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Abstract

Contact geometry allows us to describe some thermodynamic and dissipative sys-
tems. In this paper we introduce a new geometric structure in order to describe
time-dependent contact systems: cocontact manifolds. Within this setting we develop
the Hamiltonian and Lagrangian formalisms, both in the regular and singular cases.
In the singular case, we present a constraint algorithm aiming to find a submanifold
where solutions exist. As a particular case we study contact systems with holonomic
time-dependent constraints. Some regular and singular examples are analyzed, along
with numerical simulations.
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1 Introduction

In the last decades, the interest in the formalism and applications of differential geo-
metric structures to the study of mathematical physics and dynamical systems has risen
drastically [1, 3, 29, 39]. The natural geometric framework for autonomous conserva-
tive mechanical systems, both Hamiltonian and Lagrangian, is symplectic geometry
and the variational approach is based on Hamilton’s variational principle. For non-
autonomous systems [11, 21, 24, 38, 43] the same variational principle is valid, but the
underlying geometry is cosymplectic geometry [2, 10, 13]. Time-dependent systems
can also be geometrically formulated as the Reeb dynamics of a contact system. Both
symplectic and cosymplectic structures are particular instances of Poisson geometry
[22, 39, 50].

Recently, the application of contact geometry to the study of dynamical systems
has grown significantly [4, 18, 26]. This is due to the fact that contact geometry is not
only a way to geometrically model the time-dependency in mechanical systems [23],
which can also be done by means of cosymplectic geometry, but it also allows us to
describe mechanical systems with certain types of damping, quantum mechanics [14],
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Time-dependent contact mechanics 1151

circuit theory [31], control theory [45] and thermodynamics [5, 48], among many
others [41]. In recent papers [7, 8], the authors consider time-dependent systems,
although a rigorous geometric description of time-dependent contact mechanics is in
order. These systems include mechanical systems with time-dependent external forces
and, in particular, controlled systems whose controls can be used to compensate the
damping.

Let us recall that the variational approach to contact systems is based on Herglotz’s
principle [36] (see for instance [15—17]). This variational principle generalizes the
Hamilton principle and it is appropriate to deal with action-dependent Lagrangians.
From the geometric perspective, it is important to point out that contact structures are
not Poisson, but Jacobi. This is due to the fact that the Leibniz rule is not fulfilled [18].

In the present paper, we develop a formalism in order to geometrically describe
contact mechanical systems with explicit time-dependence. We begin by introducing
anew geometric structure: cocontact manifolds. These manifolds extend the notion of
both contact and cosymplectic structures. We study the properties of these manifolds,
exhibit some examples, prove a Darboux-type theorem for these structures, and show
that cocontact manifolds are Jacobi manifolds. In addition, we introduce the notion
of cocontact orthogonal complement of a submanifold and define and characterize
the coisotropic and Legendrian submanifolds of a cocontact manifold. This geometric
framework is later used to develop both Hamiltonian and Lagrangian formulations of
time-dependent mechanical systems with dissipation.

The introduction of time-dependence makes us consider systems subjected to con-
straints that can vary with time. Such systems can be described by introducing the
constraints in the Lagrangian via Lagrange multipliers. These Lagrangians are obvi-
ously singular, since the velocity associated to the Lagrange multipliers do not appear
in the expression of the Lagrangian. In order to study such systems, we introduce the
notion of precocontact structure as a weakened version of a cocontact structure, and
describe a suitable constraint algorithm.

The structure of the paper is as follows. In Sect. 2, we describe the geometrical
setting that will be used throughout the paper. We present the notion of cocon-
tact manifold and some examples. In particular, we see that cocontact manifolds
are Jacobi manifolds, and thus all the theory about Jacobi structures is applicable
to cocontact structures. Section 3 is devoted to develop a Hamiltonian formula-
tion for dissipative time-dependent systems, while Sect. 4 dedicated to develop the
Lagrangian formulation for cocontact systems and state the associated generalized
Herglotz—Euler-Lagrange equations. In Sect. 5 we study the case of mechanical
systems described by singular time-dependent contact Lagrangians and give a descrip-
tion of the constraint algorithm to obtain the dynamics in both the Hamiltonian and
Lagrangian formulations. Section 6 is devoted to analyze the case of damped mechan-
ical systems with holonomic constraints which can depend on time. Finally, in Sect. 7,
three examples are presented and worked out: the damped forced harmonic oscillator,
a system with time-dependent mass subjected to a central force with friction, and the
damped pendulum with variable length. We also show and discuss some simulations
of these systems.

Throughout the paper all the manifolds and mappings are assumed to be smooth
and second-countable. Sum over crossed repeated indices is understood.
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1152 M. de Ledn et al.

2 Geometrical setting
2.1 Cocontact manifolds

Definition 2.1 Let M be a manifold of dimension 2n+2. A cocontact structure on M
is acouple (z, n) of 1-forms on M such that 7 is closed and such that Tt An A (dn)"" is a
volume form on M. Under these hypotheses, (M, t, n) is called a cocontact manifold.

We can see from this definition that every cocontact manifold has two tangent
distributions. The first one is generated by ker 7, is integrable, and gives a foliation
made of contact leaves. The other one is ker 7 and it is not integrable. This structure
will be very useful when proving the Darboux theorem.

Example 2.2 Let (P, no) be a contact manifold and consider the product manifold
M = R x P. Denoting by dt the pullback to M of the volume form in R and denoting
by 7 the pullback of ng to M, we have that (dz, n) is a cocontact structure on M.

Example 2.3 Let (P, t, —d6) be an exact cosymplectic manifold and consider the
product manifold M = P x R. Denoting by s the coordinate in R we define the
1-form n = ds — 6. Then, (z, n) is a cocontact structure on M = P x R.

Example 2.4 (Canonical cocontact manifold) Let Q be an n-dimensional smooth man-
ifold with local coordinates (¢°) and its cotangent bundle T*Q with induced natural
coordinates (g', p;). Consider the product manifolds R x T*Q with coordinates
(t,q", pi), T*Q x R with coordinates (¢°, p;, s) and R x T*Q x R with coordi-
nates (z, qi , Pi, ) and the canonical projections

RxT*QO xR

e L
RT*Q%

Let 6y € Q(T* Q) be the canonical 1-form of the cotangent bundle, which has local
expression 6y = p; dqi . Denoting by 6, = 71;9, we have that (d¢, 6») is a cosymplectic
structure in R x T*Q.

On the other hand, denoting by 61 = 711*90, we have that n; = ds — 6 is a contact
form in T*Q x R.

Finally, consider the 1-form 6 = p6> = p360; = 7% € QYR x T*Q x R) and
let n = ds — 6. Then, (dz, n) is a cocontact structure in R x T*Q x R. The local
expression of the 1-form 7 is

R x T*Q TQO x R

n=ds— pidq" .

Proposition 2.5 Let (M, 1, ) be a cocontact manifold. We have the following isomor-
phism of vector bundles:

b: TM — T*M
v > (1)t +i(v)dn+ @(wn)n

@ Springer



Time-dependent contact mechanics 1153

Proof 1t is clear that ker b = 0, since M is a cocontact manifold. Hence, it follows that
b has to be an isomorphism. O

This isomorphism can be extended to an isomorphism of €"*°(M)-modules:

b: X(M) — QL(M)
X — (X))t +i(X)dn+ GX)n)n

Proposition 2.6 Given a cocontact manifold (M, T, n), there exist two vector fields
R;, Ry € X(M), called Reeb vector fields, satisfying the conditions

i(R)Tt =1, i(Ry)t =0,
i(R)n =0, i(Ron=1,
i(Ry)dn =0, i(Rg)dn =0.

