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This paper gives a review of integration algorithms for finite dimensional
mechanical systems that are based on discrete variational principles. The
variational technique gives a unified treatment of many symplectic schemes,
including those of higher order, as well as a natural treatment of the discrete
Noether theorem. The approach also allows us to include forces, dissipation
and constraints in a natural way. Amongst the many specific schemes treated
as examples, the Verlet, SHAKE, RATTLE, Newmark, and the symplectic
partitioned Runge-Kutta schemes are presented.
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PART ONE
Discrete variational mechanics

1.1. Introduction

This paper gives a survey of the variational approach to discrete mechanics
and to mechanical integrators. This point of view is not confined to con-
servative systems, but also applies to forced and dissipative systems, so is
useful for control problems (for instance) as well as traditional conservative
problems in mechanics. As we shall show, the variational approach gives a
comprehensive and unified view of much of the literature on both discrete
mechanics as well as integration methods for mechanical systems and we
view these as closely allied subjects.

Some of the important topics that come out naturally from this method
are symplectic-energy-momentum methods, error analysis, constraints, forc-
ing, and Newmark algorithms. Besides giving an account of methods such
as these, we connect these techniques to other recent and exciting develop-
ments, including the PDE setting of multisymplectic spacetime integrators
(also called AVI, or asynchronous variational integrators), which are be-
ing used for problems such as nonlinear wave equations and nonlinear shell
dynamics. In fact, one of our points is that by basing the integrators on fun-
damental mechanical concepts and methods from the outset, one eases the
way to other areas, such as continuum mechanics and systems with forcing
and constraints.

In the last few years this subject has grown to be very large and an active
area of research, with many points of view and many topics. We shall focus
here on our own point of view, namely the variational view. Naturally we
must omit a number of important topics, but include several of our own.
We do make contact with some, but not all, of other topics in the final part
of this article and in the brief history below.

As in standard mechanics, some things are easier from a Hamiltonian
perspective and others are easier from a Lagrangian perspective. Regarding
symplectic integrators from both viewpoints gives greater insight into their
properties and derivations. We have tried to give a balanced perspective in
this article.

We will assume that the configuration manifold is finite-dimensional. This
means that at the outset, we will deal with the context of ordinary differ-
ential equations. However, as we have indicated, our approach is closely
tied with the variational spacetime multisymplectic approach, which is the
approach that is suitable for the infinite-dimensional, PDE context, so an
investment in the methodology of this article eases the transition to the
corresponding PDE context.
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One of the simple, but important ideas in discrete mechanics is easiest
to say from the Lagrangian point of view. Namely, consider a mechanical
system with configuration manifold ). The velocity phase space is then
TQ and the Lagrangian is a map L : T'Q) — R. In discrete mechanics, the
starting point is to replace T'Q) with @ x @) and we regard, intuitively, two
nearby points as being the discrete analogue of a velocity vector.

There is an important note about constraints that we would like to say at
the outset. Recall from basic geometric mechanics (as in Marsden and Ratiu
(1999) for instance) that specifying a constraint manifold ) means that one
may already have specified constraints: for example, () may already be a
submanifold of a linear space that is specified by constraints. However, when
constructing integrators in Section 2.1 we will take @) to be linear, although
this is only for simplicity. One way of handling a nonlinear @) is to embed it
within a linear space and use the theory of constrained systems: this point
of view is developed in Section 3. This approach has computational advan-
tages, but we will also discuss implementations of variational integrators on
arbitrary configuration manifolds Q.

1.1.1. History and literature

Of course, the variational view of mechanics goes back to Euler, Lagrange
and Hamilton. The form of the variational principle most important for con-
tinuous mechanics we use in this article is due, of course, to Hamilton (1834).
We refer to Marsden and Ratiu (1999) for additional history, references and
background on geometric mechanics.

There have been many attempts at the development of a discrete mechan-
ics and corresponding integrators that we will not attempt to survey in any
systematic fashion. The theory of discrete variational mechanics in the form
we shall use it (that uses @ x @ for the discrete analogue of the velocity phase
space) has its roots in the optimal control literature of the 1960s: see, for ex-
ample, Jordan and Polak (1964), Hwang and Fan (1967) and Cadzow (1970).
In the context of mechanics early work was done, often independently, by
Cadzow (1973), Logan (1973), Maeda (1980, 1981a, 1981b), and Lee (1983,
1987), by which point the discrete action sum, the discrete Euler-Lagrange
equations and the discrete Noether’s theorem were clearly understood. This
theory was then pursued further in the context of integrable systems in
Veselov (1988, 1991) and Moser and Veselov (1991), and in the context of
quantum mechanics in Jaroszkiewicz and Norton (1997a, 1997b) and Norton
and Jaroszkiewicz (1998).

The variational view of discrete mechanics and its numerical implemen-
tation is further developed in Wendlandt and Marsden (1997a) and (1997b)
and then extended in Kane, Marsden and Ortiz (1999a), Marsden, Pekarsky
and Shkoller (1999a, 1999b), Bobenko and Suris (1999a, 1999b) and Kane,
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Marsden, Ortiz and West (2000). The beginnings of an extension of these
ideas to a nonsmooth framework is given in Kane, Repetto, Ortiz and Mars-
den (1999b), and is carried further in Fetecau, Marsden, Ortiz and West
(2001).

Other discretizations of Hamilton’s principle are given in Mutze (1998),
Cano and Lewis (1998) and Shibberu (1994). Other versions of discrete me-
chanics (not necessarily discrete Hamilton’s principles) are given in (for in-
stance) Itoh and Abe (1988), Labudde and Greenspan (1974, 19764, 1976b),
and MacKay (1992).

Of course, there have been many works on symplectic integration, largely
done from other points of view than that developed here. We will not at-
tempt to survey this in any systematic fashion, as the literature is simply
too large with too many points of view and too many intricate subtleties.
We give a few highlights and give further references in the body of the pa-
per. For instance, we shall connect the variational view with the generating
function point of view that was begun in De Vogelaére (1956). Generating
function methods were developed and used in, for example, Ruth (1983),
Forest and Ruth (1990) and in Channell and Scovel (1990). See also Berg,
Warnock, Ruth and Forest (1994), and Warnock and Ruth (1991, 1992).
For an overview of symplectic integration, see Sanz-Serna (1992b) and Sanz-
Serna and Calvo (1994). Qualitative properties of symplectic integration
of Hamiltonian systems are given in Gonzalez, Higham and Stuart (1999)
and Cano and Sanz-Serna (1997). Long-time energy behaviour for oscilla-
tory systems is studied in Hairer and Lubich (2000). Long-time behaviour
of symplectic methods for systems with dissipation is given in Hairer and
Lubich (1999). A numerical study of preservation of adiabatic invariants is
given in Reich (1999b) and Shimada and Yoshida (1996). Backward error
analysis is studied in Benettin and Giorgilli (1994), Hairer (1994), Hairer
and Lubich (1997) and Reich (1999a). Other ideas connected to the above
literature include those of Baez and Gilliam (1994), Gilliam (1996), Gillilan
and Wilson (1992). For other references see the large literature on symplec-
tic methods in molecular dynamics, such as Schlick, Skeel et al. (1999), and
for various applications, see Hardy, Okunbor and Skeel (1999), Leimkuhler
and Skeel (1994), Barth and Leimkuhler (1996) and references therein.

A single-step variational idea that is relevant for our approach is given in
Ortiz and Stainier (1998), and developed further in Radovitzky and Ortiz
(1999), and Kane et al. (19995, 2000).

Direct discretizations on the Hamiltonian side, where one discretizes the
Hamiltonian and the symplectic structure, are developed in Gonzalez (1996b)
and (1996a) and further in Gonzalez (1999) and Gonzalez et al. (1999). This
is developed and generalized much further in McLachlan, Quispel and Ro-
bidoux (1998) and (1999).
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Finally, we mention that techniques of geometric integration in the sense
of preserving manifold or Lie group structures, as given in Budd and Iserles
(1999), Iserles, Munthe-Kaas and Zanna (2000) and references therein, pre-
sumably could, and probably should, be combined with the techniques de-
scribed herein for a more efficient treatment of certain classes of constraints
in mechanical systems. Such an enterprise is for the future.

1.1.2. A simplified introduction

In this section we give a brief overview of how discrete variational mechanics
can be used to derive variational integrators. We begin by reviewing the
derivation of the Euler—Lagrange equations, and then show how to mimic
this process on a discrete level.

For concreteness, consider the Lagrangian system L(q,q) = %QTM q —
V(q), where M is a symmetric positive-definite mass matrix and V' is a po-
tential function. We work in R™ or in generalized coordinates and will use
vector notation for simplicity, so ¢ = (¢',¢?, ...,¢"). In the standard ap-
proach of Lagrangian mechanics, we form the action function by integrating
L along a curve ¢(t) and then compute variations of the action while holding
the endpoints of the curve ¢(t) fixed. This gives

(5/0TL(q(t),q'(t)) dt = /OT [?9_5 - 6q + g—{; -54 dt

TrorL d /oL
—/o {a—q‘a(a—q)]“qut’

where we have used integration by parts and the condition dq(T") = dq(0) =
0. Requiring that the variations of the action be zero for all d¢q implies that
the integrand must be zero for each time t, giving the well-known Euler—
Lagrange equations

oL .. d [OL, .
a—q(q,Q) T <8—q(q, Q)> = 0.

For the particular form of the Lagrangian chosen above, this is just

which is Newton’s equation: mass times acceleration equals force. It is
well known that the system described by the Euler-Lagrange equations has
many special properties. In particular, the flow on state space is symplectic,
meaning that it conserves a particular two-form, and if there are symmetry
actions on phase space then there are corresponding conserved quantities of
the flow, known as momentum maps.

We will now see how discrete variational mechanics performs an analogue
of the above derivation. Rather than taking a position ¢ and velocity g,
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consider now two positions ¢y and ¢ and a time-step h € R. These positions
should be thought of as being two points on a curve at time h apart, so that
qo ~ ¢(0) and g1 ~ q(h).

We now consider a discrete Lagrangian Lg(qo, g1, h), which we think of as
approximating the action integral along the curve segment between gg and
q1- For concreteness, consider the very simple approximation to the integral
fOT L dt given by using the rectangle rule! (the length of the interval times
the value of the integrand with the velocity vector replaced by (g1 — qo)/h):

Lalqo, 1, h) = h[(m ; QO)TM((“ ; “’”) - V<qo>].

Next consider a discrete curve of points {Qk}évzo and calculate the discrete
action along this sequence by summing the discrete Lagrangian on each adja-
cent pair. Following the continuous derivation above, we compute variations
of this action sum with the boundary points gg and ¢y held fixed. This gives

N-1
6 Z Ld(qk) dk+1, h)
k=0
N-1
= [D1La(qk, Grs1, h) - 6ak + DaLa(qr, qrst, h) - 0qr+1)
k=0
N-1

[D2La(qr—1, qr> h) + D1La(q, qrs1, h)] - 0,

T
I

where we have used a discrete integration by parts (rearranging the summa-
tion) and the fact that dgy = dgny = 0. If we now require that the variations
of the action be zero for any choice of dqi, then we obtain the discrete
FEuler-Lagrange equations

Do Lg(qr—1,qk, h) + D1Lg(qr, gr41,h) =0,

which must hold for each k. For the particular L, chosen above, we compute

qk — dk—
D2Ld(Qk—1anah) = M<%>

DlLd(Qqu]C-‘rlv h) = - |:M<W) + hVV(Qk):| )

and so the discrete Euler-Lagrange equations are

-2 -
M <Qk+1 ]j; + 4k 1) — V().

1 As we shall see later, more sophisticated quadrature rules lead to higher-order accurate
integrators.
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Fig. 1. Energy computed with variational Newmark
(solid line) and Runge-Kutta (dashed line). Note that
the variational method does not artificially dissipate
energy

This is clearly a discretization of Newton’s equations, using a simple finite
difference rule for the derivative.

If we take initial conditions (g, ¢1) then the discrete Euler-Lagrange equa-
tions define a recursive rule for calculating the sequence {qk}fcvzo. Regarded
in this way, they define a map Fr, : (qk, gr+1) — (@k+1,gk+2) which we can
think of as a one-step integrator for the system defined by the continuous
Euler-Lagrange equations.

Indeed, as we will see later, many standard one-step methods can be
derived by such a procedure. An example of this is the well-known Newmark
method, which for the parameter settings v = % and 8 = 0 is derived by
choosing the discrete Lagrangian

o ol (152) u(55%) - (L02320)

If we use this variational Newmark method to simulate a model system and
plot the energy versus time, then we obtain a graph like that in Figure 1.
For comparison, this graph also shows the energy curve for a simulation with
a standard stable method such as RK4 (the common fourth-order Runge—
Kutta method).

The system being simulated here is purely conservative and so there should
be no loss of energy over time. The striking aspect of this graph is that
while the energy associated with a standard method decays due to numerical
damping, for the Newmark method the energy error remains bounded. This
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may be understood by recognizing that the integrator is symplectic, that is,
it preserves the same two-form on state space as the true system.

In fact, all variational integrators have this property, as it is a consequence
of the variational method of derivation, just as it is for continuous Lagran-
gian systems. In addition, they will also have the property of conserving
momentum maps arising from symmetry actions, again due to the varia-
tional derivation. To understand this behaviour more deeply, however, we
must first return to the beginning and consider in more detail the geometric
structures underlying both continuous and discrete variational mechanics.

Of course, such sweeping statements as above have to be interpreted and
used with great care, as in the precise statements in the text that follows.
For example, if the integration step size is too large, then sometimes energy
can behave very badly, even for a symplectic integrator (see, for example,
Gonzalez and Simo (1996)). It is likewise well known that energy conserva-
tion does not guarantee accuracy (Ortiz 1986).

1.2. Background: Lagrangian mechanics
1.2.1. Basic definitions

Consider a configuration manifold @, with associated state space given by
the tangent bundle T'Q, and a Lagrangian L : T(Q — R.
Given an interval [0, 7], define the path space to be

C(Q)=¢(0,7T),Q) = {q: [0,T] — Q| ¢q is a C? curve}
and the action map & : C(Q) — R to be

T
o= [ Lal.iv)ar (1.2.1)

It can be proved that C(Q) is a smooth manifold (Abraham, Marsden and
Ratiu 1988), and & is as smooth as L.

The tangent space T,C(Q) to C(Q) at the point ¢ is the set of C? maps
vg : [0,T] — T'Q such that m7g o v, = ¢, where g : TQ — @ is the canonical
projection.

Define the second-order submanifold of T(T'Q) to be

Q = {w e T(TQ) | Trg(w) = mro(w)} € T(TQ)

where m7q : T(TQ) — TQ and 7g : TQ — (@ are the canonical projections.
Q is simply the set of second derivatives d2q/dt?(0) of curves ¢ : R — Q,
which are elements of the form ((q, q), (¢,q)) € T(TQ).

Theorem 1.2.1. Given a C* Lagrangian L, k > 2, there exists a unique
C*=2 mapping DgiL : Q — T*Q and a unique C*~! one-form O, on TQ,
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such that, for all variations d¢ € T,C(Q) of ¢(t), we have

T A
d6(q) - 6q = /0 DenL(d) - 6 dt + O1,(d) (1.2.2)

st = (a0 510) (9000 ) ).

The mapping Dgr, L is called the Euler—Lagrange map and has the coordinate
expression

where

oL d oL

d¢  dtogi

The one-form Oy, is called the Lagrangian one-form and in coordinates is
given by

(DeLlL); =

0L
= o5
Proof. Computing the variation of the action map gives

oL oL d
d®q~5q:/ [—51 ——5}dt
(9) o log dgt dt

OL d oL oL . 1%
—/o [a—qza%] 04 dtﬂaz”]

using integration by parts, and the terms of this expression can be identified
as the Euler-Lagrange map and the Lagrangian one-form. O

Or = ——dd’. (1.2.3)

1.2.2. Lagrangian vector fields and flows

The Lagrangian vector field Xy, : TQ — T(TQ) is a second-order vector
field on T'Q satisfying

DELLOXL =0 (124)

and the Lagrangian flow Fr, : TQ x R — TQ is the flow of X (we shall
ignore issues related to global versus local flows, which are easily dealt with
by restricting the domains of the flows). We shall write F} : TQ — TQ for
the map F7, at the frozen time t.

For an arbitrary Lagrangian, equation (1.2.4) may not uniquely define
the vector field X, and hence the flow map F7, may not exist. For now we
will assume that L is such that these objects exist and are unique, and in
Section 1.4.3 we will see under what conditions this is true.

A curve g € C(Q) is said to be a solution of the Euler—Lagrange equations
if the first term on the right-hand side of (1.2.2) vanishes for all variations
dq € T,C(Q). This is equivalent to (g, ¢) being an integral curve of Xy, and
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means that ¢ must satisfy the Euler—Lagrange equations

g—;(q,d) - % (g—;(q,d)) =0 (1.2.5)

for all t € (0, 7).

1.2.3. Lagrangian flows are symplectic

Define the solution space Cr(Q) C C(Q) to be the set of solutions of the

Euler—Lagrange equations. As an element ¢ € C(Q) is an integral curve of

X1, it is uniquely determined by the initial condition (¢(0),¢(0)) € TQ and

we can thus identify Cr(Q) with the space of initial conditions 7'Q.
Defining the restricted action map & : TQ — R to be

&(vg) = 8(q), q€CL(Q) and (¢(0),4(0)) = vy,
we see that (1.2.2) reduces to

d&(vy) - wy, = OL(G(T))(FL )u(we,)) — O (vg)(wy,)
= ((F£)"(©1))(vg) (wy,) — OL(vg) (wy,) (1.2.6)
for all w,, € T,,(TQ). Taking a further derivative of this expression, and
using the fact that d?® = 0, we obtain

(FE)*(Qr) = Q,

where Q0 = dOy, is the Lagrangian symplectic form, given in coordinates
by
2 2

L .
Qr(q,q) = 9405 dq' ANdg’ + 9500

d¢' Adg.

1.2.4. Lagrangian flows preserve momentum maps

Suppose that a Lie group G, with Lie algebra g, acts on @ by the (left or
right) action ® : G x @ — (. Consider the tangent lift of this action to
3TQ . G x TQ — TQ given by ®.%(v,) = T(®,) - vy, which is
) . oP? y
79 (g, (q,9)) = (sz(g,q), Fa7 9:9) q’) :
q
For ¢ € g define the infinitesimal generators g : Q — T'Q and &g : TQ —
T(TQ) by
d

fa(a) = 3 (®(@) €

éro(v) = 5 (27°()) -
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In coordinates these are given by

fo(0) = (' s c.0€™).
. 0! 0*®! :
gTQ(q7q) = <q17q.2> agim(eaQ)gmv agqnaq](ev(nqjgm) .

We now define the Lagrangian momentum map Jr, : TQ) — g* to be

JL(Uq) . f = @L . fTQ(Uq). (1.2.7)

It can be checked that an equivalent expression for Jy, is

Jr(vg) - €= <g—§an(Q)>7

where 0L/0q¢ represents the Legendre transformation, discussed shortly.
This equation is convenient for computing momentum maps in examples:
see Marsden and Ratiu (1999).

The traditional linear and angular momenta are momentum maps, with
the linear momentum Jy, : TR™ — R"™ arising from the additive action of R"
on itself, and the angular momentum Jz, : TR™ — so(n)* coming from the
action of SO(n) on R".

An important property of momentum maps is equivariance, which is the
condition that the following diagram commutes.

TQ s g+ (1.2.8)
q)'?;QJ/ lAd;_l
TQ— g

In general, Lagrangian momentum maps are not equivariant, but we give
here a simple sufficient condition for this property to be satisfied. Recall that
amap f:TQ — TQ is said to be symplectic if f*Qr = Qp. If, furthermore,
f is such that f*©rp = ©p, then f is said to be a special symplectic map.
Clearly a special symplectic map is also symplectic, but the converse does
not hold.

Theorem 1.2.2. Consider a Lagrangian system L : TQ) — R with a left
action ® : G x Q — Q. If the lifted action ®79 : G x TQ — TQ acts
by special canonical transformations, then the Lagrangian momentum map
Jr, : TQ — g* is equivariant.

Proof. Observing that (@gQ)_l = (I)Z‘Ql’ we see that equivariance is equiv-
alent to
Jp(vg) - €= Jp o TPy (vg) - Adg&.
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We now compute the right—hand side of this expression to give
Jpo® 71('0(1) 16 =(0(®] 71 (vg)), (A 15 )7q(® Q(Uq))>
= (0r(2, 71 (v9)), T )+ €rq(vg))
= <(( 9re )(Uq) §TQ(Uq)>

_ <®L(Uq),§TQ(Uq)>’

which is just Jp(vg) - £, as desired. Here we used the identity (Ady&)y =
LIESY; (Marsden and Ratiu 1999) to pass from the first to the second line.
O

A Lagrangian L : TQQ — R 1s sald to be invariant under the lift of the
action ® : G x Q — Qif Lo <I> = L for all ¢ € GG, and in this case the
group action is said to be a symmetry of the Lagrangian. Differentiating this
expression implies that the Lagrangian is infinitesimally invariant, which is
the statement dL - {7g = 0 for all £ € g.

Observe that if L is invariant then this implies that ®79 acts by spe-
cial symplectic transformations, and so the Lagrangian momentum map is
equivariant. To see this, we write L o @g = L in coordinates to obtain
L(®4(q),04P4(q) - ¢) = L(q, ¢), and now differentiating this with respect to
¢ in the direction dq gives

oL . oL )
8_4((1)9(‘1)7861@9((1) ) q) -qu)g(q) 0q = a—q.(q,Q) - 0q.

But the left- and right-hand sides are simply (@;Q)*@ 1 and O, respectively,
evaluated on ((q, ¢), (6¢,9¢)), and thus we have (@gQ)*@L =0r.

We will now show that, when the group action is a symmetry of the
Lagrangian, then the momentum maps are preserved by the Lagrangian
flow. This result was originally due to Noether (1918), using a technique
similar to the one given below.

Theorem 1.2.3. (Noether’s theorem) Consider a Lagrangian system
L : TQ — R which is invariant under the lift of the (left or right) action
® : G x@Q — Q. Then the corresponding Lagrangian momentum map

1 :TQ — g* is a conserved quantity of the flow, so that Jy, o Ft = J, for
all times ¢.

Proof. The action of G on ) induces an action of G on the space of paths
C(Q) by pointwise action, so that @, : C(Q) — C(Q) is given by ®,4(q)(t) =
®4(q(t)). As the action is just the integral of the Lagrangian, invariance of
L implies invariance of & and the differential of this gives

T
B(q) - &e)(a) = /0 dL - &rgdt =0.
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Invariance of & also implies that ®, maps solution curves to solution curves
and thus ¢(y(q) € T;Cr, which is the corresponding infinitesimal version.
We can thus restrict d® - {¢(q) to the space of solutions Cy, to obtain

0 = &(vy) - Erq(vg) = OL(UT)) - Erq(d(T) — OL(vg) - Erq(vy)-

Substituting in the definition of the Lagrangian momentum map Jz,, how-
ever, shows that this is just 0 = JL(F£ (vg)) - € — JL(vg) - €, which gives the
desired result. O

We have thus seen that conservation of momentum maps is a direct con-
sequence of the invariance of the variational principle under a symmetry
action. The fact that the symmetry maps solution curves to solution curves
will extend directly to discrete mechanics.

In fact, only infinitesimal invariance is needed for the momentum map
to be conserved by the Lagrangian flow, as a careful reading of the above
proof will show. This is because it is only necessary that the Lagrangian
be invariant in a neighbourhood of a given trajectory, and so the global
statement of invariance is stronger than necessary.

1.3. Discrete variational mechanics: Lagrangian viewpoint

Take again a configuration manifold @), but now define the discrete state
space to be @ x Q. This contains the same amount of information as (is
locally isomorphic to) TQ. A discrete Lagrangian is a function Lg : @ X
Q— R.

To relate discrete and continuous mechanics it is necessary to introduce
a time-step h € R, and to take L, to depend on this time-step. For the
moment, we will take Ly : Q X Q xR — R, and will neglect the h dependence
except where it is important. We shall come back to this point later when we
discuss the context of time-dependent mechanics and adaptive algorithms.
However, the idea behind this was explained in the introduction.

Construct the increasing sequence of times {t, = kh |k =0,...,N} CR
from the time-step h, and define the discrete path space to be

Ca(@) = Cal{tr}rlo, Q) = {aa: {te}ilo — Q}-

We will identify a discrete trajectory g4 € Cq(Q) with its image g4 = {qr }2_y»
where qx = q4(tr). The discrete action map B4 : Cq(Q) — R is defined by

N-1

Ga(ga) = > Lalak, gri)-

k=0
As the discrete path space Cy is isomorphic to @ X - -- x @ (N + 1 copies), it
can be given a smooth product manifold structure. The discrete action &4
clearly inherits the smoothness of the discrete Lagrangian L.
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The tangent space T,,Cqi(Q) to Cq(Q) at qq is the set of maps vy, :
{tk}gzo — T'Q such that 7g o vq, = qq, which we will denote by v,, =

The discrete object corresponding to T'(7'Q) is the set (Q x Q) x (Q x Q).
We define the projection operator m and the translation operator o to be

7 : (90, q1) (90, 41)) — (0, q1),
o : (90, 1) (90, 41)) — (40, a1)-
The discrete second-order submanifold of (Q x Q) x (Q x Q) is defined to be

Qu={ws € (@ x Q) x (Qx Q) | m o0o(wg) =mom(wa)},

which has the same information content as (is locally isomorphic to) Q.
Concretely, the discrete second-order submanifold is the set of pairs of the

form ((qo,q1), (q1,g2))-

Theorem 1.3.1. Given a C¥ discrete Lagrangian Lg, k > 1, there exists
a unique C*~! mapping DpgrLg : Q¢ — T*Q and unique C*~! one-forms
G}Ed and @Zd on @ x @, such that, for all variations dgq € T,C(Q) of g4, we

have
N-1

d®4(qa) - 6¢0 = > DoerLa((qk-1, k), (@k: Gk11)) - Ok
s

+ 07 (av—1,9n) - (0gn—1,0qn) — OF (g0, q1) - (6q0,041). (1.3.1)

The mapping Dpgr,Lg is called the discrete Fuler—Lagrange map and has
coordinate expression

DoerLa((qk-1,9%), (qk, @e+1)) = D2La(qk—1,qr) + D1La(qk, qr+1)-

The one-forms @Jer and @Zd are called the discrete Lagrangian one-forms
and in coordinates are

OLg . ;
07 (90,q1) = DaLa(qo, q1)dq1 = Bq;j a1, (1.3.2a)
1
} Ly .
©1,(q0,a1) = —D1La(qo0, ¢1)dgo = — 8qqu0. (1.3.2b)
0

Proof. Computing the derivative of the discrete action map gives
N-1
d®4(ga) - 6qa = > [D1Lalgr, qk+1) - 6qk + DaLa(gr, hs1) - 0qk11]

B
Il
o

=

[D1Lg(qk, qr+1) + D2La(qe—1, k)] - I
1

+ D1Lq(qo,q1) - 6q0 + DaLa(gn-1,49nN) - 0gn

B
Il



372 J. E. MARSDEN AND M. WEST

using a discrete integration by parts (rearrangement of the summation).
Identifying the terms with the discrete Euler—-Lagrange map and the discrete
Lagrangian one-forms now gives the desired result. ([l

Unlike the continuous case, in the discrete case there are two one-forms
that arise from the boundary terms. Observe, however, that dL; = @zd —

@Zd and so using d? = 0 shows that
do} =deg .

This will be reflected below in the fact that there is only a single discrete
two-form, which is the same as the continuous situation and is important
for symplecticity.

1.3.1. Discrete Lagrangian evolution operator and mappings

A discrete evolution operator X plays the same role as a continuous vector
field, and is defined to be any map X : @ xQ — (Q X Q) x (Q x Q) satisfying
moX =id. The discrete object corresponding to the flow is the discrete map
F:QxQ — Q xQ defined by FF = 0 o X. In coordinates, if the discrete
evolution operator maps X : (go, q1) — (o, q1, 4}, ¢}), then the discrete map
will be F': (qo, 1) — (40, 41)-

We will be mainly interested in discrete evolution operators which are
second-order, which is the requirement that X (Q x Q) C Q4. This implies
that they have the form X : (qo,¢1) — (qo,q1,¢1,4G2), and so the corre-
sponding discrete map will be F' : (qo,q1) — (q1,92). We now consider the
particular case of a discrete Lagrangian system.

The discrete Lagrangian evolution operator X, is a second-order discrete
evolution operator satisfying

Dpgr,Lgo X, =0

and the discrete Lagrangian map Fr, : Q x Q@ — @ X @ is defined by
FLd = 0O XLd .

As in the continuous case, the discrete Lagrangian evolution operator and
discrete Lagrangian map are not well-defined for arbitrary choices of discrete
Lagrangian. We will henceforth assume that L; is chosen so as to make
these structures well-defined, and in Section 1.5 we will give a condition on
L4 which ensures that this is true.

A discrete path gg € C4(Q) is said to be a solution of the discrete Fuler—
Lagrange equations if the first term on the right-hand side of (1.3.1) vanishes
for all variations d¢qq € T,,Cq4(Q@). This means that the points {g;} satisfy
Fr,(qk—1,9x) = (qr,qx+1) or, equivalently, that they satisfy the discrete
Euler—Lagrange equations

DoLa(qk-1, k) + D1La(gk; gk+1) =0, forallk=1,...,N —1. (1.3.3)
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1.8.2. Discrete Lagrangian maps are symplectic

Define the discrete solution space Cr,,(Q) C Cq(Q) to be the set of solutions
of the discrete Euler-Lagrange equations. Since an element g4 € Cr,,(Q) is
formed by iteration of the map FT,,, it is uniquely determined by the initial
condition (go,q1) € @ x Q. We can thus identify Cr,(Q) with the space of
initial conditions Q) x Q.

Defining the restricted discrete action map By Q x Q — R to be

Ga(q0, 1) = Ba(qa); qa € Cr,(Q) and (qalto), ga(t1)) = (g0, q1),
we see that (1.3.1) reduces to
A& 4(va) - wo, = OF (FL T 0a) (F,)s(wyy) = O, (va) (wy,)
= ((FL, 1) (OF ) (va) (wy,) — OF, (va) (wy,) (1.3.4)

for all w,, € T;,(Q x Q) and vqg = (go,q1) € @ x Q. Taking a further
derivative of this expression, and using the fact that d?®,; = 0, we obtain

(Ff, D (Qr,) = Qu,

where Qp,, = d@zd = d@zd is the discrete Lagrangian symplectic form, with
coordinate expression

2
Ly . . ,
Qr, (90, q1) = ———dgy Adqj.
9g09q;
This argument also holds if we take any subinterval of 0,..., N and so the

statement is true for any number of steps of F7,,. For a single step we have
(FLd)*QLd =,

Given amap f: QxQ — QxQ, we will say that f is discretely symplectic
it f*Qr, = Qr,. The above calculations thus prove that the discrete La-
grangian map F,, is discretely symplectic, just as we saw in the last section
that the Lagrangian flow map is symplectic on 7'Q.

1.3.8. Discrete Noether’s theorem

Consider the (left or right) action ® : G x Q — @ of a Lie group G on @,

with infinitesimal generator as defined in Section 1.2. This action can be

lifted to @ x @ by the product @QQXQ(qO,ql) = (®4(qo0), Py(q1)), which has

an infinitesimal generator {gxg : Q X Q@ — T(Q x Q) given by
§oxq(a0, @) = (€q(0), E@(q1))-

The two discrete Lagrangian momentum maps JZLd, JL_d QX Q — g* are

JL(QO:Ql) : é- = @z_d : gQXQ(Qanl)u
I, (0, q1) - € =07 - &oxq(q0,q1)-
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Using the expressions for @fd allows the discrete momentum maps to be
alternatively written as

I (@0, q1) - € = (DaLa(qo, 1), €@(q1)) ,
J[Td(q0> (I1) &= <_D1Ld(q0a Q1)75Q(QO)> )

which are computationally useful formulations.
As in the continuous case, it is interesting to consider when the discrete
momentum maps are equivariant. This is the conditions

Jf 0 @%@ = Ad) 0 Jp
Jp 0 ®@*9 = Ad! o J] .

In general these equations will not be satisfied; however, there is a simple
sufficient condition, similar to the condition in the continuous case.

Recall that we have defined a map f: Q x Q — @ x @ to be discretely
symplectic if f*€1;, = Qr,. We now define f to be a special discrete sym-
plectic map if f*@'{d = @'{d and f*@zd = @Zd. This clearly means that f
is also discretely symplectic, but the reverse is not true.

Theorem 1.3.2. Take a discrete Lagrangian system Ly : Q X Q — R with
a (left or right) group action ® : G x @ — Q. If the product lifted action
P G x Q xQ — Q x Q acts by special discrete symplectic maps, then
the discrete Lagrangian momentum maps are equivariant.

Proof. The proof used in Theorem 1.2.2 for the continuous case can also
be used here, with JLtz and J;  being considered separately. O

If the lifted action only preserves one of GL or @Zd then only the corre-

sponding momentum map will necessarily be equivariant.?

If a discrete Lagrangian L4 : Q@ X @ — R is such that Ljo @?XQ = L4
for all g € G, then Ly is said to be invariant under the lifted action, and ®
is said to be a symmetry of the discrete Lagrangian. Note that invariance
implies infinitesimal invariance, which is dLg - {gxg = 0 for all £ € g. Also
note that

dLs=©] -6,

and so when Ly is infinitesimally invariant under the lifted action the two
discrete momentum maps are equal. In such cases we will use the notation
Jr, : @ x Q — g* for the unique single discrete Lagrangian momentum map.

2 As in the continuous case, equivariance plays an important role in reduction theory
and, in the Hamiltonian context, equivariance guarantees that the momentum map is
Poisson, which is often useful.
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Note that invariance of Ly under the lifted action implies that CI{?XQ
is a special discrete symplectic map. This can be seen by differentiating
Lgo @QQXQ = L4 with respect to q; to obtain

DyLa (9379 (g0, 1)) - 0Py (q1) - 61 = DaLa(qo, q1) - dq,

and observing that the left- and right-hand sides are just (@?XQ)*@L and

+ - : QxQyxot _ o+
S ,» respectively, applied to (90,41, 90q0,0q1). Hence (®g5"7) @Ld = @Ld,
and a similar calculation gives the result for @Zd.

We now give the discrete analogue of Noether’s theorem, Theorem 1.2.3,
which states that momentum maps of symmetries are constants of the mo-
tion.

Theorem 1.3.3. (Discrete Noether’s theorem) Consider a given dis-
crete Lagrangian system Ly : @ X Q — R which is invariant under the lift of
the (left or right) action ® : G x Q — Q. Then the corresponding discrete
Lagrangian momentum map Jr, : Q x ) — g* is a conserved quantity of
the discrete Lagrangian map Fr, : Q@ X Q — Q x Q, so that Jp o Fr, = Jr,.

Proof. We will use the same idea as in the proof of the continuous Noether’s
theorem, based on the fact that the variational principle is invariant under
the symmetry action.

Begin by inducing an action of G on the discrete path space Cy4(Q) by
using the pointwise action. Then

N-1

d®4(qa) - £ey0)(2a) = D dLq - Eguaq,
k=0

and so the space of solutions Cr,,(Q) of the discrete Euler-Lagrange equa-
tions is invariant under the lifted action of G, and the discrete Lagrangian
map Fr, : Q x @ — @ x Q commutes with the lifted action ®,: Q x Q —
Q xQ.

Identifying Cr,,(Q) with the space of initial conditions @ x @ and using
equation (1.3.4) gives

d®4(qq) - &c()(9a) = dBalqo, a1) - Egxo(d0, 01)
N\ * —

= ((Fr,) (©1,) —01,) (20, 01) - £@x@(q0, q1)-
For symmetries the left-hand side is zero, and so we have

+ N _ o—

(@Ld -€oxQ) © FLd = ®Ld “EoxQ,

which is simply the statement of preservation of the discrete momentum
map, given that for symmetry actions there is only a single momentum map

and that the above argument holds for all subintervals, including a single
time-step. ]
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As in the continuous case, only infinitesimal invariance of the discrete
Lagrangian is actually required for the discrete momentum maps to be con-
served. This is due to the fact that only local invariance is used in the proof
above, and global invariance is not necessary.

Note that if G is not a symmetry of Ly then the two discrete momentum
maps will not be equal, and it is precisely the difference J;d — JL_d which
describes the evolution of either momentum map during the time-step. To
see this, define

J’_

JE Gk, Qes1) = Ji (@ ar+1) — JIp, (G Q1)

and observe that the discrete Euler—Lagrange equations imply

IE (@r-1sq1) = I (Gks Grr1)-

Combining the two above expressions shows that the two discrete momentum
maps evolve according to

T1 (G @rsr) = T1 (qh-1,a) + T, (@ Ghr),
T1 (G @rer1) = T1, (Gr-1, @) + T, (Gr—1, qr)-

Clearly, if Lg is invariant then J LAd = 0, and so the momentum maps are
equal and they are conserved. If not, then these equations describe how the
momentum maps evolve.

1.4. Background: Hamiltonian mechanics
1.4.1. Hamiltonian mechanics

We will only concern ourselves here with the case of a phase space that is
the cotangent bundle of a configuration manifold. Although some of the
elegance and power of the Hamiltonian formalism is lost in this restriction,
it is simpler for our purposes, and of course is the most important case for
applications.

Consider then a configuration manifold ), and define the phase space to
be the cotangent bundle T*Q. The Hamiltonian is a function H : T*Q — R.
We will take local coordinates on T*Q to be (g, p).

Define the canonical one-form © on T*(@) by

O(pq) - tp, = (g, TTT+Q - Up, ) (1.4.1)

where mp-g : T*Q — @ is the standard projection and (-,-) denotes the
natural pairing between vectors and covectors. In coordinates, ©(q,p) =
p;dq*. The canonical two-form Q on T*(Q) is defined to be

Q= —de,
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which has coordinate expression Q(q,p) = d¢’ A dp’. The pair (T*Q, ) is
an example of a symplectic manifold and a mapping F : T*Q — T*Q is said
to be canonical or symplectic if F*Q = Q. If F*© = © then F is said to
be a spectal symplectic map, which clearly implies that it is also symplectic.
Note that a particular case of special symplectic maps is given by cotangent
lifts of maps @@ — @, which automatically preserve the canonical one-form
on T*Q (see Marsden and Ratiu (1999) for details).

