|—, — ).
T afB" dua dpa’ 3fB

The only term in @ containing du 4 is dua A RA. Since R4 <ﬁ§> = 82, we obtain

a(SpgY, X) = —54. (142)

This implies that for the 2-form to be Lagrangian, we would fundamentally need
(Sg = —83. This shows that @ is never a Lagrangian 2-form, regardless of the choice of
the almost-product structure P. Therefore, the standard coisotropic embedding inher-
ited from the Hamiltonian setting fundamentally breaks the tangent bundle geometry,
making it mandatory to slightly modify the regularization scheme to preserve the
Lagrangian nature of the system.
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At this stage, having proved that the standard coisotropic embedding inevitably
breaks the Lagrangian nature of the system with respect to the canonical tangent
structure on T Q, there are essentially two paths to proceed:

e Modifying the isomorphism: One can abandon the canonical Tulczyjew isomor-
phism « and construct a different bundle isomorphism between the thickened space
M and the tangent bundle T Q This is the approach adopted by A. Ibort and J.
Marin-Solano in [30], where they introduce an arbitrary Riemannian metric on the
fibers of the vector bundle K — T Q to build a non-canonical, metric-dependent
isomorphism that correctly "twists" the variables to get a Lagrangian 2-form.

e Modifying the regularized 2-form: One can preserve the canonical, purely geomet-
ric Tulczyjew isomorphism « and modify the definition of the regularized 2-form
itself.

In the present work, we adopt the second approach. Specifically, rather than relying on
the standard Hamiltonian coisotropic form @, we construct the regularized Lagrangian
2-form@ on T Q by taking the pull-back of the original degenerate Lagrangian form,
a*t*wy, and adding a correction term that is Lagrangian by construction. This term
takes the form —ddg 5 F,where F € C*°(T é) is a globally defined smooth function.
The construction of such a function F requires fixing an auxiliary connection on the
bundle 0 — Q satisfying suitable properties (which are fulfilled, for example, by any
linear connection). This new methodology presents two significant advantages over
the existing literature:

e It requires fixing a less restrictive geometric structure (a connection) compared to
the requirement of a full Riemannian metric.

e It yields a globally defined regularized Lagrangian function L that generates the
dynamics, unlike the approach in [30] which only guarantees the existence of local
Lagrangian functions.

The definition of the function F is not canonical, and depends on the choice of two
ingredients:

e An Ehresmann connection V on the bundle é = K* — Q, given by a splitting
of the tangent bundle in vertical and horizontal vectors

TO*=V®Hy. (143)

This connection is chosen so that the splitting at QO (identified as a submanifold
via the zero section), is the canonical splitting

TOlp=V®TQ, (144)

in order for F' to be zero at Q (and hence, to define an extension of L). This can
be achieved simply by choosing a linear connection, though it is not necessary.
e An almost product structure P on Q, which complements the distribution K.
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Remark 3.21 (Coordinate expressions) Locally, we express the components of the
connection as

0 d d d
Hy = — 4+ T yp—, — +Tpa—1 . 145
v = span { o +Taa oun’ 0fF +Tga o } (145)

The condition on V inducing the canonical splitting at the zero section is reflected in
the I"’s vanishing at Q (again identified via the zero section).
On the other hand, we express the projector defining the almost product structure as

d 0
_ pA - A _ pAj,a -
P=rle (ar Padx>®afA. (146)
Now, consider the following maps

M+*—TQ~Va&Hy
| n
TO vV ) 147)
gl
K K*

where py denotes the projection from T é to V defined by the connection V chosen
and the arrow V —> K* is the identification of the vertical bundle with the fiber of a
vector bundle. Then, we define the map

FPV.TQ —R (148)

for§ e T é via the natural pairing between K and K*

FPY(E) = (Potoa)), py)). (149)

Remark 3.22 (Local expression of F¥>V) Using the coordinate components of V and
P from Remark 3.21, we have that

FPY = (,zA . fBFBA) (fA —x“P;‘) : (150)

We then have the following:

Theorem 3.23 (Lagrangian coisotropic embedding) Let L: T Q —> R be a singular
Lagrangian. Suppose that L is consistent and that the characteristic distribution K =
ker wy, is the complete lift of a distribution K on Q. Then, given an Ehresmann
connection V on K* and an almost product structure P on Q as above, the embedding

TQ — K* (51)
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is a coisotropic embedding on a neighborhood of T é for the symplectic structure g,
where L = L + FPV.

Proof We will first show that T (K*) |T is a symplectic vector bundle, so that @
defines a symplectic structure on some neighborhood of T Q. Indeed, a quick compu-
tation shows that

ds, 5L = dsL + fAdua + jradf* (152)
— (Taa(f* =3P + P Ga = £Tpa — fPTp0) ) e (153)
— (Tea(* = &P + 5 Tap + f5Tpa ) df? (154)
—%*PAdua . (155)

Hence, taking the exterior differential and restricting to the zero section (so that all
I"’s vanish), we obtain the following 2-form

ddSTQZ = t*wr +df4 Adua +dia AdfA + (semi-basic terms).  (156)

Notice that the first three terms in the right-hand side define a symplectic structure.
Since adding semi-basic terms (with respect to the projection onto Q) does not change
regularity, we have that T (K*) |T 0 is a symplectic vector bundle. Finally, notice that
it is a coisotropic embedding, as

dST§L|TQ =dgL. (157)

]

Having established a constructive method for a regularized Lagrangian system, it is
natural to ask to what extent this regularization depends on the specific choices made
(i.e., the connection V and the almost-product structure P). While the global geometry
of the thickened space cannot be unique—since it heavily depends on these arbitrary
choices evaluated away from the zero section—its behavior infinitesimally close to the
original physical system is completely rigid. In mathematical terms, we can prove that
its first-order germ along the original manifold T Q (that is, the regularized symplectic
form and the extended tangent structure evaluated exactly on the points of T Q) is
geometrically unique, provided the restricted tangent structures coincide.

To prove this, we first need a purely algebraic lemma regarding symplectic vector
spaces equipped with nilpotent endomorphisms (which act as local models for tangent
structures).

Lemma 3.24 Let (E, w) be a symplectic vector space, equipped with a (1, 1)-tensor
J satisfying J2=0and w(Jx, y) = w(Jy, x) (which is equivalent to i yjw = 0). Let
L C E be aLagrangian subspace such that J (L) C L. If there exists a complementary
subspace W such that E = L & W and J(W) C W, then we can construct a new
complement A(W) which is Lagrangian and remains invariant under J.

@ Springer



125  Page 36 of 62 M. de Ledn et al.

Proof Since L is a Lagrangian subspace, it is maximally isotropic, which means
dmL = %dim E and w(l1,l2) = O for any /1,l» € L. Because W is a comple-
ment (E = L@ W), itimmediately follows that dim W = dim E —dim L = % dim E.
Furthermore, the non-degeneracy of w ensures that the map ¢: L — W* defined by
¢ () := (ij)|w is a linear isomorphism.

