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Abstract

Part I of this paper introduced the notion of implicit Lagrangian systems and their geometric structure was explored in
the context of Dirac structures. In this part, we develop the variational structure of implicit Lagrangian systems. Specifically,
we show that the implicit Euler—Lagrange equations can be formulated using an extended variational principle of Hamilton
called the Hamilton—Pontryagin principle. This variational formulation incorporates, in a natural way, the generalized Legendre
transformation, which enables one to treat degenerate Lagrangian systems. The definition of this generalized Legendre
transformation makes use of natural maps between iterated tangent and cotangent spaces. Then, we develop an extension of the
classical Lagrange—d’ Alembert principle called the Lagrange—d’ Alembert—Pontryagin principle for implicit Lagrangian systems
with constraints and external forces. A particularly interesting case is that of nonholonomic mechanical systems that can have
both constraints and external forces. In addition, we define a constrained Dirac structure on the constraint momentum space,
namely the image of the Legendre transformation (which, in the degenerate case, need not equal the whole cotangent bundle).
We construct an implicit constrained Lagrangian system associated with this constrained Dirac structure by making use of an
Ehresmann connection. Two examples, namely a vertical rolling disk on a plane and an L—C circuit are given to illustrate the
results.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In Part II of this paper, we continue to develop the framework of implicit Lagrangian systems and their geometry
in the context of Dirac structures, which was begun in Part I. This part focuses on the variational structure of implicit
Lagrangian systems. An algebraic theory of Dirac structures associated with formal variational calculus is contained
in the work of [17,18] in the Hamiltonian framework of integrable evolution equations. However, it has not been
clear how Dirac structures are interrelated with implicit mechanical systems, whether Lagrangian or Hamiltonian, in
the context of variational principles. In other words, there has been a gap between Dirac structures and variational
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principles in mechanics. In conjunction with Dirac’s theory of constraints, we remark that Dirac started off with
Hamilton’s principle with the aim of investigating degenerate Lagrangian systems, although in the end, he did not
focus on the Lagrangian formulation but rather developed the notion of a constrained Poisson structure, or the “Dirac
bracket” (see, for instance, [16,24]).

Needless to say, in mechanics, Hamilton’s principle is employed to formulate the Euler—Lagrange equations on
the Lagrangian side, while Hamilton’s phase space principle may be used to derive Hamilton’s equations on the
Hamiltonian side. As is well known, both formalisms, in the case where a given Lagrangian is hyperregular, are
equivalent via the Legendre transformation (see [1,25]). For the case in which a Lagrangian is degenerate, we need
a specific treatment to deal with constraints due to the degeneracy, as in Dirac’s theory of constraints. For such
degenerate Lagrangian systems, Weinstein [40] noted that a Dirac structure on a Lie algebroid may be induced from
a Poisson structure on the dual bundle of the Lie algebroid. He also considered the case in which the Lie algebroid is
given by a tangent bundle. L—C circuits have not been treated so far in the context of degenerate Lagrangian systems
(see, for instance, [12]). A variational principle for L—C circuits was developed using Pontryagin’s maximum principle
by Moreau and Aeyels [26] and a formulation of implicit Lagrangian systems was developed by Moreau and van der
Schaft [27]. Both of these differ from our notion of implicit Lagrangian systems in the sense that they utilize a Dirac
structure on a subbundle of the tangent bundle of a configuration manifold, consistent with Weinstein’s idea [40].
Furthermore, mechanical systems with nonholonomic constraints have been widely studied (see, for instance, [36,2]),
specifically, from the viewpoint of symmetry and reduction by Bloch, Krishnaprasad, Marsden and Murray [8], where
the Lagrange—d’ Alembert principle played an essential role in formulating the equations of motion and, in addition,
the system viewed in terms of a constrained Lagrangian was formulated using an Ehresmann connection. On the
Hamiltonian side, constrained Hamiltonian systems were developed from the viewpoint of Poisson structures by van
der Schaft and Maschke [34] and then, a notion of implicit Hamiltonian systems was developed in the context of Dirac
structures by van der Schaft and Maschke [35] and van der Schaft [33] (see also [3]). Nonconservative systems with
external forces that appeared in servomechanisms were also illustrated in the context of the constrained Hamiltonian
systems by Marle [22]. The equivalence of the Lagrangian and Hamiltonian formalisms for nonholonomic mechanical
systems was demonstrated by Koon and Marsden [19,20] together with their intrinsic expressions. As for the details
on nonholonomic mechanics and control, refer also to Bloch [5] and Cendra, Marsden and Ratiu [11].

As in Part I, an implicit Lagrangian system, whose Lagrangian may be degenerate, can be defined by using a Dirac
structure on 7*Q that is induced from a constraint distribution Ay C T Q. To carry this out, Part I utilized natural
symplectomorphisms between the spaces TT*Q, T*T Q, and T*T* Q. We also developed the Dirac differential of a
Lagrangian which, amongst other things, incorporated the Legendre transformation into the context of induced Dirac
structures. This procedure is consistent with the idea of a generalized Legendre transformation, which was originally
developed by Tulczyjew [31] (see also, for instance [9]). In the present Part II, we establish some basic links between
variational principles on the one hand and Dirac structures and implicit Lagrangian systems, including the generalized
Legendre transform, on the other.

Another important issue that is relevant for the present paper is Pontryagin’s maximum principle in optimal control
developed by Pontryagin, Boltyanskii, Gamkrelidze and Mishchenko [29]. It goes without saying that Pontryagin’s
maximum principle is the machinery that gives necessary conditions for solutions of optimal control problems; we
remark that a coordinate-free version of the maximum principle was given by Sussmann [30].

1.1. Variational principles

One of the main goals in this Part II is to provide a link between variational structures, induced Dirac
structures, and implicit Lagrangian systems. To do this, we shall develop an extended variational principle called
the Hamilton—Pontryagin principle.

The variational principle of Hamilton for classical holonomic mechanical systems is given by the stationary
condition of the action functional for a Lagrangian L such that

5]
3/ L(g,v)dr =0,
1

which is subject to the second-order condition ¢ = v and with the endpoints of ¢ (¢) fixed. Regarding the second-order
condition ¢ = v as a kinematic constraint, we introduce the momentum variable p as a Lagrange multiplier for this
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constraint, and then we rewrite Hamilton’s principle as

n
8/ {L(g,v)+p-(g—v)}dt =0. (1.1)
n

We will call this form of the basic variational principle of holonomic mechanics the Hamilton—Pontryagin principle
because of its close relation with the classical Pontryagin principle.! This principle is also closely related to what
in elasticity theory is called the Hu—Washizu principle (see, for instance, [23,37]), that is so important in the
discontinuous Galerkin method. In the form (1.1), this principle seems to be due to Livens [21], and it also appears in
Pars [28], Section 26.2.

The Hamilton—Pontryagin principle in Eq. (1.1) may also be stated in the following equivalent form, by introducing
an extended, or generalized, energy E(q, v, p) = p - v — L(g, v), so that

15}
5/ {p-¢4—E(q,v, p)ldt=0.
n

Note that the Hamilton—Pontryagin variational principle gives us the second-order condition, the Legendre
transformation, and the Euler—Lagrange equations:

oL oL
oo’ p_aq'

While this is a special case of the system that we wish to develop, it does provide a point of view for generalizing
this procedure to the case of implicit Lagrangian systems. Note that this Eq. (1.2) includes the case of degenerate
Lagrangians, and that these equations may be implicit in the sense that the Euler-Lagrange equations could be
“hidden”. Of course the degenerate case of this problem and its transformation to the Hamiltonian side were the subject
of the important work of Dirac [15]. For these reasons, we refer to equations Eq. (1.2) as the implicit Euler—Lagrange
equations.

Consistent with the above discussion of the Hamilton—Pontryagin principle, for the general case in which a
constraint distribution Ag C T Q is given, we will show how to formulate an implicit Lagrangian system (L, Ap, X)
in terms of an extended Lagrange—d’Alembert principle that will be called the Lagrange—d’ Alembert—Pontryagin
principle.

Furthermore, we shall develop a constrained Dirac structure on the constraint momentum space P = FL(Ap) C
T*Q, as well as the implicit constrained Lagrangian system associated with a constrained Lagrangian L. = L|Ag in
the variational context.

g=v, p (1.2)

1.2. Outline of the paper

Part II of the paper is constructed as follows. In Section 2, we give a brief review of the generalized Legendre
transformation, which makes use of iterated tangent and cotangent bundles. In Section 3, the Hamilton—Pontryagin
principle and the associated implicit Euler—Lagrange equations are developed in detail along with the geometry of
iterated tangent and cotangent spaces. Extending this analysis to the case of nonholonomic constrained systems,
it is shown that more general implicit Lagrangian systems can be intrinsically formulated in terms of the
Lagrange—d’ Alembert—Pontryagin principle. Furthermore, we also elucidate implicit Hamiltonian systems in the
variational context for the case of regular Lagrangians. In Section 4, we demonstrate that nonholonomic systems
with external force fields can be incorporated into the framework of implicit Lagrangian systems by employing the
Lagrange—d’ Alembert—Pontryagin principle with external forces. In Section 5, we develop the constrained Dirac
structure Dp that is induced on the constraint momentum space P by utilizing an Ehresmann connection; and we
construct an implicit constrained Lagrangian system (L., Ag, Xp) associated with the constrained Lagrangian L,
and the constrained vector field X p on P in the variational context. In Section 6, the two examples, namely a vertical
rolling disk on a plane and an L—C circuit, are illustrated in the context of implicit constrained Lagrangian systems.
In Section 7, concluding remarks and future directions are given.

! We thank Matt West, Tom Hughes, and David Gao for helpful comments on this principle.
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1.3. Summary of the main results

e The Hamilton—Pontryagin principle for holonomic but possibly degenerate Lagrangians, and its relation to implicit
Lagrangian systems and Dirac structures on the cotangent bundle are developed.

e Using the geometry of iterated tangent and cotangent bundles and the Pontryagin bundle, we develop the intrinsic
form of implicit Lagrangian systems in the variational context. Intrinsic implicit Hamiltonian systems are also
developed.

e Nonholonomic systems with external force fields that appear in controlled mechanical systems such as robots are
developed in the context of implicit Lagrangian systems and we show that the equations of motion of such systems
can be formulated in terms of the Lagrange—d’ Alembert—Pontryagin principle.

e We construct a constrained Dirac structure on the constraint momentum space and show how an implicit
constrained Lagrangian system can be formulated using an Ehresmann connection in the variational context.

e Two examples are presented. A vertical rolling disk illustrates implicit nonholonomic constrained Lagrangian
systems. An L—C circuit is presented as a typical example of a constrained system with a degenerate Lagrangian.

2. The generalized Legendre transform

As illustrated in Part I, the spaces TT*Q, T*TQ, T*T*Q are interrelated with each other by two
symplectomorphisms kg : TT*Q — T*TQ and 2° : TT*Q — T*T*Q, which play essential roles in the
construction of the generalized Legendre transformation originally developed by Tulczyjew [31]. The link between
tangent Dirac structures and the spaces TT*Q and T*T Q was investigated by Courant [14]. In this section, we shall
review the generalized Legendre transformation before going into the variational framework of implicit Lagrangian
systems. As to the details and required mathematical ingredients for the generalized Legendre transform, refer, for
instance, to Cendra, Holm, Hoyle and Marsden [9], Weinstein [38,39], Abraham and Marsden [1], and Tulczyjew and
Urbanski [32].

2.1. Symplectic structure on TT*Q

Let Q be a manifold, 7 Q the tangent bundle and 7*Q the cotangent bundle of Q. Let ¢, (¢, 8q) and (g, p) be
local coordinates for Q, T Q and T*Q respectively. Let (g, 8q, 8p, p), (4, p, 84, 8p) and (g, p, —8p, 8gq) be local
coordinates for T*TQ, TT*Q and T*T*Q respectively. Let 7g : T*Q — Q; (q,p) — g be the cotangent
projection and Tng : TT*Q — TQ; (q,p,8q,8p) — (q,8q), be the tangent map of mp. Furthermore,
nrg : T*TQ — TQ; (q,8q,8p, p) — (q,8q) and t7+g : TT*Q — T*Q; (g, p,8q,8p) — (q, p). In Part
I, we showed that there is a natural diffeomorphism

ko :TT*Q — T*TQ; (g, p,8q,8p) = (q.8q,5p, p)
that is determined by how it intertwines the two sets of maps:

nrgokg =Tmg and ! oKQ = TT*Q.
In the above, we recall that the projection 7! : T*T Q — T*Q; (g, 8q,8p, p) — (q, p) is defined, for oy, € Tv’;TQ
and u, € T, Q, such that <rrl (ozvq), uq> = (avq, ver(ug, vq)), where ver(u,, vy) is the vertical lift of u, along v,.

On the other hand, the map 2° : TT*Q — T*T*Q; (q,p.8q,8p) — (q,p,—38p,8q) is the natural
diffeomorphism associated with the canonical symplectic structure {2 on T*Q. Recall that the manifold T7*(Q is
the symplectic manifold with a particular symplectic form {277+ that can be defined by the two distinct but intrinsic
one-forms:

L= (kp)*Or+ro = 8pdg + pdéq,
X = (2 Opsrrg = —8pdg + 8q dp,

where Ors7¢ is the canonical one-form on 7*T Q and Or«r+¢ is the canonical one-form on T*T*(Q. Recall also
that the symplectic form {277+ is defined by
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Let us see how the Lagrangian and Hamiltonian may be interrelated with each other throughout the symplectic
structure {277+ 0.

2.2. Lagrangian constraints

Let L be a Lagrangian on Ap C T Q. The symplectic manifold (TT*Q, f2r7+g9 = —dX) is defined by the
quadruple (TT*Q, T Q, Tmg, A) and the set

N={xeTT*Q|Trg(x) € Ag, i(w) = (dL(T7o(x)), T, Tmp(w))
for all w € T, (T T* Q) such that T \Trg(w) € TTnQ(x)AQ} 2.1)
is a Lagrangian submanifold of (TT*Q, {277+g = —dA) with %dim T T*Q, where the submanifold
Ag=Trng(N) CTQ

is the constraint distribution on Q called a Lagrangian constraint. Hence, the Lagrangian L is a generating function
of N, since N C TT*Q is the graph of (KQ)_l(dL).