Given a Hamiltonian H, define the corresponding Hamiltonian vector field
X to be the unique vector field on T*(Q) satisfying

iy, =dH. (1.4.2)
Writing Xy = (X4, X;) in coordinates, we see that the above expression is
OH OH
aq" Op;
which gives the familiar Hamilton’s equations for the components of Xy,
namely

—Xpdq’ + X idp; = —dq' + ——dp;,

oOH
Xgi(q,p) = afp,(q,p)? (1.4.3a)
OH
Xp,(¢,p) = —8—qi(q,p)- (1.4.3b)

The Hamiltonian flow Fg : T*Q X R — T*(Q) is the flow of the Hamiltonian
vector field Xz. Note that, unlike the Lagrangian situation, the Hamil-
tonian vector field Xy and flow map Fpy are always well-defined for any
Hamiltonian.

For any fixed ¢ € R, the flow map F}, : T*Q — T*Q is symplectic, as can
be seen by differentiating to obtain
9 (FE)*Q = Lx,Q =dix,Q +ix,dQ
Ot{,—g

=d’H —ix,d*© =0,
where we have used Cartan’s magic formula £Lxa = dixa + ixda for the
Lie derivative and the fact that d = 0.

1.4.2. Hamiltonian form of Noether’s theorem

Consider a (left or right) action ® : G x @ — Q of G on @, as in Sec-
tion 1.2. The cotangent lift of this action is ®7 "9 : G x T*Q — T*Q given
by <I>£:,F Q(pq) = (I)Z‘l(pQ)’ which in coordinates is

87°(g, (¢,p)) = ((@;Ui(q),pj%i;g(q)).
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This has the corresponding infinitesimal generator &r+g : T*Q — T(T*Q)
defined by

Er-(pg) = d%(@f "QUpy)) - €

which has coordinate form

¢r0(q,p) = i,_a_q)ilia;i)jm
7™Q\4,P) = | q ,DPi, 8(] jagm y

rol o, [[00\ ']’ o9k
Pigiams ~Pigaiad |\ aa g )’
dq'dg dq'0q¢7 | \ Oq 199

where the derivatives of ® are all evaluated at (e, q).
The Hamiltonian momentum map Jg : T*Q — g* is defined by

Jr(pq) - € = O(pg) - &7+ (Pg)-

For each £ € g we define Jg :T*Q — R by Jg(pq) = Ju(pq) - & which has
the expression J ¢ = ig;.,©. Note that the Hamiltonian map is also given
by the expression

Ju(pg) - € = (pg:€q()),

which is useful for computing it in applications.
Writing the requirement for equivariance of a Hamiltonian momentum
map gives the equation

Jo®) 9 =Ad} o Jy.

Unlike the Lagrangian setting, however, cotangent lifted actions are always
special symplectic maps, and so we have (@g Q)*@ = O irrespective of the
Hamiltonian. This gives the following result.

Theorem 1.4.1. Consider a Hamiltonian system H : T"@Q — R with a
(left or right) group action ® : G x @ — Q. Then the Hamiltonian momen-

tum map Jy : T*Q — g* is always equivariant with respect to the cotangent
lifted action ®7°9 : G x T*Q — T*Q.

Proof. Once again, we can use exactly the same proof as for Theorem 1.2.2
in the continuous case. The only difference is that H need not be restricted
to ensure that the lifted action is a special symplectic map. ([l

A Hamiltonian H : T*(Q — R is said to be invariant under the cotangent
lift of the action ® : G x Q — Q if Ho <I>§*Q = H for all ¢ € GG, in which
case the action is said to be a symmetry for the Hamiltonian. The derivative
of this expression implies that such a Hamiltonian is also infinitesimally
invariant, which is the requirement dH - {7+g = 0 for all £ € g, although
the converse is not generally true.
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Theorem 1.4.2. (Hamiltonian Noether’s theorem) Let H:T*Q — R
be a Hamiltonian which is invariant under the lift of the (left or right) action
® : GxQ — Q. Then the corresponding Hamiltonian momentum map
Ji : T*Q — g* is a conserved quantity of the flow; that is, Jy o Ft, = Jy
for all times t.

Proof. Recall that (q)gT*Q)*G = O for all g € G as the action is a cotangent

lift, and hence L¢,.,© = 0. Now computing the derivative of Jﬁl in the
direction given by the Hamiltonian vector field Xz gives

dJf X = d(ig,.,0) - Xu
= Lero® Xy — g ,dO - Xp
= —iXHQ : gT*Q
= —dH - &g =0

using Cartan’s magic formula Lya = dixa + ixda and (1.4.2). As F}; is
the flow map for Xy this gives the desired result. O

Noether’s theorem still holds even if the Hamiltonian is only infinitesimally
invariant, as it is only this local statement which is used in the proof.

1.4.8. Legendre transforms

To relate Lagrangian mechanics to Hamiltonian mechanics we define the
Legendre transform or fibre derivative FL : TQ — T*(Q by

d
FL(vg) - wq = —

I L(vg + ewy),

e=0

which has coordinate form
. oL )
FL:(q,q) — (¢,p) = (q, 8—q(q, q)) :

If the fibre derivative of L is locally an isomorphism then we say that
L is regular, and if it is a global isomorphism then L is said to be hyper-
reqular. We will generally assume that we are working with hyperregular
Lagrangians.

The fibre derivative of a Hamiltonian is the map FH : T*Q — TQ de-
fined by

aq-FH(B,) = i

g H(B, + eay),

e=0

which in coordinates is
) OH
FH :(q,p) — (¢,4) = q,a—p(q,p) :

Similarly to the situations for Lagrangians, we say that H is reqular if FH is a
local isomorphism, and that H is hyperregular if FH is a global isomorphism.
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The canonical one- and two-forms and the Hamiltonian momentum maps
are related to the Lagrangian one- and two-forms and the Lagrangian mo-
mentum maps by pullback under the fibre derivative, so that

®L = (]FL)*@, QL = (FL>*Q, and JL = (FL)*JH
If we additionally relate the Hamiltonian to the Lagrangian by

where (¢, p) and (g, ¢) are related by the Legendre transform, then the Ham-
iltonian and Lagrangian vector fields and their associated flow maps will also
be related by pullback to give

X, = (FL)*Xy; F!=(FL)"'oFoFL.

In coordinates this means that Hamilton’s equations (1.4.3) are equivalent
to the Euler-Lagrange equations (1.3.3). To see this, we compute the deriva-
tives of (1.4.4) to give

OH 8¢ oL, .. AL, . 9q

a—q(q,p) =Py, 8—q(q,Q) - a_q‘(q’Q)a_q
oL .
— a—q(q’ q) (145&)
__dfor,
at \ ag 11

= —p, (1.4.5b)
oOH . 0¢g OL aq
5 (¢,p) =q4+p op 6(1(’ )6p

=g, (1.4.5¢)

where p = FL(q, ¢) defines ¢ as a function of (g, p).

A similar calculation to the above also shows that if L is hyperregular
and H is defined by (1.4.4) then H will also be hyperregular and the fibre
derivatives will satisfy FH = (FL)~!. The converse statement also holds
(see Marsden and Ratiu (1999) for more details).

The above relationship between the Hamiltonian and Lagrangian flows
can be summarized by the following commutative diagram, where we recall
that the symplectic forms and momentum maps are also preserved under
each map.

7010 (1.4.6)

r| Jsz

H
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One consequence of this relationship between the Lagrangian and Ham-
iltonian flow maps is a condition for when the Lagrangian vector field and
flow map are well-defined.

Theorem 1.4.3. Given a Lagrangian L : TQ — R, the Lagrangian vector
field X, and hence the Lagrangian flow map Fp, are well-defined if and
only if the Lagrangian is regular.

Proof. This can be seen by relating the Hamiltonian and Lagrangian set-
tings with FL, or by computing the Euler-Lagrange equations in coordinates
to give
: d .
0= D1L(q,q) = 5, D2L(q.4)
= DIL(qa q) - DIDQL(Q7q) ' q - D2D2L(q7 q) ’ q

Thus, G is well-defined as a function of (g, q) if and only if DyDoL is in-
vertible, which by the implicit function theorem is equivalent to FL being
locally invertible. O

1.4.4. Generating functions

As with Hamiltonian mechanics, a useful general context for discussing
canonical transformations and generating functions is that of symplectic
manifolds. Here we limit ourselves, as above, to the case of T*() with the
canonical symplectic form €.

Let F' : T*Q — T*Q be a transformation from T*@Q to itself and let
['(F) C T*Q xT*Q be the graph of F. Consider the one-form on 7*Q x T*Q
defined by K

O =m0 —7m]0.

where m; : T*Q x T*(Q are the projections onto the two components. The
corresponding two-form is then
Q=—-d6 =m0 — Q.

Denoting the inclusion map by ip : T'(F) — T*Q x T*Q, we see that we
have the identities

T otp = 771|F(F), and mgoip = Fom on I'(F).
Using these relations, we have
Q= i (0 — 7Q)
= (me0ip)*Q— (m oip) N
= (milp(m) " (F*Q - Q).

Using this last equality, it is clear that F' is a canonical transformation if
and only if i3,£2 = 0 or, equivalently, if and only if d(i,©) = 0. By the



382 J. E. MARSDEN AND M. WEST

Poincaré lemma, this last statement is equivalent to there existing, at least
locally, a function S : T'(F) — R such that i%6 = dS. Such a function S is
known as the generating function of the symplectic transformation F. Note
that S is not unique.

The generating function S is specified on the graph I'(F'), and so can be
expressed in any local coordinate system on I'(F'). The standard choices, for
coordinates (qo, po, q1,p1) on T*Q x T*Q, are any two of the four quantities
qo, Po, q1 and p1; note that I'(F') has the same dimension as T*@Q.

1.4.5. Coordinate expression

We will be particularly interested in the choice (qo, q1) as local coordinates

on I'(F'), and so we give the coordinate expressions for the above general

generating function derivation for this particular case. This choice results

in generating functions of the so-called first kind (Goldstein 1980).
Consider a function S : @ x @ — R. Its differential is

Let F': T"Q — T"Q be the canonical transformation generated by S. In
coordinates, the quantity i3.0 is

30 = —podqo + prda,

and so the condition z}(:) = d.S reduces to the equations

oS
= —— 1.4.
Po 900 (90, q1), (1.4.7a)
oS
——— 1.4.7b
p1 o0 (90, q1), (1.4.7b)

which are an implicit definition of the transformation F' : (qo,po) — (q1,p1)-
From the above general theory, we know that such a transformation is au-
tomatically symplectic, and that all symplectic transformations have such a
representation, at least locally.

Note that there is not a one-to-one correspondence between symplectic
transformations and real-valued functions on ) x @), because for some func-
tions the above equations either have no solutions or multiple solutions, and
so there is no well-defined map (qo,po) — (¢q1,p1). For example, taking
S(qo,q1) = 0 forces py to be zero, and so there is no corresponding map .
In addition, one has to be careful about the special case of generating the
identity transformation, as was noted in Channell and Scovel (1990) and Ge
and Marsden (1988). As we will see later, this situation is identical to the
existence of solutions to the discrete Euler—Lagrange equations, and, as in
that case, we will assume for now that we choose generating functions and
time-steps so that the equations (1.4.7) do indeed have solutions.
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1.5. Discrete variational mechanics: Hamiltonian viewpoint
1.5.1. Discrete Legendre transforms

Just as the standard Legendre transform maps the Lagrangian state space
T(Q to the Hamiltonian phase space T*(Q), we can define discrete Legendre
transforms or discrete fibre derivatives FT Ly, F~Lg : Q x Q — T*Q, which
map the discrete state space @ x @ to T*Q. These are given by

F*La(g0,q1) - 6q1 = DaLa(qo, 1) - 01,
F~La(q0,q1) - 6g0 = —D1L4(qo, q1) - dqo,

which can be written

F*La: (qo,q1) — (q1,p1) = (q1, D2La(q0, 1)),
F~Lg : (g0, q1) = (q0,p0) = (g0, —D1La(q0, q1))-

If both discrete fibre derivatives are locally isomorphisms (for nearby ¢¢ and
q1), then we say that L is regular. We will generally assume that we are
working with regular discrete Lagrangians. In some special cases, such as if
Q is a vector space, it may be that both discrete fibre derivatives are global
isomorphisms. In that case we say that Ly is hyperregqular.

Using the discrete fibre derivatives it can be seen that the canonical one-
and two-forms and Hamiltonian momentum maps are related to the discrete
Lagrangian forms and discrete momentum maps by pullback, so that

OF = (F*Ly)"0, Qp, = (F*Ly)"Q, and Jf, = (F*Ly)"Jn.

When the discrete momentum maps arise from a symmetry action, the pull-
back of the Hamiltonian momentum map by either discrete Legendre trans-
form gives the unique discrete momentum map Jy, = (F¥Ly)*Jg.

In the continuous case there is a particular relationship between a La-
grangian and a Hamiltonian so that the corresponding vector fields and flow
maps are related by pullback under the Legendre transform. Indeed, we
rarely consider pairs of Lagrangian and Hamiltonian systems which are not
related in this way. In the discrete case a similar relationship exists, as will
be shown in Section 1.6.

Unlike the continuous case, however, we will generally be interested in dis-
crete Lagrangian systems that do not exactly correspond to a given Hamil-
tonian system. In this case, the symplectic structures and momentum maps
are related by pullback under the discrete Legendre transforms, but the flow
maps are not. As we will see later, this is a reflection of the fact that discrete
Lagrangian systems can be regarded as symplectic-momentum integrators.
The relationship between the energies of a discrete Lagrangian system and
a Hamiltonian system is investigated in Part 4.



384 J. E. MARSDEN AND M. WEST

1.5.2. Momentum matching
The discrete fibre derivatives also permit a new interpretation of the discrete
Euler-Lagrange equations. To see this, we introduce the notation
Prgsr = P (@ @rr1) = FF La(ar, qet1),

Prgy1 =P (@ @k1) = F La(qr, qrt1),
for the momentum at the two endpoints of each interval [k, k + 1]. Now
observe that the discrete Euler—Lagrange equations are

DoLa(qk-1, k) = —D1La(qk; qr+1)

which can be written as

F*La(qr—1,ax) = F~ La(qr: qr+1), (1.5.1)
or simply
+ _ —
Pr—1k = Pr+1-

That is, the discrete Euler—-Lagrange equations are simply enforcing the
condition that the momentum at time k£ should be the same when evaluated
from the lower interval [k — 1, k] or the upper interval [k, k 4+ 1]. This means
that along a solution curve there is a unique momentum at each time k,
which we denote by

ot -
Pk =Pi—1k = Pr+1-

A discrete trajectory {qk}{j:o in @ can thus also be regarded as either a tra-

jectory {(qk, qu)}fj:_Ol in @@ or, equivalently, as a trajectory {(gx, pk)}{gvzo
in T*Q.
It will be useful to note that (1.5.1) can be written as

FtLy=F LyoFy,. (1.5.2)

A consequence of viewing the discrete Euler-Lagrange equations as a
matching of momenta is that it gives a condition for when the discrete La-
grangian evolution operator and discrete Lagrangian map are well-defined.

Theorem 1.5.1. Given a discrete Lagrangian system Ly : @ X @@ — R,
the discrete Lagrangian evolution operator Xy, and the discrete Lagrange
map Fr, are well-defined if and only if F~ L4 is locally an isomorphism.
The discrete Lagrange map is well-defined and invertible if and only if the
discrete Lagrangian is regular.

Proof. Given (qo,q1) € Q X @, the point g2 € @) required to satisfy
XLd(q07 Q1) = (q07 q1,41, Q2>

is defined by equation (1.5.1), and so g is uniquely defined as a function of
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qo and g¢; if and only if F~ L, is locally an isomorphism. From the definition
of Fr,, it is well-defined if and only if X7, is

The above argument only implies that FT,, is well-defined as a map, how-
ever, meaning that it can be applied to map forward in time. For it to be
invertible, equation (1.5.1) shows that it is necessary and sufficient for F* L,
also to be a local isomorphism, which is equivalent to regularity of Lg. [

1.5.8. Discrete Hamiltonian maps

Using the discrete fibre derivatives also enables us to push the discrete La-
grangian map Fr, : Q@ X Q — Q x Q forward to T*Q). We define the discrete
Hamiltonian map FLd :T*Q — T*Q by FLd =F*+L, oFy, o (F*Lg)~'. The
fact that the discrete Hamiltonian map can be equivalently defined with ei-
ther discrete Legendre transform is a consequence of the following theorem.

Theorem 1.5.2. The following diagram commutes.

(q0,q1) (q1,92) (1.5.3)
/ \md / \md
QO7p0 Q17P1 Q2,p2
d Ly

Proof. The central triangle is simply (1.5.2). Assume that we define the
discrete Hamiltonian map by Fp, = FtLgo Fy, o (F*Lg)~", which gives
the right-hand parallelogram. Replicating the right-hand triangle on the
left-hand side completes the diagram. If we choose to use the other discrete
Legendre transform then the reverse argument applies. ]

Corollary 1.5.3. The following three definitions of the discrete Hamil-
tonian map,

Fr,=F"LgoFr,o(FtLy) ™},
~Ld =F Lgo FLd o (FiLd)fl,
Fr,=F"Lgo (F Lyg)~ !,

are equivalent and have coordinate expression F7, . ¢ (go,p0) — (q1,p1),
where

po = —D1La(q0,q1), (1.5.4a)
p1 = D2La(q0, 1) (1.5.4Db)

Proof. The equivalence of the three definitions can be read directly from
the diagram in Theorem 1.5.2.
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The coordinate expression for FJ, . © (go0,p0) — (q1,p1) can be readily
seen from the definition Fy,, = F*Lg o (F~Lg)~'. Taking initial condition
(qo,po) € T*Q and setting (qo,q1) = (F~Lg) *(qo,po) implies that py =
—D1L4(qo,q1), which is (1.5.4a). Now, letting (q1,p1) = F™ Lq(qo, q1) gives
p1 = D2L4(qo,q1), which is (1.5.4b). O

As the discrete Lagrangian map preserves the discrete symplectic form and
discrete momentum maps on () x @, the discrete Hamiltonian map will pre-
serve the pushforwards of these structures. As we saw above, however, these
are simply the canonical symplectic form and canonical momentum maps on
T*Q, and so the discrete Hamiltonian map is symplectic and momentum-
preserving.

We can summarize the relationship between the discrete and continuous
systems in the following diagram, where the dashed arrows represent the
discretization.

TQ, F,— - =QxQ,Fy, (1.5.5)

N .

T*Q7FH7 - >CT*Q7-F~1Ld

1.5.4. Discrete Lagrangians are generating functions

As we have seen above, a discrete Lagrangian is a real-valued function on
Q x Q which defines a map FJ, . T7Q — T7Q. In fact, a discrete Lagrangian
is simply a generating function of the first kind for the map F7, ,» in the sense
defined in Section 1.4. This is seen by comparing the coordinate expression
(1.5.4) for the discrete Hamiltonian map with the expression (1.4.7) for the
map generated by a generating function of the first kind.

1.6. Correspondence between discrete and continuous
mechanics

We will now define a particular choice of discrete Lagrangian which gives an
exact correspondence between discrete and continuous systems. To do this,
we must firstly recall the following fact.

Theorem 1.6.1. Consider a regular Lagrangian L for a configuration man-
ifold @, two points qp,q1 € @ and a time h € R. If ||g1 — o] and |h| are
sufficiently small then there exists a unique solution ¢ : R — @ of the
Euler-Lagrange equations for L satisfying ¢(0) = ¢qo and ¢q(h) = ¢i1.

Proof. See Marsden and Ratiu (1999). O
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For some regular Lagrangian L we now define the exact discrete Lagran-
gian to be

h
L% (g0, q1,h) = /0 L(qo,1(t), qo1(t)) dt (1.6.1)

for sufficiently small i and close go and ¢;. Here go1(t) is the unique so-
lution of the Euler-Lagrange equations for L which satisfies the boundary
conditions ¢o 1(0) = go and go,1(h) = ¢1, and whose existence is guaranteed
by Theorem 1.6.1.

We will now see that with this exact discrete Lagrangian there is an exact
correspondence between the discrete and continuous systems. To do this,
we will first establish that there is a special relationship between the Legen-
dre transforms of a regular Lagrangian and its corresponding exact discrete
Lagrangian. This result will also prove that exact discrete Lagrangians are
automatically regular.

Lemma 1.6.2. A regular Lagrangian L and the corresponding exact dis-
crete Lagrangian Lf have Legendre transforms related by

F+LdE(QO7 q1, h) = FL(QO,l(h)a QO,l(h))7
IB“_[/(}iE(qu q1, h) = ]FL(qO,l(O)) 40,1(0))a

for sufficiently small h and close qg, g1 € Q.

Proof. We begin with F_Lg and compute

h .
_ OL 0qoq = OL 0doa
F~LE (qo, ,h:—/ [ — | dt
4 (g0, 01, h) o L9g 0Oq  0q¢ Iqo

_ /h [a_L . ga_L] D0a g, [8_L | ‘o‘qo,l]h
o L9q¢ dt dq Oqo ¢ Oqo

0
using integration by parts. The fact that go1(t) is a solution of the Euler—

Lagrange equations shows that the first term is zero. To compute the second
term we recall that g 1(0) = go and go,1(h) = ¢1, so that

9q0,1
0qo

0q0,1

—=(0)=1d and
aqo()

(h) =0.
Substituting these into the above expression for F*LdE now gives

_ oL )
F~ LY (q0,q1,h) = 8—q(qO,1(0),QO,1(O))7

which is simply the definition of FL(go,1(0),do,1(0)).
The result for IFJFLg can be established by a similar computation. O
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Since (go.1(h), do.1(h)) = F*(q0,1(0),4d0,1(0)), Lemma 1.6.2 is equivalent to
the following commutative diagram.

QO7§I1 (162)

F% \UE

QO7PO Q1 p1

FL FL

(0, do) ’T (q1,d1)
L

Combining this diagram with (1.4.6) and (1.5.3) gives the following commu-
tative diagram for the exact discrete Lagrangian.

F
(90, 1) (q1,92) (1.6.3)
F- L% F+LE F+LE
F-L%
(40, Po) P o= Fh (q1,p1) Foom Fh (g2: p2)
d d
FL FL FL

(g0, 4o) %Ff (q1,41) %Ff (g2, 42)

This proves the following theorem.

Theorem 1.6.3. Consider aregular Lagrangian L, its corresponding exact
discrete Lagrangian LY, and the pushforward of both the continuous and
discrete systems to T*(@), yielding a Hamiltonian system with Hamiltonian
H and a discrete Hamiltonian map FLdE, respectively. Then, for a sufficiently
small time-step h € R, the Hamiltonian flow map equals the pushforward
discrete Lagrangian map:
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This theorem is a statement about the time evolution of the system, and
can also be interpreted as saying that the diagram (1.5.5) commutes with the
dashed arrows understood as samples at times {tk}évzo, rather than merely
as discretizations.

We can also interpret the equivalence of the discrete and continuous sys-
tems as a statement about trajectories. On the Lagrangian side, this gives
the following theorem.

Theorem 1.6.4. Take a series of times {t; = kh, k = 0,...,N} for a
sufficiently small time-step h, and a regular Lagrangian L and its corre-
sponding exact discrete Lagrangian LY. Then solutions ¢ : [0,tn] — Q of
the Euler-Lagrange equations for L and solutions {qk}fcvzo of the discrete
Euler—Lagrange equations for Lf are related by

qr = q(tg) for k=0,...,N, (1.6.4a)
q(t) = qrr+1(t) for t € [ty tpya]. (1.6.4b)

Here the curves gy g1 : [tk, tr+1] — @ are the unique solutions of the Euler—
Lagrange equations for L satisfying gy x+1(kh) = q and qx r+1((k + 1)h) =
Qk+1-

Proof. The main non-obvious issue is smoothness. Let ¢(t) be a solu-
tion of the Euler-Lagrange equations for L and define {qk}szo by (1.6.4a).
Now the discrete Euler—Lagrange equations at time k are simply a match-
ing of discrete Legendre transforms, as in (1.5.1), but by construction and
Lemma 1.6.2 both sides of this expression are equal to FL(q(tx), ¢(tx)). We
thus see that {qk}évzo is a solution of the discrete Euler—Lagrange equations.

Conversely, let {qk}{gvzo be a solution of the discrete Euler—Lagrange equa-
tions for LY and define ¢ : [0,¢y] — @ by (1.6.4b). Clearly ¢(t) is C? and
a solution of the Euler-Lagrange equations on each open interval (tx, tx+1),
and so we must only establish that it is also C? at each tj, from which it
will follow that it is C? and a solution on the entire interval [0, ¢x].

At time tj the discrete Euler-Lagrange equations in the form (1.5.1) to-
gether with Lemma 1.6.2 reduce to

FL(qr—1,%(tk), dk—1,6(tk)) = FL(qr k41 (tk), Grpr1(tr)),

and, as FL is a local isomorphism (due to the regularity of L), we see that
q(t) is C' on [0,tx]. The regularity of L also implies that

i(t) = (D2D2L) (D1 L — D1 D3 L - 4(t))

on each open interval (tj,tr+1), and as the right-hand side only depends
on ¢(t) and ¢(t) this expression is continuous at each ¢y, giving that ¢(t) is
indeed C? on [0,%y]. O
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To summarize, given Lagrangian and Hamiltonian systems with the Leg-
endre transform mapping between them, the symplectic forms and momen-
tum maps are always related by pullback under FL. If, in addition, L and
H satisfy the special relationship (1.4.4), then the flow maps and energy
functions will also be related by pullback.

Exactly the same statements hold for the relationship between a discrete
Lagrangian system and a Hamiltonian system. However, when discussing
continuous systems we almost always assume that L and H are related by
(1.4.4), whereas for discrete systems we generally do not assume that Ly and
L or H are related by (1.6.1). This is because we are interested in using the
discrete mechanics to derive integrators, and the exact discrete Lagrangian
is generally not computable.

1.7. Background: Hamilton—Jacobi theory

1.7.1. Generating function for the flow

As discussed in Section 1.4, it is a standard result that the flow map F,
of a Hamiltonian system is a canonical map for each fixed time ¢t. From
the generating function theory, it must therefore have a generating function
S(qo,q1,t). We will now derive a partial differential equation which S must
satisfy.

Consider first the time-preserving extension of Fy to the map

Fyp T"Q xR —=T*Q xR, (pg,t) — (F(pg), t).

Let mp+qg : T"Q x R — T™Q be the projection, and define the extended
canonical one-form and the extended canonical two-form to be

We now calculate

. 0
TFy - (5pq,5t) = (TF}; - 6pg + aFIt{(pq) - 0t, (575)

= (TFl - 6py + Xp o Fly - 6t,3t),
using that F}, is the flow map of the vector field Xz, and so
F3Qp = (ip-q o Fg)*Q — ((ip+q o Fr)*dH) A (Fjydt)
= i (Flp) QU+ (e (Ffy)*dH) Adt — ((ig=q o F)*dH) A dt
= (i1+Q)"(Fy)"Q = i1
as F!, preserves ) for fixed t. This identity essentially states that the ex-

tended flow map pulls back the extended symplectic form to the standard
symplectic form.
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Consider now the space T*Q x R x T*(Q and the projection m : T*Q) x R x
T*Q — T*Q x R onto the first two components and 7o : T*Q X R x T*Q —
T*Q x R onto the last two components. Define the one-form

A~

O =m0y — mir.0,
and let the corresponding two-form be
Q= —dO = w3y — m}if. o

The flow map of the Hamiltonian system acts as Fg : T°Q x R — T*Q
and so the graph of Fi is a subset I'(Fg) C T*Q x R x T*@Q. Denote the
inclusion map by ip, : I'(Fg) — T%Q x R x T*(Q). We now observe that

MOy, = Wl‘F(FH)?
T2 0l = Fyom on I'(Fg),
and using these relations calculate
05, Q = i, QU — i, T o0
= (71'2 e} iFH)*QH — (71'1 o} Z‘FH)*Z?‘*QQ
= (milr) " (FaQu —irof)
=0.
We have thus established that d(z*FH@) = 0 and so, by the Poincaré lemma,

there must locally exist a function S : I'(Fi) — R so that Z}Hé =dS. Itis
clear that restricting the above derivations to a section with fixed ¢ simply
reproduces the earlier derivation of generating functions for symplectic maps,
and so the restriction S* : I'(F};) — R is a generating function for the map
Fl, : T*Q — T*Q. The additional information contained in the statement
Z}H(:) = dS dictates how S depends on t.

1.7.2. Hamilton—Jacobi equation

As for the case of general generating functions discussed in Section 1.4 we
will now choose a particular set of coordinates on I'Fy and investigate the
implications of i3, © = dS.

Consistent with our earlier choice, we will take coordinates (qo, q1,t) for
I'(Fp) and thus regard the generating function as amap S : @ x @ xR — R.
The differential is thus

and we also get

O = —podgo + prdqy — H(qr, p1)dt,
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so the condition i} © =dS is
H

— 7@( t)
bo 8(]0 qo,q1,1),

— 8_5'( t)
p1 = aql qo,41,1),

oS oS
H (CII;a—ql(QOy(hvt)) = E(Q()v(h?t)-

The first two equations are simply the standard relations which implicitly
specify the map F}, from the generating function S*. The third equation
specifies the time-dependence of S and is known as the Hamilton—Jacobi
PDE, and can be regarded as a partial-differential equation to be solved
for S.

To fully specify the Hamilton—Jacobi PDE it is necessary also to provide
boundary conditions. As it is first-order in ¢, it is clear that specifying
S as a function of ¢y and ¢; at some time t will define the solution in
a neighbourhood of that time. This is equivalent to specifying the map
generated by S at some time, up to an arbitrary function of ¢. Taking this
to be the flow map for some fixed time, we see that the unique solution of
the Hamilton—Jacobi PDE must be the flow map for nearby t.

1.7.8. Jacobi’s solution

While it is possible in principle to solve the Hamilton—Jacobi PDE directly
for S, it is generally nonlinear and a closed form solution is not normally
possible. By 1840, however, Jacobi had realized that the solution is simply
the action of the trajectory joining ¢p and ¢; in time ¢: see Jacobi (1866).
This is known as Jacobi’s solution,

S(qO,ql,t):/O L(QQJ(T),Q(),l(T))dT, (1.7.1)

where go1(t) is a solution of the Euler-Lagrange equations for L satisfying
the boundary conditions ¢(0) = g9 and ¢(t) = ¢1, and where L and H are
related by the Legendre transform (assumed to be regular). This can be
proved in the same way as Lemma 1.6.2.

1.8. Discrete variational mechanics: Hamilton—Jacobi
viewpoint

As was discussed in Section 1.5, a discrete Lagrangian can be regarded as the
generating function for the discrete Hamiltonian map F7, 2 TQ — T7Q.
We then showed in Section 1.6 that there is a particular choice of discrete
Lagrangian, the so-called ezact discrete Lagrangian, which exactly generates
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the flow map Fp of the corresponding Hamiltonian system. From the devel-
opment of Hamilton—Jacobi theory in Section 1.7, it is clear that this exact
discrete Lagrangian must be a solution of the Hamilton—Jacobi equation. In
fact, as can be seen by comparing the definitions given in equations (1.6.1)
and (1.7.1), the exact discrete Lagrangian is precisely Jacobi’s solution of
the Hamilton—Jacobi equation.

To summarize, discrete Lagrangian mechanics can be regarded as a varia-
tional Lagrangian derivation of the standard generating function and Ham-
ilton—Jacobi theory. Discrete Lagrangians generate symplectic transforma-
tions, and given a Lagrangian or Hamiltonian system, one can construct the
exact discrete Lagrangian which solves the Hamilton—Jacobi equation, and
this will then generate the exact flow of the continuous system.
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PART TWO
Variational integrators

2.1. Introduction

We now turn our attention to considering a discrete Lagrangian system as
an approximation to a given continuous system. That is, the discrete system
is an integrator for the continuous system.

As we have seen, discrete Lagrangian maps preserve the symplectic struc-
ture and so, regarded as integrators, they are necessarily symplectic. Fur-
thermore, generating function theory shows that any symplectic integrator
for a mechanical system can be regarded as a discrete Lagrangian system, a
fact we state here as a theorem.

Theorem 2.1.1. If the integrator F': T*Q x R — T™(Q is symplectic then
there exists® a discrete Lagrangian Ly whose discrete Hamiltonian map FJ, p
is F.

Proof. As shown above in Section 1.4, any symplectic transformation lo-
cally has a corresponding generating function, which is then a discrete La-
grangian for the method, as discussed in Section 1.5.4. O

In addition, if the discrete Lagrangian inherits the same symmetry groups
as the continuous system, then the discrete system will also preserve the
corresponding momentum maps. As an integrator, it will thus be a so-called
symplectic—-momentum integrator.

Just as with continuous mechanics, we have seen that discrete variational
mechanics has both a variational (Lagrangian) and a generating function
(Hamiltonian) interpretation. These two viewpoints are complementary and
both give insight into the behaviour and derivation of useful integrators.

However, the above theorem is not literally used in the construction of
variational integrators, but is rather used as the first steps in obtaining in-
spiration. We will obtain much deeper insight from the variational principle
itself and this is, in large part, what sets variational methods apart from
standard symplectic methods.

Symplectic integrators have traditionally been approached from a Ham-
iltonian viewpoint and there is much existing literature treating this topic
(see, for example, Hairer, Ngrsett and Wanner (1993), Hairer and Wanner
(1996), MacKay (1992) and Sanz-Serna (1992q)). In this paper, we concen-
trate on the analysis of symplectic methods from the variational viewpoint,
and we reinterpret many standard concepts from ODE integration theory in
this light.

3 The discrete Lagrangian may exist only locally, as is the case with generating functions,
as was discussed in Section 1.4.
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It is also important to distinguish the two ways in which we can derive
variational or generating function integrators. First, we can attempt to
approximately solve the Hamilton—Jacobi PDE for a given system, such as
by taking power series expansions of the generating function. This was
used in some of the earliest derivations of symplectic integrators (such as
De Vogelaére (1956) and Channell and Scovel (1990)). Second, the method
we advocate involves trying to approximate the known Jacobi’s solution to
the Hamilton—Jacobi PDE: that is, we construct discrete Lagrangians that
approximate the exact discrete Lagrangian. This approach is powerful not
only because of the coherent and unifying underlying theory that reveals the
beautiful geometry underlying discrete mechanics, but also because it leads
to practical integrators.

In this section we will assume that (), and thus also T'Q) and T*Q, is a
finite-dimensional vector space with an inner product (-, -) and corresponding
norm || - [|. In the case that it is not a vector space, we can embed @ within
a vector space and use the theory of constrained discrete systems developed
below in Section 3.4 and discussed further in Section 3.5.2.

A word of caution: we must be careful about imagining that we can simply
pick a coordinate chart and apply the vector space methods described below
in such a chart. Doing so indiscriminately can lead to coordinate-dependent
integrators that can be unattractive theoretically as well as impractical: for
instance, using Euler angles for rigid body integrators has the difficulty that
we may spend most of our computational time switching coordinate sys-
tems. See, for instance, Wisdom, Peale and Mignard (1984), Leimkuhler
and Patrick (1996) and related papers. For some special classes of config-
uration manifolds, however, such as when @ is a Lie group, there may be
particular global coordinate systems that can be used for this purpose.

We will also frequently consider integrators for Lagrangian systems of the
form L(q,q) = %q’TM ¢ — V(q). When dealing with such systems, we will
always assume that M is a positive-definite symmetric mass matrix, so that
FL(q,q) = M¢ and thus that L is regular.

2.1.1. Implementation of variational integrators

Although the distinction between the discrete Lagrangian map Fp,, : @ X
Q xR — @ x @ and its pushforward FLd :T*Q x R — T*Q is important
geometrically, for implementation purposes the two maps are essentially the
same. This is because of the observation made in Section 1.5.2 that the
discrete Euler-Lagrange equations that define Fy, can be interpreted as
matching of momenta between adjacent intervals.

In other words, given a trajectory qo,q1,q2,...,qk—1,qr the map Fp, :
QxQ xR —Q xQ calculates qx4+1 according to

DoLg(qr—1,qx, h) = —D1La(qk, grs1, h).
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If we now take pr, = DaLg(qx—1, qr, h) for each k, then this equation is simply

pr = —D1La(qk, qr+1, h), (2.1.1)
which, together with the next update
Prt+1 = DaLa(qr, qr+1,h), (2.1.2)

defines the pushforward map 7, . T7Q xR — T7Q. Another way to think
of this is that the py are merely storing the values DoLg(qr—1,qx, h) from
the last step.

For this reason it is typically easier to implement a variational integrator
as the single step map FT,,, as this also provides a simple method of initial-
ization from initial values (qo,po) € T*@Q. Many discrete Lagrangians have
pushforward maps that are simple to implement. For example, Fr,, may be
explicit, or it may be a Runge-Kutta method or other integrator type with
standard implementation techniques.

In the general case when no special form is apparent, however, the equa-
tions (2.1.1) and (2.1.2) must be solved directly. The update (qg,pr) —
(Gk+1,Pr+1) thus involves first solving the implicit equation (2.1.1) for g1
and then evaluating the explicit update (2.1.2) to give pgy1.

To solve the implicit equation (2.1.1) we must typically use an iterative
technique such as Newton’s method. This involves computing a first guess
Gk+1,0 for gg41, such as gx11,0 = 2gx —qr—1, and then computing the sequence
of approximations gx4+1,,, n = 1,2,... until they converge to the solution
value gi41. For Newton’s method, the iteration rule is given by

qz+1,n+1 - qurl,n - Al] p‘ljc =+ 8—L;l(q07 q1, h) )
oqp

where A% is the inverse of the matrix

0Ly
" oqhod]
In the case that the Lagrangian has a simple form, such as L(q,q) =
%qTM G — V(q), then we can use an initial guess based on pg, such as

Gk+1,0 = Gk + hM~'py.