We define a deformation map A: W — L @ W by adding a specific correction
term in L to every vector in W. Let [, := —%d)_l(iwwlw) € L, and define:

Aw) = w+1y,. (158)

Notice that A is injective: if A(w) = 0, then w = —I,;,. Since w € W and [, € L, and
their intersection is trivial (L W = {0}), it must be that w = 0. Since A is an injective
linear map, the image subspace A(W) has exactly the same dimension as W, namely
dimA(W) = % dim E. Additionally, we must ensure that A(W) is a valid complement
to L, meaning their intersection is trivial. Suppose a vector v = w + I, € A(W) also
belongs to L. Since /,, € L, this implies w = v —1[,, € L. However, since the original
sum E = L @ W is direct, we have L N W = {0}, which forces w = 0. Consequently,
Iy = 0, meaning the only vector in the intersection is the zero vector. Thus, A(W)
intersects L trivially and serves as a valid complementary subspace.

Next, we explicitly show that A(W) is an isotropic subspace. Let wi, wy € W and
consider their images under A. Expanding the symplectic form using bilinearity, we
get:

w(A(wy), A(w2)) = w(wy + Ly, w2 +1y,)

= Cl)(u)l, wZ) + Cl)(U)l, lwz) + a)(IM)1s w2) + w(lwp lwz) .
(159)

The last term w(/y,,, lw,) = 0, because L is isotropic.

By definition of the isomorphism ¢, we have @ (I, w2) = ¢ (l;)(w2). Substituting
Luys we get ¢ (=3¢ (i @) (w2) = =3 (i @) (w2) = —F0 (Wi, w2).

With this in mind we get

1 1
w(A(wy), A(w2)) = w(wy, wa) — Ew(wh wy) — Ew(wh w2) +0 = 0. (160)

Therefore, A(W) is isotropic. Being an isotropic subspace with dimension exactly half
of dim E, A(W) is Lagrangian.

Finally, we must ensure that A(W) is invariant under J. Let w € W. It will be
enough to show that J commutes with the correction term, i.e., J (ly) = (), which
isequivalentto J (¢~ (w)) = ¢~ (J (w)).Let! = ¢! (w), which by definition means
w(l, x) = w(w, x) forall x € W. Since W is invariant under J, the vector x = J(w’)
also belongs to W for any w’ € W. Substituting this into our defining equation yields
o, J(w")) = w(w, J(w")). Using the symmetry of J withrespect to w (i yw = 0), we
canmove J to the first slot, obtaining —w (J (1), w’) = —w (J (w), w’). Since this holds
for all w’ € W and the map ¢ is an isomorphism, it follows that J () = ¢’1 (J(w)),
concluding the proof. O
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Remark 3.25 (The case of symplectic vector bundles) Notice that Lemma 3.24 applies
as well to the case of symplectic vector bundles (E, ) —> M together with a nilpotent
endomorphism J, an invariant Lagrangian subbundle L, and an invariant complement
W. Indeed, the construction presented is global and maintains smoothness.

Remark 3.26 Finally, notice that Lemma 3.24 requires the existence of a J-invariant
complement W. In the case of nilpotent endomorphisms, this may be built as follows.
Let W be a complement of J(L) in J(E), so that J(E) = J(L) & W. Then, we can
define W := J— (W) which clearly satisfies W=1J (W) € W (J being nilpotent)
and E = L & W. This holds as well in the case of symplectic vector bundles when J
and J |z, have constant rank, which will certainly hold in our case.

Using this algebraic tool, we can now prove the uniqueness theorem for the Lagrangian
regularization.

Theorem 3.27 (Uniqueness of Lagrangian coisotropic embedding to first order)
Let (M1 1) and (Mz,a)z) be two symplectic regularizations of the degenerate
Lagrangian system (T Q, wr). Suppose that both regularizations admit a tangent
structure S; making the respective forms Lagrangian (i.e., ig, ®; = 0), and that
the embeddings i;: TQ — Ml preserve the tangent structure: (ij)4 o STQ =
S,|TQ o (ij)«. Then, there exist tubular neighborhoods Uy, U, of T Q in My and
M», respectively, together with a local diffeomorphism . Uy — U, restricting to
the identity on T Q, such that its pushforward provides an exact isomorphism of the
tangent-symplectic structures over T Q:

V@1, Dy = @2 5Dy - (161)

Proof Letn+r = dim Q, where K = ker wy, is the characteristic distributionon T Q,
with rank 2r (because of the hypothesis that K is the tangent distribution to a rank
r distribution K on Q). We can decompose the tangent space of T Q as T(T Q) =
K & W, where the complementary subbundle W must be chosen to be invariant
under the vertical endomorphism St ¢. Such a complement naturally arises from the
geometry of the tangent bundle: we can choose a distribution 4 complementary to
K on the base manifold Q (so that TQ = K & H), and define W as its tangent
distribution. Since W is pointwise spanned by the complete lifts X¢ and vertical
lifts XV of vector fields X € H, the fundamental properties St o(X¢) = XV and
STQ(XV) = 0 intrinsically guarantee that St o(W) € W. Furthermore, since K is
the kernel of wy, the restriction of wy to W is non-degenerate, making (W, wr|w) a
symplectic vector bundle of rank 2n.

Inside the tangent space of the thickened manifold T M IT 0, we consider the sym-
plectic orthogonal to W, defined as Wi = ={| oW W) = 0}, which is again
a symplectic vector bundle. Crucially, WL-@ is invariant under S;. Indeed, taking
v e W and testing it against W:

@i (Si(v), W) = &1(5:(W), v) = @&(STo(W), v) = 0, (162)
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where we used the symmetry of S;, the hypothesis that the embedding preserves the
structure (S lw = ST olw), and the fact that St ¢ preserves W.

By dimensional counting on the coisotropic embedding, dim M = dim(T Q) +
dim K = (2n 4 2r) + 2r = 2n + 4r, where 2n is the dimension of W. Since W
is symplectic, then dim M; = dimW + dim W@ implying dim WL = 4,
By definition, K C W@ is isotropic. Since dim K = 2r = 1 dim W@, K is a
Lagrangian subbundle of Wi

Applying Lemma 3.24 (together with Remark 3.25 and Remark 3.26) fiber-wise,
we can construct a J-invariant Lagrangian complement for K, allowing us to identify
WL = K @ K*. This provides a global, structure-preserving local isomorphism,
say ¥:

TM,-|TQ;W@K@K*. (163)

We can therefore choose local coordinates (x“, x%) for W, (f A f 4y for K, and fiber
coordinates (14, ft4) for K*. In this universal adapted frame evaluated precisely on
T Q (where g = 0, 14 = 0), any regularized symplectic form must locally read:

o = wr +dua AdfA +daa ndfA. (164)

It remains to show that the extension of the tangent structure S; is also uniquely
determinedon T Q. Let Sbean arbitrary (1, 1)-tensor extending St ¢. In our universal
adapted frame evaluated on T Q (where ug = 0, 14 = 0), the most general matrix
form for S that acts as St ¢ on the base manifold is:

S = (dx“ + FAdug + F“Ad,zA) ® (165)
+ (de + GABdup + GABdjg (166)
. 9
HBd HB4; — 167
+<AMB+ AMB)®8MA (167)
. 3
184 1Bd; — 168
—i—(A MB+AMB>®8I.M (168)

We must impose the Lagrangian condition igw = 0. Recall that the interior product
of a (1, 1)-tensor with a 2-form acts as (1Aa))(X Y)= a)(SX Y) —i—a)(X SY) which
extends to wedge products as ig(a A B) = (S*a) A B+an (S*,B) Applying the
pull-back § S* to the basic 1-forms yields:

