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In this paper, we study the integrability of contact Hamiltonian systems, both time-
dependent and independent. In order to do so, we construct a Hamilton-Jacobi theory
for these systems following two approaches, obtaining two different Hamilton-Jacobi equa-
tions. Compared to conservative Hamiltonian systems, contact Hamiltonian systems depend
of one additional parameter. The fact of obtaining two equations reflects whether we are
looking for solutions depending on this additional parameter or not. In order to illustrate
the theory developed in this paper, we study three examples: the free particle with a lin-
ear external force, the freely falling particle with linear dissipation and the damped and

forced harmonic oscillator.
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1. Introduction

Recently there has been a renewed interest in using contact geometry [46,60] to describe mechanical systems. These
systems, unlike symplectic Hamiltonian systems, lead to dissipated rather than conserved quantities [28,30,43,45]. These
systems are also relevant to describe mechanical systems with certain types of damping [6,8,28,62], quantum mechanics
[9,15], Lie systems [38], circuit theory [49], thermodynamics [2,7], control theory [27,73,79] and black holes [47], among
many others [5,51]. The underlying variational principle is the so-called Herglotz principle [29,57,70], a generalization of the
well-known Hamilton principle, which gives rise to action-dependent Lagrangian systems. These Lagrangians are becoming
popular in theoretical physics [63-65]. Recently, contact mechanics have been generalized to deal with classical field theories
with damping [22,42,44,52,76]

Hamilton-Jacobi theory provides a remarkably powerful method to integrate the dynamics of many Hamiltonian systems.
In particular, for a completely integrable system, if one knows a complete solution of the Hamilton-Jacobi problem, the
dynamics of the system can be reduced to quadratures [3,48,53-55]. Geometrically, the Hamilton-Jacobi problem consists
on finding a section y of g : T*Q — Q which transforms integral curves of a projected vector field X}’, on Q into integral
curves of the dynamical vector field Xy on T*Q [1,12]. This idea can be naturally extended to other vector bundles. As a
matter of fact, it has been applied in many other different contexts, such as nonholonomic systems [13,31,58,74], singular
Lagrangian systems [32,33,66], higher-order systems [18], field theories [10,36,37,80,81] or systems with external forces
[24,25]. A unifying Hamilton-Jacobi theory for almost-Poisson manifolds was developed in [34]. Hamilton-Jacobi theory has
also been extended to Hamiltonian systems with non-canonical symplectic structures [72], non-Hamiltonian systems [75],
locally conformally symplectic manifolds [40], Nambu-Poisson [19] and Nambu-Jacobi [20] manifolds, Lie algebroids [67]
and implicit differential systems [39,41]. The applications of Hamilton-Jacobi theory include the relation between classical
and quantum mechanics [9,14,71], information geometry [16,17], control theory [78] and the study of phase transitions [61].
Hamilton-Jacobi theory for autonomous contact Hamiltonian systems has been studied in [26,35,50].

We have recently initiated the study of time-dependent contact Hamiltonian systems [21,45,77], and the underlying
geometric structures, which we call cocontact manifolds since they are a combination of cosymplectic (the setting for
studying time-dependent Hamiltonian systems) and contact structures. Such structures consist of two one-forms, 7 and 7,
where 7 is closed and T A1 A (dp)" is a volume form, in a (2n + 2)-dimensional manifold. The local model for cocontact
manifolds is the product bundle R x T*Q x R with a cocontact structure induced by the canonical symplectic structure of
the cotangent bundle. In fact, in [21] we have been able to identify that a cocontact structure gives rise to a Jacobi structure
whose characteristic foliation is formed by contact leaves.

The aim of the present paper is to develop a Hamilton-Jacobi theory for time-dependent contact Hamiltonian systems.
This will also allow us to construct time-dependent solutions of the Hamilton-Jacobi problem for autonomous contact
systems, which, unlike time-independent solutions, cover nonzero energy levels. We follow the line undertaken in previous
papers [26,35], considering sections of the canonical fibrations R x T"Q xR - R x Q and R xT*Q xR - R x Q x R,
which allows us to project the Hamiltonian vector field to the base and, by comparing the values on the section, we obtain
the corresponding Hamilton-Jacobi equations. This study is particularly useful since it allows us to study the symmetries,
conserved quantities and integrability of the system.

In the first of the approaches, where sections of R x T*Q x R — R x Q are considered, complete solutions depend on
n+ 1 parameters (instead of the usual n =dim Q parameters in the classical Hamilton-Jacobi theory). We also make use of
this approach to construct complete solutions, depending on n parameters, for autonomous contact Hamiltonian systems. In
the second approach we consider sections of R x T*Q x R — R x Q x R, and complete solutions depend of n parameters
(roughly speaking, the additional parameter is absorbed by the extra R-component of the base). Furthermore, this second
approach motivates a new definition of integrable contact Hamiltonian system.

The paper is structured as follows. Section 2 is devoted to review time-dependent contact Hamiltonian systems intro-
ducing the basic elements needed. In Section 3 we study symmetries and dissipated quantities in cocontact Hamiltonian
systems. In Section 4 we develop the action-independent approach to the Hamilton-Jacobi problem, study complete solu-
tions and apply our results for integrating time-independent contact Hamiltonian systems. We also present an example: a
free particle with linear friction. In Section 5 we deal with the action-dependent approach to the Hamilton-Jacobi prob-
lem, study complete solutions and introduce a new definition of integrable contact system. We also discuss two examples
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as applications of this approach: the freely falling particle with linear dissipation and the damped and forced harmonic
oscillator.

From now on, all the manifolds and mappings are assumed to be smooth, connected and second-countable. Sum over
crossed repeated indices is understood.

2. Review on time-dependent contact systems

In this section we are going to review some fundamentals on cocontact geometry and time-dependent contact Hamilto-
nian systems (for more details see [21]).

2.1. Cocontact manifolds

Definition 2.1. A cocontact structure on a (2n + 2)-dimensional manifold M is a couple (z,n), where 7,7 € Q'(M) and
dt =0, such that T An A (dp)" is a volume form on M. In this case, (M, 7, 7) is called a cocontact manifold.

Given a cocontact manifold (M, 7, ), the distribution H = kern is called the horizontal or contact distribution. Notice
that this distribution has corank one and is maximally non-integrable.

Example 2.2. Let (P, n9) 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 by 7 the pullback of 9 to M, we have that (dt, ) is a cocontact structure on M.