2.3. Hamiltonian constraints

Let H be a Hamiltonian on P C T*Q and the symplectic manifold (TT*Q, f2r7+g9 = dx) be defined by the
quadruple (TT*Q, T*Q, tr+¢0, x). The set

N ={xeTT*Q | treo() € P, x(w) = ([AH (t7+9(x)), Txr+0(w))
for all w € T (TT* Q) such that Ty tr+ o (w) € Ttpep(x) P} (2.2)
is a Lagrangian submanifold of (TT*Q, {277+¢ = dx) with %dim TT*Q, where the submanifold
P = ‘L'T*Q(N) C T*Q

is the constraint momentum space called a Hamiltonian constraint. Similarly, the Hamiltonian H is a generating
function of N, because N C TT*Q is the graph of (2~ 1dH).

2.4. Symplectomorphism and the momentum function

Consider the identity map, which we can regard as a symplectomorphism ¢ : (P} = TT*Q, {2p, = —dX) —
(P, =TT*Q, 2p, = dy), and it follows
(p* QPZ = 'QP] s

since P; = P,, and, as we have seen in Part I, {2p, = (2p,. The graph of the symplectomorphism ¢ is a submanifold
of P; x P,, which is denoted by

I'(p) C P x P,.
Leti, : I'(9) — P x P> be the inclusion and let 77; : Py x P, — P; be the canonical projection. Define
w = n{ 2p — ) 2p,
= 7{(—dr) — widy.
Since ¢ is symplectic, it follows that
ito = (1|7 (@) (2p, — ¢ 2p))

= (m|I'(p)*(—dr — ¢*dx)
=0.
In the above, 71 o iy, is the projection restricted to I'(¢) and 72 0 iy, = ¢ o 711 on I'(¢). So, we can write w = —df

where 0 = A @ x = n{A + 73 x. Clearly, I'(¢) is a maximally isotropic submanifold with half of the dimension of
Py x P,=TT*Q x TT*Q.
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Letting ¥ : TT*Q — TT*Q x TT*Q be the diagonal map, we have the one-form ¥*6 on TT*Q, which is
represented, by using local coordinates (¢, 8q), (¢, p) and (¢, p,8q, 8p) for TQ, T*Q and TT*Q, as
U =0 A D x)=Ar+ 0%y
= (bpdg + pdéq) + (—8pdq + 8q dp)
= pdég +8qdp
=d(p-dq)
= d(G o pr7*0Q)"

where we recall from Part I that the map prr+g : TT*Q — T Q @ T*Q is given in coordinates by (q, p, 8¢, 6p) —
(¢, 8q, p). We shall also need the function G defined on the Pontryagin bundle TQ @ T*Q that simply pairs an
element of T, Q with that of Tq* Q; it is given in local coordinates by

G(q,dq,p)=p-dq,

which we shall call the momentum function.
2.5. The generalized Legendre transform

There are two different ways of realizing the submanifold N in 77*Q, as shown in Eqgs. (2.1) and (2.2), as graphs
of one-forms on T Q and T*Q and the passage between them implies the Legendre transformation. This procedure
is called the generalized Legendre transform, which enables us to treat the case in which a given Lagrangian is
degenerate.
The generalized Legendre transformation is the procedure to obtain the submanifold /C of the Pontryagin bundle
T Q®T* Q from a submanifold N of TT*Q associated with (TT*Q, T Q, Trg, A) and with a Lagrangian L (possibly
degenerate) on Ap C T Q as in Eq. (2.1). This can be understood by the passage of the identity symplectomorphism
@: (TT*Q, rr+g = —dr) — (TT*Q, Qr7+o = d)).

Let Tmg X 17+ : TT*Q x TT*Q — T Q x T*Q and define the map
(Trg X tr+g) 0o W : TT*Q — TQ x T*Q.

We can define a submanifold XC by the image of N obtained by the map (T'wg x t7+0) o ¥ such that
K=Tng xtr:9)0o ¥(N) CTQ x T*Q,

which is to be the graph of the Legendre transform FL : TQ — T*Q with respect to a constraint distribution
Ag = Tng(N) C T Q. Define the generalized energy E on T Q @ T*Q, using local coordinates (¢, v), (g, p) and
(q,v,p)forTQ, T*Qand TQ ®T*Q andpry : TOQ S T*Q — TQ, by

E(CI’ v, P) = G(Q» v, P) - L(prTQ(‘I» v, p))

=p-v—L(g,v).

In fact, the submanifold C may be given by

K={(q.,v,p) eTQ®T"Q | (q,v) €Ap C TQ is a stationary point of E(q, v, p) for each (¢, p) € T* 0},
which is eventually represented by

oL

’C={(Cl,v,P)6TQGBT*Q|(q,v)eAQ, p:a},

3. The variational framework

In this section, we illustrate the variational framework of implicit Lagrangian systems. First, we show that implicit
Euler—Lagrange equations can be formulated by using an extended variational principle of Hamilton called the
Hamilton—Pontryagin principle, which we develop by inspiration from Pontryagin’s maximum principle (see [29]).
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This variational principle naturally includes the generalized Legendre transformation. Second, we investigate an
implicit Lagrangian system (L, Ap, X) by developing an extended Lagrange—d’Alembert principle called the
Lagrange—d’Alembert—Pontryagin principle together with its intrinsic expression. Then, we show the variational link
between an implicit Lagrangian system and the induced Dirac structure on 7*Q. Third, in the case where a given
Lagrangian L is hyperregular, a Hamiltonian H is well defined by the usual Legendre transformation. Then, we also
show how an implicit Hamiltonian system (H, Ag, X) that is defined by an induced Dirac structure on 7*Q can
be naturally associated with an extension of Hamilton’s phase space principle that we call the Hamilton—d’Alembert
principle in phase space.

3.1. Variational principle of Hamilton

Before going into an extended variational principle of Hamilton, we shall review the variational principle of
Hamilton.
Let L be a Lagrangian on 7 Q and ¢ (¢), t; <t < t», be a curve in the manifold Q. Define the path space from ¢
to > by
Ci, g, [, D) ={g:[t1,0]l = O lqt) =q1, q(t2) = g2}
and the map called the action functional G : C(qy, g2, [f1, 12]) = R by

15}

&) = / LG, 40)) dr.
n

The variation of the action functional G(q(¢)) at ¢ (¢) in direction of §¢(¢) is

15}
dS(q()) - 8q(1) = 5/ L(q(1),q (1)) dt

n

[ (sge i)
= —3dq+ —4q
n \0q aq

__/&<3L d8L> oo L
=), \og “arag) 1T 9

In the above, ¢ denotes dg/dt and we employ §q = d(8¢q)/dt. When ¢ (¢) is a critical point of the action functional
G, thatis, d&(q(t)) - 8q(t) = 0 for all 8q(t) € T,;)C(q1, q2, [11, 12]), the curve g (¢) satisfies, keeping the endpoints
fixed, the Euler—Lagrange equations

doL dL
drdg  dq’

15}

n

3.2. The Hamilton—Pontryagin principle

We shall illustrate that implicit Euler-Lagrange equations can be formulated using an extended variational principle
of Hamilton, which we call the Hamilton—Pontryagin principle, that incorporates the second-order condition v = ¢
into the action functional for a Lagrangian as a kinematical constraint. This variational principle naturally includes
the generalized Legendre transform.

Proposition 3.1. Let ¢, (q, v) and (q, p) be local coordinates respectively for Q, T Q and T*Q. Let (¢, v, p) be
local coordinates for the Pontryagin bundle TQ @ T*Q. Let L : TQ — R be a Lagrangian (possibly degenerate).
Consider the action functional defined by

%) n
/ (L(q (), v(t) + p(t) G(©) — v(0))} df = / (p(0) - 4(1) — E(q (), v(t), p()} dr.
t t

1 1

In the above, as previously illustrated, E is the generalized energy on T Q & T*Q given by

E(q7 v, p) = G(Qa v, p) - L(C]a U)
=p-v—Lg,v),
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where G(q, v, p) = p - v is the momentum function. Keeping the endpoints of q(t) fixed whereas the endpoints of
v(t) and p(t) are allowed to be free, the stationary condition for the action functional implies

aL oL
=v, p=—, =, 3.1
9=V P=g PEg (3.1
which we shall call the implicit Euler—Lagrange equations.
Proof. The variation of the action functional is given by
[5)
8 / {L(q(®), v(@®) + p() (1) —v(1))} dr
1
5]
= 5/ {p@®)-q(1) — E(q(1), v(1), p(t))} dt
1
15}
:/ (6pd + pbq — (g, v, p)}dr
I
Lo , dE IE IE &
= —péq+qGdép — —38q¢g — —38v— —34bp|dt+ pdg (3.2)
H aq v ap

I

R/, OE . JE IE
=/ g——|)ép+|—-p——)0g— —dvidt+ pdq
f ap aq v "

Lo, . oL oL
=/ G—v)op+|-p+—)qg+|—p+—|Svidrt+ pdgq
1 36] 31)

where (8q, 8v, 8p) € T(gv,p)(T Q ® T*Q). Keeping the endpoints of ¢ () fixed, that is, g(t1) = g1 and g(t2) = ¢o,
the stationary condition for the action functional for all (8¢, §v, §p) provides Eq. (3.1). O

1)

15}
,

n

Notice that the Hamilton—Pontryagin principle naturally includes the Legendre transform and also that Eq. (3.1) is
nothing but the local expression of the implicit Lagrangian system (L, Ag, X) for the case in which Agp = T Q, as
shown in Part I.

3.3. The intrinsic form of the implicit Euler—Lagrange equations

We shall develop the intrinsic form of the implicit Euler-Lagrange equations in the context of the
Hamilton—Pontryagin principle.

Let prreg : TT*Q - TQ &@ T*Q. Letpryy : TOQDT*Q — TQ,prysp : TO®T*Q — T*Q and
roer+0 : T(TQ®T*Q) — T Q @ T*Q. Define the path space of curves x(t) = (g (t), v(t), p(t)), t1 <t < tp,in
TQ®T*Q by

Clar g [, 02) = {(g, v, p) : 11, 2] > TQ S T*Q
pro(q(t), v(t), pt) = q1, pro(q(r2), v(r2), p(2)) = g2},
where prp : TQ @ T*Q — Q.

The action functional on G(ql,qz, [t1, 12]) of curves x(t) = (q(t),v(t), p(t)),t1 <t < 1, inTQ ® T*Q is
represented by

1
/2 {L(g@),v(0))+ p(2) - (q(t) —v(2))} dr
n

15}
=/ {p@)-q@) — E(q(), v(@), p(1))} dt
1

5]
= / {G(orreg o Tprys o (x(1), X(1))) — E(trger+o(x(1), X(1)))} dt, (3.3)
1
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where x(7) denotes the time derivative of x(7), Tpry«g : T(TQ & T*Q) — TT*Q is the tangent map of pry=g and
then pr7xg o TprT*Q T(TODT*Q) >TODT*O.
Let us call Eq. (3.3) the Hamilton—Pontryagin integral.

3.4. Tangent bundle of the Pontryagin bundle

Let g : TQ — Q be the tangent projection and g : T*Q — Q be the cotangent projection. The tangent space
of TQ & T*Q ata point (g, v, p), that is, Tg,v,p)(T Q & T*Q), is the subset of 7, T Q & T),, T*Q consisting of
vectors that project to the same point of 7 Q; that is,

Ttg(q,v,q,0) =Tmo(q, p.q, P)s

where the tangent map T'tg : TTQ — T Q is given in coordinates by (g, v, ¢, V) — (g, ¢) and the tangent map
Trmg : TT*Q — TQ is given in coordinates by (g, p, ¢, p) — (g, ¢). Thus, tangent vectors of the Pontryagin
bundle in coordinates have a base point (¢, v, p) and a vector part (g, v, p). That is, the ¢ piece for the two tangent
vectors of T Q and T*Q agree.

There are two different maps from 7(TQ & T*Q) to T Q & T*Q; namely,

700170 : T(TQ®T Q) > TOQDT*Q; (q,v,p.q,0,p)— (q,v, p),

where we recall that the map pr7+g : TT*Q — TQ @ T*Q is given by (¢, p, ¢, p) = (¢, g, p). The map Tprysg
is the tangent of the projection map Prrsg TQ&®T*Q — T*Q andis given by (¢, v, p, 4, v, p) — (¢, p, 4, D)-

Proposition 3.2. Let 2° : TT*Q — T*T*Q be the bundle map associated with the canonical symplectic structure
£20n T*Q and Or+g be the canonical one-formon T* Q. Let x = (2°)* Or+1+ be the induced one-formon TT*Q,
where Or«1xq is the canonical one-form on T*T* Q. Then, the variation of the Hamilton—Pontryagin integral in Eq.
(3.3) is represented by

5]
8 / {L(g(®),v(1)) + p@) - (q(t) — v(1))} dt

n
15}

= 8/ {p@)-q@) — E(q@),v(@), p(t))}dt
1
15}

= 5/ {G(pr1+0 o TpPrr«g(x, X)) — E(troar+0(x, X))} ds
I

15}
= / {Orreg (27 Tprype(x, %)) - TR (Tix iy (Tprys o) (w))
3|

—dE (troer+o(x, %)) - Tix, iy T 010 (W) } dr
15}

+ Or+g (prT*Q o (troe1*0)(x, )'c)) . (T‘L’T*Q oT (TprT*Q) (w))

n
5]

- / (TPrpe ) x (2 §) — (tr0e1+0)*dE(x, )} - w di
4]

15}

+ Or+g (prysg o (troer+0)(x, %)) - (Ttr+g o T (Tprysg) (w)) 34

n

In the above, (x,X) e T(TQ®T*Q), w € T »y T(TQ & T*Q), and
T(Tpry+g) : TT(TQ®T*Q) — T(TT*Q),
where Tx &) (Tpry+o) (W) € Trprpu (v, i) (TT*Q).