R; is the time Reeb vector field and Ry is the contact Reeb vector field.

Taking into account the isomorphism b introduced above, we can give an alternative
definition of the Reeb vector fields:

R =b"'(r), Ry=b""(n.

Theorem 2.7 (Darboux theorem for cocontact manifolds) Let (M, t, n) be a cocontact
manifold. Then, for every point p € M, there exists a local chart (U;t,q", pi,s)
around p such that

tly =dt, nly =ds — pidg'.

These coordinates are called canonical or Darboux coordinates. Moreover, in Dar-
boux coordinates, the Reeb vector fields are

a
Rily = 3 Rsly = 35
Proof The idea of the proof is the following: in every cocontact manifold there is
a contact foliation made of leaves of the distribution generated by ker  (which are
(2n+1)-submanifolds) and, on each of them, the restriction of 7 is a contact form. Now,
we can take local coordinates adapted to the foliation and, on each leaf, use the Darboux
theorem for contact manifolds. Hence, we have local coordinates (7, qi, pi, §) such
that y = ds — p;dq’. Finally, we can write T as a combination of all these coordinates,
T = f(I, qi, pi, s)df, where f is a non-vanishing function, and then we can redefine
the coordinate 7. m|

Remark 2.8 Consider a cocontact manifold (M, t, n) such that T = dt. Then, the
two-form

Q=c¢'dn+nA1)
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1154 M. de Ledn et al.

is a symplectic form on M. Moreover, the two-form €2 is exact, since
Q=d(e 'n).

2.2 Cocontact manifolds as Jacobi manifolds
It is known that symplectic, cosymplectic and contact manifolds are particular

instances of a more general geometric structure: Jacobi manifolds. Then, it is rea-
sonable to think that cocontact manifolds should also be Jacobi manifolds.

Jacobi manifolds
Definition 2.9 A Jacobi manifold is a triple (M, A, E), where A is a bivector field

on M, i.e. a skew-symmetric 2-contravariant tensor field, and E is a vector field on
M, such that

[A,A]=2EANA, ZLEAN =[E,A]=0,

where [-, -] denotes the Schouten—Nijenhuis bracket [44, 47].

Given a Jacobi manifold (M, A, E), we can define a bilinear map on the space of
smooth functions on M, called the Jacobi bracket, given by

{f.g}=Adf.dg)+ fE(g) —gE(f).

The Jacobi bracket is bilinear, skew-symmetric, satisfies the Jacobi identity and fulfills
the weak Leibniz rule

Supp({f, g}) € Supp(f) N Supp(g) . )]

Hence, the set of smooth maps € (M) equipped with the Jacobi bracket {-, -} is a
local Lie algebra in the sense of Kirillov.

The converse is also true: given a local Lie algebra structure on °° (M), one can
define a Jacobi structure (A, E) on M such that its Jacobi bracket coincides with the
bracket of the local Lie algebra bracket [37, 40].

Definition 2.10 Given a Jacobi manifold (M, A, E), we can define the morphism of
vector bundles

A: T*M — TM

given by [\(a) = A(a, ). This morphism of vector bundles induces a morphism of
€°°(M)-modules A : Q'(M) — X(M).
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Time-dependent contact mechanics 1155

Given a smooth function f € ¥°°(M), we define the Hamiltonian vector field
associated with f as

X;=AWf)+ fE.

The characteristic distribution C of (M, A, E) is spanned by these vector fields X f.
It is integrable, and it can be defined in terms of the bivector A and the vector field E
as

C = A(T*M) + (E).

In general, the morphism A is not an isomorphism, as can be seen in the following
example.

Example 2.11 (Contact manifolds) Consider a contact manifold (M, n). We have the
€ (M)-module isomorphism b: X(M) — Q!'(M) given by

b(X) = i(X)dn + (((X)n)n .,

and we denote its inverse by ff = b~!. The Reeb vector field is R = fin.
Then we can define a Jacobi structure (A, E) on M given by

A(a, p) = —dn(fa, 88), E=-R.
In this case, the morphism Ais given by
A@) = @) — a(R)R,

and it is clear that A is not an isomorphism, since ker A= (n) and Im A = ker n.

Example 2.12 (Poisson manifolds) A Poisson manifold is a smooth manifold M such
that °°° (M) has a Lie bracket satisfying the Leibniz rule

{fg.hy = flg.n}+{f. hig.

It can be seen that this implies the weak Leibniz rule (1), thus giving a local Lie algebra
structure to the set of smooth functions on M. One can prove that the Jacobi bracket of
aJacobi manifold (M, A, E) is Poisson if and only if E = 0. Taking this into account,
a Poisson manifold is a Jacobi manifold with E = 0. We can redefine the notion of
Poisson manifold as a couple (M, A), where A is a bivector such that [A, A] = 0.

We know that both symplectic and cosymplectic manifolds are Poisson. Hence,
they are also Jacobi manifolds with

A, B) = o(fler, 88) , E =0,

where w is the 2-form of the symplectic or cosymplectic manifold and £ is the inverse
of the flat morphism b of the symplectic or cosymplectic manifold.
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1156 M. de Ledn et al.

Jacobi structure of cocontact manifolds

Consider now a cocontact manifold (M, t, ). In Darboux coordinates, the flat iso-
morphism reads

Its inverse is the isomorphism #: QY(M) - X(M), which is given by

ﬁdt—8
T
: ad
fdg' = ——,
api
fdp; = 9 + 0
Pr=Pigs ™ agi
d d
ds = & — pi—2
gds 3s pzapi

We can define a 2-contravariant skew-symmetric tensor A:

Ale, p) = —dn(fer, 88) ,

which in Darboux coordinates reads

il il 0 d
T Pig AN

A=—A
dq'  9pi api  0s

Proposition 2.13 Let (M, t,n) be a cocontact manifold. Then, (A, E), where E =
—Ry, is a Jacobi structure on M.

The previous proposition can be proved using Darboux coordinates. Using Darboux
coordinates, the Jacobi bracket reads

of 0g og of of og 0dg df g of
(frg)=gra =St (o E - SEEE) pSgnh
q' dp; 9q' Op; ap; ds  dp; s as as
In particular, one has
' a’Y=1pi.pj}=0, (¢ .pi}=%,, {g'.s}=—q', Api.s}=—2pi.
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Time-dependent contact mechanics 1157

Legendrian submanifolds

In the previous section we have seen that every cocontact manifold (M, t, n) is aJacobi
manifold taking A («, 8) = —dn(fo, #8) and E = —R;. We will study a special kind
of submanifolds associated to this structure.

In first place, we find a new expression for the morphism A which is easier to
manipulate. We have

a = bfla = iﬁadn + (i;an)ﬂ + (itiocf)f i
and contracting with the Reeb vector fields Ry, R;, we get

a(R;) = i]:iotf , a(R,) = iﬁan .

