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MULTISYMPLECTIC HAMILTONIAN VARIATIONAL INTEGRATORS

BRIAN TRAN AND MELVIN LEOK

ABSTRACT. Variational integrators have traditionally been constructed from the perspective of La-
grangian mechanics, but there have been recent efforts to adopt discrete variational approaches
to the symplectic discretization of Hamiltonian mechanics using Hamiltonian variational integra-
tors. In this paper, we will extend these results to the setting of Hamiltonian multisymplectic
field theories. We demonstrate that one can use the notion of Type II generating functionals
for Hamiltonian partial differential equations as the basis for systematically constructing Galerkin
Hamiltonian variational integrators that automatically satisfy a discrete multisymplectic conserva-
tion law, and establish a discrete Noether’s theorem for discretizations that are invariant under a
Lie group action on the discrete dual jet bundle. In addition, we demonstrate that for spacetime
tensor product discretizations, one can recover the multisymplectic integrators of Bridges and Re-
ich, and show that a variational multisymplectic discretization of a Hamiltonian multisymplectic
field theory using spacetime tensor product Runge-Kutta discretizations is well-defined if and only
if the partitioned Runge-Kutta methods are symplectic in space and time.
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2 MULTISYMPLECTIC HAMILTONIAN VARIATIONAL INTEGRATORS
1. INTRODUCTION

Variational integrators have become an important class of geometric numerical integrators for the
simulation of mechanical systems, and provides a systematic method of constructing symplectic
integrators. The variational approach has numerous benefits, the first of which is that the resulting
numerical integrators are automatically symplectic, and if they are group-invariant, then they
satisfy a discrete Noether’s theorem and preserve a discrete momentum map. In addition, it can
be shown that the order of accuracy is related to the best approximation properties of the finite-
dimensional function spaces and the order of the quadrature rule used to construct the variational
integrator [17].

However, the variational integrator approach has traditionally been applied to Lagrangian formu-
lations of mechanical systems, as summarized in Marsden and West [30], and the development of
Hamiltonian variational integrators has been less extensive. The notion of Hamiltonian variational
integrators was first introduced in Lall and West [22] as the dual formulation of a discrete con-
strained variational principle, but it did not provide an explicit characterization of the discrete
Hamiltonian in terms of the continuous Hamiltonian and the corresponding discrete Noether’s the-
orem, which was introduced in Leok and Zhang [26]. This involves constructing the exact Type
IT/Type III generating functions for the Hamiltonian flow of a mechanical system, which can be
viewed as the analogue of Jacobi’s solution of the Hamilton—Jacobi equation. The variational error
analysis result for Hamiltonian variational integrators was established in Schmitt and Leok [40],
and methods based on Taylor expansions were developed in Schmitt et al. [41].

Hamiltonian variational integrators also find application in discrete optimal control and discrete
Hamilton—Jacobi theory, and it was shown in Ohsawa et al. [35] that the Bellman equations of
discrete optimal control are the lowest order approximation of a continuous optimal control problem
arising from a particular choice of Hamiltonian variational integrator. The Poincaré transformed
Hamiltonian was used independently by Hairer [15] and Reich [36] as a means of constructing
time-adaptive symplectic integrators, and an adaptive approach based on Hamiltonian variational
integrators was developed in Duruisseaux et al. [I2]. The Hamiltonian approach is necessary in this
case as many monitor functions result in Poincaré transformed Hamiltonians that are degenerate,
for which no Lagrangian analogue exists.

In the setting of Lagrangian and Hamiltonian partial differential equations, multisymplectic in-
tegrators that can be viewed as generalizations of symplectic integrators for mechanical systems
to field theories were introduced from a Lagrangian perspective in Marsden et al. [31], and from
the Hamiltonian, but non-variational perspective, in Bridges and Reich [6]. Our approach to con-
structing a variational description of multisymplectic integrators for Hamiltonian partial differential
equations is based on the notion of generating functionals for multisymplectic relations that was
introduced in Vankerschaver et al. [44].

The advantage of the discrete variational principle approach is that it automatically yields multi-
symplectic integrators, and exhibit a discrete analogue of Noether’s theorem. Furthermore, they
naturally lend themselves to Galerkin discretizations that allow for the systematic construction of
multisymplectic integrators by choosing a finite-dimensional approximation space for sections of the
configuration bundle, and a numerical quadrature rule. In addition, group-invariant discretizations
that exhibit a discrete Noether’s theorem can be constructed from finite-dimensional approxima-
tion spaces that are equivariant with respect to the Lie symmetry group that generates the relevant
momentum map.

1.1. Lagrangian and Hamiltonian Variational Integrators. Geometric numerical integration
alms to preserve geometric conservation laws under discretization, and this field is surveyed in the
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monograph by Hairer et al. [16]. Discrete variational mechanics [25; B0] provides a systematic
method of constructing symplectic integrators. It is typically approached from a Lagrangian per-
spective by introducing the discrete Lagrangian, Lg : Q@ x Q — R, which is a Type I generating
function of a symplectic map and approximates the exact discrete Lagrangian, which is constructed
from the Lagrangian L : TQ) — R as

h
(1.1) L (q0,q1;h) = ext yec2(po.n.0) / L(q(t),q(t))dt,
q(0)=qo,q(k)=q1

which is equivalent to Jacobi’s solution of the Hamilton—Jacobi equation. The exact discrete La-
grangian generates the exact discrete-time flow map of a Lagrangian system, but, in general, it
cannot be computed explicitly. Instead, this can be approximated by replacing the integral with a
quadrature formula, and replacing the space of C? curves with a finite-dimensional function space.

Given a finite-dimensional function space M”([O h]) C C%([0,R],Q) and a quadrature formula
G:C*[0,h],Q) = R, G(f) = h ity bif(cih fo t)dt, the Galerkin discrete Lagrangian is

La(qo,q1) = ext gemnon)) 9(L(g,4)) = ext gemn(pon) hz b ih), q(c;h)).
q(0)=qo,q(h)=q1 q(0)=qo,q(h)=q1 J=

Given a discrete Lagrangian Ly, the discrete Hamilton—Pontryagin principle imposes the discrete
second-order condition q,i = q,g 41 using Lagrange multipliers pg1, which yields a variational prin-

ciple on (@ x Q) xo T*Q,

n—l n—2
0 1 0 L
) {Zkzo La(ax, ai) + Zk:o Pet1(qpyr — qk)} =0.
This in turn yields the wmplicit discrete Euler—Lagrange equations,

(12) QIi = QI9:+17 Pk+1 = DQLd(q27QI1;)7 Pr = _DlLd(q27QI}:)7

where D, denotes the partial derivative with respect to the i-th argument. Making the identification
qx = q,g = q,i_l, we obtain the discrete Lagrangian map and discrete Hamiltonian map which are

Fr,: (qr—1,q) = (qks Gr+1) and FL, : (e, i) = (qrs1, Prs1), respectively. The last two equations
of (1.2)) define the discrete fiber derivatives, ]F'LjE QX Q —TQ),

FLY (qks k1) = (qr+1, DaLa(qr, qrt1)),
FL, (qr, qr+1) = (qk, —D1La(qk, qr+1))-

These two discrete fiber derivatives induce a single unique discrete symplectic form p,, = (IFL?ZE)*Q,
where € is the canonical symplectic form on T*@Q), and the discrete Lagrangian and Hamiltonian
maps preserve {1z, and €, respectively. The discrete Lagrangian and Hamiltonian maps can be
expressed as Fr,, = (FL;) ' oFL} and Fr, = FL} o (FL;)™!, respectively. This characterization
allows one to relate the approximation error of the discrete flow maps to the approximation error
of the discrete Lagrangian.

The variational integrator approach simplifies the numerical analysis of symplectic integrators.
The task of establishing the geometric conservation properties and order of accuracy of the discrete
Lagrangian map F7,, and discrete Hamiltonian map Fy, , reduces to the simpler task of verifying
certain properties of the discrete Lagrangian L; instead.

Theorem 1.1 (Discrete Noether’s theorem (Theorem 1.3.3 of [30])). If a discrete Lagrangian Lg
is invariant under the diagonal action of G on Q X Q, then the single unique discrete momentum
map, Jr, = (]FL?IE)*J, is invariant under the discrete Lagrangian map Fy,,, i.e., deJLd =Jr,-
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Theorem 1.2 (Variational error analysis (Theorem 2.3.1 of [30])). If a discrete Lagrangian Lq
approzimates the ezact discrete Lagrangian LE to order p, i.e., La(qo,q1;h) = L¥(q0,q1;h) +
O(hP*L), then the discrete Hamiltonian map Fp, is an order p accurate one-step method.

The bounded energy error of variational integrators can be understood by performing backward
error analysis, which then shows that the discrete flow map is approximated with exponential
accuracy by the exact flow map of the Hamiltonian vector field of a modified Hamiltonian [4; 42].

Given a degenerate Hamiltonian, where the Legendre transform FH : T*Q — TQ, (¢,p) — (q, %—Z),
is noninvertible, there is no equivalent Lagrangian formulation. Thus, a characterization of varia-
tional integrators directly in terms of the continuous Hamiltonian is desirable. This is achieved by
considering the Type II analogue of Jacobi’s solution, given by

tet1

HI " (e, pp1) = Xty p)eC2([ty tri1], T*Q) [p(tk+1)Q(tk+1) - [pg — H(q,p)] dt}‘

q(tk)=aqr,p(tk+1)=Pr+1 te

A computable Galerkin discrete Hamiltonian H :lr is obtained by choosing a finite-dimensional func-
tion space and a quadrature formula,

m
Hy(qo,p1) = ext  gemr(jo,n) [pch(tl) —h)_ _ bilp(eh)ile;h) - H(Q(th)»p(cg'h))]} :
(alesh) pleshNET*Q

Interestingly, the Galerkin discrete Hamiltonian does not require a choice of a finite-dimensional
function space for the curves in the momentum, as the quadrature approximation of the action in-
tegral only depend on the momentum values p(c;h) at the quadrature points, which are determined
by the extremization principle. In essence, this is because the action integral does not depend on
the time derivative of the momentum p. As such, both the Galerkin discrete Lagrangian and the
Galerkin discrete Hamiltonian depend only on the choice of a finite-dimensional function space for
curves in the position, and a quadrature rule. It was shown in Proposition 4.1 of [26] that when
the Hamiltonian is hyperregular, and for the same choice of function space and quadrature rule,
they induce equivalent numerical methods.

The Type II discrete Hamilton’s phase space variational principle states that

N-1
o {pNQN > [prrae1 — HY (qrs pisa)] } =0,
k=0

for discrete curves in T*@Q with fixed (qo, pn) boundary conditions. This yields the discrete Hamil-
ton’s equations, which are given by

(1.3) Gt1 = DoH ) (g prs1), pr = D1HJ (qi, 1)

Given a discrete Hamiltonian H, we introduce the discrete fiber derivatives (or discrete Legendre
transforms), FTH,

FYH] : (q0,p1) = (D2HJ (g0, p1), p1),
F~Hy : (go,p1) = (g0, D1H (q0,p1))-

The discrete Hamiltonian map can be expressed in terms of the discrete fiber derivatives,

FH;((Joypo) =FTHI o (F"H) (g0, p0) = (q1,p1),

Similar to the Lagrangian case, we have a discrete Noether’s theorem and variational error analysis
result for Hamiltonian variational integrators.
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Theorem 1.3 (Discrete Noether’s theorem (Theorem 5.3 of [26])). Let ®7" % be the cotangent
lift action of the action ® on the configuration manifold Q. If the generalized discrete Lagrangian
Ri(q0,q1,p1) = ;g1 — Hj(qo,pl) is invariant under the cotangent lifted action ®1 9, then the

discrete Hamiltonian map FH; preserves the momentum map, i.e., F;{;J =J.

Theorem 1.4 (Variational error analysis (Theorem 2.2 of [40])). If a discrete Hamiltonian H
approximates the exact discrete Hamiltonian HJ’E to order p, i.e., Hj(qo,pl; h) = H;’E(qo,pl; h)+
O(hPTY), then the discrete Hamiltonian map Fy+ is an order p accurate one-step method.

d

It should be noted that there is an analogous theory of discrete Hamiltonian variational integrators
based on Type III generating functions H; (po, q1).

Remark 1.1. It should be noted that the current construction of Hamiltonian variational inte-
grators is only valid on vector spaces and local coordinate charts as it involves Type I1/Type III
generating functions Hj(qk.pkﬂ), H; (pk, qk+1), which depend on the position at one boundary
point, and the momentum at the other boundary point. However, this does not make intrin-
sic sense on a manifold, since one needs the base point in order to specify the corresponding
cotangent space. One possible approach to constructing an intrinsic formulation of Hamiltonian
variational integrators is to start with discrete Dirac mechanics [25], and consider a generat-
ing function Ej(qk,qk+1,pk+1), E (qr, Pk qu+1), that depends on the position at both boundary
points and the momentum at one of the boundary points. This approach can be viewed as a dis-
cretization of the generalized energy E(q,v,p) = (p,v) — L(q,v), in contrast to the Hamiltonian

H(q,p) = exty(p,v) — L(q,v) = {(p,v) — L(q, v)|p:%.

