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Abstract

Some mechanical systems with dissipation can be described within the framework of
the so-called contact mechanics: a modified form of the Euler-Lagrange equations
stemming from Herglotz’s variational principle, which admits a geometric formula-
tion in terms of contact geometry. On the other hand, the study of singular Lagrangian
systems and Dirac’s theory of constraints can be enhanced by using the evolution oper-
ator K that connects the Lagrangian and Hamiltonian formalisms. The main purpose of
this paper is to transpose this evolution operator to the case of contact mechanics, and
to study some of its main properties. In particular, we show that it provides a geometric
description of the evolution equations and it relates the Hamiltonian and Lagrangian
constraints. To illustrate the theory, we provide examples of singular contact systems
based on modified versions of the simple pendulum and the Cawley Lagrangian.
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1 Introduction

In analytical mechanics, it is well known that a regular Lagrangian function leads to
uniquely determined dynamics in the velocity space TQ (Lagrangian formalism) and
in the phase space T*Q (Hamiltonian formalism), which are equivalent through the
Legendre transformation. This is no longer true when the Lagrangian is singular, which
is the case for relativistic invariant theories. Moreover, a Hamiltonian formulation of
mechanics or field theory is highly convenient if one aims for a quantum theory.
This led P.A.M. Dirac and P.G. Bergmann, near 1950 [2, 24], to start the study of the
Hamiltonian formulation of singular Lagrangian theories, introducing the fundamental
notions of constraints and gauge freedom.

Differential equations can be written for singular Lagrangian and Hamiltonian
dynamics, but there is no guarantee that their solutions are unique, upon fixation
of initial conditions. What is remarkable, however, is that there is still a kind of well-
defined evolution, but at the price of involving two different spaces. Let us explain
this point.

If a time evolution on a manifold M is ruled by a differential equation defined by
a vector field X, the dynamical trajectories obey y’ = X o y, in coordinates X! =
X! (x(t)), then the evolution of any function (an observable, in physical terminology)
can be computed based on the chain rule, and is given by D(f o y) = (Zx f) oy, in
coordinates & = %xl = %X".

Now consider a Lagrangian system given by a Lagrangian function L: TQ — R.
Using natural coordinates (qi ,v) in TQ and (qi , pi) in T*Q, the definition of the

Legendre map FL: TQ — T*Q, in coordinates p; = %, and the Euler-Lagrange
equations, (?_[ (%) = g—;, give us
i i . IL
=v, i = .
q Di 3
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So, using the chain rule, we can compute the time derivative of an arbitrary function
g(qg, p), and obtain an expression like

dg dg ;  0dg dL
—_— = —V —_— .
dr aq’ ap; 9q*

That is: even if we do not know the time-evolution of a function g(g, p) on the phase
space, we know it as expressed in terms of functions on the velocity space. Maybe
the reader has noticed that we loosely mixed velocity and momentum coordinates (as,
for instance, P.A.M. Dirac did in his 1950 paper, or K. Kamimura in 1982 [47]). In
geometric terms, one may work on the direct sum T*Q @ TQ (sometimes called the
Pontryagin bundle), see, for instance, [56]. Notwithstanding that, the right-hand side
of the preceding equation can be correctly written using the pullback operator, and
this led to the introduction of the operator K in a 1986 paper by Batlle et al. [4]:

3 . dg\ oL
K.-g=FL* —g.>v’+fL* —g)—..
aq' api) 9q'

Hence, K was introduced as a kind of differential operator K : €°°(T*Q) —
¢°°(T Q). The same authors used it intensively to develop the Lagrangian and Hamil-
tonian constraint algorithms, as well as to study the relationship between the different
types of constraints in singular theories [4, 5, 52].

A geometrical description of this differential operator was presented in [15] by
working on the Pontryagin bundle, but shortly afterward it was realized that K is
indeed a vector field along the Legendre map [37]. In this last paper, two different but
equivalent constructions of K were presented, one that is reminiscent of the definition
of the symplectic gradient (Hamiltonian vector field) on a symplectic manifold, and
another one involving Tulczyjew’s diffeomorphism T*TQ — TT*Q [57].

In addition to writing equations of motion and relating the Lagrangian and Hamil-
tonian constraint algorithms, the operator K has also been used to study Noether’s
theorem for singular systems, as well as the relation between the generators of gauge
and rigid symmetries both in the Lagrangian and Hamiltonian formalisms [33, 36, 39,
41, 42]. It has also been used in the study of the Hamilton—Jacobi equation [12], and
for Lagrangian systems whose Legendre map degenerates on a hypersurface [54].

The operator K can be defined for higher-order Lagrangian systems [6, 16, 43],
where it has the same applications as in the first-order case, see also [40, 44]. Some
work for the case of field theories can be found in [25, 55].

In any formulation of the Euler-Lagrange equations, either with the help of the
Lagrangian 2-form, or with the operator K, or in coordinates, it is clear that the non-
regularity of the equations is due to a singular linear factor (in coordinates the Hessian
matrix %) in front of the highest-order derivative. This led to the consideration of
linearly singular systems in [38], as a particular class of implicit differential equations,
those that can be written in coordinates as A(x)x = b(x), with A(x) a singular matrix.

Lagrangian and Hamiltonian systems are essentially conservative. Nevertheless,
certain dissipative systems can be described through G. Herglotz’s variational principle
[45, 46], similar to Hamilton’s variational principle, but with an additional variable s
whose time-derivative is the Lagrangian, so that s is essentially the action:
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d(BL) oL oL 0L .
_ = s=1L.

dr\ag’) — 9q" ~ s 3¢"

The resulting equations are the so-called Herglotz—Euler—Lagrange equations, and they
can be expressed in terms of contact geometry [3, 11, 28]. In fact, contact geometry is
a very suitable tool to describe these kinds of system, both in the Hamiltonian [8-10,
14, 22, 23, 30] and Lagrangian descriptions [19, 21, 27, 51].

The aim of this paper is to define and study the properties of the time-evolution
operator K for dissipative systems in the context of contact mechanics. We show how
the main features of this operator in ordinary mechanics extend to the contact case. In
particular, we show that it allows us to write the evolution equations even when the
Lagrangian is singular, and we prove that its application to constraint functions on the
Hamiltonian formalism yields constraint functions on the Lagrangian one. We also
provide necessary and sufficient conditions for the Lagrangian constraint functions
obtained in this way to be F L-projectable. To obtain these results, we extend some
of the theory of almost-regular Lagrangian functions to the framework of contact
mechanics.

We also introduce two new, equivalent formulations of the contact Hamiltonian
equations, namely Eqgs. (2) and (3). These formulations do not depend on the Reeb
vector field and are thus particularly well-suited for cases in which the Reeb field is not
well-defined. In particular, these results allow us to compute the examples presented
in Sect.5.

The paper is organized as follows. In Sect.2, we briefly review the definition and
main properties of the evolution operator in the context of ordinary mechanics. Sec-
tion3 is devoted to contact dynamics. We introduce the main concepts of contact
manifolds, and we define contact Hamiltonian systems and the corresponding contact
Hamiltonian equations, presenting them in several equivalent forms, one of which
notably does not involve the Reeb vector field. We provide an account of the con-
tact Lagrangian formalism and its associated contact Hamiltonian formulation. We
also present some results for almost-regular contact Lagrangian functions. In Sect. 4,
we provide an intrinsic characterization of the evolution operator K for contact sys-
tems and give several equivalent constructions, one of which is related to Tulczyjew’s
triples. We also analyze its the main properties. Finally, Sect.5 contains two illustra-
tive examples: the simple pendulum and Cawley’s Lagrangian, both with an additional
dissipation term.