Example 2.3. Let (P, T, —d#) be an exact cosymplectic manifold [11] and consider the product manifold M = P x R. Denot-
ing by z the coordinate in R we define the one-form n =dz — 6. Then, (7, n) is a cocontact structure on M = P x R.

Example 2.4 (Canonical cocontact manifold). Let Q be an n-dimensional smooth manifold with local coordinates (g') and
consider its cotangent bundle T*Q with induced natural coordinates (q', p;). Consider the product manifolds R x T*Q with
coordinates (t, q', p;), T*Q x R with coordinates (q', p;, z) and R x T*Q x R with coordinates (t, q', p;, z) and the canonical
projections

RxT*Q xR
1 P2
Q/ . \
k/‘m/

Let 6y € Q1(T*Q) be the Liouville one-form of the cotangent bundle, which has local expression 69 = p;dq. Then, (dt, 6,),
where 6, = 756, is a cosymplectic structure in R x T*Q. On the other hand, if #; = 76, we have that n; =dz —0; is a
contact form in T*Q x R.

Finally, consider the 1-form 6 = p{6; = p;601 =7*6) € Q'R x T*Q x R) and let = dz — 6. Then, (dt, n) is a cocontact
structure in R x T*Q x R. The local expression of the one-form 7 is

R xT* T*Q xR

n=dz—pidq'.
Given a cocontact manifold (M, 7, 1), we have the flat isomorphism.

b:veTMmr— (tyT)T +tydn + (tyn)n € TM .

This isomorphism can be trivially extended to an isomorphism of ¥*°(M)-modules b : X(M) — $1(M). The inverse of the
flat isomorphism is denoted by # =b~1: Q1(M) — X(M) and called the sharp isomorphism.
Moreover, we have the following results, whose proofs can be found in [21].

1 A contact structure on an odd-dimensional manifold M is a one-codimensional maximally non-integrable distribution C on M. In this case, (M, C)
is a contact manifold. A contact form on M is a one-form 7 € Q!(M) such that kern becomes a contact structure on M. In this case, (M, ) is called
a co-oriented contact manifold [46]. However, since we are only interested in local aspects of contact manifolds, we will consider that all our contact
manifolds are co-oriented.
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Proposition 2.5. On every cocontact manifold (M, T, ) there exist two distinguished vector fields R;, R; on M such that

ReT=1, tren=0, tr,dn =0,
tr,7=0, tR,n=1, tr,dn =0,
or, equivalently, Ry =b~1(t) and R, =b~1(n). These vector fields R; and R, are called time and contact Reeb vector fields respec-

tively.

Theorem 2.6 (Cocontact Darboux theorem). Given a cocontact manifold (M, T, n), around every point x € M there exist local coordi-
nates (t, q', pi, z) such that

T=dt, n:dz—p,-dqi.
These coordinates are called canonical or Darboux coordinates. In addition, in Darboux coordinates, the Reeb vector fields read

il d

R:—7 - .
T ot Yy

Proposition 2.7. Let (M, t, n) be a cocontact manifold. Then, (M, A, E) is a Jacobi manifold, where
Ao, B) = —dn(fa,88), E=-R;.
The bivector A induces a ¢°°(M)-module morphism A: Q1 (M) — X(M) given by

A)=A(a, ) =t — a(R)R, — a(R)R; . (1)

It can be seen that ker A = (t,n). The morphism A is also denoted by i in the literature [23,28].
Taking Darboux coordinates (t, q', pj, z), the bivector A has local expression

9 ] I
=— A——=Di— AN —,
aq'  9pi dpi 9z

and the Jacobi bracket reads

of ag odg af of og adg of og of
fg=s o - S o (22 f Sy g
aq' dp;  9q' dp; apij 0z  dp; 0z 9z 0z
In particular, one has
ta.a’y=1{pi,pj}=0, {d'.pj}=6, {d.z4=—d'. {pi.z}=-2p;.

2.2. Cocontact Hamiltonian systems

Definition 2.8. A cocontact Hamiltonian system is family (M, t,n, H) where (t,n) is a cocontact structure on M and
H:M — R is a Hamiltonian function. The cocontact Hamilton equations for a curve : [ CR — M are

yrdn = (dH — (L H)n — (L H)T) 0,
1,1///7’=_H01ﬁ, (2)
Lw/‘L’ =1,
where ¥': I C R — TM is the canonical lift of v to the tangent bundle TM. The cocontact Hamiltonian equations for a
vector field Xy € X(M) are:
txydn=dH — (Lr,H)n — (LR H)T,
LXH n = _H 3

ixyT=1,

or equivalently, b(Xy) =dH — (Zg,H + H) n+ (1 — %k, H) T. The unique solution to these equations is called the cocontact
Hamiltonian vector field.
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Given a curve v with local expression ¥ (r) = (f (), ¢'(r), pi(r), z(r)), the third equation in (2) imposes that f(r) =r+c,
where c is some constant, thus we will denote r =t, while the other equations read:

api’
_ oH n OH 3)
bi= aq Di 3z )
5 OH
—plapi

On the other hand, the local expression of the cocontact Hamiltonian vector field is

LR OH , OHY 0 ( 9H 0
=% T apag  \ag P oz ) ap T \Piap; dz

The integral curves of the cocontact Hamiltonian vector field satisfy the following variational principle [69], which is a
Hamiltonian version of the Herglotz principle [57].

Theorem 2.9 (Hamiltonian formulation of the Herglotz principle). Given a Hamiltonian H : R x T*Q x R — R, a curve ¢ =
(Idr,q,p,2) : [0,T] - T*Q x R is an integral curve of the Hamiltonian vector field Xy if and only if it is a critical point of the
action map

T

Al = f (p()a(t) — H(t, q(t), p(t), z(t))) dt (4)
0
among all curves satisfying c(0) = co, c(T) =ct and z = p(t)q(t) — H(t, q(t), p(t), z(t)).

3. Symmetries and dissipated quantities in cocontact systems

There are several notions of symmetries in contact mechanics depending on the structures they preserve [30,43]. How-
ever, in the present paper we will restrict ourselves to what we call generalized dynamical symmetries (see [45] for other
notions of symmetry). In some cases we will restrict ourselves to the case of cocontact manifolds of the form M =R x N
where N is a contact manifold (see Example 2.2). In this case, the natural projection R x N — R defines a global canonical
coordinate t.

Definition 3.1. Let (M, T, n, H) be a cocontact Hamiltonian system and let Xy be its cocontact Hamiltonian vector field.

e If M=R x N with N a contact manifold, a generalized dynamical symmetry is a diffeomorphism ®: M — M such
that n(®,Xy) =n(Xy) and d*t =t.