Now,
B(A(@)) = —iggizqdn
= iﬁaiﬁﬁdn
= iga (B — (izgmn — (igpT)T)
= B(fta) — B(Ry)a(Ry) — B(R)a(R,)
=B (fa — a(Ry)R; —a(R)R,) ,
and thus

A@) = ta — a(Ry) Ry — a(R)R; .

It is clear that 7, € ker A. Consider 8 € ker A. Then, #8 = B(Rs)R; + B(R/)R;.
Using the morphism b, we have that

B =BR)n+ B(R)T.
Hence, we have that ker A= (r, n).

Definition 2.14 Let (M, 7, ) be a cocontact manifold and consider a submanifold
N C M. We define the cocontact orthogonal complement of N as

T,N* = A ((T,N)°) .
Notice that v € T, N L if, and only if, there exists o € T;N such that f\(a) =v
and o(u) = O foreveryu € T, N.

Definition 2.15 Let (M, 7, ) be a cocontact manifold and consider a submanifold
N— M.

(i) N is said to be coisotropic if TN~ C TN.
(ii) N is said to be isotropic if TN C TN=.
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1158 M. de Ledn et al.

(iii) N is said to be Legendrian if TN = TN-.
The following theorem characterizes isotropic and Legendrian submanifolds.

Theorem 2.16 Consider a cocontact manifold (M, t, n) withdim M = 2n+2 and a
submanifold j: N < M. Then,

(1) N is isotropic if and only if j*n = 0 and j*t = 0.
(ii) N is Legendrian if and only if j*n =0, j*t = 0and dim N = n.

Proof (i) Suppose TN C TN..Letv € T,N, thenv € TPNJ- and hence there

exists some o € T;N such that A(a) = vand a(u) = 0 for every u € T,N.
Then,

n(w) = n(A@) = nte) — a(R)R; =0 =0.
Since 7,(v) = 0 for every p € N and every v € T,N, we have j*n = 0.
Analogously, j*T = 0.

Conversely, suppose j*n = 0and j*t = 0. Let v € T, N. We want to check that
v e T,N*. Consider

o =i,dn.

Since j*n = 0, we have j*dn = dj*n = 0 and thus i,i,dn = a(u) = 0 for
every u € T, N. Now, we want to check that

v=A(a) = fla — a(Ry)Rs — a(R)R; = .

Since b is an isomorphism, this is the same as checking that b(v) = «, which is
obvious taking into account that j*n = 0 and j*t = 0. Finally, we have already
proved that a(T,N) = 0.

(ii) Suppose that TN = TN and let k = dim N. Thus, at any point p C N,

dimT,N°=2n+2—-dimT,N =2n+2 —k.

Since TN C TN, we have that Tp, p € T N° and then ker Ap C T,N°. Now,
since T,N = T,N*+ = A ,(T,N°),

dim T, N° = dim A ,(T,N°) +dimker A, ,
~————

2n+2—k k 2

which implies that k = n.
Conversely, we have that 2n +2 — n = dim T, N + 2 and thus dim T,N* =
n =dimT,N. Since T,N C T,N*,itis clear that T,N = T,N-.

O
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Time-dependent contact mechanics 1159

3 Cocontact Hamiltonian systems

We can use the cocontact geometric framework developed in the previous section to
deal with Hamiltonian systems with dissipation and with explicit time dependence.

Definition 3.1 A cocontact Hamiltonian system is a tuple (M, t,n, H) where
(M, 7, n) is a cocontact manifold and H € ¥°°(M) is a Hamiltonian function.
The cocontact Hamilton equations for a curve ¥ : I C R — M are

i(Y"dn =dH — (ZLr,H)n — (Lg H)T,
iYn=-H, @)
iYHr=1,

where ¥': I C R — TM is the canonical lift of the curve v to the tangent bundle
™.

Let us express these equations using Darboux coordinates (see Theorem 2.7). Con-
sider the curve ¥ (r) = (f(r), ¢' (r), pi(r), s(r)). The third equation in (2) imposes
that f(r) = r, thus we will denote » = ¢. The other equations become:

i _ 0H

= opi

. JH JH
pi = — 3—q,-+PiW>»
. d
S:plm—H

We can give another interpretation of these equations using vector fields.

Definition 3.2 Let (M, t, n, H) be a cocontact Hamiltonian system. The cocontact
Hamiltonian equations for a vector field X € X(M) are:

i(X)dn = dH — (L, H)n — (Zr, H)T,
i(X)n=-H, 3
iX)r=1.

Equations (3) can be rewritten using the isomorphism b as

b(X)=dH — (Lo, H + H)n+ (1 - Zg,H) 7.

Therefore, it is clear that the cocontact Hamilton equations (3) have a unique solution.
The solution to this equations is called the cocontact Hamiltonian vector field, and
will be denoted by X g . Its local expression is

i D OH D (OH OHN 0 9H L\ D
H= 5 T apmag \agi " Pas ) ap T \Piap ds

Remark 3.3 It can be seen that the vector field Xz — R, coincides with the one for the
associated Jacobi manifold given in the preceding section.
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1160 M. de Ledn et al.

Proposition 3.4 Let X be a vector field in M. Then every integral curve  : U C
R — M of X satisfies the cocontact equations (2) if, and only if, X is a solution to

3).

Proof This is a direct consequence of equations (2) and (3), and the fact that any point
of M is in the image of an integral curve of X. O

4 Cocontact Lagrangian systems
4.1 Lagrangian phase space and geometric structures

Let Q be a smooth n-dimensional manifc_)ld..Consider the product manifold Rx TQ xR
endowed with natural coordinates (¢, g*, v, s). We have the canonical projections

1:RxTOxR—>R, T1(t,vg,8) =1,
n:RxTQOxR—TQ, 72(t, Vg, ) = g,
3: RxTOxR—->R, 73(t, v4,8) =5,
0 RXxTOxR—>RxQ xR, T0(t, v4,8) = (1, 4q,5).

Notice that ) and 7 are the projection maps of two vector bundle structures.
Usually, we will have in mind the projection 7g. In fact, the vector bundle R x TQ x
R 2 R x 0 x R is the pull-back of the tangent bundle with respect to the map
Rx OxR— Q.

Our goal is to develop a time-dependent contact Lagrangian formalism on the
manifold R x TQ x R. The usual geometric structures of the tangent bundle can
be naturally extended to the cocontact Lagrangian phase space R x TQ x R. In
particular, the vertical endomorphism of T(T Q) yields a tp-vertical endomorphism
J: TR xTQO xR) - T(R x TQ x R). In the same way, the Liouville vector field
on the fibre bundle T Q gives a Liouville vector field A € X(R x TQ x R). Actually,
this Liouville vector field coincides with the Liouville vector field of the vector bundle
79. The local expressions of these objects in Darboux coordinates are

0 . .0
= —_— dl, Azl—..
J 8v’®q Uav’

Definition 4.1 Letc: R — R x Q x R be a path, with ¢ = (¢, ¢2, ¢3). The prolon-
gation of ¢ to R x TQ x R is the path
¢=(c1,¢5,e3): R—RxTQO xR,

where ¢} is the velocity curve of ¢,. Every path ¢ which is the prolongation of a path
c: R — R x Q x R is said to be holonomic. A vector field I' € X(R x TQ x R)
is said to satisfy the second-order condition (for short: it is a SODE) when all of its
integral curves are holonomic.
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Time-dependent contact mechanics 1161

This definition can be equivalently expressed in terms of the canonical structures
defined above:

Proposition 4.2 Avectorfieldl" € X(RxTQ xR) isa SODE if, and only if, T ol = A.