$*dx?) =0, (169)
S*@drt = o0, (170)
$*(di%) = dx% 4+ F*dpua + F*dja 71)
S¥dfY) = df* + G*Bdup + G Bdug (172)
S*(dua) = HPdup + Hidjup, (173)
S*(djea) = 1Pdup+ 1Bdjg. (174)
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We now evaluate ig term by term on the symplectic form w = wp +dus Adf A4
diea Ad f A For the base form w; , since its kernel is exactly K = span{ #, % }, it
only contracts non-trivially with coordinates (x, x). Because wy is already Lagrangian
with respect to the base tangent structure (is; , @z = 0), applying ig only extracts the

newly added transverse coefficients
iswL = (FwAduA +—F“AduA) Nig oL, (175)
For the second term, applying the product rule and using S (df*4) = 0 one gets
igWa ndfY) = (Hidup + HEdig) ndf?, (176)
whereas, for the third term one obtains
@@“Adﬁ)=(ﬁmw+jﬂmgAdﬁ+mmAQvA+G”¢m+6“mm).UW)

Now, the form d /4 only appears in the third piece, multiplied by the I matrices. Since
it is linearly independent from all other forms, its coefficients must vanish, forcing
12 =0and /% =0.

Gathering the df4 wedges from the second and third pieces, we get
(HBdup + HBdjp + djea) Adf4 =0, forcing H® = 0and H = —55.

The 1-forms i 2 0L are linear combinations of dx”. Since dx? do not appear anywhere
else in the expansion, the F matrices multiplying them must vanish, forcing F*4 = 0
and F4 = 0.

We are left with only djia A(GABdup+ GABdjip) = 0 from the third term. The linear
independence of i 4 Adpu g forces GA® = 0. For the second part, GAZdjis Adjig = 0
implies that the matrix GA% must be symmetric (GA% = GB4).

Finally, we impose the structural condition established by Lemma 3.24, namely that
the extended tangent structure must leave the dual Lagrangian complement invariant:
S(K*) € K*. The subspace K* is generated by {ﬁ, %}. Applying our simplified

tensor S to the basis vector %, we obtain:

[/ 9 i 9 9
S(—f—) =G — - — . (178)
dpe afA  duc

For this resulting vector to remain within K*, it cannot possess any component along
3—?7, which belongs to K. This geometrically forces the symmetric matrix G4 to be
strictly zero.

Thus, all unknown coefficients are strictly identically zero or uniquely fixed. Con-
sequently, there is only one algebraically permissible tensor §~on T Q. Therefore,
the map v identifying the two universal splittings satisfies ¥,.S; = Sy along T Q,
concluding the proof. O
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4 Regularization of non-autonomous systems
4.1 Cosymplectic Hamiltonian systems

While the natural geometric setting for autonomous Hamiltonian systems is that of
symplectic geometry, for non-autonomous systems it is that of cosymplectic geometry
(see [36, 37]).

Definition 4.1 (Cosymplectic manifold) A cosymplectic manifold is a triple (M, w, 7)
where M is a smooth manifold of dimension 2n+1, w € §2 (M) is aclosed 2-form, and
T € Q1(M) is a closed 1-form, satisfying the non-degeneracy condition T A " # 0.

On every cosymplectic manifold (M, w, 7) thereis aunique vector field R € X(M),
called the Reeb vector field, that satisfies irw = 0 and igT = 1.

Theorem 4.2 (Darboux’s Theorem for cosymplectic manifolds) The Darboux theorem
can be generalized to cosymplectic manifolds. Let (M, w, T) be a cosymplectic man-
ifold of dimension 2n + 1. Around every point m € M, there exist local coordinates
(q", pi. 1), called Darboux coordinates, such that:

w=dg¢' Adp;, T=dt.
Definition 4.3 (Cosymplectic Hamiltonian system) A cosymplectic Hamiltonian
system is a tuple (M, w, T, H), where (M, w, T) is a cosymplectic manifold and

H € C*°(M) is a smooth function (the Hamiltonian).

Similar to the symplectic case, the isomorphism b guarantees the existence of a unique
vector field grad H € X(M), the gradient vector field, satisfying:

b(grad H) = dH . (179)

To obtain the dynamics defined by the Hamiltonian (see [5]), we use grad H to define
two additional vector fields. First, the Hamiltonian vector field:

Xy = grad H—-R(H)R, (180)
and second, the evolution vector field:
Ey = Xg+R. (181)

In Darboux coordinates (¢, p;, t), using the local expression for grad H, the evolution
vector field takes the form:

9H & 9H & 9
+—. (182)

(‘: -
M 9piogt  dgiap ot
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The solutions of the non-autonomous Hamiltonian system are the integral curves
(q' (&), pi(e), t(e)) of £y, satisfying the time-dependent Hamilton’s equations:

dqi s dp; oH dr
- ==, Z =" —=1. (183)
de o pi de aq’ de

Since 3—2 = 1, we have t = ¢ 4 const, allowing us to identify the curve parameter with
the time coordinate ¢ and recover the standard non-autonomous Hamilton’s equations.
A particular case of high relevance is obtained by taking the product T* Q x R, where
T* Q denotes the cotangent bundle of the configuration manifold Q. Indeed, if we
denote by w = —dfg, where 6 is the Liouville 1-form on T* Q, then the pair (w, dr)
defines a cosymplectic structure on T* Q x R, where here w and dr are the obvious
extensions, ¢ being the standard coordinate in R. A direct calculation shows that the
natural bundle coordinates (z, qi, pi) are Darboux coordinates for this cosymplectic
manifold.

Remark 4.4 (Cosymplectic dynamics are Reeb dynamics) Assume that H is a Hamil-
tonian function on a cosymplectic manifold (M, w, t). Then, we can construct an
additional cosymplectic structure depending on H, say

(wg =w+dH AT, T).

A simple computation shows that the evolution vector field for H withrespectto (w, T)
coincides with the Reeb vector field for (wy, ), Eg = Ry, so that nonautonomous
Hamiltonian dynamics may be studied as Reeb dynamics. This point of view will be
particularly useful in the Lagrangian setting.

The point of view of Remark 4.4 is the picture that we will adhere to onwards, as it is
the most natural setting to study the non-autonomous Lagrangian side (see [19, 35] for
a comprehensive account on the Lagrangian description of time-dependent mechanics
in terms of jet bundles, and [12, 13] for the singular case).

4.2 Coisotropic regularization of pre-cosymplectic Hamiltonian systems

In general, when working with singular time-dependent theories (such as time-
dependent Hamiltonian gauge theories and time-dependent singular Lagrangian
theories), we work on a pre-cosymplectic manifold rather than on a cosymplectic
one.

Definition 4.5 (Pre-cosymplectic Hamiltonian system) A pre-cosymplectic Hamil-
tonian system can be fundamentally understood through its Reeb dynamics (as per
Remark 4.4). Let (M, w, t) be a pre-cosymplectic manifold. The dynamics are for-
mally governed by the equations:

ixw=0, and ixt=1. (184)
As in the autonomous case, these equations pose two distinct problems:
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1. Existence: A vector field X satisfying both equations may not exist.
2. Uniqueness: If a solution X exists, it is not unique, as it is defined only up to the
addition of any vector field Y € V:=kerw Nkert.