1.2. Multisymplectic Hamiltonian Field Theory. While classical field theories can be viewed
as an infinite-dimensional Hamiltonian system with time as the independent variable (see, for
example, Abraham and Marsden [I]), we will adopt the multisymplectic formulation with spacetime
as the independent variables, which has been extensively studied in, for example, Gotay et al. [13]
14], Marsden and Shkoller [29], Marsden et al. [32]. The description of multisymplectic classical field
theories in the literature is traditionally formulated in the Lagrangian setting or in the Hamiltonian
setting via the covariant Legendre transform to pass between the two settings. However, as we
are interested in constructing variational integrators purely within the Hamiltonian setting, we
will outline the necessary ingredients of multisymplectic Hamiltonian field theory in this section,
without the use of the Lagrangian framework or the covariant Legendre transform.

Consider a trivial vector bundle F = X x @ — X over an oriented spacetime X (although we
will refer to X as spacetime with evolutionary Hamiltonian PDEs in mind, X could be either
Riemannian or Lorentzian), with volume form denoted d"*1x. Let © be the Cartan form on the dual
jet bundle J'E*, which has coordinates (z*, ¢4, p, pﬁ), where z# are the coordinates on spacetime,

¢4 are the coordinates on @Q, and p and pl’:‘ are the coordinates of the affine map on the jet bundle,

vl’j‘ — (p+ pivﬁ‘)d"“x. Define the restricted dual jet bundle ﬁf’* as the quotient of J'E* by

horizontal one-forms; this space is coordinatized by (z#, ¢4, pﬁ) and is the relevant configuration
bundle for a Hamiltonian field theory; we interpret ¢4 as the value of the field and p’y as the
associated momenta in the dir(z:_‘iign z*. The dual jet bundle can be Vielvggl as a bundle over the
restricted bundle, p : J'E* — J1E* (see Leén et al. [27]). Let H € C*°(J1E*) be the Hamiltonian
of our theory. This defines a section of p, in coordinates H (z#, ¢4, ) = (z#, ¢4, —H,pY) or using
the projections % from the bundle of (j + k)-forms on E to the subbundle of j-horizontal, k-
vertical forms, this can be defined as the set of z € J'E* such that 7" +t10(2) = —H (7™ (2))d" ' z.
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Using this section, one can pullback the Cartan form to a form on the restricted bundle,
Oy = H*O = plde* Ad"x, — Hd"a.
We then define the action SU (relative to an arbitrary region U C X) as a functional on the sections

of JLE* (viewed as a bundle over spacetime),

(1.4) SU[6,p] = /U (6.p)" 0.

Hamilton’s principle states that this action is stationary for compactly supported vertical variations,
i.e.,

U oUu

=0, VeU
Since U is arbitrary, for a sufficiently smooth solution, this gives the strong form of Hamilton’s equa-
tions, (¢, p)*iyQy = 0, where we defined the multisymplectic form Qg = —dOp. In coordinates,
for V = 6¢19/0¢* + 5p/,0/9p';, these equations read
OH OH
A n+1 A n+1
(S(b (aupi + W)d + T+ 5pff1(—8#¢ + @)d * z = 0.
Since this must hold for §¢4, 6p’y independent, this gives the De Donder—Weyl equations
OH
(1.5a) Ouply = T 0
OH
1.5b D0t = —.

( ) 1 ap/g
To write these equations as a multi-Hamiltonian system, define z4 = (¢4, P -, %) 7T it is clear
that the De Donder—-Weyl equations can be written as

0 -1 0 ... 0 0o 0 ... 0 -1

1 0 0 ... 0 o - ... 0 0

0 0 O 01 9p22+ .-+ D | 0,2t =V uH,

o 00 0 "~ 0

0 0 0 0 O 1 0 0 0 o0

=K0 —en

or K999z + -+ K"0,2" = V_aH, where the matrices K* are (n +2) x (n + 2) skew-symmetric
matrices which have value —1 in the (0, + 1) entry and 1 in the (1 + 1,0) entry (we are indexing
the matrices from 0 to n + 1), and 0 everywhere else. This form of the equations was studied in
Bridges [5]. We can associate to each of these matrices a degenerate two-form on the restricted
dual jet bundle,

=3 dENT @ Krde? = (—dply  dot + do? @ dphh) = dot A d.
A

For simplicity of notation, we will implicitly suppress the duality pairing between (¢4)4 (valued
in Q) and (p/y)a (valued in Q*) and write this as w” = d¢ A dp” (throughout, we will suppress
this duality pairing, e.g. pt¢ = piqﬁA). Hamilton’s equations (¢, p)*iy Qg = 0 can then be written
as wh(0,z,V) = 0 (sum over p), which relates the multisymplectic structure Qg to (n + 1)-pre-
symplectic structures {w*}.
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Remark 1.2. The multisymplectic structure is more fundamental, since the wh were constructed
via a particular coordinate representation. In fact, as discussed in Marsden and Shkoller [29], the
w* are a particular coordinate decomposition of the multisymplectic form; in general, the w" are not
intrinsic unless the dual jet bundle is trivial, although their combination as the multisymplectic form
is intrinsic. Since we will utilize Cartesian coordinates on a rectangular mesh for discretization and
we will assume trivial bundles for the discrete theory, these coordinate representatives will be simpler
to deal with and correspond to the current literature on multisymplectic Hamiltonian integrators.
It would be interesting to investigate variational discretizations of field theories where the dual jet
bundle is not trivial; in this setting, utilizing the multisymplectic structure is more fundamental.

Multisymplecticity and the Boundary Hamiltonian. The above Hamiltonian system admits
a notion of conserving multisymplecticity, which generalizes the usual notion of symplecticity. In
particular, let V, W be two first variations, i.e., vector fields whose flows map solutions of Hamilton’s
equations again to solutions; then, for any region U C X, one has the multisymplectic form formula:

(16) /6 (G0 (v ) =

which follows from d?SY[¢,p] - (V,W) = 0 for a solution (¢,p) of Hamilton’s equations. In coordi-
nates where V = §¢9/0¢" + 6p/,0/0py and V = §y10/9¢* + 7,0/09p';, this reads

0= / (64p)" (ivin Q) = / (66457, — Sy 5 | 5.y T = / 5.y (V. W)
oU oU oUu

Applying Stokes’ theorem and noting that U is arbitrary, the strong form of the multisymplectic
form formula can be expressed J,w" = 0, which holds when evaluated on two first variations at
a solution of Hamilton’s equations (¢, p). In terms of our coordinate representation of Hamilton’s
equations, by taking the exterior derivative of Hamilton’s equations, a first variation is a vector
field V' which satisfies

K°dz(V) + -+ K"dz,(V) = (D, H)dz(V),

where z, = 0,2. One of the aims of this paper is to construct variational integrators for multi-
Hamiltonian PDEs which admit a discrete analog of the multisymplectic conservation law for a
suitably defined discrete notion of first variations.

Analogous to how the Type II generating functions are utilized in the construction of Galerkin
Hamiltonian variational integrators (see Leok and Zhang [26]), we will utilize the boundary Hamil-
tonian introduced in Vankerschaver et al. [44], which will act as a generalized Type II generating
functional. Consider a domain U C X and partition the boundary OU = A U B; we supply fixed
field boundary values ¢4 on A and fixed normal momenta 7 on B. The boundary Hamiltonian is
defined as a functional on these boundary values

(17) Ho(oams) = ext | [ poda, — [ (0.p)0n]
~ext[ [ poda,— [ o0 - Hop)I+al.

where one extremizes over all fields (¢, p) satisfying the fixed boundary conditions along A and B.

An extremizer of the above expression restricted to the aforementioned boundary conditions satisfies
the De Donder—Weyl equations, which follows from

i [ proara,— [ 49,0 - o)
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OH (¢, OH (¢, .
_ /B S pd x,, + /B Popd z, — /U (6p"0up + P/ 0,66 — a(pd;p)ép“ gz P) 5g)dm+ig

[ oo, [ prioda,— [ 600 - oproe - LG g - PO s e,
B OU=AUB U opH o9

-- o [ (09— PHOD) o o OHOD) o
B AU:APMMCZ i /U[(a“(b Oph )op* — (Oup” + 96 )0 d"Ha,

where we used opH|p =0 = J¢p|a.
This is a Type II generating functional in the sense that it generates the boundary values for the
field along B (denoted ¢|p) and the normal momenta along A (denoted p"|4),
dHpy dHay
S = pn‘z‘h = ¢’B
PA

org
To obtain ([1.8), perform an analogous computation as the one above (take the variation, integrate
by parts, and use that the internal field satisfies the De Donder—Weyl equations), which gives

dHay (¢, TB) - (0pa,0TR) = / orp - ¢|p — /AW|A < 0P A;
B

i.e., (L1.8). Note that the generating relation ((1.8) only determines the normal component of the
momentum along A; this is consistent with the De Donder—Weyl equation ([1.5a)), since it only
specifies 0,,p".

(1.8)

Since an extremizer of Hyoy (@A, 7p) satisfies the De Donder—Weyl equations, it satisfies the multi-
symplectic form formula. Since the multisymplectic form formula is expressed as an integral over
OU and the generating functional gives us the field values on OU, (¢, 7) = (va,¥B,7A,7TB), the
above generating map is multisymplectic in the sense

/ wu|(%ﬂ.) (‘/, W)d”a:u = 0,
ou
for first variations V and W.

We will utilize a discrete approximation of the boundary Hamiltonian and its property as a gener-
ating functional to construct variational integrators which are naturally multisymplectic.

Noether’s Theorem. Another important conservative property of Hamiltonian systems arises
from symmetries. Suppose there is a smooth group action of G on the restricted dual jet bundle
which leaves the action SU invariant. Let € denote the infinitesimal generator vector field for ¢ € g
associated to this action. For a solution (¢, p) of Hamilton’s equations, one has

0= £:5Y[¢,p] = dS"[¢,p] - € = /U (¢,p)"igdOn + /€9U<¢vp>*i5@H-

Note that the term involving the integral over U vanishes, even though £ is not necessarily compactly
supported in U, since Hamilton’s equations hold pointwise (U is arbitrary). Hence, Noether’s
theorem in this setting is the statement

(1.9) | @origen —o.

In the discrete setting, we will be particularly concerned with vertical variations (where the group
action on the base space X is the identity). In this case, we can write the above in coordinates as

(1.10) /a P (igdo)d", = 0.
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We will see that if there is a group action on the discrete analog of the restricted dual jet bundle
which leaves the discrete action (the generalized discrete Lagrangian) invariant, then there is a
discrete analog of Noether’s theorem, equation ([1.10]).

1.3. Multisymplectic Integrators for Hamiltonian PDEs. Consider the class of Hamiltonian
PDEs,

(1.11) K%+ + K", = V.H(2),

with independent variable z = (2°,...,2") € R"*! dependent variable z : R® — R™, each K* is
an m X m skew-symmetric matrix, and the Hamiltonian H : R™ — R is sufficiently smooth.

Defining a two-form for each K*, w*(U,V) = (K*U,V) (with respect to an inner product (-,-) on
R™), the equation (1.11)) admits the multisymplectic conservation law

(1.12) 8w (U, V) =0,
for any pair of first variations U, V satisfying the variational equation

K%z + -+ K"dz, = D,.H(z).

As we saw, the De Donder—Weyl equations, which arose from the variational principle applied to
the Hamiltonian action , are an example of a Hamiltonian PDE in the form . From our
variational perspective, the action and variational principle are more fundamental, as opposed to
the field equations . However, as shown by Chen [9], the Hamiltonian system arises
from the variational principle, so there is no loss of generality working with the formulation based
on the Hamiltonian action .

For the Hamiltonian system (|1.11)), a multisymplectic integrator is defined in Bridges and Reich [6]
to be a method

KOO " 2y i 4+ 4+ K00 2i0_ir = (V25 (Zi...in) ig.oiins
where 8;0"'1'” is a discretization of 9,,, such that a discrete analog of equation 1} holds,
00w (Usy. i Vig..iin) = 0,
when evaluated on discrete first variations Uj,. ., Vi,...i,, satisfying the discrete variational equations
KO0y " dziy. i, + -+ + KO dzy i, = d((VzS(zio...in))z‘o...z'n>~

We will see that the variational integrators that we construct will automatically satisfy a discrete
multisymplectic conservation law, as a consequence of the Type II variational principle. Further-
more, we will show in Section that this discrete multisymplectic conservation law reproduces
the Bridges and Reich notion of multisymplecticity.

Example 1.1. An example of a multisymplectic integrator in 1 + 1 spacetime dimensions is the
centered Preissman scheme,

KOZ%/2_Z§)/2 +Klzi/2_z(1)/2 . vé H( 1/2)
At Az A Be)

i;; =121 + 20 4+ 2} + 2). As noted in Reich [38], this can be
obtained from a cell-vertex finite volume discretization on a rectangular grid, or alternatively, as
observed in Reich [37], it is an example of a multisymplectic Gauss—Legendre collocation method,
in the case of one collocation point. Furthermore, the multisymplectic Gauss—Legendre collocation
methods are members of a larger class of multisymplectic integrators, the multisymplectic partitioned

Runge—Kutta methods (see, for example, Hong et al. [19], Ryland et al. [39]). In Section we

0o _1,.0 0
where 2, = 5(20 + 27), etc. and z
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will derive the class of multisymplectic partitioned Runge—Kutta methods within our variational
framework.

1.4. Main Contributions. In this paper, we introduce a variational construction of multisym-
plectic Hamiltonian integrators utilizing a discrete approximation of the boundary Hamiltonian
and the corresponding Type II variational principle. Although variational integrators have been
extensively studied in the setting of Lagrangian PDEs, where they have been used to construct ro-
bust and flexible numerical methods for nonlinear elasticity [28], collision and impact dynamics for
continuum mechanics [I1], and geometrically exact beam dynamics [23], the variational perspective
has not been studied in the setting of integrators for Hamiltonian PDEs.