While the Newton’s method outlined above typically experiences very fast
convergence, it is also expensive to have to recompute A% at each iteration
of the method. For this reason, it is typical to use an approximation to this

matrix which can be held constant for all iterations of Newton’s method. See
Hairer et al. (1993) for details of this approach for Runge-Kutta methods.

(QO,(I1,h)~

2.1.2. Equivalence of integrators

Given two discrete Lagrangians Lgl and L?l, we would like to know whether
the integrators they generate are the same. Here it will be important to
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distinguish between the discrete Lagrangian maps @ x Q — @ x @ and the
discrete Hamiltonian maps T*Q — T*(Q. We assume that we are dealing
with regular discrete Lagrangians, so that the corresponding maps are well-
defined.

We say that L}i is (strongly) equivalent to Lgl if their discrete Hamil-
tonian maps are equal, so that F Ly = F 2 Using the expression F Ly =
FTLY o (FTLL)™, we see that if L} and L2 are equivalent then their dis-
crete Legendre transforms will be equal. This implies that the difference
LA = L}j — Lg must be a function of h only. That is, LdA (go,q1,h) = f(h) for
some function f. This is clearly also a sufficient condition, as well as being
necessary.

We define L}i to be weakly equivalent to L§ if their discrete Lagrangian
maps F' L and F' 12 are equal. A sufficient (and presumably necessary) con-

dition for this to be true is that their difference L% = L — L?l is a null
discrete Lagrangian; that is, the discrete Euler—Lagrange equations for L?
are satisfied by any triplet (qo, g1, g2). This terminology follows that of the
continuous case, as in, for example, Oliver and Sivaloganathan (1988).

If LC% is a null discrete Lagrangian, then DngA(qo,ql, h) cannot depend
on go and DlLdA(q17QQ,h) cannot depend on ¢o. Furthermore, these two
derivatives must be the negative of each other for all g;. We thus have that
LdA is a null discrete Lagrangian if and only if it is of the form LdA(qo, q1,h) =
f(q1,h) — f(qo, h) for some function f.

Using the above calculations, it is clear that strong equivalence implies
weak equivalence of discrete Lagrangians. For variational integrators, weak
equivalence is thus in some sense the more fundamental notion. Intuitively,
if two integrators give solutions which have the same positions g for all
time, but different momenta p; at each step, then we would like to regard
the methods as being essentially the same. This is exactly weak equivalence.

2.2. Background: Error analysis

In this section we consider a numerical method F' : T*Q x R — T*(@Q which
approximates the flow Fp : T*Q x R — T*(Q of a given Hamiltonian vector
field Xpg. Error analysis is concerned with difference between an exact
trajectory and a discrete trajectory.?

4 The reader should be cautioned that in many circumstances, such as the integration of
chaotic or complex systems, it may make little sense to imagine accurately computing an
exact, but highly unstable, individual trajectory. Instead, we often want to accurately
compute robust quantities, such as statistical measures that are insensitive to modelling
errors and dynamical sensitivities. This vision, as important as it is, awaits a theory.
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2.2.1. Local error and method order

An integrator F' of Xy is said to be of order r if there exist an open set
U C T*@ and constants C; > 0 and h; > 0 so that

IF (g, p, k) — Fr(g,p, b)|| < Cih™! (2.2.1)

for all (¢,p) € U and h < h;. The expression on the left-hand side of this
inequality is known as the local error, and if a method has order of at least
1 then it is said to be consistent.

2.2.2. Global error and convergence

Having defined the error after one step, we now consider the error after
many steps. The integrator F' of X is said to be convergent of order r if
there exist an open set U C T*Q and constants Cy > 0, hy > 0 and Ty, > 0
so that

”(F)N(qvpv h) - FH(vaa T)H < Cgh‘r7

where h = T'/N, for all (¢,p) € U, h < hy and T' < T,. The expression on
the left-hand side is the global error at time T.

For one-step methods such as we consider here, convergence follows from
a local error bound on the method and a Lipschitz bound on X .

Theorem 2.2.1. Suppose that the integrator F' for Xy is of order r on
the open set U C T*(@Q with local error constant C, and assume that L > 0
is such that

0Xy

d(q,p)

on U. Then the method is consistent on U with global error constant C,
given by

C
Cy = fl (e" —1)
Proof. See, for example, Hairer et al. (1993). O

2.2.3. Order calculation

Given an integrator I’ for Xy, the order can be calculated by expanding
both the true flow Fy and the integrator F' in a Taylor series in h and then
comparing terms. If the terms agree up to order r then the method will be
of order 7.

Here we explicitly write the first few terms of the Taylor series for the
true flow for a Hamiltonian of the form H(q,p) = %pTM_lp + V(q). The
corresponding Hamiltonian vector field Xz is

g=M"1p, (2.2.2a)
p=-VV(q), (2.2.2b)
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and so the flow (q(h),p(h)) = Fr(qo, po, h) has the expansion
1
q(h) = o0+ hM~'po — Sh*M~'VV(q0) + O(h°), (2.2.3a)

1
p(h) = po — hVV (qo) — §h2V2V(CI0)M_1po +O(h?). (2.2.3h)

We will see below an example of using this to calculate the order of a
simple class of methods.

2.3. Variational error analysis

Rather than considering how closely the trajectory of F' matches the exact
trajectory given by Fp, we can alternatively consider how closely a dis-
crete Lagrangian matches the ideal discrete Lagrangian given by the action.
As we have seen in Section 1.6, if the discrete Lagrangian is equal to the
action, then the corresponding discrete Hamiltonian map F7, , will exactly
equal the flow Fy. We now investigate what happens when this is only an
approximation.

2.3.1. Local variational order

Recall that the exact discrete Lagrangian (1.6.1) is defined by

h
Lf(QO:Qlah) :/0 L(qv(Ddtv

where ¢(t) is the solution of the Euler-Lagrange equations satisfying ¢(0) =
g0 and q(h) = gi.

We say that a given discrete Lagrangian L, is of order r if there exist
an open subset U, C T'() with compact closure and constants C, > 0 and
h, > 0 so that

1La(g(0) a(h), ) — L (q(0), q(h), h)| < Cuh™! (2:3.1)
for all solutions ¢(t) of the Euler-Lagrange equations with initial condition
(¢,q4) € Uy and for all h < h,,.

2.3.2. Discrete Legendre transform order

The discrete Legendre transforms F* Ly and F~ Ly of a discrete Lagrangian
Ly are said to be of order r if there exists an open subset Uy C T*(Q) with
compact closure and constants Cy > 0 and hy > 0 so that

‘|F+Ld(q(0)7 q(h)7 h) - FJrLg(q(O)v q(h)7 h)H < thrJrl, (2'3‘23)
17~ La(a(0), a(h), B) — B~ LE(q(0), g(h), )] < 7+, (2.3.20)

for all solutions ¢(t) of the Euler-Lagrange equations with initial condition
(¢,¢) € Uy and for all h < hy.
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The relationship between the orders of a discrete Lagrangian, its discrete
Legendre transforms and its discrete Hamiltonian map is given in the fol-
lowing fundamental theorem.

Theorem 2.3.1. Given a regular Lagrangian L and corresponding Ham-
iltonian H, the following are equivalent for a discrete Lagrangian Lg:

(1) the discrete Hamiltonian map for Ly is of order 7,
(2) the discrete Legendre transforms of L, are of order r,

(3) Lg is equivalent to a discrete Lagrangian of order r.

Proof. Begin by assuming that Ly is equivalent to a discrete Lagrangian of
order 7, and we will show that the discrete Legendre transforms are of order
r. From Section 2.1.2 we know that equivalent discrete Lagrangians have
the same discrete Legendre transforms, and we may thus assume without
loss that Lg is itself of order . Now note that (2.3.1) is equivalent to there
existing a function e, : T*Q) x R — T™*@Q so that

La(q(0),q(h), h) = Lg (q(0), q(h), h) + k" e, (q(0), q(h), h)

with |le,(g(0),q(h),h)|| < C, on U,. Also, from Theorem 1.6.1 it is clear
that we can parametrize the set U, by either the initial condition (g, q) or
by the endpoints (¢(0), ¢(h)).

Taking derivatives of the above expression with respect to ¢(h) gives

F*La(q(0), q(h), h) = F*LF (q(0), q(h), h) + h" ' Dye, (¢(0), q(h), ),

and as e, is smooth and bounded on the compact set cl(U,), so too is Dae,,
giving (2.3.2a). Taking derivatives with respect to ¢(0) now shows that the
discrete Legendre transforms of L, are of order r.

Now assume that F*L; and F~ Ly are of order r, and set

eu(al0), (), ) = -7 [La(a(0),a(h), ) — LF(a(0), a(h), ).

Taking derivatives with respect to ¢(0) and ¢(h) and using (2.3.2) shows
that || Die,|| < Cf and ||Da2ey|| < Cf on cl(Uy), which is compact. This
then implies that e, (-, -, h) is itself locally bounded in its first two argu-
ments, and so there exists a function d(h) and a constant C, such that
llev(q(0),q(h),h)—d(h)|| < C,. This then proves that Ly(q(0),q(h),h)—d(h)
has variational order r, and so L4 is equivalent to a discrete Lagrangian of
order r.

We will now show the equivalence of the discrete Hamiltonian map being
of order r and the discrete Legendre transforms being of order r. To do this
we will make use of the following fact, which is a consequence of the implicit
function theorem.
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Assume that we have smooth functions related by
fi(z,h) = gi(x, h) + W ei (2, h),
fa(y,h) = ga(y, h) + K" ea(y, h),
with e; and ey bounded on some compact sets. Then we have
fo(fi(x, h),h) = golgi(z, k), h) + K" teia(x, ), (2.3.3a)
Frt k) = gt (. h) + ey, ), (2.3.3b)

for some functions eja(x, h) and €;(y, h) bounded on compact sets.
Now assume that F™L; and F~ Ly are of order r and use Corollary 1.5.3
to write

Fr,=F"Lgo (F Ly},
Fre =F*Lgo(F L{)™"
Equation (2.3.3) gives the existence of a bounded function e; such that
Fr,(q(0),q(h),h) = Fpr(a(0), a(h), h) + h" " ey(q(0), a(h), h),
and thus we see that the discrete Hamiltonian map is of order 7.
Finally, assume that FLSJ is of order r, and observe that
(F~La)~ (g0, p0) = (90,7 © F,(q0, P0));
so (2.3.3) implies (2.3.2b). But now we recall from (1.5.2) that
FTLy=Fp,0F Ly,

and together with (2.3.3a) this gives (2.3.2a), showing that the discrete
Legendre transforms are of order r. (|

2.8.3. Variational order calculation

Given a discrete Lagrangian, its order can be calculated by expanding the
expression for L;(q(0),q(h),h) in a Taylor series in h and comparing this
to the same expansion for the exact Lagrangian. If the series agree up to r
terms then the discrete Lagrangian is of order r.

We explicitly evaluate the first few terms of the expansion of the exact
discrete Lagrangian to give

L)) ) = Rl )+ 512 (G i) -+ G 0.d) - ) + O,
(2.3.4)

where ¢ = ¢(0), ¢ = ¢(0) and so forth. Higher derivatives of ¢(t) are deter-
mined by the Euler-Lagrange equations.
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Example 2.3.2. An illustrative class of discrete Lagrangian is given by

Lg(quhah) = hL <(1 — a)qo + aqi, q1 ; qo)

for some parameter « € [0,1]. Calculating the expansion in h gives

L5(a(0).a(h). ) = L.+ 0 (2050 @) 0o+ G a.d) ) +00°)
q 9q
Comparing this to the expansion (2.3.4) for the exact discrete Lagrangian
shows that the method is second-order if and only if a = 1/2; otherwise it
is only consistent.

Calculating the discrete Hamiltonian map for L(q,q) = %qTM qd—V(q)
gives the integrator F' | (go,po) — (q1,p1) defined implicitly by the rela-
tions

41— 4o
h
P1 —Po

— =~V - ) + o) (2.3.5b)

Note that this method is explicit for « = 0 or « = 1 and that it is simply
the midpoint rule for &« = 1/2. Expanding (2.3.5) in h gives

@1 = qo +hM 'py — (1 — a)h*VV (qo) + O(h%),
p1 =po — hVV (q0) — ah*V?V (qo) M~ 'pg + O(h?),

=M (apo+ (1 —a)p1), (2.3.5a)

and comparing this to the expansion (2.2.3) of the true flow shows that
the method is second-order if and only if & = 1/2, and otherwise it is only
consistent.

The local error and the discrete Lagrangian error thus agree, as expected.

O

Example 2.3.3. As the expansions of discrete Lagrangians are linear in
Lg, if we take the symmetrized discrete Lagrangian

1 1
Lsym,a — 7La 7L1704
d 9 d + 9 d ’
then the expansion will agree with that of the exact discrete Lagrangian up

to terms of order A2, so it gives a method that is second-order for any a. ¢

2.4. The adjoint of a method and symmetric methods

For a one-step method F : T*Q x R — T*Q the adjoint method is F* :
T"Q x R — T*(Q defined by

(Fho P71 =14, (2.4.1)
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that is, (F*)" = (F~")~!. The method F is said to be self-adjoint if F* = F.
Note that we always have F** = F.

Given a discrete Lagrangian Lg : Q x @ X R — R, we define the adjoint
discrete Lagrangian to be L} : Q x @Q x R — R defined by

L:;(quqlvh) = _Ld(QbQOa—h)- (242)

The discrete Lagrangian L4 is said to be self-adjoint if L = Lg. Note that
LY} = Lg for any Lg.

Theorem 2.4.1. If the discrete Lagrangian L, has discrete Hamiltonian
map Fr, , then the adjoint L} of the discrete Lagrangian has discrete Ham-
iltonian map equal to the adjoint map, so that FLZ = de. If the discrete
Lagrangian is self-adjoint then the method is self-adjoint. Conversely, if

the method is self-adjoint then the discrete Lagrangian is equivalent to a
self-adjoint discrete Lagrangian.

Proof. Consider discrete Lagrangians Ly and L} and the corresponding
discrete Hamiltonian maps Fr,, and Frx. For Fp, and Fps to be adjoint, the
definition (2.4.1) requires that Fr,,(qo, po, —h) = (q1,p1) and Fr«(q1,p1, h) =
(qo, po) for all (qo,po). In terms of the generating functions this is
po = —D1L4(q0, q1, —h),
p1 = D2L4(q0,q1, —h),
p1=—D1Ly(q1,q0,h),
po = DaLy(q1, q0, h)-

Equating the expressions for pg and p; shows that this, in turn, is equiva-
lent to

(2.4.3)

—D1L4(qo,q1, —h) = DaLy(q1, g0, h),

Dy La(q0, g1, —h) = D1Ly(q1, qo, h).

Now, if Ly and L}, are mutually adjoint, then the definition (2.4.2) implies

(2.4.4) and so (2.4.3), thus establishing that Fr, and Fp: must also be

mutually adjoint, which is written Frx = F zd. Note that this implies that
Ff. = Fy,.

If Ly is self-adjoint and so Lq = L}, then this immediately gives that

(2.4.4)

Fr, = 1, and so Fp, is also self-adjoint.

Conversely, if FLd and FLZz are adjoint, then (2.4.1) implies (2.4.3) which
implies (2.4.4). As this simply states that the derivatives of Ly and L} with
respect to go and ¢ satisfy the requirement (2.4.2) for adjointness it follows
that Ly and L} are mutually adjoint up to the addition of a function of h.
Symmetry of F, , thus implies symmetry of L4 up to a function of A, and so
Lg is equivalent to a self-adjoint discrete Lagrangian. O
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2.4.1. Ezact discrete Lagrangian is self-adjoint

It is easy to verify that the exact discrete Lagrangian (1.6.1) is self-adjoint.
This can be done either directly from the definition (2.4.2), or by realizing
that the exact flow map Fiy generated by Lf satisfies (2.4.1), and then using
Theorem 2.4.1.

2.4.2. Order of adjoint methods

To relate the expansions of Ly and its adjoint in terms of h, it is necessary
to work with the modified form

Li(a(=h/2),a(h/2),h) = —La(q(h/2),q(~1/2), =),

which can be used in the same way as L};(¢(0), g(h), h) =—Lqa(q(h), q(0), =h).
From this it is clear that the expansion of L7 is the negative of the expansion
of Lq with h replaced by —h. In other words, if Lj has expansion

1 1
La(h) = hLy + SWLY + gh%ﬁ;”) T

then L} will have expansion

« n 1 2) 1 3
Ly(h) = ~(=hL{ — S(=hPLY — (WL -
— hL) - %hQLff) + %mgﬁ) —

and so the series agree on odd terms and are opposite on even terms.

This shows that the order of the adjoint discrete Lagrangian L7 is the
same as the order of Ly. Furthermore, if L4 is self-adjoint, then all the
even terms in its expansion must be zero, showing that self-adjoint discrete
Lagrangians are necessarily of even order (the first nonzero term, which is
r + 1, must be odd).

These same conclusions can be also be reached by working with the dis-
crete Hamiltonian map, and showing that its adjoint has the same order as
it, and that it is of even order whenever it is self-adjoint. Theorems 2.4.1 and
2.3.1 then give the corresponding statements for the discrete Lagrangians.

Example 2.4.2. Perhaps the simplest example of adjoint discrete La-
grangians is the pair

Lq(q0,q1,h) = hL <q0’ Q1 ; qo) ’

L(qo,q1,h) = hL <q1, q ; QO) 7

which clearly satisfy (2.4.2). For a Lagrangian of the form L = %qTM q—
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V(q) these two discrete Lagrangians produce the methods Fy, , and F L
given by

I q1 ZCIoJrhM_lpb
Lq
1 =po — hVV(q),

I Q1 =qo+ thlpov
L*
p1=po —hVV(q).

d
In the terminology of Hairer (1998) these are the two types of symplectic
Euler. We can now explicitly compute:

(Frz)" o (Fr,) "™ (q0, po) = Frz(go + hM ~'p1, po — hVV (o), 1)
= (qUapO)v

which shows that FJ, , and FL; are indeed mutually adjoint. O

Example 2.4.3. The discrete Lagrangians in the previous example are
just LG for a = 0 and a = 1, respectively. Extending this gives (L§)* =
L1, which shows that the midpoint rule (given by o = 1/2) is self-adjoint.
From this it is also clear that the symmetrized versions L™ are self-adjoint
for all a. O

2.5. Composition methods

We now consider how to combine several discrete Lagrangians together to
obtain a new discrete Lagrangian with higher order, or some other desirable
property. The resulting discrete Hamiltonian map will be the composition of
the maps of the component discrete Lagrangians. References on composition
methods include Yoshida (1990), Qin and Zhu (1992), McLachlan (1995) and
Murua and Sanz-Serna (1999).

The strength of the composition methodology can be illustrated by a few
simple examples. Given a one-step method F : T*Q x R — T*Q with
corresponding adjoint F*, then the method F" = Fh/2 o (F*)h/2 will be
self-adjoint and have order at least equal to that of F'. Furthermore, for
a self-adjoint method F' with order r, which we recall must be even, the
method F' = F7h o FO=20h o F7h with the constant v = (2 — 21/(+1))~1
will have order r + 2. This thus provides a simple way to derive methods
of arbitrarily high order starting from a given low-order method. See the
above references for details and more complicated examples.

Consider now discrete Lagrangians Lﬁl and time-step fractions +* for i =
1,...,s satisfying > 7 , v = 1. Note that the v may each be positive
or negative. We now give three equivalent interpretations of composition
discrete Lagrangians.



406 J. E. MARSDEN AND M. WEST

2.5.1. Multiple steps

Begin by taking a discrete trajectory {gi}Y_,, dividing each step (g, qx+1)
into s substeps (g = qg, q,i, q,%, .., q = qr+1)- Rather than using the same
discrete Lagrangian for each step, as we have previously always assumed,
we will now use the different LZ on each substep in turn.

This is equivalent to taking the discrete action sum to be

®d({(Qk = QQ7 . 'JQk: = qk+1 }k; 1 ZZLZ = ,qk, h) (251)

=0 i=1
The discrete Euler-Lagrange equations, resultmg from requiring that this
be stationary, pair neighbouring discrete Lagrangians together to give

DoLi(qi ™, g v'h) + DiL5 ™ (gh, g+ th) =0, (2.5.2a)
1=1,...,8—1,
DoLi(qi "t g5, v°h) + D1Ly(ah s gy, Y h) =0, (2.5.2b)

where the steps are joined with ¢j = qg 1

Considering the L as generating functions for the discrete Hamiltonian
maps FLZ shows that this is simply taking a step with FL; of length y'h,
followed by a step with FLfl of length v2h, and so on. The map over the
entire time-step is thus the composition of the maps

Y h =v2h  yth
FLZ o---oFL3 OFLé'
2.5.2. Single step, multiple substeps

We now combine the discrete Lagrangians on each step into one multipoint
discrete Lagrangian defined by

Ld(Ql?:?Q]};)"'7qk7 ZLd ,qk,')/ h) (253)

and we define the discrete action sum over the entire trajectory to be

N
Sa({(ar =t @i = ey )}lr) = D La(@ds @iy, Ginh), (2:5.4)
k=0

which is clearly equal to (2.5.1).
Requiring that &, be stationary gives the extended set of discrete Euler—
Lagrange equations

DiLa(qYq}, ... g, h) =0  i=2...s (2.5.5a)
DS+1Ld(ql(c]7 ql};: s )qlfn h) + DlLd(ql(c]+17 QI};-{-l? s 7q]f;+1) h) = 07 (255b)
which are equivalent to (2.5.2a) and (2.5.2b), respectively.



DISCRETE MECHANICS AND VARIATIONAL INTEGRATORS 407

2.5.8. Single step
Finally, we form a standard discrete Lagrangian which is equivalent to the
above methods. Set the composition discrete Lagrangian to be
-1
La(qrs ari1,h) = ext  La(qk = G0 Qs G- -+ 4y 4 = Qht1s )

(gt,ay™ ")

(2.5.6)
which is the multipoint discrete Lagrangian defined above, evaluated on the
trajectory within the step which solves (2.5.5a).

Note that the derivatives of this discrete Lagrangian satisfy

DlLd(Qk‘a qdk+1, h) = DlLd(qk> QIi? QI%7 R qz—l, dk+1, h)

s—1 7

_ q

+ 5 DZLd(qkaqliuql?;77qZ 17qk+17h) : aq:
i=1

= DlLd(q.Im QIi’ ql%? ceey qul’ qk+1, h’)
= D1Lj(qk, g, v 1)

using (2.5.5a), and similarly

DoLa(qk, @rt1, 1) = Dsi1La(qr, @5 G2 - -1 G5 s Q15 h)
- DQLZ(QZ_17 qk+1, ’ysh)

This gives the following theorem.

Theorem 2.5.1. Take discrete Lagrangians Lfi and time-step fractions 7*
for i = 1,...,s satisfying ) 7 ;4" = 1. Define the composition discrete
Lagrangian Ly by (2.5.6). Then the discrete Hamiltonian map Fr,, is

- Yy h ~v2h  =yth
. :ng o0 F" o I,
d d
formed by the composition of the discrete Hamiltonian maps for each Lfi.

Proof. The equations that define F7, , are

Pk = _DlLd(qk7 dk+1, h‘) == _Dchll(qka ql};a ’Ylh)7
Prt1 = DaLa(qr, ary1, 1) = D2L5(q) ", qrgr, Y°R),
together with (2.5.5a), which is equivalent to (2.5.2a), which we write as

pi = DaoLi(q) " ab,v'h) = =D L5 gk, gt 7T R)
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fori=1,...,s — 1. Setting pg = px and pj = pgy1, we can group these
to give ’ o o
pi ' = —DiLj(g; " 47" h),
Pk = DaLi(qy ", 4" h),
- s ~ 2 .1
for i = 1,...,s, which are the definition of Fzgh 0--+0 FZQh o Fglh, thus
d d
giving the required equivalence. O

2.6. Examples of variational integrators

In this section we will consider a number of standard symplectic methods
and show how to write them as variational integrators. Recall that we are
assuming that @ is a linear space with inner product (-, -) and corresponding
norm | - ||. We will always assume that the Lagrangian L : TQ — R is
regular, so that it has a corresponding Hamiltonian H : T*Q — R. In
addition, we will sometimes consider the Lagrangian composed of a kinetic
and a potential energy, so that it is of the form L(q,q§) = %QTMq' - Vi(q)
where M is a positive-definite symmetric matrix.

2.6.1. Midpoint rule

Given a Hamiltonian system H : T%(Q) — R, the midpoint rule is an integra-

tor F" : (qo,po) — (q1,p1). Setting 2o = (qo,po) and z; = (g1,p1) the map
is defined implicitly by the relation

21 — 20 zZ1+ 20
=X
h H( 2 )7

where Xp is the Hamiltonian vector field. Writing the two components
separately gives

@1—q OH (qi+q p1+0po
= — 2.6.1
P1 — Do OH (q1+qo p1+Dpo
= —— . 2.6.1b
h dp ( 2 72 > ( )

The symplectic nature of the midpoint rule is often explained by using the
Cayley transform (this remark is due, as far as we know, to Krishnaprasad
and J. C. Simo; see, for example, Austin, Krishnaprasad and Wang (1993),
Simo, Tarnow and Wong (1992) and Simo and Tarnow (1992), and related
papers). See Marsden (1999) for an exposition of this method.

To write the midpoint rule as a variational integrator, assume that H
is regular and that L is the corresponding regular Lagrangian defined by
(1.4.4). Define the discrete Lagrangian

1
LE (0,01, 1) =hL<

q1+4q q1—qo
2 7 h '
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Evaluating the expressions (1.5.4) for the discrete Hamiltonian map gives

h oL <Q1+QO QI_QO>+8L <Q1+QO CI1—QO)

p(]:—ga—q 9 3 h 8q B s h
_hoL (a1 +9 @1~ +3L @ +q0 g1 — qo
=59\ 2 " n a\" 2 T )

and subtracting and adding these two equations produces

pi—po _OL (¢1+q @1 —qo
2.6.2
. aq( Lo @ ) (2.62)
pr+po  OL (q1+q q1—qo
2 94 A ) '

The second of these equations is simply the statement that

g1+4q0 P1+Dpo\ g1 +4qo0 491 — 4o
bl _FL ) bl
2 2 2 h

and so using (1.4.5a) shows that (2.6.2) is equivalent to (2.6.1b), while
(1.4.5¢) gives (2.6.1a).

For regular Lagrangian systems, the midpoint discrete Lagrangian Lcll/ 2
thus has discrete Hamiltonian map which is the midpoint rule on 7*Q for
the corresponding Hamiltonian system.

2.6.2. Stormer—Verlet

The Verlet method (Verlet 1967) (also known as Stormer’s rule) was origi-
nally formulated for molecular dynamics problems and remains popular in
that field. The derivation of Verlet as a variational integrator is in Wend-
landt and Marsden (1997a) and is implicitly in Gillilan and Wilson (1992)
as well.

Verlet is usually written for systems of the form L(q,¢) = %q'TM q—V(q),
and was originally formulated as a map Q xQ — Q% Q given by (qk, qx+1) —

(G415 Qr+2) With
Q1 = 20k — qr—1 + Pag,

where we use the notation ay = M~*(=VV(g)). As can be readily seen,
this is just the discrete Lagrangian map Fpr, : Q X Q — Q x @ for either of

Ly(qo,q1,h) = hL <q0, Q1 ; q(]) ’

Li(q0,q1,h) = hL <q1’ @ — QO> 7

h
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or indeed any affine combination of these two. In particular, consider the
symmetric version

1 - 1 _
Ld(QOan;h) - ihL (qO7 Q1 qo) _|_ §hL <q1’ (.h QO> ’

h h

which gives Verlet as the corresponding F7,,. Pushing this forward to 7@
with F* Ly now gives Fi, : T*Q — T*Q defined by (1.5.4). Evaluating these
yields

— 1
pr =M (W) + §hVV(Qk),

— 1
Pr1 = M (q}i:thk> - §hVV(Qk+1)-

Now we subtract the first equation from the second and solve the first equa-
tion for g1 to obtain

_ 1 _
Q1 = qr + hM pp + §h2M "=VV (),

—VVi(g) — VV(Qk+1)>
5 ,

Pk+1=Pk+h(

which is the so-called velocity Verlet method (Swope, Andersen, Berens and
Wilson 1982, Allen and Tildesley 1987) written on 7*Q). Using the Legendre
transform FL(q, ¢) = (¢, M ¢) this can also be mapped to T'Q.

We thus see that velocity Verlet will preserve the canonical two-form 2 on
T*Q, and as Ly is invariant under linear symmetries of the potential, Verlet
will also preserve quadratic momentum maps such as linear and angular
momentum.

2.6.3. Newmark methods

The Newmark family of integrators, originally given in Newmark (1959),
are widely used in structural dynamics codes. They are usually written
(see, for example, Hughes (1987)) for the system L = 14" Mg — V(q) as
maps 7'QQ — TQ given by (qr,qdx) — (qr+1,qk+1) satisfying the implicit
relations

2
G = g+ R+ (1= 20)a(ay) + 2a(a)], (2:6.30)
k1 = Ge + h[(1 = 7)alqr) +valgr+1)] (2.6.3b)
a(q) = M~ (=VV(q)), (2.6.3¢)

where the parameters v € [0,1] and 8 € |0, %] specify the method. Tt is
simple to check that the method is second-order if v = 1/2 and first-order
otherwise, and that it is generally explicit only for g = 0.



DISCRETE MECHANICS AND VARIATIONAL INTEGRATORS 411

The § =0, v = 1/2 case is well known to be symplectic (see, for example,
Simo et al. (1992)) with respect to the canonical symplectic form Q; on
TQ. This can be easily seen from the fact that this method is simply the
pullback by FL of the discrete Hamiltonian map for L™ with a = 0 or
a = 1. Note that this method is the same as velocity Verlet.

It is also well known (for example, Simo et al. (1992)) that the Newmark
algorithm with § # 0 does not preserve the canonical symplectic form.
Nonetheless, based on a remark by Suris, it can be shown (Kane et al. 2000)
that the Newmark method with v = 1/2 and any [ can be generated from
a discrete Lagrangian. To see this, we introduce the map ¢” : Q x Q — T'Q
defined by

lassann) = (e [227%]) = 21 - 20)a(an) + 20atau)] ).

Pulling the Newmark map back by ¢ to a map Q x Q — Q x Q gives the
map (qk, k+1) = (qk+1, Qk+2) Where
Te+2 — 2qk+1 + Qe
= 72 = = Ba(gr+2) + (1 — 28)a(gr+1) + Balqr). (2.6.4)
A straightforward calculation now shows that this is in fact the discrete
Lagrange map F, s for the discrete Lagrangian
d

Blqr) —nP r Blqy) —nb -

where we have introduced the map n° : Q — Q defined by
n’(q) = q— BR*M~'VV (q)

and the modified potential function V : Q — R satisfying VV o n’ =vvV,
which will exist for small h.

This result shows that the Newmark method for v = 1/2 is the pullback
of the discrete Hamiltonian map F' L8 by the map IFJFLg o (¢%)~1. As the

discrete Hamiltonian map preserves the canonical symplectic form on T*@Q),
this means that Newmark preserves the two-form [IE‘+L§ o (%) *Qon TQ.
Note that this is not the canonical two-form 2 on 7T'Q), but this is enough
to explain the otherwise inexplicably good long-time behaviour of v = 1/2
Newmark for nonlinear problems.

An alternative and independent method of analysing the symplectic mem-
bers of Newmark has been given by Skeel, Zhang and Schlick (1997), includ-
ing an interesting nonlinear analysis in Skeel and Srinivas (2000). This is
based on the observation that if we define the map 7% : TQ — TQ by

7 (q,v) = (n°(q),v)
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then the pushforward of the Newmark method by 7 is given by (zx,vs) —
(Th41, k1), Where

1
Tyl = Tk + hvy, + §h2ak, (2.6.5&)
1
Vg+1 = Vg + ih(ak + ak+1), (2.6.5b)
ar, = a(zy + fhay). (2.6.5¢)

This map can be shown to be symplectic with respect to the canonical
two-form Q7 on TQ, and so Newmark will preserve the two-form (7°%)*Qr
on 7Q.

To summarize, we have the following commutative diagram, where the
map FLS preserves the canonical two-form € on 7*@, the map (2.6.5) pre-

serves the Lagrange two-form Q; on T'Q, and we have set v = 1/2 in the
Newmark equation (2.6.3).

F+r° 8 e
7*Q TQxQ—"=TQ——=TQ
FLS Fuol(26.4) (2.6.3) (2.6.5)
T* X T T
Q= QX Q——Te——1Q

2.6.4. Explicit symplectic partitioned Runge—Kutta methods

Symplectic integrators which are explicit partitioned Runge-Kutta methods
were first used by Ruth (1983) and Forest and Ruth (1990), who constructed
them as a composition of steps, each one generated by a generating function
of the third kind. Using the same idea shows that these methods are also
variational, at least for Hamiltonians with kinetic energy of the form T'(p) =
1/2p” M~1p for some constant mass matrix M.

It can be shown (Hairer et al. 1993) that explicit symplectic partitioned
Runge-Kutta methods can always be written as the composition of a number
of steps of the method F%? : T*Q x R — T*Q given by

q1 = qo +ahM 'po,
p1 = po — bhVV(q1),

and of its adjoint method (F®?)*, with each step having different parameters
(a,b). Furthermore, it is simple to check that these can be chosen so that
all steps have nonzero a.

We now see, however, that the method F®? is the discrete Hamiltonian
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map for the discrete Lagrangian Lg’b given by

" 1 — g\ 7" — 1
Ld’b(QO,QLh) — h[bg (Ch - q0> M <CI1 . QO> _ EV(QI)]a

and from Theorem 2.4.1 it is clear that (F*%)* is the discrete Hamiltonian
map of the adjoint discrete Lagrangian (Lg’b)*.

We can thus form a composition discrete Lagrangian as in Theorem 2.5.1
whose discrete Hamiltonian map is the composition of the F*? and (F“’b)*,
and is therefore the explicit symplectic partitioned Runge-Kutta method.

2.6.5. Symplectic partitioned Runge—Kutta methods

Partitioned Runge-Kutta methods are a class of integrators about which
much is known and which generalize standard Runge-Kutta methods. The
symplectic members of Runge—Kutta were first identified by Lasagni (1988),
Sanz-Serna (1988) and Suris (1989). Symplectic partitioned Runge-Kutta
methods appeared in Sanz-Serna (1992a) and Suris (1990). Good general
references are Hairer et al. (1993) and Hairer and Wanner (1996). See also
Geng (1995, 2000), Sofroniou and Oevel (1997) and Oevel and Sofroniou
(1997) for order conditions and derivations. An explicit construction has
been given by Suris (1990) for the discrete Lagrangian which generates any
symplectic partitioned Runge-Kutta method. We summarize this derivation
below.

Recall that a partitioned Runge-Kutta method for the regular Lagrangian
system L is a map T*@Q x R — T*Q specified by the coefficients b;, a;;, b;,
a;j fori,j=1,...,s, and defined by (go,po) — (g1, p1) for

q1 = qo + hzijj, p1=po+ th;ij, (2.6.6a)
J=1 j=1
Qi=q+hd ayQ;, Pi=po+hd ayP, i=1,...s (266b)
Jj=1 j=1
oL . - 0L .
Pi:_ s i), PZ:_ 79 i), .:1,..., 3 2
57 Qi @) 5 (@@, s, (2660)

where the points (Q;, P;) are known as the internal stages. In the special
case that a;; = a;; and b; = b; then a partitioned Runge-Kutta method is
said to be simply a Runge-Kutta method.

It is well known that the method is symplectic (that is, it preserves the
canonical symplectic form Q on T*Q) if the coefficients satisfy

bj, i,j=1,...,s, (2.6.7a)
, i=1,...,s. (2.6.7Db)

bia;j + Bjaji =

b;
b, =b;
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We now assume that we have coefficients satisfying (2.6.7) and write a
discrete Lagrangian that generates the corresponding symplectic partitioned
Runge-Kutta method. Given points (qo,q1) € @ % @, we can regard (2.6.6)
as implicitly defining pg, p1, Qi, P;, @; and P; for i = 1,...,s. Taking these
to be so defined as functions of (g, q1), we construct a discrete Lagrangian

La(qo,q1,h) = h Y _biL(Qi, Qi) (2.6.8)

i=1

It can now be shown (Suris 1990) that the corresponding discrete Hamil-
tonian map is exactly the map (qo,po) — (q1,p1), which is the symplectic
partitioned Runge-Kutta method. Nonsymplectic partitioned Runge-Kutta
methods will clearly not have a corresponding discrete Lagrangian formula-
tion.

Theorem 2.6.1. The discrete Hamiltonian map generated by the discrete
Lagrangian (2.6.8) is a symplectic partitioned Runge-Kutta method.

Proof. To check that the discrete Hamiltonian map defined by Ly is in-
deed the partitioned Runge-Kutta method specified by (2.6.6), we need
only check that equations (1.5.4) are satisfied. We compute

OLq [8I/ 0Q; . L aQi}
—%(qo, (A1) b .
dq0 (@0,) Z dq  9qo 8(1 dq0

(A1) Zb [ h 3(10]’

using the definitions for P; and P; in (2.6.6). Differentiating the definition
for @); in (2.6.6b) and substituting in this and the definition of P; in (2.6.6b)
now gives

dLg 9Q;
=4 (go, (At) § bi I+ (At) E :
0qo (%0, ) ( o la] 6%)
. 9Q;
+ + (At E i P | -
(PO ( )j:1a3 J) 3q0]
[ GQZ-]
@03 Pt 52

s s ) ) 8@7,
+ (A0 D (bidij +bjagi) Py - 5=,

=1 j—1 do
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and we can use the symplecticity identities (2.6.7) to obtain

OLa (A1) >0, 0Q:i
=1

- \40,491) = Po -
aqo( )

dqo

+ (At) Z b P
=1

(At) ZS: bi an]

purlE

(A3 0Py
j=1

= —Po,

where we have differentiated the expression for ¢; in (2.6.6a) to obtain the
identity

~, Qi
(A b= = 1.
prle

This thus establishes that the first equation of (1.5.4) is satisfied.
Differentiating L; with respect to ¢; and following a similar argument
to that above gives the second part of (1.5.4), and shows that the discrete
Hamiltonian map F'Ly generated by the discrete Lagrangian (2.6.8) is indeed
the symplectic partitioned Runge-Kutta method. U

This construction thus provides a proof of the well-known fact that the
restrictions (2.6.7) on the coefficients mean that the partitioned Runge—
Kutta method is symplectic, as discrete Hamiltonian maps always preserve
the canonical symplectic form. In addition, the linear nature of the definition
of the discrete Lagrangian (2.6.8) means that it will inherit linear symmetries
of the Lagrangian L, which thus proves the standard result that partitioned
Runge-Kutta methods preserve quadratic momentum maps.

