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1 Introduction

Dirac structures, which can be viewed as simultaneous generalizations of symplectic
and Poisson structures, were introduced in Courant [12, 13]. In the context of geo-
metric mechanics [1, 3, 35], Dirac structures are of interest as they can directly incor-
porate Dirac constraints that arise in degenerate Lagrangian systems [16-18, 20-22,
28], interconnected systems [10, 45], and nonholonomic systems [6], and thereby
provide a unified geometric framework for studying such problems.

From the Hamiltonian perspective, these systems are described by implicit Hamil-
tonian systems; see Bloch and Crouch [7] and van der Schaft [44] for applications
of such a formulation to LC circuits and nonholonomic systems, and Dalsmo and
van der Schaft [14] for a comprehensive review of Dirac structures in this setting. This
approach is motivated by earlier work on almost-Poisson structures that describe non-
holonomic systems using brackets that fail to satisfy the Jacobi identity [46]. These
ideas are further extended to define port-Hamiltonian systems, which are intended to
model interconnected systems (see van der Schaft [45] for a survey of such applica-
tions).

On the Lagrangian side, degenerate, interconnected, and nonholonomic sys-
tems can be described by Lagrange—Dirac (or implicit Lagrangian) systems intro-
duced by Yoshimura and Marsden [50] in the context of Tulczyjew’s triple [42, 43]
and a certain class of representations of Dirac structures called induced Dirac
structures [14]. The resulting Lagrange—Dirac equations generalize the Lagrange—
d’ Alembert equations for nonholonomic systems. The corresponding variational de-
scription of Lagrange—Dirac systems was developed in Yoshimura and Marsden [51],
with the introduction of the Hamilton—Pontryagin principle on the Pontryagin bundle
T Q & T*Q, which yields the generalized Legendre transformation, as well as Hamil-
ton’s principle for Lagrangian systems and Hamilton’s phase space principle for
Hamiltonian systems. Yoshimura and Marsden [51] also introduced the Lagrange—
d’ Alembert—Pontryagin principle, a generalization of the Hamilton—Pontryagin prin-
ciple, which yields Lagrange—Dirac systems with nonholonomic constraints. It also
generalizes the Lagrange—d’ Alembert principle for nonholonomic systems (see, e.g.,
Bloch [6]).

In the context of geometric numerical integration [23, 30], which is concerned
with the development of numerical methods that preserve geometric properties of
the corresponding continuous flow, variational integrators that preserve the symplec-
tic structure can be systematically derived from a discrete Hamilton’s principle [36],
and can be extended to asynchronous variational integrators [33] that preserve the
multisymplectic structure of Hamiltonian partial differential equations. The discrete
variational formulation of Hamiltonian mechanics was developed by Lall and West
[29] as the dual, in the sense of optimization, to discrete Lagrangian mechanics. Dis-
crete analogues of the Hamilton—Pontryagin principle were introduced in [8, 26] for
particular choices of discrete Lagrangians. Discrete Lagrangian, Hamiltonian, and
nonholonomic mechanics have also been generalized to Lie groupoids [24, 34, 41,
49].

Contributions of This Paper In this paper, we introduce discrete analogues of Tul-
czyjew’s triple and induced Dirac structures, and show how they describe discrete
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Lagrange—Dirac and nonholonomic Hamiltonian systems. The construction relies on
the observation that Tulczyjew’s triple arises from symplectic maps between the it-
erated tangent and cotangent bundles 7*T Q, TT*Q, and T*T*Q. By analogy, we
construct discrete analogues of Tulczyjew’s triple that are derived from properties of
symplectic maps between discrete analogues of the iterated tangent and cotangent
bundles. We then demonstrate that they yield discrete Lagrange—Dirac and nonholo-
nomic Hamiltonian systems, and recover nonholonomic integrators that are typically
derived from a discrete Lagrange—d’ Alembert principle.

We also introduce discrete analogues of the Lagrange—d’ Alembert—Pontryagin and
Hamilton—d’ Alembert variational principles, which provide a variational characteri-
zation of discrete Lagrange—Dirac and nonholonomic Hamiltonian systems that we
previously described in terms of the discrete analogues of Tulczyjew’s triple and in-
duced Dirac structures. The discrete Lagrange—Dirac and nonholonomic Hamiltonian
systems recover the standard Lagrangian variational integrators (see, e.g., Marsden
and West [36]), Hamiltonian variational integrators of Lall and West [29], and non-
holonomic integrators (see, e.g., Cortés and Martinez [11] and McLachlan and Perl-
mutter [38]).

Discrete Hamiltonian mechanics [29] is not intrinsic, due to its dependence on
Type 2 or 3 generating functions of symplectic maps. Since discrete Dirac mechanics
encompasses discrete Hamiltonian mechanics, we first limit our discussions to the
cases where the configuration manifold Q is a vector space. We then introduce a
retraction, a map from 7 Q to Q, to extend the ideas to the more general case where Q
is a manifold. Specifically, we extend the Lagrange—d’ Alembert—Pontryagin principle
to this case, and show that it yields, using a certain class of coordinate charts specified
by the retraction, the same coordinate expressions for Lagrange—Dirac systems as
in the linear case. This gives a firm theoretical foundation and a prescription for
performing computations with Lagrange—Dirac systems on manifolds.

Outline of This Paper The paper is organized as follows. In Sect. 2, we review in-
duced Dirac structures, Tulczyjew’s triple, and Lagrange—Dirac systems with an LC
circuit as a motivating example. In Sects. 3 and 4, we construct discrete analogues
of Tulczyjew’s triple and induced Dirac structures. These discrete analogues lead us
to the development of discrete Dirac mechanics, i.e., discrete Lagrange—Dirac and
nonholonomic Hamiltonian systems, in Sect. 5. We then come back to the LC cir-
cuit example in Sect. 6: We discretize the LC circuit and describe it as a discrete
Lagrange—Dirac system to obtain a numerical method; we also test the method nu-
merically and compare the result with an exact solution. In Sect. 7, we briefly come
back to the continuous-time setting to review the Lagrange—d’ Alembert—Pontryagin
and Hamilton—d’ Alembert principles for Lagrange—Dirac and nonholonomic Hamil-
tonian systems. Then, in Sect. 8, we define the discrete analogues of the variational
principles. In Sect. 9, we extend our results to computations on manifolds.

2 Dirac Structures, Tulczyjew’s Triple, and Lagrange-Dirac Systems

We first briefly review the induced Dirac structures that give rise to Lagrange—Dirac
systems, taking an LC circuit as an example (see [50, 51, 53]). Lagrange—Dirac
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Fig. 1 LC circuit—example of Y/
degenerate Lagrangian system 90
with constraints (see [50])

Co —— (&5 [p— —_—c3

systems are particularly useful in formulating systems with degenerate Lagrangians
and/or constraints. LC circuits are a class of examples that is particularly well suited
for the formulation as Lagrange—Dirac systems, since they often involve degenerate
Lagrangians and also constraints arising from the Kirchhoff laws.

2.1 LC Circuit—Example of Degenerate Lagrangian System with Constraints

Following Yoshimura and Marsden [50], consider the LC circuit with an inductor ¢
and three capacitors cy, ¢z, and c3 shown in Fig. 1. The configuration space is the
4-dimensional vector space Q = {(¢%, ¢!, ¢2,¢3)}, which represents charges in
the circuit elements. Then, an element f; = (f £, fC1, f€2, £93) in the tangent space
T, O represents the currents in the corresponding circuit elements; hence the tangent
bundle T Q is a charge-current space. The Lagrangian L : T Q — R is given by

@nH*  @2?* @»)?
2¢1 200 203

V4
L(g, f) = E(ff)2 @2.1)

The Lagrangian is clearly degenerate:

92L
det —— | =0,
afiafi

which corresponds to the fact that not every circuit component has inductance. There-
fore, the Legendre transformation FL : T Q — T*Q, with T*Q being the cotangent
bundle of Q, defined by

FL: f > oL dg',
af!
is not invertible, and hence it is impossible to write the system as a Hamiltonian
system in the conventional sense. Notice also that the Kirchhoff current law imposes
the constraints — f¢ 4 f2 =0 and — f°1 + f2 — £ = 0. This defines the constraint
distribution Ap C T Q given by

Ag={feTQ|o(f)=0,a=1,2}, (2.2)
with the constraint one-forms {w!, w?} defined as

o' =—dg* +dg®, w? = —dg°' +dg® — dg®. (2.3)
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Then, one can write the constraints simply as f € Ag. If we introduce the annihilator
distribution (or codistribution) AOQ CT*Qof Ag CTQby

A%(q) :={ag € TS Q |V, € Ag, (ag,vy) =0}, (24)
then we have A"Q = span{ow', ®?}.
2.2 Induced Dirac Structures

The key idea in formulating Lagrange—Dirac systems for systems with constraints
like the above LC circuits is to introduce a Dirac structure induced by the above
constraints. Let us first recall the basic definitions and results following Yoshimura
and Marsden [50].