Throughout the paper, all the manifolds and maps are smooth. Sum over crossed
repeated indices is understood.

2 The evolution operator of Lagrangian/Hamiltonian mechanics

The definition of the evolution operator K is based on the concept of vector field along
a map. The usage of vector fields along a path is ubiquitous in differential geometry,
since the velocity v’ of a path y is a vector field along y . Other examples are provided
by parallel transport and the Frenet frame in Riemannian geometry. Less widespread
is the notion of vector field along a map, that is, a lift of a map to the tangent bundle [7,
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section 8.6], [48, p.376] or, more generally, that of a section along a map [53, p.36]
—see [13] for a review on their applications.

In particular, a vector field Z alongamap F: M — Nisamap Z: M — TN such
that ty o Z = F, where ty: TN — N denotes the canonical projection. The set of
such maps is denoted as X(F), and is a €°°(M)-module. Trivial examples of vector
fields along F are Y o F and TF o X, for vector fields X € X(M) and Y € X(N). In
a similar way we can speak of differential forms along a map. The inner contraction
between Z € X(F) and « € QF(F) can be defined in an obvious way. See [17] for
more examples of operations with sections along a map.

Let L € €°°(TQ) be a Lagrangian function and FL: TQ — T*Q its associated
Legendre map. The time-evolution operator K associated with L is the vector field
along the Legendre map, K: TQ — T(T*Q), satisfying the following conditions:

1. (Dynamical condition): Given the canonical 2-form wgp € Q2 (T* Q) and the
Lagrangian energy E; € €°°(TQ) defined by L, then,

FL*(ik(wg o FL)) =dE
2. (Second-order condition): If 7o : T*Q — Q is the canonical projection, then,
Trgo K =1Idrg.

The existence and uniqueness of this operator is discussed in [37], and it can be
shown that it can be alternatively defined as K = x odL, where x : T*"TQ — TT*Q
is the canonical isomorphism introduced in [57]. If (¢', v') and (¢, p;) are natural
local coordinates on TQ and T* Q, respectively, the local expression of K is

9 aL 9
Kq.v)=v' + o .
39" |FLgwy 99" IPilFLg.v)

By definition, ¢ : I C R — TQ is an integral curve of K if TFLo ¢ = K o ¢.
Furthermore, as a consequence of the second-order condition (in the item 2), we have
that ¢ = ¢, for ¢ : R — Q, that is, ¢ is a holonomic curve. We have the following
commutative diagram

T(TQ) — 5 1(1*Q)
@ 1o K g
R 4 > TQ FL > T*Q
¢ 0
;
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In coordinates, the integral curves of K are the solutions to the equations,

oL oL
=— and p=—,
aq dv

g=v, p
which are obviously equivalent to the Euler—Lagrange equations for L.
The Lagrangian and Hamiltonian descriptions of a dynamical Lagrangian system

can be unified by means of the operator K, as set out in the following properties [4,
5,15,37]:

e Let X; be a holonomic vector field on TQ (that is, a second-order differential
equation or SODE) which is a solution to the Lagrangian equation iy, w; = dEy,
where w; € Q*(TQ) is the Lagrangian 2-form associated with L. Then ¢ : R —
TQ is an integral curve of X if, and only if, it is an integral curve of K.

As a direct consequence of this fact, the relation between K and X is

TFLoX, =K.

e Let Xy be a vector field on FL(TQ) € T*Q which is a solution to the Hamilton
equations in the Hamiltonian formalism associated with the Lagrangian system
(TQ, L). Then the path ¢ : R — T*( is an integral curve of Xy if, and only if,

Y =KoTrngot,

and, as a consequence, in the final constraint submanifold S the relation between
K and Xp is
XyoFL=K.

In this way, the equivalence between the sets of solutions of Euler-Lagrange equations
and Hamilton equations is established via the evolution operator.

e The complete classification of Lagrangian and Hamiltonian constraints appear-
ing in the constraint algorithms for singular dynamical systems is also achieved
using the operator K. In fact, all Lagrangian constraints can be obtained from the
Hamiltonian ones using the time-evolution operator since, if & € €°°(T*Q) is
a Hamiltonian constraint, then Zx& = igdé€ is a Lagrangian constraint, and all
Lagrangian constraints are recovered in this way. Additionally, if £ is a first-class
constraint (resp. a second-class constraint), then .Zx & is a dynamical constraint
(resp. a SODE constraint).

3 Contact dynamics
3.1 Hamiltonian systems
A contact manifold is a pair (M, C) such that M is a (2n + 1)-dimensional manifold

and C is a corank-one maximally non-integrable distribution on M. We call C a contact
distribution on M. Note that C can be locally described, on an open neighborhood U
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of each point x € M, as the kernel of a 1-form n € QN(U) such that n A (dn)" is a
volume form on U.

A co-orientable contact manifold is a pair (M, n), where 7 is a 1-form on M such
that (M, Kern) is a contact manifold. Then 7 is called a contact form. Since we
are interested in local properties of contact manifolds and related structures, we will
hereafter restrict ourselves to co-oriented contact manifolds. To simplify terminology,
co-oriented contact manifolds will be called contact manifolds as in the standard
modern literature on contact geometry [8, 22, 27]. Thus, (M, n) is a contact manifold
if n A (dn)" is a volume form.

A contact 1-form n € Q!(M) induces a decomposition of the tangent bundle TM:

TM = Kern @ Kerdn.

Note that if 7 is a contact form on M, then f7 is also a contact form on M for every
nowhere-vanishing function f € €°°(M), and Ker n = Ker f1.

Let (M, n) be a contact manifold. There exists a vector bundle isomorphism
B: TM — T*M given by

B) =iydn)y + @unx)ne, YveTy M, VxeM. e

This isomorphism can be extended to a €°° (M )-module isomorphism B: X(M) —
Q' (M) in the natural way.

Given a contact manifold (M, n), there exists a unique vector field R € X(M),
called the Reeb vector field, such that irdn = 0 and ign = 1, or equivalently,
R = B~ (). We have that Zzn = 0 and, therefore, Zrdn = 0.

Theorem 3.1 (Darboux theorem [1, 50]) Given a contact manifold (M ,‘77) with
dim M = 2n + 1, around every point x € M there exist local coordinates (q', pi, s),
withi =1, ..., n, called Darboux coordinates, such that

n=ds— pidg’.
In these coordinates, R = 9/0s.

Example 3.2 (Canonical contact manifold) Consider the product manifold M =
T*Q x R, where Q is an n-dimensional manifold. Given a local chart (¢') on Q,
there exist canonical coordinates (¢', p;) in the cotangent bundle T* Q. In addition,
R has a natural coordinate s. This gives rise to a coordinate system (¢’, p;, s) on
T*Q x R. Then 9 = ds — 0¢, where 6 is the pull-back of the Liouville 1-form
0 € Q!(T* Q) relative to the canonical projection T*Q x R — T*(Q, is a contact form
on M. In canonical coordinates,

; d
=ds — p;dq’, R=—.
no § — pidq s

Note that the coordinates (qi, pi, s) are Darboux coordinates on M.
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A contact Hamiltonian system [9, 22, 27] is a triple (M, n, H), where (M, n) is a
contact manifold and H € ¥°°(M) is called a Hamiltonian function. Given a contact
Hamiltonian system (M, n, H), there exists a unique vector field Xy € X(M), called
the contact Hamiltonian vector field of H, satisfying any of the following equivalent
conditions:

(1) ix,dn=dH — (£rH)n and ix,n=—H,

(2) XXHUZ—(XRH)U and iXH?']Z—H,

(3) B(Xy) =dH — (Z%rH + H)n.