¢ An infinitesimal generalized dynamical symmetry is a vector field Y € X(M) such that n([Y, Xy]) =0 and ty7 =0. In
particular, if M =R x N with N a contact manifold, the flow of Y is made of generalized dynamical symmetries.

Definition 3.2. Let (M, 7,7, H) be a cocontact Hamiltonian system. A dissipated quantity is a function f € €°°(M) such
that

Xuf =—(R:H)f.

It is worth pointing out that, unlike in the contact case, the Hamiltonian function is not, in general, a dissipated quantity.
Indeed, using that

XyH=—(R;H)H +RH,

it is clear that H is a dissipated quantity if and only if it is time-independent, i.e. R;H = 0. This resembles the cosymplectic
case, where the Hamiltonian function is conserved if, and only if, it is time-independent (see [11]).

Proposition 3.3. A function f € €°°(M) is a dissipated quantity if and only if {f, H} = R:(f), where {-, -} is the Jacobi bracket
associated to the cocontact structure (7, n).

Proof. The Jacobi bracket of f and H is given by
{f.H}=A(df,dH) + fE(H) — HE(f) = —dn (gdf, #dH) — fR;(H) + HR(f).,

5
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but

gdf =Xr+ Rz(H+ HR;— A —=Re(f)Re,
S0

tafdn =tx,dn=df — R(f)n — Re(f)T,
and thus

dn(tdf, gdH) = Xy (f) + Rz(f)H — Re(f) .
Hence,

{H, f} + Re(f) =Xu(f) + Rz(H) f .
In particular, the right-hand side vanishes if and only if f is a dissipated quantity. O

Theorem 3.4 (Noether’s theorem). Let Y be an infinitesimal generalized dynamical symmetry of the cocontact Hamiltonian system
(M, T,n, H). Then, f = —tyn is a dissipated quantity of the system. Conversely, given a dissipated quantity f € €°°(M), the vector
field Y = Xy — R¢, where X is the Hamiltonian vector field associated to f, is an infinitesimal generalized dynamical symmetry and
f=—uwn.

Proof. Let f = —tyn, where Y is an infinitesimal generalized dynamical symmetry. Then,

Ly f=—Lxylyn = —ty LxyN — Uxy. v =
ty Rz(H)n +Re(H)T) =R, (H)tyn =—R(H) f,

and thus f is a dissipated quantity.
On the other hand, given a dissipated quantity f, let Y = Xy — R;. Then, it is clear that f = —ty#. In addition, ty7 =0,
and

UXy, Y1 = Lxylyn — ly Lxyn = —Lxy [ +ty (Rz(H)n 4 Re(H)T)
=R;(H)f —R;(H)yn=0. O

The symmetries presented yield dissipated quantities. However, we are also interested in finding conserved quantities.
The latter are important due to their elation with complete solutions of the Hamilton-Jacobi problem (see Section 5).

Definition 3.5. A conserved quantity of a cocontact Hamiltonian system (M, t, n, H) is a function g € ¥°°(M) such that
XHg = 0.

Taking into account that every dissipated quantity changes with the same rate R,(H), we have the following result,
whose proof is straightforward.

Proposition 3.6. Consider a cocontact Hamiltonian system (M, T, n, H).

e If f1, f> are two dissipated quantities and f, # 0, then f1/ f> is a conserved quantity.
e If f is a dissipated quantity and g is a conserved quantity, then fg is a dissipated quantity.

4. The action-independent approach
4.1. Hamilton-Jacobi theory. The action-independent approach

Let (R x T*Q xR, 7, n, H) be a cocontact Hamiltonian system, where T = dt, n = dz — 6y and 6y = p;dq’ is the Liouville
one-form of the cotangent bundle. Consider a section y of the bundle ntQ :RxT*Q x R— R x Q, locally given by

y:RxQ —RxTQ xR
(t.d)— (td.veo.5€) .

Let us introduce the vector field X}fl on R x Q given by
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X =TngoXpoy,
where Xy is the Hamiltonian vector field of (R x T*Q x R, t, n, H). Suppose that XZ and Xy are y-related, i.e

Xpoy =Ty o XV,

so that the following diagram commutes:

RxT*Q x R "5 T(R x T*Q x R)
A,

RxQ ——— TR x Q)

. o OH 0 (O OH\ 0 ( OH N3
[e] = —_— s — | — i— | — j—— — -—,
oY =5t Tapag \ag "oz ) ap Vg 3z

and
o OdH 9 dy; oH dy;\ 0 dS 0dS 0H 8
Ty o X} = ot 30 3 SR L (2, B
ap; oq* at apj aq' / dpi ot aq apl

so equation (5) holds if and only if
oH JoH dy;  oH dy;
_(0H,OHY v 0H by
0q! 0z at opj aq’ 6)
0H _ 9§ n dS oH
y’ap‘ T ot 9qiopi

1
Definition 4.1. Given a section ¢ : R x Q — R x /\k T*Q and t € R, let
k
o Q — /\ T"Q
X+ PI'pkreg (a(t,x)),
R x /\" T*Q — A"T*Q is the canonical projection. The exterior derivative of « at fixed ¢ is the section of

where pr ALTQ
R x A“"1T*Q - R x Q given by

doa(t,x) = (t,do) (%)) .
In coordinates, for f € °(R x Q) and «(t,x) = (t,xjdyq') a section of the bundle R x Q — R x A" T*Q, the local

expressions dare

do f= (r 8—fldxq )
doa = (t, a—qijdxqi A dxqj> .

Since we shall be considering fixed t, we will often make the abuse of notation

Definition 4.2. Given f € ¥®°(R x Q), the 1-jet of f at fixed ¢ is the section j} f: R x Q — R x T*Q x R given by

ifE =g f. ).
Let us recall that a Legendrian submanifold N < M of a (2n + 1)-dimensional contact manifold (M, n) is an n-

dimensional submanifold such that n|y =0 (see [23]).
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Proposition 4.3. Let y be a section ofrrf2 R xT*Q xR — R x Q. Then, forevery t € R, Imy (t, -) is a Legendrian submanifold of
(T*Q x R, n) if and only if it is the image of the 1-jet at fixed t of a function, namely,

y&.0=jlft,x)=of,f).