This paper serves as a stepping stone in constructing variational integrators in the Hamiltonian
PDE setting. Our hope is that, by introducing a variational perspective in the setting of integrators
for Hamiltonian PDEs, the well-developed techniques and machinery of variational integrators for
Lagrangian PDEs can be analogously developed on the Hamiltonian side. It should be noted that
the theory in this paper relies on a trivial configuration bundle, since the notion of a boundary
Hamiltonian is only intrinsic in the case that the bundle is trivial. Analogous to an intrinsic ap-
proach to variational integrators for Hamiltonian mechanics, outlined in Remark one possible
approach for constructing an intrinsic formulation of multisymplectic integrators is to start with a
discrete notion of a multi-Dirac structure (for details on multi-Dirac structures in classical field the-
ories, see Vankerschaver et al. [43]) and discretize the variational principle utilizing the generalized
energy as a generating functional; we will investigate this in future work.

In Section we begin by developing a discrete notion of Hamiltonian field theory, the discrete
boundary Hamiltonian, and the corresponding Type II variational principle. Subsequently, we
specialize to the case of a spacetime tensor product rectangular mesh which allows us to give an
explicit characterization of the equations resulting from the Type II variational principle. We prove
discrete analogues of multisymplecticity and Noether’s theorem for these equations. In Section
we utilize a Galerkin approximation of the action to complete the discretization of the boundary
Hamiltonian. Subsequently, in Section [2.3] we utilize a particular choice of Galerkin approxima-
tion to derive the class of multisymplectic partitioned Runge-Kutta methods. In Section we
reinterpret the discrete multisymplectic conservation law as one that is naturally associated to the
difference equations which approximate the De Donder—Weyl equations. Finally, in Section (3] we
provide a numerical example which allows us to visualize multisymplecticity as symplecticity in the
spatial and temporal directions for the class of sine-Gordon soliton solutions.

2. MULTISYMPLECTIC HAMILTONIAN VARIATIONAL INTEGRATORS

2.1. Discrete Hamiltonian Field Theory. We will discuss our construction of a discrete bound-
ary Hamiltonian for the general case of an arbitrary mesh and subsequently study the particular
case of a rectangular mesh where the variational equations can be written explicitly. Let X c R**!
be a polygonal domain and 7(X) an associated mesh. In general, a discrete configuration bun-
dle consists of a choice of finite element space taking values in the fiber () that is subordinate to
the mesh 7(X). To be more concrete, for every mesh element A € T(X), we introduce nodes
x; € A,i € I, and parametrize the finite element space by the fiber value at each node. A mul-
tisymplectic variational integrator based on finite elements was developed from the Lagrangian
perspective in Chen [10].

The discrete analog of the configuration bundle, on an element by element level, is the base space
{z;}ier with fiber @ over each node; the total space is {x;}ic; X @ and a section is a map from
each node to @, denoted ¢; € ). Analogously, the discrete analog of the restricted dual jet
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bundle is {x;}ier x @ x (Q*)"*1, where a section is specified by ¢; € Q,p!' € Q*. Let Sdﬁ[@,pé‘]
be some discrete approximation of the action S [¢,p]. As in the discussion of the boundary
Hamiltonian , partition the boundary of the element /A = AU B and let ¥ g TB¥YB be some
discrete approximation to the boundary integral | pP'od"r,, depending only on the field and
normal momenta boundary values on the nodes x; € B, which we denoted ¢p and mp respectively.
Define the discrete boundary Hamiltonian

OA A
Hy"(pa,mp) = ext $;€Q.pt Q™ [IT"B‘PB -5 [cf)i,Pf]],

¢la=pa,p"|B=TB

where p"|p denotes the normal component of the momenta along B. Repeat the above construction
for each A € T(X); partitioning the boundaries 0A = A(A) U B(A) and the boundary of the full
region 0X = A(X) U B(X) (where A(X) = Uacr(x)(A(A) NIX) and B(X) = Uper(x)(B(A) N
0X)). Define the discrete action sum

Sal{van)y, ) Y aeTx)] = Z: TB(X)PB(X) — Z [ I TB(A)PB(A) — H,?A((PA,WB)]'

The Type II variational principle §S3 = 0 (subject to variations of ¢ vanishing along A(X) and
variations of m vanishing along B(X)) gives a set of (generally coupled) maps (¢a(a), T(A)) =
(#B(A)> Ta(n)) in analogy with the generating functional relation, equation . In the case of
finite element spaces which are not parametrized by the nodal values, we evaluate the discrete
boundary Hamiltonian on the discrete space of boundary data induced by the choice of mesh and
discrete configuration bundle, and extremize the expressions above over the finite elements that
satisfy the prescribed boundary conditions. This is the most general form of our multisymplectic
Hamiltonian variational integrator.

Spacetime Tensor Product Rectangular Mesh. Now, consider the particular case of a rect-
angular domain X and an associated rectangular mesh 7 (X). For simplicity and clarity in the
notation, we will focus on the case of 1 + 1 spacetime dimensions, although higher dimensions can
be treated similarly (we treat the case of higher dimensions in Appendix .

Consider a rectangle [t,t + At] X [z, + Az] = O € T(X). Introduce nodes on the intervals
{t1 = t,ta,... ts_1,ts = t + At} and {z1 = z,29,...,25-1,2, = = + Az} (as we will introduce
in the next section for Galerkin Hamiltonian variational integrators, these nodes correspond to
quadrature points along the time and space intervals). The discrete base space is Xq = {(t;, ;) |
i=1,...,s, j=1,...,0}, the discrete configuration bundle is X4 x @), where a section is map from
each node (t;, ;) to (t;,zj, ¢i;), where ¢;; € Q. Analogously, the discrete restricted dual jet bundle
is X7 xQ x (Q*)?, where a section is specified by 0ij € Q,pé‘j € Q*. Let Sg [gﬁij,pffj] be some discrete
approximation to S”[¢,p] (we will explicitly construct such a discrete approximation in the next
section using Galerkin techniques and quadrature). Partitioning the boundary 00 = A(O)U B(0O),
the discrete boundary Hamiltonian is given by

(2.1) H7"(pa0), Tp(o)) = ext biyeQuit Q- { i TR@)PB(@) — Sd [¢ij7pi§]]7
¢la@y=Pa@) P B)="B0O) B(DO)

where ¢ 4oy denotes the boundary values on A(O), i.e., at nodes (t;, ;) € A (and similarly for ).
The discrete action sum is

Sd[{@A(D)vﬂB(D)}DET(X)] = i TB(X)PB(X) — Z { I TR(@m¥YB(O) — HC?D(SDA(D)77I-B(D)):|'
B(X) PETX) (o)
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Recall the Type II variational principle Sy = 0 gives a set of maps (¢ a0, 7)) = (¥B(D), TAD))-
To give a more explicit characterization of these maps, let us introduce a quadrature approximation
of the boundary integral over B. First, consider the simple case of one quadrature point along each
edge of Oy, = [to+aAt, to+(a+1)At] x [xo+bAx, o+ (b+1)Az], where T(X) = {Oap}ap- Let g
denote the field boundary value at the quadrature point along the bottom edge (¢4, tq + At) X {z3}
(where we orient our axes such that time is horizontal and space is vertical) and $afp) denote its
value at the quadrature point along the left edge {t,} X (wp, zp + Ax) (and similarly @441 for the
top edge, 1) for the right edge). We take A to be the bottom and left edges, and B to the
top and right edges. The normal momenta through the top edge is the momenta associated to the
x direction (at the quadrature point), which we denote W[la]b 41> and the normal momenta through
the right edge is the momenta associated to the ¢ direction, which we denote 7r2 T Since we only
have one quadrature point along each edge, the quadrature weight for the temporal edge is At and
similarly for the spatial edge is Az. See Figure

X

Ax

FIGURE 1. Schematic for one quadrature point along each edge of Oy € T (X).

Then, the boundary integral can be approximated

ta+1 1 Tph41 0
/Bpuédn‘ru = / (p ¢)’$:$b+1dt + / (p ¢)t:ta+1daj
ta x

b
~ ﬁ[la]b+1<,0[a]b+1At + 7r2+1[b]g0a+1[b]A:E = I TBYR.
B
The associated discrete boundary Hamiltonian is

HE (Plapos Pafths T 1> Toay) = X (hip 1 Ppaps 188 + 7841y Pas Az — S 19,7,

where the + specifies that we chose B to be in the forward direction (in the direction of increasing
temporal and spatial values), analogous to the notion of discrete right Hamiltonian in discrete
mechanics. Again, we extremize over ¢, p satisfying the boundary conditions (note we have not
given an explicit construction for such a SdD“b yet; see Section .

Proposition 2.1. The Type II variational principle 6Sq = 0, subject to variations of ¢ vanishing
along A(X) and variations of m vanishing along B(X), yields the following,

1

(2.2a) TF[la]b = EDlHJ(SO[a]ba ‘Pa[b]vﬂ-[la]b—s-l’ 772+1[b]),
1

(2.2b) Trg[b] = EDij(@[a}b,soa[b]m[la}b+1ﬂfg+1[b])=

1
(2.2¢) Plalp+1 = ED3HJ(S@[a]b7 Palt]> Talbr 1> Tar 1)
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(2.2d) Pat+1[b] — D4H (‘p[a}b7 Palb]s 7T[la}b-i-h 77((1)+1[b])7

where D; denotes differentiation with respect to the it" argument. We refer to these equations as the
discrete forward Hamilton’s equations (in the case of one quadrature point). Note that these equa-

tions define a map (@Av 7I-B) = (Qo[zz]ba (pa[b}’ﬂ-[la]IH_la 7r2+1[b]) — (SOB’ WA) = (Sp[a]b—&-la 90a+1[b}’7r[1a]ba 7['2[13])'

Proof. Recall the full mesh 7(X) = {Ogp}ep; say a=0,...,N—1,and b=0,...,M — 1 (so that
X = [to,to + NAt] x [z, x0 + M Ax]). B(X) consists of the forward edges of X, i.e.,

B(X) = ([tg, to + NA# x {xo + MAx}) U ({to + NAtY x [0, 20 + MAx]).
Consider the discrete action sum

Sal{pa@): T@)}]
ZIWB(X>SDB(X>— > [I BO¥B©) ~ Hi (Pao) ™ (D)ﬂ

B(X) 0eT(X)  pm)
N-1 M-1
= D MamPlam A+ Y TNy Az
a=0 b=0
N—1,M—1
B Z [”[a]bH‘P[a]bHAtJFWaH[}‘Pa+1[b]A$— +( Plalbs Palb]> [a]b+177rg+1[b])
a,b=0
N—1,M—2 N—2,M—1
== D TapaParndt = Y TopPeripde
a,b=0 a,b=0
=(a) =(b)
1,M—1
+ Z ‘p[ab790a[b]’7r[a}b+1v a+1[b})

=(c)
The Type II variational principle states 0 = 6S; = d(a) + 6(b) + d(c), subject to variations of
¢ vanishing along A(X) (i.e., dpjq0 = 0 = dpgp)) and variations of 7 vanishing along B(X) (i.e.,
57TN[b] =0= (577[(1} ). Compute the variations of (a), (b), (¢) keeping only the independent variations
dPLalbs OPat)» 57ra[b], (577[(1} not required to vanish by the boundary conditions (note such vanishing

variations will only appear in (¢)).

N—1M-2
6(a) = —At Z Z (‘P[a}b+157f[la]b+1 + W[la]b+15w[a]b+1)
a=0 b=0
N—1M-2 N-1M-1
= -At Z ‘P[a}b+157r jap+1 — At Z Z ﬂ—a]b&'@[a]b’
a=0 b=0 a=0 b=1
N—2M-1
6(b) = —Ax Z Z (¢a+1[b}5772+1[b] + 7r2+1[b]580a+1[b])
a=0 b=0
N—2M-1 N-1M-
=—-Ax Pat 1) To 1) — Z Z 6] 0Palb) -
a=0 b=0 =1 b=0
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For brevity, denote H [a,b] = Hj(go[a]b, cpa[b],ﬂ[la]bH, 772+1[b])‘ Compute

N—1,M—1
ie)="> (DlH;f [a, 10 a)p + D2H a, b]wap) + DsH [a, b8,y 1 + DaHy [a’b]5”3+1[b]>
a,b=0
N-1M-1 N-1M-1
=" N DiHf 0,60+ D> > DoH{[a,b)dg.p
a=0 b=0 a=0 b=0
N—-1M-1 N-1M-1
a=0 b=0 a=0 b=0

Note in the first double sum above, dp(,0 = 0 so we remove the b = 0 terms. In the second double
sum, dpgp = 0 so we remove the a = 0 terms. In the third double sum above, 57T[1a]M = 0 so
we remove the b = M — 1 terms. In the fourth double sum above, 5”?\7[171 = 0 so we remove the
a = N — 1 terms. This gives,

N—-1M-1 N-1M-1
5(e)=> Z D1 HJ [a, b6, + Dy HJ [a, 060
a=0 b=1 a=1 b=0
—1 M-2 N-2M-1
+ > DsHj[a,b]oml,,, + DyHJ [a,blomy, 1p)-
a=0 b=0 a=0 b=0

Putting everything together, we have
0=0S3="4(a)+d(b) + d(c)

N—1M-1 N—1M-1
=Y > (At + DiH [0, ) + > Y (A why + DaHy [a, b])dap
a=0 b=1 a=1 b=0
N—1M-2 N—2M-1
+ Z — At Qa1 + D3Hy [a,0)0m iy + Y D (=A% @appy + DaH [a,b])070 -
a=0 a=0 b=0
The variations in the above expression are all independent, so this gives ([2.2al)-(2.2d]). O

Discrete Multisymplecticity. Analogous to the continuum case, we define a discrete first vari-
ation as a vector field such that the above equations ([2.2a)-(2.2d)) still hold when evaluated at the
level of the exterior derivative, e.g. for equation ([2.2a)),

1
dﬂ-[la]b = Ed(DlHJ(SD[a]bv Palb]s W[la]b+1a 7T2+1[b])) .

and similarly for the others. As we saw in the continuum theory, the map generated by the boundary
Hamiltonian implies the multisymplectic form formula, since the multisymplectic form formula can
be expressed over the boundary 0U. Since we constructed a discrete approximation to the boundary
Hamiltonian before enforcing the variational principle, we would naturally expect a discrete notion
of multisymplecticity to arise as well. Furthermore, in the continuum theory, multisymplecticity
follows from d? = 0 applied to the boundary Hamiltonian, evaluated on first variations. As we
will see, our discrete multisymplectic form formula follows from computing d? = 0 applied to the
discrete boundary Hamiltonian, in analogy with the continuum theory.