In natural coordinates, if ¢(r) = (¢(r), ¢’ (r), s(r)), then
- : dct

c(r) = (t(r), c'(r), d—(r), S(F)> .
r

The local expression of a SODE is

0 ;0 ;0 0
FZfE-i—Ula—qi-i-GlW—i-ga. 4

So, in coordinates a SODE defines a system of differential equations of the form

20

dr I ) dq it .8 ds « .5
-_— = ) 3 3 S 9, = k] k) ’ N k) = ’ s ’ s).
= 4.4 52 =9 taq o —8ta.q

4.2 Cocontact Lagrangian systems
Definition 4.3 A Lagrangian function is a function £: R x TQ x R — R. The
Lagrangian energy associated to £ is the function E,y := A(L) — L € €°[R x
TQ x R). The Cartan forms associated to £ are defined as
O ="TodLeQRXxTQO xR), wr=-dos c QR xTOxR). (5
The contact Lagrangian form is
ne=ds—0, e Q'R xTQ xR).

Notice that dns = w,. The couple (R x TQ x R, £) is a cocontact Lagrangian
system.

Taking natural coordinates (¢, qi, v, s)in R x TQ x R, the form 7, is written as

oL
ne =ds — —dq', (6)
av'
and consequently
3L ;L A Y , 2 _
dng =— ~dt Adg' — ——dq’ Adg' — ———dv/ Adg' — -ds Adq' .
(R PR T~ aqiaui 4 N T giau OV N T g N

Notice that, in general, given a cocontact Lagrangian system (R x TQ x R, £), the
family R x TQ xR, t = dt, 5z, Er) is not a cocontact Hamiltonian system because
condition T A n A (dnz)" # 0is not fulfilled. The Legendre map characterizes which
Lagrangian functions will give cocontact Hamiltonian systems.
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Definition 4.4 Given a Lagrangian £: R x TQ x R — R, its Legendre map is the
fibre derivative of £, considered as a function on the vector bundle 7p: RxTQ xR —
R x Q x R; thatis,themap FL: R x TQ x R - R x T*Q x R given by

FL(E, vg,5) = (1, FL@E, -, 5)(vg), 5)

where FL(t, -, s) is the usual Legendre map associated to the Lagrangian L(t, -, s) :
TQ — R with ¢ and s freezed.

Notice that the Cartan forms can also be defined as
O = FL (%0, wr=FL* (7 wo),

where 6y and wy = —d6 are the canonical 1- and 2-forms of the cotangent bundle
and 7 is the natural projection 7: R x T*Q x R — T*Q (see Example 2.4).

Proposition 4.5 For a Lagrangian function L the following conditions are equivalent:

(1) The Legendre map F L is a local diffeomorphism.
(ii) The fibre Hessian F*L: R x TQ xR — (R x T*Q x R) ® (R x T*Q x R)
of L is everywhere nondegenerate (the tensor product is of vector bundles over
R x O x R).
(i) (R x TQ x R, dt, nr) is a cocontact manifold.

The proof of this result can be easily done using natural coordinates, where

. oL
FL:(t,q" V', s) — (t,ql,—.,s>,
ov!

and

P i 3L
F2L(t, " V' s) = (t,q", Wiy, 5), with Wyj = ———) .
,q' v, s) (t,q ij s) ij (31)131)/)
And the three conditions in the above proposition are equivalent to say that the matrix
W = (W;;) is everywhere regular, hence they are equivalent.

Definition 4.6 A Lagrangian function L is said to be regular if the equivalent con-
ditions in Proposition 4.5 hold. Otherwise L is called a singular Lagrangian. In
particular, £ is said to be hyperregular if 7L is a global diffeomorphism.

Remark 4.7 As aresult of the preceding definitions and results, every regular cocontact
Lagrangian system has associated the cocontact Hamiltonian system (R x TQ x
R, dt,ng, Ec).

Given a regular cocontact Lagrangian system (R x TQ x R, £), from Proposition
2.6 we have that the Reeb vector fields R, R~ € X(R x TQ x R) for this system
are uniquely determined by the relations
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i(REYdt =1, i(REYdt =0,
i(REn, =0, i(REML =1,
i(REYdn, =0, i(REYdn, =0.

Their local expressions are

9 L 92L 9
RE= — —wi—— — |
Jt dtov/ dvt
9 2L D
RE = — —w¥ .
s dsov/ ovt

where W is the inverse of the Hessian matrix of the Lagrangian £, namely W%/ Wir =
8t

Notice that if the Lagrangian function £ is singular, the Reeb vector fields are not
uniquely determined. This will be discussed in Sect. 5.

4.3 The Herglotz-Euler-Lagrange equations

Definition 4.8 Let (R x TQ x R, £) be a regular contact Lagrangian system.
The Herglotz—Euler-Lagrange equations for a holonomic curve ¢: I C R —
R xTQ x Rare

i@)dn = (dEL — (Leg Ep)dt — (LreEpinc) o€,
i), =—EgoC, (7
i@)dt =1,

where ¢: I C R — T(R x TQ x R) denotes the canonical lifting of € to T(R x
TQO x R).

The cocontact Lagrangian equations for a vector field X, € X(R x TQ x R)
are

i(Xg)dng =dEg — (ZLreEp)dt — (LreEp)ne

iXpneg =—Eg, @)
i(Xp)dt=1.

The vector field which is the only solution to these equations is called the cocontact
Lagrangian vector field.

Notice that a cocontact Lagrangian vector field is a cocontact Hamiltonian vector
field for the function E . (and the cocontact structure (d¢, n,)).

In natural coordinates, for a holonomic curve &(r) = (t(r), ¢'(r), ¢' (r), s(r)),
equations (7) are

i=1, ©))
s=L, (10)
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LdlL AL L 3L AL d [ AL AL AL
t +qJ - +q] - -+ - - = \"|-"FT7T="7"—"7".
atovt ag/ vt avJ v asdvt  dqgt  dr \ 9! aq’ as avt
(11)
Condition (9) implies that #(r) = r + k. This justifies the usual identification r = r.
0 | d
Meanwhile, for a vector field X, = f— + F' — + G' — + g—, equations (8)
ot aqt vt as
read
. 9L
Fl— i — 12
( v )Btavl (12)
2L L 02L - L L AL L L AL L
T Fj T T G‘] T T i T F‘] —/ — Y = ———
Foarae Y agiae 79 uiae T 8asau ag T TV auiaed = os ool
(13)
. L
Fl —v))— = 14
( Vg =0 (14)
L L
FJ —/ - = 1
( v)a o =0 (15)
oL . .
L+ —(Fl —v)y—g=0, (16)
v/
f=1, 17
where we have used the relations
oL oL
thLEL:—E, fRL 5——5,

which can be easily proved taking coordinates.

Theorem 4.9 If L is a regular Lagrangian, then X r is a SODE and equations (12)—(17)
become

f=1, (18)
g=2L, (19)
92 .92 .92 92 IL 0L D

£ £ G/ .£.+£ E. _ oL £ E, (20)

- v —— +
arav’ dq’ vt dv/ ov! asav’ 8q T 9s v

which, for the integral curves of X o, are the Herglotz—Euler—Lagrange equations
9), (10) and (11).