Definition 2.1 (Dirac structures on vector spaces) Let V be a vector space and V*
be its dual. For a subspace D C V @ V*, we define

Dt i={w,0)e Ve V*|(,v) + (@, v) =0forany (V',&) € D}, (2.5)

where (-, ) : V* x V — R is the natural pairing. A subspace D of V @ V* is called
a Dirac structure on 'V if D= D.

This definition naturally extends to manifolds.

Definition 2.2 (Dirac structures on manifolds) Let M be a manifold and T M and
T*M be its tangent and cotangent bundles. For a subbundle D C TM & T*M, we
define

Dt i={(v,0) eTM®T*M | (¢, v) + (@, v) =0 forany (', ') € D}, (2.6

where @ is the Whitney sum, and (-,-) : T*M x TM — R is the natural pairing.
A subbundle D over M of TM & T*M is called a (generalized) Dirac structure on
M if D+ =D.

A particularly important class of Dirac structures is the induced Dirac structure on
a cotangent bundle defined in the following way: Let Q be a manifold, mp : 7*Q —
Q be the cotangent bundle projection, and £2° : TT*Q — T*T*Q be the flat map
associated with the standard symplectic structure £2 on T*Q.

Proposition 2.3 (The induced Dirac structure on T*Q; see [14, 44, 50]) Given a
constant-dimensional distribution Ag C T Q on Q, define the lifted distribution

Arsg = (Tmp) Y (Ag) C TT*Q, 2.7

and let AOT*Q C T*T*Q be its annihilator, which is also given by A‘}*Q = né(A"Q).
Then, the subbundle Da, C TT*Q @ T*T* Q defined by

Dpy:={(.0) eTT*Q®T*T*Q |ve Areg, a —2°(v) € AJpp}  (2.8)

is a Dirac structure on T*Q.

@ Springer



Found Comput Math

In the above LC circuit example, the Kirchhoff current law constraints Ag in (2.2)
induce the Dirac structure D 5, . In coordinates, we write an elementin 7% Q as (¢, p)
with p = (pe, pe,, Pey» Pey) and then by noting that £2 = dg A dp, we have

Dag(q. p)={(, p.ag.ap) eTT*QBT*T*Q |G € Ag, G =ap, p+ay €AY},

where Az) C T*Q is the annihilator of Ap defined in (2.4).

2.3 Tulczyjew’s Triple
Following Tulczyjew [42, 43] and Yoshimura and Marsden [50], let us introduce
Tulczyjew’s triple, i.e., the diffeomorphisms 2P, kg, and yg = 2% Kél defined

between the iterated tangent and cotangent bundles as follows:

Yo

ko 2°
T"TQ ~——— TT*Q ——— T*T*Q

\ / \ / .

(9,8q,ép,p) =— (q,p,8q,8p) ——— (q, p, —ép,d8q)

N

(g,48q9) 4, p)

The maps £2” and ko induce symplectic forms on 77*Q in the following way:
Let Or+7+g and Or«7o be standard symplectic one-forms on the cotangent bun-
dles T*T*Q and T*T Q, respectively. One defines one-forms xy and A on TT*Q
by

X = (2" Orsrro =—8pdg +8qdp,  r:=(xp)*Orsrg=38pdg + pd(dq),
and, using these one-forms, define the two-form §277+g on TT*Q by
Q77xg :=—dr=dx =dg Ad(ép) +d(8q) Adp.
Then, this gives a symplectic form on TT*Q.
2.4 Lagrange—Dirac Systems

To define a Lagrange—Dirac system, it is necessary to introduce the Dirac differential
of a Lagrangian function: Given a Lagrangian L : T Q — R, we define the Dirac
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differential OL : T Q — T*T*Q by

@LZZyQOdL.
In local coordinates,
oL oL
DLq,v)=(q9, —, ——,
(g,v) (q o0 0g v)

Now we are ready to define a Lagrange—Dirac system:

Definition 2.4 (Lagrange—Dirac systems) Suppose that a Lagrangian L : TQ — R
and a Dirac structure D C TT*Q & T*T*Q are given. Let X € X(T*Q) be a vector
field on T* Q. Then a Lagrange—Dirac system is defined by

(X,DL) e D. (2.10)

In particular, if D is the induced Dirac structure D, given in (2.8), the Lagrange—
Dirac system can be written as follows:

Trog(X)eAg.,  R°(X)—DL € Af.y.
or in local coordinates, by setting X =g 9, + p 9,

oL . odL
= ——€A

=, . 2.11
90 p 3q 0 ( )

g e Ay, qg=m, p

Example 2.5 (LC circuit) With the Dirac structure D Ao in (2.8) induced by the con-
straints A in (2.2), the Lagrange—Dirac system (X, DL) € Dx,, gives

oL . dL 1 2
—— =uw + Urw (2.12a)

1€ Ao, 1= f, = —,
q€dg g=1r P T P o7

with the Lagrange multipliers 1, u2 € R; to be more explicit,

3

§" =4, q“'=q*—q%,
C}Z — fé’ écl — fcl, qcz — fC27 q-::3 — ngi

Pezﬁféa pclzpczzp03zov

(2.12b)
) ) q“ ) q
Pe=—HM1, Pey +— = —U2, Pe, + — = U1 + a2,
Cl 2
) q°
Pcs + — =—n.
a3

This formulation recovers the equations given by circuit theory.

Remark 2.6 Notice that this formulation by Yoshimura and Marsden [50] does not
use the Kirchhoff voltage law; it instead uses the Kirchhoff current law with the
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symplectic structure on 7*Q to define the Dirac structure Dy, CTT*Q ® T*T* Q.
On the other hand, the formulation by Bloch and Crouch [7] and van der Schaft [44]
uses the Dirac structure D C TP @ T*P, with a different configuration space P,
defined by both the Kirchhoff voltage and current laws, without using any additional
geometric (symplectic) structure.

2.5 Implicit and Nonholonomic Hamiltonian Systems

One can define an implicit Hamiltonian system in an analogous way as shown by
van der Schaft [44] and Dalsmo and van der Schaft [14]:

Definition 2.7 Suppose that a Hamiltonian H : 7*Q — R and a Dirac structure D C
TT*Q & T*T*(Q are given. Let X € X(T*Q) be a vector field on T*Q. Then an
implicit Hamiltonian system (IHS) is defined by

(X,dH) e D.

In particular, if D is the induced Dirac structure D, given in (2.8), the IHS gives
the nonholonomic Hamilton’s equations (see, e.g., Bates and Sniatycki [4], van der
Schaft and Maschke [46], and Koon and Marsden [27]):

Tro(X) e Ag, 2°(X) —dH € A%y,
or in local coordinates, by setting X =g 9, + p d,,

oH . O0H
P+ —¢€dy.

C e Ao, Py
q 0 q op 3q

To keep the exposition in this section concise, we will not go into details about IHS
here. We would like to point the reader to the references cited above for details and
examples of [HS.