Proposition 2.2. The discrete forward Hamilton’s equations — are multisymplectic, in
the sense that for a solution of the discrete forward Hamilton’s equations,

At dpjgppr N dﬂ[la]b+1 — At dpjp A dﬂ'[la]b + Az dpg 1 A d7r2+1[b] — Az dpap) A dﬂ’g[b] =0
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evaluated on discrete first variations.
+ . 1 0
Proof. In what follows, H; will be evaluated at (@45, Paly]; Tlalb+1> Ta Jrl[b]). Compute

0= d2H] = d(DyH dppay, + DaHJ dpy + DsH drlyy, + Dl )

= d(D1H]) A dgpapy + d(D2H ) A dpgpe) + d(D3H) A dmyyy + d(DaHP) Admg gy
Then, by our definition of discrete first variations, we have
d(D1H) = At drpy,,
d(D:H]) = Az dﬂ'g[b],
d(D3H]) = At dppg)ps1,
d(DsHY) = Az dpg i)
Substituting these expressions into the equation for dZHL;|r yields
0=d(DiH}) Adpiap + d(DaHf ) A dpap) + d(DsH ) A dmiyy 1 + d(DaHJ) Admg g
= At dw[la}b Ndppap + Az d?'('g[b] N dpapp) + At dppgp1 A dw[la}bﬂ + Az dpgyip A d7r2+1[b]
= —At dpip A drjyy, — Az dpap) A drgy + At dpiapsr A digy ) + Az dpg i A dmg g
= At dpjgpr1 N dﬂ[la]b+1 — At dppg N dw[la]b + Az dpg i1 A d7r2+1[b] — Az dpgp) N dﬂ'g[b].
O

Remark 2.1. Recall that w* = dp N dw*. Observe that if we divide the above discrete multisym-
plectic form formula by AtAx, it is just a first-order finite difference approximation of 0,w* = 0.

Furthermore, it is clear that the above equation is precisely quadrature applied to the multisymplectic
form formula [ W] (-, -)d"z, = 0.

Finally, we note that a discrete notion of multisymplecticity holds in the more general setting
described at the beginning of Section[2.1. In the more general setting, discrete multisymplecticity is
interpreted as CZQH(‘I,/9A = 0 (when evaluated on first variations), which reduces to the “usual” notion
of multisymplecticity in the spacetime tensor product case.

General Quadrature Approximation. From here, the generalization to multiple quadrature
points is straight-forward. For simplicity, we take the bottom-left vertex of O € T(X) to be (0,0).
Then, O = [0, At] x [0, Az]. In the temporal direction, introduce quadrature points ¢; € [0, 1], i =

1,...,s, and associated quadrature weights b;; we normalize these such that ) . b; = 1 (for both ¢;
and b;, we’ll have to explicitly include a factor of At later) and without loss of generality, we assume
each b; # 0. Similarly, for the spatial direction, introduce quadrature points ¢, a = 1,...,0 and

the associated non-zero weights b, (normalized as before). Let @0 = p(ciAt,0), @gjo) = (0, CaAz),
eun = @(ciAt, Ar), @qjq) = (At, éaAx). Similarly define 7T8[o¢]’ 71'[1}0, W?ﬁ’ W[li]l. As before, we take

7

B to be the part of the boundary in the forward direction. See Figure

Then, use quadrature to approximate the boundary integral:

At Az
/B plod x, = /0 (p' D) w—nzdt + /0 (P°@)i—arde

~ Z At biﬂ[li]l@[i]l + Z Axgap(l)[a]‘pl[a} = i’ﬂBth.
=1 a=1 B
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Ax

FIGURE 2. Schematic for multiple quadrature points along each edge of O € T(X).
The associated discrete boundary Hamiltonian is
Hf ({1i)0+ ola]> Tij1s Thja Finar) = €xt (Z At by g + Z AzbalyP1a) — Sq 10, ])

Proposition 2.3. The discrete forward Hamilton’s equations arising from the Type II variational
principle are

1 .

(238‘) ﬂ—[li}[) = mDLZH;({SO[]m? (pﬂ[ﬁ]a 71—[1]']17 W?[m }],,8)7 1= 17 sy S,
1

(23b) Wg[a] Az H;({SOMO’ @O[ﬁ]vﬂ[lj]l) 71—[1)[5} }],ﬁ)7 a=1,...,0,
1 + 10 ,

(2-3¢) Pl = ng’in ({‘P[j]O»QDO[ﬁ]aW[j]1a771[m}j,6)7 t=1,...,s,

(2.3d) P1]a] = Dy Hi ({ @10 Popap T g i)y @=1,...,0,

bo Az
where D1 ; = 0/0¢0, Do = 0/0pg(a), D3 = 8/877 117 D4a = 8/871'1 ]’ Furthermore, a solution

of the discrete forward Hamilton’s equations (-)- satisfies the discrete multisymplectic
conservation law,

(2.4) ZAt bi (dgp[m Adnly, — dppgo A dr Zm) Z Az bq (dcpl[ | A dndly — doa /\d7r8[a]> —0,

i=1 a=1

evaluated on discrete first variations.

Proof. The proof follows similarly to the case of one quadrature point, Proposition 2.1} Namely,
the discrete forward Hamilton’s equations follow from the Type II variational principle §S; = 0
subject to variations of ¢ vanishing along A(X) and variations of 7 vanishing along B(X). The
discrete multisymplectic conservation law follows from

d*H ({510, Pota) T00 e 1is) = 0-
O

As in the case of one quadrature point, the discrete multisymplectic conservation law is the given
quadrature rule applied to fam wWH(pm) (5 )d" zy, = 0.

Remark 2.2. The above discrete forward Hamilton’s equations were defined on O = [0, At]x [0, Ax].
For Ogp = [ta,ta + At] X [zp, xp + Az], shift the indices 0,1 appropriately to a,a + 1 and b,b+ 1,
i€ U0 = Pllbs Pl = Plilb+1s Pola] — Palals Plla] — Patlla) and similarly for the momenta.
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Boundary Conditions and Solution Method. Recall that the discrete forward Hamilton’s
equations produce a map (¢ 4(), Tp(m)) = (¥, Tam)) for each O € T(X). However, depending
on the boundary conditions that we supply on X, the actual realization of these maps may be
different (in that the boundary conditions determine the variables in (¢ o0y, (o)) = (¥B(@> TAD))
that we implicitly solve for). The key point is that we must specify the field value or the normal
momenta along four edges (and the edges may repeat, such as supplying field values and normal
momenta on the same edge; see the discussion of evolutionary systems below). This will depend
on whether the Hamiltonian PDE we are considering is stationary or evolutionary.

Consider a stationary system (e.g., an elliptic system). Then, along 0X, we can specify either
Dirichlet boundary conditions, given by the field value ¢, or Neumann boundary conditions, given
by the normal momenta value 7. If we supply such boundary conditions, then each O € T(X)
either has two edges with supplied boundary conditions (those on the corners of X), has one edge
with supplied boundary conditions (those on the edges of X), or no supplied boundary conditions
(those on the interior). However, the field values and normal momenta values have to be the same
along interior edges, which makes up the other required degrees of freedom (recall, we need to
specify the field value or normal momenta along four edges). This couples all of the implicit maps
(Pa@), TB(@)) = (¥B@>Ta@)) together, so that the solution must be solved simultaneously for
every O € T(X). See Figure

k—— gorn! ——>

Iy Py
@ ormn @ or r°
Y Yy

<—— gporn! —>

F1GURE 3. Coupling of all of the discrete forward Hamilton’s equations for stationary Hamiltonian PDEs;
dashed lines along interior edges denote field and normal momenta continuity.

For an evolutionary system (e.g., a hyperbolic system), we specify the initial conditions at ¢ = 0,
which consist of both the field and normal momenta value (7°). On the spatial boundaries, we
can either supply Dirichlet or Neumann conditions as above. The continuity of field and normal
momenta on the interior edges couples the maps (¢ oy, 7)) — (¥B(0, Ta(D)) together for each
O in the same time slice and produces the remaining required degrees of freedom. Hence, one
solves these coupled equations on the first time slice which supplies new initial conditions for the
subsequent timeslice; one then continues this process recursively for each time step, thereby allowing
the discrete solution to be computed in a time marching fashion. See Figure [4

Remark 2.3. Solvability. It should be noted that the map (pa,7B) — (¢B,74) defined by the
discrete forward Hamilton’s equations are always well-defined, as can be seen explicitly from the
equations —. This is a property of the (discrete) generating functional and is agnostic
to the specific Hamiltonian in question. However, as discussed above, with regard to constructing
a numerical method, the implementation of the method in general involves implicitly inverting the
relation (pa,7g) — (¢B,7a) for the desired variables. For example, if one specifies Neumann
boundary conditions on all of 0X for a stationary system, then the numerical method is given by
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fe— pormnl —— >

¢ and n0

<— porn!l —

FIGURE 4. Coupling of the discrete forward Hamilton’s equations in the same time slice for evolutionary
Hamiltonian PDEs; dashed lines along interior edges denote field and normal momenta continuity.

solving for the map (wa,7B) — (va,pn) implicitly from the map (pa,75) — (pB,ma). As another
example, for an evolutionary problem, if one specifies Neumann spatial boundary conditions and
specifies initial conditions (with both ¢ and ), then the numerical method is given by solving
for the map (pa,ma) — (¢B,7) implicitly from the map (va,75) — (pB,7a). As these two
examples indicate, in general, the form of the map necessary to implement the method is highly
dependent on the type of Hamiltonian, as well as the supplied boundary conditions. As such, a
discussion of the well-definedness of the implemented map is beyond the scope of this paper, since
such a discussion would be highly dependent on the type of problem and boundary conditions, and
the functional analytic tools needed in each case would differ drastically.

We will outline the general argument, although the specifics are left to future work. Note that

equations — can be written formally as

(2.5a) TA
(25b) YB = bﬂ—BH;((PA,’/TB),

where D denotes the differentiation operators in (2.3&)—(2.5’&) (and appropriately scaled by the
quadrature weights). Showing that one can invert the relations (2.5d)-(2.5b) for the implemented
map would then rest on an implicit function theorem type argument, for a sufficiently small O C X.
The derivatives of the equations — 2.5b) would then involve second derivatives of HI, so
hyperregularity would prove crucial in such a proof. For degenerate Hamiltonians, some form of
constraint or gauge-fixing would be necessary to complete the proof. We aim to explore issues dealing
with solvability in future work, as well as related issues such as error analysis, which is again highly
dependent on the specific class of Hamiltonians and boundary conditions considered.

Discrete Noether’s Theorem. In the continuum theory, we saw that for a vertical group action
on the restricted dual jet bundle which leaves the action invariant, there is an associated Noether
conservation law ((1.10)) for solutions of Hamilton’s equations.

In the discrete setting, suppose there is a differentiable and vertical G action on the discrete
restricted dual jet bundle {t;,z;} x Q x (Q*)? (relative to O € T(X)) which leaves invariant the
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generalized discrete Lagrangian

R?(WA(D); SOB(D)JTB(D)) = I Tp@m¥B(O) — HJ(@A(D)JTB(D))
B(O)
= Z At by pn + Z Aﬂ;ap(f[a]%[a] — H ({1i10> Polal> M1 Tja) Visa)-
i=1 a=1

Proposition 2.4. If the generalized discrete Lagrangian is invariant under a differentiable and
vertical G action on the discrete restricted dual jet bundle, then a solution of the discrete forward
Hamilton’s equations — admits a discrete analog of Noether’s theorem:

(2.6) Z At biﬂ[li]ligd%@[i]l + Z Ax I;QW?[a]iéd(pl[a]
— ZAt b; 7T[z]0 5d(,o ZA:U ba Fo[a] gdgpo[a] =0,

where 5 is the infinitesimal generator associated with £ € g.