These two problems identify, again, two classes of pre-cosymplectic systems:

Inconsistent Hamiltonian Systems. A system is inconsistent if the existence condi-
tion fails. In this case, a cosymplectic generalization of the pre-symplectic constraint
algorithm [6] can be used to find the submanifold where consistent dynamics can be
defined.

The algorithm proceeds iteratively too. We define My := M and define the first
constraint manifold M as the locus of points where the equations are compatible with
tangency conditions:

M, :={m € My | 3X € T;u My with (ix®)m = O0and 7, (X) = 1}.  (185)

Assuming M is a smooth submanifold, the algorithm imposes solutions of (184) on
M to be tangent to M. Eventually, at each **step k > 2**, one finds the submanifold
My C My—1:

My :={m € My_1 | 3X € Ty My_1 with (ixw)m = 0and 7,,(X) = 1}.  (186)

As for the pre-symplectic case, if the algorithm stabilizes, we denote by w s and 7 ¢ the
restrictions of w and T to M. Then, (M, wy, ) is a consistent pre-cosymplectic
manifold which has Reeb dynamics defined.

Consistent Hamiltonian Systems. A system is consistent if it admits global Reeb
dynamics. This corresponds to a system that either started consistent or is the result
(Mg, wy, Tr) of applying the constraint algorithm.

As for the pre-symplectic case, the dynamics can still be modified by any vector
field Y taking values in the characteristic distribution V = ker wy N ker 77 and one
can regularize the system using a cosymplectic version of the coisotropic embedding
theorem [32].

Remark 4.6 (Construction of the cosymplectic thickening) Let V := kerw N ker 7.
Since it is the intersection of the kernels of two closed forms, it is integrable in the
sense of Frobenius. Let (x4, f A) denote adapted coordinates to the foliation. Since, by
construction, there is a Reeb vector field, we may further specify coordinates adapted
to the pair (w, ) obtaining coordinates (¢¢, py, f4, t) such that

w=dq" Adp,, T =dt. (187)

Then, the regularized structure is defined on the bundle V* — M, and is defined
in general using an almost-product structure complementing the distribution V. In
general, this will be defined by a projector

3 3
P=Pig T (de — PAdg® — PAdp, — QAdt) ® g U89
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This projector, as in the symplectic case, induces an embedding
PV S T*M,  6+— P*0. (189)

Then, if 637 denotes the tautological 1-form on T* M, we define 9P = (jP )*0p and
let
o=n*w+do", T=n'r, (190)

where m: V¥ — M denotes the projection. Locally, employing coordinates
(@%, pa-t, fA, wa) on V¥, this reads as

@ =dg* Adpy +dug A PA+ uadP?,  T=dr. (191)

However, unlike the symplectic case, this embedding is not unique. Recently, the
authors studied all possible coisotropic embeddings, and uniqueness is guaranteed by
a choice of Reeb vector field tangent to the final constraint and the orbits of the Reeb
vector field on the extension. More particularly:

Theorem 4.7 (Uniqueness of pre-cosymplectic coisotropic embedding) [32] Ler
(M, w, T) be a pre-cosymplectic manifold of constant rank and ij: M < M; be
coisotropic embeddings into cosymplectic manifolds (M j, @;, T;), for j = 1, 2. Then:

e There are neighborhoods Uy and Uy of M in M, and M and a diffeomorphism
YU — U, ~ ~
e Furthermore, if the Reeb vector fields R| and Ry of M| and M»> (which are tangent
to M) coincide on M, we have that the diffeomorphism yr can be chosen such that
its pushforward _ B
Yo: TMily — T M|y (192)

defines an isomorphism of cosymplectic vector bundles.

e Finally, if there is a diffeomorphism vro: Uy — U, that is the identity on M and
satisfies (Yo)«R1 = Ry (namely, both Reeb vector fields have the same orbits),
can be chosen to be a cosymplectomorphism.

Remark 4.8 Inshort, coisotropic embeddings of a pre-cosymplectic manifold (M, w, )
(in particular, (M 7, wy, Tf)) are unique topologically. Furthermore, if in advance we
fix a Reeb vector field on M, then the coisotropic embedding is unique "on M".
Finally, if the Reeb dynamics of both thickenings are conjugate, the embeddings are
neighborhood equivalent.

4.3 Coisotropic regularization of non-autonomous Lagrangian systems

Let m: Q — R be a fiber bundle with standard fiber Q, which will denote the config-
uration manifold. As in the autonomous case, we first formally define the geometric
structures associated with any non-autonomous Lagrangian L € C*®(J 7).

Definition 4.9 (Second Order Differential Equation (SODE)) A vector field X €
X(J'7) is a Second Order Differential Equation (SODE) field if it correctly relates
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the position, velocity, and time coordinates. In natural local coordinates (qi, c}i, ), a
general SODE vector field takes the form:

d .0 ; 3
X=—+¢—+X@q.¢D—. 193
ar T4 8ql+ (4.4 )aq' (193)

Intrinsically, this condition is expressed by the two equations:
dnX) =1, and S(X) =0, (194)

where S is the vertical endomorphism on J!7 (see Definition 2.24).

Definition 4.10 (Regular Non-autonomous Lagrangian system) A non-autonomous
Lagrangian system is a pair (Q, L), where L: J'7 — R. We define:

e The Poincaré-Cartan 1-form 6;, := Ldr + dgL = Ldr + isdL, locally reading:

oL ; oL
0p = |\L— —¢q')dt+ —dq'. (195)
aq’ aq!
e The Lagrangian 2-form w; := —df; .

A system is regular if the pair (w , dt) defines a cosymplectic structure on J ! 77. This

happens if and only if the Hessian matrix (W,»j = ) is non-singular. In this case,

92 L
ag79g7
the Euler-Lagrange equations correspond precisely to the unique Reeb dynamics of
the cosymplectic manifold (J Iy wy, dr).

The following theorem extends Theorem 3.11 to the cosymplectic context.

Theorem 4.11 (Characterization of Lagrangian 2-forms) Let 7: Q —> R be a fiber
bundle. Then, a 2-form w € Q*(J' 1) is locally a Lagrangian 2-form if and only if the
following conditions hold:

e [tis closed: dw = 0.
e [t satisfies isw = 0, where S is the vertical endomorphism (equivalently,

w(S(X),Y) = w(S(Y), X)).

Proof Let us introduce fibered coordinates on Q, which we denote by (¢, t). Since w
is closed, it is locally exact so that

o =d(A;dg’ + B;d§’ + Cdr). (196)

By computing isw, and employing the same argument as in Theorem 3.11, we may
reduce it to the case where B; = 0, in which case the contraction reads as

dA;

S Yo S
— (dq' - q‘dt> Adgd + 22 (dq' - q‘dt> Adt. (197)
g

ag!
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For this to vanish, two conditions need to hold:

0A;  0A; dA; .,  oC
—J =" and —Z4'+-—=0. (198)
aq’ aq/ aq’ ag/

The first condition implies the existence of L such that A; = 3—L, Rearranging

9
the second term, this implies that there ~is a function F = F(q,t) such that C =
L — %(j’ + F . By making the change L = L + F, we have that

oL ., ([~ oL
wo=d|—d¢'+ (L ———4¢" |dt ], (199)
dq' dq'
so that it is Lagrangian. Necessity follows trivially. O

Definition 4.12 (Degenerate Non-autonomous Lagrangian systems) A non-autonomous
Lagrangian system (Q, L) is degenerate (or singular) if the pair (wr,dr) is
pre-cosymplectic (i.e., the Hessian matrix W;; is singular). A degenerate non-
autonomous Lagrangian system is precisely a pre-cosymplectic Hamiltonian system
(J'7, wr, dr), but one which carries the "extra" kinematic constraint that its physical
dynamics must be a SODE field.