3 Discrete Analogues of Tulczyjew’s Triple

In this section, we construct discrete analogues of Tulczyjew’s triple shown in (2.9)
that retain the key geometric properties, especially the symplecticity of the maps
involved. This makes it possible to formulate a natural structure-preserving discrete
analogue of Lagrange—Dirac systems. The discussion here is limited to the case where
the configuration space Q is a vector space.

To give the big picture of what we would like to do in this section, constructing a
discrete analogue of Tulczyjew’s triple involves replacing, for example, the tangent
bundle 7 Q in (2.9) by the product Q x Q in accordance with the basic idea of discrete
mechanics (see, e.g., [36]); likewise TT*Q is replaced by T*Q x T*Q; the role of
T*Q in discrete mechanics is quite subtle in general, but since Q is assumed to be
a vector space, we can replace it with Q x Q*. Figure 2 gives a rough picture of a
discrete analogue of Tulczyjew’s triple. We work out the details of how to obtain the
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Fig. 2 A rough picture of a 7
discrete analogue of Tulczyjew’s
triple. . "4 . " o . i
(@ x Q) QR xT*Q T(Q*x Q")
W& %ﬂ'@ % %@*
QxQ QxQ"

maps /ch and .Qg in the sections to follow. The guiding principle here is to make use of
symplectic maps associated with generating functions instead of smooth symplectic
flows.

3.1 Discrete Mechanics and Generating Functions

Let us first review some basic facts on generating functions. Consider a map F :
T*Q — T*Q written as (qo, po) — (q1, p1). Note that, since Q is assumed to be a
vector space here, the cotangent bundle is trivial, i.e., 7*Q = Q x Q*, and so one can
write F: O x Q* — Q x Q* as well. One then considers the following four maps
associated with F:

(i) F1:0x0— 0" x 0% (q0.91) = (po, p1)
(i) F2:0 x Q* = Q% x Q5 (90, p1) = (po, q1)
(iii) F3:0%" x O — 0 x Q0% (po,q1) + (qo, p1)
(iv) Fy: Q" x Q" — Q x Q; (po, p1) + (qo0.q1)

The Type i generating function with i = 1, 2, 3, 4 (using the terminology set by Gold-
stein et al. [19]) is a scalar function S; defined on the range of the map F; that exists
if and only if the map F is symplectic. Let us look at the first three cases (the fourth
one is not important here) and their relationship to discrete analogues of the map « g
and £2° in the sections to follow.

3.2 Generating Function of Type 1 and the Map KdQ

This section relates the Type 1 generating function with a discrete analogue KdQ of the
map k¢ in Tulczyjew’s triple, (2.9).

First, we regard (po, p1) as functions of (qo, g1) as indicated in the definition of
the map F above, and then define ir, : O x Q — T*Q x T*Q by

ir, : (90, q1) = ((q0. po), (q1, p1))  where (po, p1) = Fi(qo. q1)-
Now recall that the map F : (qo, po) — (g1, p1) is symplectic if and only if
dgo Adpo = dq1 Adpy, or equivalently d(— po dgo + p1 dg1) = 0. Then, the Poincaré

lemma states that this is true if and only if there exists some function S; : @ x O — R,
a Type 1 generating function, such that

—podgo + p1dg1 = dSi(qo, q1)-
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This relates the (pg, p1) with the generating function Si:

po=—D151(q0, q1), p1=D1S1(q0, q1). 3.1

Then, this gives rise to the map KdQ T*Q x T*Q — T*(Q x Q) so that the diagram

«d

T*QxT*"Q ——— T*(2x Q)

N

X
Qx0 (3.2)
((go, po), (g1, p1)) —— (qo. 41, —Ppo, p1)
(q0. q1)
commutes, i.e., we obtain
xQ : ((qo. po). (g1, p1)) = (g0.q1. —po. p1)- (3.3)

3.3 Generating Function of Type 2 and the Map .Qg +

Next, we would like to relate the Type 2 generating function with one of the two
discrete analogues of the map £2° in Tulczyjew’s triple, (2.9).

First, we regard (pg, q1) as functions of (go, p1) as indicated in the definition of
the map F» above, and then define ir, : Q x Q* - T*Q x T*Q by

F 1 (o, p1) — ((90, po). (q1, p1))  where (po, q1) = Fa(qo. p1)-

The map F : (qo, po) — (q1, p1) is symplectic if and only if dgg A dpg =dq; Adpy,
or equivalently d(podgo + g1 dp1) = 0. Then, the Poincaré lemma states that this is
true if and only if there exists some function S : Q x Q* — R, a Type 2 generating
function, such that

podgo +q1dp1 =dS2(qo, p1).

This relates the (po, g1) with the generating function S,:

po = D152(qo0, p1), q1 = D282(qo, p1)- 3.4
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Then, this gives rise to the map Qng T*O x T*Q — T*(Q x QF) so that the
diagram

b
Qd+

T*OxT*Q —— > T*(Q x 0%

N

0 x Q"

3.5
((q0, Po), (g1, p1)) ——— (q0, P1, Po, q1)
(qo, p1)
commutes, i.e., we obtain
24, : ((go. po). (q1. p)) = (qo. 1. Po. 41)- (3.6)

3.4 Generating Function of Type 3 and the Map .ng

The other discrete analogue of the map £2° follows from the Type 3 generating func-
tion.

In this case, we regard (qo, p1) as functions of (pg, g1) as indicated in the defini-
tion of the map F3 above, and then define if, : 0* x Q = T*Q x T*Q by

iry = (po.q1) — ((qo. po). (q1, p1))  where (qo. p1) = F3(po. q1).

The map F : (qo, po) — (q1, p1) is symplectic if and only if dgg A dpg =dq; Adp1,
or equivalently d(—godpo — p1 dg1) = 0. Then, again by the Poincaré lemma, this is
true if and only if there exists some function S3: O* x QO — R such that

—qodpo — p1dgq1 =dS3(po. q1).
This relates the (qo, p1) with the generating function S3:

go=—D153(po, q1), p1=—D253(po, q1). 3.7
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Then, this gives rise to the map 937 T*0Q x T*Q — T*(Q* x Q) so that the
diagram

2

T*Q xT*Q T*(Q* x Q)
1Py dS3
3k
Q" x 0 (3.8)

((g0, po), (g1, p1)) ——= (po, 41, —q0, —P1)

(po, q1)

commutes, i.e., we obtain

24_: ((q0. Po). (q1. p1)) = (Po. q1. —q0, —p1)- (3.9)

3.5 (+)-Discrete Tulczyjew Triple

Combining the diagrams in (3.2) and (3.5), we obtain the following (+)-discrete
Tulczyjew triple.

Vo

“0 2
T*(Ox Q) <~ T*QOxT"Q —— T*(Ox Q%)  (3.102)

”QXX /QX”Q fﬁg\ /QXQ*
0xQ 0 x Q*
(g0, q1, —Ppo, p1) <— ((q0, po)s (g1, p1)) —— (qo, p1, Po.q1) (3.10b)
(0, q1) (g0, p1)
The maps KdQ and .Qg . inherit the properties of ko and " discussed in Sect. 2.3

in the following sense: Let Orxpx p*) and Or+px ) be the symplectic one-forms
on T*(Q x Q*) and T*(Q x Q), respectively. The maps /c and SZ induce two

@ Springer



Found Comput Math

symplectic one-forms on 7*Q x T*Q. One is
b y*
Xd+ = (Qd+) Ot+(0x0*) = podqo +q1dp1,
and the other is
Ay = (KdQ)*@T*(QxQ) = —podqo + p1dq:.
Then, using these one-forms, define the two-form 27«7+ by
Q7+gx1+0 = —dAg+ =dxa+ =dgq1 Adpy —dgo Adpo.

This is a natural symplectic form defined on the product of two cotangent bundles
(see Abraham and Marsden [1, Proposition 5.2.1 on p. 379]).

3.6 (—)-Discrete Tulczyjew Triple

Combining the diagrams in (3.2) and (3.8), we obtain the following (—)-discrete
Tulczyjew triple.