A vector field X € X(M) is said to be Hamiltonian relative to the contact form 7
if it is the Hamiltonian vector field of a function H € %°°(M). Unlike in the case

of symplectic mechanics, a Hamiltonian function H may not be preserved along the
integral curves of its associated contact Hamiltonian vector field X ;. More precisely,

SxyH = —(ZLrH)H .

Afunction f € €°°(M) suchthat L, f = —(ZLrH) f is called a dissipated quantity
[27]. In Darboux coordinates, the contact Hamiltonian vector field X g reads

X _3H ad 3H+ '3H d n .3H H d
H_Bpi dg’ dg’ Pirys api p’ap,- ds

Its integral curves, y (t) = (¢' (¢), pi (t), s(1)), satisfy the system of differential equa-
tions

d¢! 9H dp; OH OH ds OH .
S = = , pi——H, i=1,...,n.
dt apj

a Ay dt ag TPy

Proposition 3.3 Given a contact Hamiltonian system (M, n, H) and a vector field
X € X(M), the following statements are equivalent:

(1) The vector field X is the contact Hamiltonian vector field of H.
(2) The vector field X satisfies

(ixdpyAn=WH)An and ixn=—-H. 2)

(3) The vector field X satisfies
ix(n Adn) =€, (3)

where Q2 is the 2-form on M defined as Q .= —Hdn + dH A n.

Proof 1t is clear that (2) implies (3). The converse follows from the fact that if we take
the wedge by 1 on both sides of (3), we obtain

(H+ixmnAdn =0,
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which implies that ixn = —H, because n A dn # 0 as a consequence of 1 being a
contact form.

In order to prove that (3) implies any of the other equivalent forms of the contact
Hamiltonian stated before, we just need to contract (3) with the Reeb vector field. We
obtain

ipix(nndn) = —ixdn =ipQ = (LrH)n—dH .

The converse comes directly from wedging with the 1-form 1 on both sides of the
equation ix,dn = dH — (ZLrH)n. O

Remark 3.4 The reason why these two last equivalent conditions have been explicitly
separated from the rest is because they do not use the Reeb vector field. This is
particularly important when dealing with precontact systems, where Reeb vector fields
may not exist, or be unique.

In [20, 21, 49], singular contact Lagrangian functions and precontact systems were
studied, and a constraint algorithm for these types of systems was developed. However,
those works only consider the case in which the precontact structure admits a Reeb
vector field, an assumption that is not always satisfied. In [35], a more general definition
of precontact form was presented and studied avoiding hypothesis of existence of Reeb
vector fields. Thus, a 1-form 1 on a manifold is a precontact form if

e 1 is nowhere-vanishing, and
e the dimension of Ker n N Ker d7 is constant.

These conditions are equivalent to A (dn)” # 0 and n A (dn)"+!' = 0, for some r,
and the rank of dn being constant. A precontact manifold is a pair (M, n), where M
is a manifold and 5 is a precontact form on M. Note that if Ker n N Ker dn = {0} the
1-form 75 is a contact form.

One can define dynamics on precontact manifolds using Eq. (2) (see [35]). Precon-
tact structures defined as hyperplane fields have also been studied, see for instance
[31].

3.2 Lagrangian systems

Let Q be an n-dimensional manifold an_d consider the product manifold TQ x R
equipped with adapted coordinates (g’, v, s) and the canonical projections,

s:TOxR—R, 71: TOXR—-TQ, 70: TOXR— Q xR.

Note that the projections 77 and 7 are the projection maps of two vector bundle
structures. We will mostly use the latter. In fact, the bundle given by 7 is the pull-back
of the tangent bundle TQ — Q with respect to the map Q x R — Q.

The next step is to extend the usual geometric structures of the tangent bundle,
namely the tangent structure and the Liouville vector field, to the product TQ x R.
Note that we can write

T(TQ xR) = (TTQ x R) @gxr (TQ x TR),
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so any operation acting on vectors tangent to T Q also acts on vectors tangentto TQ xR.
In particular, the vertical endomorphism of TTQ yields a vertical endomorphism on
T(TQ xR), J: T(TQ x R) — T(TQ x R). Analogously, the Liouville vector field
A € X(TQ)yields a Liouville vector field A € X(TQ xR). Infact, this is the Liouville
vector field of the vector bundle structure given by 7. In adapted coordinates, these

objects read

0 ; .0
= — d l, A = l_. .
J av’ ©dg v av’

Givenapathe: R — Q x R with ¢ = (¢, ¢2), its prolongation to TQ x R is the path
C=(c|,e2): R—TQO xR,

where ¢} is the velocity of ¢;. The path € is said to be holonomic. A vector field
I' e X(TQ x R) is said to satisfy the second-order condition (for short: it is a SODE)
when its integral curves are holonomic, or equivalently, if 7 o I' = A. In adapted
coordinates, if ¢(¢) = (¢ (1), s(¢)), then

~ ; dc!
) = (c' ), d—ct(z), s(t)) .

The local expression of a SODE is

9 9
Vg thaa T

0
gas'

Definition 3.5 A Lagrangian functionis a function L: TQ x R — R. The Lagrangian
energy associated with L is the function E; := A(L)—L € €°°(TQ xR). The Cartan
forms associated with L are defined as

0 ='TodL € QUTO xR), oy =—df; € QX(TO x R).
The Lagrangian I-form is
nL =ds — 0, € QYTO xR),

and satisfies that dn;, = wp.
The pair (TQ x R, L) is a Lagrangian system.

If we take natural coordinates (qi ,vi, ) in TQ x R, the Lagrangian 1-form 7y, is
written as

oL
ands—qu ,

and, consequently,

2 2 2
i i i 9°L i i
~ds ——dg’ Adqg' — dv/ Adg'.
dsdv! aq’ vt

i == nag = dvJ 9v!
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The next structure to be defined is the Legendre map. This map is studied in more
detail in Sect.3.4.

Definition 3.6 Given a Lagrangian L: TQ x R — R, its Legendre map is the fibre
derivative of L, considered as a function on the vector bundle 7p: TO xR — QO x R;
that is, the map FL: TQO x R — T*Q x R given by

FL(vg,s) = (fL(-,s)(vq),s) ,

where L(-, s) is the Lagrangian with s frozen.

Proposition 3.7 Fora Lagrangian function, L the following conditions are equivalent:

(1) The Legendre map FL is a local diffeomorphism.

(2) The fibre Hessian F>*L: TQ x R — (T*Q x R) ®oxr (T*O x R) of L is
everywhere non-degenerate.

(3) The pair (TQ x R, nr) is a contact manifold.

The proof of this result follows from the expressions in natural coordinates, where

A . 0L
FL: (¢'v',s) — (q’,—J) ,
'

F? L(g', v, s) = (q', Wij,s), with W;; = L
9 El k] ] ’ L] 8 Ui 8 vj .
The conditions in the proposition are also equivalent to the matrix W = (W;;) being
everywhere non-singular.