Proof. Let us check, by using local coordinates, that Eq. (3.4) is the intrinsic representation of Eq. (3.2). Let
(g, v), (g, p) and (¢, v, p) be local coordinates for TQ, T*Q and TQ & T*Q.
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First, by using the two different maps t7gar+g : T(TQ @ T*Q) — TQ & T*Q and prr+g o Tprysg :
T(TQ®T*Q) —>TQO&T*Q,foreachx = (q,v, p) € TQ & T*Q, one obtains

IOTT*Q o TprT*Q(xw;C) = IOTT*Q o TprT*Q(‘], v, p, q.s i}’ p)
= prr*0 o (q, p.q, p)
=(q.4.P) €TQST"Q,

while

roer (X, X) = 70017 0(q, v, P, 4, V, P)
=(q,v,p)eTQOT*Q,

where (x, X) = (¢, v, p, 4, U, p). Since the momentum function G on T Q @ T*Q is locally given by
G(prr+g o Tprysp(x, X)) = G(q.4, p)
=D q’
it reads, using local coordinates,

%) 15)
8/ G(prr+g © TprT*Q(x,fc))dt = 8] G(q,q, p)dt
n

ll

15)
=6f (p-d) di
n

n
= [ wod+opa a
4]
23 5]
=/ (=péq+3dpq) dt + péq| . 3.5
131

n

Second, let us check the terms concerning the canonical one-forms Ors7+¢ in Eq. (3.4) by using local coordinates.
From the map £2° o Tprpsg : T(TQ ®T*Q) — T*T*Q, we can easily see that

Or+reg (127 Tprpeg(x, %)) = Orere0(q, p. —P. §)
= —pdg +4dp,

where Tpryso(x,X) = (q,p.q, p) and then 2o Tpryso(x,X) = (g, p, —p, q). Furthermore, we can write
w € T, oyT (T Q & T*Q) in coordinates as

w=(q,v, p,q,0, p, 8q,8v,8p,8q,8v,8p),
and it follows that
T, %) (TprT*Q) (w) = Ty, 5) (TprT*Q) (g,v, p,q,v, p, éq,06v,8p,8q,80,8p)
= (¢, .4, P, 8q,38p,38q,38p)
and then
(T2 o Tie 5y (Tpry+)) (w) = TR(q. p. 4. p. 8. 8p. 8. 8p)
= (Qa p7 _pvqa 85]7817, _Sp.5 Sq.)y

where T'(Tprr+o) : TT(TQ ® T*Q) — T(TT*Q) and TR :T(TT*Q) — T(T*T*Q).
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Therefore, noting x = (£2°)* Or=T1* 0, We have
QT*T*Q (.Qb o TprT*Q(x, )Ef)) . (71.(2b o T(X’x)(TprT*Q)('LU)) = (TprT*Q)*X(x, )&) - w
= —pdqg+qdp. (3.6)
As to the term associated with the canonical one-form Or+g in Eq. (3.4), by employing the map pry«( o
(troer+0) : T(TQ & T*Q) — T*Q, we can obtain
prT*Q o (TTQ®T*Q) (x7 )2:) = prT*Q o (TTQGBT*Q)(Q, v, p’ C}, i}v p)
= prT*Q(qv v, p)
= (. p).
and then
Or+ (prrs+g © (troer+0)(x. X)) = Or: (9. p)
= pdg.
Recall that 17+ : TT*Q — T*Q and Ttr+g : T(TT*Q) — TT*Q, and it follows that

Or+g (prr+g o (troer+)(x, %)) - (Ttr+g o T (Tpry«p) (w)) = pdq, 3.7
where the map Ttr«g o T (TprT*Q) TT(TQ & T*Q) — TT*Q is locally indicated by

Ttr+goT (TprT*Q) (w) =TtrsgoT (TprT*Q) (g,v,p,q,0, p, 8q,8v,8p, 8q, v,8p)
Ttr+0(q, p.q, P, 8q,8p,8q,8p)
(g, p.3q,8p).

From Egs. (3.5)—(3.7), we can easily check that the following relation holds:
5]
5/ G (prT*0 oTprT*Q(x,)'c))dt
n

15}
= / QT*T*Q (Qb . TpI'T*Q()C, X)) . (T\Qb o T(x’x)(TpI'T*Q)(U))) dr
141

15}

+ @T*Q (prT*Q o (TroeT*0) (X, x)) . (TTT*Q oT (TprT*Q) (w))

n
n

=/ (Tpry«g)* x (x, %) - wdt
n

15}

+ Or+g (prr+g © (trger+)(x. X)) - (Ttr+g o T (Tprys ) (w)) (3.9)

4]
Third, let us check the terms relating to E on TQ & T*Q in Eq. (3.4). Since the local representation of E is given
by
E (troer+(x. X)) = E(q.v. p)
=p-v—L(g,v),
one can directly compute the differential of £ in local coordinates such that

dE (‘CTQ@T*Q(X’).C)) =dE(q, v, p)

BEd N 8Ed n 8Ed
— — v —
aq 4 v ap p

I
I
o
_
+
A/
<
I
SIS
S~
o
1S
+
S
o
S
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Recall that the map T'trpgr+0 : TT(TQ @ T*Q) — T(T Q & T* Q) is locally represented by

T, troer<o(W) = T 5y Troer*0(q, v, P, 4, V, P, 8q,8v,8p, 84, 6V, 8p)
= (q,v, p,dq, v, ép),

and hence it follows that

dE(trger*0 (X, X)) - Tx ) Troe1*0 (W) = (troe1+0) dE (X, X) - w

L oL
=——38q+ (p— —) v+ vép. 3.9
q av
Thus, by Egs. (3.8) and (3.9), it reads that Eq. (3.4) is the intrinsic representation of Eq. (3.2). O

Proposition 3.3. A curve x(t) = (¢q(),v(@), p@t)), t1 <t < B, in TQ & T*Q joining pro(x() = qi and
pro(x(2)) = g2 satisfies

(Tprrs)* x (x(1), X(1)) = (trger+0) dE(x(1), X(1)), (3.10)
if and only if x(t) is a stationary point of the Hamilton—Pontryagin integral in Eq. (3.3).

Proof. The stationary condition of the Hamilton—Pontryagin integral is given by
1
5 [ (L@@ @)+ p0)- G0 - ) a
4]
15}
= 5/ {p(@®)-q(1) — E(q(®), v(1), p(2))} dt
n
5]
= 5/ {G(pr1+0 0 TpPrre(x, X)) — E(Troer+0(x, X))} df
1

15}
= / {(Tprye)*x (x. %) — (trger+) dE(x, X)} - w dt
n

15)
+ QT*Q (pl’T*Q o (TTQGBT*Q)(-X! X)) . (T‘L’T*Q oT (TpI’T*Q) (w))

3|

=0,
which satisfies for all w € T, )T (T Q @ T* Q). Since the endpoints of g () are fixed, one has
Or+0 (prr+g o (troer- ). 1) - (Ttreg o T (Tprreg) w)) [ = pdql;
=0.

Thus, we obtain Eq. (3.10). O

Needless to say, Eq. (3.10) is the intrinsic expression of Eq. (3.1), and so we shall call Eq. (3.10) the intrinsic
implicit Euler—Lagrange equations, which are the implicit Lagrangian system (L, Ag, X) for the case in which
Ag=TQ.

3.5. The Lagrange—d’Alembert—Pontryagin principle

Next, we shall investigate an implicit Lagrangian system for the case in which a regular constraint
distribution is given. To do this, we introduce an extended Lagrange—d’Alembert principle called the
Lagrange—d’ Alembert—Pontryagin principle.

Let L be a Lagrangian on 7Q and Ap C T Q be a constraint distribution on Q. Define a generalized energy
E(q,v, p) = p-v—L(g,v)on T Q®T*Q. Keeping the endpoints of ¢ (¢) fixed, the Lagrange—d’Alembert—Pontryagin
principle is expressed by
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t n
$ / {L(g(®),v(®)) + p@) - (¢(t) —v())} dt = 8/ {p@)-q@) — E(q@),v@), p())} dt
5] n

15
LY ()i o
5] q v
=0, (3.11)

where we choose a variation (8¢ (¢), Sv(t), $p(t)) of the curve (g(¢), v(t), p(t)),t1 <t <t,in TQ & T*Q such that
8q(t) € Ag(q (1)) and with the constraint v(t) € Ap(q(¢)). Hence, the Lagrange—d’ Alembert—Pontryagin principle
is represented by

2(/3L oL
/ {(——p>8q+<——p>8v+(é—v)8p} dt =0,
H dq v

which is equivalent to the equation
oL . oL .
——plég+|——-p)Sv+(@G—v)ép=0 (3.12)
aq av
for all variations 8¢ (¢) € Ag(q(t)), for arbitrary ép(¢) and Sv(¢), and with the constraint v(r) € Ap(g(?)).
Proposition 3.4. Let a distribution Ag be locally denoted by A(q) C R" at each ¢ € U C R

The Lagrange—d’Alembert—Pontryagin principle for a curve (q(t), v(t), p(t)) provides equations of motion, in
coordinates, such that

. . oL aL
qg=v, p—geA(q), P=o v e Ag). (3.13)

Proof. From Eq. (3.12), we obtain the second-order condition ¢ = v, the Legendre transform p = 9dL/dv, the
equations of motion p — dL/dq € A° and with the constraint v € A(g). Thus, we obtain Eq. (3.13). O

Notice that, as shown in Part I, Eq. (3.13) is the local expression of an implicit Lagrangian system.
3.6. Constraint distributions

We shall define constraint distributions for the intrinsic expression of the Lagrange—d’ Alembert—Pontryagin
principle.

Consider a regular constraint distribution Ap on Q. Let pro: T O®T*Q — Qand Tpry : T(T o®eT*Q) - TO.
Let 1701+ : T(TQO®T*Q) > TQ®T*Qand Tt70e7+0 : TT(TQ®T*Q) > T(TQ D T*Q).

Define the submanifold L € TQ @& T*Q by

oL

IC:{(q,v,p)eTQ@T*QKq,v)EAQ, pzﬁ}, (3.14)

and also define the distribution Bon TQ & T*Q by
B=(Tpry) "(Ag) CT(TQ®T*Q).

Let C be the restriction of B to K; that is,
C=BNTKCTTQ&T*Q).

In the above, we assume that C is a regular distribution on K. Furthermore, note that Tpry o Ttrger+0
TT(TQ & T*Q) — T Q and define the distribution 7 on T(T Q & T*Q) by

F = (Tpry o Ttrgar+o)  (Ag) C TT(TQ & T*Q).
Let G be defined by the restriction of F to C as
G=FNTCCTT(TO®T"Q), (3.15)

where we assume § is a regular distribution on C.
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3.7. The intrinsic Lagrange—d’Alembert—Pontryagin equations

We can intrinsically represent the Lagrange—d’ Alembert—Pontryagin principle for a curve x (¢) = (g (¢), v(¢), p(¢)),
1 <t <t,inTQ & T*Q, with the endpoints of ¢(¢) fixed, by

%) 15}
3/ {L(g@),v(®)) + p(®) - (¢(1) —v(2)} dt = 5/ {p@)-q@) — E(q(1), v(t), p(t))} dt
n 141
15}
= 5/ {G(pr1+0 0 TpPr1e (%, X)) — E(Tr0ayr+0(x, X))} df
131

n
= / {(Tpry«p)* x (x, ¥) — (troer+0)*dE(x, X)} - wdt
n
=0, (3.16)
which holds for all w = (g, v, p, ¢, ¥, p, q,8v,8p, 8¢, 6v,6p) € G(x,x) C Ty T(TQ & T*Q).

Proposition 3.5. The Lagrange—d’Alembert—Pontryagin principle is equivalent to the equation
(Tprys)* x (x(2), X(1)) - w(t) = (rre1+0) "dE(x (1), X(1)) - w(?) (3.17)
forall w € G(x(t), x(1)).

Proof. Note that Eq. (3.16) is the intrinsic expression of Eq. (3.11). From Eq. (3.16), it is obvious that we obtain Eq.
(3.17), which is the intrinsic expression of Eq. (3.13). O

Notice that we have derived Eq. (3.17) from the variational viewpoint, and that the result is consistent with the
geometry of the generalized Legendre transform that we studied in Section 2.

3.8. The intrinsic form of implicit Lagrangian systems

Let X be a vector field on 7*Q, defined at points of P = FL(Agp), and let X be a choice of vector field on
TQ @ T*Q, defined at points (vy, p,) of K (defined by Eq. (3.14)) in the following way. Let X (p,) be tangent to a
curve pyn (1) € Tq*([) Q. Then consider a curve in T Q @ T*Q having the form v, (¢) in the first component, where
vg(0)(0) = vg but the curve is otherwise arbitrary, and the given curve py() (1) € T ;) Q in the second component.
The tangent to this curve defines the value of X (vg, pg)- Of course this vector field is not unique. However, the vector
field X has the property that, for eachx = (¢, v, p) in K CTQ & T*Q,

Tprreo(X(x)) = X (prye (1)), (3.18)
where Prysg TQ®T*Q — T*Q. If the curve x(t) = (q(t), v(t), p(¢)) is an integral curve of % then, it follows
that
dx(2)

dr
(g (1), v(1), p(1), q(1), 0(1), p(1)).

Proposition 3.6. Ler x(t), t; < t < ftp, be an integral curve of the vector field X on TQ @ T*Q that
is naturally induced from a vector field X on T*Q as in Eq. (3.18). If x(t) is a solution curve of the
Lagrange—d’Alembert—Pontryagin principle, then it satisfies

(Tpry« ) x (X (x(1))) - w(t) = (77 ger+0) dE(X (x(1))) - w(?) (3.19)

for a given variation w(t) € g()?(x (1)), where G is the regular distribution defined by Eq. (3.15).

X(x() =

Proof. Since x(t) is the integ{a}l curve of the induced vector field X , we have x(¢) = X (x(t)). Thus, we obtain Eq.
(3.19) by substituting x () = X (x(¢)) into Eq. (3.17). O

We shall call Eq. (3.19) the intrinsic implicit Lagrangian system.
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3.9. Variational link with Dirac structures

Next, we shall see the variational link of an implicit Lagrangian systems (L, Ap, X) with the induced Dirac
structure DA, on T*Q.
Recall from Part I that D 5 0 is defined, for each z € T*Q, by

DAQ(Z) = {(u;, ;) € T,T*Q x TZ*T*Q | u; € Ar+g(z), and
a(w;) = QAQ(uZ, w,) forall w, € Ar«g(2)}, (3.20)

where Ar+p = (TnQ)’l (Ap) and QAQ is the restriction of the canonical symplectic form {2 on T7*Q to Ar+g.
As to the variational link of implicit Lagrangian systems, we have the following proposition.

Proposition 3.7. If a curve x(t) = (q(t), v(t), p(t)) is an integral curve of the induced vector field X that is
associated with Eq. (3.19), then the curve x(t) = (q(t), v(t), p(t)) is a solution curve of an implicit Lagrangian
system (L, Ag, X), which satisfies, for each v(t) € Ag(q(1)),

(X(q@), p()), DL(q(t), v(1))) € Da,(q(t), p(1)),
where (q(t), p(t)) = FL(q(t), v(t)) is an integral curve of X.