T
) 2

(0 x Q) T*O X T*Q — = T*(0* x 0) (3.11a)

an Aan T; A*XQ

0x0

(g0, q1, —po, p1) < ((qo, po), (q1, p1)) += (po,q1,—q0, —p1) (3.11b)

NN S

(g0, q1) (po. q1)

As in the (+)-discrete case, the maps /ch and Qg_ inherit the properties of « and
£2°: Let O71+(*x @) be the symplectic one-form on 7*(Q* x Q). Then, we have

b
xa— = (24_) Or+(0*x0) = —p1dg1 — qodpo.
and

Aa— = (KdQ)*@T*(QxQ) = —podqo + p1dq:.

Then, they induce the same symplectic form £27+¢ 7+ as above:

Qrxox1*Q = —dAq- =dxqa— =dgq1 Adp1 —dgo A dpo.
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4 Discrete Analogues of Induced Dirac Structures

Recall from Sect. 2.2 that, given a constraint distribution Ag C T Q, we first defined
the distribution A7+ C TT*Q and then constructed the induced Dirac structure
Da, CTT*Q@&T*T*Q. This section develops a discrete analogue of this construc-
tion.

4.1 Discrete Constraint Distributions

Given the fact that the tangent bundle 7 Q is replaced by the product Q x Q in the
discrete setting, a natural discrete analogue of a constraint distribution Ag C T Q is
a subset AdQ C Q x Q. We follow the approach of Cortés and Martinez [11] (see also

McLachlan and Perlmutter [38]) to construct discrete constraints AdQ C Q x Q based
on given (continuous) constraints Ag C T Q.

Let AOQ C T*Q be the annihilator distribution (or codistribution) of Ag C TQ
and m :=dimT,Q — dim Ap(q) for each ¢ € Q. Then, one can find a set of m
constraint one-forms {w“}”"_; that spans the annihilator:

Ay =span{w®}"_.
In local coordinates, we may write

(g, v) = Af (@', .1
where (A{(g)) is an m x n full-rank matrix for each g € Q, i.e., rank A(q) = m.

Then, using the one-forms w® and a retraction R : T Q — Q (see Sect. 9.1), we
define functions 0§, : Q0 x Q@ — R by

04, (q0.q1) = 0" (q0. Ry (@), ©f_(q0.q1) =" (q1.—R ' (q0)). (4.2)
and then define the discrete constraints Ain C QxQby

Ain :={(q0.91) € @ x 0|0, (q0,91)=0,a=1,2,....,m}. (4.3)

The following proposition suggests that it is natural to think of g; as a discrete ana-
logue of the velocity vy, € Ty, O when imposing the constraint (g, g1) € A% and

qgo a discrete analogue of vy, € T, Q when imposing (go, q1) € AdQ_:

Proposition 4.1 The discrete constraints defined by (qo, q1) € Ain C Q x Q are
constraints only on the variable q| and qq, respectively; i.e., pr; (AdQ+) = Q and

prz(AdQ_) = Q, where pr; : Q x Q — Q with i = 1,2 is the projection to the ith
component.

Proof Let w: T Q — R™ be the map defined by
w(g,v) = (o' (g, V), ..., 0" (q,v)),
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and wg4 : @ x Q@ — R™ be the map defined by
0d+(q0, q1) = (03,.(q0. 91). - ... @}, (@0, qD)).
In the first equation in (4.2), take the derivative respect to g1 to obtain
Dyway (g0, q1) = Dao(qo, Ry, (q1)) - DR (q1) = A(qo) - DR (q1),

where we used the coordinate expression for @ in (4.1). Since DR[;)1 is an in-
vertible matrix (see Remark 9.2) and rank A = m, we find that rank Drwg4+ = m.
Therefore, by the implicit function theorem we may (locally) rewrite the con-

straints w4+ (go, q1) =0 as ‘11 (g0, q . ]" ~") with some function f!:R" x

R*™ — R™ forl=1,...,m, where{il,.. lm}U{jl,...,]n mt=1{1,2,...,n}
and {i1,...,in} N{j1,..., jn_m} = . Hence ¢ is a free variable and so the claim
follows. Similarly for wq—. O

Next, we introduce discrete analogues of the distribution A7+o C TT*Q using the
discrete constraint Adi defined above. Natural discrete analogues of Ar+g would be

AdiQ cT*0Q x T*Q defined by

A(}fg =(mg xmQ)~ l(A(HE)

= {((q0, Po). (@1, 1)) € T*Q x T*Q | (g0, q1) € A"},

which is analogous to the continuous distribution A7+ = (TJTQ)_1 (Ag)in (2.7).
We will also need discrete analogues of the annihilator A‘}*Q defined in (2.7);
natural discrete analogues of it would be annihilator distributions on Q x Q* and
Q* x Q. We use the projections 713’ 0 x 0 — Q and ng_ :0*x Q0 — Qto
define annihilator distributions A"QXQ* CcT*(Q x Q) and A‘b*xQ CcT*(Q*x Q)
by
Argr = (757)"(4%) = {(@. p. 2. 0) € TH(Q x Q%) | ag dg € AZ (@)},
Ay = (T g ) (4%) ={(p.4.0,ay) € T*(Q* x Q) | 2y dq € A%(9)},

which is analogous to the expression for the continuous annihilator distribution

4.2 Discrete Induced Dirac Structures

Now we are ready to define discrete analogues of the induced Dirac structures D4,
shown in Proposition 2.3.

Definition 4.2 (Discrete Induced Dirac Structures) Given a discrete constraint distri-
bution AdQ+ C Q x Q, we define the (+)-discrete induced Dirac structure by

D&t = {((z.2%).0z) € T*Q x T*Q) x T*(Q x Q") |
(c.2%) € ALy, a:— 2, (2 ) € A,
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where if 7 = (¢, p) and z+ = (¢, pT) then 7 := (g, p*) € Q x O*. Likewise, given
a discrete constraint distribution AdQ_ C Q x Q, we define the (—)-discrete induced
Dirac structure as follows:

Dy, = {((z7,2).a2) € T*Q X T*Q) x T*(Q* x Q) |
(zT.z) € A‘}iQ, a:— 2 (z7,2) € Aderoh

whereif z=(q,p)andz" =(¢~,p ) thenz:=(p~,q) € O* x Q.

5 Discrete Dirac Mechanics

Now that we have discrete analogues of both Tulczyjew’s triple and induced Dirac
structures at our disposal, we are ready to define discrete analogues of Lagrange—
Dirac and nonholonomic Hamiltonian systems. As we shall see, two types of dis-
crete Lagrange—Dirac/nonholonomic Hamiltonian systems will follow from the (£)-
discrete Tulczyjew triples and (£)-discrete induced Dirac structures.

5.1 (4)-Discrete Dirac Mechanics
5.1.1 (+)-Discrete Lagrange—Dirac Systems

Let us first introduce a discrete analogue of the Dirac differential: Define yg+ :

T*(Q x Q) —> T*(Q x Q) by
y5+ = .Qg+ o (/ch)_l,

and, for a given discrete Lagrangian Lq: Q x Q — R, define the (+)-discrete Dirac
differential DT Lq: Q x Q — T*(Q x Q%) by

DtLg:= )/g+ odLg.
In coordinates, we have
9% La(qx. 4;") = (qx» DaLa, —D1La. q;).

Definition 5.1 ((+)-Discrete Lagrange—Dirac System) Suppose that a discrete La-
grangian L4 : Q x Q — R and the constraint distribution Ag C T Q are given; and
so (4.3) gives the discrete constraint distribution AdQ+ CQxQ.Let

XX = ((qk, Pr)s (qks1, Prs)) €T*O x T*Q (5.1)

be a discrete analogue of a vector field on 7*Q. Then, a (+)-discrete Lagrange—
Dirac system is a triple (Lq, Ag, Xq) with

(X§ D" La(ar. 4)) € DG - (5.2)
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Remark 5.2 The variable qu' in (5.2) is a discrete analogue of v in (2.11). See Propo-
sition 4.1.