This SODE X » = 'z is called the Herglotz—Euler-Lagrange vector field associ-
ated to the Lagrangian function L.

Proof This results follows from the coordinate expressions. If £ is a regular
Lagrangian, equations (14) lead to F' = v’, which are the SODE condition for the
vector field X . Then, (12) and (15) hold identically, and (13), (16) and (17) give
the equations (18), (19) and (20) or, equivalently, for the integral curves of X, the
Herglotz—Euler-Lagrange equations (9), (10) and (11). m]
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Hence, the local expression of the Herlgotz—Euler—Lagrange vector field is

0 i
+v

Iy =— :
7% T g

9q7  oravl Y agkovi  “asavi T Bs avl

] y < ac L, L 2L aL ac) 3 3

v’ as
An integral curve of this vector field satisfies the classical Euler-Lagrange equations
for dissipative systems, as can be easily verified:
d /oL aL 9L AL )
- =, s = £ .
dr \ 9v! aq’ as ov'

Remark 4.10 1t is interesting to point out how, in the Lagrangian formalism of dissipa-
tive systems, the expression in coordinates (10) of the second Lagrangian equation (7)
relates the variation of the “dissipation coordinate” s to the Lagrangian function and,
from here, we can identify this coordinate with the Lagrangian action, s = [ £dz.

Remark 4.11 Equations (10) (11) coincide with those derived from the Herglotz vari-
ational principle [28, 35, 36].

5 The singular case

If the Hessian of the Lagrangian is not regular (in other words, the Lagrangians is
singular), the construction of Sect. 4.2 does not lead to a cocontact structure, as shown
in 4.5. In order to describe the dynamics of singular Lagrangians we require some min-
imal regularity conditions. Inspired by previous works on the singular case for contact
systems [19] and cosymplectic systems [13] we will define precocontact structures.

5.1 Precocontact structures

Definition 5.1 Let M be a smooth manifold and consider two one-forms 7,7 €
Q' (M). We define the characteristic distribution of (z, ) as

C=kert NkernNkerdn.

If C has constant rank, we say that the couple (z, 1) is of class cl(z,n) = dim M —
rank C.

Definition 5.2 Consider a smooth manifold M. The couple (t,n), where 7,1 €
QY (M), is a precocontact structure on M if dr = 0, the characteristic distribu-
tion of the couple (7, ) has constant rank and cl(z, ) = 2r + 2 > 2. The triple
(M, t, n) will be called a precocontact manifold.

Theorem 5.3 (Darboux theorem) Let (M, t,n) be a precocontact mam’fold with
dim M = m. Then, around every point p € M, thereisalocalchart(U; t, q", pi, s, u’),
where 1l <i <r,1 <j <c¢, 2r +2+ c=m, such that

: ad
tly =dt, nly =ds — pidq', C=<—.>.
du’
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Proof Since the one-form 7 is closed, we have that locally 7 = d¢. Moreover, ker 7 is
an integrable distribution and thus induces a foliation F of M. Consider the leaf F
corresponding to ¢ = #p. We want to see that the class of 7|z, is odd (the definition
of class of a one-form can be found in Definition VI.1.1 in [30]). It is clear that, on a

point p € Fo,C = C’7|]-‘0' Hence,

cl(nlg) =m — 1 —rankC =m —1—rankC;, = cl(z,n) — 1,

nlz,

and since cl(z, n) > 2 is even, we have that c[(n|]_-0) > 1 is odd. Now, using Theorem
VI1.4.1 in [30] we obtain the desired result. O

Remark 5.4 1If cl(t, n) = m then m must be even and we recover the cocontact structure
introduced in Definition 2.1.

Given a precocontact manifold (M, t, n), the morphism b can be defined in the
same way as in the regular case:

b: TM — T*M
v o (()1)T +i(v)dn + (@@n)n.

However, in this case it is not an isomorphism (see Proposition 5.6).
Definition 5.5 A vector field Ry, € X(M) is a contact Reeb vector field if
b(Rs) =1.
A vector field R, € X(M) is a time Reeb vector field if
b(R))=Tt.
Both kinds of vector fields always exist thanks to the theorem 5.3, and global ones

can be constructed using partitions of the unity. Crucially, in the precocontact case the
Reeb vector fields are not unique.

Proposition 5.6 Let (M, t, 1) be a precocontact structure on M. Then
C =kert NkernNkerdn = kerb = (Imb)°.

Proof We will begin by proving that ker r N ker n Nkerdn 2 kerb. Let X € kerb,
then

b(X)=0. (21)

Let Ry, R; be a contact and time Reeb vector fields respectively. Contracting both
sides of equation (21) with Ry, we have

0 =i(Ry)i(X)dn + i (Re)(( (X)mn) + i (R)((((X)T)7T)
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= —i(X)(I(Rs)dn)) + @ (X)) (i (Ro)n) + ( (X)) (Ry)7T)
=i(X)n.

On the other hand, contracting with R;, we obtain

0 =i(R)i(X)dn + i(R)(E(X)mn) +i(R)(E(X)T)7)
= —i(X)((Ry)dn)) + (X)) (E(R)n) + ((X)T) (i (R))7T)
=i(X)r.

Hence, we also have that i (X)dn = 0 and then X € ker 7 N ker n N ker dn. The other
inclusion is trivial.

Now we will show that kerb = (Imb)°. Let X € kerb. By the first equality,
i(X)t =0,i(X)n =0and i(X)dn = 0. Then, for every vector field ¥,

iCObY) =i(X)E(Y)T)T +i(X)i(Y)dn +i(X)((Y)nn = —i(Y)i(X)dn =0,

and hence kerb C (Imb)°. Now, as it is clear that both subspaces of T, M have the
same dimension, we have that kerb = (Imb)°. O

Notice that if R; and R; are two contact (or two time) Reeb vector fields, then,
R — Ry € C. Conversely, if R is a contact (time) Reeb vector field, then R + V is a
contact (or time) Reeb vector field for any V € C.

Definition 5.7 A precocontact Hamiltonian system is a family (M, t, n, H) where
(M, t, n) is a precocontact manifold and H € €°° (M) is the Hamiltonian function
on M.

Definition 5.8 Let (M, 7, n, H) be a precocontact Hamiltonian system and R, and R,
two contact and time Reeb vector fields respectively. The precocontact Hamiltonian
equation for a vector field X is:

b(X) =y, (22)

where yg = dH — (.,Q”RSH +H)77+ (l —.,E”RIH) T.

Equation (22) has two problems in the singular case: yy depends (a priori) on the
Reeb vector fields we have chosen and there may not exist a solution to the equations.
Both problems are solved by applying a suitable constraint algorithm.

5.2 Constraint algorithm

The aim of the constraint algorithm is to find a submanifold My C M such that there
exists a solution to the equation (22) which is tangent to the submanifold M ;. The
algorithm has two steps: the consistency condition, where we look for the submanifold
where the equation has solution, and the tangency condition, where we analyse where
the solution is tangent to the submanifold. These steps are applied iteratively, but the
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first step is specially relevant because it will solve the multiplicity of Reeb vector
fields.

Consider a yy with particular Reeb vector fields Ry and R;. M is defined as the
subset of the points of M where solutions exist:

My ={peM|(yu)p € db(TpM)}.

Theorem 5.9 Let My ={p € M | (¥yH), =0, VY € C}. Then M| = M.