Proof. It is logically obvious that the above proposition holds; however, we shall prove this by direct computations.
Let us rewrite the left-hand side of Eq. (3.19). Recall that the one-form x on TT*Q is defined by x =
(2°)* Or+7+0, and we have

(TPYT*Q)*X(X(X)) W = X(TPTT*Q(X(X))) : T;?(X)TPYT*Q(U))
= O+ (2 0 Tprrag(X (1) - 72" (T (Tprrs ) ) (3.21)
Recall also that the canonical one-form on 7*7T*Q is defined by
Orsreg(@) - V = (o, Trreg(V)),

where o € T*T*Q, V e T (T*T*Q), nr=g : T*T*Q — T*Q is the canonical projection and Tmr+g :
TT*T*Q — TT*Q. Using local coordinates x = (g, v, p), Eq. (3.21) further reads that

Ore1+0 (2" 0 Tpry o (X (x))) - (mb ° T;((x)(TprT*Q)(w))
=00 TprT*Q()?(x)) -Trr«g (TLQb o T;((x) (TprT*Q) (u)))
= —pbq+4qp, (3.22)

where, using local coordinates, f(x) = (¢,v, p,q, 0, p) and hence o TprT*Q()N((x)) = Qb(q, pP.q4,p) =
(g, p, — P, ¢), and further, noting that w = (¢, v, p, 4, v, p, 8q, 8v, 8p, 8q, 80V, 8 p),

TT[T*Q (T‘Qb © Ti(x) (TprT*Q) (w)) = TT[T*Q((], P, _15’ qv Sq’ 517’ _5P, 8‘])
= (g, p, 8q, 8p).
On the other hand, the right-hand side of Eq. (3.19) is locally expressed by

(troero) dE(X(x)) - w = dE (tropr+0(X(x))) - T () Troer+o (W)

8Ed + 8Ed + aEd ) 0 +6 9 +4 9
= —_— —dv —_— . J— vV— JR—
daq 1 av ap P qaq v pap

oL aL
=|l—-——)8q+|p——)Sv+vdp
aq dv

oL
= <——> dq +vdp.
dq
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In the above, note that p = 9L /dv on K and also that rTQ@T*Q(i(x)) = x and
T3 Troer+o(w) = (¢, v, p, 8¢, 8v, 8p) € C(x).

Using the projection prr« : TQ & T*Q — T*Q and its differential map Tpry«o : T(TQ® T*Q) — T(T*Q),
it follows that

(bt ) (7roar- @) dE(X (1) - w = (prr )" dE () - (T Troer0 () )
= dE (pry+o(x)) - Tprysg (T;N((X)TTQEBT*Q(W))

= —dq+—dp
q p

(3.23)

I
A~
|

)
g
~

<
<
+
<
>
=

while the Dirac differential of a Lagrangian, thatis, OL : TT*Q — T*T*Q, is defined by using the diffeomorphism
yo = 2"0(kg)~' : T*TQ — T*T*Q, as shown in Part I, such that

DL = ygodL
_ oL 0L
—\? %y dg’ v
Recall that pry : TQ @ T*Q — T Q is given in coordinates by prr (¢, v, p) = (¢, v), and we obtain
dE (prr+(x)) = DL (pryo(x))
oL
=|——)dg +vdp, (3.24)
dq
where p = dL/dv. From Egs. (3.19) and (3.21)-(3.24), we have
° (TprT*Q()N((x))) -Trr+g (TQb o T% ) (TprT*Q) (w))
=dE (pry+p(x)) - Tpry«p (T;((x)rTQ@T*Q(w))

= DL (pr () - Tpryeg (TX(X)ITQ@T*Q(U))) . (3.25)
Notice that there exists the identity
Trreg (TR o T (Tpryeg)) = Tpryseg o TTroar+o.
and we set

(SZ = T7TT*Q (T.Qb [¢] Ti(x) (TprT*Q) (w))

= Tpryeg (T)?<x>fTQeaT*Q(w))
= (g, p, 8q, 8p), (3.26)

where z = pry«(x) and hence z = (¢, p).
From Egs. (3.25) and (3.26), it follows that Eq. (3.19) can be restated as

2 (X (2(1))) - 82(t) = DL(q (1), v(1)) - 82(¢)

for all 8z(¢) = (8q(1), 5p(t)) € Ar«g(z(t)), where z(t) = FL(g(¢), v(t)) is an integral curve of a vector field X on
T*Q and Ar+g = (TJTQ)_l(AQ) C TT*Q. In other words, a curve (¢(1), v(t)) € Ag(g(t)) satisfies

27, (X(2(1)), 8z(1)) =DL(q (1), v(1)) - 8z(2), (3.27)
forall 8z(¢) € Ar+g(z(t)), where z(t) = FL(g(t), v(¢)) is the integral curve of X, defined at points in P = FL(Ap).
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As shown in Eq. (3.20), the set of A7« and the skew-symmetric bilinear form {24 0 defines an induced Dirac
structure D A, on T* Q. Then, needless to say, Eq. (3.27) represents the condition of an implicit Lagrangian system
(L, Ap, X) associated with the induced Dirac structure D A o On T*Q; that is,

(X,DL) € Dy,
together with the Legendre transform P = FL(Agp). O

Remarks. From Eq. (3.24), the following relation is satisfied for each (¢, v) € Ag:

(X(q, p),dE(q, v, p)lrT*0) € DAY(q, P),
where (¢, p) = FL(g, v) and the restriction dE (g, v, p)|r7+¢ is understood in the sense that 77*Q is naturally
included in T(T Q & T* Q). Hence, the condition for an implicit Lagrangian system (L, Ag, X), namely, (X, DL) €
DA o> can be restated as

(X.dE|r7+0) € Da,
together with the Legendre transform P = FL(Ap).

We can summarize the results so far obtained in the following theorem.

Theorem 3.8. Let L be a Lagrangian on T Q (possibly degenerate) and Ag be a constraint distribution on Q. Let X
be a vector field on T* Q, defined at points of P = FL(Ag), such that (L, Ag, X) is an implicit Lagrangian system.
Denote by x(t) = (q(), v(t), p(t)), 1 <t <t),acurvein T Q ® T*Q. The following statements are equivalent:

(a) x () is a solution curve of the implicit Lagrangian system (L, Ao, X);
(b) x(1) satisfies the Lagrange—d’Alembert—Pontryagin principle in Eq. (3.16);
(¢) x(t) is the integral curve of a choice of vector field X on T Q & T*Q that is naturally induced from X.

3.10. Hamilton’s phase space principle

If a given Lagrangian is hyperregular, then, a hyperregular Hamiltonian is well defined on the cotangent bundle
via the Legendre transform. Hence, we can also develop an implicit Hamiltonian system for the regular case in terms
of the induced Dirac structure on the cotangent bundle. Before going into the construction of implicit Hamiltonian
systems, we first show how intrinsic Hamilton’s equations can be developed in the context of Hamilton’s phase space
principle.

Let L be a hyperregular Lagrangian on T Q. Define the energy E on 7 Q, by employing local coordinates (g, v)
for T Q, such that

oL
E(g,v) = % -v— L(g, v).

Since the Legendre transform FL : T Q — T*(Q is diffeomorphism, a hyperregular Hamiltonian H can be defined on
T*Q such that

H=Eo[FL)~.
Then, define the path space of curves z(t) = (q(¢), p(t)), t; <t <t,inT*Q as
S(q1, q2, [, ) ={z=(q,p) : [t1. ] = T*0 | mo(z(t)) = q1, 1o (z(t2)) = q2},
where mp @ T*Q — @ and also define the action functional on the path space S(gi, ¢2, [t1, 12]) of curves

z(t) = (q(), p(t)), 1 <t < 1p, by

15}
/ (p(1) - 4(t) — H(g(t), p())} dr. (3.28)

n

which is called the Poincaré—Cartan integral.
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Proposition 3.9. Keeping the endpoints q(t1) and q(t2) of q(t) fixed whereas p(t1) and p(t2) of p(t) are allowed to
be free, the stationary condition for the Poincaré—Cartan integral in Eq. (3.28) gives Hamilton’s equations

. 9H . H

= —, = 3.29
1= 5, P 0 (3.29)
Proof. The variation of the Poincaré—Cartan integral is locally represented by
7] ) n . . O0H oH
8/ {p(®)-q(1) —H(g(), p(1)} dr = / épq+pdq— ——38q — ——6bp | dt
11 n 8('1 8[7
(/. 9H . OH &
=/ g———)ép+\—p———)8q¢ dt +piq (3.30)
f ap dq

n

Keeping the endpoints ¢ (#1) and g(t2) of ¢(¢) fixed, the stationary condition for the Poincaré—Cartan integral gives
Hamilton’s equations in Eq. (3.29). O

3.11. The intrinsic form of Hamilton’s equations

Let us demonstrate the intrinsic expression for Hamilton’s phase space principle in the following.

Proposition 3.10. Let Or«g be the canonical one-form on T*Q and 2" TT*Q — T*T*Q be the bundle
map associated with the canonical symplectic form §2. Let Or«r+g be the canonical one-form on T*T* Q. Let
1r+g : TT*Q — T*Q be the tangent projection and prr+9 : TT*Q — T Q & T*Q be the projection. Denote
by H a hyperregular Hamiltonian on T*Q. Let G(q, v, p) = p - v be the momentum function on T Q ® T*Q, where
(g, v, p) € TQ & T*Q. The variation of the Poincaré—Cartan integral in Eq. (3.28) is represented by

[5)
8/ {p@)-q@) — H(q(), p(r))} dt
1

5]
- af (G(orr+0(z. 2)) — H(tro(z, 20} dr

1
%) n
= / {Ors7+0(2(2)) - TR (w) — dH (t7+0 (2, 2)) - TTre (W)} di + Op+0 (1140 (2, 2)) - T1r+0(w)
1

n

53 15}
= / {X(Z, Z) — (‘L'T*Q)*dH(Z, Z)} - wdt + @T*Q(IT*Q(Zy Z)) . T'L’T*Q(IU) s (331)
1

n

where z = (q, p) € T*Q, z =dz/dt e T;T*Q and w € T(; 5 (TT*Q).

Proof. Let us check that Eq. (3.31) is the intrinsic representation of Eq. (3.30). Recall that the one-form x on TT*Q
is defined by the canonical one-form Or«7+g on T*T*Q such that

X = (2°)* Opsr+g.
Since (z, z) € TT*Q is locally denoted by (g, p, ¢, p), we have
x(z,2) =—pdg+qdp e T, ., (TT* Q).
Then, noting T 2° : T(TT*Q) — T(T*T*Q), the following relation holds:
Orr+0(2(@) - T (W) = x(z,2) - w
= —pdq+qép

forallz e T, T*Q and w = (q, p, ¢, P, 8q,6p,8q,6p) € T, »(TT*Q).
On the other hand, recall that the canonical one-form Or++ is defined such that

Orero(22(2)) - TR (w) = 20(2) - Trr+o(T2° (w)), (3.32)
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where nr+g @ T*T*Q — T*Q is the cotangent projection, Q;(Z) = (q,p,—p,q) € T*T*Q and
Trr«o(T2°(w)) = (g, p. 8q,8p) € TT*Q.
The differential of the Hamiltonian dH : T*Q — T*T*( is locally denoted by

0H O0H
dH =\q,.p, —, — ) -
dg dp

By the projection Ttr+g : T(TT*Q) — TT*Q, we have
Trr«g(w) = Ttr+0(q, P, 4, P,8q,8p,84,8p)
= (q, p,dq,dp).
Hence, it follows that, for all z € 7*Q and forall w € T(; »TT*Q,

dH (t7+9(z,2)) - Ttreg(w) = (tr+0)"dH(z,2) - w

Il
o
+
!
S|

(3.33)

Furthermore, we have the local expression
Org(tr+0(z,2)) - Ttr+0(W) = pdq. (3.34)
From Egs. (3.32) to (3.34), it immediately reads that Eq. (3.31) is the intrinsic representation of Eq. (3.30). O

Remarks. Recall that § = A @ x is the one-form on T7*Q x TT*Q and also that ¥*6 = d(G o prr+) using the
diagonal map ¥ : TT*Q — TT*Q x TT*(Q. Then, the following relation is satisfied, for each z € T*Q,

15}

n
8/ G(prr*0(z, 2))dt =/ dG(pr1+0(2,2) - Tprr*0 (W) dt
n

n

15}
=/ U*0(z,2) - wdt
n
5]
= / {Orsr+0(22(2)) - TR (W) + Op+10(k0(z, 2)) - Tk (w)}dt
1

t d [5)
=/ QT*T*Q(sz(é))'Tgb(w)dt'Faf Or+0(11+0(2,2)) - Ttr* (W) dt
H 3|

5]

n
= / QT*T*Q(QE(Z)) ST Q" (w)dt + Orsg(tr20(z,2)) - Ttre(w)| .
n

n

Using local coordinates z = (¢, p) € T*Q,z = (¢, p) € T, T*Q,and w = (8¢, 8p, 8¢, 8p) € Tx.»(TT*Q), itis
easy to check the above relation:

%) [5)
6/ G(q,c;,mdt:af (p-d)dr
1 n
[5)
=/ (05 +q6p) di
1
15}
=/ (= 5q +q5p) + (55q + pdi))di
1

t d 15}
:/ (=pdg +4qdp) dt+—/ péqdt
n dt n

15}

n
_ / (—p3q +8p) di + pdg
4

n
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Proposition 3.11. Keeping the endpoints wo(z(t1)) = q(t1) and mwg(z(t2)) = q(t2) of the curve mo(z(t)) = q(t)
fixed, the stationary condition for the Poincaré—Cartan integral in Eq. (3.31) provides intrinsic Hamilton’s equations
such that, for each z = (¢, p) € T*Q,

x(z,2) = (t7+0)"dH(z, 2). (3.35)

Proof. The stationary condition of the Poincaré—Cartan integral is given by

5]
8/ {p@)-q@) — H(q(), p(r))} dt
n

5]
_ 5/ (G(prre0(.2) — H(trep(z. )} di
n

15}

15}
= / {X(Z, 7) — (‘ET*Q)*dH(Z, Z)} ~wdt + Or+g(tr+0(2, 2)) - Tt (W)

n 1

for all w € T(; ;) (TT* Q). Keeping the endpoints of ¢(¢) fixed, we can obtain the intrinsic Hamilton equations in Eq.
(3.35). O

3.12. Implicit Hamiltonian systems

Let us illustrate an implicit Hamiltonian system for the case in which a hyperregular Hamiltonian is given on the
cotangent bundle and with a constraint distribution on a configuration manifold.

Definition 3.12. Let H be a hyperregular Hamiltonian on 7% Q and Ap C T Q be a constraint distribution on Q. Let
X be a vector field on 7*Q and {2 be the canonical symplectic form on 7*Q. Let D 5 o be the induced Dirac structure
on T*Q defined by Eq. (3.20).

Then, an implicit Hamiltonian system is the triple (H, A, X) that satisfies, for each point z € T*Q,

(X(2),dH(2)) € Da,y(2),
that is,
(X,dH) € DAQ.