Proof. Let t e R and let ¥ : R x Q - R x T*Q x R such that y(t,q) = (t, @(t, q), f(t,q)). Clearly, y*t =0, hence Imy is
Legendrian if and only if y*n = 0. Thus,

y'n=f*'dz—a*0g =dq f —«,

so y*n vanishes precisely when o« =dq f. O

Now, suppose that Imy is a Legendrian submanifold. By Proposition 4.3, we have that

BN
aq'

Vi= )

so equations (6) can be written as

dH 3S dH 3?S  9H 3S
- —=+—=—)= -+ — (7a)
aqgt  aq' 9z otaq'  0pj aq'oq’
S oH aS 9S 0H
——— —H=—+ ——, (7b)
aq! op; at  9q' Ip;
equation (7a) implies that
do(Ho jiS) +dq (ReS) =0, (8)
while equation (7b) yields
aS
H=-—,
at
that is,
aS
Hong—i—E:O. (9)

Clearly, equation (8) is implied by equation (9). We have thus proven the following.

Theorem 4.4 (Action-independent Hamilton—Jacobi theorem). Let v be a section ofntQ :RxT*Q xR — R x Q such that, for every

t e R, Imy(t,-) is a Legendrian submanifold of (T*Q x R, n). Then, X}; and Xy are y -related if and only if equation (9) holds. This
equation will be called the action-independent Hamilton-Jacobi equation for (R x T*Q x R, t, n, H). The function S such that
y = j} S is called a generating function for H.

In order to study the integrability of cocontact Hamiltonian systems, it is of interest to introduce the following.

Definition 4.5. Let (R x T*Q x R, t,7n, H) be a cocontact Hamiltonian system. A complete solution of the action-
independent Hamilton-Jacobi problem for (R x T*Q x R, z,n, H) is a local diffeomorphism ®: R x Q x R"! —
R x T*Q x R such that, for each » ¢ R™t1,

P:RxQ—->RxTQ xR

(o) (e

is a solution of the action-independent Hamilton-Jacobi problem for (R x T*Q x R, 7, n, H).

It is worth noting that complete solutions depend on n+ 1 real parameters, one extra parameter in comparison with the
(co)symplectic case. In order to consider complete solutions depending on just n parameters, we shall introduce a different
approach to the Hamilton-Jacobi problem for (co)contact Hamiltonian systems (see Section 5).

Let : R x Q x R™! — R™1 and 7;: R™! — R denote the canonical projections. One can define the n+ 1 functions
fi=mioao® ! on R x T*Q x R, so that the following diagram commutes:

8
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®
RxQ xR ——= RxT*Q xR

|e > Iz

Rn+1 Ti s R

Theorem 4.6. Let ®: R x Q x R™! — R x T*Q x R be a complete solution of the action-independent Hamilton—Jacobi problem
for R xT*Q x R, t,n, H). Then,

(i) Foreachie{1,...,n+1}, the function f; = ;o o ®~1 is a constant of the motion. However, these functions are not necessarily
in involution, i.e, {fi, fj} #0.

(ii) For each i € {1,...,n + 1}, the function f,- = gfi, where g is a dissipated quantity, is also a dissipated quantity. Moreover, if
R¢(H) = 0 and taking g = H, these functions are in involution, i.e., { f;, fj} = 0.

Proof. We can write

Im®;, =(xeRxTQ xR | fi(x)=h, i=1,....n}=() 7).
i=1

where A = (A, ..., Ap) € R™ Since Xy is tangent to any of the submanifolds Im ®;, we deduce that
Xy fi=0,
so each of the functions f;, for i=1,...,n, is a constant of the motion.

On the other hand, we can compute

{fi. fi} = X5;(fi) = Re(fD) — fiRz(f}),

which does not vanish in general. By Proposition 3.6, the product of a conserved quantity and a dissipated quantity is a
dissipated quantity. Let f; and f; be conserved quantities and take g = H. Then,

{Fi, FjY = (Hfi, Hf;} = fj{Hfi, H} + H{Hfi, fj} — fiHR;(Hf)
= —fjH{H, fi} + fifiHR,(H) — fiH{fj, H} — H*{fj, fi} + fiH?R.(f)) — fiHR,(Hf}) O (10)
=0.

Remark 4.7. Making use of a symplectization, one can study a time-independent contact Hamiltonian system as an exact
symplectic Hamiltonian system with one additional dimension. Dissipated quantities in involution with respect to the Ja-
cobi bracket of the contact system lead to conserved quantities in involution with respect to the Poisson bracket of the
associated symplectic system. On the other hand, the celebrated Liouville-Arnold Theorem [3] permits to construct action-
angle coordinates of a 2n-dimensional symplectic Hamiltonian system with n conserved quantities in involution, leading
to integrability by quadratures. Therefore, dissipated quantities in involution could lead to integrability by quadratures of
contact Hamiltonian systems. However, this relation is highly non-trivial and it is subject of further research. An alternative
approach to Hamilton-Jacobi theory and integrability by quadratures for contact Hamiltonian systems can be found in [56].

Complete solutions of the Hamilton-Jacobi problem may be used to integrate the dynamics of the system as follows:

(i) Solve the Hamilton-Jacobi equation

Hojls,+ 2k o
o] _— =
Je2r T 5y
for arbitrary values of » € R*1, Let ®; = jlS,.

(ii) Compute the integral curves 0: R —> R x Q, o (t) = (t, ¢'(t)) of XY, which are given by

dg'  9H

=— 11
dt api (11)

lm(b;L

where the restriction to Im ®; means that one has to write p; = asx/aqi and z=S;.
(iii) The integral curves 6 of Xy on Im ®, are given by ®; oo, namely,

- 3S5
o(t)=dy00() = (cr(t), a_qi(a(t))’ 5/\(0(0)> :

9
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It is worth noting that computing the integral curves of X’;, is not always straightforward. However, there are some
relevant cases in which it is particularly easy.

Example 4.8. Suppose that Q = R" with the Euclidean norm. If the generating function is separable, i.e., S(t,q',q?,...,q")

2
= So(t) + S1(g") + --- + Sn(g"), and the Hamiltonian is mechanical, namely, H = 2”:1!0 + V(t,q, z), then equations (11)
simplify to

dq’ 1 4

o _siq).

d  m(@) @)

4.2. Example: the free particle with time-dependent mass and a linear external force

Consider the cocontact Hamiltonian system (R x T*Q x R, dt, n, H), where

p? K

= - —2Z,
2m(t) m(t)
with m a function depending only on t, expressing the mass of the particle, and k a positive constant. Then, the action-
independent Hamilton-Jacobi equation for H is given by

1 [8S\* « 3S
— = — —=S(, — =0,
2m(0) <8q> mo DT 5
that is,
35\ 3S
— ) —2«kS(t,q) +2m(t)— =0. (12)
aq at
Suppose that the generating function S is separable, namely, S(t, q) = «(t) 4+ B(q). Then, equation (12) can be written as
dg\? d
dp —Zlca(t)—2K5(Q)+2m(t)—a=0,
dq det
so

m® % _2ya) =0,
a7

dp\? B
(E) —2kp(q) =0.