As in the autonomous case, this pre-cosymplectic system (J 7, wy , dt) can be either
inconsistent or consistent.

Inconsistent non-autonomous Lagrangian systems. In the presence of an incon-
sistent system, we may initiate the analogue of the constraint algorithm in the
non-autonomous Lagrangian setting. This is obtained by requiring, at each step, the
following conditions. Set Fy = J!m. Then, we iteratively define Fj | to be the set
of points m € Fj (where Fy is assumed to be a submanifold) such that there exists a
tangent vector X,, € T, Fy satisfying

e Reeb condition: ix, w; = 0 and (d¢)(X,,) = 1.
e SODE condition: S(X,;) = 0.

As in the autonomous case, if the algorithm converges at a finite step, it finds a final
constraint manifold F'y where the Lagrangian system becomes consistent, and which
is, in general, a subset of the Hamiltonian one, Fy € My. Now, (Fy, wr, dt) may
have gauge ambiguity, in which case we can select a product structure adapted to
V = ker wz N kerdr and apply the cosymplectic coisotropic embedding theorem to
remove the ambiguity in the equations. In general F ¢ fails to be a jet manifold (or, more
generally, to have a jet structure), so that there is little to no hope that the regularization

A~

F — Fy inherits a jet structure making the regularized system Lagrangian.

Remark 4.13 A similar discussion applies to that of Remark 3.16. The geometric ver-
sion of the constraint algorithm for time-dependent Lagrangians was developed in [6],
generalizing the procedure presented, together with the SODE construction. The same
relation applies: In general, Sy, namely the final submanifold of the non-autonomous
version of the constraint algorithm is a submanifold of F.
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Consistent non-autonomous Lagrangian systems. When in the presence of a con-
sistent Lagrangian L € C*(J'x), where 7: Q — R denotes the configuration
bundle, we have the existence of global Reeb dynamics which are of second-order,
namely we have that there exists X € X(J ') satisfying

ixor =0, dnx) =1, and S(X)=0. (200)

However, if {0} # ker w;, N ker dz, the dynamics fails to be uniquely defined, yield-
ing gauge ambiguities. After applying the pre-cosymplectic coisotropic embedding
theorem, we obtain a cosymplectic manifold (1\71 , @, T) in which (J Iz w, 7) embeds
as a coisotropic submanifold. Here we may wonder whether M admits a jet struc-
ture in such a way that the cosymplectic manifold (M , @, T) arises from an extended
Lagrangian

L:M—R. (201)

More particularly, we are looking for:

e A fiber bundle 7 : (3 —> R, together with a fiber bundle embedding Q — 6
Denote by S the vertical endomorphism on J 7.

e A Lagrangian L: M —> R such thatit restricts to the ori ginal Lagrangian L under
the previous inclusion.

e A diffeomorphism o : M — J'% insucha way that the cosymplectic structure
(@, T) is precisely the cosymplectic structure obtained as follows

& =d(Ldt +ip,zdl), ©=dr. (202)

4.4 Existence and uniqueness of Lagrangian regularization

The objective of this section is to prove the existence of a non-autonomous Lagrangian
regularization, under some conditions on the gauge ambiguities of L. We also discuss
the matter of uniqueness, and although global uniqueness is not guaranteed, as a
plethora of Lagrangians may be considered, we prove that any tangent structure on a
particular cosymplectic regularization M must be ‘isomorphic on M’ to the one we
build, given that the Reeb vector fields coincide. Namely, as in the autonomous case,
the first order germ of the extension is unique.

The main assumption that we will make to endow the regularization with a Lagrangian
structure is that the characteristic distribution V = ker wy, Nker dz on J'7 is the com-
plete lift of a vertical (completely integrable) distribution on 7 : Q — R. This may
be thought of as a time-dependent generalization of the case presented in Sect.3.
That is, V = K €. Let Q have local fibered coordinates (7, x4, f 4y, where x¢ are
coordinates on the leaves of the regular foliation Fg induced by K, and f A parame-

terize the fibers (the distribution K). The first jet bundle J !z has natural coordinates
(¢, x%, f4, %%, f4). Under this hypothesis, the characteristic distribution V is locally

spanned by:
3\ d 3\ d
i (575) =5 (575) =378 .
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The cosymplectic thickening (M, &, %) is constructed as a neighborhood of the zero
section in the dual bundle V* — Jlz, as described in Remark 4.6. As in the
autonomous case, we assume this thickening coincides with the whole V* by assuming
that an almost product structure P with a vanishing Nijenhuis tensor can be chosen.
On the other hand, the thickened space M = V* can be identified as the cotangent
bundle of the foliation ) generated by V:

Proposition 4.14 The following canonical isomorphism exists:

M=V~ T*F, = |_| T F, (204)
FeFy

where F denotes a leaf of Fy.

Proof The proof is completely analogous to the symplectic case presented in Sect. 3.3,
taking into account that the leaves F' are exactly the maximal integral manifolds of
the characteristic distribution V. O

The coordinates of M are (t,x%, fA, x4, fA K g ,uf'A) where (1 4, uf'A) are the

fiber coordinates dual to the kernel generators {2t A} We now define a new

afre
extended configuration bugdle T Q — R. We identify Q as the cotangent bundle of
the foliation Fg, denoted Q := 7 *Fx = K*. The manifold Q has local coordinates

(t, x% fA, a). The first jet bundle of this new space is J'7, with local coordinates
(. x fA, pa, 2 fA, fia).

Remark 4.15 Again, as pointed out in Remark 3.19, we can work with an almost
product structure without vanishing Nijenhuis tensor, simply restricting to an open
subset to obtain regularity.

Proposition 4.16 (Tulczyjew isomorphism for jets) There exists a canonical isomor-
phism « that relates J' % to the thickened space M:

o J'F > M. (205)

Proof The proof is an immediate generalization of the theory presented in Sect.2.2.
Let jslu € J'% denote a jet, where ;u: R — K* is a section, and X¢ € X(J'7)
denote a vector field tangent to V = K € where X is a vertical vector field taking
values in K. Then, it is enough to define the pairing:

)

d
= — (w, X). (206)

.1
, X
(Jg m al

In local coordinates, the isomorphism reads exactly as in the autonomous case (42),
simply carrying the time coordinate ¢:

alt,x fA a2 fA a) = @ x fA R A gy = s g, = a)
207)
O
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Remark 4.17 As thoroughly discussed in Sect.3.3 for the autonomous scenario, the
construction of the regularized 2-form @ based solely on the choice of an almost-
product structure P on J 'z cannot be adapted so that & is a Lagrangian form with
respect to the canonical jet structure on J'7. There is a fundamental incompatibility
between the standard coisotropic approach and the SODE geometry, which carries
over identically to this time-dependent setting.