Another way to regard the above derivation is to say that we have written
down a generating function of the first kind for the symplectic partitioned
Runge-Kutta map. A generalization of this is given in Jalnapurkar and
Marsden (200x), where it is shown how to construct generating functions of
arbitrary type for any given symplectic partitioned Runge-Kutta method.

The above construction has also been generalized to multisymplectic par-
tial differential equations in West (2001), thereby obtaining multisymplectic
product partitioned Runge-Kutta methods (Reich 2000).

2.6.6. Galerkin methods

To obtain accurate variational integrators, the results in Section 2.3 show
that the discrete Lagrangian should approximate the action over short tra-
jectory segments. One way to do this practically is to use polynomial ap-
proximations to the trajectories and numerical quadrature to approximate
the integral. This can be shown to be equivalent both to a class of continuous
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Galerkin methods and to a subset of symplectic partitioned Runge-Kutta
methods.

This approach is related to the Continuous Galerkin and Discontinuous
Galerkin methods, as in Estep and French (1994), Hulme (1972a, 1972b)
and Thomée (1997). These methods differ in the precise choice of function
space (continuous or discontinuous) and whether the position and velocity
components are projected separately or the velocity projection is given by
the lift of a position projection.

We know that a discrete Lagrangian should be an approximation

La(q0, g1, h) ng(e[E)(,EL},Q)QS(Q)’
where C([0, h], Q) is the space of trajectories ¢ : [0,h] — Q with ¢(0) = qo
and q(h) = ¢1, and & : C(0,h) — R is the action (1.2.1).

To approximate this quantity, we choose the particular finite-dimensional

approximation C*([0, k], Q) C C([0, h], Q) of the trajectory space given by

C%([0,h],Q) = {q € C([0,h],Q) | ¢ is a polynomial of degree s},

and we approximate the action integral with numerical quadrature to give
an approximate action &° : C([0,h],Q) — R by

S
&°(q) = h Y _biL(qlcih), d(esh)), (2.6.9)
i=1
where ¢; € [0,1], ¢ = 1,...,s are a set of quadrature points and b; are

the associated maximal order weights. We now set the Galerkin discrete
Lagrangian to be

S
La(q0, q1, ) qew%:ﬁhm) &°(q), (2.6.10)
which can be practically evaluated. This procedure, of course, is simply
performing Galerkin projection of the weak form of the ODE onto the space
of piecewise polynomial trajectories. Furthermore, as we will show below,
the resulting integrator is a symplectic partitioned Runge-Kutta method.
To make the above equations explicit, choose control times 0 = dy < dy <
dy < --- < ds—1 < dg =1 and control points q8 = qo,qé,qg,...,q(‘;*l,qg =
¢1. These uniquely define the degree s polynomial q,4(¢; ¢f, h) which passes
through each ¢ at time d,h, that is, g4(dyh) = ¢ for v = 0,...,s. Let-
ting 5,45 (t) denote the Lagrange polynomials associated with the d,, we can
express q4(t; gy, h) as

qa(thi gl h) = qilus(7). (2.6.11)
v=0

For q4(t; ¢, h) to be a critical point of the discrete action (2.6.9) we must
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have stationarity with respect to variations in ¢ for v =1,...,s — 1. Dif-
ferentiating (2.6.9) and (2.6.11) implies that we have

S
oL ~ 10L =
for each v = 1,...,s — 1, where we denote %(cih) = g—s(qd(cih),q'd(cih))

and similarly for the other expressions.
The integration scheme (qo, po) —

(q1,p1) generated by the Galerkin dis-

crete Lagrangian (2.6.10) is now given implicitly by the relations

L 0Ly
—po = qu(%,(h?h)? "= B (g0, q1, ).
Evaluating these expressions and restating (2.6.12) gives the set of equations
[OL ~ 10L * 1
f—po = th 9q (Cih)lo,s(ci) + E(‘?—q(cih)lo’s(ci)_ ,
[OL ~ 10L 2 1
Ev): 0= h; b; _aa—q(cih)lyys(ci) + E?’«)_q(cih)l”’s(ci)_ ,v=1,...,5s—1,
° [OL, .- 1oL, .= ]
E(s) : = h;bi _Fq(cih)l&s(ci) + ﬁa—q(cm)zw(ci)_ ,
which define the discrete Hamiltonian map (qo, po) — (q1,p1)-

The above Galerkin discrete Lagrangian can also be interpreted as a
function of several points, in a similar way to the composition discrete La-
grangians discussed in Section 2.5. Essentially, we choose a set of interior
points which act as a parametrization of the space of degree s polynomials
mapping [0, h] to Q.

More precisely, we form the multipoint discrete Lagrangian

Lq5h) = &°(qa(t; g, b)),

where we recall that g4(¢; ¢f, h) is the unique polynomial of degree s pass-
ing through ¢f at time d,h and &? is defined by (2.6.9). This multipoint
discrete Lagrangian is the analogue of the discrete Lagrangian (2.5.3). The
appropriate discrete action is then

La(g, 46, - -

Sa({(ar = i - - ZLd s Qs - - -
and the corresponding discrete Euler-Lagrange equations are given by (2.5.5).
Clearly, the discrete Lagrangian defined by extremizing the above multipoint
L4 with respect to the interior points gf for v = 1,...,s is just the origi-
nal Galerkin discrete Lagrangian (2.6.10), and the extended discrete Euler—

7qk = dk+1 }k 1 7qlz’h)a
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Lagrange equations are thus equivalent to E(v) above for v = 0,...,s. This
follows in the same way as the proof of Theorem 2.5.1.

We will now see that these Galerkin variational integrators can be re-
alized as particular examples of Runge-Kutta or partitioned Runge-Kutta
schemes.

Theorem 2.6.2. Take a set of quadrature points ¢; with corresponding
maximal order weights b; and let Ly be the corresponding Galerkin discrete
Lagrangian (2.6.10). Then the integrator generated by this discrete Lagran-
gian is the partitioned Runge-Kutta scheme defined by the coefficients

o= [ o), (2.6.13)

where the [; ;(p) are the Lagrange polynomials associated with the ¢;.

Proof.  Given (qo,po), (¢1,p1) and ¢f satisfying E(v), v =0, ..., s, we will
show that they also satisfy the partitioned Runge-Kutta equations (2.6.6)
written for a Lagrangian system with coefficients given by (2.6.13). We
restate the defining equations here for reference:

q=q+h) bjQ; p=pot+h) biP; (2.6.14a)
j=1 j=1
S . S .
Qi=a+hY a;Q;, Pi=po+hd ayPj, i=1,....s, (2.6.14b)
j=1 j=1
oL . . oL .
P =—(Qi, Qi), P, = —(Qi, Qi), i=1,...,s. (2.6.14
5 (@ Q) 5o (@) s (26140

We will show that these equations are satisfied by the discrete Hamiltonian
map.

Set Q; = qa(cih; g, h) so that ¢q(Th; ¢y, h) = Py Q,l;.s(7). Integrating
this expression and using the fact that ¢4(0; ¢f, h) = qo gives

qa(th; g, h) = g0 +h ) _Q; /0 Li(p)dp.
j=1
Setting Q; = qa(cih; qf, h) and using ¢1 = qq(h;qf, h) now gives the first

parts of (2.6.14a) and (2.6.14b) for Q; and ¢;. Now define P; and P; accord-
ing to (2.6.14c).
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Until this point we have not made use of the relations E(v). We will now
begin to do so by forming the sum of the E(v), v =0,...,s. This gives

p1— pO—th Cz Zlus Cz 1 ch ilus C'L

However, the Lagrange polynomials ll,7s(7') sum to the identity function,
and therefore the sum of their derivatives must be zero. We thus recover
the second part of (2.6.14a) for p;.

Note that the [, 411 are a set of s + 1 independent polynomials of degree
s and thus are a basis for P, the space of polynomials of degree s. For each
Jj = 1,...,s the polynomial /;; is of degree s — 1 and so has an integral of

degree s. This implies that there exist coefficients m?, such that

Zm ys+1 / l], dp b

Differentiating this expression with respect to 7 and evaluating it at 7 = 0
and 7 = 1 gives the following three identities:

Z mly,s+1(7) = 1j,s(7),
v=0
S o 1
mi =S mil e (1) = /0 1i+(p)dp — bj =0,
v=0

mé = Zm‘ﬁu,erl (0) = —b;.

If we now form the sum )7 _, ml,E( ) and make use of the above identities,
we obtain

S . c; 1
bjpo = thi [Pi (/0 ljs(p)dp — bj) + Epilj,s(ci)]

= hZP i(aij — bj)] +b;Fj,

which can be rearranged to give the second part of (2.6.14b) for P;. O

If the a;; in Theorem 2.6.2 are equal to the a;;, then the method is clearly
the special case of a Runge-Kutta method, rather than the general parti-
tioned Runge-Kutta case. Note that the definition of the a;; in (2.6.13) is
simply a rearrangement of the requirement (2.6.7a), and so the partitioned
Runge-Kutta methods equivalent to the Galerkin variational integrators are
naturally symplectic, as is clear from the symplectic nature of variational
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integrators in general. In addition, the additive structure of the Galerkin
discrete Lagrangian means that L, will inherit linear symmetries of L, so
Noether’s theorem recovers the well-known fact that the partitioned Runge—
Kutta methods will preserve quadratic momentum maps.

A particularly elegant symplectic Runge-Kutta method is the collocation
Gauss—Legendre rule. In the present derivation this results simply from
taking the quadrature points ¢; to be those given by the Gauss—Legendre
quadrature, which is the highest-order quadrature for a given number of
points. The ¢; produced in this manner are all strictly between 0 and 1.

If the system being integrated is stiff then better numerical performance
results from having ¢; = 1, making the integrator stiffly accurate (Hairer
and Wanner 1996). If we also wish to preserve the symmetry of the discrete
Lagrangian, then it is natural to seek the ¢; giving the highest order quadra-
ture rule while enforcing ¢cg = 0 and ¢; = 1. This is the so-called Lobatto
quadrature, and the Galerkin variational integrator generated in this way is
the standard Lobatto IIIA-ITIB partitioned Runge—Kutta method.
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PART THREE
Forcing and constraints

3.1. Background: Forced systems

Lagrangian and Hamiltonian systems with external forcing arise in many
different contexts. Particular examples include control forces from actuators,
dissipation and friction, and loading on mechanical systems. As we will see
below, when integrating such systems it is important to take account of the
geometric structure to avoid spurious numerical artifacts. One way to do
this is by extending the discrete variational framework to include forcing,
which we will now do.

3.1.1. Forced Lagrangian systems

A Lagrangian force is a fibre-preserving map fr : TQ — T*(Q over the
identity, which we write in coordinates as

fr(q:4) = (¢, fr(q,9))

Given such a force, it is standard to modify Hamilton’s principle, seeking
stationary points of the action, to the Lagrange—d’Alembert principle, which
seeks curves ¢ € C(Q) satisfying

T T
5/ L(q(t),d(t))dtJr/ fr(q(t),dq(t)) - 6q(t) dt =0, (3.1.1)
0 0

where the § represents variations vanishing at the endpoints. Using inte-
gration by parts shows that this is equivalent to the forced FEuler—Lagrange
equations, which have coordinate expression

o) - 5 (Gewd) + el =o. (3.12)

Note that these are the same as the standard Euler-Lagrange equations
(1.2.5) with the forcing term added.

3.1.2. Forced Hamiltonian systems

A Hamiltonian force is a fibre-preserving map fg : T*Q — T*Q over the
identity. Given such a force, we define the corresponding horizontal one-form
[ on T*Q by

f]lﬁl(pq) “Up, = <fH(pq)vT7rQ ) “pq>,
where mg : T*Q — @ is the projection. This expression is reminiscent of the

definition (1.4.1) of the canonical one-form © on 7@, and in coordinates it
is f;(¢,p) - (0¢,9p) = fu(q,p) - dq, so the one-form is clearly horizontal.
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The forced Hamiltonian vector field Xy is now defined to satisfy
iXHQ =dH — f;—l

and in coordinates this gives the well-known forced Hamilton’s equations

Xq(g.:p) = %—Zl(q,p), (3.1.3a)
Xplg,p) = —%—i(qu) + fu(q,p), (3.1.3b)

which are the same as the standard Hamilton’s equations (1.4.3) with the
forcing term added to the momentum equation.

3.1.8. Legendre transform with forces

Given a Lagrangian L, we can take the standard Legendre transform FL :
T*Q — TQ and relate Hamiltonian and Lagrangian forces by

fr = fuoFL.

If we also have a Hamiltonian H related to L by the Legendre transform
according to (1.4.4) then it can be shown that the forced Euler-Lagrange
equations and the forced Hamilton’s equations are equivalent. That is, if
X7, and Xg are the forced Lagrangian and Hamiltonian vector fields, re-
spectively, then (FL)*(Xpg) = XL.

3.1.4. Noether’s theorem with forcing

We now consider the effect of forcing on the evolution of momentum maps
that arise from symmetries of the Lagrangian L : TQ)Q — R. Let & : GxQ —
Q@ be a symmetry of L and let the Lagangian momentum map Jr, : TQ) — g*
be as defined in Section 1.2.4.

Evaluating the left-hand side of (3.1.1) for a variation of the form dq(t) =

§qlq(t)) gives

T T T
[ arerodrs [ si-goat= [ si-goa
0 0 0
as L is assumed to be invariant. Using integration by parts as in the deriva-

tion of the forced Euler-Lagrange equations, we see that the above expres-
sion is equal to

Tro, .. d (oL, . .
/0 [a—q(q,Q) T (8—q(q, q)) +fL(q,q)} + 0L Erglh
= (Jr o F})(q(0),4(0)) - & = J1(¢(0),4(0)) - &,
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and so equating these two statements of (3.1.1) gives

T
[(J o F1)(9(0),4(0)) — J1.(a(0), 4(0))] - € = /O f(q(t), (1)) - Eq(q(t)) dt.

(3.1.4)
This equation describes the evolution of the momentum map from time 0
to time T', and shows that forcing will generally alter the momentum map.
In the special case that the forcing is orthogonal to the group action, the
above derivation shows that Noether’s theorem will still hold.

Theorem 3.1.1. (Forced Noether’s theorem) Consider a Lagrangian
system L : T'Q) — R with forcing fr : TQ — T*@ and a symmetry action
¢ G x@Q — Q such that (fr(q,4),éo(q)) = 0 for all (¢,¢) € TQ and
all £ € g. Then the Lagrangian momentum map J; : TQ) — g* will be
preserved by the flow, so that Jj, o Ft = .J, for all t.

A similar result can also be derived for Hamiltonian systems, either by
taking the Legendre transform of a regular forced Lagrangian system, or
by working directly on the Hamiltonian side as in Section 1.4. For more
details on the relationship between momentum maps and forcing see Bloch,
Krishnaprasad, Marsden and Ratiu (1996b).

Note that, for nonzero forcing, the Lagrangian and Hamiltonian flows do
not preserve the symplectic two-form. This can be seen by calculating d®
as was done in Section 1.2.3, and realizing that it contains a term with the
integral of the force which does not vanish except when fr = 0.

3.2. Discrete variational mechanics with forces
3.2.1. Discrete Lagrange—d’Alembert principle

As with other discrete structures, we take two discrete Lagrangian forces
f;, [ 1 @%xQ — T*Q, which are fibre-preserving in the sense that mgo fjc =
71'5, and which thus have coordinate expressions

f;(QO,(h) = (qlaf;_(Q(MQI)):
fd_(QO>q1) = (QO;fd_(QOﬂl))-

We combine the two discrete forces to give a single one-form f;: Q X @ —
T*(Q x Q) defined by

falgo, @) - (0q0,6q1) = f;f (q0.q1) - 6a1 + [y (g0, q1) - 6. (3.2.1)

As with discrete Lagrangians, the discrete forces will also depend on the
time-step h, which is important when relating the discrete and continuous
mechanics. Given such forces, we modify the discrete Hamilton’s principle,
following Kane et al. (2000), to the discrete Lagrange—d’Alembert principle,
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which seeks discrete curves {gx}5_, that satisfy

N-1 N-1
0> La(a are1) + > [ @k @hr1) - Sak + £ (Gk, Gha1) - 6qks1] =0
k=0 k=0

(3.2.2)
for all variations {5qk},]€\7:0 vanishing at the endpoints. This is equivalent to
the forced discrete Fuler—Lagrange equations

Dy La(qe—1,qk) + D1La(qr, ar+1) + £ (@e—1, k) + £ (@r, k1) = 0, (3.2.3)

which are the same as the standard discrete Euler-Lagrange equations (1.3.3)
with the discrete forces added. These implicitly define the forced discrete

Lagrangian map fq:0Q x Q — Q X Q.

3.2.2. Discrete Legendre transforms with forces

Although in the continuous case we used the standard Legendre transform
for systems with forcing, in the discrete case it is necessary to take the forced
discrete Legendre transforms to be

F/*La: (g0, q1) — (a1,p1) = (a1, D2La(qo, @1) + £ (a0, q1)), (3.2.4a)
F/~La: (q0,q1) = (q0,p0) = (90, —D1La(q0, q1) — f (0, q1))-  (3.2.4b)

Using these definitions and the forced discrete Euler-Lagrange equations
(~3.2.3), we can see that the corresponding forced discrete Hamiltonian map
Fr, =F/*LgoFp o(F/*Lg)~" is given by the map F, : (qo,po) — (q1.p1),
where

po = —D1L4(q0,q1) — f4 (q0,q1), (3.2.5a)
p1 = DaLa(qo, 1) + [ (90, q1), (3.2.5b)

which is the same as the standard discrete Hamiltonian map (1.5.4) with
the discrete forces added.

3.2.8. Discrete Noether’s theorem with forcing

Consider a group action ® : G x  — @ and assume that the discrete
Lagrangian Ly : Q x Q — R is invariant under the lifted product action, as
in Section 1.3.3. We can now calculate (3.2.2) in the direction of a variation

dqr = &o(qr) to give

N-1 N-1
> " dLa(gr, Gir1) - £ox@ (s Gh1) + Y Falths Ght1) - $@x@ (ks Gran)
k=0 k=0

N-1

= fd(Qkan-H) 'fQXQ(Qk7Qk+1)7
k=0
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or we can use a discrete integration by parts to obtain the alternative ex-
pression

N-1
> [DaLa(gr—1:ak) + DrLa(gr: ae1) + £ (a1, a) + F7 (qrs ar1)] €@ (ar)
k=1

+ [DaLalan—-1,an) + [ (av-1,9n)] - €olan)

+ [D1Lalgo, 1) + f3 (90, a1)] - € (a0)
=F/" La(an-1,an) - €olan) — B/~ La(qo, a1) - €0 (o)

We now consider how the discrete momentum map should be defined in
the presence of forcing, as there is a choice between the expressions (1.2.7)
involving @fd and the expressions

T (@0.01) - € = (" Laao, a1). €0 (@), (3.2.6a)
T (o, a1) - € = (B La(ao, a1), éo (1)), (3.2.6b)

which are based on the discrete Legendre transforms. In the unforced dis-
crete case and in the continuous case both with and without forcing, these
expressions are equal to the definition based on ©j and so the question
does not arise. For a discrete system, however, consideration of the forced
exact discrete Lagrangian defined below shows that (3.2.6) are the correct
definitions. Given this, we can equate the above two forms of (3.2.2) to
obtain

2

[T o FN 71— 0] Vg0, a1) Z a( @k, Ge+1) - E@xQ(qks Gr41);
k=0

which describes the evolution of the discrete momentum map. If the discrete
forces are orthogonal to the group action, so that (fq,{gxq) = 0 for all £ € g,
then we have

0= (dLq+ fa,€Qx@Q) = Jf: - Jgd_

and thus the two discrete Lagrangian momentum maps are equal. Denoting
this unique map by J{d @ X Q — g, we see that the momentum map
evolution equation gives a forced Noether’s theorem for discrete mechanics.

Theorem 3.2.1. (Discrete forced Noether’s theorem) Consider a dis-
crete Lagrangian system Ly : @ x @@ — R with discrete forces fj, f; QX
Q — T*Q and a symmetry action ® : G x Q@ — @ such that (fd,ﬁQXQ) =0
for all £ € g. Then the discrete Lagrangian momentum map J QxQ —
g* will be preserved by the discrete Lagrangian evolution map, so that
J oFL, =Ji .
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With the above definition of the discrete Lagrangian momentum map in
the presence of forcing, we see that it will be the pullback of the Hamiltonian
momentum map under the forced discrete Legendre transforms, and so the
discrete forced Noether’s theorem can also be stated for the forced discrete
Hamiltonian map F7,, with the canonical momentum map Jg : T%Q — g*.

As in the continuous case, a similar calculation to that given above shows
that the discrete symplectic form will not be preserved in the presence of
forcing.

3.2.4. Ezxact discrete forcing

In the unforced case, we have seen that the discrete Lagrangian should ap-
proximate the continuous action over the time-step. When forces are added,
this must be modified so that the discrete Lagrange—d’Alembert principle
(3.2.2) approximates the continuous expression (3.1.1).

Given a Lagrangian L : T'QQ — R and a Lagrangian force fr, : TQ — T*Q,
we define the exact forced discrete Lagrangian Lf QX QxR — R and the
exact discrete forces ff+, fi7 Q@ x QxR —T"Q to be

h
L (g0 1, 1) = /L<q<t>,q<t>>dt, (3.2.7a)
dq(t)
5 (g0, q1, b / fr(q (1)) - 90 dt, (3.2.7b)
ol dq(t)
fi (g0, q1,h /fL (1)) - o0 dt, (3.2.7¢)

where ¢ : [0,h] — @Q is the solution of the forced Euler-Lagrange equa-
tions (3.1.2) for L and f, satisfying the boundary conditions ¢(0) = g and
a(h) = q.

Note that this exact discrete Lagrangian is not the same as that for the
unforced system with Lagrangian L, as the curves ¢(t) are different. In
other words, the exact discrete Lagrangian depends on both the continuous
Lagrangian and the continuous forces, as do the discrete forces.

Given these definitions of the exact discrete quantities and the forced
discrete Legendre transforms, it is easy to check that the forced version of
Lemma 1.6.2 holds, and thus so too do forced versions of Theorems 1.6.4 and
1.6.3, showing the equivalence of the exact discrete system to the continuous
systems. This is of particular interest because it shows that the variational
error analysis developed in Section 2.3 can also be extended to the case of
forced systems in the obvious way, and that there will be a forced version of
Theorem 2.3.1.

Note that, if : GxQ — Q is a symmetry of L such that (f1.(q,q),£0(q)) =
0, so the forced Noether’s theorem holds, then the exact discrete forces will
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satisfy (f4,€ox@) = 0 and so the forced discrete Noether’s theorem will also
hold, as we would expect. This shows that (3.2.6) are the correct choice for
the definition of the discrete Lagrangian momentum maps in the presence
of forcing.

3.2.5. Integration of forced systems

To simulate a given forced Lagrangian or Hamiltonian system, we can choose
a discrete Lagrangian and discrete forces to approximate the exact quantities
given above, and then consider the resulting discrete system as an integrator
for the continuous problem. We now give some simple examples of how to
effect this.

Example 3.2.2. The natural discrete forces for the discrete Lagrangian
L§ given in Example 2.3.2 are

i (a0 a1, h) = ahfy, <(1 — ) + aqr, & ; q0> )

fi (g0, q1,h) = (1 —a)hfr ((1 — a)qo + aqr, Al ; CJO> '

For L = %q'TMq' — V(q), the discrete Hamiltonian map is then

B = M (opo + (1= a)py).

P = YV (1= a)o + oq)

+ fu (1 — a)qo + aqi,apo + (1 — a)p1) ,

which is the same as the unforced map (2.3.5) with the Hamiltonian force
fu = (FL)~! o f; added to the momentum equation. For o = 1/2 this is
once again simply the midpoint rule. O

A particularly interesting class of Lagrangian forces fr : TQ — T*Q
consists of those forces that satisfy

<fL(Qa q)7 (qv q)> < Oa

for all (q,q4) € TQ. Such forces are said to be (strongly) dissipative. This
terminology can be justified by computing the time evolution of the energy
Ep : TQ — R along a solution of the forced Euler-Lagrange equations
to give
d d (0L oL d
wtatea0) = 5 (5 ) i+ 5o 0 5

dt
<8L > . oL . OL . OL .
o . q . .

a4 q_G_q q_a_q' q
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0.3 ; ;
— Variational Midpoint
Runge—Kutta 4
0.25( —-©- Benchmark

0 500 1000 1500 2000
Time
Fig. 2. Energy of a dissipative system computed with

variational midpoint and Runge-Kutta. Note the ac-
curate energy behaviour of the variational method

We thus see that dissipative forces are those for which the energy of the
system always decreases. If we only have fr, - ¢ < 0 then the force is said to
be weakly dissipative.

Because the discrete Euler-Lagrange equations do not, in general, con-
serve energy, it is unlikely that, without some time-step adaptation, there is
a discrete analogue of this result.

Example 3.2.3. As an example of a dissipative system, consider the move-
ment of a unit mass particle in the plane with radial potential V(q) =
ll*(lq]|> — 1)? and forcing fr(q,4) = —1073§. For this force we have
fr-4=-10"%|g|]* <o0.

In Figure 2 we plot the energy behaviour of the L§ method with o = 1/2
for this system. For comparison, we also plot an extremely accurate bench-
mark trajectory, showing the true energy of the system, and the trajectory
of the standard fourth-order Runge-Kutta method.

Observe that the variational method dissipates energy due to the discrete
forces added to the Euler—Lagrange equations, but this energy dissipation
is of the correct amount to accurately track the true energy. In contrast,
non-conservative methods such as the Runge-Kutta integrator used here
artificially dissipate energy.

These effects are of particular importance when the amount of forcing or
dissipation in the system is small compared to the magnitude of the con-
servative dynamics and the time period of integration. For an investigation
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of the long time behaviour of symplectic methods applied to systems with
dissipation, see Hairer and Lubich (1999). O

Example 3.2.4. (Composition methods) Consider a sequence of dis-
crete Lagrangians L%, discrete forces f'7, f; and time-step fractions ~* for
i=1,...,s satisfying 37 ;7" = 1. Then we can form a composition dis-
crete Lagrangian L4 and composition discrete forces f;, f; in a similar way
to the procedures in Section 2.5.

Given points gg and gs, define ¢; for i = 1,...,s — 1 to satisfy the forced
discrete Euler-Lagrange equations (3.2.3) along the sequence qo, q1, .. - , gs-
Regarding the ¢; as functions of qg and ¢;, we now define the composition
discrete Lagrangian and composition discrete forces by

Ld(QOv q1, h) = Z Ld(‘]i*b qi, Wlh)a

=1
S (@0, a1, h) = [ (qs—1,45,7°h)
s—1
+ > (f (107" h) + £ (g girn, T R)) - ggj ,
=1
£ (g0, q1.h) = fi (90, q1,7"h)
s—1
+ Z(féJr(qz'—l, @i, v'h) + £y (6, giv1,7 TTR)) - SZ;
=1

With these definitions it can be shown, using a similar derivation to that in
Section 2.5, that the forced discrete Hamiltonian map for L; and fc'l", [y is
the composition of the individual forced discrete Hamiltonian maps, so that
~h ~~Sh ~ s—1h ~ lh
Fr, :FZZ Oszfl o---on}i .
In forming composition methods it is often useful to use a sequence consisting

of copies of a method together with its adjoint. It is thus worth noting that
the adjoint of a discrete Lagrangian and discrete forces is given by

LZ(q07Q17h) = _Ld(qhQOa _h)a
;+(q07q17h') = _fd_(Qqu()a _h)7
f;_(QO7QI7h) = _fj(qlqua _h)

The discrete Hamiltonian map of the adjoint discrete Lagrangian and adjoint
discrete forces will be the adjoint map of the original discrete Hamiltonian
map. Observe that the exact discrete Lagrangian and exact discrete forces
(3.2.7) are self-adjoint. O
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Example 3.2.5. (Symplectic partitioned Runge—Kutta methods)
Recall that the discrete Lagrangian (2.6.8) given by

La(g0, q1,h) = h Y biL(Qi, Q)
i=1

generates symplectic partitioned Runge-Kutta methods. Reasonable choices
of corresponding discrete forces are

fj(%ﬂh, h) = thZfL(Qu Qz) . 88302, (3.2.8&)
=1
s . 90,

i o ) = S (Qn 00 - 52 (3.2.8b)
=1

which approximate the exact forces (3.2.7b) and (3.2.7¢) in the same way
that L, approximates the exact discrete Lagrangian (3.2.7a).

With these choices of discrete forces, it can be shown that the discrete
Hamiltonian map defined by (3.2.5) is exactly a partitioned Runge-Kutta
method for the forced Hamiltonian system (3.1.3). O

In most of the other examples of variational integrators discussed above,
discrete forces can be chosen in a natural way so that the discrete Hamil-
tonian maps give the expected integrator for the forced Hamiltonian system.
In particular, this can be done for the symplectic Newmark methods (see
Kane et al. (2000)). We can also use alternative splitting-style methods to
include forcing (see Kane et al. (2000) for details).

3.3. Background: Constrained systems

A particularly elegant way to study many systems is to consider them as a
constrained version of some larger system. This can be appealing for both
theoretical reasons and, as we shall see, also on numerical grounds. Here we
will only consider so-called holonomic constraints, which are constraints on
the configuration manifold of a system.

More precisely, if we have a Lagrangian or Hamiltonian system with con-
figuration manifold Q, we consider a constraint function ¢ : Q@ — R? and
constrain the dynamics to the constraint submanifold N = ¢~1(0) C Q.
Here we will always assume that 0 € R? is a regular point of ¢, so that N is
truly a submanifold of @ (Abraham et al. 1988).

Observe that, if ¢ : N — @ is the embedding map, then 7% : TN — T'Q
provides a canonical way to embed T'N in T'Q) and we will thus regard TN
as a submanifold of T'Q). There is, however, no canonical way to embed the
cotangent bundle T*N in T*(@), a fact which has important consequences for
the development of constrained Hamiltonian dynamics. We will see below
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that, in the special case when we have a regular Lagrangian or Hamiltonian,
we can use this additional structure to provide a canonical embedding.

As in other areas of mechanics, we may consider constrained systems from
both the Hamiltonian and the Lagrangian viewpoint. We will concentrate
on the variational approach, however, as it is this formulation which readily
extends to the discrete setting. The primary tool for constrained optimiza-
tion problems is the Lagrange multiplier theorem, which we recall here (see
Abraham et al. (1988) for the proof).

Theorem 3.3.1. Consider a smooth manifold C and a function ® : C — V'
mapping to some inner product space V, such that 0 € V is a regular point of
®. Set D= ®1(0) C C. Given a function & : C — R, define & : C xV — R
by &(q,\) = &(q) — (X, ®(q)). Then the following are equivalent:

(1) g € D is an extremum of &|p;
(2) (g,A) €C x V is an extremum of &.

3.3.1. Constrained Lagrangian systems

Given a Lagrangian system specified by a configuration manifold () and a
Lagrangian L : TQ — R, consider the holonomic constraint ¢ : Q — R¢
and the corresponding constraint submanifold N = ¢~1(0) € Q. Now T'N
is a submanifold of T'Q, and so we may restrict L to LY = L|py. We are
interested in the relationship of the dynamics of LY on T'N to the dynamics
of L on TQ.

To consider this, we will make use of the following convenient notation.
Assume that we are working on a given time interval [0,7] C R, and that
we have fixed endpoints gg, g7 € N C Q. Now set C(Q) = C([0,T1], Q; qo, q7)
to be the space of smooth functions ¢ : [0,7] — @ satisfying ¢(0) = qo
and ¢(T) = g, and C(N) to be the corresponding space of curves in N.
Similarly, we set C(RY) = C(]0,7T],R%) to be curves A : [0, T] — R? with no
boundary conditions. In general C(P) is the space of curves from [0,7] to
the manifold P with the appropriate boundary conditions.

Theorem 3.3.2. Given a Lagrangian system L : T'QQ — R with holonomic
constraint ¢ : Q@ — R% set N = ¢~1(0) € Q and LV = L|7y. Then the
following are equivalent:
(1) ¢ € C(N) extremizes &V and hence solves the Euler-Lagrange equa-
tions for LVV;

(2) ¢ € C(Q) and X € C(R?) satisfy the constrained Buler-Lagrange equa-
tions

Staoni) - 5 (5 @0.d0) ) = (0. G50 ), G310)

¢(q(t)) = 0; (3.3.1b)
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(3) (g,A\) € C(Q x R?Y) extremizes &(q,\) = &(q) — (A, ®(q)) and hence
solves the Euler-Lagrange equations for the augmented Lagrangian L :
T(Q x RY) — R defined by

L(g, A4, %) = L(g,4) — (A, 6(q)) -

Proof. We make use of the Lagrange multiplier theorem, Theorem 3.3.1. To
do so, we prepare the following definitions. The full space is C = C(Q) and
the function to be extremized is the action & : C(Q) — R. Take V = C(R9)
with the Lo inner product and define the constraint function ® : C — V by
D(q)(t) = ¢(q(t)). Clearly ®(q) = 0, and hence ¢(q(t)) = 0 for all t € [0, 7],
if and only if ¢ € C(N). We thus obtain that the constraint submanifold is
D =& 10) =C(N).

Condition (1) simply means that ¢ € C(N) = D is an extremum of the
action for L, which is readily seen to be the standard action restricted
to C(N). Thus ¢ € D is an extremum of &|p and so, by the Lagrange
multiplier theorem, this is equivalent to (¢, A\) € C x V being an extremum
of &(q, A) = &(q) — (A, ®(q))-

Now C x V = C(Q) x C(R?) and so it can be identified with C(Q x RY).
Furthermore, we see that & : C(Q x R?) — R is

B(q,\) = 6(q) — (A, 2(q))

T T

_ / Lq(t), (t)) dt / (D), B(a) (1)) dt
0 0
T

_/0 [L(q(t),4(t)) — (A(t), p(q()))] dt,

which is simply the action for the augmented Lagrangian l_}(q,A,q,}\) =
L(g,q) — (N 0(q)). As (g, A) € C(Q x RY) must extremize this action, we
see that it is a solution of the Euler-Lagrange equations for L, which is
statement (3).

Finally, we extremize & by solving d® = 0 to obtain the Euler-Lagrange
equations. The standard integration by parts argument gives (3.3.1a) for
variations with respect to ¢, and variations with respect to A imply (3.3.1b),
and thus we have equivalence to statement (2). O

If i : N — Q is the embedding, then by differentiating LY = L o T with
respect to ¢ we see that

oLN oL, . .
6—q(vq) SwWg = 8—q(Tz(Uq)) T - wg, (3.3.2)

which means that if L is regular then so is LY and shows that the following
diagram commutes.
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TQ|y —5 T*Q|x (3.3.3)
TiT lT
TN — = T*N

Using this together with the fact that mg o T% = i o mn for the projections
g :TQ — Q and my : TN — N, we compute the pullback of the Lagrange
one-form O, on T'Q) to be

(T6)*61) (vy) - 6u, = (FL(Ti(v,), T o T(Ti) - 5,
= (FL(Ti(vg)), Ti o Ty - dug)
= <FLN(vq), TryN - 6vq),
and thus we see that (7)*0Op = ©,~, and so
(Ti)*Q, = Q. (3.3.4)

Using the projection 7% : T*(Q) — T*N we can reinterpret statement (2) of
Theorem 3.3.2. Observe that the span of the V¢*, i = 1,...,d is exactly the
null space of 7%, and so (3.3.1) is equivalent to

(T*)y g—s(qu),q(m — @—s(q(t),q-(t))ﬂ o, (3.3.5)

The above relationships hold for any Lagrangian L, irrespective of regularity.
Also note that, although there is a canonical projection T*i : T*Q — T*N,
there is no corresponding canonical embedding of T*N into T*Q. We will
see below that when L is regular we can use the Legendre transform to define
such an embedding.

3.8.2. Constrained Hamiltonian systems: Augmented approach

One can consider the Hamiltonian formulation of constrained systems by
either working on the augmented space T*(Q x R?), or working directly on
T*N, which gives the Dirac theory of constraints. We consider the former
option first.

Given a Hamiltonian H : T*@Q) — R, we define the augmented Hamiltonian
to be

H(g, M\, p,m) = H(q,p) + (X ¢(q)),

where 7 is the conjugate variable to A. We now consider the primary con-
straint set TI C T*(Q x R?) defined by 7 = 0. Pulling Q back to II gives the
degenerate two-form QU and the augmented Hamiltonian vector field X g
is defined by

iy, Q" =dH,
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which in coordinates is the set of constrained Hamilton’s equations

. OH

Xqi (CL >‘7p7 7T) - apz 9 (336&)

. OH o

Xp, (¢ A, p, ) = — 9 <A, a—;(q)> , (3.3.6b)
¢(q) =0, (3.3.6¢)

where there is no A equation owing to the degeneracy of Q. Note that for
nonregular H these equations will not, in general, uniquely define the vector
field X .

Consider now a regular Lagrangian L and its corresponding Hamiltonian
H. Observe that the augmented Lagrangian L is degenerate, owing to the
lack of dependence on A, and that the primary constraint manifold IT is
exactly the image of FL. The augmented Hamiltonian and Lagrangian sat-
isfy the equation H o FL = Ej, but this does not uniquely specify H since
FL need not be invertible. Nonetheless, it is simple to check that the con-
strained Hamilton’s equations given above are equivalent to the constrained
Euler-Lagrange equations (3.3.1) when we neglect the 7 component.

3.3.8. Constrained Hamiltonian systems: Dirac theory

As an alternative to working on the augmented space T (Q x Rd), we can
directly compare the dynamics of the constrained system on T*N with those
on T*@. The general form of this is the Dirac theory of constraints (Marsden
and Ratiu 1999), but here we use only the simple case of holonomic con-
straints on cotangent bundles.