Let us find a coordinate expression for a (4)-discrete Lagrange—Dirac sys-
tem: (5.2) gives

b °
(quqk—i-l)EAdQJrv ©+Ld_9d+(X§)EAQ><Q*’
where

b
Qd+(X§) = (qk» Pk+1> Pks Gk+1)-

Thus, we obtain the following set of equations:

(@ qrs1) €AY, qri=q;

(5.3a)
pi+1 = DaLa(qx. 4F). pk+ DiLa(qr. ;) € A% (qw).
or more explicitly, with the Lagrange multipliers 1,
o4, (qk, gr+1) =0, Qk+1 =g
+ . g N (5.3b)
pir1=DaLa(qx. 47 ). Pk + DiLa(qx. ;") = ma®® (g1,

where a = 1,2, ..., m. We shall call them the (+)-discrete Lagrange—Dirac equa-
tions; they recover the nonholonomic integrator of Cortés and Martinez [11] (see also
McLachlan and Perlmutter [38]).

Consider the special case Ag =T Q. In this case, AdQ+ =0 x Q and A"Q =0,
and so the above equations reduce to

Qi1 =a; Pi+1=DaLa(qx. qif). pk =—D1La(qx. qi}). (5.4

These are equivalent to the discrete Euler-Lagrange equations (see Marsden and West
[36]).

5.1.2 (+)-Discrete Nonholonomic Hamiltonian System

A nonholonomic discrete Hamiltonian system is defined analogously:

Definition 5.3 ((4)-Discrete Nonholonomic Hamiltonian System) Suppose that a
(+)-discrete Hamiltonian (referred to as the right discrete Hamiltonian in [29]) Hyy :
0 x Q0* — R and the constraint distribution Ag C T Q are given; and so (4.3) gives
the discrete constraint distribution AdQ+ COxQ.LetX ’5 be a discrete analogue of
a vector field on T*Q as in (5.1). Then, a (+)-discrete nonholonomic Hamiltonian

system is a triple (Hyy, Ag, Xq) with

(X4, dHa (gx. pre1)) € DY (5.5)
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A coordinate expression is obtained in a similar way:

(@ grr) €AY, g1 = DaHay gk, prs1),

(5.62)
pk — D1Hay (k. pr+1) € A%(qr),
or more explicitly
a4 (qr, gr+1) =0, Gk+1 = D2Hay (qx, pi+1), (5.6b)
Pk — Di1Hat(qk, Prt1) = Ra®” (qi),
wherea =1, 2, ..., m. We shall call them the (+)-discrete nonholonomic Hamilton’s

equations.
If Ag =TQ, then AdQ+ =0 x Qand A"Q = 0; and so the above equations reduce
to

qr+1 = D2Hai (qk, pr+1), Pk = D1Hay (gk, prt1), 5.7

which are the right discrete Hamilton’s equations in Lall and West [29].
5.2 (—)-Discrete Dirac Mechanics
5.2.1 (—)-Discrete Lagrange—Dirac Systems

Let us first introduce the (—)-version of the Dirac differential. Define yg*

T*(Q x Q) > T*(Q* x Q) by
yg_ =) o (KdQ)_l,

and, for a given discrete Lagrangian Lq : O x Q — R, define the (—)-discrete Dirac
differential " Lg: QO x Q — T*(Q* x Q) by

D Lq:= yg_ odLy.
In coordinates, we have
©7Ld(qk_+] ) Clk+1) = (_DlLdv qk+1s _qk_+] 9 _DzLd)

Definition 5.4 ((—)-Discrete Lagrange—Dirac System) Suppose that a discrete La-
grangian L4 : Q x Q — R and the constraint distribution Ag C T Q are given; and

so (4.3) gives the discrete constraint distribution AdQ_ COxQ.LetX g be a discrete
analogue of a vector field on 7*Q as in (5.1). Then, a (—)-discrete Lagrange—Dirac
system is a triple (L4, Ag, Xq) with

(X8 D Lalg 1 ar+1)) € D, (5.8)

Remark 5.5 The variable ¢, | in (5.8) is a discrete analogue of v in (2.11). See
Proposition 4.1.
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Let us find a coordinate expression for a (—)-discrete Lagrange—Dirac system:
(5.8) gives

- - b
(k- qr+1) € AG D Lg— 24_(X}) € Ao
where

b
Qd_(Xﬁ) = (Pk> Gk+1, —qk> — Pk+1)-

Thus, we obtain the following set of equations:

(Gk. gk+1) € A Gk =441
Q7 i 3 (5.9a)
Pk = —D1Ld(qk+1, Gk+1) Di+1 — DzLd(qu, Giv1) € A (Gk+1),
or more explicitly
wd_(qk, qr+1) =0, Gk =iy 1>
) + ) (5.9b)
Pk = —DlLd(qu, 6]k+1), Dk+1 — DzLd(qu’ 61k+1) = a® (qr+1),
where a = 1, 2,...,m. We shall call them the (—)-discrete Lagrange—Dirac equa-

tions; they again recover the nonholonomic integrator of Cortés and Martinez [11]
(see also McLachlan and Perlmutter [38]).

If Ag =TQ, then AL = 0 x Q and A"Q = 0; and so the above equations reduce
to

Gk =0qryy-  Pk=—DiLa(q 1 qk+1).  Pes1 = DaLa(qyy - gks1)- (5.10)

This is a slightly different (but equivalent) expression for (5.4).
5.2.2 (—)-Discrete Nonholonomic Hamiltonian System

The corresponding discrete nonholonomic Hamiltonian system is defined analo-
gously:

Definition 5.6 ((—)-Discrete Nonholonomic Hamiltonian System) Suppose that a
(—)-discrete Hamiltonian (referred to as the left discrete Hamiltonian in [29]) Hg— :
Q* x @ — R and the constraint distribution Ag C T Q are given; and so (4.3) gives
the discrete constraint distribution AdQ_ COxQ.LetX g be a discrete analogue of
a vector field on T*Q as in (5.1). Then, a (—)-discrete nonholonomic Hamiltonian
system is a triple (Hyq—, Ao, Xq) with

(X4, dHa—(pr, qu+1)) € D (5.11)

A coordinate expression is obtained in a similar way: We obtain the following set
of equations, which we shall call the (—)-discrete nonholonomic Hamilton’s equa-
tions:

(gk, qe41) €AY, g =—DiHa(pi, qr+1),
(5.12a)

Pi+1 + D2Ha—(pi, qr+1) € A (qr+1),
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or more explicitly

wg_(qk, gk+1) =0, gk = —D1Ha—(pr, qi+1),
(5.12b)
Pi+1 + DaHa—(pi, qk+1) = a@” (qr+1),

wherea=1,2,...,m.
If Ag =TQ, then AdQ_ =0 x Qand A"Q = 0; and so the above equations reduce
to

gk = —D1Hyq—(pr, qi+1), Pk+1 =—D2Ha_(pk, qi+1), (5.13)

which are the left discrete Hamilton’s equations in Lall and West [29].

6 Example of Discrete Lagrange—Dirac System—LC Circuit
6.1 Formulation

We apply the above formulation of discrete Dirac mechanics, in particular discrete
Lagrange—Dirac systems, to the LC circuit example from Sect. 2.
Choose the retraction R : T Q — Q (see Sect. 9.1 for more details) defined by

Ry (W) :=q +vh, 6.1)
where 4 is the time step; hence we have

-1 _ 491 —40
Rqo (q) = -

Then, we define the discrete Lagrangian Lq : Q x Q — R in terms of the continuous
Lagrangian, (2.1), by

La(ak ) :=h L(ax. Ry (a;))
N N 2 3 Ciy2
Cla" —aqf ()
=h|\——) — — | 6.2
|:2 ( h ; 2¢; ©2)
This is a discretization that corresponds to the symplectic Euler method (see, e.g.,

[36]).
We also introduce the discrete constraints AdQ+ using (4.2) with the original con-

straint one-forms {w!, a)z} given in (2.3):
o, (@ qer1) = (0" (@) Ry (qis1)).
Simple computations show that

1 . )
w(lj_,_(Qk, qk+1) = Z[_(qlfH - qlf) + (‘]13.1 - qliz)]’

@ Springer



Found Comput Math

GRlae e = 3 [=(alh — ) + (0~ a) ~ @5 — "))
Then, (4.3) gives
AG = {(gr, qes1) € 0 x Q| 0, (gk, qr+1) =0, a = 1,2}
= {(qk. qk+1) € O x Q| —qf 1 + a2 = —af + ;.
— i T UG 4 =4 a4’}

Note that the original constraints are holonomic, i.e., the one-forms w* are exact, and
the above expression for the discrete constraints are the integral form of the original
constraints.