Definition 3.8 A Lagrangian function L is said to be regularif the equivalent conditions
in Proposition 3.7 hold. Otherwise, L is called a singular Lagrangian. In particular, L
is said to be hyperregular if F L is a global diffeomorphism.

Remark 3.9 As a result of the preceding definitions and results, every regular
Lagrangian system has associated the contact Hamiltonian system (TQ xR, iz, Er).

Given a regular Lagrangian system (TQ x R, L), the Reeb vector field R} €
X(TQ x R) is uniquely determined by the conditions

ir,dn, =0, ig,nr=1.

Its local expression is

d G 9*L D

Rp=—-W'———|

as asav/ Jdv!

where (W) is the inverse of the partial Hessian matrix, namely W'/ Wik = 8,’;.
Note that the Reeb vector field does not appear in the simplest form 9/ds. This is

due to the fact that the natural coordinates in TQ x R are not Darboux coordinates
for ny.
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For a regular Lagrangian, there exists a unique Lagrangian vector field such that
ix,dng =dEp — (LR, EL)ne,  ix,ne=—Ep. 4)
Proposition 3.10 Ifthe Lagrangian L is regular, then X is a second-order differential

vector field and its integral curves satisfy the so-called Herglotz—Euler—Lagrange
equations.

) . 9
In local coordinates, this means that X; = v' — + f'— + g—, with
aq’ vt as
g=1L,
2L . 2L . 9L dL 9L AL
f] + J L —

- n - -V’ + n _—_ =
av/ ! aq’ vt dsov’ aq' as Jv'!

Note that the Herglotz—Euler-Lagrange equations, since they come from a varia-
tional principle, exist regardless of the regularity of the Lagrangian. As a matter of
fact, we can write these equations in a geometric way even for singular Lagrangians.
In general, the solutions to the Herglotz—Euler-Lagrange equations can be seen as the
integral curves of the second-order vector fields X, satisfying the equations

. oL .
ix,dnp =dEp + (g) nL, ix,nL=-—EL.

These are well-defined since dL/ds is defined canonically in TQ x R, and they are
equivalent to (4), as one can check that, in the regular case, Z¢, E;, = —dL/ds. If
the Lagrangian is singular, these equations do not directly imply that the vector field
is second-order, and the condition must be added. Also, in the singular case, solutions
may not exist at every point, and if they do, they might not be unique. This requires a
more careful study of both the Lagrangian and Hamiltonian formalisms in the singular
case.

3.3 Hamiltonian formalism for contact Lagrangian systems

Let us analyze how to construct a contact Hamiltonian formalism that is related to
the contact Lagrangian formalism we presented before. That is, we describe a contact
Hamiltonian system on T*Q x R which is in correspondence, via the Legendre map,
with the Lagrangian system (TQ x R, L).

Recall, from Example 3.2, that T*Q x R is endowed with a natural contact form
no = ds — 0¢p. A direct computation shows that

n. = FL*(ng) .
If the Lagrangian is regular, then the energy Ey is, at least locally, F L-projectable

(since F L is a local diffeomorphism). Namely, we can (locally) always find a contact
Hamiltonian function H: T*Q x R — R such that E; = FL*(H) = Ho FL.In
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the hyperregular case, the energy is globally F L-projectable and the system (T*Q x
R, ng, H) satisfies

FL«(RL)=R, and FL.(X1)=Xn,

for R, Xn € X(T*Q x R), respectively, the Reeb vector field of no and the con-
tact Hamiltonian vector field associated with the system. This means that the two
formalisms are F L-related, and the map & +— FL o ’5, where £: 1 — O xRisa
solution to the Herglotz—Euler—Lagrange equations, sends solutions to solutions. Con-
versely, if  : I — T*Q x Ris an integral path of X g, then the map ¢ — mgor, with
mo: T*Q x R — Q x R the canonical projection, also sends solutions of the contact
Hamiltonian formalism to solutions of the Herglotz—Euler—Lagrange equations.

Let us point out that, regardless of the regularity of the Lagrangian, any solution on
T*Q x R which is F L-related to a solution to the Herglotz—Euler-Lagrange equations
fulfills the equations

0L

P=%y

. JOLOJOL 0oL

p= QLOL oL 5)
as dv  dq

s=1L,

called the Herglotz—Dirac equations.

3.4 Almost-regular Lagrangian functions

In this section, we present some results on singular Lagrangian functions. Namely,
we extend the results presented in [42] to the case of contact mechanics. We refer the
reader to the aforementioned article for a detailed presentation of the results and their
proofs.

Let us start by stating some preliminary results about fibre derivatives. Recall that,
given a (not necessarily linear) bundle map f: E — F between two vector bundles
over a manifold B, the fibre derivative of f is the map Ff: E — Hom(E, F) =~
F ® E* obtained by restricting f to the fibres, fp: E, — Fjp, and computing the
usual derivative of a map between vector spaces: F f(ep) = D fp(ep) (see [34] for a
detailed account). This applies in particular when the second vector bundle is trivial
of rank 1, that is, for a function f: E — R;then F f: E — E*. This map also has
a fibre derivative 72 f: E — E* ® E*, which can be called the fibre hessian of f:
for every ey € E, F 2 f(ep) can be considered as a symmetric bilinear form on Ej.
One can check that F f is a local diffeomorphism at e € E if, and only if, F 2 f(e)is
non-degenerate. Indeed, it is a direct consequence of the fact that Ker T(F f) C V(E)
and

vy € Ker ]—"zf(ex) = Vlg(ex,vx) € Ker T, (Ff),

which can be easily seen with the local expressions of the objects involved.
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Another interesting result involving the fibre derivative that will be useful later is
the following. Let £: E — E be a bundle map with associated vertical field X =
EV=vlgpo&onE,andlet f: E — R be a function, then

X-f=(Ff.8).

In particular, if we take £ = Idg, we have

(Ag - f)lex) = (Fflex), ex), (6)

where Ag = vlg (Idg) is the Liouville vector field of the vector bundle E. By applying
the chain rule to this last expression, we also obtain

F(AE - f)lex) = Fflex) + F2f(ex) -ex . (7

In the case of contact Lagrangian systems, our framework involves two real vector
bundles over the same base, namely 7p: TQ X R - Q x Rand 7p: T*Q x R —
0O x R. Taking this into account, one can readily see that most of the theory of singular
Lagrangian systems extends to contact mechanics. In particular, the fibre derivative of
a Lagrangian function L: TQ x R — R is its Legendre map.

As in the case of ordinary mechanics, to obtain some general results in the singular
case, we still need to impose some weak regularity conditions on the Lagrangian func-
tions. Namely, following [29], we say that a Lagrangian function L € €°°(TQ x R) is

almost-regular if: (i) the image of the Legendre map Py := FL(TQ xR) SN OxR
is a closed submanifold, called the primary Hamiltonian constraint submanifold, (ii)
the induced map FLo: TQ x R — Py is a submersion and has connected fibres.
From a local point of view, it suffices to assume that F L has constant rank.

Since Py = FL(TQ x R) is a closed submanifold, it is locally defined by the
vanishing of an independent set of functions {¢,},=1,... m, with linearly independent
differentials d¢,, at every point. We call these functions primary Hamiltonian con-
straint functions. Now, we recall the following two lemmas:

Lemma3.11 Let o: N — P be a submersion at'y € N. Then, there exists an open
neighborhood V. C N of y such that a(V) C P is a submanifold. Additionally, we
have:

1. ImTya = Ty (@(V)).

2. Ifa(V)) C P is the submanifold defined locally by the vanishing of a set of func-
tions ¢, with linearly independent differentials d,, at every point, then Ker ' Ty
admits dy(y) ¢y, as a basis, and Ker ' Ta admits d¢,, o « as a frame over V.