The main problem with this approach is that there is no canonical way to
embed T* N within T*@Q. For now we will assume that we have an embedding
n:T*N — T*Q such that 1g on =iomy and n*Q) = OV, where Q and QY
are the canonical two-forms on T*@Q) and T* N respectively, and we will see
below how to construct n given a regular Hamiltonian or Lagrangian.

Given a Hamiltonian H : T*@Q — R, we define HY : T*N — R by HY =
H on. The constrained Hamiltonian vector field Xy~ : T*N — T(T*N) is
then defined by

ix, yQY =dH"Y.

Taking 7 : T(T*Q) — T(T*N) to be the projection operator determined
by using €2 to define the orthogonal complement of Tn-T(T*N) C T(T*Q),
leads us to the following simple relationship between the Hamiltonian vector
field Xy and the constrained vector field Xyn~.

Theorem 3.3.3. Consider a Hamiltonian system H : T*@Q — R and the
corresponding constrained system HY : T*N — R as defined above. Then

Xynv =7mq - Xgon.
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Proof. We have that 7*Q = QY. Take an arbitrary VV € T(T*N) and
compute

(g Xpon Q" - VN =Q(Tn - mq - Xug, Tn-VY)
= Q(Xpg,Tn- V)
=dH -Tn- V¥
=dHN . VN
=ix, Q- VY,

where we used the fact that (Id — T - mq) - Xy is Q-orthogonal to the set
Ty -T(T*N). Finally, the fact that QY is nondegenerate gives the desired
equivalence. O

3.8.4. Legendre transforms

Until this point we have assumed that we are using any symplectic embed-
ding n : T*N — T*(Q covering the embedding i : N — (). We now consider
a hyperregular Hamiltonian H and the corresponding hyperregular Lagran-
gian L. Recall that hyperregularity of H, for example, means that FH is
not only a local diffeomorphism (equivalent to regularity), but is a global
diffeomorphism. Of course, if we only have regularity, these constructions
may be done locally. We will show that, using this additional structure,
there is a canonical way to construct 7.

To do this, begin from either a hyperregular Lagrangian L or a hyper-
regular Hamiltonian H, and construct the corresponding L or H, which is
necessarily hyperregular as well and has FL = (FH)~!. This implies that
LN and HY are also hyperregular.

We now define n : T*N — T*@Q by requiring that the following diagram
commutes, where 7 : N — @ is the embedding as before.

TQ|n — = T*Qln (3.3.7)
TiT Tn
TN —~T'N

Clearly mg on = iomy, and from (3.3.4) we see that n*Q = QV, and so
7n gives a symplectic embedding of T*N in T*(). Note that, although T, N
is a linear subset of 7yQ, the map 7 is in general not linear and so TN is
not a linear subspace of Ty Q. It is true, however, that T}, (T*N) is a linear
subspace of T, (TQ).

Regarding T*N as a submanifold of T*() by means of 7, we have the
natural embedding Ty : T(T*N) — T(T*Q) and so we can regard Xy~ as
a vector field on n(T*N). Using canonical coordinates (¢*,p;) on T*Q we
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can derive a simple coordinate representation of this vector field:

o
q ap )
)
¢(q) =0

These equations are clearly equivalent to (3.3.6) above if we neglect the 7
variable there.

Consider the projection operator wq, : T(T'Q) — T(T'N) defined by the
Qr-orthogonal complement to T'(T'N) regarded as a subspace of T(7T'Q) by
the map T7%. As Qr, = (FL)*Q, elements of T'(7T*Q) which are Q-orthogonal
pull back under FL to elements of T(7'Q)) which are -orthogonal. It
follows that TFL" o mq, = mq o TFL. In addition, observe that, as both
the constrained and unconstrained systems are regular, we obtain X; =
(FL)* Xy and X n = (FLY)*Xpy~. Combining this with the statement of
Theorem 3.3.3 and regarding T'N and T* N as submanifolds of T'Q) and T*(Q,
respectively, gives the following commutative diagram.

T(TQ)|r~ Q)N (3.3.8)
\TN

N
/ N \T*N

TFLN

This establishes that X ;v = mg, 0 X1, 0T, which is the Lagrangian analogue
of Theorem 3.3.3. Note that this only holds for regular Lagrangians, whereas
the Hamiltonian result does not require regularity.

A special case of hyperregular systems is when we have a Riemannian
metric ((-,-)) on @ and the Lagrangian is of the form

L) = 5 (o v = V o mq(vy)

for a potential function V : @ — R. Computing the Legendre transform
gives

T
FL(vg) - wg = {(vg, wq)) = Uq M (q)wq,
where we introduce the symmetric positive definite mass matrix M (q) as

the coordinate representation of the metric. In coordinates, the Legendre
transform is thus p = M(q)q, and we see that the Legendre transform is
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linear in ¢ and so n(T; N ) is a linear subspace of T,;Q at each ¢ € N. Note
that the constrained subspaces can be expressed as

TN ={(q,4) €TQ | ¢(g) =0 and V¢ - ¢ = 0}, (3.3.9)
n(T*N) = {(¢,p) € T*Q | ¢(¢) =0 and V¢ - M~ (q)g = 0}.  (3.3.10)
We define the projection map P : T*Q|ny — n(T*N) by P = no T*i, and

as it must satisfy P(V¢™) = 0 for each m = 1,...,d we can calculate the
coordinate expression to be

P=1—-(Ve)' (VoM (Vo) (Vo)M~, (3.3.11)
where [ is the n x n identity matrix and V¢ is the d x n matrix [Vé(q)]mi =
%ZT;, and all quantities are evaluated at ¢ € N.

Another way to derive this expression is to define an induced Riemannian
metric on T%Q by (pg,7q) = (g, FH(rq)), which has coordinate expression
pT' M~Y(q)r. The projection P is then the projection onto the orthogonal
subspace to the span of {V¢™} in the inner product given by this metric.

In this case, note that P: TQ|y — T'N, and so TP : T(TQ|n) — T(TN).
However, observe that

T(TQ|n) ={w e T(TQ) | Tmq(w) € TN},

and as X, is a second-order vector field, it satisfies Tmrg o X7 = id, and
so we have that X (vg) € T(TQ|n) for all v, € TN. In particular, we can
now show that, on the intersection of their domains, mq, = TP, which gives
an explicit expression for the Lagrangian projection operator. This devel-
opment is closely related to the expression of forces of constraint in terms of
the second fundamental form (see Marsden and Ratiu (1999), Section 8.4).

3.8.5. Conservation properties

As we have seen above, the constrained systems on T'N and T*N defined
by LY = Lo Ti and HY = H o7, respectively, are standard Lagrangian or
Hamiltonian systems and so have the usual conservation properties.

In particular, the constrained Lagrangian system LY : TN — R will have
a flow map that preserves the symplectic two-form Q;~ = (7%)*Qr, and the
constrained Hamiltonian system HY : T*N — R preserves the canonical
two-form QY = 7*Q on T*N. For (hyper)regular systems, the Lagrangian
and Hamiltonian two-forms are related by the Legendre transforms on both
the constrained and unconstrained levels, so that 7, = (FL)*Q2 and Q;n =
(FLN)Y*QN,

Suppose that we have a group action ® : G x Q — @ that leaves N
invariant, that is, there is a restricted action ® : G x N — N satisfying
io®V = ®oi. It is now a simple matter to check that the infinitesimal
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generators are related by
§goi=Tio&y,
§r o Ti =T (T'i) o &,
Er=Qon="Tno&rn,
and so the momentum maps satisfy
Jpn = JpoTi,
Jgny =Jgon.

Since Noether’s theorem holds for both the constrained and unconstrained
systems, the above relationship shows that essentially the same momentum
map is preserved on both levels. Note that if the group action does not leave
the constraint submanifold N invariant, however, then in general it is not
possible to define Jy~ or Jy~ and there will be no constrained Noether’s
theorems.

3.4. Discrete variational mechanics with constraints

We now consider a discrete Lagrangian system Lg : Q x Q — R with the
holonomic constraint ¢ : Q@ — R? and corresponding constraint submanifold
N = ¢71(0) € Q. As in the continuous case, the fact that N x N is
naturally a submanifold of Q x ) means that we can restrict the discrete
Lagrangian to Lfiv = Lgj|nxn to obtain a discrete Lagrangian system on

N x N. More precisely, we define the embedding iV : N x N - Q x Q

by iV*N (g0, q1) = (i(qo), i(q1))-

To relate the dynamics of LY to that of Ly, it is useful to introduce the
notation for discrete trajectories corresponding to that used in the continu-
ous case. Given times {0, h,2h,..., Nh = T} and endpoints qo, g7 € N we
set C4(Q) = C4({0,h,2h,...,Nh},Q;qo,qr) to be the set of discrete trajec-
tories qq : {0,h,2h,...,Nh} — @Q satisfying ¢4(0) = qo and q4(Nh) = qr,
and C4(N) to be the corresponding set of discrete trajectories in N.

Similarly, we denote by Cq(R%) = Cy4({h,2h,...,(N — 1)h},R%) the set of
maps \g : {h,2h,...,(N — 1)k} — R? with no boundary conditions. We
will see below why we do not include the boundary points 0 and Nh. In
general, Cyq(P) is the space of maps from {0, h,2h,..., Nh} to the manifold
P, and we identify such maps with their images, and write qq = {gx }1_, for
k=0,1,2,..., N, and similarly for Ay = {)\k},lgvzo.

3.4.1. Constrained discrete variational principle

As we have do not use vector fields to define the dynamics in the discrete
case, and so cannot project such objects onto the constraint manifold, we
turn instead to constraining the variational principle. The following theorem
gives the result of this procedure.
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Theorem 3.4.1. Given a discrete Lagrangian system Lg : QX — R with
holonomic constraint ¢ : Q — R%, set N = ¢~1(0) C Q and Lflv = Li|NxN-
Then the following are equivalent:

(1) qa = {ax}2_ € Ca(N) extremizes &Y = ®d}N><N and hence solves the
discrete Euler-Lagrange equations for Lév ;

(2) qa = {ax}2_o € Ca(Q) and Ny = {/\k}i\[:_ll € C4(R?) satisfy the con-
strained discrete Fuler—Lagrange equations

DoLg(qr—1,qx) + D1La(qk, qr+1) = (M, Vo(ar)) » (3.4.1a)
d(qr) = 0; (3.4.1b)

(3) (4as Aa) = {(qr, M) }rog € Ca(Q x R?) extremizes & 4(qa, i) = Ga(qa) -
(Ad> @a(qa))1, and hence solves the discrete Euler-Lagrange equations
for either of the augmented discrete Lagrangians L:{, Ly :(Qx RY) x

(Q x RY) — R defined by

L (ars ks @it 1, Mot1) = La(qes Ger1) — (Mot 1, 0(@rt1)) s

Ly (qrs My Qi1 A1) = La(qe, qes1) — (M, 0(ar)) -

Proof. The proof of Theorem 3.3.2 in the continuous case can be almost
directly applied in the discrete case.

We take the full space to be Cy = C4(Q) and the function we are extrem-
izing is the discrete action &, : C4(Q) — R. The constraint is specified by
setting Vy = C4(R?) with the Iy inner product, and defining the constraint
function @4 : Cq — Vg by P4(qa)(kh) = #(ga(kh)) = ¢(qx). Thus gq € Ca(N)
if and only if ¢(gx) = 0 for all k, and hence if and only if ®4(¢s) = 0. The
constraint submanifold is therefore Dy = ®;'(0) = C4(N).

As in the continuous case, statement (1) means that ¢4 € C4(N) = Dy
is an extremum of the action for Lév , which is the full action restricted to
C4(N). From the Lagrange multiplier theorem (Theorem 3.3.1), g4 € Dy
being an extremum of 4|p, is equivalent to (¢4, Ag) € Cq x Vg being an
extremum of &,(qq, A\g) = S4(qa) — (Mg, Pa(qq)). Computing, this gives

Ga(qa Ma) = Galqa) — (M, Palqa))
— —1

= Ld(Qk, Qk+1) - <>\d(kh)7 (I)d(Qd)(kh)> :
0 1

=2
2

ES
Il
i

Extremizing this function with respect to ¢4 now gives (3.4.1a), and extrem-
izing with respect to Ay recovers (3.4.1b). We therefore have equivalence to
statement (2).

As we only extremize with respect to the internal points, and hold the
boundary terms fixed, we may extend C4(RY) to include Ao and A\y. We
now identify Cq x Vg = Cq(Q) x C4(RY) with the space Cq(Q x RY) =
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Ca({0,h,2h,...,Nh},Q x R?), and group the terms in the above expres-
sion for &, to give two alternative functions (’5:{,@5; CC(Q xRY — R
defined by

N-1
&5 = [Lalar ae1) — Mg, Slar1))],
k=0
N-1
&, = [La(qr, are1) — (M, 0(ar))]
k=0

which have the same extrema as &; when the boundary terms are held
fixed. Identifying the terms in the summations as the augmented discrete
Lagrangians LI and L, respectively, gives equivalence to statement (3). OJ

Note that in Theorem 3.4.1 one can actually take any convex combination
of I:zlr and I:;, although this will not substantially alter the result.

We may also use the projection operator T%i : T*Q|ny — T*N to act on
statement (2) of Theorem 3.4.1, showing that (3.4.1) is equivalent to

(T*4)g, [D2La(qr—1,qx) + D1La(qk; qr+1)] = 0. (3.4.2)

This is the counterpart of the continuous equation (3.3.5).

3.4.2. Augmented Hamiltonian viewpoint

Just as in the continuous case, one can either work on the augmented space
T*(Q x RY) or directly on the constrained space T*N.

The problem with trying to form the augmented discrete Hamiltonian
maps I_/di is the same as in this continuous case, namely the fact that the
augmented discrete Lagrangians I_/f are necessarily degenerate. Nonethe-
less, we will define the discrete Hamiltonian map F L (qo, Mo, po, mo)

(q1, A1, p1,m1) by the equations

po = —D1La(q0,q1) + (Mo, Vé(qo)) , (
0 = ¢(qo), (3.4.3b

p1 = D2L4(q0, 1), (3.4.3¢
= 0. (3.4.3d

Restricting to the same primary constraint set II C T7*(Q X Rd) as in the
continuous case, we see that these equations are the equivalent to (3.4.1)
together with the requirement ¢(qx) = 0 and hence g4 € C4(N), that is,
they are equivalent to statement (2) in Theorem 3.4.1.

Note that the evolution of A is not well-defined, as in the continuous case,
so that (3.4.3) do not define a map II — II, that is, Ag is not a free initial
condition, as it will be determined by (qo,po). Note that constructing the
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alternative map FL; does not give a well-defined forward map in general.
In fact, to map forward in time it is necessary to use F’—; as defined above,

while F L can be used to map backward in time.

3.4.8. Direct Hamiltonian viewpoint

Alternatively, one can neglect the augmented space and directly relate TN
and T*@Q. To do so, we differentiate Lév = Lg0i™V*N with respect to gg and
¢1 to obtain the discrete equivalents of (3.3.2), thus establishing that the
following diagrams commute.

F L F+L
T*Q|n == Q % Ql{goeny QX Qligeny —=T*Q|y  (3.4.4)
T*N<—— NxN N XN TN

d d

We will henceforth assume that L, is regular, which means that Lév is also
regular and that the discrete Hamiltonian maps Fp, and F Ly are well-

defined. Combining the above diagrams with the expressions Fy, ,=FtLjo
(F~Lg)~': T*Q — T*Q and Fix = FYLY o (F-LY)™': T*N — T*N gives
the following commutative diagram.

NxNcCcQ@xQ (3.4.5)

F~Lg Ft Lg

Q[N = Qv
d

N x N
V w
N T

7N
FL)

T4 T4

T *N

This proves the following theorem.



442 J. E. MARSDEN AND M. WEST

Theorem 3.4.2. Consider a regular discrete Lagrangian system Ly : Q X
@ — R and the constrained system LY : N x N — R defined by LY =
LgoiV*N_ Then the discrete Hamiltonian map FL(Ji\f :T*N — T*N has the

following equivalent formulations:
(1) FLéV : (q07p0) = (QLPI) fOf (q07p0)7 (qlapl) S TN SatiSfying

po = —D1LY (g0, q1), (3.4.6a)
p1 = D2LY (g0, q1); (3.4.6b)

(2) Fry :(q0,p0) = (q1,p1) for (qo,po), (q1,p1) € T*N satisfying

po = (T")go(—D1Lg 0 iNXN(QO, q)), (3.4.7a)

p1 = (T*i)g, (DaLg 0 ™M (g0, q1)); (3.4.7b)

(3) Fpy : n(T*N) = n(T*N) for (qo,po) € n(T*N) and (q1,p1) € T*Q
satisfying

po =Py (=D1Lgo iNXN(QO, q)), (3.4.8a)

p1 =Py, (D2La o™ (g0, 1)), (3.4.8b)

¢(q1) = 0. (3.4.8¢)

Here n : T*N — T*(Q is any symplectic embedding covering the identity,
so that rgon =ionmy, and P : T*Q|n — n(T*N) is the map defined by
P=mnoT".

This theorem is the discrete analogue of Theorem 3.3.3, and shows how the
unconstrained Hamiltonian equations are related to the constrained equa-
tions. If we further assume that 7 is defined by (3.3.7) for some regular
Lagrangian L with corresponding Hamiltonian H, then we can use the fact
that the null space of P is the span of the V¢™ and introduce Lagrange
multipliers to write (3.4.8) as

po = —D1La(q0, a1) + (A0 Vo (qp), (3.4.92)

p1 = DsLa(qo, 1) — AN TVe(q), (3.4.9Db)

#(q1) =0, (3.4.9¢)

V() %—?qhm —o, (3.4.9d)

defining a map from (qo,po) € n(T*N) to (q1,p1) € T*Q which will satisfy
(q1,p1) € n(T*N). Here the arbitrary signs on the Lagrange multipliers
have been chosen to correspond to the signs for discrete forces in (3.2.5).
Now consider the special case when @) is a Riemannian manifold with met-
ric ((-,-)) having coordinate representation M (¢) and 7 is defined by (3.3.7)
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for a Lagrangian with kinetic energy given by the metric. As we have seen
in Section 3.3.4 above, n(T*N) and P are now given explicitly by (3.3.10)
and (3.3.11), respectively. Using this, we can write (3.4.8) as

po=—(I— (Vo) [(Vo)M (V)] (Vo) M) D1 Lalgo, q1),

(3.4.10a)

p1=(I- (V¢)T[(V¢)M71(V¢)T]_I(VCZS)M*l)DzLd(QO, q),
(3.4.10b)
¢(q1) =0, (3.4.10c)

where V¢ and M are evaluated at gg or g1 as appropriate.

3.4.4. Conservation properties

A constrained discrete Lagrangian system on N x N and an unconstrained
system on ) x ) will clearly preserve the standard discrete symplectic two-
forms 2 Ly and 17, respectively. Now define the projections 77&2 QR xXQ —

Q@ and 7T]1V : N x N — N onto the first components of () x Q and N x N.
Observe that wb o VXN —jo 7 and, together with the left-hand diagram
in (3.4.4), a similar calculation to that preceding equation (3.3.4) will now
establish that @Zé\, = (iNXN)*G)Zd. Using the same idea for @'L: and taking
the exterior derivative of these expressions shows that the constrained and
unconstrained discrete one- and two-forms are related by

+  _ (:NxNy+o+ —  _ (;NXNy¥go— _ (:NXN
@LQ’ = (" )*@Lda Ly = (@) Ly QLQ’ = (i) Q.
Pushing all of these structures forward with the discrete Legendre trans-
forms shows that the constrained discrete Hamiltonian map FL(]i\T, regarded

as acting either on T*N or n(T*N), preserves the canonical two-form Q.
while F7, , haturally preserves ().

If we further consider a symmetry action ® : G x Q — @ which leaves N
invariant, so that it covers an action ®V : Gx N — N, then the infinitesimal
generators are related by

goi=Tio&y, (3.4.11a)

Eguq o™ N =T (" N) o Enxn. (3.4.11b)

Using now the above relations between the constrained and unconstrained
symplectic one-forms, we have that the momentum maps for the product
action will be related by

Iy =Jf iV, (3.4.12a)
d
Joy =J1,° NN (3.4.12b)

If the group action is a symmetry of the Lagrangian then these momentum
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maps are equal and Noether’s theorem holds on both the constrained and
unconstrained levels with this unique momentum map.

3.4.5. Constrained exact discrete Lagrangians

The exact discrete Lagrangian for a constrained system is not simply the
standard exact discrete Lagrangian restricted to the constraint submanifold,
as that would be the action along an unconstrained trajectory. Instead, the
constrained exact discrete Lagrangian is the action of the constrained sys-
tem, evaluated along the trajectory which lies on the constraint submanifold:
that is,

h
LY (g0, q1,h) = / LN (go1 (1), o1 (t)) dt, (3.4.13)
0

where ¢ : [0,h] — N is the solution of the Euler-Lagrange equations for
LN : TN — R which satisfies ¢(0) = qo and q(h) = ¢1. As this discrete
Lagrangian is defined on N x N x R, it satisfies

FfLéV’E(Qm q1,h)) = FLY (g0.1(0),40,1(0)),
F LY (g0, q1,h)) = FLY (go.1(R), do,1 (h)).

We would like, however, to define a function on ) x @ x R whose restriction
to N x N x R would give Lilv’E. Without introducing additional structure,

however, there is no canonical way to do so. Indeed, let L?’E TQXQXR — R

be any smooth extension of LilV’E. Then from (3.3.3), (3.4.4) and the above
relations we have immediately that

(T*i)lIO (F_ LdQ,E (QO7 q1, h)) = (T*i)QO (FL(qo,l(O)a 40,1(0)))a
(T*i)q, (FT LY (g0, a1, 1)) = (T*1)g, (FL(go,1 (h), do,1 (1)),

which is a constrained version of Lemma 1.6.2. The equivalence of the
discrete and continuous systems now follows as in Section 1.6.

Note that this means that the order of accuracy of a discrete Lagrangian
constrained to N x N will not, in general, be the same as the order of
accuracy on @ x @Q: that is, if Ly : Q@ xQ xR — R approximates the action on
@ to some particular order, then the restriction LY = Lg|nxn will typically
approximate the action of constrained solutions in NV to some different order.
Indeed, to derive high-order discrete Lagrangians for a constrained system,
it is necessary to take account of the constraints in defining Lflv , since a
high-order L4 will typically restrict to only a first- or second-order Lfiv .

3.5. Constrained variational integrators

In this section we consider implementing the integration of a mechanical
system with constraints. First we review standard geometric methods, and
then we turn to variational integrators.
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3.5.1. Constrained geometric integration

There are a number of standard approaches to the numerical integration
of constrained mechanical systems. These include working in local coordi-
nates on the constraint submanifold (for example, see Bobenko and Suris
(1999b) in the case of Lie groups, or Leimkuhler and Reich (1994)), solving
a modified system on the containing space which has the constraint sub-
manifold as a stable invariant set (for example, see Leimkuhler and Reich
(1994)), and methods based in the containing space which explicitly enforce
the constraints. Constrained mechanical systems are particular examples of
differential algebraic systems, and many of the techniques for the numerical
integration of such systems can also be applied in the mechanical setting
(see Hairer and Wanner (1996) and Ascher and Petzold (1998)).

Unless the system under consideration has a particularly simple structure,
working in local coordinates on the constraint submanifold suffers from a
number of problems, including the fact that changing charts during the
integration is not smooth, which breaks many of the nice properties of geo-
metric integrators. In addition, local coordinate computations can be very
expensive, and the equations can be very complicated, making the integra-
tor difficult to code. For all of these reasons, it is often preferable to use
integration techniques based on the containing space.

There are a number of different approaches to this, with representative
samples being Gonzalez (1999), Seiler (1999, 1998a, 1998b), McLachlan and
Scovel (1995) and Brasey and Hairer (1993). For a good overview of this
area see Hairer (200x).

3.5.2. Variational integrators for constrained systems

Here we consider a constrained discrete Lagrangian system as an integrator
for a continuous system. Given a continuous system L : TQQ — R and a
constraint submanifold N C @ defined by N = ¢~1(0) for some ¢ : Q —
R?, we would like a discrete Lagrangian Ly : Q@ x Q x R — R so that
its restriction to N x N x R approximates the exact constrained discrete
Lagrangian (3.4.13). The order of this approximation is related to the order
of the resulting integrator.

Given such an Ly, we can now use any of the equivalent formulations of
the constrained Euler-Lagrange equations from Section 3.4.3 to obtain an
integrator. As in the unconstrained case, we can regard such an integrator
as defined on the product N x N or on the corresponding cotangent bundle,
although the latter interpretation is typically simpler for implementation
purposes.

To be explicit, we will henceforth assume that the given continuous system
is regular, so that we have equivalent Lagrangian and Hamiltonian represen-
tations, and that the containing manifold @ is linear, so that it is isomorphic
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to R™. We will use (3.4.9) to define the constrained discrete Hamiltonian
map F Ly regarded as mapping n(T*N) to n(T*N), where we recall that

n(T*N) is the embedding of T*N in T*Q defined by

0H

n(I"N) = {(q,p) €T*Q | ¢(g) =0and Ve(q) - 8—p(q,p) = 0}- (3.5.1)

As we are now treating the discrete Lagrangian as the approximation to the
exact system, it will be dependent upon a time-step h and thus have the
form Lg(qo,q1,h). Given this, we may rescale the Lagrange multipliers in
(3.4.9) by h so that the constraint terms appear in the same way as discrete
forces, allowing them to be interpreted as discrete forces of constraint. This
gives

po = —DiLa(go, 1) + h(A?) Vé(q),  (3.5.2a)

p1 = DaLa(qo, 1) — hOAW)YTVe(q1), (3.5.2b)

o(q1) =0, (3.5.2¢)

ngﬁ(ql) . aa—;](thl) =0. (3.5.2(1)

To use these equations as an integrator, we must take an initial condition
(qo,po) € n(T*N), so that gy and pg satisfy the conditions given by (3.5.1).
The 2n + 2d system (3.5.2) must then be solved implicitly to find (q1,p1)
and the accompanying Lagrange multipliers. Iterating this process gives the
integrated trajectory.

Although this is generally the simplest way to implement a variational
integrator, note that if the Lagrangian has a special form, such as being
composed of kinetic and potential terms, then we could also use one of the
other equivalent expressions of the discrete Hamiltonian map given previ-
ously. Alternatively, we could also choose to work directly on N x N and to
use (3.4.1) as an integrator mapping each pair (qx, qx+1) t0 (qr+1, Qk+2)-

Using the above theory, we recall that any such methods will always be
symplectic, and if the discrete Lagrangian inherits the symmetries of the
continuous system, then the integrator will also conserve the corresponding
momentum maps.

To implement a constrained variational integrator, it is of course necessary
to choose a particular discrete Lagrangian. We give below a number of ways
in which this can be done and we explicitly evaluate the defining equations
(3.5.2) in several cases.

3.5.3. Low-order methods

Given a low-order discrete Lagrangian, such as L§ given in Example 2.3.2,
one can simply restrict it to N x N to obtain an integrator for the constrained
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system. As N will generally not be convex, the points (1 — a)qo + agqr will
not be in N when ¢g and ¢; are. If the Lagrangian on N is the restriction of
a smooth Lagrangian on @, then this will not matter for sufficiently small
stepsizes.

For a Lagrangian which is not defined off IV, or which varies quickly com-
pared to the stepsize, it is important to only evaluate L and its derivatives
on N. Perhaps the simplest examples of such methods are given by Lg and
L}l, which give constrained versions of the symplectic Euler methods.

3.5.4. SHAKFE and RATTLE

As we saw in Section 2.6.2, the Verlet algorithm is the discrete Lagrangian
map Fr,: Q x Q — Q x () generated by the discrete Lagrangian

1 - 1 .
Ld(QOthh) = EhL (CIO, n n qO) + §hL (qla n h qo) ’ (353)

where we assume that the continuous system has the form L(q, §) = %QTM q—
V(q). To form a constrained version of this method, we can simply restrict
Lgto NxN and calculate the constrained discrete Euler—Lagrange equations
(3.4.1). These give

-2 _
M (Qk+1 Zk+Qk 1

) 1AV (g0) + (W) Vélgy) = O,

?(qus1) =0,

which is known as the SHAKE algorithm. This was first proposed by Ryck-
aert, Ciccotti and Berendsen (1977) as a constrained version of Verlet.

A constrained version of the velocity Verlet integrator, RATTLE, was
given by Anderson (1983). This was later shown by Leimkuhler and Skeel
(1994) to be a symplectic integrator on T*N. In fact, RATTLE is simply
the constrained discrete Hamiltonian map FLév : T*N — T*N associated

to the discrete Lagrangian (3.5.3). To see this, we calculate the coordinate
expressions of (3.5.2) with L(q, ¢) = %q'TMq —V(q) to give

- 1
p=M (W) + S5hVV (ar) + ANTT6(q),

— 1
o =M (B2 SnvV ) + O Vol
0= ¢(Qk+1)7
0=V (qrr1) M ' prs1.

Now we subtract the first equation from the second and solve the first equa-
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tion for gx41 to obtain

_ 1 _ 1 _
Gkt = qx + WM 'pj + §h2M Y=VV(q)) + §h2M LN 6(g4),

Pk+1 = Pk + h(—VV(qk) _2 VV(qu))
. h((A;iO))Tws(qk) +2<A$>>Tv¢<qk+1>)7
0 = &(qr+1);

0= Vé(qrs1) M 'pra,

where we are assuming

(Vo)) = 55

and where we have scaled )\,(CO) and /\,(gl) by —%. This is exactly the RATTLE
method.

This integrator is also the 2-stage member of the Lobatto IITA-IIIB family
(Jay 1996, 1999), which is discussed further below.

To summarize, the integrators known as Verlet, velocity Verlet, SHAKE
and RATTLE are all derived from the discrete Lagrangian (3.5.3). Verlet
is the discrete Lagrangian map Fp, : Q x Q — @ x @, velocity Verlet is the
discrete Hamiltonian map 7, . T"Q — T*Q, SHAKE is the constrained
discrete Lagrangian map FLé\’ : N XN — N x N, and RATTLE is the

constrained discrete Hamiltonian map F Ly T*N — T*N.
Thus, the variational formulation shows the natural connection between
these methods, and proves in a unified way that they all conserve both the

symplectic structure and quadratic momentum maps, as linear symmetries
of V will be inherited by L.

3.5.5. Composition methods

To construct high-order integrators for a constrained system, a simple low-
order constraint-preserving method can be used in a composition rule, as in
Section 2.5 (Reich 1996). This approach has the advantage that the resulting
method will inherit properties such as symplecticity from the base method,
and will necessarily preserve the constraint.

Composing discrete Lagrangians extends directly to constrained systems.
Given discrete Lagrangians Lil and time-step fractions ¢ for i = 1,...,s,
we can use any of the three interpretations of the composition L4 from
Section 2.5. For the multiple steps method or the single step, multiple
substeps method, the correct constraint to impose is that all the points qz lie
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on the constraint submanifold. This implies that the single step constrained
composition discrete Lagrangian should be defined as

Ld(Qk‘vqk‘-i-l)h’) = eXt Ld(qkaQIiqu-‘rlvh)v
q, €N

which denotes the extreme value of the multipoint discrete Lagrangian over
the set of interior points in the constraint submanifold N. The constrained
discrete Hamiltonian map for this Ly will then be the composition of the
constrained discrete Hamiltonian maps of the component Lil.

When composing non-self-adjoint methods, it is common to use a sequence
including both the methods themselves and their adjoints. For this reason,
it is worth noting that the adjoint of a constrained discrete Lagrangian is
equal to the constrained version of the adjoint, that is, (L))" = (LY)*. Fur-
thermore, the associated constrained discrete Hamiltonian maps are adjoint
as integrators.

3.5.6. Constrained symplectic partitioned Runge—Kutta methods

For a Hamiltonian system H : T*@Q) — R with holonomic constraint ¢ : @ —
R?, a constrained partitioned Runge-Kutta method is a map T*N — T*N
specified by (go,po) — (q1,p1) where

q=q+hy bQ;, p=po+h) bP (3.5.4a)
J=1 j=1
Qi:fJo+hZaiij, PizpoJthdiij, i=1,...,s,
Jj=1 j=1
(3.5.4Db)
. OH . oH
i inia Pi:_— Z’aRﬁ _AT i)y ‘:17"'7 )
Q=5 (QuP) 5 (@) = ATV0Q), i=1,.s
(3.5.4¢)
oOH .
Oz(b(QZ)’ 0:v¢(q1)8—p(q17p1)7 t=1,...,s.
(3.5.4d)

In addition, it is necessary to place some restrictions on the coefficients to

ensure that these equations do in fact define a map on T"N. We begin by
imposing the requirement (2.6.7) of symplecticity to give
b,;aij+l~)jaji:bi5j, 1,7=1,...,s,
biZi)i, 1=1,...,s.

We also require that the method be stiffly accurate: that is, as = b; for

i =1,...,s. This means that qg; = )5, and hence ¢ € N. Further requiring
that b; 20 for i =1,...,s implies that a;; = 0 for each i =1,...,s.
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To ensure that the system is not over-determined, we set a1; = 0 for
i =1,...,s and so obtain qo = Q1. Requiring that b; # 0 for : = 1,...,s
now implies that a;; = b; for i = 1,...,s. Given that we start from (go, po) €
T*N we thus have that ¢(Q1) = ¢(qo) = 0 is immediately satisfied.

With these restrictions, (3.5.4) is a system of s(4n + d) + 2n equations for
the same number of unknowns, defining a map n(T*N) — n(T*N). It can be
shown (Jay 1996) that this is a well-defined symplectic map on T*N. Such
methods are a particular example of the SPARK methods of Jay (1999),
and the subset of these methods which are explicit have been analysed for
constrained systems by Reich (1997).

To see how such constrained symplectic partitioned Runge-Kutta meth-
ods can be derived variationally, we proceed in a similar fashion to the
unconstrained case in Section 2.6.5. Given (qo,q1) € @ X @, we implicitly
define po, p1, Qi, P;, Q;, P;fori=1,...,s,and A; fori =2,...,(s —1) by
the equations

q1 =qo + hzbj@j, p1 = po + hz ijj, (3.5.5a)
J=1 Jj=1
Qi:q0+hzaij©j, pz':ﬁOJthdijﬁj, t=1,...,s,
J=1 j=1
(3.5.5b)
- oH _ _
_YtAh. P =1
7 ap (Ql7~P’L)7 ? ) 737
(3.5.5¢)
K oH - _ T -
R:_a—q(Q“PZ)_AZ v¢(Q’L>7 02¢(Ql)7 1227 -,(3—1),
(3.5.5d)
= 0H - — X OH - _
Pl __8—q(Q17P1)7 Ps—_a—q(QS,Ps). (3556)

This is a system of 4sn + (s — 2)d equations in the same number of variables
and the restrictions on the coefficients ensure that it will have a solution for
sufficiently small h.

This subset of the equations (3.5.4) was chosen from the fact that Q1 = qo
and Qs = q1, so it is necessary to relax the constraints on these two points.
Having done so, the same number of Lagrange multipliers must also then be
disregarded. Given these definitions of the various quantities in terms of qq
and ¢; we define the discrete Lagrangian Lg: Q X Q@ Xx R — R by

La(qo,q1,h) = 'S biL(Qs, Qs), (3.5.6)

i=1
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where we assume that the coefficients satisfy all of the previous require-
ments. For a given continuous system (L or H) this is not the same as
the corresponding expression (2.6.8) in the unconstrained case, as the equa-

tions defining Q; and @Q; have been modified here to take account of the
constraints. We now show that the constrained discrete Hamiltonian map
corresponding to (3.5.6) is indeed the constrained symplectic partitioned
Runge-Kutta method.

Theorem 3.5.1. The constrained discrete Hamiltonian map for the dis-
crete Lagrangian (3.5.6) is exactly the integrator defined by the constrained
symplectic partitioned Runge-Kutta equations (3.5.4).

Proof. Differentiating ¢(Q;) =0 for i = 2,...,s — 1 gives

V¢(Qi)g% =0, i=2,...,5—1,

and using this together with the definitions (3.5.5) and the same argument
as in Theorem 2.6.1 shows that

aLd 0 Lq

= = —Po; S = D1

8qo a(h
We now consider a given initial condition (gg, pg) € T*N and recall that the
discrete Hamiltonian map will give (q1,p1) € T*N which satisfy (3.5.2). To
see the relation of this mapping to the symplectic partitioned Runge-Kutta
map, we make the following change of variables:

Qi = Qi, P, = P, i=1,...,s,
Qi = Qs i=1,...,s,
A; = A, P, =P, i=2,...,5—1,
biA; = A, P =P — ATV(Qy),
bohe =AY, Po= P - ATV(Q.).

Recalling that the coefficients are such that @1 = g9 and Qs = ¢1, we now
see that (3.5.2c) and (3.5.2d), together with the restrictions (3.5.5d) on Q;,
give the conditions (3.5.4d) on the non-overbar quantities.

Furthermore, (3.5.2a) and (3.5.2b) give

Po = po — hbi ATV H(Q1),
p1L=p1+ héssz¢(QS)'

Substituting these definitions into the equations (3.5.5) and using the fact
that a;s = 0 and a;;1 = b; for i = 1,...,s now shows that the non-overbar
quantities satisfy (3.5.4a), (3.5.4b) and (3.5.4c). We thus have that the
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discrete Hamiltonian map (go,po) — (¢1,p1) on n(T*N) is identical to the
constrained symplectic Runge-Kutta map. U

3.5.7. Constrained Galerkin methods

With the insight gained from the definition of the constrained exact discrete
Lagrangian (3.4.13) it is simple to extend the Galerkin discrete Lagrangians
of Section 2.6.6 to include holonomic constraints.

In the particular example of polynomial trajectory approximations and
numerical quadrature, the definition (2.6.10) of the Galerkin discrete La-
grangian should be modified to

S
La(qo,q1,h) = qecs(g[)(()jch},Q) &°*(q), (3.5.7)
#(q(cih))=0
where ¢ : () — R is the constraint function. This constrains the intermediate
trajectories to intersect the constraint submanifold at each quadrature point.
For such methods it is typically reasonable to require that ¢g = 0 and ¢s = 1,
so that the endpoints gy and ¢ also satisfy the constraint.