Proof Let p € M;. Then (yy), € b(T,M) = (ker b); = C;. For any Y € C we have
that

0= (yyn)p = (iy(dH — (Lr,H + H)n+ (1 — Z&,H) T))p = (% H),,

because iyt = iyn = 0. Hence,_p c M.

Conversely, consider p € My and Y € C. Then, (iydH), = 0, which implies
(ivya)p = 0. Thus (yy), € (C);’, = b(T,M). Since Y is arbitrary, we have that
p € M. O

Corollary 5.10 Over M, the one-form yg does not depend on the choice of the Reeb
vector fields.

Proof Let yy as above and yy for R, Rs. Then, yy — yg = (Zkt_Rt)H)t +
(D?(RS_RS)H)n. Since R, — R;, Ry — R, € C, we have that yy = yy on Mj. O

Notice that on M/, the precocontact Hamiltonian equation for the precocontact
system (M, 7, n, H) does not depend on the choice of the Reeb vector fields R;, R;.

In M; (which we assume to be a submanifold) there exists a solution X g of (22),
but it may not be tangent to M. Therefore, we define

My ={pe M| (Xg)p, e (TyM)},

which we also assume to be a submanifold. Iterating this procedure we can obtain a
sequence of constraint submanifolds

> My o> My > My > M.

If this procedure stabilizes, that is, there exists a natural number f € N such that
Mgy = My, and dim My > 0 we say that M is the final constraint submanifold.
In My we can find solutions to equations (22) which are tangent to M ¢. Notice that,
in the Lagrangian case, we need to impose the SODE condition.

In general, the Reeb vector fields are not tangent to the submanifolds provided by
this constraint algorithm. One can continue the algorithm by demanding the tangency
of the Reeb vector fields, as shown in [19]. This is important if we want a Dirac—Jacobi
bracket on the resulting constraint submanifold, which requires a Reeb vector field.
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5.3 Precocontact Lagrangian systems

Consider a Lagrangian function £ : R x TQ x R — R, and the associated objects
ne and E as defined in Sect. 4.2.

Definition 5.11 A Lagrangian function £ : R x TQ x R — R is admissible if the
Hessian of £ has constant rank and (R x TQ x R, dz, n) is a precocontact manifold.

Remark 5.12 Not every Lagrangian whose Hessian has constant rank leads to a pre-
cocontact structure. Consider the manifold R x TR x R, with coordinates (z, g, v, s),
and the Lagrangian £ = vs. The Hessian of £ has constant rank equal to 0, and
the 1-forms are t = df and s = ds — sdg. We have that dn, = —ds A dg, thus
cl(r,nr) =4 —1 = 3, which is odd (in a set where s # 0) . The main problem of
this structure is that there are no Reeb vector fields as defined in 5.5.

Remark 5.13 The condition of being admissible is stronger than the condition proposed
in [19], which is just for the Hessian to have constant rank. In light of the previous
example, which can also be considered in the precontact setting, we believe it is
necessary to require that the Lagrangian is admissible. Non-admissible Lagrangians
will be studied in a future work.

The precocontact Herglotz—Euler—Lagrange equations are defined as in Definition
4.8, but there is no result about the solutions like Theorem 4.9. First of all, since we
are dealing with a precocontact system, a constraint algorithm is required in order to
find solutions. In particular, on the final constraint submanifold, the Herglotz—Euler—
Lagrange equations do not depend on the choice of the Reeb vector fields, as proved
in Corollary 5.10. Moreover, the holonomy condition is not always recovered and it
has to be imposed, leading to new constraints which have to be considered during the
constraint algorithm.

5.4 The canonical Hamiltonian formalism

In the (hyper)regular case, the Legendre transform gives a diffeomorphism between
RxTQ xR,dt, ng) and (R x T*Q x R, T = dt, n) such that FL*n = n,. For the
singular case, the Legendre transform can be defined but, in general, P := Im(FL) =
FLRXTO xR) & RxT*Q x R. Some regularity conditions are required to assure
that a Hamiltonian precocontact system can be realised on P.

Definition 5.14 A singular Lagrangian £ is almost-regular if

L is admissible,

P :=Im(FL) =FLR x TQ x R) is a closed submanifold of R x T*Q x R,
the Legendre map F L is a submersion onto its image,

the fibers FL ™ (FL(t, vg,5)) C R x TQ x R are connected submanifolds for
every (t,v4,5) € Rx TQ x R.

In the almost-regular case we can construct the triple (P, 7, np), where np =
JipFLn € QY (P),t = FL*drand jp: P — RxT*Q xRis the natural embedding.
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Furthermore, the Lagrangian energy E . is F L-projectable, that is, there is a unique
Hp € €*°(P)suchthat E; = (jpoF L)*Hp.Then, (P, 7, np, Hp) is aprecocontact
Hamiltonian system.

The contact Hamiltonian equations for Xp € X(P) are (3) adapted to this situa-
tion. As in the Lagrangian formalism, these equations are not necessarily consistent
everywhere on P and we must implement a suitable constraint algorithm in order to
find a final constraint submanifold Py — P (if it exists) where there exist vector
fields X € X(P), tangent to P, which are (not necessarily unique) solutions to (3)
on Py.

6 Damped mechanical systems with holonomic constraints

There are two classes of constraints: holonomic, which only depend on the generalized
coordinates and time, and nonholonomic, which have a dependence on velocities or
momenta. Nonholonomic constraints are more intricate and there are several ways
to implement them (see [33] for a general study of these kind of constraints in the
symplectic setting).

In a recent article [20] the authors consider contact systems with nonholonomic
constraints and show how a contact system can be understood as a symplectic system
with nonholonomic constraints. This chapter adds to these results by considering
singular Lagrangians and allowing explicit dependence on time of both the Lagrangian
and the constraints. On the other hand, we only consider holonomic constraints.

Consider a Lagrangian precocontact system (R x TQ x R, £'), with t = dr.
We will denote by 1./, C' and E the contact form, characteristic distribution and
Lagrangian energy associated to the system (R x TQ x R, £). Now we add a set of
independent constraints f* (¢, qi, s) = 0with1 < o < d, which define a submanifold
S — RxTQ xR. Inorderto define a suitable constraint submanifold, these constraints
functions must verify the condition

8 o
rank< f4>=d, Vi, s .
aq’

Therefore, we can understand these constraints as a constraint in the generalized
coordinates (¢', s) for every value of time ¢.

In order to find the precocontact Lagrangian vector field for (S, £), we add d new
configuration variables A, thus the enlarged manifold is R x T(Q x Rd) x R, with
local variables (¢, ¢', v', Ay, Va, s). We consider the new Lagrangian:

L=L+ X fY.

thus A, act as Lagrange multipliers and we consider them dynamical variables.
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We have the precocontact Lagrangian system (R x T(Q x R?) x R, £). The contact
form is the same 1, = n,, and the characteristic distribution is

a d
c=Cu <— —> :
0Ag 0Vgy

And the Lagrangian energy is
Ep=Ep — o f”.

The primary constraints are generated by sections of C, which we can separate in

. . d .
two classes, those which are sections of C’ and — and —. The last ones give the
o Va
constraints:

fa/gAaEg = —fa = 0; gg/avaEg = 0.

Thus, we recover the original constraints from the constraint algorithm. If Y is a section
of C’/, then

HEr = HEr — ALy f*=0.