Proof. For brevity, we will omit the arguments of R} and H; (refer to the definition of R] above).
Since the generalized discrete Lagrangian is invariant under the G action, that means that the
directional derivative in the direction of the infinitesimal generator vanishes,

0=dRY7-¢
= ZAt b; z Z]lcp )+ ZAJ/‘ bal 7T1[04%01[a])

. . . . 0
_ Z (Dl,in ng(p[i]o + D3 ;H, ’Lgdﬂ'[i]l) — Z (DzyaHjlédQDg[a] + D4,aH:{2§~d7r1[a])

(1), (2)

= 2 At biligdmrein + mdedn) + Z Az ba(igdme#Tia) + Tliajied1(ol)
1 f) @)
— Z At b; (w[z 0igdlio +W Az by Wo[a ¢dpoja) + o] )

0

Remark 2.4. Note that the above looks like quadrature applied to the continuous Noether’s theorem,

/ pH(igdg)d"xy, =0
o0

(with the caveat that, in the continuum case, G acts on the restricted dual jet bundle, whereas in the
discrete case, G acts on the discrete restricted dual jet bundle). One can obtain such a G-invariant
R, via G-equivariant interpolation (see Leok and Zhang [26] and Leok [27)]), in which case, the
discrete Noether theorem is precisely quadrature applied to Noether’s theorem.

Also, note that a discrete Noether’s theorem holds in the more general setting described at the
begmmng of Section (2. 1] [2.1. In the more general setting, the discrete Noether’s theorem is interpreted
as de { =0 (for a G-invariant generalized discrete Lagrangian), which reduces to the “usual”
coordinate notion of the discrete Noether’s theorem, equation (@, in the spacetime tensor product
case.



20 MULTISYMPLECTIC HAMILTONIAN VARIATIONAL INTEGRATORS

Remark 2.5. Another way to interpret this discrete Noether’s theorem is to view the map deter-
mined by the discrete forward Hamilton’s equations, (@A(D),WB(D)) — ((pB(D),ﬂA(D)), as implicitly
defining a forward map FHd+ (pa@), mam@)) = (@B TBD))- For some subset S of 00, define the
discrete (Hamiltonian) Cartan form (at a solution of the discrete forward Hamilton’s equations)

(2.7) 0= > Burhden,
(tr,z)ES

where ™ denotes the normal component of the momenta and B* denotes the quadrature weight at
(ti, ) € S (which equals At b; for the it" node of S along fired x and equals Ax bo for the ath
node of S along fized t). Such a discrete Cartan form involving summing over nodes corresponding
to boundary variations was introduced by Marsden et al. [31] in the Lagrangian framework; in the
discrete Hamiltonian setting which we constructed, is the appropriate definition since @3‘]
precisely encodes such discrete boundary variations.

Then, the discrete Noether theorem (@) can be expressed as

5 (O5) .= 0f) ¢

Note also that the discrete multisymplectic form formula can be expressed as
d@?‘j(., ) =0,
when evaluated on discrete first variations.

2.2. Galerkin Hamiltonian Variational Integrators. The missing ingredient in our construc-
tion of a variational integrator is the discrete approximation of the action over O € T(X), S7[#, p).
We will extend the construction of Galerkin Hamiltonian variational integrators, introduced in Leok
and Zhang [26] for Hamiltonian ODEs, to the case of Hamiltonian PDEs.

Remark 2.6. To be definitive, we will assume that the space(time) X has the Euclidean metric.
The discussion below is equally valid for the Minkowski metric, except one has to include the
appropriate minus signs throughout.

Consider for simplicity [0,At] x [0,Az] = O € T(X). Fix quadrature rules in the temporal
direction (weights b; and nodes ¢;, i = 1,...,s) and spatial direction (weights be and nodes éq,
o =1,...,0) as before. Note the action S[¢,p] = [(p*0,¢ — H(¢,p%,p'))d*z involves the fields
¢, their derivatives 0,¢, and the multimomenta p* (1 = 0,1). For the field and their derivatives,
we could either approximate the field using a finite-dimensional subspace and subsequently take
derivatives; or conversely, approximate the derivatives and subsequently integrate to obtain the
values of the field. We will take the latter approach (we will extremize over the internal stages at
the end, so the two approaches are equivalent). Introduce basis functions {x;(7)};_;, 7 € [0,1],
for an s-dimensional function space and similarly {X(7)}%_; for a o-dimensional function space.
We will use the tensor product basis {x;(7At)Xa(pAz)}i o to discretize the derivatives of the field.
Approximate the derivatives as

(2.8a) Ora(TAL, pAT) = Z Vii(T)Xa(p),

(2.8b) Bua(TAL, pAz) = Z WX (1) Xa(p)-
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We can integrate in time or space to determine the field values. In particular, the internal stages
are given by the field values at the nodes (¢;At, ¢, Ax):

Vin = P(ciAL EaAT) = $(0,E0lz) + AL Y VP / XG(8)ds Xa(Ea) = pope) + ALY AsajsVIP,

3B 0 3B
D, = d(c; AL, ¢ Ax) = ¢(c;At,0) + Ax Z Wjﬁxj(ci) /0 Xp(8)ds = gpjo + Az Z flmvjﬁWjB,

where A;q jg = fo X;j(s)ds Xp(¢a) and A, B = Xj(ci fo Xs(s)ds. Note that ®;, must of course
be single-valued, so we have a relation between the two above equatlons.

We expect such a relation since extremizing over ®,, is equivalent to extremizing over V;, or W,
(but not both; however, we will relax this assumption in the subsequent discussion).

Integrating to 1 gives the unknown field boundary values,

1
P1a) = P(AL, CaAx) = (0,8, A7) + Atz V]ﬁ/ Xj(8)ds X5(Ca) = $o[a] + AtZBaJﬂV]B,

iB 0 4.8
1
o = (it Ar) = ¢(c;At,0) + Az Y WPy (ci) /0 Xs(s)ds = ppo + Az Y By jgWiP,
J:B J.B

where B, jg = fo X;j(s)ds Xp(Ca) and B; g8 = Xj(ci fo Xp(s)ds.

We define the internal stages for the momenta P2, = p°(c;At, é,Ax), PL = p'(c;At, é,Ax). Unlike
the field internal stage expansions, one does not need to introduce an approximating function space
for the momenta internal stages, since the action only involves derivatives of the field and not the
momenta. At this point, we could work directly with these internal stages; however, we will expand
the momenta similarly to the fields,

where A ;p and fl; a,jp are arbitrary expansion coefficients and X77, Y78 are internal variables

representing Jpp° and O1p' respectively. The unknown momenta boundary values are similarly
defined as

0 0 ]
ﬂ-O[a] = Wl[a] — At Z B; JBXJB,
7TM — A.%' Z B BY‘jb),

where B, .8 and B jj are again arbitrary expansion coefficients. We will see later that the expansion
coefficients will have to satisfy symplecticity conditions in order for the method to be well-defined.

We then approximate the action integral S[¢,p] = [(p*d.¢ — H(¢,p°, p'))d*x using quadrature
and the above internal stages

S3[®@ias Pia] = AtAT Y biba ( PROGa(CiAL G0 lAT) + PLO.0a(ci, GaAT) = H(Dia, P, Ph) ).

el
2,0
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The discrete boundary Hamiltonian is obtained by extremizing over the internal stages ®, P%, P!,
which are defined in terms of V, X, Y. Since we have already enforced the boundary conditions in
the above field and momenta expansions, we can construct the discrete boundary Hamiltonian by

extremizing over V'@ X Y@ (for everyi=1,...,sand a =1,...,0),
S g
Hi ({10, 900[0477T[1i]1,77?[a]}i,a) = e Ot Ym(ZAt bm[li]lsﬂ[m + Z Az baﬂg[a}%[a] — 57 [®ia, Pial )
e i=1 a=1

EK({@Avﬂ—B)Viavxia’Yia})
Hj is then given by extremizing K ({pa, 75, V¥ X' Y}) with respect to Vi® X and Y@
(where again we denote w4 = {@[;j0; Pojo)} and Tp = {ﬂ'[li]l, W?M}). Expanding K, we have
K({pa,mp, V', X" YY)
= At Z b ’/T[Z]l (¢pjo + Az Z BHBW]ﬁ + Ax Z boﬂrl[a Po[a] + At Z B, JBV]B)

7B
— AtAz Z b b (T(l — At Z Aza k'ka’y> Z VjﬁXj(Ci)f(a (604)
i, 7.8
— AtAz Z bi b (Tr[z — Az Z Aza k'yyk’y) Z WjBXj(Ci))Za(éa)
78

+ AtAz Z bibo H (0, P2, P; ).
7,00
The stationarity conditions 9K /0V® = 0, 0K /0X'* = 0, 0K/Y ™ = 0, combined with the dis-
crete forward Hamilton’s equations (2.3a])-(2.3d]) define our multisymplectic variational integrator.

Supposing that one solves the stationarity conditions for yia - Xie ‘Y’AO‘ in terms of 4 and 7p,
this gives H] ({pa,75}) = K({pa, 75, V®(0a,75), X"*(0a,75),Y**(0a,75)}). The right hand
side of the discrete forward Hamilton’s equations, (2.3a))-(2.3d)), can then be computed in terms of
K via

0 0 ) . .
I’I+ , T = K , T ’VTC! , ’XZCM ,TT 7Yza T
85/61/]0‘ 85‘/8){104 E\/@on‘
210 Z (W“ 9p(ijo oK ¢l ;Wﬂa dp Z]O)
= 0 K,
39%]0

and similarly for the other specified boundary values. Hence, the derivatives of H;' with respect
to w4, mp can be computed using only the explicit dependence of K on p4,7p.

2.3. Multisymplectic Partitioned Runge-Kutta Method. Let us suppose that instead of
the basis {x;}, {Xa}, we choose basis functions {t;}, {{4} that have the interpolating property
i) = 035, @a(ég) = do3. Note that one can always transform the previous set of basis functions
to a set of basis functions with this property, assuming that the original choice of basis functions
Xi» Xo have the property that the matrices with entries M;; = x;(c;), Maﬁ = Xa(Cg) are invertible.
If they are not, then the expansion of the derivatives, equations —, does not depend
independently on all of the V** W and hence one needs to reduce the number of independent
variables; to avoid this, ensure that the matrices with entries x;(c;) and Xo(¢g) are invertible.

Letting x(-) = (x1(-),-- -, xs(-))T and () = (X1(-), - - -, Xo(-))T (and similarly define 9, ), a set of
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basis functions with the interpolating property can be constructed by ¢ = M1y, =M1 X- In

particular, the {¢;}, {1[104} span the same function spaces as the {x;}, {Xa} respectively, so there
is no loss of generality.

With this assumption, we approximate the derivatives of the fields as
Orpa(cidt, EaAx) =Y VIPpj(ci)ihp(Ca) = V',
7B
avqbd(CiAt, EaAm) = Z Wj/jwj(ci)i;/g(éa) = Wm.
7.8
Integrating gives the internal stages and the unknown boundary values,
(I)ioz = ‘100[04] + At Z aijvja;
J
i = ppjo + Az Z oW
B
P1ja] = Poja] T ALY VI,
J
P = Plijo + Az Y bW,
B
where a;; = [ ¥;(s)ds, dap = fOE”‘ Y5(s)ds and the quadrature weights b; = fol Yi(s)ds, by =

fol Ya(s)ds are chosen so that quadrature is exact on the span of the basis functions. As before,
expand the momenta using a different set of coefficients.

X = f)tpg(ciAt, CaAT),

Y = 9,pL(ciAt, é,Ax),

P, = — ALY ai; X7,
J

Ph = sl - B S v
B
7T8[a} = W?[a] — Atz b‘/jX]CY’
J
mhjo = Tap — A 3 BV
B
We impose that b} > 0, Blﬁ > 0 and that >, vy =1, X I~)I'8 = 1 for the approximation to be

consistent. We will later derive a condition on the coefficients a;j,
method to be well-defined. For now, we proceed formally.

oy js b/, in order for the
With these, K can be expressed as
K({@Aa B, Via, Xi()é’ Yzoc})
= Az Z EQW?[Q](QO()[Q] + At Z ijja) + At Z blﬂ'[lz]l((pmo + Ax Z i)ﬁW’LB)
«a j i B

— AtAz Y biba (w?[a} —AtY aj; Xja) yia
[NeY 7
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+ AtAx Z biBaH (I)wm F)z(();m iDzl )
(e

Now, we compute the stationarity conditions. First, note that V and W are not independent, since
they are related by

Pofa] Tt At Z aijVjo‘ =®;, = Ppjo + Az Z CNLOéBWi[));
J B
then, taking the derivative with respect to V75,
_ oW
Ataz‘](saﬁ == A.’If Z GQWW.
v

Let us assume that the Runge-Kutta matrices (a;;) and (@) are invertible (however, in the
subsequent section, we will show how to derive the stationarity conditions without this assumption
using independent internal stages). Then, the above relation can be inverted to give

owe At
oviE — Al s

Extremizing K with respect to X7,

oK H
: ®,,,, P° . P!
dXie ’ in)

0= zga 0( ey

= AtQAbeigaa yrie AtQAbe boa
i
Dividing by At2Azb, gives
sz a; (v - 31[(%,3%,133 ) =0.
Similarly, extremizing K with respect to Y7¢ gives
Z bﬁaﬁa( g}{(cbjﬁ,P leﬁ)) = 0.
These are respectively the internal stage approximations to the De Donder—Weyl equations 0,¢ =

OH/0p" and 0,¢ = OH/Op*.
Extremizing K with respect to V78,

oK ~ ~ At ~_ -
0= W = AtAl’beﬁﬂ'(l)[B] + AtA.’L' Z bibvﬂﬁi]lfxaij (CL 1)0’,3 — AtAl'bjbﬁP]/B
1 At ~ OH
_ AtAbe by P, WA —aij(@ Yep + AtAxZ bibﬁmaija—qb(@w, PY, PL).