Evaluating the constrained discrete Euler-Lagrange equations for (3.5.7)
shows that the associated discrete Hamiltonian map is a constrained sym-
plectic partitioned Runge-Kutta method, in the sense of the preceding sec-
tion and of Jay (1999). In particular, choosing the quadrature rule to be
Lobatto quadrature results in the constrained Lobatto IIIA-IIIB method of
Jay (1999).

3.6. Background: Forced and constrained systems

We now consider Lagrangian and Hamiltonian systems with both external
forcing and holonomic constraints. The formulations and equations for such
systems are straightforward combinations of the material in the preceding
sections for systems with only forces or only constraints. For this reason,
we will simply state the results without proof.

As before, we assume that we have a system on the unconstrained con-
figuration manifold @, and a holonomic constraint function ¢ : Q@ — R¢
so that the constraint manifold is N = ¢~1(0) € Q. The inclusion map
is denoted 7 : N — @, and we have the natural lifts T : TN — T(Q) and
T :T*Q — T*N.

3.6.1. Lagrangian systems

Given a Lagrangian force fr : TQ) — T*@Q, we restrict it to fiv = T*i o
froTi: TN — T*N, which is then a Lagrangian force on T'N. Taking the
Lagrange—d’Alembert principle and restricting to the space of constrained
curves gives the following theorem.
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Theorem 3.6.1. Given a Lagrangian system L : TQ — R with Lagran—
gian force fr : TQ — T*Q and holonomic constraint ¢ : Q@ — R%,
N=¢"%0)CQ, fN =T*io fr, o Ti, and L = L|px. Then the followmg
are equivalent:

(1) q € C(N) satisfies the Lagrange—d’Alembert principle for LY and f~
and hence solves the forced Euler-Lagrange equations;

(2) ¢ € C(Q) and X € C(RY) satisfy the forced constrained Euler—Lagrange

equations
5 a(0.0) — 5, (5200, + a0 ito)

- </\(t), g—;(q(t))>  (36.1a)
¢(q(t)) = 0; (3.6.1b)

(3) (¢,A\) € C(Q x R?) satisfies the Lagrange-d’Alembert principle, and
hence solves the forced Euler-Lagrange equations, for L : T*(Q x RY) —
R and fr : T(Q x RY) — T*(Q x RY) defined by

L(q, M\, A) = L(g,4) — (A, 6(q))

L(Q7 A qa ) - 776 © fL(qa Q),
where g : Q X R? — Q@ is the projection.

One can also project (3.6.1a) with 7% : T*Q) — T*N to obtain a system
without A, as in Section 3.3.

Observe that in the forced constrained Euler-Lagrange equations (3.6.1)
the forcing and Lagrange multiplier terms enter in same way. For this rea-
son, the Lagrange multiplier term is sometimes referred to as the forces of
constraint, and we can regard it as being a force which is constructed exactly
so that the solution is kept on the constraint submanifold V.

3.6.2. Hamiltonian systems

Following the development of the unforced constrained case, we can move
to the Hamiltonian framework by either taking the Legendre transform of
the degenerate augmented system, or by working directly on T*N.

The former approach takes a Hamiltonian force fgy : T*Q — T*Q and
forms the augmented Hamiltonian force fy : T*(Q x R?) — T*(Q x R%) by
falg, A\ p,m) = T © fr(q,p). The forced constrained Hamiltonian vector

field Xz on the primary constraint set II is defined by
ix, Q" =dH - fy
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where H and Q! are as before, and fl'q is the horizontal one-form on 7(Q x
R?) corresponding to fz. In coordinates this gives the forced constrained
Hamilton equations

OH
Xqi(Qa)\apaTr) - 8—]7'”
 oH 06
Xp’(quAavar) - _an + fH(q7p) - <)\7 8_q1<q)> )
¢(q) = 0.

Alternatively, we can directly relate the unconstrained Hamiltonian sys-
tem to the constrained system as in Section 3.3.3. To do this, we must choose
a symplectic embedding 7 : T*N — T*(@), which we will assume covers the
embedding ¢ : N — ). Given such a map, we now define the constrained
Hamiltonian force f]]{V :T*N — T*N by fﬁ = T*io fryon and we let f}{V/ be
the corresponding horizontal one-form on T*N. We assume that all other
structures are as in Section 3.3.3, so that the constrained Hamiltonian is
HN = Hon.

The forced constrained Hamiltonian vector field X ;~ and the forced un-
constrained Hamiltonian vector field X are now defined by

iy, QY =da" -l
ix,Q=dH - f}.

Denoting the Q-orthogonal projection to n(T*N) by g : T*Q — T*N, we
can show that the projection of the forced unconstrained vector field is just
the forced constrained vector field.

Theorem 3.6.2. Consider a Hamiltonian system H : T*@) — R with forc-
ing fg : T*°Q — T*Q and constraint submanifold N C @ and let the
constrained system HY : T*N — R and ffqv : T*N — T*N be defined as
above. Then Xgnv =mq - Xgon.

Proof. We can use essentially the same proof as for Theorem 3.3.3 in the
unforced case. The only additional requirement is to check that the one-form
S is the pullback under 7 of f};, so that fy,(n(pg))-Tn-VN = £ (pg)- VN,

To see this, we recall that 7 covers the identity and so mg on = iomy.
Using the derivative of this expression we calculate

N(pg) - VN = (T*i0 frr onlpy), Ty - VN
= (fu on(py), TioTrn - V)
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= (fuon(pg), TrgoTn- V™)
= (1" (1)) (pg) - VY,

which can then be used to modify the proof of Theorem 3.3.3, to obtain the
desired result. O

3.6.3. Legendre transforms

Given a regular Lagrangian system and the corresponding regular Hamil-
tonian system, we have seen in Section 3.3.4 that the standard Legendre
transforms provide a canonical way to construct a map n : T*"N — T*(Q and
so to regard T*N as a submanifold of T*(Q.

Furthermore, as we saw in Section 3.1.3, the forced Lagrangian and Ham-
iltonian vector fields are related by the standard Legendre transform, so this
will hold for both the constrained and unconstrained systems. Note that our
definitions of constrained Lagrangian and Hamiltonian forces commute with
the Legendre transform, so that if fr, = fg o[FL then f]{V = f}qv oFLYN. This
can be seen by recalling that no FLY = FL o T and using the definitions of
the constrained forces.

We thus have that the constrained and unconstrained forced vector fields
on both the Lagrangian and Hamiltonian sides are related by projection and
Legendre transforms, which fully commute. In particular, we can write the
projected vector field on the Hamiltonian side in coordinates to give

. OH
q= 8—p’
OH
5 — ~ 30 " MNVé(q) + fulq,p),
¢(q) = 0.

In the special case when the Hamiltonian depends quadratically on p then
this projection is induced by the metric given on T*Q by the kinetic energy,
as in Section 3.3.4 above.

3.6.4. Conservation properties

Given a group action @ : G x ) — (), we have seen in Section 3.4.4 that if ®
leaves N invariant then it can be restricted to an action ® on N and the
infinitesimal generators of this restricted action are related by projection to
the generators of the action on ). This then shows that the momentum
maps of the constrained systems are just the appropriate restrictions of the
unconstrained momentum maps.

In addition, from Section 3.1.4 we know that if the Lagrangian is invariant
under the group action and the forces are orthogonal to the action, then
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Noether’s theorem will still hold. In the constrained setting, observe that
we have

(78 (o), En(@)) = (T*i© fu o Tifug), En(a))
— (f10Ti(vy), Ti - £n(q))
— (f10Ti(vy), &g 0 i(q)),

and so if fr, is orthogonal to {g then the constrained force f I{V will also be
orthogonal to the constrained infinitesimal generator &x. This gives us the
following Noether’s theorem.

Theorem 3.6.3. (Forced constrained Noether’s theorem) Consider
a Lagrangian system L : TQQ — R with constraint submanifold N C @,
forcing fr : TQ — T*Q and a symmetry action ® : G x Q — @ such that
(fr(g,d),€q(q)) = 0 for all (¢,¢) € TQ and £ € g. Then the constrained
Lagrangian momentum map Jyn~ : TIN — g* will be preserved by the forced
constrained Lagrangian flow.

Of course, it is only necessary that the constrained force be orthogonal to
the group action on the constraint submanifold and that the reduced action
be a symmetry of the constrained Lagrangian. The above theorem simply
gives sufficient conditions for this in terms of the unconstrained quantities.

3.7. Discrete variational mechanics with forces and
constraints

We now combine the previous results for forced and constrained systems to
consider discrete Lagrangian systems with both forcing and constraints. The
definitions and results are the expected combinations of the special cases of
only forcing or only constraints, and so we will not give detailed proofs.

3.7.1. Lagrangian viewpoint

Given discrete Lagrangian forces fj, f; - @ xQ — T*Q, we form the
restrictions féwr,fd T:NxN —T*N by féVi =T*io joiNXN, which are
then discrete Lagrangian forces on N. As in the continuous Lagrangian case,
we now take the discrete Lagrange—d’Alembert principle from Section 3.4
and constrain it to N, thus obtaining the following theorem.

Theorem 3.7.1. Given discrete Lagrangian system Ly : Q X Q@ — R with
discrete Lagrangian forces fj, f; 1 @xQ — T"(Q and holonomic constraint

¢:Q—RI set N =¢~1(0) C Q, [ =T"of7oiV*N and LY = Ly|gxq-
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Then the following are equivalent:

(1) qa = {qx}}_, € Ca(N) satisfies the discrete Lagrange-d’Alembert prin-
ciple for LY f év Tand f év ~, and hence solves the forced discrete Euler—
Lagrange equations;

(2) qa = {a}hy € Ca(Q) and Ny = {\}1 ' € Ca(RY) satisfy the forced
constrained discrete FEuler—Lagrange equations
DaLa(qr-1,qx) + D1La(qk, qr+1)
+ f;—(qk*h qk) + fd_(qka qk+1) - <)\k7 V(b(qk)) ) (3713)
¢(qk) = 0; (3.7.1b)

(3) (qasAa) = {(qr, M)}y € Ca(Q x R?) satisfies the discrete Lagrange-
d’Alembert principle, and hence solves the forced discrete Euler—La-
grange equations, for either of E;,E; QxR x (Q xRY) — R
defined by

L7 (qks Ay @t 15 A1) = La(ars @rren) — Merns d(arr))
L (ks My @t 15 A1) = La(ans arr1) — My 8(ar))
with the discrete Lagrangian forces fj, fg S (Q x RY) x (Q x RY) —
T*(Q x RY) defined by
I3 @y Ms @1, M) = 75 © [ (ais @rrr)
I3 (@ Ay Gt 1s M) = 75 © f7 (ars Grrr),
where mg 1 Q X R? — @ is the projection.

Using the canonical projection operator T*i : T*Q — T*N, we can also
write (3.7.1) without the Lagrange multipliers.

3.7.2. Discrete Hamiltonian maps

We first consider the augmented approach to constructing a discrete Ham-
iltonian map, despite the lack of regularity. The forced augmented discrete
Hamiltonian map F—; : (o, Ao, po, o) — (q1,A1,p1,71) is defined by the

equations
po = —D1La(q0, q1) — f; (q0,q1) + (Mo, Vé(qo)) , (3.7.2a)
T = ¢(qo), (3.7.2b)
p1 = DaLa(qo, q1) + £ (g0, q1)- (3.7.2¢)
m =0. (3.7.2d)

Restricting to the primary constraint set II € T*(Q x R%) now shows that
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these equations are equivalent to the forced constrained discrete Euler—
Lagrange equations (3.7.1) together with the constraint ¢(qx) = 0. As
before, the evolution of A is not well-defined.

Rather than considering the augmented systems, we can also directly re-
late the constrained and unconstrained systems. Here we must use the forced
discrete Legendre transforms (3.2.4), which we recall are

F/ L : (g0, q1) = (q1,p1) = (q1, DaLa(qo, q1) + £ (a0, q1)),
F/~ Ly (q0,q1) — (q0,10) = (g0, —D1La(q0, q1) — f; (0, q1))-

These depend on both the discrete Lagrangian and discrete forces. From
(3.4.4) we have the relations

Do LY = T*i o DyLgoiV*V,
—DyLY = T*io(—DyLy) 0 i™*¥,

and, combining these with the definitions of the constrained discrete forces
év * and fC]lV ~, we have the following commutative diagrams, where the
discrete Legendre transforms are those which include the forcing.

F/-L Ff+L
T*Q|N - Q x Q‘{qoeN} Q % Q’{qleN} H(-iT*Q’N (3.7.3)
T*il TiNxN ,L'NXNT lT*i
TN R LY N x N N x N FILY T*N

This is the equivalent of (3.4.4) in the unforced case, and using this we
now have the equivalent of diagram (3.4.5) for the forced discrete Legendre
transforms, proving the following theorem.

Theorem 3.7.2. Consider a regular discrete Lagrangian system Ly : Q X
@ — R with constraint submanifold N C @ and forcing fj, f; :Q@xQ—

T*Q. Then the forced constrained discrete Hamiltonian map F Ly T*N —
T*N has the following equivalent formulations:

(1) FLé\’ : (q[)ap()) — (Qval) fOI‘ (q07p0)7 (qlapl) S T*N Sa'tiSfying

po = —D1L (q0.q1) — £ (90, 1), (3.7.4a)
p1 = DaL (g0, q1) + féw(qo, aQ); (3.7.4b)

(2) Fyy < (q0,p0) = (a1,p1) for (qo,po). (q1,p1) € T*N satistying
po = (T*1)go ((=D1La = fy) 0 "N (g0, 11)), (3.7.5a)

p1 = (T*)g, (DaLa+ f]) 0 i""*N(q0, q1)); (3.7.5b)



DISCRETE MECHANICS AND VARIATIONAL INTEGRATORS 459

(3) FLQ : n(T*N) +— n(T*N) for (qo,po) € n(T*N) and (q1,p1) € T*Q

satisfying
po =Pg ((=D1La — f7) 0™ N (g0, q1)), (3.7.6a)
p1=Po (D2La+ f) 0 i"* N (g0, 1)), (3.7.6b)
¢(q1) = 0. (3.7.6¢)

Here n : T*N — T*(Q is any symplectic embedding covering the identity,
so that rgon =ionmy, and P : T*Q|n — n(T*N) is the map defined by
P =noT*i.

These equations are clearly the combination of the constrained equations
from Theorem 3.4.2 with the forced equations (3.2.5).

Now assume that 7 is constructed from the Legendre transforms of some

regular Lagrangian according to (3.3.7). Introducing Lagrange multipliers
allows us to rewrite (3.7.6) as

Po = _DlLd(QOu Q1) - fd_(QO7 91) + (A(O))Tvqs(qo)a

(3.7.7a)

p1 = DaLa(q0, 1) + f;f (q0,01) — AM)'Ve(q1), (3.7.7b)

?(q1) =0, (3.7.7¢)

Voar) - G (ar,) =0 (3.7.70)

where (qo, po) are in n(T*N). As before, we have chosen the signs on the La-
grange multipliers to correspond with the conventions of the discrete forces.

This form of the forced constrained discrete Hamiltonian map shows
clearly that one can interpret the Lagrange multiplier terms as discrete
forces of constraint. That is, the additional terms due to the constraints
enter the equations in exactly the same way as the forcing terms. Indeed,
the constraint terms can be regarded as forces which have exactly the correct
action to keep the discrete trajectory on the constraint submanifold N.

If we are working with a particular form of Lagrangian, such as one involv-
ing a quadratic kinetic energy, then we can explicitly write the projection
form of the discrete Hamiltonian map as was done in Section 3.4.3.

3.7.83. Ezact forced constrained discrete Lagrangian

Given a Lagrangian system with forces and constraints, we can combine the
ideas from Sections 3.2.4 and 3.4.5 to define the appropriate exact discrete
Lagrangian and exact discrete forces.

Begin by considering the constrained system LY : TN — R with con-
strained force fiv : TN — T*N. Recall that the exact forced discrete
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Lagrangian LNE N x N x R is the action (3.2.7a) along a solution of
the forced Euler Lagrange equations, and that the exact discrete forces
NE+, I NME= . N x N xR — T*N are the integrals of the forces (3.2.7b),
(3 2.7c) along the variations of such a solution.
Having constructed these functions on N x N x R, we take any smooth
extension to functions L QX QxR and fQ E+, Q.E- QX xR — R,
as in Section 3.4.5. The same argument as used there now shows that

(T"1) o (Ff_Lc?’E(QO, q1,h)) = (T")go (FL(q0,1(0), G0,1(0))),
(T*)g, (FT L (g0, 01, 1)) = (T%1)gy (FL(g0.1(h), Go0.1(R))),

for all o, q1 € N and the corresponding solutions ¢ : [0, h] — N of the forced
constrained Euler-Lagrange equations.

Using the above definitions, it is clear that to derive high-order discrete
Lagrangians and discrete forces in the presence of constraints, both the
discrete Lagrangian and the discrete forces will have to depend upon the
continuous Lagrangian, the continuous forces and also the constraints. We
will see examples of this below.

3.7.4. Noether’s theorem

Consider a group action ® : G x Q — @ and assume that it leaves IV invari-
ant, so that it restricts to ®V : Gx N — N. In the presence of forcing we saw
in Sectlon 3.2.3 that it is necessary to use the forced Legendre transforms
to define the discrete momentum maps by (3.2.6). For the unconstrained
system this gives

Jf+(QO;Q1) ¢ = (F" La(go, 1), o (an)), (3.7.8a)

JLd (g0, q1) - € = (F' " La(g0, 1), o)), (3.7.8b)
while the constrained forced momentum maps are

Jf (90, q1) - € = (FIT LY (qo, @), En(an)), (3.7.9a)

J£g<qw & = (/LY (q0, @1), v (@))- (3.7.9b)

Recalling that the forced discrete Legendre transforms satisfy (3.7.3), we
can use the relations (3.4.11) between the constrained and unconstrained
infinitesimal generators to show that

f+ _ gf+  NxN
JLQ\’ =Jy, o1, (3.7.10a)
Ty =Jl oil N, (3.7.10b)

which is the forced equivalent of (3.4.12). If the group action is a symme-
try of the discrete Lagrangian then these momentum maps will be equal.
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In general Noether’s theorem does not hold in the presence of forcing, ex-
cept in the special case when the forces are orthogonal to the group action.
We will now see how this occurs in the presence of constraints.

Recall that, given discrete forces f; and f; , we can construct a one-form
faon @ x @ by (3.2.1), which gives

¥ (q0:q1) - (890, 0q1) = FV (o, q1) - 6ar + £ (g0, q1) - Hqo,
falgo, @) - (8q0,6q1) = f5 (q0,q1) - 6a1 + f; (g0, q1) - o,

and so we have the relation fév = T*(iN*N) o f304N*N, Using this, we
compute

(f2(q0: 1), Enxn(gosq1)) = (T* (P N) o fa0 i N (g0, q1), Enxn (90, q1))
= (fa0i" N(qo,q1), T(iI"*N) o Ensn (g0, q1))

= <fd o Z'NXN(C_IOa (I1)75Q><Q © Z.NXN(q(]a q1)>a

where we have used the fact that {gx¢ o iNXN = T(N*NY o €y . This
shows that if f; is orthogonal to £gxq, so that (f4,éoxg) = 0, then fIV will
be orthogonal to {nx . We thus have a Noether’s theorem in this case.

Theorem 3.7.3. (Discrete forced constrained Noether’s theorem)

Consider a discrete Lagrangian system Ly : () x Q — R with constraint sub-
manifold N C @, discrete forces fj, f; Q@ xQ — T*Q and a symmetry
action ® : G x Q — @ such that (fq,{oxq) = 0 for all £ € g. Then the

constrained Lagrangian momentum map J { N : N X N — g* is preserved by
the forced constrained discrete Hamiltonian map.

As in the continuous case with forcing and constraints, this only provides a
sufficient condition as it is enough to just have orthogonality and invariance
on N.

3.7.5. Variational integrators with forces and constraints

Consider a Lagrangian system L : T'() — R with a constraint submanifold
N C Q specified by N = ¢~1(0) for some ¢ : Q — R? and a Lagrangian force
fr:TQ — T*Q. We would now like to construct a discrete Lagrangian L :
Q x Q@ — R and discrete forces fj, f; @ x Q — T*Q which approximate
an extension of the exact discrete Lagrangian and exact forces. The discrete
Hamiltonian map will then be an integrator for the continuous system.

We will assume here that the Lagrangian is regular, so that it has an
equivalent Hamiltonian formulation, and also that () is linear and isomorphic
to R™. Regularity of the Lagrangian also provides a canonical embedding
n:T*N — T*Q, and we will use the Lagrange multiplier formulation (3.7.7)
of the forced constrained Hamiltonian map. As in Section 3.5.2, we will



462 J. E. MARSDEN AND M. WEST

rescale the Lagrange multipliers by the time-step to give

po = —D1La(qo0,q1) — f7 (90, 1) + h(AN) T V(qo),

(3.7.11a)
p1 = DaLa(q0,q1) + f;f (q0, 1) — h(AD) 'V (qr),
(3.7.11b)
¢(q1) =0, (3.7.11c¢)
Vo(q) - %—Ij(ql,pl) =0, (3.7.11d)

where the initial condition (g, po) is in n(T*N), and we solve over (q1,p1) €
T*Q. The last two equations ensure that the solution (g1,p1) will also lie
in n(T*N). Of course, we could also use one of the alternative formulations
from Theorem 3.7.2 or we could use the forced constrained discrete Euler—
Lagrange equations (3.7.1) and work directly on N x N.

To construct discrete Lagrangians and discrete forces we can use any of
the techniques discussed previously. Here we give a few examples.

Example 3.7.4. (Low-order methods) For alow-order discrete Lagran-
gian and discrete forces, such as the L§ and fg’i from Example 3.2.2, we
can simply restrict them to NV x N, as in Section 3.5.3. This yields a simple
method that remains on the constraint manifold and includes the forcing. ¢

Example 3.7.5. (Composition methods) As we have seen in several ex-
amples already, composition methods provide a particularly elegant method
to construct high-order methods from a given low-order integrator. In the
case of systems with both forcing and constraints, the appropriate composed
discrete forces and discrete Lagrangians are given by the combination of the
definitions for the forced and constrained cases. O

Example 3.7.6. (Symplectic partitioned Runge-Kutta methods)
Combining the definitions of the discrete forces (3.2.8) with the constrained
formulation of the discrete Lagrangian (3.5.6), we arrive at discrete forces
and a discrete Lagrangian for which the discrete Hamiltonian map is a con-
strained symplectic partitioned Runge-Kutta method with forcing. O
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PART FOUR
Time-dependent mechanics

4.1. Introduction

In this part we address the issues of nonautonomous systems and discrete
energies, which are closely related. In doing so, we rederive the symplectic—
energy—momentum-conserving integrators of Kane et al. (1999q) in a purely
variational way. We stress, however, that the theory developed here has
many applications, aside from deriving such integrators. These applica-
tions include a deeper understanding of the behaviour of the symplectic—
momentum integrators discussed in previous parts, as well as apparently un-
related areas such as nonsmooth variational mechanics (Fetecau et al. 2001).

The basic methodology used here is that of variational mechanics and vari-
ational discretizations. Unlike the standard discrete variational mechanics
discussed in earlier parts of this work, however, we extend the framework
to include time variations in addition to the usual configuration variable
variations, as in Lee (1983) and (1987).

For continuous Lagrangian dynamics, these extra variations, which pro-
duce conservation of energy, do not contribute any new information to the
Fuler-Lagrange equations. In the discrete setting, however, we see that we
obtain an extra equation which exactly ensures preservation of a quantity
we can identify as the discrete energy. In this way, both the definition of
the discrete energy and the fact that it is preserved arise naturally from the
variational principle.

This same approach is also used in variational multisymplectic mechanics,
where a configuration is regarded as a section of a fibre bundle over spacetime
and we distinguish between vertical (configuration) variations and horizontal
(spacetime) variations. In that theory the nature of the dual state space and
fully covariant momentum maps can be properly defined. The interested
reader is referred to Gotay, Isenberg and Marsden (1997) and Marsden,
Patrick and Shkoller (1998), as here we use only the limited subset of the
formalism which is sufficient for our purposes. To keep the exposition as
simple and direct as possible, we have had to compromise with the general
theory just a little: for example, in discussing momentum maps, one should
really use the affine dual rather than the linear dual as we do here. This
distinction becomes crucial in the multisymplectic, or PDE context.

We also investigate the links between the discrete variational mechanics
and Hamilton—Jacobi theory. In particular, we see that requiring the discrete
and continuous energies to be equal is exactly the Hamilton—-Jacobi PDE,
which proves that the symplectic—energy—momentum variational integrators
will only conserve the continuous energy exactly if they also exactly integrate
the continuous flow.
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This result is clearly consistent with the well-known theorem of Ge and
Marsden (1988) and shows the advantage of identifying the correct discrete
energy. While we cannot hope to conserve the continuous energy for an
arbitrary non-integrable system, we can exactly conserve the corresponding
discrete quantity.

This is similar to the situation with the Newmark integrator, discussed
in Kane et al. (2000), where it was long thought that the integrator did not
conserve the momenta, but where the problem was simply that the wrong
discretization of the momenta was being used. Once the correct discretiza-
tion was chosen, it was seen that the algorithm was actually momentum-
conserving (and indeed symplectic).

4.2. Background: Extended Lagrangian mechanics
4.2.1. Basic definitions

Consider a configuration manifold () and the time space R. Define the
extended configuration manifold to be Q = R x @ and the corresponding
extended state space to be R x T'Q). Take an extended Lagrangian L : R x
TQ — R.

The extended path space is

C = {c:lag,af] — Q| cisaC? curve and ¢}(a) > 0},

and we denote the two components of ¢ by c¢(a) = (ci(a),cq(a)). Given a
path c(a), we define the initial time to = ci(ag) and final time ty = ci(ty)
and we form the associated curve q : [to,tf] — Q by

q(t) = ol (1))

It is simple to check that two paths c¢!(a) and ¢?(a) have the same associated
curve if and only if they are reparametrizations of each other: that is, if there
exists a smooth monotone increasing isomorphism A : [ag, a¢] — [ag, af] such
that ¢! o h = 2.

Given an associated curve, it will be useful to define

q(t) = (t.a(1),4(t)) e R X TQ,
q(t) = ((t.a(). (1)), (1,4(t). (1)) € TR x TQ).
Now define the extended action map & : C — R to be
&(c) = / YL a, (4.2.1)

where ¢(t) is the associated curve to c(a) and ¢y and t; are the initial and
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final times, respectively, for c. Differentiating q(t) = c,(c; ' (t)) gives

cyler ' (1)
ci(er (1)

where ¢ denotes the derivative with respect to ¢ and ¢’ denotes the derivative
with respect to a. With this,  can be written as

q(t) = (4.2.2)

&(c) = / :f L <ct(a), ¢o(a). @> ¢(a) da. (4.2.3)

ci(a)

The tangent space T,.C to the extended path space C at the path c is
the set of all C? maps éc : [ag,af] — TQ such that Tg o dc = ¢, where
Lol TQ — Q is the canonical projection map.

Define the extended second-order submanifold of T(R x T'Q) to be

O ={weTRxTQ)| Trg(w) =mro(w)} C TR xTQ),  (4.2.4)

where g : R X T'Q — Q and 7rq : T(R x TQ) — TQ are the canonical

projections. () is the set of points of the form ((t,q,q"), (t',q,q")), where
the third and fifth entries are equal.

4.2.2. Variations of the action

Now that we have defined the spaces we are working on and have formed
the action function, we are ready to derive the Euler—-Lagrange equations of
motion and prove a number of facts about solutions of these equations. The
basic methodology here is variational, that is, we derive the equations and
symplectic forms from taking variations of the action with respect to the
path. To begin this process, we state the following fundamental theorem.

Theorem 4.2.1. Given a C* extended Lagrangian L : R x T'Q — R,
k > 2, there exists a unique C*~2 mapping Dgp,L : O — T*Q and a unique
C*=1 one-form O, on the extended state space R x T'Q, such that for all
variations dc € T.C of ¢ € C we have

t

d&(c)-dc= | DeLL(G)-dc dt+O1(G) - dc z", (4.2.5)
where
. ) (cg)'(a)
ocla) = — ci(a), cg(a), Z/ ,
(@) aeezo< @5 ()

and c(a) is such that dc(a) = %
to c(a).

L:O c“(a) and ¢(t) is the associated curve
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The one-form Oy is called the extended Lagrangian one-form and the
mapping Dgr, L is called the extended Euler—Lagrange map. In coordinates
they have the form

Prr L(e") = [aL d (aLﬂ dci + [a—L + 2 <3—L - L>] de,

dgi  dt \9¢' ot dt \ 9g
(4.2.6)
or(d) = [g—ﬂ dc}, — B—;qi - L} dey (4.2.7)

where the various quantities are evaluated at either t or a = ¢; '(t) as ap-
propriate.

Proof. Take the derivative of equation (4.2.3) in the direction dc to obtain

- “[0L_ 9L OL (6c, ¢ici\]
d@(c) -0c = /ao [aéct + a—q5cq + a—q (C—:e - (C£)2>:| Ct da

af
+ / Léc, da

ao

“ TOL , d 8L]
= —c¢, — ——| dc,da
/ao [8(1 ' dadg| *

oL , d [(OLc
ot — (a2~ L||ded
+/a0 [8tct+da<0cjcg >} ceda

ayf / af
[l L)l

0q a0 d9q ¢, a0

where integration by parts has been used on the 5051 and ¢} terms.

Now change coordinates so that the integrals are taken with respect to
t rather than a. In doing this, use the facts that dt = ¢}(a)da and % =
c;(a)-&. This gives the desired expression (4.2.5) with the Euler-Lagrange
derivative (4.2.6) and the Lagrangian one-form (4.2.7). O

The fact that the extended Euler-Lagrange operator and extended La-
grangian one-form are functions only of the associated curve ¢(t) and not
of the full path c(a) is a reflection of the fact that the extended action & is
itself only a function of ¢(¢). This will be very important in what follows.

4.2.8. FEuler—Lagrange equations

Hamilton’s principle of critical action now seeks those paths ¢ € C which
are critical points of the action. More precisely, define the space of solutions
Cr, C C to be all those paths ¢ that satisfy d&(c) - 6c = 0 for all variations
§c € T.C which are zero at the boundary points ag and af.
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Using equation (4.2.5) it is clear that ¢ is a solution if and only if the
extended Euler-Lagrange map (4.2.6) is zero on the associated curve to ¢
for all t € (to,ts). For any time ¢ this statement is

DerL(§) =0 (4.2.8)

and is called the extended Euler-Lagrange equations.

The fact that the extended Euler-Lagrange map depends only on the asso-
ciated curve, and not on the path c¢ itself, means that any other paths which
have the same associated curve will be solutions if and only if ¢ is a solution.
As remarked earlier, this is equivalent to the paths being reparametrizations
of each other. We can thus group the solution space Cr, into equivalence
classes of paths, each of which correspond to a single associated curve that
satisfies the extended Euler-Lagrange equations. We will use this identifica-
tion later when deriving an extended Lagrangian vector field and flow map,
and in proving the conservation properties of these structures.

Of course, for an arbitrary Lagrangian the extended Euler—Lagrange equa-
tions will not necessarily uniquely define the associated curve, either. For
the remainder of this section, however, we will assume that L is chosen
such that ¢(t) is uniquely determined, and in Section 4.4.4 we will consider
conditions under which this is true.

Considering the expression of the extended Euler-Lagrange equations in
more detail, we can break it up into the two components to give

oL d /0L

a7 at (%) -0 (:2:90)
oL d [OL B
ot (aqﬂ - L) -0 (4:2:90)

In fact, only the first component of the Euler—Lagrange equations (4.2.9)
is necessary, as it implies the second. To see this, consider an associated
curve ¢ satisfying (4.2.9a) for all ¢t € (to,t;). We now compute the second
component (4.2.9b) of the Euler-Lagrange equations to be

oL d [(OL , oL ~d (oL\ , 0L, dL

Wa(a—qﬂ‘ ):Wa(a—qi) ot "
oL oL, oL, dL
—[Wa—qz‘ " o4 }‘E
:07

where we used (4.2.9a) to pass from the first to the second line. The space
of solutions Cy, is thus the space of paths whose associated curves satisfy
(4.2.9a) for all ¢.

This redundancy in the equations is a reflection of the fact that they
only depend on the associated curve, and so the equations cannot determine
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the map ¢;(a). There must therefore be some functional dependency in the
system, as is explicitly shown above.

The second part of the extended Euler-Lagrange equation (4.2.9) is actu-
ally the statement of energy evolution for an extended Lagrangian system.
The energy Er, : R x T'QQ — R is defined to be

. OL N .

and is constant along solutions if L does not explicitly depend on time.
This is clear from the fact that the second part (4.2.9b) of the extended
Fuler-Lagrange equations can be written as

oL dEp
N + J—
ot dt
Another reason that only the first part (4.2.9a) of the extended Euler—
Lagrange equations is needed is that it already has the energy evolution built
into it, making the second part redundant. If it did not, then the second part
would ensure energy conservation (for L time-independent) or the correct
energy change (for L time-varying). This will be especially important when
we consider discrete Lagrangian systems.
Note that the definition of the energy function (4.2.10) also allows us to
write the extended Lagrangian one-form in the compact notation

- oL
Or = —dq — Erdt, (4.2.11)
9q
where we use (q,t) to refer to the two components of ¢. This expression for
O, will be useful when we consider the corresponding discrete object.

=0.

4.2.4. Lagrangian vector fields and flow maps

As we have already seen, the solution paths are only uniquely defined up to
reparametrizations in a. Equivalently, this means that only the associated
curve is uniquely defined by the extended Euler-Lagrange equations. For
this reason, there is no unique vector field on T'Q for which solution paths
are integral curves, but there is a unique vector field on R x T'Q for which
the associated curves are integral curves, assuming that the time evolution
is fixed as the identity.

More precisely, define extended Lagrangian vector field X : R x TQ —
T(R x TQ) to be the unique second-order vector field satisfying

DgrLo Xy, =0,
TFR S XL(ta q, q) = (t7 1)7

where g : R x TQQ — R is the projection.
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The extended Lagrangian flow Fr :Rx (RxTQ)— R x TQ is the flow
map of X, and we write F}j R xTQ — R x TQ for some fixed time h.

4.2.5. Conservation of the extended symplectic form

Using the definition of FJ,, it is clear that setting q(t) = m¢ oFi‘tO (to, 90, do)
for some initial condition (%g, o, Go) € R x T'Q means that ¢(t) will satisfy
the extended Euler-Lagrange equations and will thus be an element of Cy,.
Also, given any ¢(t) € Cy, it will satisfy q(t) = 7 o F} " (to, q(to), d(to)-

Choosing an elapsed time h € R, we may thus define the restricted ex-
tended action map & : R x TQ — R to be

~

®h(t07 q0, CIO) = 6<C)7
where ¢ € Cr(Q) is any solution satisfying

cglao)

<Ct(a0)ucq(a0)a Cg(a0)> = (t0, 40, 490),

celay) =to+ h.

We now wish to calculate the derivative of this expression. Begin by con-
sidering a variation derived from a family of initial conditions by

) . 0
((t0, 90, do), (0to, 690, 640)) = =

| i) € TR X TQ),

e=0

and let ¢¢ € Cr, be a corresponding family of solutions satisfying
(cg) (ao)
€ € q € € €
_ = t
(Ct(a(])?cq(a(])? (Cg)/(ao) ( 07QO7QO>1
¢ilag) = ty+ h.

Observe that we thus have
A ¢ ¢ (cg)'(a) ey —
Fi O a) = (cita il ) = ()
t

and so

~

50(@0) - FL()(t(E)vq(E)aQS) = (5t0,(5(]0,5(j0),

e=0

Flff(t(ﬁ)a q(€)7 Q(E)) = TF[}/l(tov q0, q0) ' (5t07 5QO7 5(]0)

9
Oe
5 9

dclag) = 3

€le=0

To calculate d® we now use equation (4.2.5) for the derivative of the ex-
tended action together with the above expressions for the variations and the
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fact that the extended Euler—Lagrange map is zero on solutions to give
d®"(to, g0, do) - (8to, g0, 3d0) = O (F1(to, q0,do)) - TEL - (6o, dq0, o)
— 0L (to, 90, do) - (6to, dqo, 4o),
which implies that
d&" = (F})*6, —6r. (4.2.12)

Taking a further derivative of (4.2.12), and using the fact that d = 0, now
gives conservation of the extended symplectic structure

(F2)Qr = 9,
where Q7 = —dOy, is the extended Lagrangian symplectic form on R x T'Q.

4.2.6. Conservation of momentum maps

Consider a Lie group G which acts on Q by the (left or right) action Q.
G x Q — @ in such a way that it covers an action ®' : G x R — R, which
is assumed to be monotone (9;®'(¢) # 0). In coordinates this is

L(t,q) = (®'(t), D (t, q)).

The tangent lift of this action to dTQ : G x TQ — TQ is defined by @ZQ =
T®,, and the lift to the extended state space ®**T@ : G x (R x TQ) —
R x T'Q is defined by

0@y (t, q) + 0gPe(t, q) - ¢
RxT . t t*¥g\ly g\l
IETRt, g, ) = (<I>g<t>,<1>g<t,q>, ] )

o ®E(t)

This is defined so that, if a path c(a) is transformed by the pointwise action

of @ZQ, then the associated curve and its first derivative will transform
. . . RxTQ

pointwise with ®g . B
The infinitesimal generators corresponding to these actions are {5 : @ —

T(Q), §ro TQ — T(TQ) and rxrg : R x TQ — T(R x TQ), given by

ot q) = i(‘I>f;2(lt,tz)) ¥3

dg
d _
&rg(t q,0t,6q) = d—g(@_ﬁ,f@(t, q.0t,3q)) - &,
. d .
é.]RXTQ(ta q, Q) = d_g (@EXTQ(t> q, Q)) : ‘5

The extended Lagrangian momentum map Jp : R x TQ — g* is now de-
fined by

jL(taQa Q) ) f = éL : gRXTQ(t7q)(j)‘



DISCRETE MECHANICS AND VARIATIONAL INTEGRATORS 471

Denoting the two components of {5 by {5(t,q) = (§é(t,q),§%(t,q)), it can

be checked that an equivalent expression for Jy, is

oL
JL(t7Q7Q) ' E = <8_q7§é(t7Q)> - EL(t7Q> Q)gé(ta Q)v

which is useful in applications as it does not involve the lifted action.