Lemma3.12 Let Py =N P be a submanifold defined by the vanishing of {¢u}u=1,...m»
such that their differentials d¢,, are linearly independent at every point of Py. Then,
Ker 'T(j) admits {déulpy}u=1,..,r as a frame. Also, at every point x € Py a tangent
vector vy € Ty P is in Ty Py if, and only if, for every ¢,,, it satisfies dg, (vy) = 0.
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We can apply Lemmas 3.11 and 3.12 to show that the d¢, o FL form a (local)
frame of the vector subbundle defined by Ker 'T(FL) C T*(T*Q x R).
For every given function g € €°°(T*Q x R), we can define the map

Ve =FgoFL: TOxR—-TQO xR,

where we denote by F L the fibre derivative of L, considered as a functionon tg: TQ x
R — QO x R, and Fg the fibre derivative of g, considered as a function on the vector
bundle 7p: T*Q x R — Q x R.

If we apply the natural bijection between fibre bundle maps and vertical vector
fields; that is, the vertical lift vltg xr, we obtain the vertical vector field

Iy = ]/gv = Vltgxr(dToxR, Fg o0 FL).
In local coordinates, these objects have the following expressions:

g L (08 0
Ve: (g, v,5) > (q, %(]—'L(q, v,s)),s) , [, =FL (E) e

With these objects, we can prove the following result:

Proposition 3.13 The vector fields T";, = yqfu, constructed from the primary Hamilto-

nian constraint functions ¢, form a local frame for Ker T(F L). Their local expression
is

0
v

. 3,
A
Vi <3Pi )

FH = y/i

)

where the functions

2L
form a basis of the kernel of the Hessian matrix W = <m>
viov

This last result follows directly from applying the chain rule, since
F(goFLy=F>Ley,,

where the symbol e denotes the composition of the images of both maps. This implies
that if g vanishes on the image 7L(TQ x R) C T*Q x R, then y, is in the kernel
of F2L. Since, by definition, we take the functions ¢, to be linearly independent,
the result follows immediately. The result can also be easily proved using the local
coordinate expressions.

Now we give the most important result for the characterization of a Hamiltonian
formalism in this context [4, 29].

Proposition 3.14 Ifthe Legendre map JF L is a submersion, then the Lagrangian energy
function Ey is locally projectable. That is, locally, there exists a function H such that
E; = HoFL.
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Again, this proposition can be proved using the local expressions of the objects
involved. We can also use the properties of the Liouville vector field (6), (7), as they
imply

Erp(vg,5) = (AToxR - L)(vg,5) — L(vg, s) = (FL(vg, $), (vg,5)) — L(vg, 5),

FEL(vg,s) = F>L(vg, s) - (vg,5) . (8)

Hence, one has
FH . EL = (fEL, VM) =0,

which is equivalent to the Lagrangian energy being locally projectable via FL, by
Proposition 3.13.

Thus, if the Lagrangian function L is almost-regular, then E is globally FL-
projectable at Py, that is, there exists a unique function Hy: Py — R, the Hamiltonian
function, such that FL*(Hy) = E . Also, as Py is assumed to be closed, the function
Hj can be extended (non-uniquely) to a function H defined on T*Q x R. Note that, for
a local study, it is enough to just assume that the Legendre map F L is a submersion.

Finally, let us prove a result which relates the vector fields I'y and T, defined,
respectively, from a choice of Hamiltonian function and of primary Hamiltonian con-
straints, with the Liouville vector field.

Proposition 3.15 Given an almost regular Lagrangian L, the choice of a Hamiltonian
Sunction H and a set of primary Hamiltonian constraints ¢, allows us to write, locally,
the identity map of TQ x R as

droxr = yu + Y Mvg, 9)
"

where the A € €°(TQ x R) are uniquely determined functions.

The proof of this result comes from applying the chain rule to the definition of H, i.e.,
Er = H o FL, which yields

FEL(vg,s) = F> L(vg, s) - yu(vg, s) .
Applying (8), we obtain
F2 L(vg,8) - (v $) = v (g.5) =0,
which proves that (vg, 5) — vy (vg, 5) = ZM M (vg, $)yu(vg, 5), as we wanted to see.

If we apply the natural bijection between fibre bundle maps and vertical vector
fields to (9), we obtain the following formula for the Liouville vector field

Argxr =T+ A'T,. (10)

2
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Note that, in coordinates, each component of (10) yields

v =y )My
"
where, in local coordinates, V;.{ = FL* (gTHl) and V;i = FL* (%) Applying the

vector fields ', = yvi 867 to this last expression, we obtain

m
yi=Y (- Ay,
n=1

and, by the linear independency of the y,,, this implies that
I, - At =380, (11)

In particular, this shows that the functions A* are not F L-projectable. As we will
show later in the examples, these functions correspond to the velocities that cannot be
written in terms of momenta via the Legendre map.

4 The evolution operator in contact mechanics

In this section, we present the definition of the evolution operator K for contact
Lagrangian systems, several equivalent characterizations of K, and some of its most
relevant properties.

4.1 Construction of the evolution operator K

Let L: TQ — R be a contact Lagrangian function. To define the evolution operator
in the setting of contact mechanics, we will follow the same structure we presented in
Sect. 2. We define the evolution operator as the unique vector field along the Legendre
map that satisfies three key conditions: the second-order condition and two dynamical
conditions.

The condition of K being a vector field along the Legendre map is equivalent to
the diagram

T(T*Q x R)

% lTT* OxR

Sk
TQ x R T T Q x R
being commutative. In other words, the map K: TQ x R — T(T*Q x R) satisfies
Trxgxr © K = FL.
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This equation is sometimes referred to as the structural equation, and it implies that,
in local coordinates, K is expressed as

JdL
K(q,v,s)=\q, —

FAEE a(q,v,S),b(q,v,S),C(q,v,S)> ,
v

or, alternatively, as

. B ad
K(qvvaS)ZQI(qav’S)_i +bi(Qavvs)_
86] FL(q,v,s) api FL(q,v,s)
ad
+ C(q7 v, s)_ )
ds FL(q,v,s)

where a’, b; and ¢ are functions yet to be determined.
Now, the so-called second-order condition for the time-evolution operator K is
given by
T oK =11, (12)

where rrol :T*OXxR — Qandty: TQ xR — TQ are canonical projections. Writing
this in coordinates, we find that

Tnol(q, p,s,v,u,z) =(q,v),

and so, _
Trj o K = (q,a').

Thus, Equation (12) determines that, in coordinates, we have a' = v'. Note that this
condition is equivalent to p o Tmg o K = IdtgxRr, where mp: T*Q x R — O x R
and p: T(Q x R) — TQ x R are the natural projections.

The last step to fully characterize the time-evolution operator K is via the so-called
dynamical conditions. They are

y _ap L
FL*(ig(dng o FL)) =dEL + L

9 (13)

ix(npoFL)=—-Ep,
where 770 is the canonical contact form on T*Q x R.