Dividing by At?Az and grouping gives

0 0 1 1
g — P . al —Py OH
b]bﬁg[ ]At J + E bibo—ai]‘(a 1)U,BHT E b; bga” 8¢ (¢2ﬁ7 P 'PZIB)
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0 1 _pl

0
. 7"1[5]*Pjﬁ o / k i Pio — v
Substitute —~—= =3, @ X # and Az Zv gy Y7,

OH
Zb bpaly XM+ " bibgas (@) g, Y = Zb bpaij—— 3 (®ig, Py, Ply).

1,0,y

To symmetrize the above equations, multiply by ags and sum over B, which yields

> bibsdlyags XM+ bibsaijig, Y = Z b; bga”ag(g (cpw, Py, PL).

k.p iy
This is the internal stage approximation to the remaining De Donder-Weyl equation 9;p° + 0,p' =
—OH/d¢. Note that the above form of the stationarity condition does not involve a=! or a1,
so it is plausible that one can derive these equations without assuming the invertibility of the
Runge-Kutta matrices; later, we will show that this is the case using independent internal stages.

Now, we compute the discrete forward Hamilton’s equations. We have

1 OHy
Plla] = 7 90
bo Az ]
_ 1 oK
baAx 37T(1)[a]
o o a
= ¥ofa] Atzbﬂ” - AthjVJ + Athjapo (®ja, P, PL)
J i j

= Po[q] +Atzbja 0 q)]CHPjOonpl )

Similarly,
H
Pl = [z]O""Abeﬁa 1 (I>157P leﬁ)

Computing the discrete forward Hamilton’s equatlons for the momenta gives

oo
0 0 Z i3
Wo[a] Wl[a + - b b[-} a¢) 7,,87P P )8S00[a]7
o0b;
1 1 0 1 Jjo
Thlo = T + E :b ba 8¢ q)Ja7Pja7Pjo¢)a<p[i]o'

We will postpone the discussion of the dlscrete forward Hamilton’s equations until after discussing
independent internal stages, which will give a more explicit characterization of these equations.

To summarize, our method is given by

(2.10a) Dio = Poja) + ALY VI,
j
. 0 — 70 t a
2.10b P =my — A X7,
J
(2.10C) P1la] = P[] + At Z b'Vja

(2.10d) o] = Toja) — At Z b X,
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(2.10e) Pin = @0 + Az Z aaﬁww
8
(2.10f) Py, =myy — Az Y aLY",
5
(2.10g) Plij1 = Pl + Az Z Z’Bwiﬁ’
8
(2.10h) Tl = T — Az Y pYP.
5
. (163 aH
(2.100) > bia (V — W(@ZQ,PJL,p; )) —0,
. ~ , OH
(2.105) > bl (W7 - 5 O (@5, Py, Ply)) =0,
2.10k bibgaags X P bibsaijil, Y = bibsasam L (@ P, P
(2.10k) S Sy S 0¢>( i8> i8)-
k.8 i,y B

Independent Internal Stages. We now reformulate the above construction using independent
internal stages and derive explicit conditions on the coefficients for the momenta expansion for the
method to be well-defined. Recall that in the above construction, we enforced the condition that
the internal stages ®;, produced by both V'@ and W' had to be the same; we now relax this
assumption and let the internal stages be independent, but subsequently enforce that they are the
same by using Lagrange multipliers. Compared to the previous formulation, the use of independent
internal stages has the advantage that the discrete forward Hamilton’s equations can be written
explicitly. Furthermore, the generalization to higher spacetime dimensions is straight-forward as
opposed to the previous formulation, which would involve inverting the condition that the internal
stages obtained from the various spacetime derivative approximations, d,,¢q, are consistent.

Hence, we define independent internal stages corresponding to integration in each spacetime direc-
tion,

Dia = B(eiA, E0A) = 6(0, 60 A) + ALY VP / i(s)ds Da(a) = poe + ALY ay V%,

J.B J
Dia = G(ciAL, EaA) = G(c AL 0) + Az Y WPy, (e / pp(s)ds = po + Ax Y dasW™.
J:B B

The expansion of the other quantities are the same as the previous discussion.

We will evaluate the Hamiltonian at the weighted combination @9 =00, + (1 — 0)&%-@ for some
arbitrary parameter § € R and subsequently enforce that the two sets of internal stages are the
same through a Lagrange multiplier term ZZ o Nia(Pia—Piq). Thus, after enforcing the stationarity

conditions, @fa =d;, = ‘i)m- In this formulation, K is

K({‘PA,'”B, Via,Wia,Xia,Yia,)\ia}) = szgaw?[a}(wo[a] + AthjVja)
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+ At Z bzﬂ'[lz]l(@[z]o + Az Z BBWZﬂ)
i B

— AtAz Z biba (w?[a} — At Z a; Xja) Ve
- AtAa:Zb ba ( AxZaaﬁYw) Wi

+ AtAzx Z bibaH za’ ]Dz(t):w .Pll + Z )\ia (I)ia - (i)ia);
(e ]
where now both {V®} and {W'} are independent. The discrete boundary Hamiltonian H is
given by extremizing K with respect to all of the internal variables, {V¢@ W Xt yia )\, 1.

Extremizing K with respect to X7® and Y7¢ gives the same stationarity conditions as the previ-
ous case of equal internal stages, since the momenta expansions were unchanged, except with H
evaluated at @?a. Namely,

(2.11a) sz aiy (Ve - 8H(<1>§’a, P4 Ph)) =0,
(2.11b) 3 bsitse (WJ’ - gf{(@jﬁ, PY leﬁ)> = 0.
B
Extremizing K with respect to V74,
0= % = AtAzb;bem g — AtAzb;bs Py + At A:UZ bibsa;;0 %I; (®, P, Pl) + Atz Nipij

oH

- . -
= AtQAxbjbg Z a;kX B+ A2 Ax EZ: bibga; ;0 96

((I)zﬁ’P zlﬁ) +At2)\i5aij.
%

Dividing by At?Ax,

OH 1
(2.12) Z bibsal, X*P + Z bibgai;f 3 —— (@Y, P, Ps) + NV Z Aigai; = 0.
Similarly, extremizing K with respect to W7# (and dividing by AtAz?) gives
- . OH , , 1 i
(2.13) Z bjbﬁalﬁayj + ijbaaaﬁ(l —0)— 90 (<I)]O“ PJOQ’lea) N Z Ajalag = 0.

Let us combine these two stationarity conditions to eliminate 6 and the Lagrange multiplier terms.
Multiply equation (2.12) by ags and sum over 3; multiply equation (2.13) by aj; and sum over j.
Subsequently, add the two resulting equations. This gives

(2.14) > bibsalags X'+ bibsaijag, Y = =Y bibgaijags ZIZ (%5, Py, Pis).

k,B iy i,3
Finally, extremizing K with respect to \;, enforces that the independent internal stages are the
same, 0 = 0K /0\jo = @i — ®;, and hence (b?a = ®;, = D;,. We have rederived the stationarity
conditions that we saw in the case of equal internal stages, without the assumption of invertibility
of the Runge-Kutta matrices, (a;;), (@ag)-

Now, we aim to provide a more explicit characterization of the discrete forward Hamilton’s equa-
tions. We will assume again that the Runge-Kutta matrices (a;;), (@) are invertible. Computing
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the discrete forward Hamilton’s equations for the field boundary values,

1 OH, 1 0K OH
a = = = = = o —|—At bi a,POa7P0a7
P[] DAz 3775)[&] baAz 3”?@] ¥ola] Z Japo jor Pja Pjo)

1 OH, 1 0K

P At on), bt on],

1
mﬁmzbﬁa 7 (205, Pl Pis)-

Recall that we also have the expansion for the field boundary values

P[] = Poja] T At Z b;VI®,
J

Pl = ¥rijo + Az Z BgWiB.
B

We will see shortly that, with a particular condition on the coefficients of the momenta expan-
sion, the discrete forward Hamilton’s equations for the field values are consistent with the field

expansions, i.e., that VJ/* = 24 (@fa, P{., PY)) and similarly W = 24 ((I)fﬁ, P%, Pl).

First, we compute the discrete forward Hamilton’s equations for the momenta boundary values,

1 OHS 1 0K 8H
0 d 0 2 : 0 1
= = = = = + At ble ’LO[’ PZO(’ PZ ZOH
MOl T 5 AT g0 babz Opora) : 3¢
1 0H; 1 0K Z
1 d o 0 0 1
0T At D b D i + szb q)“’“ Fio: Fia) b At Adar

For our method to be well-defined, these are required to be consistent with the momenta expansions,
0 0 j
Tola] = Mija] — At Z b X7,
J
1 1 RS
B

To do this, we solve the statlonarlty conditions and - ) for the Lagrange multipliers.

Multiply equation (2.12) by (a~1);; and sum over j; multlply equation (2.13) by (a')s, and sum
over 8. This gives

- OH = _
Aig = —AtAxb,b/;H%( U2 Pl Pig) — AtAZ Y bibgal(a™)u X",
7.k

(®9,, P, PL) + AtAz> " bibsils, (@), Y7,
ahB

OH

Njy = AtAzbib, (1 — ) — 7

Plugging these into the respective discrete forward Hamilton’s equations for the momenta boundary
values, we have

7[-0[0(] = 771[&] AthJCL]k 71).]le,8 = 7T1 Athl Xka
7.kl
7T[1i]0 H — Az Z baii, (@) gy Y™ = 77[z - Ax Z by,
o,By
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Proposition 2.5. The method arising from approximating the internal stages with the partitioned

Runge—Kutta expansion is well-defined if and only if the partitioned Runge—Kutta method is sym-
plectic in both space and time, i.e.
Z bjaji(a” ) = b

Zbgaﬁa d_l /57 = b/a.

A sufficient condition is the usual choice of symplectic partitioned Runge—Kutta coefficients,

/k kakj
- b
@; b;
b a
~/ a%aB
a =
Ba bﬁ

(We will see after expressing the momenta internal stages in terms of wa instead of wp that these
are the usual choice of symplectic partitioned Runge—Kutta coefficients).

Proof. By comparing the momenta expansions to the discrete forward Hamilton’s equations for the
momenta, we must have

(2.15a) > bjaly (a7 )X = Zb’ Xhe

7.kl

(2.15b) D bailge (@)Y = Zb’ yie,
a,Byy

Since the internal variables { X Y@} are generally arbitrary (depending on the choice of ‘Hamil-
tonian and the supplied boundary data), the above must hold for arbitrary choices of {X'*} and
{Y"}; hence, we have the necessary and sufficient conditions

Zba]k 1y, =0,
Zbﬁaﬂa :l;

Plugging in the choice (2.15al) and ( m ) to the left hand sides of the above conditions,

D bidi(a =) bragi(a )i =Y b = b,

I T ;
Zéﬁ%a(a_l)ﬂv = Z E/adozﬁ(d_l)ﬁv = Z%‘Sav = EIaE
By By ol

so this choice is sufficient for the method to be well-defined. O

Now, consider the stationarity conditions (2.11al) and (2.11b]). Plugging in the choice of coefficients

(2.15a) and ([2.15b)), we have

> (Vi - f;fﬂ@fa, P, Ph)

0,

0.

- . 0
B
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Since (aji) and (@qg) are invertible, we have V7 = g}? (@?a, PJOCw P]O ) and W = 8H (@fﬁ, PZ%, Pl 5)
so that the discrete forward Hamilton’s equations for the field boundary values are also consmtent

with the their expansions. Similarly, plugging this choice of coefficients into the stationarity con-

dition (2.14) gives

~ 5 ~ B . ~ _ OH
Z b;cbgakjag(;Xkﬁ + Z bib’yaijang” = — Z bibﬁaijaﬁ(;%( iB8 P Pllﬁ)
k.8 iy J

To invert this relation, we impose b} = by, 5’7 = b,. Note that the matrix with jk entry byay; is

invertible since (a;j) is (its transpose is obtained by multiplying the ith row of (aij) by b; # 0, so
the rows are still linearly independent) and similarly for the matrix with dvy entry bya.s. Hence,
this stationarity condition can be inverted to give

; ; OH 1
X1a+Y10¢:—a¢< 74B’P Plﬁ)
Finally, to write our method in the traditional form of a partitioned Runge-Kutta method we
express the internal stages P0 and Pl in terms of 74 instead of mp, by plugging equations (2

and ([2.10h)) into equations 12 10Db)) and (2.101)) respectively,

o bib; —
P, = mj + At Y (b — ) X = miy + Aty | T
J J \—v—’
=@
@5

i ; bgba — bgige - ..
Pl o=l + Az S By — dlg) V' = wlyy + Ax Y 22002800 yis,

5 5 bo
=a’)
To summarize, our method is
(2‘163‘> D = $0[a] + Atz aijVja,
J
2) vja
(2.16b) P, = m + Atz aly X7,
j
(2.16¢) Plla] = Poja + ALY b; VI,
J
J
(2.16e) Di = Bj = Ppjo + Az Z aaﬁww
B
~(2 7
(2.16f) Pl =nho+ Az aly?,
B
(2.16g) Qi1 = Pljo + Az Z EBWiB,
B
(2.16h) Tl = o + Az Y bgVP,

B
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(2.161) vie = gfﬁ(%, PR, Py,),

(2.16j) Wie = g}{@m,P&’Pf ),

(2.16k) X4y = —%J;I(@m, Py, Py,

where a,( ) bjbi;iibjaﬁ and CNLS) = %. This is the usual form of a multisymplectic parti-

2)

tioned Runge-Kutta method. Note that our choice of a;; @) (

and a ap (0T equivalently our choice of
a;]-, &;B) is the usual choice for the coefficients in the momenta expansion for a partitioned Runge—
Kutta method to be multisymplectic (see, for example, Hong et al. [19], Reich [37], Ryland et al.
[39]). Interestingly, however, from our perspective, our method based on the discrete boundary
Hamiltonian is guaranteed to be multisymplectic so we had to impose no such conditions on the
coefficients to ensure multisymplecticity; rather, the conditions for the coefficients arose from the
necessity of the method to be well-defined, i.e., that the expansions of the field and momenta

boundary values agreed with the discrete forward Hamilton’s equations.