Therefore, to regularize the system, we will proceed exactly as introduced in the
pre-symplectic case. We construct the regularized cosymplectic 2-form @ on J!7 by
adding a correction term that is Lagrangian by construction. This term takes the form
—ddgF, where F € C*°(J %) is a globally defined smooth function. We then define
the extended Lagrangian as:

L=L+F, (208)

so that we obtain a global Lagrangian cosymplectic structure (& = —ddgz , T =dp).
The definition of the function F, exactly as in the autonomous case, is not canonical
and depends on the choice of two specific ingredients:

e An Ehresmann connection V on the bundle K* —> Q (again given by a splitting
of the tangent bundle in vertical and horizontal vectors T K* = V & Hy) in such
a way that the splitting at Q is the canonical splitting

TK*lo=V®TQ. (209)

e An almost product structure P on Q, which complements the distribution K.

Remark 4.18 (Coordinate expressions) Locally, we express the components of the
connection as

‘Hy = span a+T‘ 9 9 + T 9 9 +T 9 (210)
vV = p at Aa/,LA ’ 8ql IABMA ’ afB BAa[,LA .

The condition on V inducing the canonical splitting at the zero section is reflected
on the I'’s vanishing at Q (again identified via the zero section). And we express the
components of the almost product structure as

d N D
_ pA _ A_ pAg, _ pAg,i
P=P'® (ar* - o%ar Pldq)®8fA. 211)

Generalizing the construction made in Sect. 3.3, consider the following diagram

(K < J'% Zs Ve Hy = TK*

| |

Jln‘i—>TQ %
rl l
K K*

: 212)
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where the map 7: (K€)* — J!x is the canonical projection and the arrow V —
K* is the usual identification of the vertical bundle with the fiber of a vector bundle.
Define the map

FPYV. 'y — R (213)

by
FPV(E) = (P oig ot oa)(§), (pyoiz) ), (214)

where & € J!%, and (-, -) denotes the natural pairing between K and K*.

Remark 4.19 (Local expression of F*-V) Using the coordinate components of V and
P from Remark 4.18, we have that

FPV = (jea =T —g'Tia = f5Tpa) - (F1 = 0" =g/ P}) . @15)
We then have the following:

Theorem 4.20 (Lagrangian coisotropic embedding) Let L: J'm —> R be a singular
Lagrangian, where w: Q —> R denotes a configuration bundle. Suppose that L is
consistent and that the characteristic distribution K = ker wy Nker dt is the complete
lift of a vertical distribution K on Q. Then given an Ehresmann connection V and an
almost product structure P as above the embedding

Jr s (KO = J'% (216)

is a coisotropic embedding on a neighborhood of J L5 for the cosymplectic structure
(w7, dt), where L = L + FPV.

Proof Follows with a similar discussion as in the symplectic case. We will first show
that T (J 177) | 1, 1 a cosymplectic vector bundle, so that the pair (@, dr) defines a

cosymplectic structure on some neighborhood of J!7. Indeed

dyL =dsL + fAdpa + fradf* (217)
- (FiA(fA -4~ éjPJA) + PA(ia —Ta —§'Tia — fBFBA)> dg’
(218)
— (PoaGf* = @4 =4/ P+ Ta+dTia+ foTua) df*  219)
— (" + ¢/ PMdpa. (220)
So that
ddsL = wp +df* Adua 4 djea A df? + (semi-basic terms) . (221)

Notice that the first three terms on the right hand side, together with the 1-form
dz, define a cosymplectic structure. Since adding semi-basic terms (with respect to
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the projection onto Q) does not change regularity, we have that T (] 1?[’) | Jigisa
cosymplectic vector bundle. Finally, notice that it is a coisotropic embedding as, again,

dgL|,., =dsL. (222)

O

Hence, we conclude the discussion of the existence of Lagrangian regularization in
the cosymplectic scenario. Again, we may ask about its uniqueness. A similar discus-
sion applies. However, we encounter one natural obstruction to uniqueness, which is
the arbitrariness of the Reeb vector field on J'7. Indeed, recall (Theorem 4.7) that
uniqueness on J 7’ for the coisotropic embedding is guaranteed provided the Reeb
vector field is fixed. Nevertheless, once this is taken into account, we have that the
Lagrangian regularization is rigid to first order:

Theorem 4.21 (Uniqueness of Lagrangian coisotropic embedding to first order) Let
(Mi, cZ)i, T;), be cosymplectic regularizations Of(Jlﬂ, wr, dt), withi = 1, 2. Suppose
that M; is endowed with a jet structure (:S’;-, ;) in such a way that igi w; = 0, and the
embedding ~

J'r — M; (223)

preserves the jet structure. If the induced Reeb vector fields (which are tangent to J )
coincide, there exist neighborhoods U; of J'm in M; and a diffeomorphism

YU — Uy (224)
that is the identity on J't such that the induced map

Vot TMy|, —> T, (225)

|]]7r
preserves all tensors, namely Y, (@1, T1, S) = (@2, %, 5) on J'x.

Proof Denote by V = ker wy, N ker dt the characteristic distribution. Let R denote
the induced Reeb vector field on J!7 (by any of the embeddings), and let W be a
distribution on J!'7 such that T J'7 = V @ span {R} @ W and such that S(W) € W
(this can be achieved by taking a complete lift). Then, (W, wp) is a symplectic vector
bundle, and its (@;, T;)-orthogonal

Wt .= (y e TM;: i,% = 0and &; (v, W) = 0} (226)
is as well and satisfies S(WL--T) € W, Indeed, the first property is an elementary

consequence of symplectic linear algebra and the second follows by the compatibility
of S with @;, as we have

& (Swa%), W) = & (Sw), whoT) = G (s(w), wh ) =0, 227)
since we are requiring S(W) C W.
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Notice that, by construction, V € W @ and V is isotropic. Let us show that it is
actually Lagrangian, by computing its dimension. Suppose dim Jlr =2m+r)+1,
where 2r is the rank of V. Then, since J!7 < M is coisotropic,

2r = rank (T(J'7) =@ %) = dim M; — dim J'7 , (228)

we conclude dim 1\7,- = dim J'7 + 2r. Now, rank W = 2n, so that rank wlont —
2n + 4r — 2n = 4r. Finally, since rank )V = 2r, we conclude that it is Lagrangian. By
usual techniques (see Lemma 3.24), we can build a vector bundle symplectomorphism

O: W 5 YV, (229)
so that we obtain the isomorphism
T M|, =span{R}® W & W% = span(R} @ W & V& V", (230)

and such that, by defining TS‘\, =do §, o &1, we have TS‘\,-(V") C V*. The previous
isomorphism of vector bundles is clearly the identity on T J 'z = span {R} @ W @ V.
Now, since

span{R}l®@ WV V =TV, (231)

we may choose a neighborhood V of J'x in V* (identified as the zero section) and
two diffeomorphisms v;: U; — V, where U; are neighborhoods of J 17 in M,,
and in such a way that it induces the isomorphism above. Clearly, the above iden-
tification makes (V;)s an isomorphism of cosymplectic vector bundles over J!m. It
only remains to show that it induces an isomorphism of jet structures as well. This
follows by employing the same technique as in Theorem 3.27: we will show that under
the previous construction, there exists a unique tensor S that satisfies the following
properties (all consequence of the construction presented):

It is a jet structure: $2=0.

It makes w Lagrangian: isw = 0.