2
t 1 K
(0% ) = )\]eK jO m(s) ds /3)»2 (q) = <\/;q + AZ) )

that is,

Then,

2

t 1
Su(t.q) = rie o me® 4 (\/gqﬂz) ’
. 2
K 1 K
O(t,q, 1) = jiSat,q) = | t, 9,2« <\/gq -H»z) ,AlerO e 5 4 (/;quz)

is a complete solution. Its inverse is given by

2
B ¢ Jy ts p”\ P—Kq
O] 1:(t,q,P,Z)|—><t,q,e "me(s)dS(Z__)’ )
2K V2K

and

Hence,

t 2
fi(t,q,p,2) =e < o mds (Z_ p—) ,
2K
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and
pP—kq
2(t,q,p,2) =
Ltapn="00

are conserved quantities.
The Hamiltonian vector field of H is given by

o, p @ _Kkp d p?
Xp=—+—— +—z)—.
at  m(t) dq m(t) ap 2m(t) m(t) ) oz
One can check that Xy (f1) = Xy (f2) = 0. Moreover,

n 7% (\fq+x2)

xV 9 + p 3 -
Im ®; 8t m(t) aq

H™ 5t " m(t) aq

whose integral curves o (t) = (t, q(t)) are given by

/2 - @),
q(t)—ellm“) / VEKE T du+c ,

m(u)

where c is a constant. Then, the integral curves of Xy along Im ®; are given by ®; oo (t) = (t, q(t), p(t), z(t)), where

p(t) = V2K <\/§q(t) +Az) ,
t 1 2
2(t) = pe o 4 (@q(t) —H»z) .

4.3. The variational interpretation of the solution to Hamilton-Jacobi equation

and

Suppose that o : [0, T] — Q is a trajectory given by the cocontact Hamilton equations (3) for the Hamiltonian function
H:RxT*Q xR—->R.Ify = ng is a solution to the Hamilton-Jacobi problem for H, the generating function S can be
interpreted as the action of the lifted curve j}S o0 up to a constant.

Theorem'4.9. Suppose that S € €*° (R x Q) is a generating function for H. Let o : [0, T] — Q be a curve with local expression
o(t)=(q'(t)) suchthatc=(Id,0): t e R+ (t, 0 (t)) € R x Q is an integral curve ofXZ,. Then,

(Soc)(t) =A(jlSo0)(t) + So.,

for some Sg € R, where A denotes the action map (4).

Proof. Assume that S € €°(R x Q) is a generating function for H. Then,

d _5om)  35@o@)
5690 = —— o7 q'®
BT iy _Hojlsoo
aq*
_4d A(j{Soo)(b)
= Jg2 00 )

where we have used the Hamilton-Jacobi equation (9) on the second step, and the definition of the action map (4) on the
last step. Hence,

S(t,q(t)) = A(j{ S 0 q)(t) + So,
for some constant Sg. O

11
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4.4. A new approach for the Hamilton-Jacobi problem in time-independent contact Hamiltonian systems

Let us recall that a contact Hamiltonian system (M, n, H) is a contact manifold (M, n) together with a Hamiltonian
function H: M — R (see [28,43]). The Hamiltonian vector field of H is locally given by

dH 0 oH n OH\ 9 oH y a
Bp, aqi aqt Pi%z 3p, P opi 9z’
The analogous of Theorem 4.4 for autonomous contact Hamiltonian systems was developed in [35] (see also [26]):

Theorem 4.10 (Hamilton-Jacobi theorem for autonomous systems). Let (T*Q x R, n, H) be a contact Hamiltonian system with
contact Hamiltonian vector field Xy. Consider a section y of mq : T*Q x R — Q such that Imy is a Legendrian submanifold of
(T*Q x R, n). Then, XZ, and Xy are y -related if and only if

Hoy =0. (13)

The problem with this approach is that it cannot be used to completely integrate the system. Indeed, equation (13)
implies that every integral curve of Xy oy is contained in H™ 1(0). This can be solved by regardlng the contact | Hamiltonian
system (T*Q x R, n, H) as the cocontact Hamiltonian system (R x T*Q x R, dt, n, H), where H = Ho p; (ie. H(t,q,p,2) =
H(q, p, z)), such that R (H) =0 and making use of Theorem 4.4. Suppose that S is of the form S(t, q) = a(q) + B(t). Then,
equation (9) yields

B

H a+—=0,
°J' o

o
(q,— >+ﬂ(f)—
aq'

With a suitable choice of o and B, one can cover energy levels distinct from H = 0.

that is,

Definition 4.11. Let (T*Q x R, 7n, H) be a contact Hamiltonian system, and let (R x T*Q x R, t,n,ﬁ = H o p3) be its
associated cocontact Hamiltonian system. A complete solution of the action-independent Hamilton-Jacobi problem for
(T*Q xR,n,H)isamap ®: R x Q x R" > R x T*Q x R such that ® = p, o ® is a local diffeomorphism and, for each
L e R,

D,:RxQ > RxTQ xR
(t, qi) > (t, qi, A)
is a solution of the action-independent Hamilton-Jacobi problem for (R x T*Q x R, 7, 1, ﬁ).

Let : R x Q x R" - R", and m;: R" — R denote the canonical projections. One can define the n functions f; =
mioao® ! on R xT*Q x R, so that the following diagram commutes:

RxQ xR" HT*QXR

[P
i

R" — R
Then,
n
Imd; =[] f ).
i=1
where @, (t,q) = ®(t,q, 1), and
n
Im®; =("\(fior) '),
i=1

so the functions f; o o are constants of the motion for H, and thus the functions fi are constants of the motion for H.