The primary constraints for the Lagrangian £’ (that is, without imposing f¢ = 0) are
%y E 1. Thus, these constraints become coupled with ¢ and are not conserved in gen-
eral. From this point the constraints algorithm should continue imposing the tangency
condition. The outcome will depend on the particular Lagrangian and constraints.

We will now compute the dynamical equations, which are complementary to the
constraint algorithm. Consider a holonomic vector field:

x=fl L, L6 6, g
=f—+v— +tvg— — — —.
ar " ax T an, v %0, S 0s

Then the precocontact equations (22) are

f=1,

g§=L,

f¢=0,

3L - 0%L . 92L ,92L AL
-t —— + G —— + - — —

arovt dq’ vt av/ dv’ asdv’  dq’

aL' oL afe  af*aL
=— "= 4+ _ 4 .
as ov! aq’ as dv'
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7 Examples

In the following examples we consider mechanical systems in Riemannian manifolds
described by Lagrangians of the form L = K — U, with K and U the kinetic and
potential energy respectively [1]. These Lagrangians are hyperregular. In order to
introduce dissipation and external forces, we will add some additional terms to these
Lagrangians such as ys and G (¢, g) respectively. We also consider systems subjected
to holonomic time-dependent constraints f*(, q).

7.1 Damped forced harmonic oscillator

In this example we are going to study a forced harmonic oscillator with damping. We
will develop both the Lagrangian and Hamiltonian formalisms. Consider a harmonic
oscillator of mass m with elastic constant k£ and an external force f(¢) depending on
time.

Lagrangian formalism

The configuration manifold for this system is Q = R equipped with coordinate g.
Consider the phase manifold R x TQ x R equipped with coordinates (t, g, v, s) and
the Lagrangian function £: R x TQ x R — R given by

1 k y
L(t,q,v,5) = 5””’2 - qu +af0— s, (23)

where f(¢) is a time-dependent external force. The Lagrangian energy associated to
this Lagrangian function is

1 k
Ep=-m?+ 2" —qf 0+ Ls,
2 2 m

and its differential is
dE; = —qf ()t + (kq — £(1))dg + mvdv + Lds .
m

The Cartan 1-form for the Lagrangian £ is 6, = muvdg. The contact 1-form is
ne = ds —muvdg, and its differential is dn, = mdqg A dv. The Reeb vector fields are:

Consider a vector field X € X(R x TQ x R) with local expression

Xeal 47l p6 2 4,0
T T g T 0 T 8%s
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0 2 a 6 8 10 12 14 16 18 20 20 -15 -10 -5 0 5 10 15 20 25
time q

(a) Position and velocity of with respect to time (b) Phase portrait of the oscillator

Fig. 1 These figures depict the evolution of the position and velocity of the damped harmonic oscillator
with respect to time and the phase portrait of the system

The cocontact Lagrangian equations (8) for this vector field yield the conditions

F=m,
_ _k f@O _ vy
G—EMJFT—W’
§=L,
a=1.

Hence, the vector field X is

0 0 k t 0 0
+v—+(——q+&—yv)—+/j—
m m

X =— .
ot aq av as

Its integral curves (¢t(r), g(r), v(r), s(r)) satisfy the system of differential equations

i=1,
mg +yq+kq=f(@),
s=L.

In Fig. 1a we see the evolution with respect to time of the position and the velocity
of the damped oscillator taking as external force a smooth pulse at # = 1. We can see
the damping of the position and the velocity. In Fig. 1b we have represented the phase
portrait of the same solution where we can see the initial pulse and how the system
decays to the equilibrium point due to the friction.

InFig.2 we can see the dissipation of both the Lagrangian energy and the mechanical
energy given by

1 1
E, = Emv2 + Equ'

Notice that the Lagrangian energy decays exponentially, while the mechanical energy
follows the evolution of the Lagrangian energy but oscillating around it.
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Fig.2 Evolution of the mechanical energy (red) and the Lagrangian energy (blue) (color figure online)

Hamiltonian formalism

Consider the Legendre map associated to the Lagrangian function (23):
FL:RxTOxR—-RxTOxR,
which is given by
FL(t,q,v,5)=(t,q, p=muv,s) .

Notice that the Legendre map FL is a global diffeomorphism and hence £ is an
hyperregular Lagrangian.

Then, R x T*Q x R is equipped with the cocontact structure (d¢, ds — pdg). The
Hamiltonian function H such that FL*H = E is

2

k
p—+—q2—qf(t)+%s.

H(t,q,p,S)=2m 2

Then, a vector field Y € X(R x T*Q x R) is a solution to Hamilton’s equation (3) if
it has local expression

ad p 0 p ad P>k 2 y 0
Y=—+"—+|—k H—=y)—+=——-= 1) — s ) —.
8t+m8q+< A my> 3p+(2m 26] +ar @) ms as
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Its integral curves (¢(r), q(r), p(r), s(r)) satisfy

=1,
g=1£,
p=—kq+ft)— Ly,

. 2
s=t -5 +qfr)—Ls.

Combining the second and the third equations above, we obtain the second-order
differential equation

mg +vyq+kq=f().
7.2 A time-dependent system with central force and friction

Consider the Kepler problem in the case where the mass of the particle subjected to
the central force is a non-vanishing function of time m (). It is clear that the motion of
the particle is on a plane and hence the configuration manifold is Q0 = R?\0 endowed
with coordinates (7, ¢).

The phase bundle R x T*Q x R with coordinates (¢, r, ¢, p,, Dy, §) has a natural
cocontact structure given by the 1-forms T = df and n = ds — p,dr — p,de. The
Reeb vector fields are

Consider the Hamiltonian function H € €°(R x T*Q x R) given by

2
p? Py

H t’ b b 9 9 =
Ora @ PP ) =5 s ¥ 5

k
+-+vys.
r

The vector field X € X(R x T*Q x R) satisfying equations (3) has local expression

2
d pr 0 Dy 0 Dy k 0
X=—4+2 2y e (P A N
ot m()or  m()r? de m@)r3 = r? Y Pr ap,

9 p? Py k )
VPe dpy + <2m(t) + 2m(t)r2  r VS Lo
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Then, the integral curves (¢, 7, ¢, p,, py, ) satisfy

=1,
m@)i = py,
. 14 k
pr:m(t{;)r3+r_2_ypr’
Po = —VDy,

2

2
S Pr p‘ﬂ _ ,i _
$S= 2@ T 2@y —r VS

Hence, the integral curves must fulfill the system of second-order equations

& mF) =m@Ore* + & —ym@)i,
£ (m)yr*¢) = —ym(t)r’g.