Definition 3.13. A solution curve of an implicit Hamiltonian system (H, Ag, X) is acurve (q(t), p(t)), 11 <t < 12,
in T*Q such that (¢ (), p(t)) is an integral curve of X.

Proposition 3.14. Using local coordinates (q, p) for T*Q, it follows from the condition (X,dH) € Da,, that the
local expression for an implicit Hamiltonian system is given by

. 0H . 0H 5
g=-—¢€A@), p+——¢€l), (3.36)
ap aq

where the distribution Ag is locally denoted by A(q) C R" at eachq € U C R".

Proof. Recall that the local expression for the canonical symplectic form is given by
2((q, p,ur, 1), (q, p, uz, 2)) = (o2, u1) — (@1, u2)

and the condition for an implicit Hamiltonian system (H, Ao, X) is given by, for each (¢, p) € T*Q,
(X(q,p),dH(q, p)) € Da,(q, p).

Using local expressions X (¢, p) = (¢, p) and dH(q, p) = (0H/dq, dH/dp), it follows that

OH OH ) .
<a_’ 8q> + <— b‘p> = {dp,q) — (P, dq)
q ap

for all 3¢ € A(q), for all §p, and with g € A(g). Thus, we obtain Eq. (3.36). O

Notice that Eq. (3.36) is the local expression for an implicit Hamiltonian system.
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3.13. The Hamilton—d’Alembert principle in phase space

We now show how to obtain an implicit Hamiltonian system in the context of a generalization of Hamilton’s phase
space principle that we refer to as the Hamilton—d’Alembert principle in phase space.
The Hamilton—d’Alembert principle in phase space for a curve (¢(t), p(t)), ty <t < to, in T*Q is given by

n
8/ {p@)-q@) — H(q), p(t))} dt =0, (3.37)
n

and with ¢(t) € A(g(?)). The variation of the left-hand side in Eq. (3.37) is locally given, keeping the endpoints of
q(t) fixed, by

[2 t2 oH oH
5 / (p(1) - 4(t) — H(q(t), p()} di = f {(q - —) 5p + (—p - —) aq} ar, (338)
n 3] 8p 84

where we choose a variation 8¢ of curves ¢ (¢) such that §¢ € A(g).
Note that in the case of regular Lagrangians, if one starts with the Lagrange—d’ Alembert—Pontryagin principle, and
optimizes first over v, then one arrives at the Hamilton—d’ Alembert principle in phase space.

Proposition 3.15. The Hamilton—d’Alembert principle in phase space for a curve (q(t), p(t)), t1 <t < t, in T*Q
gives the implicit Hamiltonian systems in Eq. (3.36).

Proof. From Eq. (3.38), the Hamilton—d’ Alembert principle in phase space is equivalent to

. O0H . O0H
g——|)op+|—-p——-—)8¢=0
ap dq

for all g € A(q), for all §p, and with g € A(q). Thus, we obtain Eq. (3.36). O
3.14. Coordinate representation

Suppose that the dimension of A(g) is n — m at each point g. Let A°(q) be the annihilator of A(g) spanned by m
one-forms !, ..., w™, and it follows that Eq. (3.36) can be represented, in coordinates, by employing the Lagrange
multipliers u,, @ = 1, ..., m such that

oH
()= (5 o) o8 |+ (oorio)
pi) \-1 0J|oH pa i (q))”
op;
. _0H
Ozwi(Q)T,

1

where we use the local expression v = wf' dg’.
3.15. Constraint distributions

Let Ag C T Q be a constraint distribution on Q. Define the distribution on 7*Q by
AT*Q = (T]TQ)_I(AQ) cTT*Q,

where mp : T*Q — Q and Tmg : TT*Q — T Q. Let P be defined by the image of Ay under the Legendre
transformation FL : TQ — T*Q, thatis, P = FL(Ag) C T*(Q, and let Ap be the restriction of Ar«g to P such
that

Ap = AT*Q NTP C TT*Q,
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where we assume that A p is a regular distribution on P. Define the distribution on 77*Q by
I = (Trgotrro) '(Ag) CT(TT*Q),

where t77+g : T(TT*Q) — TT*Q and hence Tng o trr+g : T(TT*Q) — T Q. Let J be the restriction of Z to
A p such that

J=INTAp CT(TT*Q),

where 7 is assumed to be a regular distribution on Ap.
3.16. Intrinsic implicit Hamiltonian systems

Let us see how the intrinsic implicit Hamiltonian system is related to the Hamilton—d’ Alembert principle in phase
space.

Proposition 3.16. The Hamilton—d’Alembert principle in phase space for a curve z(t) = (q(t), p(t)), t1 <t <, in
T*Q is intrinsically represented, keeping the endpoints of q(t) fixed, by

%) 5]
5/ {p(®)-q@) — H(q(1), p(1))} dt = 5/ {Glorr+0(z.2)) — H(tr*0(2.2))} dr
t 3|
5]
= f {X(Z, Z) — (‘L’T*Q)*dH(Z, Z)} -wdt
n
=0 (3.39)

for a chosen variation w = (q, p, q, p,8q,8p,8q,8p) € T(z,2) C T, 5»(TT*Q).
Then, the intrinsic Hamilton—d’Alembert principle in phase space is equivalent to the equations

x(z,2) - w = (tr+0)*dH (z,2) - w (3.40)
for all variations w € J (z, 2).

Proof. From Eq. (3.31), it is apparent that Eq. (3.39) is the intrinsic expression of the Hamilton—d’ Alembert principle
in phase space. Thus, we obtain Eq. (3.40). O

Proposition 3.17. Let 7(r), t; <t < ty, be the integral curve of a vector field X on T*Q. If z(t) is a solution curve
of the Hamilton—d’Alembert principle, then it satisfies

X (X (@) - w = (t7+0)*"dH (X (2)) - w (3.41)
forallw e J(X(2)).

Proof. Since z(¢) is the integral curve of X, we have z = X (z). By substituting this into Eq. (3.40), we can obtain Eq.
(3.41). O

We shall call Eq. (3.41) the intrinsic implicit Hamiltonian system.

Proposition 3.18. If a curve z(t) = (q(t), p(t)), t1 < t < to, is an integral curve of the vector field X associated
with Eq. (3.41), then, the curve z(t) = (q(t), p(t)) is a solution curve of an implicit Hamiltonian system (H, Ag, X),
which satisfies, for each z(t) = (q(t), p(t)),

(X(2(r)), dH (z(1))) € D, (2(1)),

where DAQ (z) is the induced Dirac structure on T* Q.

Proof. It is logically obvious that the above proposition holds; however, we shall prove this by direct computations in
coordinates.
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Recall that the one-form x is defined, by using the map 2° : TT*Q — T*T*Q, such that y = (Qb)*QT*T*Q,
and the left-hand side of Eq. (3.41) can be restated as, for each z = (¢, p) € T*Q,
XX (@) w = () Operep(X(2) - w
= Or+1+(2°(X(2))) - T2 (w)
=—pdqg+4qdp (3.42)

for all w = (q, p, q, p,8q.,8p,8¢,8p) € J(X(z)), where X(z) = (¢, p, 4, p), 2°(X(@) = (¢, p, —p,¢) and
T2 (w) = (q, p, —p. ¢, 8q,8p, —8p, 8G). Recall also that the canonical one-form Ors7+g on T*T*(Q is defined by

Orsreg(a) - V = (a, Trrg(V))
foralla € T*T*Q and V € T,(T*T*Q). So, it follows that

Or: (R (X () - TR (w) = (X (2)) - Trr=o (T 2°(w))

= —pdq +4dp, (3.43)

where one can easily check that

Trrs(T 2 (w)) = (Trreg o T°)(q. p. 4. p.8q.8p. 84.8p)

= TﬂT*Q(qv P, _I"7 qs 8Q1 8[)9 _(Spv 84)

(g, p,8q,p).
From Eqgs. (3.42) and (3.43), it reads that

X(X@) - w=2(X@) Trpo(T 2" (w)). (3.44)
On the other hand, the right-hand side of Eq. (3.41) is locally expressed by
(tr+0)"dH (X (2)) - w = dH (t7+0(X (2))) - Tx (o) (r7+0) (W)
= g+ s, (345)
P

Noting the identity
T (tr+g) = Trr+g o T,
we can set
0z = Tx ) (tr+0)(w)
= Trr+g o TN (w)
= (¢, p, 8q, 8p). (3.46)
From Egs. (3.44) to (3.46), an integral curve z(z) = (¢(¢), p(¢)), ti <t < 1, of the vector field X on T*Q satisfies
(X (z(1))) - 8z(1) = dH (z(1)) - 8z(t)

forall 8z(¢) = (8¢q(t), 8p(t)) € Ar+o(z(t)). This equation indicates the condition for an implicit Hamiltonian system
(H, Ag, X) associated with the induced Dirac structure D A o On T*Q, namely,

(X,dH) € Dp,. O

We can summarize the results obtained so far in the following theorem:

Theorem 3.19. Consider a hyperregular Hamiltonian H on T*Q and with a given distribution Ag on Q. Let X be a
vector field on T* Q such that (H, Ao, X) is an implicit Hamiltonian system. Let z(t) = (q(t), p(t)), t1 <t < 1, be
a curve in T* Q. The following statements are equivalent:

(a) z(t) is a solution curve of the implicit Hamiltonian system (H, Ag, X);

(b) z(¢) satisfies the Hamilton—d’Alembert principle in phase space in Eq. (3.39);

(¢c) z(¢t) is the integral curve of the vector field X on T* Q.
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4. Nonholonomic systems with external forces

In this section, we demonstrate that nonholonomic mechanical systems with external forces can be naturally
incorporated into the context of implicit Lagrangian systems by employing the Lagrange—d’ Alembert—Pontryagin
principle. Needless to say, nonholonomic mechanical systems have been widely investigated from the viewpoint of
geometric mechanics in conjunction with the analysis of stability and control problems (see, for instance, [41,5]). In
particular, what is developed in this section will be quite useful in the analysis of interconnected systems, and also
relevant to controlled Lagrangian systems (see [6,7]).

4.1. External force fields

Consider a mechanical system with an external force field and let Q be a configuration manifold. Let 7o : T*Q —
O be the cotangent projection. Recall that an external force field F : T Q — T*Q is a fiber-preserving map over the
identity, which induces the horizontal one-form F’ on T*Q as

F'(z) -8z = (F(q,v), T.mg(82)),

where z € Tq* Q,v € T, 0 and 8z € T;T* Q. Further, using the projection pry«y : TQ®T*Q — T*Q, the horizontal
one-form F’ on T*(Q can be lifted as the horizontal one-form FonT Q @& T*Q such that,forx e TQ & T*Q,

F(x)-8x = F'(prysg(x)) - Teprys o (6x)
= F'(2) - 8z,
where 8x € T (T Q @ T*Q), z = prr«(x) and 8z = Ty pry= o (8x).

4.2. The Lagrange—d’Alembert—Pontryagin principle

Consider kinematic constraints that are given by a constraint distribution Ay on Q, which is locally represented
by A(g) C R* ateach g € U C R". We assume that the dimension of A(g) is n — m at each point ¢ and let A°(g)
be the annihilator of A(g) spanned by m one-forms !, ..., ™.

Recall that the motion of the mechanical system ¢ : [t1, t2] — Q is said to be constrained if ¢(t) € Ag(c(¢)) for
all#, t; <t < t,. Further, the distribution A is not involutive in general; that is, [X (¢), Y (¢)] ¢ A(g) for any two
vector fields X, Y on Q with values in AQ.

Let L be a (possibly degenerate) Lagrangian on 7Q and let F : TQ — T*Q be an external force field. The
Lagrange—d’ Alembert—Pontryagin principle for a curve (¢ (¢), v(t), p(t)),t1 <t < t,in T Q®T*Q is represented by

15}

n
8/ {L(g(®),v(®) + p@) - (q(t) — v(1))} dt+/ F(q (), v(1)) - 8q (1) dt
1

n
t 5]
=5/ {p@®)-q(1) — E(q(t), v(1), p(t))} dt+/ F(q(1),v()) - 8q (1) dt
n 131

=0 (4.1)

for a given variation 8¢ (1) € A(g(t)) and with the constraint v(t) € A(g(¢)). Keeping the endpoints of ¢ (¢) fixed, we
have

t 5]
8/ {L(q,v>+p'<q'—v)}dt=sf (p-d— E(q.v, p)} dr
1 n

) oL . oL .
:/ {(——p>5q+(——p)8v+(q—v)8p}dl-
f aq ov

Hence, the Lagrange—d’ Alembert—Pontryagin principle is represented by

(/0L . oL . 2
/ {(——p)8q+<——p>8v+(q—v)8p} dt—i—/ F(q,v)dqdt =0 4.2)
f aq v f

for a chosen variation 8¢ () € A(g(t)), for all Sv(¢) and 8p(t), and with v(¢) € A(q(?)).
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Proposition 4.1. The Lagrange—d’Alembert—Pontryagin principle gives the local expressions of equations of motion
for a nonholonomic mechanical system with an external force such that

. . oL o oL
g=mv, p—a——F(q,v)eA (@), p=—, veA@y). 4.3)
q Jav
Proof. From Eq. (4.2), it reads that
oL . oL .
<——p+F(q,v))8q+ (— —p>8v+(q—v)8p=0,
aq av

which is satisfied for a given variation 8¢ (t) € A(q(¢)), for all 5v(¢) and 8p(t), and with the constraint v(z) € A(g(?)).
Thus, we obtain Eq. (4.3). O

4.3. Coordinate representation

1

Recall the one-forms w", ..., ™ span a basis of the annihilator A°(g) at each ¢ € U C R”, and it follows that

Eq. (4.3) can be represented, in coordinates, by employing the Lagrange multipliers p,, a = 1, ..., m, such that

i’ 0 1 oL _p (q,v) 0
q -7 — ri(q,
. )= aq' + )

(m) (—1 0) i o <Ma wf’(t]))

oL
pi = P
0=awl(g),

where we employ the local expression v = wf' dq'.