Then the (+)-discrete Lagrange—Dirac equations (5.3) give

¢ ¢
Qi+1 — 9k = ‘11511 -4 qlﬂrl —q = (ql:il - qlfz) - (qliil - ‘1153)’
N4 i +.¢i .
qlf+1=qu J aGh=a " (=1,2.3),
gt
peari=0E—E  poai=0 (i=1,2,3),
h (6.3)
e g
dr  — 4
¢ = —/,
Pk A M1
hq"l‘qci . hq+»52
Pok— ——=—pr (=13),  Pok— ——=pui+pa,
2¢; 2cy

where 1, are Lagrange multipliers, and we used the fact that A% = span{w!, ®?}
with ' and w? defined in (2.3).

6.2 Numerical Result

Assume the initial condition

q'0) =¢1(0) =q2(0)=¢=©0)=0,  §°0)=4¢?0) =10,
G1(0) = ¢(0) = 0.

Applying elementary circuit theory to the example, we obtain the exact solution

10
gl (1) = —sinct,
c

o c1+c+c3
" Veala+e)L’

and thus the period of the solution is 7' := 27 /c. With the choice of the parameters

where

(==, =1, =2, =3,
y Ccl (6 Cc3
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15 F T T T |. p=
Numerical <

Fig. 3 Comparison of exact and numerical solutions (40 points per period) for LC circuit

Table 1 Convergence of the

numerical method: number of 20 40 80 160
time intervals per period N
vs.errorat t =57 = 107 quN — qu (5T)| 1.31915 0.324829 0.0808631  0.0201938

we have ¢ = 1, and so the period T becomes 2.

Figure 3 compares the exact solution with the numerical solution for time step size
h =2m/40~0.157, i.e., 40 time intervals per period.

Table 1 shows how the error at + = 57 = 10 converges as N, the number of
time intervals per period, increases. The method clearly exhibits second-order con-
vergence behavior, whereas the discretization corresponds to the symplectic Euler
method, which is first-order accurate.

Remark 6.1 One possible explanation for the second-order convergence rate is the
following: As one can see from (6.3), the {q,f} are the only variables explicitly in-
volved with the time evolution' and the other variables could be determined from
the constraints. Since {q,f} are not present in the potential term in the discrete La-
grangian, (6.2), only the first term (that corresponds to the inductance energy or “ki-
netic energy” with the electrical-mechanical analogy) is relevant to the time evolu-
tion. However, since the coefficient of this term is constant, the approximation of
the “kinetic energy” term in the discrete Lagrangian, (6.2), is the same as that of the
midpoint rule, i.e., the approximation given by the discrete Lagrangian of the form

qk +q;t q,f—qk>

L¥P<qk,q;)=hL( R

which yields a second-order accurate method.

I'This is due to the fact that the original Lagrangian, (2.1), is degenerate, i.e., its f-dependence is only
through the ¢-component f £,
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Remark 6.2 Eliminating p and p from (2.12), we obtain

qC3 qcz
tif=—"——"— §?=¢" (c1+c)§? =34

If we apply the central difference approximation to ¢ and forward difference to
all the first-order derivatives in the above equations, we obtain the same numerical
method defined by (6.3) (after p; and u are eliminated).

In this paper, we do not delve into the issue of accuracy of the numerical methods
defined by discrete Lagrange—Dirac systems; instead, we leave it as a topic for future
studies.

7 Variational Structure for Lagrange-Dirac and Nonholonomic Hamiltonian
Systems

In this section we briefly come back to the continuous setting discussed in Sect. 2 to
review variational formulations of Lagrange—Dirac and nonholonomic Hamiltonian
systems, again following Yoshimura and Marsden [51]. This section is a precursor to
the development of the corresponding discrete analogues to follow in the next section.

7.1 Lagrange—d’ Alembert—Pontryagin Principle and Lagrange—Dirac Systems

Definition 7.1 Suppose that a Lagrangian L : T Q — R and a constraint distribution
Ag C TQ are given. The Lagrange—d’Alembert—Pontryagin principle is the aug-
mented variational principle on the Pontryagin bundle T Q & T*Q defined by

b
3/ [L(g.v)+ p(¢g —v)]dt =0, (7.1)
a

with the constraint ¢ € Ap; we assume that the variation 8¢ vanishes at the endpoints,
i.e., 8q(a) = 8q(b) =0, and also impose dg € Ay after taking the variations inside
the integral sign.

The Lagrange—Dirac system follows from the Lagrange—d’ Alembert—Pontryagin
principle: In a local trivialization, Q is represented by an open set U in a linear
space E, so the Pontryagin bundle is represented by (U x E) & (U x E*) 22U x
E x E*, with local coordinates (¢, v, p). If we consider ¢, v, and p as independent
variables, we have

b
Sf [L(q, v) + p(g — v)]dt

brar dL : .
= —dqg+|——p)Sv+(G—v)dp+ péq|dt
« Log av

b
:/ [(% —P>561 + (% —p)(Sv—i- (g — v)api| dr,
p aq av
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where we used integration by parts, and the fact that the variation §¢g vanishes at
the endpoints. Taking account of the constraints §g € Ag, (7.1) gives the Lagrange—
Dirac equation (2.11):

_oJL . oL

— — € 4%, (7.2)

e A, —_— _ ok
q 0 q p 90 p 3q

7.2 Hamilton—d’ Alembert Principle in Phase Space and Nonholonomic
Hamiltonian Systems

Definition 7.2 Suppose that a Hamiltonian H : 7*Q — R and a constraint distribu-
tion Ag C T Q are given. The Hamilton—d’Alembert principle in phase space is the
variational principle defined by

b
8/ [p¢—H(q.p)]dr=0, (7.3)

with the constraint ¢ € A; we assume that the variation 8¢ vanishes at the endpoints,
i.e., 8q(a) = 8q(b) =0, and also impose dg € Ay after taking the variations inside
the integral sign.

The nonholonomic Hamiltonian system follows from the Hamilton—d’ Alembert
principle in phase space: (7.3) gives

b, br. . 0H aH
0=6[ [pg—H(g.p)]dt= [ (Gdp+pdg———58q——3dpdr
a a dq ap

oo e

which, under the constraints §g € A, yields

jeA =2 5 g (7.4)

8 Discrete Variational Structure for Discrete Lagrange-Dirac and
Nonholonomic Hamiltonian Systems

This section develops discrete analogues of the variational structure discussed in

the last section. It is shown that the discrete versions of Lagrange—d’Alembert—

Pontryagin principle and Hamilton—d’ Alembert principle in phase space yield dis-

crete Lagrange—Dirac and nonholonomic Hamiltonian systems, respectively.