It extends the vertical endomorphism of J !z, which we denote by S.
It satisfies S(V*) € V*.

In particular (I/Ii)*s:i = §, and the diffeomorphism v, o Y1 necessarily preserves
the jet structure on J ' 7.

Indeed, by taking adapted coordinates (¢, x¢, f A xa f A) on J!7 and coordinates
(ta, f14) in the fibers of V¥, we have that the canonical form on V*| ;1 reads as

w=op +dus AdfA +dia AdfA—(FAdua + Q4dia) Adr, (232)

where R = % + x4 dx“ + fA 3T + R4 3;(,1 + QAQ—)‘T is the chosen Reeb vector field.

A general (1, 1) tensor S extending § = (dx% — x*dr) ® Mﬂ +(dfA— fAdH) @ =2 de
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takes the following expression

S= (dx“ — %9t + FiAduy + FfAd;zA) ® — (233)
ax4
: : 3

A ;A AB AB gy
+(df FAdt + GABdpp + G dM3)®—afA (234)

B 7B 3, 3
+ (Hfdup + Hfdip + Hadr) @ — (235)

dpa
+ (IBduB +iBdig + IAdt) &0 (236)
A A 3jia
It follows by similar computations that the three properties above imply
S = (dx®* — %) ® +dfA - fAdn® A diia ® 2 (237)
9xe afA dpa

Finally, defining ¥ := v/, o 1, we have that it preserves the cosymplectic structure
by construction and that

V(S = Wy e (W1):81) = W, ) S =55, (238)

which shows that it preserves the jet structure as well. O

4.5 Examples
4.5.1 Trivialized bundles

Here we deal with configurations bundles 7 : Q — R which are trivialized, namely
that we choose a bundle isomorphism Q = Q x R — R. Then, this splitting induces
a diffeomorphism J'7 = T Q x R and, in particular, any Lagrangian L: J'7 — R
simply reads as a time-dependent Lagrangian

L: TOxR— R. (239)
We study in this section how the (Lagrangian) regularization procedure behaves in the
trivialized case. First notice that, by definition, vertical and complete lifts correspond

to vertical and complete lifts on T Q after trivializing. The Poincaré—Cartan form still
reads (in natural coordinates (¢*, ¢*, 1)) as

. L .
0, = <L - fq’> dt + —dq' . (240)
q

Remark 4.22 (Hypothesis on the characteristic distribution) Recall that to obtain a
Lagrangian regularization, we imposed the condition on the characteristic distribution

K := ker w;, Nkerdt (241)
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to be the complete lift of a vertical distribution on Q — [R. This may be stated
using the trivialized bundle as follows. First notice that the characteristic distribution
KC on the trivialized bundle T Q x R —> R may be thought of as time-dependent
completely integrable distribution on T Q. Denote by K; the distribution at time .
Then, the condition on K to be the complete lift of a vertical distribution K; on
Q — R translates to XC; being a complete lift of a completely integrable distribution
K, for every t. Incidentally, K is simply the gluing of all K.

~

Now, if we are in the case above, we may wonder whether on the bundle K* —
R we have a natural trivialization. This would be the case if the ‘time dependent’
distribution K, is constant but, otherwise, would fail to hold. We could also ask
whether, although K is not constant, they are all isomorphic, in the sense that there
is a smooth family of diffeomorphisms

Vi Q— Q. Yo=idg (242)

such that K; = (¥)«(Ko). This, again, does not hold in general, as the following
example shows:

Example 4.23 (Lagrangian on trivial bundle with non-constant characteristic distri-
bution) The following example, albeit artificial, shows the existence of time-dependent
Lagrangians on a trivialized bundle

L: TOxR—R (243)

such that V = ker w; Nkerdr = (K)C, for certain distribution K on Q x R which
is not constant. Here, “not constant” means that there is not a time dependent family
of diffeomorphisms ¥;: O — Q such that ¥;*(Klox(}) = Klox{o}, essentially
forcing the jet bundle point of view presented.
On G, let

exp: R — s!, t +— (cost,sint) (244)

. . . 2 2
denote the exponential and define I; to be the image of the interval [—157 157]

under exp, namely

12 t?
Il = exXp ([—m, m}) . (245)

We clearly have that /; is diffeomorphic to the closed interval [0, 1] for  # 0 and
only a point for ¢ = 0. Define

0= (8" x SH\ (U x {p}), (246)

for a fixed point p € S!. Standard techniques of differential topology [40] show that
there is a family of embeddings

Y (S x SH\ ({p) x {ph — 8! x 3!, (247)
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that varies smoothly with # € R and such that it defines a diffeomorphism with Q,,
for each ¢. Define the following Lagrangian

y 2
it T(Sl x Sl) — R, L6666, = %, (248)

where (61, 67) denote angular (local) coordinates on the torus, and (91, 92) denote the
induced global coordinates on T(S! x S!). Let Q := (5! x SH\({p} x {p}) and
define the following time-dependent Lagrangian:

L: TOxR—R, L(v, 1) := L((¥1)x0) . (249)
Locally, after a change of coordinates, the previous Lagrangian is simply L, but not
globally. Indeed, in ¢ = 0, the characteristic distribution of L has precisely one non-
compact leaf. This no longer holds for # # 0, which shows that the characteristic

distribution K cannot be made constant after a global time dependent family of dif-
feomorphisms.

4.5.2 Degenerate metrics
Let us deal with the example of degenerate metrics. A canonical example of an
autonomous degenerate Lagrangian is that of a degenerate metric, namely a sym-

metric and positive semidefinite tensor g on a manifold M. Given such a tensor, we
may study its kinetic energy

L: TM — R, L(v) := %g(v, V). (250)

In the nonautonomous realm we can generalize this in two ways:

e A degenerate metric on a manifold M, which is time dependent, say g; fort € R
and study its time-dependent energy

1
L: TM xR — R, L(v,t) = Eg,(v,v). 251)

e Or, given a fiber bundle 7 : Q —> R, to work with a (possibly degenerate) metric
g on Q, together with the energy

, 9 9
L:J'7m — R, LGy :=g<y*§,y*g> . (252)

The latter has the advantage of including the first as a particular case and, also, allowing
for potentials. Indeed, in general, and for fibered coordinates (¢, ¢) on Q, we have

g = g;;dg'dg’ + 2A;dtdg’ —2Vdr*. (253)
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Then, with natural coordinates (qi, c}i, tyonJ Lz the Lagrangian reads as
1 i .
L= 58iid g’ +Aiq —V. (254)

This Lagrangian yields the equations for the movement of a charged (with charge 1)
particle on Q (the standard fiber) under an electric potential V and magnetic potential
A;dg’ in a curved (by the metric g; 7) space. Let us study its regularity. First, notice
that its Poincaré—Cartan form is

[ . 4
0 = Ldr +dsL = <§gijc}’c}’ + V) dt + (gijq’ + Andq', (255)
so that
L= —diL (256)
i i 3811 . A,' j i
= gijdg’ Ndg 2k 4 dq A dq .dq A dg 257)
9 8A
(d( gijq q’+V)+< ;’t”q + = )dq)/\dt (258)

Hence, it is immediate to see that

Proposition4.24 Let Q; = 7~ 1t) denote the fiber of m: Q —> R and let g; denote
the restriction of g to Q. Then, the Lagrangian L is regular if and only if each metric
g is non-degenerate.