7.3 Damped pendulum with variable length

Consider a damped pendulum of mass m with variable length £(¢) [32]. Its position
in the plane can be described using polar coordinates (r,8). The constraint r =
£(t) will be introduced in the Lagrangian function via a Lagrange multiplier. The
phase space of this system is the bundle R x TR? x R, equipped with coordinates
(t,r,0, X, v, vy, vy, s). The Lagrangian function describing this system is

1
L= Em(vf +r23) —mgr(l —cos0) + A(r — £(1)) — ys € €° (R x TR® x R),

where X is the Lagrange multiplier.
The contact 1-form is

ne = ds — mv,.dr — mrvedé
then
dns = mdr A dvy + 2mrvgdd A dr + mr?d6 A dvg ,
and we have the 1-form T = dr. Hence, (R x TR3 x R, 1, nr) is a precocontact

manifold. We can take as Reeb vector fields Ry = d/ds, R; = d/0¢. The characteristic
distribution of (z, n2) is

a 0
C=kert Nk Nkerdny, ={—, —) .
ert Nkerngs Nkerdn, <8A 8v,\>

The Lagrangian energy associated to L is

1
Er = 5m(vf +r202) + mgr(l —cos) — A(r — £(1)) + ys,
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and thus

dE; — R(Ec)dr — Ry(Ez)n
= mv,dv, + mrivgdvg + (mrvg +mg(l — cos @) — A + ymuv,)dr
+ (mgr sin 6 + ymrzvg)dG — (r —£(t))dx.

Consider a SODE X € X¥(R x TR? x R) with local expression

XL bl il 6,0 6yl G gl
=f—+v—+v9—+uv— — — —+g—.
ot ar 0 T T T s, T 0 T T an, S

The dynamical equations for the vector field X yield the conditions

f=1, vv=v, vo=vg, r—Lt)=0, g=0L,

5 A 2 8 .
G, =rvyg—g(—cosh)+——yv,, Gg=——v,09— =sinb — yuy
m r r

and we obtain the constraint function

i =r—4n,

defining the first constraint submanifold M; < R x TR3 x R.
Hence, the vector field X has the form

x=2 w0l il v u 2 (- 6)+ 2
= — 4+ v,— +v9— +v)— rv, — — cos — —yv
ot ar T %80 T 68 m ) o
2 g 9 9 9
+{——vvg —=sinf —yvg | — +G,— + L—  (on Mj).
r r dvy ov;, as

Imposing the tangency of the vector field X to the submanifold M;, namely the
condition .Zx & = 0, we obtain the constraint

L=v (=0 (onMy),

defining a new constraint submanifold M, <> M. The tangency condition Zx&; = 0
of the vector field X to the submanifold M> yields the new constraint function

& = mrvg —g(1 —cosf) +A—myl'(t) —£'(t) (on Mp),

defining a new constraint submanifold M3 <> M, and we also get G, = £(¢).
Imposing again the tangency condition we obtain a new constraint function

£4 = LxE = vy — 3ml (1)vg — 2mL(t)yvi — mgvg sin 6
—myl"(t) —ml"' (1)  (on M3),
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defining the submanifold M4 < M3. Requiring X to be tangent to M4 we determine
the last coefficient G, whose expression we will omit, and no new constraints appear.
Thus, there is a unique vector field solution to equations (8) and has local expression

5 3 8 , ,
X= =+l v+ (3m' ()03 + 2me)y]
. 14 n 8
+ mgug sin@ +my " (t) + ml (t)) Ty

r Vg
L
31))L

0 2 0
+ 0"t — + | —=Zvv9 — 8 sing — yvg | —
av r r d
0
+ Gy L— (on My).
as

The integral curves of this vector field satisfy the following second-order differential
equation

L W, g
0=—y0-2 6 — ——sinf 24)
L) £(r)
12
T
08 2
06
04 2
2
02 §
zo
8
o -
§
-02 -1
"
2
-06
-0.8
o s 10 15 20 25 0 a5 40 45 50 s
-0.8 -06 -0.4 -02 o 02 04 08 08
a) Radius (blue) and angle 6 (red) of with respect to noe .
(tir)ne (bluc) gle § (red) 3 (b) Phase portrait of the pendulum (6 and 6)

06 04 02 0 02 04 08
x

(c) Trajectory of the pendulum in the plane XY (d) Radius with respect to the angle

Fig.3 Plots of the pendulum with friction coefficient y = 0.5 and £(t) = 1 4 0.1 sin(27¢t)
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IAAAAAAAARAAAANAAAAAAARAAAAAARRRARR,

angular velocity
°

06

08

-08 -06 -04 -02 o 02 04 08 08
angle

(a) Radius (blue) and angle @ (red) with respect to (b) Phase portrait of the pendulum (9 and 0)

time

04

05

-06

07

06 04 02 0 02 04 08
x

(C) Trajectory of the pendulum in the plane XY (d) Radius with respect to the angle 6

Fig.4 Plots of the pendulum with friction coefficient y = 0.75 and £(¢) = 1 + 0.1 sin(2r¢)

Notice that if we consider a pendulum with fixed length £(¢) = £, we recover the
usual equation for a damped pendulum:

. . g .
0 =—y0 — —sinfb.
y ZOsm

On the other hand, setting y = 0 in equation (24), we obtain the equation of the simple
pendulum with variable length studied in [32].

In Figs. 3 and 4 we have represented a couple of simulations of a damped pendulum
of mass m = 1 with variable length considering £(r) = 1 + 0.1sin(2rt), friction
coefficients y = 0.5 and y = 0.75 respectively, and initial conditions 6(0) = w /4
and 6(0) = 0. We have plotted the evolution of the radial and angular coordinates
and we can see the loss of amplitude, and hence of energy, of the system. Notice that
in this example, the energy does not tend to zero, but to a positive constant since the
radial coordinates keeps oscillating forever.
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8 Conclusions and further research

In this paper we have introduced a geometrical formulation for time-dependent contact
systems by defining a new geometric structure: cocontact manifolds. This new notion
combines the well-known contact and cosymplectic structures. We have also proved
that cocontact manifolds are Jacobi manifolds and defined and characterize the notions
of isotropic and Legendrian submanifolds.

This geometrical setting allows us to develop the Hamiltonian and Lagrangian for-
malisms for time-dependent contact systems, generalizing those for contact systems
[6, 18, 26] and cosymplectic systems [23]. In addition, we have studied the problem
where the system is defined by a singular Lagrangian, thus introducing the notion
of precocontact structure. This is useful since many systems are defined by singu-
lar Lagrangians. As an application, we have studied the particular case of cocontact
systems with time-dependent holonomic constraints.

We have worked out two regular examples: the damped forced harmonic oscillator
and the Kepler problem with non-constant mass and friction; and a singular one: a
pendulum with variable length and friction. This last example is singular because we
have introduced the constraint with a Lagrange multiplier and the constraint algorithm
gives back the constraint. Computer simulations of some of these examples have been
included.

The structures introduced in this paper could be used to improve our understanding
of time-dependent dissipative systems. For instance, providing new geometric integra-
tors [7-9, 49] from the discretization of the obtained equations, discussing symmetries
and their associated dissipated and conserved quantities, and studying reduction pro-
cedures such as coisotropic reduction [1, 18] and Marsden—Weinstein reduction [42].
It would be also interesting to state the Hamilton—Jacobi theory for these systems and
describe the Skinner—Rusk unified formalism for cocontact systems.

The formulation presented in this work is also a first step towards finding a geo-
metric formalism for non-autonomous dissipative field theories based on the k-contact
setting [25, 27, 34] and generalizing the multisymplectic formalism [12, 46]. The k-
contact formalism allows to describe autonomous field theories, such as field theories
with damping, some equations from circuit theory, such as the so-called telegrapher’s
equation, or the Burgers’ equation. Nevertheless, there are many examples of non-
autonomous field theories, like Maxwell’s equations with a non constant charge density
or general relativity with matter sources that require a formulation for non-autonomous
field theories.
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