Remark 2.7. In the above construction, we saw that the Runge-Kutta matrices (a;;) and (Gag)
were required to be invertible. We can see this directly from the internal stage expansions

Q0 = Yola] + Atz aijvja7
J

Dio = o + A Z oW,
B

since only when (ai;) and (aag) are invertible is extremizing K over Ve and W equivalent to
extremizing K over ®;o and ®jq, respectively. In the case of non-invertible Runge—Kutta matrices,

the internal stages ®;o, and @m do not depend independently on all of the V', W' For collocation
Runge—Kutta methods, non-invertibility arises from the choice of the first quadmture point c; = 0.
In our construction, if we choose c1 = 0, then we are specifying an internal stage at o quadrature
point where the field boundary value 4 is already specified; thus, the internal stage at this point is
not free to extremize over. Hence, in the non-invertible case, one has to use the specified boundary
values to eliminate the degeneracy in the internal variables V'@ and W', reducing the number of
internal variables to an independent subcollection of internal variables. Subsequently, one extremizes
only over this independent subcollection of internal variables.

Remark 2.8. It should also be remarked that while certain types of Galerkin multisymplectic Hamil-
tonian variational integrators recover multisymplectic partitioned Runge—Kutta methods, it remains
to see whether there is a more general correspondence between Galerkin multisymplectic Hamiltonian
variational integrators with a class of modified multisymplectic partitioned Runge—Kutta methods
for the case of spacetime tensor product (hyper)rectangular meshes. This would generalize the con-
nection between Galerkin variational integrators and modified symplectic Runge—Kutta methods in
the ODE setting that was observed in [37).

Momenta Internal Stages. In the above construction, we saw that we had to enforce consistency
conditions on the momenta expansion coefficients in order for the method — to be
well-defined. The issue is that we over-constrained the form of the momenta internal stages via our
particular choice of expansion, since ultimately our goal was to derive the class of multisymplectic
partitioned Runge-Kutta methods within our variational framework. One can avoid this problem
altogether by working directly with the momenta internal stages P2, and P, instead of the internal



32 MULTISYMPLECTIC HAMILTONIAN VARIATIONAL INTEGRATORS

variables X and Y, although the method will not ultimately be in the form of a multisymplectic
partitioned Runge-Kutta method. This is possible for the momenta internal stages since the action
does not depend on the derivatives of the momenta, unlike the field variable. We outline this
procedure.

Assume the same expansions of ®;n, i, P1[a), P in terms of {Vi} and {W?}. For the momenta,

we work directly with the internal stages Pl%, P1 instead of using an expansion. In this case, K is

K({ea, 73, VI W™ P, Piy Xia}) = Az Y bamy (ofa) + ALY V)
a J

+ At Z bﬂr[li]l (¢pij0 + Az Z bs W)
i 3
— AtAz Y biba POV — AtAx Z bibo PL W™
- :
+ AtAz Y " bibo H(®Y,, P, Pr,) + Z Nia(®io — Pia).
= :
H is obtained by extremizing K over the internal variables, {V, Wi P0 lea, Nia }-
The stationarity condition 0K /0P, = 0 (divided by AtAxb;b,) gives
OH

Ve =g 0<<I>fa,Pz%,PE>
Similarly, the stationarity condition 0K /0P,, = 0 (divided by AtAxbil;a) gives
for _ 8H
W' = 53 (@ias Pia, Pia)-

The stationarity condition 0K /0N = 0 gives ®;o = ®;o. The stationarity conditions 0K/ oVIP =0
and 0K /OW8 = 0 give respectively

5 - OH

Amxbjbﬁ(w?[m — Py) + At?Ax Z bibsa;;0 99 —— (@Y, Py, Ps) + At Z Nigaij = 0,
OH
o

Performing the same procedure we used to combine equations (2.12)) and (2.13)) to eliminate # and
the Lagrange multipliers, these two stationarity conditions can be combined to give

AtAwbibs(rly — Plg) + Ar*At Y " bibadiap(l — 0) = (®ja, P, Ply) = Az~ Ajadas = 0.

= (W?[m - PJOB) ~ (W[lz'u - Pilé) OH 1
; bjbgag(sT + ; bibgaij At = — Zﬂ b; bgazjaﬁg 96 (q)zﬁ, P Pzﬁ)
This combined condition, together with the other stationarity conditions Vie = 9H/op® (@Y, PP, PL),

po le ), and ®;, = Do (ranging over all free indices) can be used to solve for

@ = 8H/8p1( [l 2R 1o}
the collection of internal variables {Vi® Wi P PL1, in terms of the supplied boundary data.

)

To conclude, we compute the discrete forward Hamilton’s equations. For the field boundary values,

1 9K .
1 0K .
P bALORL. [z]0+A$Zbﬁwﬂ

[i]1 B
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Note that these equations already agree with the field expansion. For the momenta boundary
values,

1 0K

0 [/ 0 1
+At§ jbe A g0 po ply

ﬂ—O[a] b Az 8(,00[ l ﬂ-l[a ¢

Q0

1 0K
1 _ 0 0 1
Tilo = b; At 8(,0[2} - z]l + Az Z b (q)wm P, Pz b At Z Aia-

As we did before for the partitioned Runge—Kutta method, we can act on the stationarity conditions
0K /0VIP =0 = 0K /OW#P by the inverses of the Runge-Kutta matrices to solve for the Lagrange
multipliers and substitute them into the discrete forward Hamilton’s equations for the momenta,
ultimately eliminating # and the Lagrange multipliers. The discrete forward Hamilton’s equations
for the momenta are then

W?[ ] po
— a Jjo
Tofa] = Tofa] — Atz bj(a 1)ﬂ7Ax ;
1 1 o1y Mip T Py
ﬂ-[i]O = 7T[i]1 — AZE Z ba(a )aﬁiAt .

a7B

Hence, by working with the internal stages for the momenta directly, as opposed to utilizing an
expansion, we see that the method we derived is already well-defined (and also automatically
multisymplectic), although it is not directly in the form of a multisymplectic partitioned Runge—
Kutta method.

These various approaches demonstrate the versatility of our variational framework; once one chooses
an approximation for the fields, its derivatives, and the momenta (as well as some approximation
for the various integrals involved), one can construct the discrete boundary Hamiltonian and sub-
sequently the variational framework produces a multisymplectic integrator. If one over-constrains
the form of the momenta expansion, as opposed to using the internal stages directly, one must also
check whether the method is well-defined. Another approach that is possible within this framework
is to discretize at the level of the field using some (possibly non-tensor product) function space and
subsequently take derivatives of the basis functions to obtain an approximation of the derivatives
of the fields. For example, we expect that utilizing spectral element bases to discretize at the
level of the field within our framework will produce multisymplectic spectral discretizations like
those obtained in Bridges and Reich [7], Islas and Schober [20, 2I]. Another interesting applica-
tion of our construction would be to construct multisymplectic discretizations of the total exterior
algebra bundle (see Bridges and Reich [8]) using Galerkin discretizations arising from the Finite
Element Exterior Calculus framework (Arnold et al. [2] 3], Hiptmair [I§]), allowing one to discretize
Hamiltonian PDEs with more general configuration bundles.

2.4. Multisymplecticity Revisited. Now, we discuss in what sense the discrete multisymplectic
form formula ([2.4)) corresponds to our discretization of the field equations. Consider the integral
form of the De Donder—Weyl equations over O = [0, At] x [0, Az],
0H
(2.17a) [ (o + S 0051 =0
o oo
(2.171) [ (oo W<¢,p°,pl>)d%c - 0.

(2.17¢) / cre 7(¢, ") = 0.
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Applying our quadrature approximation to equation ([2.17al),

0—/At/m 8op + o' + ¢(¢p p))dxdt

At ) At Ax OH L
Z/ (p |t:At p |t=0)dl’+/ (p \x:A;p _p0|m=0)dt+/ / 7(¢ap07p )dmdt
0 0 o Jo 09

~ Ax Z l;oz (p0|(At,EaA:r) - p0|(O,EaAm)) + At Z b; (pl‘(c,'At,Am) - pl‘(ciAt,O))

+AtAa:Z 99 20" QU

Consider the multlsy}nplectlc partitioned Runge—Kutta method (2.16a))-(2.16kl); if we multiply
equation (2.16d|) by b, and sum over «, multiply equation (2.16h|) by b; and sum over i, and
add the resulting equations together, we have

(2.18)  0=AzY  ba(m) — mha) + Atz bi(Thyy — o) + AtAz Y biba

’LOé

OH
d¢

where we used X + Y@ = 0H/0¢(P;q, Pl%, Pl). Comparing these two, we see that the discrete
method satisfies an approximation of the integral form of the De Donder—Weyl equation (2.17a)
and that the error in the approximation of the field equations is directly related to the quadrature

error and the field and momenta expansions. Similar statements can be made about the other De
Donder—Weyl equations, (2.17b)) and (2.17¢]).

Now, let’s write our approximation ([2.18]) of the integral De Donder—Weyl equations as a difference
equation. For a quantity f defined on the nodes of the edges {0} x [0, Az] and {At} x [0, Az] (and
similarly a quantity g defined on the nodes of the edges [0, At] x {0} and [0, At] x {Ax}), define

Sty f = fital = folals
1
09 = 911 — 9lijo-

—— (@0, P2, PL),

(1o %)

Define the discrete difference operators

o_ 1 3 bad?
% = Ay 2 bela):
o _ 1 § : 1

Dividing equation (2.18) by AtAz, we see that it satisfies

o5 + oPxt = be @ZQ,P&,P}) —<%Z>D,

where ( 0 > denotes our quadrature approximation of the average value of 9H /¢ on O. Similarly,
the other discrete equations satisfy

o= (550,
o= (30).

These difference equations correspond to our discretization of (the integral form) of the DDW
equations Opp° + O1p' = —OH/0¢, Ou¢ = OH/pt. As mentioned in Section a method is
called multisymplectic if the difference operators used in the discretization of the field equations
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are the same difference operators which appear in the discrete multisymplectic form formula that
the method admits. In our case, if we divide the discrete multisymplectic form formula by
AtAzx, we see that it satisfies
w4+ 9w! =0

(when evaluated on discrete first variations), where w® = dp A dn®,w! = dp A dr!'. Hence, our
method is multisymplectic in the sense that the difference operators which appear in the difference
equation that the discrete solution satisfies over O € T(X) are the same difference operators which
appear in the discrete multisymplectic form formula.

3. NUMERICAL EXAMPLE

For our numerical example, we will study the (1 + 1)—dimensional sine-Gordon equation,

(3.1) Dot x) — 2(t,x) = —sinp(t, x).
The Hamiltonian for this equation is given by

(32) H(6,"0") = 5 — 5 (')~ coso.
The De Donder—Weyl equations corresponding to this Hamiltonian are
(3.3a) do¢ = OH [0p” = p°,

(3.3b) O1¢ = OH/0p" = —p',

(3.3¢) dop® + 01p' = —0H/d¢ = —sin .

Note that substituting (3.3al) and (3.3b)) into (3.3c) recovers (3.1).

With this example, we aim to qualitatively show the preservation of multisymplecticity by consid-
ering the family of soliton solutions,

(3.4) o (t, ) = 4arctan <exp (%)) ,

where the family of solutions is indexed by a parameter v € (0,1). Consider the following curve on
the space of sections of the restricted dual jet bundle

v (60,09, 08) = (v, Qow, —O100)

and note that it is differentiable for v € (0,1). Thus, the associated vector field, given by differ-
entiating the above map with respect to v, defines a vector field on the space of sections of the
restricted dual jet bundle. The associated vector field is a first variation on the space of soliton
solutions, since its flow maps soliton solutions to other soliton solutions.

To visualize multisymplecticity for this example, we observe the following. Each soliton solution
propagates to the right at speed v in time, without changing form. Thus, the shape of a
soliton solution in the (¢,p") plane does not change with respect to time. Hence, for a family of
soliton solutions, the associated area in the (¢, p®) plane will not expand or contract as the system
evolves in time. In other words, restricting to the above first variations, this means that

o’ = 0.
By the multisymplectic form formula Gyw?® + 0jw! = 0, we also have that
81w1 = 0,

and hence the family of soliton solutions, occupying an area in the (¢, p') plane, will not expand or
contract as the system evolves in space. This example then provides an intuitive way to visualize
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multisymplecticity as symplecticity in each spacetime direction, since the multisymplectic conser-
vation law splits into two symplectic conservation laws, for this given family of solutions. This
is a multisymplectic analogue of the visualization of symplecticity in the literature for symplectic
integrators, where one evolves a family of initial conditions occupying an area in phase space; for
symplectic integrators, this area is preserved under the flow of the integrator, unlike a generic
method (see, for example, Hairer et al. [16]).