Now, let us study the consistency conditions when g; is not definite positive (so
that (wr, dt) is no longer a cosymplectic manifold). Here, letting X denote a SODE

field
x=2 +4 9 — 4+ X 9 (259)
ot 8q ag

and imposing ixw; = 0 we get the equations

- 9gij , 08kj 08K\ .;. dA;  0A;  09gij\ .
—gii X =o =L+ =L - == )ildt + (- L+ L )¢ (260
8ij (8q T g )T T G "9 T )4 (260)
V| 0A

—+—. 261
+aql+ % (261)

By applying the constraint algorithm, if the Lagrangian is degenerate (hence the met-
ric), we may contract on both sides by a vector W = W’ taklng values in the
characteristic distribution

Ci={weTQ::ivg =0} (262)
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to get the following consistency conditions:

L (g dgr;  Ogki\ . C(0A;  dA; g\ ..
Ozw_(ﬁ &_&>q-/q-k+wl(_z__f+ﬁ)q, (263)

2 \dgk  dg"  dq/ dg/  dqt ot

. (0V  0A;

"N—=+——). 264
+w <8q’ + o ) (264)

This, in general, imposes new conditions that we need to investigate further. Never-
theless, it gives us sufficient and necessary conditions for L to be consistent. Indeed,
if the above equations are trivially satisfied, by taking derivatives with respect to ¢’
two times we obtain the following conditions on the metric:

(0% dgk g
w (i; + 8K —gkf) =0 (265)

dq dq' g’

(0A;  DA; g
w! (8—;——j+ﬂ>=o (266)

q- aq ot

(VDA

q

for every W = w' ﬁ taking values in the characteristic distribution.

Remark 4.25 (Geometric conditions for L to be consistent) Suppose that we choose a
trivialization Q = Q x R. Then, the metric g is specified by a choice of

e A time dependent metric on Q, which we denote by g.
e A time dependent 1-form on Q, which we denote by A.
e A time dependent potential V on Q, which we denote by V.

Denote by C; the characteristic distribution on Q, for every ¢. Then, the previous
conditions read as

fwg =0, (268)
i (a_g - dA) 0. (269)
ot
. 0A
iw <dV + E) =0, (270)

for all W taking values in the characteristic distribution.

To deal with the issue of Lagrangian regularization, as discussed, we need to focus
on consistent Lagrangians, so that henceforth we assume the previous conditions to
hold. Then, we need to study when the characteristic distribution V = ker wy Nker d¢
is the complete lift of a vertical integrable distribution on Q. If it were the case, it is
clear that the choice of the vertical distribution on Q would be the disjoint union of
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the characteristic distributions of each (Qy, g;)

k=|]c. 271)

as we would need KV to be the vertical elements in ). Hence, we only need to find
conditions on C; that, together with the above consistency conditions, guarantee that
y=KC°.

Proposition 4.26 [fthe Lagrangian defined by the metric g is consistent, we have that
YV = K€ ifand only if C, is integrable and the 1-form A satisfies ic,dA =0.

Proof If each distribution C; (and hence K) is integrable, we can find adapted coor-
dinates (x4, f A f)on Q in such a way that

0
C; = span { —— 272
s { 27 } 72)
By definition, since C; is the characteristic distribution, the metric g reads as
g = gapdx®dx? + 2Adr — 2Vdi?, 273)

where A denotes a 1-form on each fiber. Since L is consistent (by applying Eq. (265)),
we have that g,; only depends on x¢, so that its Poincaré—Cartan form reads as

1 ca b caq.b
= Egabx X7+ V)dt + gepx“dx” + A. 274)
Hence,

0A
wy, = {terms that only depend on x“} — dA — 3 Adt —dV A dt (275)

Contracting by an arbitrary element in

0 ad
C
=span { —, —— 276
K P {afA afA} (276)
and taking into account the compatibility condition of Eq. (267) we conclude the
result. O

Remark 4.27 A different, but equivalent way of stating that C; is an integrable distri-
bution and that £y g, = 0, if W € I'(Cy), is to require the existence of an adapted,
torsionless connection V; to the metric g;, for every ¢. If such a connection can be
chosen for every ¢, it is not so complicated to show that it can be chosen so that V;
varies smoothly.
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Now, under the conditions of the above result, as we showed, the regularization
procedure recovers a Lagrangian system. Here, we may employ the existence of an
adapted connection to build the connection on the bundle

d
K*:span{—}—>Q, 277)
dpa

but not so much with the product structure. In local, adapted coordinates to the char-
acteristic distribution C, an arbitrary connection V (identified with its linear splitting
of the tangent bundle T M) takes the following local expression

0
TM:span{a L afA}eaHv, @78)
where
om0 (i) e

— . 279
3 fc} (279)
Since V,;(g;) = 0, we also have V, (I'(Cy)) € I'(Cy), so that, in particular, there
is an induced linear connection on the bundle K — Q. In particular, it induces a

dual linear connection on K*, which we denote by V*. Identified as a splitting of the
tangent bundle, it reads as follows:

+(r$af®+ rfmx“)

9 3 9 9
TK*=V T pue— , — =TS us— 1" . 280
K @ span { I aBMC g’ AfA ABMA e (280)

Finally, given an almost product structure on Q, say

9 d
TQ:span{ fA}@Sp { +0* afA aa+PHAW}’ (281)

we obtain the regularized Lagrangian

~ 1 . .
L= Zgapd'i’ + Aak’ + Aaf* =V + (/4= 0" = s

(iea + sl + fEucrs,) (282)
5 Conclusions and further work

In this paper, we have developed a method for regularizing singular time-dependent
Lagrangian systems. To do so, we first analysed in detail the method developed by
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A. Ibort and J. Marin-Solano [30] for singular time-independent Lagrangian sys-
tems, improving some of their results, namely explicitly constructing a global regular
Lagrangian with the auxiliary help of a connection rather than a Riemannian metric
in Theorem 3.23 and proving that the embedding is unique to first order in Theo-
rem 3.27. Since the basis of the construction was the coisotropic embedding theorem
in pre-symplectic manifolds, our method has been based on the coisotropic embed-
ding for pre-cosymplectic manifolds, which yields the analogue of the previous results,
namely Theorem 4.20 and Theorem 4.21, respectively. The other key ingredients have
been the use of almost-product structures adapted to the singularity of the Lagrangian,
which facilitates the use of the constraints algorithm for singular Lagrangians; and the
use of Tulczyjew triples adapted to a foliation, which allows for the regularization to
inherit a natural tangent (or jet) structure.

This paper opens some new and interesting research lines that we aim to discuss in
coming papers:

e Extend the regularization problem for singular contact systems; a constraint algo-
rithm has been recently developed in [11].

e Extend the geometric approach to the inverse problem for implicit equations of
[46, 47] to time-dependent implicit differential equations.

e A main issue is the extension of the regularization problem for singular classical
field theories, due to the complexity of multisymplectic geometry. In such a case,
we should develop a covariant theory on the space of solutions [7, 8, 15].

e Other interesting research purposes are the following ones: the case when we have
symmetries for the Lagrangian function, or the regularization of the Hamilton—
Jacobi equation [14], and furthermore, the discretization of the original singular
Lagrangian and its relation with the regularized one.
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