12
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Example 4.12 (The free particle with a linear external force). Consider the cocontact Hamiltonian system (R x T*Q xR, dt, n, H),
where
2
H= P KZ,
2
with k a positive constant. Let H=Ho p2 be the associated time-dependent Hamiltonian. Then, the action-independent
Hamilton-Jacobi equation for H is given by

1(osy’ KS(t )—i—as—O
2\ dq DT =
that is,
05)? 2 S(t )+2as =0 (14)
aq DTG =
Suppose that the generating function S is separable, namely, S(t, q) = a(t) + 8(q). Then, equation (14) can be written as
dB\? do
— ) —2ka(t) — 2k 2— =0,
< dq) (®) B@ + "
so

2da 2ka(t)=0
dt o

dg\2
(d_ﬂ> —2kB(q)=0.
q

Thus,
2
Kt K
a(t) =e*, ,BA(Q)=(\/;Q+)L) )
that is,
2
Kt K
Sat,g=e +<\/gq+k> ,
and

2
~ K K
®(t,q,0) =jiSrt,q) = t,9,vV2« (,IELH-?») et 4 <‘/5q+k>

is a complete solution. Then,

2
D (t,q, M)~ q’V2K<\/§q+A>sekt+<\/§q+A> ’

whose inverse is given by

_ 1 p’| p-«kq
&1, p,z —loglz— —|,q, .
@q.p )'—>(K g 2|4 T3
Hence,
p—kq
(t,q,p,2)=
fit.q.p T3

is a conserved quantity.
The Hamiltonian vector field of H is given by

Xin=plript s (P )
H=Poq TP T\ 2 z’

13
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One can check that Xy (f1) = 0. Moreover,

d
=+/2K \/Eq—i-)» —,
Im ®;, 2 aq

whose integral curves o (t) = (t, q(t)) are given by

q(t) =ce' — \/zx,
K

where c is a constant. Then, the integral curves of Xy along Im &, are given by ®; oo (t) = (q(t), p(t), z(t)), where

p(t) =2k (\/gq(t) + A) =k cet,
2
z(t) =€ + (/gq(t) + A) =kt 4 gczem,

5. The action-dependent approach

a

Xl =
H paq

and

5.1. Hamilton-Jacobi theory. The action-dependent approach

In Section 4 we have introduced a Hamilton-Jacobi theory for time-dependent contact Hamiltonian systems. In particular,
this approach was shown to be useful to deal with time-independent contact Hamiltonian systems, where time is used
as a free parameter. Nevertheless, this approach has a couple of drawbacks. First, complete solutions depend on n + 1
parameters, instead of the n parameters that are required for symplectic Hamiltonian systems [12]. Additionally, time-
independent solutions only cover the zero-energy level.

In order to solve these problems, in this section we propose an alternative approach, considering solutions of the
Hamilton-Jacobi problem depending on the action variable z. Let us consider a section y of the bundle naz R xT*Q x
R — R x Q xR, locally given by

y:RxQ xR—RxTQ xR
(t,x,2) — (t, %, yi(t, X, 2),2) .

As in the previous approach, assume that X,}; and Xy are y-related, so that the following diagram commutes:

RxTQ x R -5 T(R x T*Q x R)
t,z t,z
)’K\lﬂq X}}; TnQ l/)Ty
RxQ xR —— TR x Q xR)
Locally,
X 3+8H8 8H+ oH 8+ oH Ha
o = — — = — |\ — i | — i — >
ROV =5t T apag  \ag Yoz ) ap  Map; 3z
and
d oH 9 dy; 0H oy; oH ay;\ 0 oH 9
TyoXh=—+-——+ LA A Yi— —H 24l DA vi— —H | —,
ot dp; aq at opj aq’ op;j dz ) 0p; api 0z
S0 X,}f, and Xy are y-related if and only if
oH oH dy; 0H dy; oy oH
(MY v BH Oy v 0H N (1)
aq' 0z ot dpjaq) oz apj

Note that Imy is (n + 2)-dimensional, so it no longer makes sense to require it to be Legendrian [21]. We will require it
to be coisotropic instead.

Let us recall that, given a Jacobi manifold (M, A, E) and a distribution D C TM, the orthogonal complement D of D
is given by [23,68]

D= A (D).

14
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where Dy = {ax eTiM |ax(v) =0, Vv er} denotes the annihilator. In particular, a cocontact manifold (M, t,n) is a

Jacobi manifold (see Proposition 2.7) and its morphism A is given by equation (1). A submanifold N < M is said to be
coisotropic if TNL C TN.

Definition 5.1. Given a section ¢ : R x Q xR — R x /\" TQ xR and t,z € R, let

k
ot z) - Q — /\ T Q

X+ PIpykpe (@(L, X, 2)),

where pr AT ‘R x /\k T"Q xR — /\k T*Q is the canonical projection. The exterior derivative of « at fixed t and z is the
section of R x AK"1T*Q x R > R x Q x R given by

doa(t,x,z) = (t,da(,z(x), 2).
The coisotropic condition can be written in local coordinates as follows.

Lemma 5.2. Assume that an (n + 2)-dimensional submanifold N of a (2n + 2)-dimensional cocontact manifold (M, T, n) is locally the
zero set of the constraint functions {¢q},—1___,- Then, N is coisotropic if and only if the following equation holds in Darboux coordinates:

.....

(245 2e) 20 (300, o0 20

: . =0. 16
g} bi 0z ) dpi 0q! bi dz ) ap; (16)

Proof. Assume that (M, t,n) is a (2n + 2)-dimensional cocontact manifold. Let N < M be a k-dimensional submanifold
locally given as the zero set of functions ¢q : U — R, with a e {1,...,2n+ 2 — k}. We have that

where
~ 3¢a a¢a 8 a¢a 8 3
Za=A(d =|—: i— | — — — | — i— |-
a (deq) (aq, + Di 9z > ap;  opi ((’)ql + pi 32)

Therefore, N is coisotropic if and only if Z,(¢) =0 for all a, b, which in Darboux coordinates yields equation (16). O

Proposition 5.3. Let y be a section of R x T*Q x R over R x Q x R. Then Imy is a coisotropic submanifold if and only if

Vi Vi Yj dYj
aq) Vi a3z aq Vi 9z (17)
Proof. Equation (17) is obtained by applying the previous result to the submanifold N =Im y, which is locally defined by
the constraints ¢; =p; — y;. O

Now suppose that the y appearing in equation (15) is such that Imy is coisotropic. Then, by means of equation (17) we
obtain
oH 0H dy; 0H dy; O0H Y oYi
L OH By l<_ﬁ+ >+ﬁ_Hﬁ

aqi ' ap; oq’ apj 0z = oz ac  az’
or, globally,
9
dq (Hoy)+5(Hoy)y t LRy =MHoy)Zoy. (18)

Theorem 5.4 (Action-dependent Hamilton-Jacobi theorem). Let y be a section ofnaz RxT*Q xR — R x Q x R such that Imy

is a coisotropic submanifold of (R x T*Q x R, t, n). Then, X}g and Xy are y -related if and only if equation (18) holds. This equation
will be called the action-dependent Hamilton-Jacobi equation for R x T*Q x R, 7, n, H).