If ®Q acts by extended special symplectic maps, so that (@?)*@_ L. =0r,
then it can be proved that the lifted action on the extended state space is
equivariant, so that .J, LO@E;XTQ = AdZ_1 oJr. The proof of this is essentially
identical to that of Theorem 1.2.2.

In the autonomous setting, invariance of the Lagrangian implies invariance
of the action. As the action is an integral with respect to time, however, and
extended group actions can reparametrize time, this is no longer sufficient.
Instead, we say that the group action is a symmetry if the one-form Ldt is
preserved, so that

(©79)*(Ldt) = Ldt.

In fact, this same condition ensures that the group action is by extended
special symplectic maps, and hence the momentum maps are equivariant.
To see this, we differentiate the above expression with respect to ¢ in the
direction d¢g to obtain

oL oL

5 ° PETR. 9@l - 5q = 9 5q,

and substituting this into the expression for (QEXTQ)*((:)L)(L q,q)-(9t,dq,04q)
we can rearrange to obtain Oy - (§t,dq, 64).

Note that in the language of multisymplectic mechanics we have required
that the Lagrangian density be invariant, and the extended Lagrangian mo-
mentum map defined above is the fully covariant Lagrangian momentum
map. See Gotay et al. (1997) for more details.

Theorem 4.2.2. (Extended Noether’s theorem) Consider an extended
Lagrangian system L : R x TQ — R with a (left or right) symmetry action
® : GxQ — Q. Then the corresponding (left or right) extended Lagrangian
momentum map Jr, : R x TQ — g* is a conserved quantity of the flow, so
that J; o FP = J; for all elapsed times h.

Proof. First define the lifted action on paths ®€ : G xC — C by @S(c)(a) =

@gQ(c(a)). If two paths ¢; and ¢ have the same associated curve ¢, then
the transformed paths ¢; = @g(cl) and ¢ = @g(CQ) will also map to a single
associated curve g. We can thus define the lifted action of G on the set of
associated curves by

7 (q) = €70 qo (2)) 7",



472 J. E. MARSDEN AND M. WEST

so that if ¢ is the associated curve to ¢, then @g(q) is the associated curve

to @5(@. The infinitesimal generators corresponding to the action on the
space of paths is & : C — TC defined by
d c
s(c P > .
ele) =, (200) €
If the one-form Ldt is invariant, then taking an integral of this along an
associated curve shows that the action & : C — R is also invariant, which is
o <I>C = 6.
We thus have that solution curves map to solution curves and so £z(c) €
T.C. Restricting the infinitesimal invariance of the action to the space of
solutions gives

0= d&(c) - &) = Or(d) -be| |,

where
setn) = 3 (%tert0), e, ), 2GR )
a*g t
= digq)ﬂg%XTQ@(t)) -&  where t = ¢(a)
= ErxrQ(4(t))-

Recall now that, for an initial condition (¢9, qo, do) with corresponding solu-
tion (t), we have d(to) = (fo,do,do) and g(ty) = Fl(to, o,do). Combining
this with the above expressions now gives

0 = O (F7(to, q0,do)) - Erxrq (F1(to, 90, do))
— O1(t0, 90, 40) - Erx1@(to, 0, Go)

which is exactly the statement J, o F’}j = Jr. O

An interesting example of an extended momentum map arises for the
time translation action of R on (. The corresponding momentum map is
Jr(t,q,4) = —EL(t,q,¢)d¢ and if the Lagrangian is time-independent then
Noether’s theorem recovers the statement of energy conservation.

4.3. Discrete variational mechanics: Lagrangian viewpoint

We now turn to constructing a discrete time-dependent Lagrangian mechan-
ics. As in the continuous case, the basic idea is to use a variational principle
to derive the equations of motion, which then automatically guarantees con-
servation of discrete symplectic forms and discrete momentum maps.

The difference from standard discrete variational mechanics is that we
work here with time-varying systems and take variations with respect to
time, and not only with respect to the configuration variables. This gives
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us two components to the discrete Euler—Lagrange equations, the second
of which ensures the preservation of a discrete energy. This is different
to the continuous case, where the first component of the Euler-Lagrange
equations implies the second. In the discrete setting, both are independent
and necessary.

4.8.1. Basic definitions

Consider once again a configuration manifold @, time space R and extended
configuration manifold Q = R x Q. Define the extended discrete Lagrangian
state space to be Q x Q and take an extended discrete Lagrangian Lg :
QxQ —R.
The extended discrete path space is
Ca=1{c:{0,....N} — Q| ci(k+1) > ci(k) for all k},

and as before we denote the two components of ¢ by c(k) = (¢i(k), cq(k)).
Given a discrete path ¢, we form the associated discrete curve

q:{ct(0),...,c(N)} = Q

q(ct(k)) = ¢q(k),

and we denote the images of the time component of ¢ by t; = ¢;(k) and
the images of the configuration component by g, = q(ct(k)) = c4(k). An
extended discrete path is thus a sequence {(tx, qk)}évzo of points (¢, qx) € Q.

Observe that, unlike the autonomous situation, the extended discrete La-
grangian state space Q@ x Q@ = R x Q x R x @ is not locally isomorphic to
the extended Lagrangian state space R x T'Q), as it has one extra dimension.
Regarding a discrete Lagrangian system as an integrator, this is a reflection
of the fact that nonautonomous discrete Lagrangian systems require adap-
tive time-stepping, which implies that it is necessary to keep track of both
the current time and the current time-step.

In the case when the system being modelled is indeed autonomous, one
could take the discrete system to be @ x R x @, with each element (qo, h, q1)
consisting of two points ¢g and ¢; and a time-step h. As we will see
later, however, this is not essentially different from the more general case of
(to,qo,t1,q1), and so we will only consider this more general formulation.

The extended discrete action sum G4 : Cq — R is given by

by

N-1
Balc) = 5™ Lale(k), ek + 1), (4.3.1a)
=0
N-1
G4(c) = Lq(tr, Gy tht1, Qhg1)- (4.3.1b)
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Equation (4.3.1a) is the discrete equivalent of (4.2.3) and equation (4.3.1b)
is the equivalent of (4.2.1).

The tangent space T,Cq to the discrete path space Cy at the path c is the
set of all maps dc: {0,..., N} — TQ such that mgodc=c.

Consider the space (Q x Q) x (Q x Q) and define the extended projection
operator w and the extended translation operator o by

T ((C()?cl)? (0670/1» = (007cl>7
o ((00701)7 (6670/1)) = (0676/1)'

We define the extended discrete second-order submanifold of (QxQ)x (QxQ)
to be

Qu={wa € (Qx Q) x (Qx Q)| m oo(wy) =mom(wy)},

where 71,72 : Q X Q —>_Q are the projections onto the first and second com-
ponents, respectively. ()4 is thus the set of points of the form ((to,q0,t1,q1),
(t1,q1,t2,92)), with the second and third values in @) being equal.

In contrast to the autonomous case, the extended discrete second-order
submanifold Q) is not isomorphic to the extended continuous second-order

submanifold Q. This will be reflected in the choice of initial conditions for
a solution curve, as we will see below.

4.8.2. Variations of the discrete action

As in the continuous case, the discrete equations of motion and conservation
laws are derived from a stationarity principle: that is, we take variations of
the discrete action sum with respect to the discrete path, as stated in the
following theorem.

Theorem 4.3.1. Given a C* extended discrete Lagrangian Ly : Q x Q —
R, k > 1, there exists a unique C*~! mapping Dpgr,Lg : Q¢ — T*Q and
unique C*=1 one-forms @Zd and (:)zrd on the discrete Lagrangian state space
Q x @, such that, for all variations éc € T.Cy of ¢ € C4, we have

N-1

d&4(c)-6¢= > DouLLa(te—1,qk—1: th Gk ter1, Ghs1) - (5, 5t
k=1 _
+ 07 (tv—1,qv-1,tN, qN) - (6t N—1,0qN—1, 6t N, BgN)

—Or,(to, 0. t1,q1) - (Jto, dqo, Ot1,0q1), (4.3.2)

where we write ¢ = ¢;(k) and g = c4(k) and similarly for the variations.
The map DpgrLg is called the extended discrete Euler-Lagrange map and
the one-forms @Jer and @Zd are the extended discrete Lagrangian one-forms.
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In coordinates these have the expressions
DperLa(te—1, Ge—1, ths Qs tht1, Tht1) (4.3.3)
= [D4Lq(tp—1, qe—1,th> qr) + DoLa(ti, qr, s, rs1)] dg
+[D3La(te—1, Gk—1, th> k) + D1La(tk, Qo tig1, qos1) | A,

(:)zd (tk‘7 4k, tk-i—la qk+1) (434)
= DyLq(tk, s thr1, Qk+1)dqr1 + D3La(tr, Gi, tht1, Grr1)dtpt1,
sz(tk7qkatk+l7qk+l> (435)

= _DZLd(tk7 qk, tk-i—la Qk-l-l)ko’ - DlLd(tkv gk, tk-‘rl: qk-i-l)dtk

Proof. Taking the derivative of (4.3.1a) at ¢ in the direction dc yields
N-1
d&y(c) - dc= > [DiLa(c(k), c(k +1)) - dc(k)
S DaLy(c(k), e(k + 1)) - de(k +1)]
N-1
= [DoLa(c(k — 1), ¢(k)) + D1La(c(k), c(k +1))] - de(k)
k=1
+ DoLa(c(N — 1), ¢(N)) - 5¢(N)

+ D1 La(c(0), ¢(1)) - 8¢(0),

where we have rearranged and grouped terms to isolate internal and bound-
ary terms, as integration by parts achieved in the continuous setting.

Now we change notations to (¢, qx) = (ct(k), cq(k)) = c(k), and similarly
for the variations, and we obtain the desired expressions. ]

4.83.3. Discrete Euler—Lagrange equations

We now apply the discrete Hamilton’s principle, and seek discrete paths
¢ € Cq which are critical points of the discrete action. That is, we define
the discrete space of solutions C_Ld C Cq to be all those paths which satisfy
d& (c) - ¢ = 0 for all variations éc € T.Cq which are zero at the boundary
points 0 and N.

As in the continuous case, it is clear from (4.3.2) that ¢ is a solution if
and only if the discrete Euler—Lagrange derivative is zero at all points other
than the endpoints 0 and N. This statement at k reads

DoELLa(tk—1, Qk—1, tks Qs thr1, Gr1) = 0 (4.3.6)

and is known as the extended discrete Euler—Lagrange equations. It can be
separated into the configuration and time components to give

DyLg(te—1, qk—1:tk k) + DaLa(te, qis th1, 1) = 0, (4.3.7a)
D3Lg(ti—1,qk—1,tk: qx) + D1La(tk, gk, tk+1, qr41) = 0. (4.3.7b)
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Unlike the continuous case, however, paths which satisfy the first compo-
nent (4.3.7a) of the Euler-Lagrange equations do not automatically satisfy
the second component (4.3.7b) as well: that is, both components contribute
restrictions on the space of solutions, and both are necessary. This is be-
cause the extended discrete action is a function of the entire extended path,
not just of some discrete associated curve.

The interpretation of the discrete Euler—Lagrange equations and the dis-
crete Lagrangian one-forms can be aided by defining the discrete energies

to be
Ef (tks Qi thoyrs Giir) = —DaLa(th, Gis try s ghsn), (438)
Ep (ke @ tit 15 qe1) = D1Lalte, @ trt1, Get1)- o

With these definitions we see that the second component of the discrete
Euler—Lagrange equations (4.3.7b) is simply

Efd (th—1s Q—1, k> @) = B (ths Qs tht 15 Q1) (4.3.9)

and reflects the evolution of the discrete energy.

If the discrete Lagrangian is time-invariant, so that Lq(tx + 7, qk, tk+1 +
T, qk+1) = La(tk, gk, tk+1, qe+1) for all 7 € R, then taking derivatives with
respect to 7 shows that D1L4s + D3Lg = 0, and thus

Egd (tka gk, tk-‘rla Qk+1) = Ezd (tk;, qk, tk+1, qk+1), (4310)

Combining this with the time component of the Euler—Lagrange equations
(4.3.7b) written as (4.3.9) then yields

Efd(tk, Q> Lt 1, Gy 1) = Efd(tk—l, Q-1 Gr),

Ep (e, @ i1, Ge1) = B (te—1, Gr—1, th, @)
which shows that time invariance of the discrete Lagrangian leads to con-
servation of the discrete energies. This is a special case of the extended
discrete Noether’s theorem, as we will see below. If the Lagrangian is not

time-invariant, then the equivalent of equation (4.3.10) will indicate how the
discrete energies evolve.

4.3.4. Extended discrete Lagrangian evolution operator and mappings

The extended discrete Lagrangian evolution operator Xr, , 1s the second-order
discrete evolution operator defined by

DpgrLgo X, =0.

If this expression uniquely determines X, then we will say that the extended
discrete Lagrangian is discretely well-posed. In this case, the extended dis-
crete Lagrangian map Fr,: Q x @ — @ x @ is specified by Fj, =00 Xp,.
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For the rest of this section we will assume that we are working with
an extended discrete Lagrangian which is discretely well-posed. Note that
this is equivalent to the extended discrete Euler-Lagrange equations having
unique solutions for 9 and ¢9 in terms of the other variables. Later we will
investigate under what conditions L4 is in fact discretely well-posed.

Note that here, and in the material which follows, we are implicitly making
use of the restriction on the extended discrete path space that t;1 > 1 for
each k. This rules out spurious solutions which do not uniformly increase
in time.

An extended discrete path c¢g € C4 is a solution of the extended discrete
Euler—Lagrange equations if the points { (¢, qk)}ffzo satisfy

Fr,(tk—1, @r—1, ks @) = (they Qe thr1s Q1)

for each k = 1,..., N — 1. That is, the extended discrete Lagrangian map
defines a trajectory forward in time.

4.8.5. Extended discrete Lagrangian maps are symplectic

The extended discrete space of solutions Cy, , defined above can, by means of
the extended discrete Lagrangian map, be identified with the space of initial
conditions @ x (). Restricting the extended discrete action to this space

gives the restricted extended discrete action (’Sd : Q x Q — R defined by

Galto, gost1,q1) = Ba(ca),

where ¢4 € Cp, is the solution of the extended discrete Euler—Lagrange
equations satisfying ¢(0) = (to,qo) and ¢(1) = (¢t1,q1). We now use (4.3.2)
to calculate

7 N1 -
de, = (FLd )*(@Jid) - 05
and so taking another derivative and using the fact that d? = 0 gives the
conservation law

N —1\x%

(FLd )*(Qn,) = Qu,,

where the extended discrete Lagrangian two-form g, is defined by
— + -
Qr,=-do; =—-do, .

Taking any subinterval of 0,..., N and using the same argument gives the
same conservation law for any number of steps of Ff,.
4.83.6. Extended discrete Noether’s theorem

Take a Lie group G with a (left or right) action QjQ on @, and consider
the lift to the extended discrete state space @ x @ defined by the prod-

uct action @?Xé(to, q0,t1,q1) = (@?(to,qo), @?(to, qo0)). The corresponding
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infinitesimal generator is then {5, ¢ Q xQ — T(Q x Q), defined by
§QxQ(t07 qot1, ql) = (5@(1507 qO)v g@(tb ql))

and the extended discrete Lagrangian momentum maps jzrd, jZd QO xQ—
g* are

jz_d(t07QO7t17q1) : § = C:)z_d : ngQ(t07q07t17q1)7
Jp,(to, g0, t1,q1) - € = O - €556 (to, g0, t1, q1).-

Equivalent expressions for these are

jz_d(thO,tl;QI) &

= (D4Lq(to, qo, t1, QI)agé(th(h» + D3L4(to, qo, t1, QI)féj(tl)a
Jp,(to, qo,t1, 1) - €

= ( — DyLq(to, q0, t1, m%f%(tm 90)) — D1La(to, g0, 1, ql)ﬁé(to)-

If the lifted action on @ X Q acts by extended special discrete symplectic
maps, which requires (<I>§XQ)*(@L) = (:)Jer and (@?XQ)*(@Zd) = C:)Zd,
then the extended discrete Lagrangian momentum maps will be equivariant:
that is,

7+ IxQ _ A g* 7+
Jf o ®@*9 = Ad! o ],
Jp, 0 ®@9 = Ad} o J .
This can be proved in the same way as Theorem 1.2.2.
An extended discrete Lagrangian Ly : @ x Q — R is said to be invariant
under the lifted group action if Lg(g - (t0,90),9 - (t1,q1)) = La(to, qo0,t1,q1))
for all g and all tg, qo, t1 and g1, and then G is said to be symmetry of

Lg. If a discrete Lagrangian is invariant then it is necessarily infinitesimally
invariant, which is the requirement that dLg - {5, =0 for all § € g.

In the case that Ly is infinitesimally invariant, the fact that dLy = (:)Jer —

@Zd implies that the two extended discrete momentum maps are equal, and
we will denote the single extended discrete Lagrangian momentum map by
Jr, 1 Q x Q — g*.

As the discrete Lagrangian plays an analogous role to the continuous ac-
tion, it is not surprising that for the extended continuous Noether’s theorem
we had to require invariance of the one-form Ldt, which gives invariance of
the action, while for the discrete version action invariance is directly implied
by invariance of the extended discrete Lagrangian itself.

If the extended discrete Lagrangian is invariant, then the lifted group
action acts by extended special discrete symplectic maps. This can be seen in
a similar way to the corresponding autonomous statement, by differentiating
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LdocngXQ(to, qo,t1,q1) = La(to, qo, 11, q1) with respect to t; and ¢; and using
the resulting identities to show (@gXQ)*(@Zd) = (:)‘L"d, and similarly for (:)zd.

Theorem 4.3.2. (Extended discrete Noether’s theorem) Consider
an extended discrete Lagrangian system Ly : Q x Q — R which is invariant
under the lift of the (left or right) group action ®% : G x Q — Q. Then
the corresponding extended discrete Lagrangian momentum map Jr,, : Q X
Q) — g* is a conserved quantity of the extended discrete Lagrangian map
Fr,:QxQ — Q x @, in the sense that Jp, o Fr, = Jp,.

Proof. The extended discrete Noether’s theorem can be proved in exactly
the same way as the standard discrete Noether’s theorem (Theorem 1.3.3):
that is, we compute

0 = d&(to, qo, t1,q1) - €50 (to: q0: t1, q1)
= ((Flj,\;il)*(ézd) - égd)(tO»QO,tla%) : fQXQ(thO,tla%)a

which gives the desired expression, using the fact that we may take N to be
arbitrary. O

As in earlier Noether’s theorems, we have required more than is actually
necessary for the proof. In particular, the result will still hold if L4 is only
infinitesimally invariant.

Example 4.3.3. If we have a discrete Lagrangian which is autonomous,
in the sense that it is invariant with respect to the additive action of R on
the time component of @, then the extended discrete Noether’s theorem
recovers the statement of discrete energy conservation.

To see this, consider the group action g - (t,q) = (t + g,q) for g € R,
which has infinitesimal generator {5(t,q) = ((t,q),(&,0)) for £ € g* = R.
Using this, we compute the extended discrete Lagrangian momentum map
to be de = —Ezrddtl, or equivalently de = —Eiddto- Noether’s theorem
thus gives Ezrd(k,k +1) = Ezd(k —Lk), or B (k,k+1)=E} (k—1k),
which are the statements of discrete energy conservation. This is directly
analogous to the continuous case, where energy conservation is also recovered
by Noether’s theorem in the case when L is autonomous. %

A difference from the continuous case arises because the proof of the
extended discrete Noether’s theorem relied upon the fact that both compo-
nents of the extended discrete Euler-Lagrange equations (4.3.7) are satisfied
at intermediate (non-boundary) points, unlike the continuous case where
only the first component was required to be satisfied. Weakening this re-
quirement to only insist on (4.3.7a) being satisfied means that full extended
discrete Noether’s theorem will only be true in the case that the symmetry
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action is autonomous and time-preserving, which shows that the discrete
energy would not then be preserved.

4.8.7. Autonomous discrete Lagrangians

The previous example is also interesting because this is the case in which
one could formulate a discrete theory using a state space of @ x R x @ with
elements (qo, h, q1) consisting of two points ¢o and ¢; and a time-step h. In
such a theory there would be only a single discrete energy Fp,, rather than
Ez'd and Egd. Given such a discrete Lagrangian L/ (qo, h, q1), however, we
can also simply define an extended discrete Lagrangian by

La(to, qo.t1,q1) = Ly(qo, t1 — to, q1)

and proceed to use the extended discrete Lagrangian theory derived in this
section. Such an Ly will automatically have the time translation symmetry,
and so the statement of infinitesimal invariance dLg - {5, = 0 can be seen
to be just

0 =dLg(to,q0,t1,q1) - (£,0,&,0)
= D1L4(to,q0,t1,q1) - € + D3L4(to, q0,t1,q1) - €
= (EL,(to, g0, t1, q1) — B, (to, q0, 11, q1)) - &,

and so the two discrete energies in this case are equal. This is just the
single discrete energy Fr, = Efd, which would appear in a theory based on
QxR xQ.

This same calculation can also be carried through for the discrete one- and
two-forms and the other discrete structures, and shows that a Q x R x @
theory would not be essentially different from that based on Q x Q.

4.4. Background: Extended Hamiltonian mechanics

As in the autonomous setting, the Hamiltonian picture of mechanics is com-
plementary to the Lagrangian, and additional insight can be gained for vari-
ational integrators if the connection is made with Hamiltonian mechanics
and, in particular, with extended Hamilton—Jacobi theory.

4.4.1. Basic definitions

Consider a configuration manifold (), time space R and extended configura-
tion manifold Q = R x Q. Define the extended phase space to be R x T*Q,
that is, the usual phase space augmented with time, and consider an ez-
tended Hamiltonian H : R x T*Q — R.

Given an extended Hamiltonian H, we define the extended canonical
one-form Oy and the extended canonical two-form or extended symplec-
tic form Qg to be one- and two-forms respectively on the extended phase
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space R x T*(@Q) given by

Ou(t,q,p) = pidg’ — H(t,q,p)dt, (4.4.1)
Qu(t,q,p) = —dOpy = dg' Adp; + dH(t,q,p) A dt. (4.4.2)
Ifp:RxT*Q — R x T*(Q is a map from the extended phase space with
Hamiltonian Hj to the extended phase space with Hamiltonian Hy, then we

say that ¢ is symplectic or canonical if ¢ pulls the extended symplectic form
back to the appropriate other extended symplectic form, so that

¢* () = Q-

4.4.2. Hamiltonian vector fields and flow maps

For an extended Hamiltonian H : R x T*Q we define the extended Ham-
iltonian vector field X on the extended phase space R x T*(Q) to be the
unique vector field with unit time flow satisfying

i, QO =0. (4.4.3)

Note that this uniquely defines Xp for any H. Writing Xg = (1, X4, X,,) in
coordinates, we see that the above expression is

~ oOH OH OH OH
ig OQp=|— X+ — -X,|dt+ |-X,——|d X;——|d
Xt = g T p} +[ g 3(1} q+[ ! ap] P
and requiring that this be zero gives the familiar extended Hamilton’s equa-
tions

0H
X4t q.p) = 8—p(t’q’p)’ (4.4.4a)
oOH

Notice that the time component of (4.4.3) does not contribute an equation,
because the other two equations automatically imply that

OH OH OH <8H> OH ( aH>_0

a0y e e ) T Ty

which is equivalent to the fact that time variations in the Lagrangian case
do not give additional constraints beyond the Euler-Lagrange equations.
The time component of (4.4.3) is a statement about the time evolution of
the Hamiltonian. Computing
dH OH 0H 0H OH

S 9 o, 8 xy
dt ot H—aq q+(9p P ot

we see that the derivative of the Hamiltonian with respect to time simply
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reflects the explicit dependence of H on ¢. If this is zero, so that the extended
Hamiltonian is time-independent, then H is constant along the flow of Xs.
~ We denote the extended flow map of the extended Hamiltonian vector field
Xpg by Fg :Rx (RxT*Q) — R x T*Q, defined as

Fﬁ[(t[:’v q07p0) = FH(hv tO? QO7PO) = (t() + ha QI)Pl)-

The flow map F ﬁ, for any fixed h is a symplectic map from R x T*Q) to itself,
as can be readily seen by taking the time derivative to obtain

0

e B

oh h:()( H) H LXH H
:diXHQH+iXHdQH
=0,

where we have used Cartan’s magic formula £xa = dixa +ixda, and then

the facts that ig, Qg = 0 is the definition of the extended Hamiltonian
vector field, and that d? = 0 implies dQy = —d?0y = 0.
4.4.8. Extended Hamiltonian Noether’s theorem

Consider a (left or right) action ® : G x Q@ — Q of G on the extended
configuration manifold @, as in Section 4.2.6. The lift of this action to the
extended phase space R x T*Q is denoted by ®F*T"Q . G x (R x T*Q) —
R x T*@Q and is defined by

(@77t q.p). (t,4.9)) = ((t.q,p), (D), PE(t,0), 0, (2, ) - d))-

This has the corresponding infinitesimal generator {rxr+g : R x T*Q —
T(R x T*Q) defined by

d «
gRXT*Q(tv Q7p) = dig((bI;QXT Q(t7 Q7p)) : 5
The extended Hamiltonian momentum map Jg : RxT*Q — g* is defined by

Ju(t,q,p) - & =0Ou(t,q,p) - Erxr-0(t, q,p).

For each £ € g we define jlg :RxT*Q — R by jfl(t,q,p) = Ju(t,q,p) - &,
which has expression jfl = gy, o
also given by the expression

jH(ta Q7p) £ = <(t7Qap)v€é(t7Q)> - H(ta Q7p)€é?(t7Q)7

where the two components of {5 are denoted by {5 = (52—2, 53—2).

Q(:) g- Note that the Hamiltonian map is

As in the case of the extended Lagrangian system, invariance of the Ham-
iltonian is not the correct requirement to ensure conservation of the mo-
mentum maps. Instead, we define a group action to be a symmetry if its
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lift acts by extended special symplectic maps, which is the requirement that
(@5*779)* @y = Op for all g € G.

With this requirement the same proof as in Theorem 1.2.2 shows that the
extended Hamiltonian momentum map is equivariant, in the sense that.Jg o

T*ég == Ad;‘;,l o jH

Theorem 4.4.1. (Extended Hamiltonian Noether’s theorem) Let
H : RxT*Q — R be an extended Hamiltonian system that is invariant under
the lift of the (left or right) action ® : G x Q — Q. Then the corresponding
extended Hamiltonian momentum map Jg : R x T*Q — g* is a conserved
quantity of the flow, so that Jy o Fft = Jg for all times h.

Proof. By assumption we have that (I*®,)*©y = Oy for all g € G and
hence L¢, . Q(:) g = 0. Now, computing the derivative of jg in the direction
given by the extended Hamiltonian vector field Xy gives

ATy - Xp = d(ig, 1., On) - Xn

= Ley 10O - X — gy, 1.0dOn - Xn
= —ig, O - Erx17Q

=0

using Cartan’s magic formula Lxa = dixa + ixda and (4.4.3). As FJy is
the flow map for Xy this gives the desired result. O

Observe that in this extended case the assumption that ©y is preserved
by the lifted group action plays the same role as invariance of H did in the
autonomous case, when invariance of © was a result of the fact that the
action was a lift.

4.4.4. Extended Legendre transform

To relate the extended Lagrangian picture developed previously to that of
extended Hamiltonian mechanics we define the extended Legendre transform
FL:RxTQ — R xT*Q to be

_ , oL,
FL: (t7q7q) = (tvc.Iap) = <t7q’ aq(tvq’q)> .

If FL is a local isomorphism then we say that L is reqular, and if is a global
isomorphism then we say that L is hyperregular.

Using the definitions, it is simple to check that the Lagrangian and Ham-
iltonian symplectic forms and momentum maps are related by

C:)L = (FL)*(:)H, QL = (FL)*QH, and J_L = (FL)*jH
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Given a regular extended Lagrangian L, we define the associated extended
Hamiltonian by

H=E;o(FL)™},
which in coordinates is

H(t7Q7p) == ]FL(t7 q, Q) . q - L(t7 q, Q)7

since (t,q,p) and (t,q,q) are related by the extended Legendre transform.
With this additional assumption on H and L we can use calculations similar
to those in Section 1.4.3 to see that the Hamiltonian and Lagrangian vector
fields and flow maps are related by

X, =(FL) Xy, FE = (FL)fl o F}L} oFL.

The definition of regularity of an extended Lagrangian can also be used
to give a characterization of when the Euler-Lagrange equations uniquely
define solution curves.

Theorem 4.4.2. Given an extended Lagrangian L : R x TQ — R, the
extended Lagrangian vector field X, and hence the extended flow map FJ,
is well-defined if and only if the Lagrangian is regular.

Proof. The same coordinate proof as is given for Theorem 1.4.3 also works
here. g

4.4.5. Extended generating functions

Consider two extended phase spaces with Hamiltonians Hy and H; and ex-
tended canonical two-forms Qp, = —dOp, and Qy, = —dOy, respectively,
and let ¢ : R x T*"Q — R x T*@Q be a time-dependent transformation. Set
I(p) € (RxT*Q) x (R x T*Q) to be the graph of ¢. Consider the one-form
on (R xT*Q) x (R x T*Q) defined by

_ ’ A A
@H07H1 = 71—29110 - 7T1@H1,

where m; 1 (R x T*Q) x (R x T*Q) — R x T*Q are the projections. The
corresponding two-form is then

QHoJ‘h = 7d®H0,H1 = 77T>2kQH0 + 7TiKQHr

Denoting the inclusion map by i, : I'(¢) — (R x T*Q) x (R x T*Q), we see
that we have the identities

71 O i‘P = 7Tl|F(<p)a (445)

Ty 04, = pom on I'(p). (4.4.6)
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Using these relations we have
iZQHo,Hl = i;(WTQHo - W;QHJ
=(mo ig,)*QHO — (mg 0 iZQH1
= (m1r(p))" (Qmy — ¢y,

where we have used (4.4.5) and (4.4.6).

This last relation shows that ¢ is an extended symplectic transformation
if and only if Z.Z;QHmHl = 0 or, equivalently, if and only if d(iZ@Ho,HJ =0.
By the Poincaré lemma, this last statement is equivalent to there existing
a function S : T'(¢) — R so that, locally, i%,©p, i, = dS. Such a function
S is known as the extended generating function of the extended symplectic
transformation ¢. Note that S is not unique, as it is only defined up to a
constant.

The extended generating function S is specified on the graph I'(y), and
so can be expressed in any local coordinate system on I'(y).

4.4.6. Coordinate expression

We will be particularly interested in the choice (qo, g1, to) as local coordinates
on I'(¢), and so we give the coordinate expressions for the above general
extended generating function derivation for this particular case. This choice
results in extended generating functions of the so-called first kind.
Consider a function S : @ X @ x R — R. Now the differential will be
oS oS oS
dS = _——dqy+ —dq + —dt

90 do o q1 ot 0
Let ¢ : R x T*Q — R x T*(Q be the extended symplectic transformation
generated by S. In coordinates, the quantity i *0 Ho,H; 18

A oty oty ot
1O H, Hy = ( Po — H18q0> dgo + < H10q > dg; + <Ho - Hla (1]) dig

and so the condition i:;(:) Ho,H, = dS reduces to the equations

os o

— —po— H 4.4,
dqo bo Yg0’ (44.72)
8 ot1
22— p - H 2L, 4.4.7H
on 1 "o ( )
08 oty
—— —Hy— H— 4.4.
dto T (4.4.7c)

which are an implicit definition of the transformation ¢ : (to,qo,po) —
(t1,q1,p1). From the above general theory, we know that such a transforma-
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tion is automatically symplectic in an extended sense, and that all extended
symplectic transformations have such a representation.

Observe that for some choices of S the above equations do not define a
single map ¢, as was also the case for autonomous generating functions and
the extended discrete Fuler—Lagrange equations. As before, we will assume
for now that S is chosen so that there is a single well-defined map ¢ which
satisfies (4.4.7), and we will investigate this issue further in Sections 4.5.4
and 4.9.4.

4.5. Discrete variational mechanics: Hamiltonian viewpoint
4.5.1. Eatended discrete Legendre transforms

The fact that the extended discrete state space Q x @ is larger than the
extended state space R x T'Q) is particularly important when it comes to
defining extended discrete Legendre transforms. We will see this below,
where the Legendre transform to the Hamiltonian phase space R x T*@Q will
not be a local isomorphism, and so it will be necessary to define another
map to R x (R x T*@Q) in order to push the extended discrete Lagrangian
map forward.

We begin by defining the eztended discrete Legendre transforms F¥Lg -
Q xQ — R xT*Q to be

F* La(to, g0, t1,q1) = (t1,q1, DaLa(to, g0, t1,q1)),
F~ Lq(to, qo, t1, 1) = (to, o, —D2Lqg(to, g0, t1,q1))-

As Q x Q is larger than R x T*Q, these maps cannot be even local iso-
morphisms. If they are both onto, however, then we say that the extended
discrete Lagrangian is regular, and if they are both globally onto then we
say that Lg is hyperregular, which will typically require that ) be a linear
space.

Note that, in general, symplectic forms and momentum maps do not pull
back to their discrete counterparts. If a momentum map arises from a
vertical action, however, then we essentially reduce to the autonomous case
and it can be seen that the associated extended Hamiltonian momentum
map will indeed pull back to the extended discrete momentum maps.

4.5.2. Momentum and energy matching

Just as we earlier defined the discrete energies, we can also define the discrete
momenta to be the image of the extended discrete Legendre transforms: that
is, we set

(

p]j;:k;_l,_l =" (ks Qs th15 Q1) = DaLa(te, Qs th1, Qht1),

Prg+1 =P (s @ tir1, k1) = —DaLalte, G trra, Grr),
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or equivalently

F* La(th, Gk te1, Ge1) = (Bt 1s Qi 1y D g 1)
F~ La(tk, Qi tir1, Q1) = (L Qhos Pre gy 1)-

In other words, p,": g1 18 the discrete momentum at the right endpoint of the

interval [ty, tx11], while p, 41 1s the discrete momentum at the left endpoint.
We also introduce the notation

E]_g‘:k+1 = Ez_d(tka Qks Tkt1, qk-‘rl)a
E]g_’]g+1 = Ezd(tka ks Tkt1, Qk+1)-

Using these definitions, we see that the extended discrete Euler—Lagrange
equations can be written

+ _ —
Dr—1k = Prk+1

_l’_ o —
By 1k = By

and thus can be interpreted as a matching of momenta and energies at each
time ;. This is a generalization of the autonomous case, where only the
discrete momenta are matched.

The definitions above also allow us to write the discrete Lagrangian one-
forms in the more compact form

@—iL—d(k7 k + 1) = p;g":k;+1qu+l - E]j:k+1dtk+1a

O, (kk+1) =p; . dae — By, diy,
which makes the analogy to the continuous extended Lagrangian one-form
(4.2.11) even more apparent.

Note that, unlike the continuous case, regularity of an extended discrete
Lagrangian is not sufficient to ensure that the extended discrete Euler—
Lagrange equations have unique solutions, or indeed any solutions at all.
We will investigate this issue further in Section 4.9.4.

4.5.3. Eatended discrete Hamiltonian maps

The extended discrete Legendre transforms defined above clearly cannot be
used to push the extended discrete Lagrangian map Fr,: Q x Q — Q x Q
forward to the Hamiltonian phase space, as these Legendre transforms are
not injective. Another way of saying this is that we need to augment the
Hamiltonian phase space with time-step information to give a well-defined
map.

This results in the space (R x T*Q) x R where an element (¢, q,p,h) is
interpreted as being a point (¢, ¢, p) in phase space together with a time-
step h. Given a sequence {(tx,qx, Pk, hi)} oy, we regard hy as being the
time-step tx4+1 — tk-



488 J. E. MARSDEN AND M. WEST

Now define the map F~Lg: Q x Q — (R x T*Q) x R by

F~Lq: (to, g0, t1,q1) — (o, 90, Pos ho) = (to, g0, —Da2La(to, qo, t1,q1), t1 — to)

and define the extended discrete Hamiltonian map Fr, : (R x T*Q) x R —
(R xT*Q) x R to be

Fr, : (to. qo, po, ho) — (t1,q1,p1, ha),

FLd = (IFHLd) oFp, o (I@HLd)fl,

which is equivalent to the following commutative diagram.
(to, qost1,q1) iR (t1,q1,t2, q2)

F- Ld—v|r IIF_ Lg

(t0, 90, po, ho) ———= - (t1,q1,p1, h1)

Lq

Using this we can define the map FtLy: QxQ — RxT*Q by the following
commutative diagram.

(to, qo, t1, 1) ———— (t1, q1, t2, q2)
(t0, 90, po, ho) ———— (t1, q1,p1, h1) ———— (t2,q2, P2, h2)
Fr, Fr,

Now that we have a discrete system on an extension of the Hamiltonian
phase space, it is natural to ask what structure is preserved by the evolution
map. Unlike the autonomous case, the pushforward of the extended discrete
symplectic form does not give any canonical structure on (R x 7*Q) x R.
Of course, it does define a two-form there, which will be preserved by F, e
and we will see below one way in which this is related to Qg on R x T*Q.

An alternative to mapping to a point (¢, ¢, p) € RxT*@Q and an associated
time-step h would be to map to (¢,q,p, F), where E is a discrete energy.
This is reminiscent of the structure found in the continuous formulation
of multisymplectic mechanics, but such discrete systems will often fail to
behave well, as is further investigated in Section 4.9.4.

4.5.4. Eaxtended discrete Lagrangians are extended generating functions

Although the extended discrete Hamiltonian map is not a map on the Ham-
iltonian phase space, we will see that a particular restriction of it is in fact
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generated by a restriction of the extended discrete Lagrangian, in the sense
of Section 4.4.5.