8.1 Discrete Pontryagin Bundles

Let us first introduce discrete analogues of the Pontryagin bundle 7Q & T*Q:
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Definition 8.1 ((3)-Discrete Pontryagin Bundles) The (+)-discrete Pontryagin bun-
dle is defined by

(0 x Q)@ (2 x 0" ={((gr- 41") (ak. Pes1)) }.

or, by identifying the first Q of each, we have

(Ox0)®(Qx0)=0x0x 0" ={(qk. 4 px+1)}-

Similarly, the (—)-discrete Pontryagin bundle is defined by
(0 x Q)@ (0* x Q) ={((9c,1> gk+1): (P> g4 D)}

or, by identifying the second Q of each, we have
(O x Q) ®(Q"x Q) =0 x 0" x 0 ={(q, 1> Prsqi+1) -

8.2 Discrete Lagrange—d’ Alembert—Pontryagin Principle and Discrete
Lagrange—Dirac Systems

Definition 8.2 ((£)-Discrete Lagrange—d’ Alembert—Pontryagin Principle) Suppose
that a discrete Lagrangian Lg : Q@ x Q — R and the constraint distribution Ay C
TQ are given; and so (4.3) gives the discrete constraint distributions Ain C
Q x Q. Then, the (&)-discrete Lagrange—d’Alembert—Pontryagin principle is the
discrete augmented variational principle defined by

N-—1
8 [La(g.ai) + prs1(grrr — )] =0 @.1)
k=0
or
N-—1
8 ) [La(qpr- ax+1) = pr(ax — q1)] =0. (8.2)
k=0

with the constraint (gk, gk+1) € Ain respectively; we assume that the variations dgx
vanish at the endpoints, i.e., go = dgny = 0, and also impose Sq; € Ap(gx) after
taking the variations inside the summation.

Proposition 8.3 The (1)-discrete Lagrange—d’Alembert—Pontryagin principles yield
the (£)-discrete Lagrange—Dirac equations (5.3) and (5.9), respectively.

Proof First taking the variations in (8.1) and (8.2), we have

N-1

0=06> [Lalgx-a;) + prr1(grs1 — 4]
k=0

N-1

=Y [DiLalgr- ) + pesax
=1

=~
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N-1
+ Z DyLa(qr. q") — prr1]8a; + (a1 — q;)dpir )

k=0
and
N-1
0=5 [La(g1- ae+1) = Prlar —411)]
k=0
N-2
[D2La(qy - qr1) — Pis1]8qrs1
k=0
N-1
+ Z DlLd Grt1s 6]k-i—l) + Pk]aqk_;_l + (Qk+1 Qk)SPk},
k=0

where we used §gp = 0 and §g = 0. Taking account of the corresponding constraints
on the variations in each of the above equations, we obtain (5.3) and (5.9), respec-
tively. g

8.3 Discrete Hamilton—d’ Alembert Principle in Phase Space and Discrete
Nonholonomic Hamiltonian Systems

Definition 8.4 ((£)-Discrete Hamilton—d’ Alembert principle in phase space) Sup-
pose that a (£)-discrete Hamiltonian Hgy : Q X Q* —> R or Hq— : 0* x Q - R
and the constraint distribution Ag C T Q are given; and so (4.3) gives the discrete
constraint distributions Ain C Q x Q. Then, the (£)-discrete Hamilton—d’Alembert
principle in phase space is the discrete variational principle defined by

N—1
8 Y " [per1gr+1 — Hor (i, prs1)] =0 (8.3)
k=0
or
N-—1
8 [~ prax — Ha— (k- qe1)] =0, (8.4)
k=0

with the constraint (gx, gx+1) € Ain respectively; we assume that the variations dgy

vanish at the endpoints, i.e., 8go = dgny = 0, and also impose 8qgx € Ag(qx) after
taking the variations inside the summation.

Proposition 8.5 The (£)-discrete Hamilton—d Alembert principles yield the (L)-
discrete nonholonomic Hamilton’s equations (5.6) and (5.12), respectively.

Proof First taking the variations in (8.3) and (8.4), we have

N-—1
0=35 Z[Pk+1f]k+l — Ha+ (qk, pr+1)]
k=0
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N-1 N-1
= > [gx+1 — D2Hay (g, prr)8pisi + Y [px — DiHay (qx, pr) 3
k=0 k=1
and
N-1
0=58Y[~prax — Ha(pr- qit1)]
k=0
N-1

N-2
[ak + D1 Ha—(pi, gx+0) 18Pk — D [Prs1 + DaHa— (pr qir)]8qi1,
k=0

where we used §gp = 0 and §gx = 0. Taking account of the constraints on the varia-
tions §gx in each of the above equations, we obtain (5.6) and (5.12), respectively. [

9 Extension to Computations on Manifolds

This section presents a means to apply the preceding theory to computations for the
case when Q is a manifold. We do not attempt a full extension of the theory to mani-
folds since discrete Hamiltonian mechanics [29] is not intrinsic: Recall that the (4)-
discrete Hamiltonian Hg4 is a Type 2 generating function (see Lall and West [29]
and also Sect. 3.1), which is based on the idea of generating the pair (pg, g1) with
the pair (qo, p1) fixed. However, this does not make intrinsic sense, since fixing p;
in T*Q requires that its corresponding base point ¢ is fixed as well.

Instead, we make use of the idea of retractions and introduce the notion of retrac-
tion compatible coordinate charts to provide a means of applying the results in the
linear theory to computations on manifolds, in a semi-globally compatible fashion.
Retraction compatible coordinate charts provide a generalization of the canonical co-
ordinates of the first kind on Lie groups (see, e.g., Varadarajan [48, Sect. 2.10] and
also Example 9.5 below) to more general configuration manifolds. By semi-global,
we mean that the discrete flow is well-defined on a neighborhood of the diagonal of
0O x Q, which corresponds to a restriction on the size of the time step.

In particular, on a retraction compatible coordinate chart, the discrete flow is de-
scribed, in local coordinates, by the vector space expressions. This has non-trivial im-
plications for geometric numerical integration, since naively applying a linear space
numerical integrator on different charts may lead to poor global properties, as dis-
cussed in [5]. By restricting ourselves to retraction compatible coordinate charts, we
ensure that the local conservation properties of the geometric numerical integrators
we introduce in this paper persist globally as well.

9.1 Retractions
Let us first recall the definition of a retraction:
Definition 9.1 (Absil et al. [2, Definition 4.1.1 on p. 55]) A retraction on a manifold

Q is a smooth mapping R : T Q — Q with the following properties: Let R, : T, Q —
Q be the restriction of R to T, Q for an arbitrary g € Q; then,
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(1) Ry(04) = g, where 0, denotes the zero element of T, Q.
(ii) With the identification Ty, T, Q >~ T, Q, R, satisfies

To,Rq =1id7, 0, .1
where Ty, R is the tangent map of Ry at 05 € T, Q.

Remark 9.2 Equation (9.1) implies that the map R, : T, Q — Q is invertible in some
neighborhood of 0, in 73 Q.

It is convenient to introduce R : T Q — QO x Q defined by
R(vg) i= (q. Ry (vg)). (9.2)

It is easy to see from the above expression and the above remark that R:TQ —
0 x Q is also invertible in some neighborhood of 0, € T Q for any ¢q € Q.

Let us introduce a special class of coordinate charts that are convenient to work
with:

Definition 9.3 (Retraction compatible coordinate charts and atlas) Let Q be an n-
dimensional manifold equipped with a retraction R : TQ — Q. A coordinate chart
(U, ¢) with U an open subsetin Q and ¢ : U — R" is said to be retraction compatible
atg e U if

(i) ¢ iscentered at g, i.e., p(q) =0.
(i) The compatibility condition
Rvg) =9~ ' 0 Typ(vy) 93)

holds, where we identify ToR" with R" as follows. Let ¢ = (xl, ..., x"") with
x':U—>Rfori=1,...,n Then
0

viaxi |—>(v1,...,v”), (9.4)

where 8/dx" is the unit vector in the x’-direction in ToR”.

An atlas for the manifold Q is retraction compatible if it consists of retraction com-
patible coordinate charts.

Remark 9.4 In (9.3), we assumed that 7;¢(vy) € ¢(U) C R" and so strictly speaking
Ry is defined on (Tq<p)’1 (¢(U)) C T, Q. However, it is always possible to define a
coordinate chart such that ¢ (U) = R” by “stretching out” the open set ¢(U) to R” so
that (9.3) is defined for any v, € T, Q.

Example 9.5 (Retraction and canonical coordinates of the first kind on a Lie group)
Let G be a (finite-dimensional) Lie group and g be its Lie algebra. The exponential
map exp : g — G (see, e.g., Marsden and Ratiu [35, Sect. 9.1] and Varadarajan [48,
Sect. 2.10]) is a diffeomorphism on an open neighborhood u of the origin of g. Let U
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be the neighborhood of the identity e in G defined by U := exp(u) C G, and restrict

the domain of the exponential map to redefine exp : u — U for notational simplicity.