In coordinates, these conditions define the functions b; and c. Let us see this, by
writing in local coordinates all the expressions involved. First, we have

ig(dng o FL) = _bidqi |.7:L(q,v,s) + Uidpi |]—'L(t],v,s) ’
and therefore,

FL*(ix(dno o FL)) j &L bi )dg' + ' L dv' +0' L d
1 [e] = v n - — D v n -Av v n S .
Kihe dviagi )TV uigud v s
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On the right-hand side, we have

aL %L 8L AL ILY\ . ; ; 0° P
dEp + —np = v/ -— - .
as dv/aqt  9q' as vt avtov/ vl ds
and so, equating both expressions, we obtain
aL N dL oL
YT agt T ds ovi
Now, as
) ; 0L
ik(goFL)=clg.v.s) v 5.

the second dynamical condition shows that ¢ = L.
Summing up, we have proved the following result.

Theorem 4.1 Let L: TQ — R be a contact Lagrangian function. There exists a
unique vector field along the Legendre map satisfying conditions (12) and (13). In
local coordinates it reads

. 0 oL oL 0L 0 d
K(qg,v, =v'|—oFL _—t — — o FL L|—oFL]).
@v.s=v (aq' ° )+(aq’ LT av') (api ° >+ (as ° )

This vector field along the Legendre map defines an operator
K:€®°(T"Q x R) — €>°(TQ x R)

that takes functions defined in the phase space and gives their time derivative in the
velocity space. In local coordinates, this derivation is given by

Cpe (PN (PE PO gy (D5 e (OF
(K-f)(g,v,s) =v'FL <8qi)+(8qi+ s 81)")]_1 (Bp,->+L]:L <3s)'

Note that we can equivalently write K - f € €°°(TQ x R) as the function defined by
(K- f)g,v,s) =ig(dfoFL)=(df(FL(q,v,5),K(q.v,5). (14
The evolution operator can also be characterized with only one dynamical condition,

using the isomorphism B: T(T*Q x R) — T*(T*Q x R) defined by the canonical
contact 1-form on T*Q x R (see Equation (1)).

Proposition 4.2 The evolution operator K can be equivalently characterized as the
unique vector field along the Legendre map such that

Ty oK =11,
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and

aL
fL*(BOK)ZdEL—F(a——EL) nL . (15)
N

Proof We can prove this in coordinates in a similar way as above. The first equation is
the second-order condition, and as we saw above, it implies a' = v'. For the second
equation, on the left-hand side we have

FL*(BoK)="TFLo (ix(dng o FL) + (ix(ng o FL))(ng o FL)) =

%L L L dL ,
v—— - b —c— + v/ — — ) d¢’
av/aq’ avt av/ dv'

;9L S 9L AL
+v8vi8v1dv+ U \ovias  ovt te)ds,

and on the right-hand side,

L . 9’L 9L  ALIL ;9L AL AL\ . ;
dE;+|—-Er)m=|lvV—-————+0v/———-L—|dg

s dv/idgi  dqi  ds ! v/ 9t vl
+"32Ldi+ (Lot +L)d
vl ———dv v — - — s,
vl v/ avtds 0!

equating both sides directly yields the local expression of the evolution operator. 0O

We can also give a construction of the evolution operator K in terms of the so-called
Tulczyjew’s triples. We can use the canonical diffeomorphism yx : T*TQ — TT*Q
(see [57]) to define a diffeomorphism between T*(TQ x R) and T(T*Q x R), using
the natural identification of T(M x M’) with TM x TM’ and of both TR and T*R
with R x R (using the fixed canonical coordinate s). In coordinates, it reads

%: T(TQ x R) — T(T*Q x R),

(q,v,s,u,p,z) —> (q, p,s,v,u,z),
and then

~ oL
szo<dL+Lds—a—nL>.
s

4.2 The evolution operator and the equations of motion

This section studies how the Lagrangian and Hamiltonian formalisms can be recovered
from the time-evolution operator.

Proposition4.3 Let&: 1 — TQ x R be a path, and £:1 - T(TQ x R) its canon-
ical lift. Then, & is a solution to the Herglotz—Euler—Lagrange equations for a given
Lagrangian L if, and only if,

T(FL)oé =Ko&.
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Proof 1t is enough to see this in local canonical coordinates. Assume that the path is
given by & = (g, v, 5). Its canonical lift is £ = (¢, v, s; ¢, v, §). Thus, we have

T(FL) o aL . . 9°L +,82L +,82L .
0§ = -_— )
q’av’s’q’qav&] Yovav " Tavas )

and

aL oL 9L dL
Ko&=|gq, ; + L).

S5V, — a4
av aq as dv

Equating both expressions,

qg=v,
3L L 3L +,82L oL  9LIL
v v s =— 4+ ——,
dvaq dvav avas aq ds dv
s=1L,

which are precisely the second-order condition and the Herglotz—Euler-Lagrange
equations. O

Note that, ifapath&: I — TQ x R satisfies T(FL) o0& = K o& then, necessarily, it
can be obtained as the prolongation of apath ¢ : I — Q x R. Therefore, the equations
of motion defined by the evolution operator K incorporate the second-order condition,
regardless of the regularity of the Lagrangian function.

A solution of the Herglotz—Euler—Lagrange equations satisfies £ = X o &, with
X1, asecond-order Lagrangian vector field defined on an appropriate submanifold of
TQ x R. Thus, an immediate consequence of the last proposition is that we can write

T(FL)o X o0& =Ko&.

If Sy is the final constraint submanifold, since we have solutions at every point, we
can write
K|Sf = T(]:L) OXL|Sf .

If the Lagrangian is regular, then the Legendre transformation is a local diffeomor-
phism, and the Lagrangian vector field X is uniquely determined. Therefore, in the
regular case, we obtain

X, =T(FL™HoK.

Proposition4.4 Let yv: I — T*Q x R be a path in the extended cotangent bundle
and consider its canonical lift y: I — T(T*Q x R). Then ¥ is a solution to the
Herglotz—Dirac equations (5) if, and only if,

v =K opoT(m) o,

where mp: T*Q xR — O x Rand p: T(Q x R) - TQ x R are the canonical
projections.
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Proof 1t is enough to explicitly write both sides of the equation in coordinates. If
¥ = (q, p, s), then its canonical lift is expressed as ¥ = (g, p, s; ¢, p, §). Therefore,

. oL . 0L 9LOL
KopoT(mp)o¥y =g, —.,5;¢, —+——,L]).
av aq av as

If we compare both expressions, we obtain

s=1L,
aL
P = F
. dL 9LOL
p= % + 50 95
which are precisely the Herglotz—Dirac equations (5) for the Lagrangian L. O

Since K is an embedding, there is a correspondence between the solutions of the
Herglotz—Euler-Lagrange and the Herglotz—Dirac equations. The map & — FL o &
sends solutions to solutions, and its inverse is ¥ > poT(mg)o 1/f Thus, if there exists a
solution to the Herglotz—Dirac equations ¢ : I — T*Q xR, itcanbe expressedas ¢y =
FLo&,where&: I — TQ xRisasolution of the Herglotz—Euler—Lagrange equations,
and is obtained as the prolongation of the projected path ;g o . By Propositions 4.3
and 4.4, we have

Y =T(FL)oE =Kok =KopoT(m) o
Now, suppose that we have a Hamiltonian vector field X g, defined on the image of
the Legendre map FL(TQ xR) € T*Q xR, for the Hamiltonian formalism associated
with the Lagrangian system (T Q x R, L). Then, the solutions to Hamilton’s equations
are its integral curves ¥ = Xy o 1, and we can write
Kot=y =Xyoy=XgoFLok. (16)
In the final constraint submanifold S, this gives the relation
K|Sf = X[-] OfL|Sf .
And, if the Lagrangian is regular, we have
Xy=KoFL™".
Lastly, assume that we have two F L-related solutions & and i of the Herglotz—

Euler—Lagrange and the Herglotz-Dirac equations, respectively, i.e., y = L o§ and
& = p o T(mp) o . Then, for a given function f € €°(T*Q x R),

d .
a(f°¢)=<df01//,1ﬁ>=(dfO(J"'LO%'),KOE)=(K~f)O«‘E,
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where we used Equations (14) and (16).