Given Lg : Q x Q — R, choose a fixed time-step h € R and define the
restriction of the extended discrete Hamiltonian map to ¢” : R x T*Q —
R x T*Q by

Soh : (t07QO7p0) = (tlathl)y

where (t1,q1,p1,h1) = Fr ,(t0,qo,po, k). This provides an implicit definition
of (to,qo,t1,q1) in terms of either (¢g,qo,po) or (t1,q1,p1). Given this, we
define the Hamiltonians H} and H} to be

H(})L(t(]a q03p0) = Egd(t0> qo, tla Q1)a

H{L(tlv Q17p1) - Ez—d(t(b q0, tla Q1)7

and the extended generating function S” : Q x Q@ x R — R to be

S"(q0, a1, t0) = La(to, g0, t1, q1)-

With these definitions we have the following result.

Theorem 4.5.1. Take a fixed time-step h € R and let the functions S”,
", H(’} and H}' be defined as above. Then the map ¢" from the space
R x T™*() with Hamiltonian Hél to the space R x T*() with Hamiltonian H{l
is generated by the extended generating function S”.

Proof.  Observe that the definition of ©" implies that t; = tg+ h. Comput-
ing the derivatives of S" and using the definitions above we thus obtain

oS

—— = DaLq4(to, q0,t1,91) = —Ppo,

0qo ( )

8

o1 DyLg(to, q0.t1,q1) = p1s

08

7 = D1 Lq4(to, qo0,t1, 1) + D3Lqg(to, o, t1,q1)

= H(})L(t()a QOaPO) - H{L(t1>Q1ap1)'

However, these are simply the equations (4.4.7) which define the map gen-
erated by S", and so " must be this map. ]

As maps generated by extended generating functions must be symplectic,
this construction shows that (¢")*Q ah = Q. This provides a way in which

the discrete Hamiltonian map F7, can be viewed as preserving canonical
structures on R x T*Q).
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4.6. Correspondence between discrete and continuous
mechanics

We will now investigate the choice of extended discrete Lagrangian which
gives an exact correlation between a continuous and a discrete system, for
which we need the following result.

Theorem 4.6.1. Consider a regular extended Lagrangian L : R x TQ) —
R, two points go, q1 € @ and two times tg,t1 € R. If [[¢1 — qo|| and |t1 — to]
are sufficiently small then there exists a unique solution ¢ : [to,t1] — @ of
the Euler-Lagrange equations for L satisfying ¢(to) = qo and ¢(t1) = q1.

Proof. FEssentially the same proof as that given in Marsden and Ratiu
(1999), Section 7.4, for the autonomous case holds in the extended setting
as well. O

Given a regular extended Lagrangian L : R x T() — R, define the exact
extended discrete Lagrangian to be
t1

LE(to, o t1, 1) = / Lt do.r (1), do.s (1)) dl, (4.6.1)

to
where go1 : [to,t1] — Q is the unique solution of the Euler-Lagrange equa-
tions satisfying qo1(to) = go and go,1(t1) = q1.

Lemma 4.6.2. A regular extended Lagrangian L : R x TQ) — R and the
corresponding exact extended discrete Lagrangian L 1 Q X Q — R satisfy
the relations

F* L (to, qo,t1, q1) = FL(t1, 90,1 (t1), do,1 (1)),
Ezrg:(t q0:t1,q1) = EL(t1,90,1(t1), Go,1(t1)),
F~LY (to, qo0,t1,q1) = FL(to, 90,1 (t0), do,1 (t0)),

Epe(to, q0,t1,q1) = Er(to, q0.1(t0), do.1(to)),

for sufficiently close qo,q1 € Q and tg,t; € R.

Proof. The calculation for the Legendre transforms is essentially the same
as in the time-independent case. For the energies, we calculate

8LdE . . t oL 8q0,1 oL 840,1
e —L(to, qo,1(t0), do,1(t0)) + /to [6(1' oty " 97 oto }

bt TOL d /0L dqo1
- _J ; _ N e N I
(t0, 90,1 (t0), 4o, (to)) /to [aq g (aq )} D dt

oL . 9q0,1 }tl
1S 4 g1 (1), dor (D) - 2oLy |
i a1 e 0]
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using integration by parts. However, qo1(f) is a solution of the Euler—
Lagrange equations for L and so the middle term is zero. Now note that
we have

0qo,1(t;to, qo,t1,q1)

= do,1(to; to, o, t1,q1),

ot .
9q0.1(t;to, 90, t1,q1) _ 0
Dt )
and using this gives
oLE . oL . g !
a—t;l = —L(to,q0,1(t0), go,1(t0)) + [8—(1@,(10,1@),610,1(75)) : af(;l (t) .

. oL . .
= —L(to, qo,1(t0), o,1(to)) + a_q(thQO,l(t0)> Go,1(to)) - do,1(to)
= Er.(t0, q0,1(t0), do,1(to))-

The result for D4LdE can be established by a similar calculation, using the
fact that

9qo,1(t:to, g0, 1, q1)
oty

0qo,1(t; to, o, t1,q1)
Jto

= —do,1(t1; 0,90, t1,q1)- O
t=t1

One interesting consequence of this lemma is that, for an exact extended
discrete Lagrangian, the extended discrete Euler—Lagrange equations are al-
ways functionally dependent. Indeed, the second equation (4.3.7b) becomes
a consequence of the first equation (4.3.7a), just as in the continuous case.
Before we prove this, however, we give a theorem relating discrete and con-
tinuous solution curves.

Theorem 4.6.3. Given a regular extended Lagrangian L : R x TQ — R,
let LC]ZJ : Q x Q — R be the associated exact extended discrete Lagrangian.
Consider a solution ¢ : [tg,tn] — @ of the extended Euler-Lagrange equa-
tions for L, and take any sequence {t;}_, C [0,7] with sufficiently small
|tk+1 — tk|. Setting qr = q(tx), we now have that {(tg, qk)}fgvzo is a solution
of the extended discrete Euler-Lagrange equations for LdE .

Conversely, given any solution {(t, gx)}i_, of the extended discrete Euler—
Lagrange equations for LY, define a curve q : [to, tn] — Q by q(t) = qrrr1(t)
for t € [tg, tk+1], where gi py1 : [tg, trr1] — @ is the unique solution of the
extended Euler-Lagrange equations for L satisfying gir+1(tx) = qr and
Gk j+1(tk+1) = gr+1. Then ¢(t) is a solution of the extended Euler-Lagrange
equations for L on [tg, tn].
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Proof. The proof of this theorem is essentially identical to that of The-
orem 1.6.4. Forming {(tk,qk)},ivzo from a given solution ¢(t), we see that
the discrete Euler-Lagrange equations, which are just a matching of dis-
crete momenta and energies at each tj, are satisfied because the discrete
quantities are equal to the continuous ones.

In the reverse direction, the first part (4.3.7a) of the extended discrete
Euler-Lagrange equations, together with Lemma 4.6.2, implies that the first
part (4.2.9a) of the Euler-Lagrange equations is satisfied for ¢(¢). It can now
be checked, in the same way as the proof of Theorem 1.6.4, that ¢(t) is C?.
As the second part of the Euler-Lagrange equations is dependent on the
first, this means that ¢(t) automatically satisfies the full extended Euler—
Lagrange equations for L. (|

Note that in the last part of the above proof the fact that the discrete
curve also satisfied the second part (4.3.7b) of the extended discrete Euler—
Lagrange equations was not used. This allows us to prove the following.

Corollary 4.6.4. Given a regular extended Lagrangian L : R x TQ) — R,
let Lg : Q x Q — R be the associated exact extended discrete Lagrangian.
Then the second part (4.3.7b) of the extended discrete Euler-Lagrange equa-
tions for LY is satisfied whenever the first part (4.3.7a) is satisfied.

Proof. Consider points (g, qo, t1, q1, t2, g2) which satisfy the first part of the
extended discrete Euler-Lagrange equations for LY. Now define go12(t) :
[to,tg] — Q by qO7172(t) = Qk,k—i-l(t) for t € [tkatk—&-l], as in Theorem 4.6.3.
From the proof of that theorem it is clear that ¢(¢) is a solution of the
Euler—Lagrange equations for L on [tg, t2], and thus

Er(t1,q0,1(t1),do,1(t1)) = Er(t1,90,1,2(t1), do,1,2(t1))

= Er(t1,q1,2(t1), d1,2(t1)).

By Lemma 4.6.2, however, the left- and right-hand parts of this expression
give

Ezg(tO,QO,tbm) = EL_E(t1,Q1,t2,Q2)

which is exactly the second part of the extended discrete Euler—Lagrange
equations for LdE . O

Indeed, as we will see in Section 4.8, the above statement is actually both
necessary and sufficient for Ly to be an exact extended discrete Lagrangian.
Note that this corollary means that the exact extended discrete Lagran-
gian is not discretely well-posed, and thus does not define an extended dis-
crete Lagrangian map Fr, : Q X @ — Q X Q. Indeed, any time-step forward
will give a valid solution. This means that the statements about symplectic-
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ity and momentum conservation do not hold literally in this case. Instead,
we must consider a generalized first variation interpretation of symplecticity
or momentum conservation, which would hold for any tangent vectors to the
set of solution curves. See Marsden et al. (1998) for the outline of this idea,
although it is used there for a different reason.

As we have seen above, it is exactly because any time-step gives a solution
of the extended discrete Euler—Lagrange equations for LdE that we cannot
define FJ, 4 O F, ;- For a given time-step h, however, we can define the map
@Ph R x T*Q — R x T*Q by the conditions

¢E,h o I_F_LdE — F+LdE’
t1 =tg+ h,

where (t1,q1,p1) = ©”"(to,q0,po). This map plays the same role as the
restriction of F, , to " defined in Section 4.5.4, although " is not the
restriction of anything. Using now the fact that F(to,qo1(0),4d0.1(0)) =
(t1,q01(h),do1(h)) and combining the definition of (" with Lemma 4.6.2
shows that " satisfies the following commutative diagram.

QxQ
F-LE F+LE
R xT*Q = R xT*Q
B
FL FL
RxTQ — RxTQ

L

This proves the following theorem.

Theorem 4.6.5. Consider a regular extended Lagrangian L : R x T'Q
with corresponding extended Hamiltonian H : R x T*() and exact extended
discrete Lagrangian LdE :Q xQ — R. Then ¢P" defined as above is exactly
the extended Hamiltonian flow map F]JI

The above construction will be useful when we consider the relationship
between exact extended discrete Lagrangians and extended Hamilton—Jacobi
theory in Section 4.8.
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4.7. Background: Extended Hamilton—Jacobi theory
4.7.1. Extended generating function for the flow

As we have already shown, the flow map FI]} : (to,q0,p0) — (t1,q1,p1) of an

extended Hamiltonian system is an extended symplectic map for each fixed

h. From the preceding theory, it must therefore have a representation in

terms of some extended generating function S". The extended Hamilton—

Jacobi equation is a PDE that defines this generating function.
Considering that the flow map acts

Fp:(RxT*Q) xR — (RxT7Q)
we calculate the tangent map of this to be
TFu((t,q.p),h)-((3t,dq, 0p), oh)
— TFy(t..0) - (6t 60.00) + - Fl(t.q.5) - 6h
= TFyi(t,q,p) - (3,84, 6p) + Xu o Fiy(t,q,p) - o,

using the fact that Fpy is the flow of the vector field Xp. This then shows
that

Fi(Qp) = (mrx1+0) " (Qm),

which follows from (4.4.3). Consider now the space (RxT*Q)xRx (RxT*Q)
with projections

m:(RXT*Q)xRx (RxT*Q) - (RxT*Q) xR,
m: (RxT*Q) xRx (RxT*Q) - RxT"Q

onto the first and second parts, respectively. Define the one-form
6 =m0y — T TR+ QOH
and the corresponding two-form
Q=-d6 = WTWIEXT*QQH — Q.

The graph of the flow map is a subset I'(Fr) C (R x T*Q) x R x (R x T*Q),
and we denote the corresponding inclusion map by ip, : I'(Fg) — (R x
T*Q) x R x (R x T*@). Now note that

T Oy = 7Tl|r(FH),

TrQOiFH :FHOﬂ'l OHF(FH),
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with which we calculate
(i) Q = (i, ) () (=) " () — (i) (72)* (Qr)
= (Trxr+Q 0 ™1 0if, ) (Qn) — (M2 0if, ) (Qn)
) = (Fgom oig,) (Qn)
) —

(TRxT+@ 0 T 0 ig, )" (Qm)

(

)
= (Trx1*@ © 1 0if,)"(
)

2

H
H
= (TRxT*Q © 1 © ify, *(QH
=0.

This thus establishes that d (i} é)) = 0, and so there is locally a function
S:T(Fy) — R with iFH@ dS.

4.7.2. Extended Hamilton—Jacobi equation

We now choose a partlcular set of coordinates on I'( Fz) and derive a coordi-
nate expression for ¢ —H@ dS. Taking coordinates on (R x T*Q) x R x (R x

T*Q) of ((to,q0,p0), h, (t1,q1,p1)), we will take (to, qo,t1,q1) as coordinates
on I'(Fyg). The function S is thus amap S: R x Q x R x Q — R and has
differential

oS oS oS a8

In these coordinates we also have

Q = (prdg1 — H(t1,q1,p1)dt1) — (podgo — H (to, go, po)dto).

Equating coefficients, we now see that the equation Z}H(:) =dS is

oS

po = *a—qo(tovqf),tl,m)a (4.7.1a)

H (to,QO,—g—(i(toa%,tl,Q1)> = g—i(to,%,tl,m), (4.7.1b)
p1= g—qsl(to,qO,h,qﬂ, (4.7.1c)

H <t17QI7g—§1(tO7QOatlaQI)> = —g—i(to,qo,tl,ql). (4.7.1d)

Of these four equations, (4.7.1a), (4.7.1c) and (4.7.1d) can be regarded as the
generating function equations (4.4.7) for the map Fpy, while (4.7.1b) is the
equation which must be satisfied if F is to be the Hamiltonian flow. Note
that the first three equations do not actually specify Fg uniquely, as any
time reparametrization of the flow will satisfy them. To ensure uniqueness,
we must augment the above equations with the condition t; = tg + h.
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The last equation which S must satisfy to be an extended generating
function for the flow is known as the extended Hamilton-Jacobi equation
and is given by

oS oS
H ( to, g0, — ——(to, g0, t1, = == (to, qo., t1,q1)- 4.7.2
<0 qo 3qo( 0, q0s t1 Q1)> 8150( 0,40, t1,q1) (4.7.2)
As in the autonomous case, it is necessary to specify boundary conditions
for this partial differential equation.

4.7.8. Jacobi’s solution

The solution of the extended Hamilton—Jacobi equation can be written in
terms of the action associated to the Lagrangian which is the Legendre
transform of H. This is known as the extended Jacobi’s solution and is

Stto,aotr.a) = [ Lit.alt)i(t)dt, (473)
to
where q : [to, 1] — @ is the unique solution of the extended Euler—Lagrange
equations for L satisfying q(t9) = qo and ¢(t1) = q1. The proof that this is
indeed a solution is essentially identical to the proof of Lemma 4.6.2.

4.8. Discrete variational mechanics: Hamilton—Jacobi
viewpoint

For a fixed time-step h, we saw in Section 4.5.4 that the restriction of F, 4
to the extended phase space R x T*(Q is generated by the restriction of the
discrete Lagrangian to the set t; — tg = h. We then showed that there is a
particular choice of extended discrete Lagrangian, called the exact extended
discrete Lagrangian, for a particular restricted map is exactly the extended
Hamiltonian flow map.

In the preceding section we have seen that the generating function for the
extended Hamiltonian flow map must satisfy the extended Hamilton—Jacobi
equation. It is clear that this is the case for the exact extended discrete
Lagrangian, as it is simply the standard Jacobi’s solution to the extended
Hamilton—Jacobi equation.

Note that the story is not as simple as in the autonomous case, however.
The extended discrete Lagrangian in fact defines a map F7, , on the enlarged
space (RxT*Q) xR, and it is only upon restriction that we have a generating
function construction. This restriction essentially discards the equation for
updating the time-step.

The definition of F, , relied upon L4 being discretely well-posed, which
fails for the exact discrete Lagrangian. Nonetheless, we saw that by adding
the condition t; = tg + h then the restriction of FL , still makes sense even
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when Lg is not discretely well-posed, and it is this map which is exactly the
Hamiltonian flow. It is precisely this same extra equation which was also
necessary to specify the map generated by the solution to the Hamilton—
Jacobi equation.

Another way of viewing the situation is to consider a Hamiltonian system
H :RxT*Q — R and to attempt to find a discrete Lagrangian for which
(FrLy)*H = Eicd or, equivalently, (F¥L4)*©y = Op,. Such a discrete La-
grangian would have the appealing property that F7, , would exactly preserve
the true energy, symplectic form and momentum maps.

Considering the statement (F*Ly)*H = EZF , however, we see that this
is exactly the extended Hamilton-Jacobi PDE: that is, the only extended
discrete Lagrangian for which the pullback of the Hamiltonian is the discrete
energy is the exact extended discrete Lagrangian. The same statement also
holds with energy replaced by canonical one-forms.

Note that this does not say that the standard autonomous discrete Ham-
iltonian map will preserve H if and only if it exactly integrates the flow, as
H could be preserved even though Ezcd was not equal to (F¥Ly)*H. Indeed,
as we saw above, this would be the case for reparametrizations of the flow
map, as discussed in Ge and Marsden (1988).

4.9. Time-dependent variational integrators

Just as we can regard autonomous discrete variational systems as integra-
tors for a given autonomous Lagrangian system, so too can we consider an
extended discrete Lagrangian system as an integrator for an extended La-
grangian system L : R x T'Q) — R. For this to be the case, we need that the
discrete Lagrangian Ly : Q x QQ — R satisfies

t1

Laltorato).tr.a(t0)) = [ L{t.a0).d(0) dt+ O(ts = taf ),
0

where q : [to,t1] — @ is any solution of the extended Euler-Lagrange equa-

tions for L. Here r is known as the order of the discrete Lagrangian, and

we require r > 1 for Ly to be consistent.

Having chosen an extended discrete Lagrangian of some order, we can
then use the extended discrete Hamiltonian map Fr, : (R x T*Q) x R —
(R x T*Q) x R as an integrator for the Hamiltonian system associated to
L. This maps from the point (tx, gk, px) and the time-step hy to give a new
point (tg+1,qk+1,Pk+1), as described in Section 4.5.3.

Although this map, based on updating time-steps, was useful for under-
standing the relationship of extended discrete variational mechanics to ex-
tended Hamilton—Jacobi theory, it turns out to be more convenient to im-
plement an equivalent method which updates points in conjunction with
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energies, rather than time-steps. To construct this, we define the maps
F*Ly: (to,q0.t1,q1) = (t1,q1,p1 = DyLq, By = —DsLy),
F~Lq: (to, 0. t1,q1) — (to,q0,po = —D2Lg, Eg = D1Ly),

and define the alternative extended discrete Hamiltonian map Fr 4 - Rx
T*Q xR —->R xT*Q x R by

FLd = F+Ld e} (F_Ld)_l.
Regarding Fr , as an integrator, it maps

Fr, (ks Qe Pry Bi) = (ber1s Qer1, Ptts Biga)
and is defined by the relations

pr = —DoLa(tk, qrs ths1, h1), (4.9.1a)
By, = D1Lq(tk, G, thr1, Grr1), (4.9.1b)
D1 = DaLa(te, qr, tha1, qer1), (4.9.1c)
Epy1 = —D3Lg(tk, qrs ths1s Qr1), (4.9.1d)

together with the requirement that t;,1 > ¢, which is built in to the def-
inition of the extended discrete path space. Computationally, the implicit
equations (4.9.1a) and (4.9.1b) must be solved simultaneously for t;,; and
qk+1 under the restriction tx41 > tx, and then the explicit equations (4.9.1c)
and (4.9.1d) must be evaluated to give pyy1 and Ej 1. Note that the calcu-
lations to produce a trajectory with F7,, are the same as those for calculating
the same trajectory with Fr ,» but the presentation is clearer in this form.
As we have seen in previous sections, the method defined by (4.9.1) pre-
serves an extended discrete symplectic form and extended discrete momen-
tum maps and it satisfies a discrete energy evolution equation which exactly
conserves the discrete energy if the discrete Lagrangian is autonomous.

4.9.1. Initial conditions

To actually use Fy , @s an integrator, it is necessary to choose initial condi-
tions. Given (tg, go,po) € R x T*@, this reduces to the question of choosing
an initial energy Fy € R.

While the natural choice may, at first, appear to be the Hamiltonian H
evaluated at (o, qo, po), this is not a feasible option. As we have seen, requir-
ing that the Hamiltonian coincides with the discrete energies is equivalent
to the extended Hamilton—Jacobi PDE, and so using this as an initial con-
dition will generally make the first step of Fy , ill-defined. Even when this
equation is solvable, this approach provides no control over the size of the
initial time-step.
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Instead, a better choice is to select an initial time-step hg € R and then
to set t1 = ty + ho and to solve the equation

po = —D2Lqg(to, q0,t1,q1)

for g;. We can then evaluate Ey = Er, (to,qo,t1,q1) to obtain the initial
condition for the discrete energy.

To see the difficulties encountered with choosing E}, = H (to, qo,po), con-
sider the following example.

Example 4.9.1. Taking the discrete Lagrangian L§ from Example 2.3.2
with @ = 1 and extending it to the time-dependent case gives

q1 — 4o
Ld(t()?q()atlvql) = (tl - tO)L <t17q17 t — t0> ’

and for the case of the autonomous Lagrangian L(t,q,q) = 3¢" Mg — V(q)

2
we can calculate

I?*Ld(t()a(Jo,h,ql) = <t07q07M<q1 - q0>> 7

t1 —to
1/ g —q\" 91— qo
E7 (to,qo.t1,q1) = = M{EZDY Ly,
1, (to: g0, 11, q1) 2<t1—t0> <t1—t0>+ (q1)
and hence
1 /(g —q\" q1—qo
((F_Ld)*H)(thQOatlaf.Il):2<t ) M< >+V(qo)-
1 —to t1 — 1o

If we now take Ey = H(to,qo,po) and calculate the first step of F, 4> then
equations (4.9.1a) and (4.9.1b) are
(t07 q07p0) = }F_Ld(th q0, tla Ch)»
((F~La)*H)(to, g0, t1,q1) = Ep (to,q0,t1,q1),
which reduce to
@ =qo+ (t1 —to) M 'po,
Via1) = V(qo).

For a nontrivial potential function V' : @ — R these equations will not have
a solution (¢1,q1), except for special choices of py. ¢

4.9.2. Order of accuracy and local errors

As we have seen while considering the choice of initial conditions, and as we
will discuss in more detail below, existence of solutions for an extended dis-
crete Lagrangian system can be problematic for their use as integrators. For
this reason we will not discuss the order of accuracy of the extended discrete
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Hamiltonian map F7, , or the variant Fr , here, but instead we will consider
the relationship between the order of accuracy of the extended discrete La-
grangian and its discrete energies and extended Legendre transforms.

Theorem 4.9.2. Consider an extended Lagrangian system L : R x T'Q)
and a corresponding extended discrete Lagrangian system Ly : Q x Q — R
of order r. Then the extended discrete Legendre transforms F¥L; : QxQ —
R x T*@Q and the discrete energies E :Q x Q — R are also of order r, in
the sense that

F*La(to, q(to), t1,q(t1)) = FL(t1,q(t1),d(t1)) + O([t1 — to|" ),

E} (to,q(to), t1,q(t1)) = EL(t1,q(t1),4(t1)) + O(tr — o),

F~ La(to, q(to), t1,q(t1)) = FL(to, q(t0), 4(to)) + O(|t1 — to|"*1),

E; (to, q(to), t1,q(t1)) = EL(to, q(to), 4(t0)) + O(|tr — to|™),
] —

for any solution q : [to,t1 Q of the extended Euler-Lagrange equations

for L.

Proof. This can be proved in the same way as Theorem 2.3.1, using the
results of Lemma 4.6.2. U

4.9.8. Autonomous discrete Lagrangians

If we have an autonomous discrete Lagrangian L), : @ x Q@ — R, then we
can either treat it using the autonomous theory and obtain the integrator
FL; :T*Q — T*Q, or we can form the corresponding extended discrete
Lagrangian by

La(to; qo, t1, 1) = Ly(qo, q1,t1 — to),

as was considered in Section 4.3.7. As we saw there, the time translation
invariance of Ly means that the two discrete energies are equal, and using
the map Fr,, will integrate the system while preserving the discrete energy.
Indeed, this method is exactly the symplectic-energy-momentum-conserving
integrator presented in Kane et al. (1999a), written in a slightly different
form. That paper gives some simple specific examples that show the advan-
tage in using these types of integrators. ~

Although using the autonomous integrator F | for this system will not
exactly preserve the discrete energy or the Hamiltonian, backward error
analysis techniques can be used to show that the Hamiltonian, and hence the
discrete energies, will be nearly preserved for exponentially long times (see,
for example, Hairer (1994), Hairer and Lubich (1997) and Reich (1999a)).

For autonomous systems, it will thus generally be preferable to use a stan-
dard variational integrator, and not to enforce exact energy conservation.
Even in this case, however, the theory developed above for nonautonomous
systems gives much insight into the geometric structure.
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4.9.4. Existence of solutions

The question of the existence of solutions to the extended discrete Fuler—
Lagrange equations is, in general, rather subtle. There are two main prob-
lems which may arise.

First, it may be that for certain choices of initial condition (¢, qo, po, Eo),
or correspondingly (o, qo,t1,41), that the extended discrete Euler-Lagrange
equations simply have no solutions.

For specific choices of discrete Lagrangian it is sometimes possible to anal-
yse this situation in more detail. For example, in Kane et al. (1999a) it is
proved that, for Lagrangians of the form L(q,q) = %QTMQ — Vi(q) and
the discrete Lagrangian L§ from Example 2.3.2, then the extended discrete
Euler-Lagrange equations have unique solutions away from points where the
kinetic energy is near zero. This criterion of being away from turning points
is illustrated in that paper with numerical examples.

A particular choice of discrete Lagrangian, albeit in a different setting, is
also analysed in Lew, Marsden, Ortiz and West (2001), where the existence
of solutions to a time-adaptive variational PDE integrator is investigated.

The second problem which may arise is that the solution times ¢; may not
be unbounded, that is, they may converge to some finite value t, — T € R.
This is similar to the issue of completeness of the differential equations in
the continuous case, where a solution may escape to infinity in finite time.

4.9.5. Examples of extended variational integrators

To actually construct an extended discrete Lagrangian given an extended
Lagrangian, most of the methods discussed in Section 2.6 can be readily
extended to the nonautonomous case. Typically the time-step h should be
replaced by ti+1 — tx and the continuous Lagrangian should be evaluated
at the appropriate interpolated times. We give here a number of examples
of this.

Example 4.9.3. (Low-order methods) Consider the discrete Lagran-
gian L§ from Example 2.3.2, and extend it to a nonautonomous Lagran-
gian by

Lg(to, g0, t1,q1) = (t1 — to) L <(1 —a)to + aty, (1 — a)qo + aqu, 2 — 3(?) :

Similarly we can extend L™ to
. (I
LZ}’m,a _ 5[;3 + §Ld 01'

It is straightforward to check that the order of these discrete Lagrangians is

the same as in the autonomous case, namely L is first-order unless o = %,
when it is second-order, and L™ is always second-order.
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This is reflected in the expression for the discrete energy E7, given in
d

Example 4.9.1 above, which is clearly a first-order approximation to the
Hamiltonian, as implied by Theorem 4.9.2. O

Example 4.9.4. (Symplectic partitioned Runge-Kutta methods)
The symplectic partitioned Runge-Kutta methods discussed in Section 2.6.5
have a standard extension to nonautonomous systems, although they will
clearly not be symplectic in the normal sense on 7@ in that case. Taking
coefficients ¢;, b;, a;j, ¢, b;, a;; for 1,5 = 1,...,s, then the corresponding
partitioned Runge-Kutta method for a regular extended Lagrangian system
L:RxTQ — R is amap (to,qo,po, h) — (t1 =to+ h,q1,p1) defined by

@ =qo+ (bt —t0) > b;Q5,  pr=po+(t1—to) > biP;, (4.9.2a)
=1 =1
Qi=qo+ (t1 —t0) > _aijQj, Pi=po+(ti—to) > @i Py, i=1,....5,
=1 i=1
(4.9.2b)
oL : . oL - .
Pi:—tia iy 1)y R:_tlv iy 1)y .:17"'77
aq( Qi, Qi) 8q( Qi, Qi) U s
(4.9.2c)

where t; = (1 — ¢;)to + cit1 and ; = (1 — &)to + &ty are the interpolated
times. As in the autonomous case, we can regard (4.9.2) as defining po, p1,
Qi, P;, Q; and P; for i = 1,...,s as functions of (to,qo,%1,q1). Assuming
this, we define the extended discrete Lagrangian

Lq(to, g0, t1,q1) = (t1 — to) Y biL(ti, Qi, Qi),
i=1

and, if the coefficients satisfy the extended conditions

bidij + Bjaji = bil;j, 1,7=1,...,8s, (4.9.3&)
b; = b, i=1,...,s, (4.9.3b)
C; = éi, 1= 1,...,8, (4.9.3(3)

then it is clear from the result in Section 2.6.5 that the partitioned Runge—
Kutta method is exactly the restriction ¢ of the extended discrete Hamil-
tonian map FLd defined in Section 4.5.4.

If we instead use the full map F 7, or the alternative F 1, then the theory
developed above shows that we will have a symplectic integrator in the
extended sense. O
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PART FIVE
Further topics

In this part we briefly discuss some additional topics and future directions
that are related to those covered in this review. We cite relevant references
in the literature for further information.

5.1. Discrete symmetry reduction

The theory and applications of reduction of mechanical systems with sym-
metry both from the Hamiltonian and Lagrangian perspectives have been
an active area of investigation for quite some time. For a recent review, see
Marsden, Ratiu and Scheurle (2000). It is natural to investigate the discrete
counterpart of this theory and such an investigation has begun. The dis-
crete analogue of the Euler—Poincaré equations and reduction theory (rigid
body and fluid-type equations on Lie algebras) lead to the DEP (discrete
Euler—Poincaré) equations: see Marsden et al. (1999a, 1999b), and Bobenko
and Suris (1999a, 1999b). The latter references also make intriguing links
with discrete integrable systems. Other intriguing links between discrete me-
chanics, rigid body systems and optimal control are given in Bloch, Crouch,
Marsden and Ratiu (1998).

The DEP context assumes that the configuration space of the system
is a Lie group. The development of a more general reduction theory for
group actions on more general configuration manifolds has begun, with the
case of abelian group actions given in Jalnapurkar, Leok, Marsden and West
(2000). The general nonabelian case as well as discrete analogues of singular
reduction are also of considerable interest.

It would also be of interest to combine these variational methods for sys-
tems with symmetry with general methods that preserve symmetry structure
to take advantage of both approaches: see Iserles, McLachlan and Zanna
(1999) and Iserles et al. (2000), and literature cited therein.

5.2. Multisymplectic integrators for PDEs

The basic extension of the methods of this paper to the context of PDEs
was given in Marsden et al. (1998), and Marsden and Shkoller (1999). These
papers lay down the variational discretization of PDEs in a multisymplec-
tic context. The examples in these papers were fairly simple, while more
interesting examples in the context of continuum mechanics are given in
Marsden, Pekarsky, Shkoller and West (2001a, 2001b).

An important point about the variational methods for multisymplectic
PDEs is that they do not require that the PDE and multisymplectic struc-
ture be discretized separately (as in Bridges and Reich (200x)). Instead,
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the discrete multisymplectic structure arises directly from the discrete vari-
ational principle, which also immediately gives a discrete multisymplectic
form formula: that is, the PDE analogue of the symplectic nature of varia-
tional integrators.

This procedure is illustrated in West (2001), where the method of Suris
is extended to construct discrete Lagrangians for product Runge-Kutta dis-
cretizations of multisymplectic PDEs. From the variational principle we
derive the discrete multisymplectic structure, which turns out to coincide
with that proposed in Reich (2000).

Lew et al. (2001) develop and apply the theory of asynchronous varia-
tional integrators (AVIs) in the context of shell dynamics. This is the PDE
analogue of integrators that use adaptive time-steps to achieve exact en-
ergy and momentum balance as well as being multisymplectic. We expect
that similar integrators can be developed for other problems in continuum
mechanics, including fluids.

5.3. Open problems
5.3.1. Reversibility

It would be interesting to make closer links with methods that have been
developed for reversible systems (see, for example, Cano and Sanz-Serna
(1997), Barth, Leimkuhler and Reich (1999), McLachlan, Quispel and Turner
(1998b) and references therein). We should keep in mind that there are many
interesting systems that are Lagrangian but not time-reversible (such as gy-
roscopic systems, including particles in magnetic fields) as well as systems
that are reversible but not Lagrangian. See McLachlan, Quispel and Ro-
bidoux (1998a) for a discussion of the general classification of these systems
as well as those with a first integral, volume-preserving integrators, etc.

5.3.2. Variational backward error analysis

Given a symplectic integrator F' for a Hamiltonian vector field, traditional
backward error analysis finds a modified vector field Xz which is exactly
integrated by F'. It is then shown that this is in fact the Hamiltonian vector
field of a modified Hamiltonian H, so that Xy = X 7> Which is therefore
exactly preserved by F. As H and H are close, this shows that F almost
preserves H for long times.

We could alternatively do such an analysis on the Lagrangian side. Given
a discrete Lagrangian that approximates the action of a given Lagrangian
system Lq ~ [ Ldt, we seek a modified Lagrangian whose action is exactly
equal to the discrete Lagrangian, so that Ly = [ Ldt.

To do this, follow the same idea as for traditional backward error analysis
and expand L = L + hL' + h?L? + .... Substituting this into Ly = [ Ldt,
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expanding both sides in h, and equating terms allows us to solve for the L.
To make this rigorous we would need to investigate the convergence of the
sum, which will undoubtedly require optimal truncation techniques.

The primary advantage of a Lagrangian backward error analysis is that it
may be able to be extended to Lagrangian PDEs, via the techniques of varia-
tional multisymplectic integrators, and to situations where the Hamiltonian
vector field is not defined, such as nonsmooth contact problems.

5.3.8. Discrete multisymplectic reduction

A natural extension of the discrete reduction theory for ODEs would be
its multisymplectic counterpart. Some modest progress has been made in
this direction, for instance in Castrillon Lopez, Ratiu and Shkoller (2000),
but much remains to be done. The examples of Maxwell’s equations (where
reduction theory is understood from the infinite-dimensional function space
perspective, as in Marsden and Weinstein (1982)) and fluids are challeng-
ing, but progress seems likely, both with the theory and, eventually, the
associated numerics.

5.8.4. Splitting methods

If L = "L, what can be said about constructing a discrete Lagrangian
for L given discrete Lagrangians LY for the L'? The answer to such a
question would be an interesting analogue of the corresponding question for
Hamiltonian systems, as in, for example, McLachlan and Scovel (1996) and
references therein. What makes the Hamiltonian case in a sense easier is
that the equations are linear in the Hamiltonian, whereas this is not the case
with the Euler-Lagrange equations (when written in the form & = f(z)). On
the other hand, Hamilton’s variational principle is linear in the Lagrangian,
so we should be able to exploit that structure.

5.8.5. Evolution of conserved quantities for forced systems

When forcing or dissipation is added to a Lagrangian or Hamiltonian sys-
tem, then the symplectic form, momentum maps and energy are no longer
preserved by the flow. It is often of importance in applications, however, to
be able to correctly simulate the amount by which these various quantities
change over time.

The variational framework for discrete systems with forcing given in Sec-
tion 3.2 offers a way in which this evolution can be studied, both for the
discrete system and for the true Lagrangian system. Numerical results in
Kane et al. (2000) for simple systems indicate that, for weakly damped sys-
tems, correctly estimating energy and momentum decay requires the use of
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conservative integrators. It may be possible to make these statements rig-
orous using the ideas of variational backward error analysis and variational
integrators with forcing.

5.3.6. Nonsmooth mechanics

Although we have concentrated on mechanical systems which follow smooth
trajectories, there are many physical situations which demand nonsmooth
models, such as collision and fragmentation problems. In such cases it can
be very profitable to directly use nonsmooth techniques, as described in
Kane et al. (1999b), rather than try to take smooth approximations.

When dealing with truly nonsmooth mechanics, many of the conventional
definitions and derivations no longer apply, relying as they do on standard
calculus. The variational approach, and in particular discrete variational
mechanics, can be extended to nonsmooth situations with little difficulty,
however, and provides a useful tool for the analysis of nonsmooth systems
and numerical integrators for them (see Kane, Ortiz and Marsden (1998)
and Fetecau et al. (2001)).

5.8.7. Systems with nonholonomic constraints

A nonholonomic constraint is, loosely speaking, a constraint on both the
position and velocity variables. This can be defined by a constraint function
¢ : TQ — R, and we seek trajectories ¢(t) so that ¢(q(t),q(t)) = 0 for all
t. The variational principle which gives the correct equations of motion in
this case is the Lagrange—d’Alembert principle used in Section 3.1 to add
forcing (Bloch, Krishnaprasad, Marsden and Murray 1996a).

We could extend the discrete variational mechanics to systems with non-
holonomic constraints by using the same discrete Lagrange—d’Alembert prin-
ciple as in Section 3.2. This would yield a constrained discrete Hamiltonian
map which would approximate the continuous constrained system, and pre-
serve the nonholonomic constraints.

As nonholonomic systems do not, in general, preserve the standard sym-
plectic structure, we would not expect the discrete system to preserve the dis-
crete symplectic structure. It would be interesting, however, to see whether
the evolution was qualitatively correct, as discussed above for the energy de-
cay of dissipative systems. See McLachlan and Perlmutter (200x) for steps
in this direction.

5.3.8. Other Galerkin methods

In Section 2.6.6 we considered variational integrators derived by taking poly-
nomial approximations to the trajectory segments, and we saw that this is
equivalent to Galerkin projection onto the space of polynomials.
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While polynomials are a good choice for general smooth mechanical sys-
tems, there are many problems for which some other choice of curves may be
more appropriate. For example, in systems with highly oscillatory compo-
nents, variational integrators based on sinusoidal trajectory approximations
may have superior accuracy or stability properties.
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