Definition 5.5. Let (R x T*Q xR, t, n, H) be a cocontact Hamiltonian system. A complete solution of the action-dependent
Hamilton-Jacobi problem for (R x T*Q x R, 7, n, H) is a local diffeomorphism ®: R x Q x R" xR — R x T*Q x R such
that, for each A € R",

15
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P :RxQxR—RxTQ xR
(t,qi,z) — @ (t, qi,k,z)
is a solution of the action-dependent Hamilton-Jacobi problem for (R x T*Q x R, , n, H).

Let : R x Q@ x R" x R — R", and 7;: R" — R denote the canonical projections. Let us define the functions f; =
mioao® ! on R xT*Q x R, so that the following diagram commutes:

@
RxQxR"xR — RxT*Q xR

Lo

R" — & 4R

Theorem 5.6.Let ®: R x Q x R" x R — R x T*Q x R be a complete solution of the action-dependent Hamilton-Jacobi problem
for R x T*Q x R, 7, n, H). Then,

(i) Foreachi e {1,...,n)}, the function f; = m; ot o ®~ ! is a constant of the motion. However, these functions are not necessarily in
involution, i.e., {fi, f;} #0.

(ii) Foreachi e {1,...,n}, the function f‘,- = gfi, where g is a dissipated quantity, is also a dissipated quantity. Moreover, if RrkH =0
and taking g = H, these functions are in involution, i.e., {f;, fj} =0.

Proof. Observe that

Imd, =[] fi 0,

i=1
where A = (A, ..., Ap) € R". In other words,
Im®;, ={xcRxTQ xR | fix) =A;,i=1,...,n}.
Therefore, since Xy is tangent to any of the submanifolds Im ®;, we deduce that

Xu(fi)=0.

Moreover, we can Compute

{fi, fj}=AWdfi,dfj) — fiR:(f}) + fiR(fi),
but

A(dfi.dfp) = Adfi)(f)) =0,
since (TIm ®;)+ = [\((Tlm ®,;)°) C TIm®,, so

{fi, fi}=—fiR(f)) + fiR(f}).

By Proposition 3.6, we already know that the product of a conserved quantity and a dissipated quantity is a dissipated
quantity. Let f; and f; be conserved quantities and take g = H. Then, by equation (10), {f;, f;} vanishes. O

From a complete solution of the Hamilton-Jacobi problem one can reconstruct the dynamics of the system. If o is an
integral curve of the vector field X7, then ®; oo is an integral curve of Xy, thus recovering the dynamics of the original
system.

5.2. Integrable contact Hamiltonian systems

Let (T*Q x R, 7, H) be a contact Hamiltonian system. Recall that the action-dependent Hamilton-Jacobi equation for
(T*Q x R, n, H) is given by [26]

i
do (Hoy)+ —(Hoy)y =(Hoy)Zyy.

A complete solution of the action-dependent Hamilton-Jacobi problem for (T*Q x R, n, H) is a local diffeomorphism
®: Q xR" xR — T*Q x R such that, for each » ¢ R,

16
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P,:Q xR—T"Q xR

(qi,z) — @ (qi,x,z>

is a solution of the action-dependent Hamilton-Jacobi problem for (T*Q x R, 1, H).
Let ®: Q x R" x R — T*Q x R be a complete solution of the Hamilton-Jacobi problem for (T*Q x R, n, H). Then,

F={F=Im®, [2eR"} CT'Q xR

is a foliation in coisotropic submanifolds.

In the symplectic case, since solutions of the Hamilton-Jacobi equation are closed one-forms on Q, the images of a
complete solution for each choice of parameters A form a Lagrangian foliation invariant under the action of the Hamiltonian
flow. This structure is called an integrable system. In analogy, we introduce the following definition:

Definition 5.7. Let (M, n, H) be a contact Hamiltonian system and let F be a foliation consisting of (n 4+ 1)-dimensional
coisotropic (with respect to the Jacobi structure of the contact manifold) leaves invariant under the flow of the Hamiltonian
vector field Xy. Then we call (M, n, H, ) an integrable system.

Remark 5.8. Each of the leaves F; is invariant under the flow of Xy and Xy,. Since F, is an (n + 1)-dimensional manifold
with n + 1 independent and commuting tangent vector fields, if the vector fields are complete, by [3, Ch. 10, Lem. 2] it is
diffeomorphic to T* x R"™1—* where T¥ is the k-dimensional torus.

The definition above can be compared to the ones given in [4,59]:

e In [4], Boyer proposes a concept of completely integrable system for the so-called good Hamiltonians, that is, the
Hamiltonian function is preserved along the flow of the Reeb vector field. This is a particular case of our definition, in
which both the Hamiltonian and the constants of the motion do not depend on z.

e In [59], Khesin and Tabachnikov call a foliation co-Legendrian when it is transverse to  and TFNH is integrable. Then
they define an integrable system as a particular case of a co-Legendrian foliation with some extra regularity conditions.
In the case that the dimension of the leaves is n + 1, the following proposition shows that co-Legendrian foliations are
particular cases of coisotropic foliations.

Proposition 5.9. Let i: N < M be a submanifold of a (2n + 1)-dimensional contact manifold (M, n). If N is an (n + 1)-dimensional
co-Legendrian submanifold, then it is also a coisotropic submanifold.

Proof. Let us write TN = Dy @ &, where Dy =TN NH. Then, TN+ = D3, N &+, Obviously, 7 vanishes in TN NH. Moreover,
since Dy is integrable,

0=n(v,w]) = llv,wi = Lotwl) — lw Ly = —lwtydn — tywdtyn = —tyiydn,

for any v, w € Dy, so dnp,, =0. Observe that AI’H = i3, and fj3: H — (R)°, uﬁ_}(v) = (ydn is an isomorphism. Since
dnp, =0, ﬁ‘;}(DH) € D3, Thus, Dy < f\(D;‘{) = D%{. By a dimension counting argument, we can see that both spaces
are equal and, thus, Dy =Dj;,. O

We also note that a foliation F by Legendrian submanifolds can never be invariant by the Hamiltonian flow. Indeed, let
F € F. The leaves of F are Lagrangian, thus TI:‘O C kern. Since n(Xy) = —H, Xu can only be tangent to the leaves at the
zero set of H, hence its flow cannot leave invariant the whole foliation.