4.4. Intrinsic formulation

Denote by Ap C T Q a constraint distribution. Let  C T'Q @ T* Q be the submanifold defined in Eq. (3.14) and
G C TT(TQ & T*Q) be the regular distribution defined by Eq. (3.15). Let F : TQ — T*Q be an external force
field and F on T Q @ T*Q be the horizontal one-form. The Lagrange—d’ Alembert—Pontryagin principle for a curve
x(@) = (q@),v(), p(t))in TQ & T*Q is intrinsically represented by

t [5)
5/ {L(g(2),v(2)) + p(@) - (¢(1) — v(1))} dt+/ F(q(1),v()) - 8¢ (r) ds
1

n

- 3/: {p@t) - 4(t) — E(q(t), v(t), p(1))} dt +/: Flg(). v(t)) - 8q(0) dr
=9 /:{G(IOTT*Q o Tprys o (x(), £(1))) — E(trger+ 0 (x (1), £(1)))) dr

T /tlfz F(troer-o((), £(t))) - Ttroer+ow(r)) df
= /tltz{(TprT*Q)*x(X(t), (1) = (troer0) dE((1), ¥(1)} - w(r) dt

%) ~
+ / (troer-0)" FGx(1). 5()) - w(r) dr

I

=0, (4.4)

which is satisfied for all variations w = (g, v, p, 4, v, p, 8q, 8v,8p, 84, 60,86p) € G(x, %) C Ty T(TQ @ T*Q)
and with the endpoints of ¢ (7) fixed. Using the projections pry : 70 @ T°Q — Qandtrger+0 : T(TOST*Q) —
T Q @ T*Q with their tangent maps, it follows that (TprQ o TrTQ@T*Q) (w) = (q,8q) € Ag.
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Proposition 4.2. The Lagrange—d’Alembert—Pontryagin principle in Eq. (4.4) for a curve x(t) in T Q ® T* Q induces
the equation

(Tprrs ) x (x (1), £(1)) - w(t) = (trgar+0) (AEX(1), X(1) — Fx(0), (1)) - w() (4.5)
Sforall w(t) € G(x(t), x(1)).

Proof. Recall that the variation of the Hamilton—Pontryagin integral is given in Eq. (3.4) and recall also that the
external force field F : TQ — T*Q induces the horizontal one-form F on TQ & T*Q, and it is apparent that Eq.
(4.4) is the intrinsic expression for Eq. (4.1). Thus, we obtain Eq. (4.5). O

Proposition 4.3. Let X be a vector field on T*Q, defined at points of P =FL(Ag). Let X be the naturally induced
vector field on T Q & T*Q, defined at points of K, as shown in Eq. (3.18). Denote by x(t), t1 <t < tp, an integral
curve of X.

If x(t) is a solution curve of the Lagrange—d’Alembert—Pontryagin principle in Eq. (4.4), then it satisfies

(Tprr-)* X (X(x (1)) - w(t) = (t7gar+0)* (AE(X(x(1))) — F(X(x(1)))) - w(t) (4.6)
for all w(t) € G(X(x(1))).
Proof. If the curve x(r) in TQ & T*Q is an integral curve of the induced vector field X ,then x(t) = X (x(2)). Thus,
we obtain Eq. (4.6) by substituting x(#) = X (x(¢)) into Eq. (4.5). O

Proposition 4.4. If a curve x(t) = (q(t), v(t), p(t)) is an integral curve of the induced vector field X associated
with Eq. (4.6), then, the curve x(t) = (q(t),v(t), p(t)) is a solution curve of the implicit Lagrangian system
(L, F, Ag, X), which satisfies the condition, for each (q(t), v(t)) € Ag(q(t)),

(X (q®), p), DL(g(®), v(1)) — o F (1), v(1))) € Da,(q(t), p()), 4.7

where (q(t), p(t)) = FL(q (), v(t)) is an integral curve of X and DL : TQ — T*T*Q is the Dirac differential of
Lmg:T*Q — Qand DAQ is the induced Dirac structure defined in Eq. (3.20).

Proof. In view of Proposition 3.7, iL suffices to check the terms of the external force field in Egs. (4.6) and (4.7).
Recall that the horizontal one-form F on T Q @ T*Q is defined by lifting the horizontal one-form F’ on T*Q such
that

(TTQQBT*Q)*F (??(X)) cw = F(TTQeBT*Q) ()?(x)) T% ) Troer*0 (W)
= F' (prr+o(x)) - Tupry«g (T?((x)TTQ@T*Q(w))
= F'(z)- 82
for all w(t) € Q()?(x(t))). In the above, notice that x = rTQ@T*Q()N((x)), z = prT*Q(x) and 6z =
Tiprysg (T;((x) tTQ@T*Q(w)>. Furthermore, since the horizontal one-form F’ is induced from the external force
field F : TQ — T*Q, it follows that
F'(2) -8z = (F(q.v), T.m(82))
= 715 F(g,v)-dz.
In combination with the proof of Proposition 3.7, it follows that a curve (g(¢), v(¢)), t1 <t < tp, in A satisfies
02, (X(2(1)), 82(1) = (DL(q(1), v(1)) — 7 F(q (1), v(1))) - 82(1),

where z(t) = (q(t), p(t)) = FL(q(t),v(r)) and 2 0 is the restriction of the canonical symplectic form {2 to
Ar+g. This can be restated by the condition of an implicit Lagrangian system (L, F, Ag, X); that is, for each
v(t) € Ag(q(n),

(X (@), DL(g(®), v(1)) — 7 Fq (), v(1)) € D, (z(1),

where z(r) = FL(gq(?),v(z)) is an integral curve of X. Thus, we can check that the integral curve x(7) =
(), v(1), p(t)) of X associated with Eq. (4.6) is a solution curve of (L, F, Ag, X). O
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We can summarize the results obtained so far in the following theorem.

Theorem 4.5. Consider a Lagrangian L on T Q (possibly degenerate) and with a given distribution Ag on Q. Let
F : TQ — T*Q be an external force field. Let X be a vector field on T*Q, defined at points of P = FL(Ap) such
that the quadruple (L, F, Ao, X) is an implicit Lagrangian system. Denote by x(t) = (q(t), v(t), p(t)), t1 <t < 1,
acurvein T Q & T*Q. The following statements are equivalent:

(a) x(t) is a solution curve of the implicit Lagrangian system (L, F, Ag, X);
(b) x(¢) satisfies the Lagrange—d’Alembert—Pontryagin principle in Eq. (4.5);
(c) x(¢) is the integral curve of the vector field X on T Q & T*Q naturally induced from X.

5. Implicit constrained Lagrangian systems

In this section, we investigate a constrained Dirac structure Dp on the constraint momentum space P =
FL(Ap) C T*Q by using an Ehresmann connection and we also develop an implicit constrained Lagrangian system
associated with Dp.

5.1. Ehresmann connections

We briefly review an Ehresmann connection associated with nonholonomic mechanical systems; for details, refer
to Koon and Marsden [20] and Bloch [5].

Assume that there is a bundle structure with a projection w : Q9 — R for our space Q; that is, there exists another
manifold R called the base. We call the kernel of T, at any point g € Q the vertical space denoted by V.

Recall that an Ehresmann connection A is a vertical vector-valued one-form on Q, which satisfies

1. Ay : T,Q — V, is alinear map at each point p € Q,
2. Ais a projection : A(v,) = vy, forall v, € V.

Thus, we can split the tangent space at g such that T, Q = ‘H, & V,, where H, = Ker A, is the horizontal space at q.
Let Ag C T Q be a constraint distribution, which is locally given by

Ap(q) ={vg € T,0 | (0, vy) =0, a=1,...,m},

where w® are m independent one-forms that form the basis for the annihilator A"Q C T*Q. Let us choose an
Ehresmann connection A in such a way that H, = Ag(g). In other words, we assume that the connection is chosen
such that the constraints are written as A - v, = 0.

Using the bundle coordinates ¢ = (r, s) € R"™" x R™, the coordinate representation of 7 is just projection onto
the factor r, and the connection A can be locally expressed by a vector-valued differential form w® as

d
A:a)aﬁ, w(q) =ds + AS(r,s)dr®, a=1,...,m; a=1,....,n—m.

0
o _© w?
ar¢ + ds4

be an element of T, Q. Then,

UqZI/t

o (vg) = w' + Agu”
and

d
A(vg) = (w“ + Agu“) FyrE
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5.2. Horizontal lift

Given an Ehresmann connection A, a point ¢ € Q and a vector v, € 7T,R tangent to the base at a point
r = w(q) € R, we can define the horizontal lift of v, to be the unique vector vf‘ in H, that projects to v, under
T, . If we have a vector X, € T, Q, we shall write its vertical part as

ver Xy, = A(q) - X4,
and we shall also write its horizontal part as
hor X, = X, — A(q) - X,.
In coordinates, the vertical projection is the map (u*, w*) — (0, w* + A%u®), while the horizontal projection is the
map (u*, w?) = (u*, —Alu®).
5.3. The Lagrange—d’Alembert—Pontryagin principle

Let L be a (possibly degenerate) Lagrangian on 7' Q. Define a generalized energy E by E(q, v, p) = p-v—L(q, v)
using local coordinates (¢, v, p) for T Q @& T* Q. Recall that the Lagrange—d’ Alembert—Pontryagin principle is given
by

%) n
5/ {L(q,v)+p~<q‘—v)}dr=5/ (p-q — Eq.v. p)} dr
151 1

n(foL .\ ., (0L o
= 3q0 P 8q' + = —pi ) 8" +(§" —v")dp; p dt
fH q av

=0

for chosen variations 8¢ (¢) € Ap(q (1)), with the endpoints of g(¢) fixed and with the constraint »“(g) - v; = 0.
Hence, the Lagrange—d’ Alembert—Pontryagin principle is equivalent to the equation
oL : oL . . .
— —pildqg +|— —p ) + (G —v")ép; =0,
aq’ av!
for all 8¢ (t) € Ag(q (1)) that satisfy, in coordinates q' = %, 5%,
8s* + AL Sr =0,

where the distribution Ay is denoted, in coordinates, by

il il
AQ:span{——A“ }

aro % ds4

Since the kinematic constraints are given by w“(q) - vy = w® + Aju® = 0, the Lagrange—d’ Alembert—Pontryagin
principle may be restated as

oL . aL . JaL
(=t (5 o) + (5 =) o+ (5 = ) o

oL
+< a_pu>8wa+(’;a_ua)8pa+(ja_wa)apa=O

ow

for all 7% and for all §v' = (6u®, sw?) and 6p; = (8py, 5pa)- Then, the equations of motion are given, in coordinates,

. oL ) oL
Pa — — = Ay, (pu ) (5.1
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and with the Legendre transformation

aL oL

Pa=go Pa=g. (5.2)
Note that the equations of motion in Eq. (5.1) and the Legendre transformation in Eq. (5.2) are to be combined

with the kinematic constraints

w® = —A? y“. (5.3)

o

5.4. The constrained Lagrangian

Define the constrained Lagrangian L. on Ag C T Q by L.(g,v) = L(q, horv) for (¢, v) € T Q. By substituting
Eq. (5.3) into the Lagrangian L on T Q, we can obtain, in local coordinates,

LC(rassav uOl) = L(,,.Ol,sa’ uﬂl’ _Ag(r’ s)ua)

and define
~ oL,
Pa = au
oL oL
= F —Agawa, 5.4

which is equivalent to
Po = Po — AZ Pa
in view of Eq. (5.2). By computations, it follows that

dL, L  IL [0Aj
- = _ = ub
or¢ ar®  Jw4 \ Ir%

9L, L AL <8A“ﬁuﬁ)

ds4 ds? Jw® \ ds¢
oL 0A%
= P Pa ( asf uﬂ> . (5.9)

Substituting Eqgs. (5.4) and (5.5) into Eq. (5.1) together with the kinematic constraints in Eq. (5.3), we can eventually
obtain the implicit Lagrange—d’Alembert equations of motion for the constrained Lagrangian L. as

¢ =u®
«a _ _ pa B
s = Aﬁ .
~ 0L. 0L .
Po = ar: - AO‘KI: — Pb Kaﬂu’B, (56)
~ oL,
Pa = u’
where
b b b
Kb — aAa _ aAﬁ + A? 8A/3 _ aaAg
“B T 9rB gre “ 9sa B gsa

is the curvature of the Ehresmann connection A.
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Remarks. The curvature of the Ehresmann connection A is the vertical valued two-form on Q defined by its action
on two vector fields Y and Z on Q such that
K (Y, Z) = —A([hor Y, hor Z]),
where the bracket on the right-hand side is the Jacobi—Lie bracket of vector fields.

Recall that the identity for the exterior derivative da of a one-form « on a manifold Q acting on two vector fields
Y, Zis

do)[Y, Z] = Y[a(Z)] = Z[a(Y)] — a([Y, Z]).

This identity indicates that one can evaluate, in coordinates, the curvature by writing the connection as a one-form b

by computing its exterior derivative (component by component) and restricting the result to horizontal vectors, that is,
to the constraint distribution. Then, one has

a
K(Y, Z) = do(hor Y, hor Z) —-,
osb

where the local expression for the curvature is denoted by

K'Y, z) =K}, v 7P
Proposition 5.1. Let dw” be the exterior derivative of w”. The Lagrange—d’Alembert—Pontryagin principle for the
constrained Lagrangian L. may be written as

(L (r®, s, u®) + Po (% — u®)} = pp do” (v, 8r), 5.7
which provides the equations of motion in Eq. (5.6).

Proof. The left-hand side of Eq. (5.7) is

or® ¢ s ou®
while the direct computation using properties of differential forms shows that

do’ (v, ) = K,i’ﬂ uf are.

~ . JdL. JdL. "y oL, ™ . .
8{Lc(rot7sa’ua)+pa(ra_ua)}: { - — Al - _pa}gra‘i‘( - —Pa> Sua'i‘(ra_ua)apay

It follows that

dL. oL, - oL, . ~
{8;"; — Aj Bs’: - pa}Sr“ + (814:‘ —pa> Su® + (7% —u*)8py = (pb Kgﬂ uﬂ) sr¢

for all §r%, Su®, and 8 p,. Combining with the kinematic constraints, we obtain Eq. (5.6). O

Remarks. The constrained energy E. may be defined by
Ec(r*, s" u”, po) = pou® — Lc(r®, s, u®)

and then, the Lagrange—d’ Alembert—Pontryagin principle in Eq. (5.7) can be restated as the equivalent form
8{Pa P — Ec(r®, 5%, u”, Pa)} = ppdo’ (v, 8r).

5.5. Restriction of a Dirac structure

Before going into the construction of a constrained Dirac structure, we briefly discuss the restriction of a Dirac
structure on a manifold to its submanifold.

Let M be a manifold and let N be a submanifold of M. Recall the definition of a Dirac structure on a manifold M,
that is, a subbundle Dyy C TM & T*M is called a Dirac structure if for every fiber Dy (x) C TxM x T)M, x € M,
one has Dy (x) = Dj;,(x), where

D1J1_4(x) = {(vy,0y) € LM x TX*M | {0, vx) + (otx, Ux) = 0, forall (vy, @y) € Dy (x)}.
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Now, let Dy be a Dirac structure on M. Defineamapo : TN x T*M — TN x T*N as follows: Foreachy € N,
leto(y) : TyN x TyM — TyN x TN be defined by

o () (vy, ay) = (vy, oy |TyN),

where vy, € TyN, oy € TYM, and ay|T, N denotes the restriction of the covector ay to the subspace T, N. This map
o is a vector bundle projection.