Then, it is a diffeomorphism and so we have the inverse exp~! : U — .

Now let us define Ry : T,G — G forany g € G by?
Rg:=LgoexpoTyL,y-1,

where Lg : G — G is the left translation by g. This indeed gives a retraction: Since
exp(0) = e, we have R;(0;) = g; we also have, with the identification Tog T,G ~
T, G,

To,Rg = TeLg 0 ToexpoTo, TyLy-1 = ToLg o TyL -1 =idr,q,

where we used the fact that Tpexp : Tu >~ g — g is the identity (see [48, (2.10.17) on
p- 88]), and also that To, Tng—l = Tng—l with the above identification.’

The exponential map also induces the canonical coordinates of the first kind on
the Lie group G as follows (see, e.g., Varadarajan [48, Sect. 2.10] and Marsden et al.
[37]). For any g € G, let U, := L4(U) and define a chart ¢, : Uy — g by

Vg = exp_1 oL,-1.
Then, the chart ¢, is retraction compatible: we have
9g(g) =exp oL, 1(g) =exp ' (e) =0,
and also, with the identification Tu ~ g,
97 0Ty =LgoexpoToexp ' oTyL i
=LgoexpoTyL,1 =Ry,

where we used the fact that T, exp~! = idg, which follows from Tjexp = idg men-
tioned above.

Calculations involving a retraction are particularly simple with a retraction com-
patible chart:

Proposition 9.6 Let (U, ) be a retraction compatible chart at a point g € U. Take
an arbitrary point r in U and let (r', ..., r") := @(r) € R". Then

.0
—1
Rq @) =+

o 9.5)

q

where
]

axt

=10 (L) e1,0
q.— (W% axl q¥Y-

2Stlrictly speaking, R is defined only on T, Lg (1) C TgG.

3The derivative of a linear map at the origin is the linear map itself.
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Furthermore, let dxi|q € Tq*Q be the dual basis to a/axi|q € 1,0, ie,
dxilq(B/ij|q) = 8; Then, for any p; = p; dxi|q € Tq*Q, we have

(Pg- Ry (M) =(pg. R (q. 7)) = pir'. (9.6)
where (-, -) is the natural pairing between elements in T*Q and T Q.
Proof Follows from straightforward calculations. g
9.2 Discrete Lagrange—d’ Alembert—Pontryagin Principles with Retraction

Let us use a retraction to reformulate the (&4)-discrete Lagrange—d’Alembert—
Pontryagin principle, (8.1), as follows.

Definition 9.7 ((£)-Discrete Lagrange—d’Alembert—Pontryagin principle with re-
traction) Suppose that a discrete Lagrangian Lq : Q x Q — R and the constraint dis-
tribution Ag C T Q are given; and so (4.3) gives the discrete constraint distributions
Ain C Q x Q. Then, the (Z)-discrete Lagrange—d’Alembert—Pontryagin principle
is the discrete augmented variational principle defined by

N—-1
058y =8 3 [La(qw 4) + (prvt, Rl (@) = RGL (@) 0D
k=0
or

N—-1
88Y =68 [La(gisr- ak1) — (e Ry @) = RyMaii))]. 98
k=0

with the constraint (gx, gx+1) € Ain respectively; we assume that the variations dgy

vanish at the endpoints, i.e., go = dgny = 0, and also impose Sqx € Ap(gx) after
taking the variations inside the summation.

With a retraction compatible coordinate chart, Lemma 9.6 implies that (9.7) and
(9.8) become

N-1
S(’i\; = Z[Ld(CIk»q]j_) + prs1 - (qrs1 — q;r)]
k=0
and
N-1
it = D [Lalayrs ae1) = pr- (a — a0) ]
k=0

where We slightly abused .the notqtion, i.€., Gk+1, q,j s Qi 41 are interpreted a.s both
points in Q as well as their coordinate representations. Therefore, the (&£)-discrete
Lagrange—d’ Alembert—Pontryagin principle in Definition 9.7, written in terms of re-
traction compatible charts, reduce to those in the linear theory, i.e., Definition 8.2.
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Remark 9.8 Note that R;kl (gx) = 0 by definition, and so the terms of the form

(e Ry @) = pr - ak

vanish.

The above discussion implies that the discrete Lagrange—Dirac equations (5.3) and
(5.9) in the linear theory are coordinate representations (using a retraction compat-
ible chart) of the systems defined by the discrete Lagrange—d’ Alembert—Pontryagin
principles in Definition 9.7. Therefore, if we have a retraction compatible atlas on Q,
then we may use the coordinate expression, (5.3), in the linear theory to perform a
computation in a single chart, and, if necessary, transform the system to another chart
in the atlas, which again has the same form as (5.3), to continue the computation.

10 Conclusion

In this paper, we developed the theoretical foundations of discrete Dirac mechanics
from two different perspectives: One through discrete analogues of Tulczyjew’s triple
and induced Dirac structures, and the other from the variational point of view.

We exploited the discrete Tulczyjew triples to define discrete analogues of the
Dirac differential, which is a key in defining the discrete Lagrange—Dirac sys-
tems, particularly those with degenerate Lagrangians; and we employed the dis-
crete induced Dirac structures to incorporate discrete constraints. We also introduced
extended discrete variational principles, i.e., the discrete Lagrange—d’Alembert—
Pontryagin and Hamilton—d’ Alembert principles that give variational formulations
of discrete Lagrange—Dirac and nonholonomic Hamiltonian systems.

An LC circuit is taken as an example of a system with a degenerate Lagrangian
and constraints, and is modeled as a discrete Lagrange—Dirac system. We performed
numerical computations with the resulting scheme and obtained numerical solutions
that converge to the exact solution obtained by elementary circuit theory.

Several interesting topics for future work are suggested by the theoretical devel-
opments introduced in this paper:

e Application to inter-connected systems. Port-Hamiltonian systems [45] provide
a natural description of modular and interconnected systems, but this does not
naturally lead to geometric structure-preserving discretizations of interconnected
systems. It is therefore desirable to develop a unified port-Lagrangian frame-
work for modeling and simulating interconnected systems based on extensions of
Lagrange—Dirac mechanics and variational discrete Dirac mechanics.

e Hamilton—Jacobi theory for Lagrange—Dirac systems (Leok et al. [32]). Since
Dirac structures are related to Lagrangian submanifolds, which in turn describe
the geometry of the Hamilton—Jacobi equation, it is natural to explore the Dirac
description of Hamilton—Jacobi theory. The resulting theory is expected to give in-
sights into discrete Dirac mechanics as the classical Hamilton—Jacobi theory does
to discrete mechanics [36, Sects. 1.8 and 4.8]; it is also natural to expect it to spe-
cialize to nonholonomic Hamilton—Jacobi theory [9, 15, 25, 39, 40].
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Discrete reduction theory for discrete Dirac mechanics with symmetry. The Dirac
formulation of reduction (see Yoshimura and Marsden [52, 54]) provides a means
of unifying symplectic, Poisson, nonholonomic, Lagrangian, and Hamiltonian re-
duction theory, as well as addressing the issue of reduction by stages. The discrete
analogue of Dirac reduction will proceed by considering the issue of quotient dis-
crete Dirac structures, and constructing a category containing discrete Dirac struc-
tures that is closed under quotients.

Discrete multi-Dirac mechanics for Hamiltonian partial differential equations.
Dirac generalizations of multisymplectic field theory (see Vankerschaver et al.
[47]), and their corresponding discretizations will provide important insights into
the construction of geometric numerical methods for degenerate field theories, such
as the Einstein equations of general relativity.

Variational error analysis of discrete Lagrange—Dirac systems. It is natural, and
desirable, to extend the variational error analysis techniques developed by Marsden
and West [36] for discrete Lagrangian mechanics to the case of discrete Lagrange—
Dirac systems. In particular, this may provide insight into the rather unexpected
convergence behavior observed in Sect. 6.2.
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