Corollary 4.5 Suppose that f € €°°(T*Q x R) is a Hamiltonian constant of motion,
such as a Hamiltonian constraint. Then K - f is a Lagrangian constraint.

4.3 Relating the constraint algorithms

Let L € €°°(TQ x R) be an almost-regular Lagrangian function, so we can apply
the results presented in Sect. 3.4. Recall that Py :== FL(TQ x R) is a closed subman-
ifold, (locally) described by the vanishing of m functions {¢,},—1,... m, With linearly
independent differentials d¢,, at every point of Py. Also, the vertical vector fields
'y € X(TQ x R), locally given by

) 3¢\ 0
I, = —:]-L* ol —,
n= Vg <8p)8v

provide a frame for the vector subbundle Ker T(FL).

Since the Lagrangian is almost-regular, there exists a unique function Hy €
E*°(Py) such that E; = Hy o FL on Py. The function Hy can be extended to a
function H € €°°(T*Q x R) defined on the whole extended phase space T*Q x R.
This function H satisfies 7 L*(H) = E and defines a (unique) contact Hamiltonian
vector field X .

Our aim is to write the evolution operator K in terms of the contact Hamiltonian
vector fields associated with a choice of Hamiltonian function and a set of primary
Hamiltonian constraints.

Proposition 4.6 Let H € €°°(T*Q x R) be a fixed Hamiltonian function such that
FL*(H) = Ep, and {¢,}, be a set of primary constraint Hamiltonian functions.
Then, there locally exist m uniquely determined functions M such that

m
K=XyoFL+ ) M(Xy, oFL).
n=1
These functions A" are the same as those appearing in Proposition 3.15.

Proof Using FL*(H) = Er, we can write (15) as
t oL
TFL|BoK —dHoFL+ (HoFL)(ng o]-'L)—a—(nQoJ-'L) =0.
S

Hence, we have a 1-form along the Legendre map that belongs to Ker ' T(FL). Recall
that {d¢,, o FL}, is a frame for Ker 'T(FL), and so

aL
BoK —dH o FL+(Ho FL)ng o FL) = —=(ng o FL) = atdg, o FL.
S

2
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where the a** are some uniquely determined functions.
Applying B~! to both sides and rearranging terms, we obtain

L
K =B '(dH)o FL + (aa— — Ho]-"L) RoFL + § "B~ (d¢y) o FL.
S
yza

Using Equation (9) together with the condition Idrgxr = p o Tmp o K, one can
check, in local coordinates, that the functions o coincide with the functions A* from
Proposition 3.15. Thus, we have

L
K =B '(dH)o FL + (aa— - Ho]—"L) RofL+§ :MB—I(d%)ofL. (17)
S
"

Note that

0H 0H oL ¢ ¢
Ks=L=FL* —+ —— |-HoFL+— MWFL* | pj —£ + &
g <pl8p * 8s> ° +8s +; < opi + s )

where we have used the local expression of the vector field defined by B~!(d f), for
any function f € €*°(T*Q x R). '
Since E;, = H o FL and FL*(p;) = dL/9v", from the last expression we obtain

oHY\ oL oH oL
Er+L=A(L)=FL* — +FL* | — |+ —
Bp, av’ as as

* 8¢;L oL * 8¢M
I3 ) =
R (e (G ) 7 (52))-

and, combining this with (10), which yields

) (99
A(L) _FH(L)+%:k Fuw(L)=FL ( ) v Zk FL (apl> vt

we immediately obtain the expression

oL oH ¢
_ s MFL* | =L ) . 18
as =7FL ( as ) + Z F ( as ) (18)
Now, the result follows directly from Equations (17) and (18), and the fact that for
every primary Hamiltonian constraint we have ¢, o 7L = 0, by definition. O

With this result, for every f € €°°(T*Q x R), we can write K - f € €°°(TQ xR)
as

K- f=FL"Xu - )+ 3 WFL (X, - ).
n=1
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In particular, from the local expression of K we have

m
v=K-q=FL*Xy -q) + ZA“}“L*(X@L q),
n=1
dL AL OL _

m
7= —K-p=FL*X - AMFL*( Xy, - p),
7q T 5 30 p Xu-p)+ ). (Xg,, - D)

u=1

m
L=K-s=FL*(Xy s)+ Y AMFL*(Xy, -5).
n=1

Proposition 4.7 Let f be a function on the phase space. The function K - f is FL-
projectable if, and only if, X¢, - f vanishes on Py for all primary Hamiltonian
constraints ¢,.

Proof We have ",
Ty (K- f)=) FL*Xg, - HTy- 2",

v=1

and, applying (11), we get
Cp-(K-f)=FL*(Xy, - ).

Thus, 'y, - (K - f) = 0forevery u =1, ..., m if, and only if], de - f vanishes on
Py, as we wanted to see. o

4.4 Related constructions

When dealing with a singular Lagrangian function, the equations of motion cannot be
written in normal form, so they define an implicit system of differential equations. In
geometric terms, an implicit system is described as a subset of the tangent bundle of
some manifold; in our case, a subset D C T(TQ x R). From a geometric perspective,
the main task is to establish the underlying geometric structures required to investi-
gate this implicit differential equation, and, if possible, its “Hamiltonian” counterpart,
which in this case is a subset of T(T*Q x R).

To achieve this, a standard approach in the literature relies on the usage of differ-
ent morphisms between the various bundles associated with the problem. This is the
approach of the so-called Tulczyjew’s triples, which for the case of contact mechan-
ics have been studied both in [26] and [32]. Therein it is proved the existence of a
diffeomorphism

a“: TT"O xR) x R — T*(TQO xR) x R,
that in natural coordinates reads
@(q", pi.s.d', pis.r) = (q', 4", s.rpi + Pi. pis 1. 8).
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Now, given a Lagrangian function L: TQ x R its 1-jet prolongation is

J'L: TOXxR — JHTQO xR, R) ZT*(TQ x R) x R

i - i i oL OL 9L
(ql5ql5s)'—) (quql9s7W7W’E7L>

and so one has

@) G LG s) ; OL . oL n oL oL aL
o »q ,8) = sy S Y s — T ——5.L,—(—— ).
/ a4 a aq’ 4 aq’ as aq’ as

Hence, one can write the evolution operator we presented in Theorem 4.1 explicitly
as
K =prjo@) o L,

where pr;: T(T*Q x R) x R — T(T*Q x R) is the canonical projection.

5 Examples

This last section is devoted to the study of a couple interesting examples: the simple
pendulum and Cawley’s Lagrangian, both with an extra dissipation term.

Note that, in these examples, we obtain precontact 1-forms in the sense of [35].
Hence, we can use Equation (2) to compute the (pre)contact Hamiltonian vector fields.
The constraints are then obtained by imposing the usual tangency condition at each
step.