Assume that Dy (y) N (TyN X T;M ) has constant dimension for each y € N, namely, it is a vector subbundle of
TN x T*M. Define the subbundle Dy C TN & T*N by, foreach y € N,

Dy () =) (Du() N (TN x Ty M)

Proposition 5.2. The subbundle Dy C TN @ T*N is a Dirac structure on N.

Proof. Let us check Dy (y) = Dﬁ (y) for each y € N. It is obvious that Dy (y) C Dﬁ (y) for y € N. Then, let us
check Dy (y) C Dy(y) fory € N. Suppose that (wy, By) € Dy (y) C TyN x T N. So, we have (&, wy)+(By. vy) =
0 for all (vy,ay) € Dy(y). Then, there exists oa; € T;M such that (vy, ay) = o (y)(vy, a;) € Dy(y), where
(vy,&y) € Dy (y) and o |[TyN = . Therefore, we have (ary, wy) + (By, vy) = (o), wy) + (By, vy) = 0 for all
(vy, ag,) € Dys(y), where ,B; is an arbitrary extension of 8y to Ty M and v, € T, N. Hence, one obtains
1L
(wy, B)) € (DM(y) N (T,N x Ty*M)) — Dl (") + (TN x T} M)*
= Dy (y) + ({0} x TyN°®).

Then, there exists yy € TyN° C T;M such that (wy, B, + y;) € Du(y). Noting o (y)(wy, By + yy) =
(wy, (By + y)ITyN) = (wy, By) € Dn(y), it follows that D]%,(y) C Dy(y)forye N. O

We call the Dirac structure Dy the restriction of a Dirac structure Dy to N.
Remarks. Proposition 5.2 was originally developed by Courant [13]; we follow the exposition in [4].

Proposition 5.3. Let Dy be constructed as in Proposition 5.2 and let 1 : N — M denote the inclusion map. Then,
(w, B) is a local section of Dy if and only if there exists a local section (v, &) of Dy such that Tt o w = v ot and
*a = B. In other words, a Dirac structure Dy on N is represented by, for each'y € N,

Dn(y) = {(wy, By) € TyN x Ty N| there is a (v,(y), cu(y)) € Dy (t(y))

such that Ttow = v ot and *a = B}.

Proof. As demonstrated in Part I, given a distribution Ay on M and a two-form {2 on M, there exists a Dirac structure
Dy € TM & T*M on a manifold M, whose fiber is defined by, for each x € M,

Dy (x) = {(vy, 0x) € TeM x TEM | vy € Ap(x) and ot (V) = 024, (x)(vx, v}) for all v}, € Ap(x)},

where 24,, = 2| Ay, xAy-
Define a distribution Ay on N by restricting Ay to N such that

Ay =TNN Ay,

where we assume Ay to be a regular distribution. By construction, we can define the restricted Dirac structure Dy on
N such that, foreach y € N,

Dy(y) = o (y) (DM(L(y)) N(TyN x T;(ky)M))
= {(wy. By) € TyN x Ty N | wy € Ay(y) and By(w}) = 24, () (wy, w}) for all w), € Ay ()},

where g = t*a, 24, =1*2p,,, Tt-w=vorand Tt -w' =v 0. O
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5.6. Constrained Dirac structure

Let L be a Lagrangian on 7Q and Ap C T Q a constraint distribution. Let mp : 7*Q — Q be the cotangent
projection. Recall that an induced Dirac structure D, on T*Q is defined such that, for each z € T*Q,
Dp,(@) = {(v;,0;) e ,T*Q x T)T*Q | v; € Ar=+(2) and
az(v) = 22, (2) (v, vy) forall v € Arsg(2)},
where Ar+g = (TnQ)_l(A o) and QAQ is the restriction of the canonical symplectic structure 2 on T7*Q to Ar+g.
Our initial goal is to define a Dirac structure on the constraint momentum space P = FL(Ap) C T*Q. To achieve
this, we define a regular distribution on P by restricting A7+ to P such that
Ap =TPNAr«g.
Letting ¢ : P — T™Q be the inclusion, we can define a constrained Dirac structure on P =FL(Ag) C T*Q by the
subbundle Dp C T P @ T* P, whose fiber is given such that, for each y € P,
Dp(y) = {(wy. By) € TyP x T} P | wy € Ap(y) and By (w}) = 24, () (wy, w)) forall w, € Ap(y)},

where B = "o, 24, =" 27y, Te-w=vorand Tt- w’ = v o . It goes without saying that Dp is the restriction
of the induced Dirac structure D 4.
It is obvious that the constrained Dirac structure D p may be restated as follows: for each y € P,

Dp(y) = {(vy,ay) € TyP x Ty*P | vy € Ap(y) and ay — Q;(y) -vy € AR (M)},

where A$, is the annihilator of Ap and .Q; : TP — T*P is the bundle map associated with the skew-symmetric
bilinear form 2p = 2|7pxTP.
We can also construct the constrained Dirac structure by employing the canonical Poisson structure. Recall that the
canonical Poisson tensor B : T*T*(Q x T*T*(Q — R is defined by, for any smooth function F, G on T*Q,
B(dF,dG) = 2(XF, Xg)
= (dF, B*dG)
= {F7 G} 9
where X and X are vector fields on 7*Q, B® : T*T*Q — TT*Q is the associated bundle map, and {, } is the
Poisson bracket. Further, Bf, : T*P — TP is the associated bundle map of the contravariant antisymmetric two-

tensor Bp = Blr+px7+p. Let A} = Q;, (Ap) C T*P be the codistribution and (A% )° be its annihilator, and then
the constrained Dirac structure on P is defined by, foreach y € P,

Dp(y) ={(vy,ay) € TyP x T;‘P | ay € Ap(y) and vy — Bi,(y) oy € (Ap)° N} (5.8)
5.7. A local representation using an Ehresmann connection

Let us construct a local representation of a constrained Dirac structure using an Ehresmann connection to represent
the set Dp given in Eq. (5.8). Needless to say, T*Q is naturally equipped with the canonical Poisson bracket {, } or
the Poisson structure B : T*T*Q x T*T*Q — R such that, for each (¢, p) € T*Q,

{F.G}(q. p) = B(q. p)(dF(q. p).dG(q, p))
= (dF(q. p). B*(g. p)dG(q. p)).

In the above, F, G are smooth functions on T*Q and the canonical Poisson bracket is represented, in local coordinates
(q', pi) for T*Q, by

0G
.6 @ = (2 iy | 2
£ qap R aql £ apl qap 8G £l

api
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where

i [ 0 St
B4, p) = ({q ,qj} {q ,p1}> =(° %)
{pi.q’} {pi.pj} -5/ 0
As previously illustrated, we choose an Ehresmann connection A such that H, = Ap(g), where the constraint

distribution Ay is spanned by a set of m independent one-forms, which is given, in local coordinates q' = (%, s
for Q, by

o =ds? 4+ AL(r, s)dr?.
Define the new coordinates (¢°, p;) = (r%, s%, Pu, pa) for T*Q, as in [34,20], by
504 = Pa — AZPa,

with some choice of complementary coordinates p,. We then employ the induced coordinates (¢°, py) = (r%, s, D)
for P.

In this context, the bundle map B?D :T*P — _TP‘ assopiated with Bp = B|r+pxr*p can be constructed, using
local coordinates (¢', pe) for P, by computing {¢', g7}, {¢", Pa}. {P«. Pp}; one finds that

g'.q'y=0. (P . pu) =088 (" Pu}=—AL {Pu.Dp)=—Kl4 b

Hence, it follows that

) ~ 0 0 (Sga
Bp(g;p)=1 0 0 —Ag |, (5.9
=88 (AT —puK),

where Sg is Kronecker’s delta and B?, (g, p) is the 2n — m) x (2n — m) truncated matrix representation of the

bundle map BE, : T*P — TP, for each (qi , Pz) € P. This bundle map defines the bracket {, } p on the constrained
submanifold P such that

dGp
AFT oF} dq'
Fp,G ==L, =L ) Bhq. p 5.10
{Fp.Gp}pr(q,p) (8q, apa) p@.p) 3G p (5.10)
9 Pa

for smooth functions Fp, Gp on P.
Thus, we can construct the constrained Dirac structure Dp in the form of Eq. (5.8).

Remarks. In Eq. (5.9), notice that the curvature K 5 p Mmeasures the failure of the constraint distribution to be an
integrable bundle and then, after restricting all terms to P, the term —pj K 5 8 should be understood as —(pp) p K 3 e

However, we write it as —pp, K g P for simplicity. Needless to say, pp = B‘% holds and the Poisson bracket {, } p in Eq.
(5.10) does not satisfy the Jacobi identity when the distribution is nonholonomic.

5.8. A vector field on the constraint momentum space

Let Ap C T Q be a constraint distribution and P = FL(Ap) C T*Q. Let V be the vector subbundle of Tp(T* Q)
defined, for each p € Tq*Q, by

Vig.py = {vert(n, p)In € Ay (@)}

In the above, Tp(T* Q) is the restriction of the tangent bundle of T (7* Q) to the constraint momentum space P and
vert(n, p) is the vertical lift of n € Tq* QO with respectto p € Tq* Q, which is described in coordinates as

vert(n, p) = (¢, p, 0, n).
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Marle [22] shows that the vector subbundle Tp (7T * Q) is a direct sum of the vector subbundles 7 P and V:
Tp(T*Q)=TP®V.

In this context, the restriction of a vector field X on 7*Q to the constraint momentum space P, that is, X|p, splits
into a sum

X|p=Xp+ Xy, (5.11)

where X p is the constrained vector field that is tangent to P and Xy is a smooth section of the subbundle V, whose
negative is called the constraint force field.
For details of the above construction, refer to Bloch [5], §5.8.

5.9. Implicit constrained Lagrangian systems

We now develop the notion of an implicit constrained Lagrangian system in the context of the constrained Dirac
structure.

Definition 5.4. Let L : TQ — R be a Lagrangian and let Ap C T Q be a constraint distribution. The constraint
momentum space P C T*Q is defined as P = FL(Ap). Let L. be the constrained Lagrangian on Ao defined by
L. = L|Ag.Let Dp be the constrained Dirac structure defined by the restriction of the induced Dirac structure D 0
on T*Q to P. Denote by X a vector field on 7*Q, defined at points in P, and denote by X p the constrained vector
field on P given in Eq. (5.11). An implicit constrained Lagrangian system is a triple (L., Ag, X p), which satisfies
the condition, for each u € Ag,

(Xp(y),DLc(u)) € Dp(y),

where y = FL.(u) € P is the partial Legendre transformation. Here, the Dirac differential of the constrained
Lagrangian, namely, ®L. : Ag — T*P, is defined at points u € Ag by DL.(u) = DL(u)|T P, where, recall,
DL :TQ — T*T*Q.

The coordinate expression for ® L. given below shows that it, in fact, depends only on derivatives of L.

Definition 5.5. A solution curve of the implicit constrained Lagrangian system (L., Ag, Xp) is a curve u(t) €
Ag(q(t)), t1 <t < tp, such that y(¢) is an integral curve in P of X p, where y(t) = FL.(u(t)).

5.10. Coordinate representation

Let L : TQ — Rbe a Lagrangian, and let A be a distribution on Q given, in coordinates ¢ = (r%, s¢) for Q, by
w(q) =ds* + AS(r,s)dr®, a=1,....m; a=1,...,n—m,

where w® indicate m-independent one-forms that consist of the basis of the annihilator of Ay and an Ehresmann
connection A is chosen such that H, = Ap(g). The constrained Lagrangian L. = L|Ag is given, in coordinates, by

Lo(r®, 5% u®) = L(r%, s, u®, —AS(r, s)u®),

and it follows that

dL —(r“ 54 u® Lc BLc 8LC>
c — ) ’

T ore’ 954’ gu¢

Hence, we obtain the Dirac differential of L. as

L. 9L, 9L,
DLCZ (ra,sa, W’ —ara, W’ 0!) (512)
and with
~ aL,
Pa

= ue
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Let X p be the constrained vector field on P = FL(A ), which is denoted, by using coordinates (¢, p) = (r%, 5%, pa)
for P, such that

XP(’,OC’SL!, 50[) = (’;av‘§ﬂ7 501) (513)

Recall that the skew-symmetric bundle map B; : T*P — T P can be constructed, by using the Ehresmann connection
associated with the constraints, as in Eq. (5.9), and recall also that the constrained Dirac structure on P can be defined
such that, for each y = (r%, 5%, py) € P,

Dp(y) = {(wy, ay) € TyP x T} Play € Ap(y), wy — Bh() oy € (A5)° (). (5.14)

An implicit constrained Lagrangian system is a triple (L., Ag, Xp) that satisfies the condition, for each u €
Ag(q),

(Xp(y), DLc(u)) € Dp(y),

where y = FL.(u) € P. In view of Egs. (5.9) and (5.12)—(5.14), the implicit constrained Lagrangian system
(L¢, Ag, X p) may be described, in coordinates, by

JdL,
7o 0 0 58 AP
sl=1 0 0 — A% _dLc (5.15)
P —8f (AL —py KL, dsb

u

and with the partial Legendre transform p, = dL./0u®.

Then, a solution curve of the implicit constrained Lagrangian system (L., Ag, Xp) is given by u®(t) €
Ao (r*(1),s* (1)), n < t < 1, such that y(t) = (r*(t), s“(t), pa(1)) is the integral curve in P of Xp, where
y(@) = FL(%@),s%(t), u*(¢)). In other words, a solution curve of (L., Ap, Xp) may also be described by
X(t) = (%), s°(t), u®(t), pe(t)) in the subbundle Ay @ P of the Pontryagin bundle 7Q & T*Q such that
y(t) = (r%(t), s%(t), pe(t)) is the integral curve of X p and such that (X p(y(2)), DL.(u(2))) € Dp(y(1)).

We can summarize the results obtained so far in the following theorem.