Observe that Definition 5.7 can be naturally extended to cocontact Hamiltonian systems.

Definition 5.10. Let (M, 7, n, H) be a cocontact Hamiltonian system and let F be a foliation consisting of (n+2)-dimensional
coisotropic leaves (with respect to the Jacobi structure of the cocontact manifold) invariant under the flow of the cocontact
Hamiltonian vector field Xy. Then we call (M, t,n, H, ) an integrable cocontact system.

5.3. Example 1: freely falling particle with linear dissipation

Consider a particle of time-dependent mass m(t) which is freely falling and subject to a dissipation linear in the velocity
with proportionality constant y. The Hamiltonian function H : R x T*R x R — R is given by

2

+m(t)gq+ ——z,

B 14
H(t.q.p.2) = 2m(t) m(t)

17



M. de Le6n, M. Lainz, A. Lopez-Gordén et al. Journal of Geometry and Physics 187 (2023) 104787
where g is the gravity. The Hamiltonian vector field corresponding to this Hamiltonian function is

9 p 9 ] p? Y 0
"”—Wma‘(“g m) +<2m(t) “gq‘m)—

Its integral curves (t(r), q(r), p(r), z(r)) satisfy the system of differential equations

P=1., §=-— mg———p P (Mq—JLz
’ m(t)’ m)"’ 2m(t) m(t)

Combining the second and third equations, we get

d . .
&(m(t)q) =-m(t)g—vq.
In order to solve the Hamilton-Jacobi problem, we look for a conserved quantity linearly independent from the Hamil-

tonian, i.e., a function f on TR x R such that Xy f = 0. For the sake of simplicity, one can assume that f does not depend
on q or z. Indeed, one can verify that

f(t,q,p,2)= ot s p —i—gffflr %ds/eflu 76 B m () du

is a conserved quantity. We can thus express the momentum p as a function of t and a real parameter A, namely,
P(t,\) e fiawds | —ge_f{%dsfef’u %dsm(u)du ,

and obtain a complete solution of the Hamilton-Jacobi problem for H:
¢t q,2)— |t.gq,p= e fiamds [ ) — ge_flt %ds/eflu w5 Smydu | | z

In this case, equation (17) holds trivially, so Im ®, is coisotropic.
In addition, one can verify that

kt,q,p,2)=p+ge ~ s / e/l 7T Em(uydu =~ 1 7 *f(t.q.p.2)

is a dissipated quantity, that is, {k, H} — Rck =0.
5.4. Example 2: damped forced harmonic oscillator

Consider the product manifold R x T*R x R with natural coordinates (t, q, p, z). The Hamiltonian function
pr k, y
H(t,q,p,2)=-—+-q"—qF) + =z
2m 2 m

describes a harmonic oscillator with elastic constant k, friction coefficient y and subjected to an external time-dependent
force F(t) [21].
The Hamiltonian vector field is

3 pad p 9 p*  k 9
Xg=—+ —— —kq+F({t)— —y)— —— = Ft——
H 8t+m8q+< 9+ FO my)ap+<2m q+q() mZ 3z’
and its integral curves (t(r), q(r), p(r), z(r)) satisfy
2
: . . . k
i=1, 4=2, p=-kg+FO-2y, =L _Z@iqr-Lz.
m m 2m 2 m

Combining the second and the third equations above, we obtain the second-order differential equation
mg+yq+kq=F(@),
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which corresponds to a damped forced harmonic oscillator. One can check that the function

t
sinh (£L) (2kmgq + t s sinh (£
g(t’q7P,Z)=€% ! (2m)( a J/p) +pCOSh K_ _/F(s)e%Lm Cosh(K_S)+y 1 (Zm) dS,
2m 2m
1

K K

where « = /y2 — 4km, is a conserved quantity. It is worth noting that, since sinh =x + O(x®) and coshx =1+ O(x?) near
x =0, sinh(ix) = isinx and cosh(ix) = cosx, the equation above is well-defined and real-valued for any of x € C. Thus, we
can write p in terms of t, q, z and a real parameter A as

e~ ¥ (K [LemF(s) (cosh (£5) + %(27‘)) ds — 2kmge % sinh (5L) + KA)

P(t,q,A,2) =
(t.q.%.2) y sinh (%) + k cosh (%)

’

and obtain a complete solution of the Hamilton-Jacobi problem:

®,: (t,q, 1,2~ (t,q,p=P(t,q,1,2),2) .

Obviously equation (17) is satisfied, hence Im ®;, is coisotropic. In addition,

inh (£L) (2k
P [e% (sm (3m) ( mq+Vp)+pcosh<%>>

K

t

s inh (£
_/E%F(S) (Cosh (K_S)_’_M) ds s
2m K

1

is a dissipated quantity.
6. Conclusions and outlook
The main contributions of the present paper are the following:

e We have obtained two different Hamilton-Jacobi equations for time-dependent contact Hamiltonian systems: the so-
called action independent and action-dependent approaches. In particular, the action-independent approach is useful
for time-independent contact Hamiltonian systems, where the use of time as a free parameter allows to integrate
the system at non-zero energy levels. In addition, we have introduced a notion of complete solution in the action-
independent approach. Each of these complete solutions is associated with a family of n + 1 independent dissipated
quantities in involution (where n is the number of degrees of freedom of the system).

e The action-dependent approach also permits to introduce a natural notion of complete solution to the Hamilton-Jacobi
problem. Each of these complete solutions is associated with a family of n independent dissipated quantities in involu-
tion. Moreover, the image of a complete solution is a coisotropic submanifold.

e We introduce a new notion of integrable system in a contact manifold, taking into account the dynamics given by the
Hamiltonian vector field, and extending the concept of complete solution. This allows us to study the dynamics outside
the zero-energy level.

As we have pointed out in Remarks 4.7 and 5.8, there is a relationship between solutions of Hamilton-Jacobi equations
and several notions of integrability. Namely, the existence of foliations by coisotropic tori, integrability by quadratures and
the construction of action-angle coordinates. Further research is needed to clarify these notions and their relationships in
contact Hamiltonian systems.

Other topics for future research include the reduction problem, the Hamilton-Jacobi equations for the evolution vector
field and its possible applications to thermodynamics as well as the extension to higher order systems. The study of the
discrete Hamilton-Jacobi equations and applications to the construction of geometric integrators is also on the agenda.
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