5.1 The simple pendulum with damping
Consider a damped pendulum of length ¢ and mass m. Its position in the plane is
given using polar coordinates (r, ), where 8 = 0 is the rest position. The Lagrangian

phase space has coordinates (r, 6, ; vy, Vg, v;; §) and the Lagrangian function of the
system L: TQ x R — R is given by

1
L= Em(vr2 + rzvg) —mgl —rcosf) +u@r—4£)—ys,

where y € R is a damping coefficient. The Legendre map associated with this
Lagrangian function is

FL(r, 0, u; v, vg, vy; §) = <r,9,u; pr = mvy, pg =mrivg, p, =0, s) ,

giving the constraint
0= ppu -
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The Lagrangian energy is

1
E; = Em(vrz +r20}) + mg(l —rcos0) — u(r —€) + ys;

so we can take as a possible Hamiltonian function

2
H=— <pr2+p—§> +mg —rcosf) —u(r —0) +ys
2m r

We can compute the corresponding Hamiltonian vector fields, with respect to the
1-form defined in Py :— FL(TQ x R) by taking no = j*(ng), where j: Py —
T*Q x R. In coordinates, we have

no = ds — p,dr — pedfo.

Note that this is not a contact form, but a precontact form (see [35] for more details).
Using Equations (2), we obtain

9 9 9 5 9
XH=&— po +f1—+<%+mgcos@+u—pry)—

mor | mr2 a6 o apy
. d d 2 2 d
+ (—mgrsin€ — pgy)— + for— + p—r-}-p—gz— -
dpe Opu m  mr as

where f1, f> are any arbitrary functions. We also obtain, as a necessary condition, the
constraint

¢1=r—1L.

Now, when we perform the constraint algorithm, the tangency condition 0 = Xy -¢pg =
f> determines the coefficient f>. We also obtain the new constraint

¢ =Xy - P =
m
If we keep performing the algorithm, this last constraint yields

1 p2
$3 =Xy = — <—03 +mgC089+M—PrV) ,
m mr

and, finally, the tangency condition Xy - ¢3 = 0O determines the coefficient fi. The
constraint algorithm ends here.
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The evolution operator associated with this Lagrangian function has local expres-
sion,

d d
K= —’ —‘ 0
L B el P + vy e + (mrvg +mgcosf + pu — ymvr) L
a
— inf — 2 —’ —)— +L— ‘
+( mgr sin ymr U@) opn |7 + (r ) —|— a5 7L

We can apply the evolution operator to the Hamiltonian constraints to obtain
Lagrangian ones. Namely, we obtain the following constraints,

X1 :=K'¢0=r_£7

x2=K-¢1=v,,

x3 =K -¢p = rv} +gcosf + p/m— yv,,
v

xa =K -3 = —3vp(gsinf + yrvg) — 30,02 + -~ — L(mgcosd + 1 — ymv,).
m m

If one performs the constraint algorithm directly for the Lagrangian formalism, one
can check that these same constraints are obtained.
We can also find the functions A, from (10). We have

r i +v i I
= —_— = —,
=, 93v9 0 vy

and so,
A=Tg+v,To,

which implies that A’ = v,, in this case.
If we find Xy, X¢,, the contact Hamiltonian vector fields, now with respect to the
canonical contact structure n¢g € QN (T*Q x R), we obtain

d
opr

x, = Prd e 9
B ar T mrZ a0

2
(2 4 mecont sy
mr
DPu m  mr

9 d ; 9
+ (= mgrsm@—pgy)T+(r_g_puy)_+(Pr +p_92_ )_’

and

One can easily check that

K=XygoFL+v,X¢,0FL.
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5.2 Cawley’s Lagrangian with dissipation

Cawley’s Lagrangian is an academic model introduced by R.Cawley to study some
features of singular Lagrangians in Dirac’s theory of constraint systems [18]. In this
example we introduce a velocity-dependent dissipation term. Consider the manifold
TR3 x R with canonical coordinates (x, ¥, z; vx, vy, vz; 5) and the Lagrangian function

1
L =vev; + 5y = ysvy,
where y is a non-zero damping coefficient. The Legendre map is
FL: (X,y,20x,0y,0738) —> (X, Y,2; Px = Vg, Py = —VS, Pz = Vx; ).

The primary Hamiltonian constraint is ¢9 = py + ys, and L is an almost-regular
Lagrangian.
The Lagrangian energy is

1 5
Ep =vyv; — —yz°,
2
therefore, we can take as a Hamiltonian function

1 2
H = pyp:— 552"
Now, we can compute the corresponding Hamiltonian vector fields with respect to
the 1-form defined on Py := FL(TQ x R) by taking no := j*(no), where j: Py —
T*Q x R. In coordinates, we have

no = ds — pydx + ysdy — p.dz.

One can check that this 1-form is a precontact form which does not define any Reeb
vector field, and so the usual contact Hamiltonian equations cannot be used to find
the corresponding Hamiltonian vector fields in this case. However, if we apply the
alternative Hamiltonian equations (2), we obtain

X 0 +b 0 + 0 b 9 + 0 + ( bp;) 9
= —_— —_— _— _— CcC—— — _—
H = Pz ax 3y Px 9z YbDx 3 opy Y —Vvop; 3p.

+ T A
Z =~ - S - '
Pxpz+ 52" —ybs | =

where b and ¢ are arbitrary functions. We also obtain as a necessary condition the
constraint
1,

1
¢1 = 72 +vy <Pxpz + Eyz2> .
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Now, demanding the tangency to the first constraint submanifold

1
XH'¢0=C+V<PxPz+§y22—ybs>:O

we obtain an expression for ¢, in terms of the function b. Again, the same can be done
for the constraint ¢, and the condition X g - ¢; = 0 will determine the function b.
The constraint algorithm ends here.

The evolution operator is given by

0

- ”xa‘n +vy5'fL +vza_z‘n BRGchs

dpx ‘}'L
0
+ L— .
FL ds | FL

Yy~ SU Y Ux U
2° Y] apylFL e N ap,

We can apply the evolution operator to the Hamiltonian constraints to obtain
Lagrangian ones. Namely, we obtain the following constraints,

12 1 2
X15=K‘¢0=§Z +y vxvz+§yz ,

1
x2 =K -¢1 =zv,(1+2yy) +yvy (EZZ _ 2yvxvz> .

6 Conclusions and outlook

In this paper, we have introduced and studied the evolution operator K, for singular
contact Lagrangian systems. To this end, we first reviewed the characterization of
the evolution operator K in ordinary mechanics. We also reviewed the basic facts of
contact geometry and contact Hamiltonian systems, for which we obtained alternative
formulations of the dynamical equations that do not rely on the Reeb vector field.

We presented a definition of the evolution operator K within the framework of
contact mechanics. This operator exhibits properties analogous to those in ordinary
symplectic mechanics, and provides a fundamental link between the Lagrangian and
Hamiltonian descriptions in the singular contact setting. To illustrate the theoretical
developments, we examined two explicit examples: the simple pendulum and the
Cawley Lagrangian, both with extra damping terms.

There are several aspects of singular contact dynamics that deserve further investi-
gation. For singular Lagrangian systems, the operator K provides a tight connection
between the Lagrangian and Hamiltonian formalisms. We plan to explore in detail
these connections for contact Lagrangian systems in the future. This also includes
the development of constraint algorithms for precontact Lagrangian and Hamiltonian
systems.
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