Theorem 5.6. Consider a Lagrangian L (possibly degenerate) on T Q and with a constraint distribution Ag on Q.
Let P = FL(Ap) be the constraint momentum space. Let L. = L|Ag be the constrained Lagrangian and Dp
be the constrained Dirac structure on P. Let X p be the constrained vector field on P such that (L., Ag, Xp) is
an implicit constrained Lagrangian system. Denote by X(t) = (r*(¢), s*(t), u® (), px (1)), i < t < tp, a curve in
K=A4Ap® P CTQ®T*Q. Then, the following statements are equivalent:

(a) X(2) is a solution curve of the implicit constrained Lagrangian system (L., Ag, Xp) in Eq. (5.15);

(b) X(¢) satisfies the implicit Lagrange—d’Alembert equations in Eq. (5.6);

©) y(@) = (%), s9(t), pa(t)) is the integral curve of the constrained vector field Xp on P, where the partial
Legendre transform y(t) = FL.(r*(t), s (t), u®(t)) holds.

6. Examples

In this section, we demonstrate the implicit constrained Lagrangian system together with two examples. Namely,
we illustrate the same examples of a vertical rolling disk on a plane and an L—C circuit as in Part I, for this purpose.

6.1. Example: The vertical rolling disk

Consider a vertical rolling disk on the xy-plane. Recall the configuration space of the system is denoted by
0 =R? x §' x S!, whose coordinates are given by ¢ = (x, y, 8, ¢), where x, y indicate the position of the contact
point of the disk, 6 the rotation angle of the disk and ¢ the orientation of the disk. Recall that the Lagrangian is given
by
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L 6 N LY S
(x,¥,0,0, 05, 0y, 09, V) = Em(vx +v)) + 51vg + 57,
In the above, m indicates the mass, and / and J the moment of inertia. Recall also that the constraints are given by
the constraint distribution Ag C T Q such that, for each g € Q,

Ag(q) = {vg € T,0 | (0" (@), vg) =0,a = 1,2},
where v, = (vy, vy, vg, Vy) and the one-forms o are given by

o' =dx — R (cos ) db,

w? = dy — R (sing) do,

where R denotes radius of the disk.

Let us choose a bundle structure 7 : Q — R such that the base R is to be S! x S! parameterized by 6 and ¢
together with the projection to R, that is, (r!, 72, s, s%) = (0, ¢, x,y) — (', r?) = (0, ¢). Then, the Ehresmann
connection can be constructed by

0
A= w“@, w?(q) = ds? + AL (r, s)dre.

The components of the Ehresmann connection are given by
Al = —R(cosgp), A} = —R(sing)

and the remaining components are zero.
As in Eq. (5.9), the bundle map B?D : T*P — T P is locally denoted by

0 0 0 0 1 0

0 o0 0 0 0 1
Bi(r, 5 5) = 0 0 0 0 R (C?S ) 0 7

0 0 0 0 R (sin @) 0

—1 0 | —R(cosg) —R(sing) 0 py Kb,

0 -1 0 0 -pp K3, 0

and the components of the curvature K is given by
K|, =—K}, = Rsing, Ki,=—K3, =—Rcosg.
Thus, the constrained Dirac structure Dp on P can be defined as in Eq. (5.14).
Meanwhile, the constrained Lagrangian L.(r%, s, u®) = L(r®, s®, u®, —AZ (r, s)u®) is given by
1 2 b, 1o
LC(Q’ (/)7 X, ¥, Vg, U(p) = E(mR + I)Ue + EJU(/),
where (r%, s, u®) = (6, ¢, x, y, va, vy). Then, the differential of L. is locally expressed by

oL. oL, oL, oL, OL. OL
dL.8, ¢, x, y, ve,v(p) = < c c c ¢ c c>

B0 e ox " By dus dv,
- (o, 0,0, 0, mR? + vy, JU¢>
and hence the Dirac differential of L. is locally denoted by

9L. 9L, 9L, 9L, )
a0 » Vg, Vg

@L 6, , X, Y, s = — , —— ,——
(0.9, %. 5, v, vy) (ae 99 ax ' dy

= (0,0, 0,0, vg, vy),

’
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and with the partial Legendre transform

- oL, 2
Do = = (mR” + Iy,
dvy
- oL, ;
= = Jv,.
Pe vy ¢

Since (r%, 5%, py) = 0, ¢, x,y, Do, ﬁw) are local coordinates for P, the constrained vector field X p on P is locally
denoted by

XP(05 (p5~xa y5 ﬁ99 E(P) = (éﬂgb’x’ .)‘}7 ;9’ l;;(p)'

Hence, we obtain the coordinate representation of the implicit constrained Lagrangian system (L., Ao, X p) such that

p 0 0 0 0 1 0

0
¢ 0 0 0 0 0 1 0
x 0 0 0 0 R(cosg) 0 0
.y “lo o 0 0 R (sin @) 0 o0l
Po -1 0 | —=R(cosp) —R(sing) 0 po K7, 59
Py 0 I 0 0 -pp Ky, 0 ’

where Py = (mR* 4+ I) vg and P, = Jv,.
By computations, it follows that
Py = pv K f’z Vo
= {muvy (Rsing) —muvy (Rcos @)} vy
= {m (Rcosg) (Rsing)vg — m (Rsing) (Rcosg) vg} vy
Oa

pgo = —DPb Kgl Vo

= {muvy (Rsing) —muvy (Rcos)} vy

= {m (Rcos@) (Rsing)vg —m (Rsing) (Rcos @) vg} vg
= 0’

where p, = (px, py) are given by

oL

Px=—=mvy =mR(cosp) vy,
0V
oL .

py = — =muvy =mR (sing) vy.
vy

Thus, we obtain the equations of motion in the context of implicit constrained Lagrangian systems as

é:vg, (p=v(p7 I‘7~0=05 1‘7¢=07
Po = (mR*+ Dvg, Py = Jv,.

6.2. Example: L—C circuits

Let us consider the same example of an L—C circuit as illustrated in Part I in the context of implicit constrained

Lagrangian systems.
Recall that the configuration space E = R*, whose element denotes the charge ¢ and its local coordinates are given

by (g1, gc,» 9c,, gc;) and recall also that the KCL constraints form a constraint subspace called the constraint KCL
space A C T E, which is defined, for each g € E, by

Ay =1{f €T,E | (& f) =0, a=1,2}.
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Note that f = (fL, fc,, fc,, fc;) € Ty E denotes the current vector and »? indicate independent covectors (or
one-forms), which form the basis for the annihilator Aj C T*E and are given, in coordinates, by

o' = —dg; + dgc,.

w2 = _dqcl + dQCQ - dCICg‘
Therefore, the KCL constraints for currents ' = (fL, fc,, fc,, fc;) € T, E are represented, in coordinates, by

_fL + sz =0,

_fC1 + sz - fC3 =0.

Choose a bundle structure 7 : E — R such that the base R is to be R? parameterized by rl,r?) = (qc,>qc3)
together with the projection to R, that is,

(r' 2 s' 5% = (@cys acys ars aey) = () = (e, gcy),
where we choose an Ehresmann connection in such a way that H, = Ap(g). The connection A is described, in local

coordinates g = (r], r2 sl s2) = (qc,>4qc;,9L,qc,) for E = R4, by a vertical valued one-form w® such that

0
Azwaa—a, o =ds? + ALdr?, a=1,2, a=1,2,
s

where the components of A are locally represented by

A% = (_i ?) .
Therefore, the KCL constraints may be rewritten as
1o = - g5
that is, in matrix representation,
()=~ D)
fe -1 1) \fe;/)"
As in Part I, recall that the Lagrangian £ on T E is locally given by

1(qc)?  14e)*  1(gcy)?
2 Cp 2 O 2 C3 '

1
L= EL(fL)2 —

Hence, we have the equations of motion

. oL a f - oL
Po— 7 =Ay | Pa — ,

Car 5%

which may be denoted, in matrix form, by

. qc, .
pc, + G\ (_1 _1>( quC )
) qc; | Lo 1 o, +—= |-
pos +—= P C3

C3

The flux linkages p = (pa, pa) = (Pcy» Pcs» PL> Pc,) are defined by

oL L
afoz’ Pa = afa

and it reads that

Pa =

9

pc, =0, pcy,=0, pL=Lf., pc =0.
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Note that the constraint flux linkage space is defined by
P=FL(A) CT"E,

where the distribution A C T E is represented, in coordinates, by

a ad
A:span{——A“ }

ore % ds4

Define the new coordinates (r%, s¢, pg, py) for T*E such that
50{ = Pa — Ag Pa
with some choice of complementary coordinates p,. Hence, we employ the induced coordinates (r%, s%, py) =

(QC27 qcs-4L,4qc,» 5C2’ ﬁC3) for P.
The bundle map B?, : T*P — T P associated with the constrained Poisson structure Bp on P can be constructed

by computing {¢', ¢/} = 0, {rf, po} = 85, (s, Pu} = —AL. {Fa. Pp} = 0 such that

0 0 5
Bhg. p)=[ 0 0 —A%
-8 AnHT o

Since the KCL constraints are holonomic, the curvature K g P of the Ehresmann connection A does not appear in

B?D (¢, Do), and it immediately reads that the Jacobi identity holds.

As previously mentioned, the set of Bg, and A}, defines the Dirac structure Dp C TP @ T*P on P, whose fiber
is given, for each y € P, by

Dp(y) = {(vy, ay) € TyP X T} P | oty € Ap(y) and vy — Bp(3) ay € (A3)°(3)).
The constrained Lagrangian for the L—C circuit may be constructed as
L%, s, f%) =L s % —Ag f9)

and we obtain

1(qc)® 1@c)® 1 e’
2 Ci 2 (O 2 C3

Then, it follows from the partial Legendre transformation that

~ L, ~ 0L,
pPe,=-—=Lfc,, pPc;y=,—=
g asz ? } afC}
which exactly correspond to the equality of the base points. By using local coordinates (r%,s?, p,) =
(qcy» 9c5- 9L, 9c, > Dc,, 0) for P, the constrained vector field X p on P can be denoted as

1
EC(QCZ? qcs>49L,4¢Cy» szv fC3) = EL(fC‘z)z -

07

Xp(r®,s%, Pa) = (%, 3% pa),
= (qCQa qC3a q‘L» C}CI, ﬁcza O) )
while the Dirac differential of L. is given by
oL oL
@EC(VQ,S(J, f()l) — (_ C’_ C’ foz>

arv ds¢

qc, 4c; qc,
=\= =0 — fo, -
(Cz ¢ e f“)

Then, the L—C circuit can be expressed as an implicit constrained Lagrangian system, since the triple (L., A, Xp)
satisfies

(Xp,DLc) € Dp,
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which is represented, in coordinates, by using the bundle map B?, (q, p)as

AL,
P 0 0 8%‘ orp
s“l=1| 0 0 —A% || _3%
Pa)  \=80 4T 0 ds®
fﬁ
Therefore, we have
qc,
) o o]0 O0]1 O <
qc 0 0oflo oo 1|]w
qcs C3
qL 0O o]0 O0]1 O 0
el lo ofo0 0|1 —1 da |
A 1
Pc — -1 =
02 1 0 1 110 O fe,
0O —-1]0 1 10 fes
where pc, = L fc, holds. Furthermore, we can eliminate the components associated with the current g, of the
inductor L, and it reads
qc,
0 o0 1 0 (&3
qc
0 o 0 1 C—;
=10 O 1 -1 qc,
1 0 —1]o o[+
L ) fcz
0O -1 1|0 O
f C3

Thus, the reduced equations of motion of the L—C circuit are derived in the context of the implicit constrained
Lagrangian system as follows:

qgc, = fc, — foss 4o, = foo oy = fos»
3 __9a 49
G i G
qcs qc,
e R
Cs Ci

) HCZZLfC27

0=-

Remarks. Note that the original Lagrangian L(q’, f') and the constrained Lagrangian L.(r%,s“, f%) are
independent of g7, which implies g;, might be a “secret” variable that is related to symmetries.

7. Conclusions

Part I showed that a constrained distribution on a manifold together with the canonical two-form induces a Dirac
structure on the cotangent bundle. It was shown that some basic examples, such as KCL and KVL constraints in
electric circuits, interconnections, as well as nonholonomic constraints, naturally fit into this context. Utilizing the
symplectomorphisms between the iterated tangent and cotangent bundles, Part I also developed the notion of an
implicit Lagrangian system (L, Ag, X) in this context.

In Part II of the paper, we established the link between variational structures and implicit Lagrangian systems
in mechanics. To do this, use was made of an extension of the variational principle of Hamilton, called the
Hamilton—Pontryagin principle, which, in the case Ap = T Q, leads to a set of equations that naturally includes
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the Legendre transformation as well as the Euler—Lagrange equations themselves. For the case of a general
constraint distribution Ag C TQ, we showed that an implicit Lagrangian system can be derived from a
generalization of the Hamilton—Pontryagin principle, namely an extended Lagrange—d’ Alembert principle called the
Lagrange—d’ Alembert—Pontryagin principle. We also proposed a generalization of Hamilton’s phase space principle
called the Hamilton—d’ Alembert principle in phase space and used this to establish the relationship with implicit
Hamiltonian systems for the case of regular Lagrangians.

In conjunction with applications to controlled interconnected systems such as robots and electromechanical
systems, we demonstrated that nonholonomic mechanical systems with external forces naturally fall into the context
of implicit Lagrangian systems.

Furthermore, we developed the notion of an implicit constrained Lagrangian system (L., Ag, X p), by introducing
the constrained Dirac structure Dp on the constraint momentum space P and the constrained vector field Xp on P;
the constrained Dirac structure Dp on P can be naturally defined by restricting the induced Dirac structure Da,
on T*Q to P and we have shown that Dp can be constructed by using an Ehresmann connection associated with
the constraint distribution. Also, implicit constrained Lagrangian systems were shown to fit naturally into the context
of the Lagrange—d’ Alembert—Pontryagin principle. Finally, two examples were given, namely, a vertical rolling disk
on a plane as an example of a nonholonomic mechanical system and an L—C circuit as an example of a degenerate
Lagrangian system with holonomic constraints.

Some interesting topics for future work are as follows:

e Implicit Lagrangian systems with symmetry, Dirac reduction and links with, for example, [10]. Specifically, it
would be interesting to explore the Euler—Poincaré and Lie—Poisson equations from this point of view.

e The momentum equations and the reduced Lagrange—d’Alembert equations in the context of Dirac structures;
see [11] and references therein.

e The relationship between implicit Lagrangian systems and implicit Hamiltonian systems for degenerate
Lagrangians, using a generalized Legendre transform and the theory of Dirac constraints.

e An analog of controlled Lagrangians and related stability problems for implicit Lagrangian systems [6,7,41].

e Discrete mechanics and variational integrators for implicit Lagrangian systems from the viewpoint of the
Hamilton—Pontryagin principle.

e Applications to interconnected systems such as multibody systems, general electric circuits, and networks including
sensing and communications, electromechanical systems, biochemical systems.
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