Explicit Methods for Separable Hamiltonians. Recall that in the above derivation of the
multisymplectic partitioned Runge-Kutta method, we used that the Runge-Kutta matrices a,a
were invertible and hence the variational construction in Section [2.3] does not directly apply to
explicit Runge-Kutta matrices a and a (since explicit Runge-Kutta methods have strictly lower
triangular Runge-Kutta matrices and hence are non-invertible). Since equation is nonlinear,
using an implicit method would be computationally expensive and hence an explicit method would
be preferable. However, for separable Hamiltonians of the form H(¢,p") = K(p") + V() (as is
the case for the sine—~Gordon Hamiltonian ), we can derive an explicit method as follows. Let
a be an explicit Runge-Kutta matrix such that its symplectic pair a? is invertible, where again
the symplectic pair is given by
4 _ bibi —bjaji
1) bz :
Then, it follows that the symplectic pair of the symplectic pair of a equals a, i.e., (a(z))@) = a,
since
(a(z) ) bjbi — b]agf) _ b]bl - bj bib; bjlhau .
i bz bz 1]
Thus, we can choose a to instead be a®, so that the symplectic pair of a becomes an explicit
Runge-Kutta matrix. The variational construction now applies with this choice of a, since it is
invertible. For a separable Hamiltonian, the integration scheme splits and the system can be evolved
explicitly in time.

Numerical Scheme. We take a one-stage Runge—Kutta matrix in the temporal direction a = 1
(with b =1, ¢ = 1) so that a(? = 0, and similarly in the spatial direction @ = 1 (with b =1, ¢é = 1)
so that @® = 0. Let ‘ba,b,PS,b’Pib,V@b, Wap, Xap, Yap denote the internal stages associated to
Oap = {ta,ta + At} x {zp, 2+ Az}. Letting ¢, denote the value of ¢ at {tq,z;} (and similarly for
the momenta), the multisymplectic partitioned Runge-Kutta method (2.16al)-(2.16k|) gives, with
the choice of the sine-Gordon Hamiltonian ,

(3.5a) Py =7 pi1s
(3.5b) Pat1b+1 = Papr1 + AtVep = P,
(35C) 7'('2+17b+1 = 7"-27[)4_1 + AtXa,bv
(3.5d) P;,b = 77;+1,b,
(3.5€) Cat1b41 = Pat1b T AxWoy,
(3.5f) Tat1bi1 = Tap1p + D2Yap,
0H
(3'5g) Va,b = Tpg(@a,ba Pc?,b? Pc},b) = Pz?,b»
0H
(3.5h) Wap = aipl(q)a,ba Pc?,b? Pal,b) = _P;,bv
‘ OH .
(351) Xa,b + Ya,b = ((I)a,ba P(gba Pg},b) == Sln(q)a,b)'

d¢
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Eliminating the internal stage variables, equations (3.5g)) and (3.5i) can be expressed as an inte-
gration scheme in time

Pa+1b — Pab _ 0

At Maby
0 0 1 1
Tat+1b — Tab Tot+1,0 — Tat1,0—1 . .
At + Ax - Sln(gpa"rl,b)

(where we shifted b — b — 1). Further eliminating the w! variables using (3.5d)), (3.5¢), (3.5h)), the
second equation above can be expressed as

0 0
Tat1b ~ Tap  Patip+l — 2Qat1b + Pat1p—1

At A$2 = - Sin(spa'f‘l,b)'
Thus, the corresponding numerical scheme is
(3.6a) Patl1b = Pap + At Wg,b,
-2 + - .
(3.6b) w1y =70 4 APttt T 2Patip F Patibol At sin(asrs):

Az?
The scheme corresponds to discretizing the first-order formulation of the sine-Gordon equation,

dop” = 979 — sin ¢,
80¢ — p07

in space using the standard discrete Laplacian and in time using the (adjoint) symplectic Euler
method. We refer to the method (3.6a)-(3.6b|) as MSE (multisymplectic Euler).

As discussed in Section this scheme can be computed in a time marching fashion, given supplied
initial conditions for ¢ and 7%, as well as spatial boundary conditions. This scheme is explicit, since
the values of the field can first be updated using , followed by updating the temporal momenta
using . For the numerical experiment, we will compare this scheme to the scheme which uses
the standard discrete Laplacian in space and the forward Euler method in time,

(3.7a) Pat1,h = Pab + At Wg,bv

0 0 Pab+1 — 2Pab T Pab—1
(37b) 7Ta+1,b = 7T(l,b + At a A;2 a

We refer to the method (3.7a)-(3.7b)) as FE (forward Euler).

For our numerical experiment, we consider a family of initial conditions given by interpolating the
soliton solutions (¢, (z),70(z)) = (¢ (0, ), d0v(0,x)) onto the spatial grid, for several values of
v (v = 0.50,0.47,0.45), on a spatial domain [—L, L]. We choose Neumann boundary conditions
7l(—=L) = 0 = 7!(L) and choose L sufficiently large so that the Neumann conditions are satisfied
initially, up to a desired level of error (since m!(x) = —81¢,(0,z) decays monotonically to 0 as |z|
increases), say L = 20 (so that 7!(L) = n'(—=L) ~ 107!%). To demonstrate the robustness of MSE,
we take a large spatial step Az = 0.1 and a time step At = Ax/2; the experiment is run until a

final time T = 20.

The initial (p¥, ¢) phase space distribution is shown in Figure The (p°, ¢) phase space distribution
at t = 20 is shown in Figures [f] and [7] for MSE and FE, respectively. Comparison of Figures 5] and
[6] shows the preservation of symplecticity in the temporal direction for the method MSE, whereas
it is clearly not preserved for FE.

— Atsin(pq.p)-

Similarly, Figures [§] and [9] shown the preservation of symplecticity in the x direction for MSE.
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(p",¢) Phase Space at t=0

o v=0.5
A v=047
< v=0.45

FIGURE 5. The (p°, ¢) phase space distribution of the initial conditions (running over all spatial nodes in
[=L, L]). The solid curves indicate the exact distribution.

(p°,¢) Phase Space at t=20 for MSE

o v=0.5
A v=0.47
< v=045

FIGURE 6. The (p0,¢7) phase space distribution at ¢ = 20 using MSE (running over all spatial nodes in
[=L, L]). The solid curves indicate the exact distribution.

(p”,q;) Phase Space at t=20 for FE

o v=05
pD A v=047

< v=0.45

FIGURE 7. The (p°, ¢) phase space distribution at ¢ = 20 using FE (running over all spatial nodes in [~L, L]).
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(p1,¢) Phase Space at x=5 for MSE

o v=0.5
v=0.47
< v=0.45

FIGURE 8. The (p', ¢) phase space distribution at 2 = 5 using MSE (running over all timesteps in [0, T]).
The solid curves indicate the exact distribution.

(p1,¢) Phase Space at x=6 for MSE

FIGURE 9. The (p!, ¢) phase space distribution at = 6 using MSE (running over all timesteps in [0, T]).
The solid curves indicate the exact distribution.

4. CONCLUSION AND FUTURE DIRECTIONS

In this paper, we extended the construction of Hamiltonian variational integrators to the setting of
multisymplectic Hamiltonian PDEs. Our construction is based on a discrete approximation of the
boundary Hamiltonian, introduced in Vankerschaver et al. [44]. Through the Type II variational
principle, this discrete boundary Hamiltonian is a generating function for the discrete Hamilton’s
equations that define our multisymplectic integrator. The discrete variational principle automat-
ically yields integrators which are multisymplectic and satisfy a discrete Noether’s theorem for
group-invariant discretizations. As an application of this variational framework, we derived the
class of multisymplectic partitioned Runge-Kutta methods; however, our construction is more
general and is not limited to this class of multisymplectic integrators. Finally, we showed that
the discrete multisymplecticity which arose from the discrete variational principle agrees with the
notion of discrete multisymplecticity introduced in Bridges and Reich [6].

Perhaps the most natural research direction is to establish a variational error analysis result which
demonstrates that a computable discrete Hamiltonian that approximates the boundary Hamiltonian
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to a given order of accuracy will result in a numerical method for the Hamiltonian partial differential
equation with the same order of accuracy. It should be observed that this poses two main challenges
as compared to the case for ordinary differential equations. The first is that the boundary of the
spacetime domain is in general curved, and the space of boundary data (and boundary momentum)
is infinite-dimensional. As such, one would first have to approximate the spacetime domain with a
spacetime mesh, and choose a finite-dimensional subspace for sections of the dual jet bundle that is
subordinate to this spacetime mesh. Then, the error between the computable discrete Hamiltonian
and the boundary Hamiltonian can be decomposed into three terms, the first of which can be
bounded by assuming that the boundary-value problem is well-posed and therefore has continuous
dependence on the boundary data, the second is associated with the variational crime of replacing
the spacetime domain with a spacetime mesh, and the third is a term that is analogous to what
arises in the usual variational error analysis for ordinary differential equations.

The second natural direction would be to establish a quasi-optimality result which demonstrates
that the variational error in the construction of a Galerkin boundary Hamiltonian is bounded from
above by a multiple of the best approximation error of the finite-dimensional function space used
to approximate sections of the configuration bundle.

Finally, it was established in McLachlan and Stern [33] that many hybridizable discontinuous
Galerkin methods are multisymplectic when applied to semilinear elliptic PDEs in mixed form, and
it would be interesting to see the kind of multisymplectic Hamiltonian variational integrators that
would arise for Hamiltonian time-evolution PDEs when using spacetime discontinuous Galerkin
finite element spaces to discretize the dual jet bundle.
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APPENDIX A. HIGHER SPACETIME DIMENSIONS

In this appendix, we treat the case of a spacetime tensor product (hyper)rectangular mesh in
(n+1)-spacetime dimensions, where the coordinates on spacetime are given by {z"}}}_,. Let 7(X)
be a regular (hyper)rectangular mesh, with Az* the spacing in the z* direction. We index the
nodes of this mesh by zf, = aAx# (where a is an integer) and consider O, ,» € T(X) given
by Ogo..an = [[ji—o[®hu, v4u + Ax"], where ]| denotes the (ordered) Cartesian product. Fix a
spacetime direction z#. For this direction, there are two (n — 1)-dimensional faces of Oyo 4n,
located along the hyperplanes a# = 2f, and 2# = 2, 41, to which the unit vector in the z#
direction is normal. To each pair of such faces, we associate a quadrature rule (for simplicity, we
consider the case of one quadrature point). The field values at this pair of quadrature points are
denoted Y401, [ar—1]ar[ar+1]...[an] AN ©[40].. [ar—1]ar+1[as+1]...[an], Where the unbracketed indices o/ and
a*+1 indices denote the faces with smaller and larger z#, respectively. Similarly, the corresponding
normal momenta to these faces are denoted ngo}...[awl]au[awl]...[an] and Wféo}...[al‘*l]a“—kl[a“*l}...[a"}'
Note that, in the (1 4 1)-dimensional case, this notation agrees with the notation that we used in
Section (where a’ = a,a' = b).

We take B(Oy0._4n) to consist of the “forward” faces; that is, B(Oq0._ ,n) is the union, over all u, of
the face in the x# direction with larger z* coordinate, z# = 2, 41 (and similarly A(Ogo_,n) is the
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union, over all p of the face in the a# direction with smaller z# coordinate, z# = x!,.). For brevity
in the following equations, let

Tan = Ta0]. fan—an[ar+1]..an]’
Plar[ = Pla0]...[a#~1]ar[ar+1]...[a"]s
ml =
Jar+1[ — " [a9%]...[a#~]ar+1[art1]...[a"]?
Plar+1] = P[a0]...[a*~ar+1[ar+1]...[a"]
where we implicitly understand that (a?,...,a") are fixed. Then the quadrature approximation of

the integral over B is given by

n

I TB¥YB = Z |:7rfzw+1[90]a“+l[Anxu )

=0
B(Dao...a”) .

where A"z, =[], i Ax¥. Letting ¢4 denote the collection of values of ¢ on the quadrature points
on A(Oyo ,n) (and similarly for 7p5), the associated discrete boundary Hamiltonian is

n

n Da ...a™
Hj(@Aa 7TB) = eXt Z |:7T]lf1u+1[()0]a/‘+l[A 1’M - Sd 0 [¢7p] 9
n=0

where SS“O“'G" is some discrete approximation of the action and the extremization is over all (¢, p)
in the discrete approximating space satisfying the prescribed (¢4, 7p) boundary conditions. The
Type II variational principle yields the discrete forward Hamilton’s equations: for each p,
1
noo_ +
Theowt = o DoapHy (94, 78)
Py, d ) )
Jlak[ Anx#

1
Plan+1] = AT%DW,B,;LHJ(SDAJB%

where Dy 4, denotes differentiation with respect to the value of ¢ on the node on A in the

direction, i.e., 9/0pjqu| (and similarly Dy g, = 8/877]’2”“[).

Analogous results to the main body of the paper can be derived for the case of higher spacetime
dimensions. For example, the multisymplectic conservation law al2H;r = 0 (when evaluated on first
variations) gives

Z (dSO}aHH[ A dﬂ}iuﬂ[ — djan A dﬂ]/fw[) Ay =0
o

(which formally is the quadrature approximation to [ o Wt )d e, = 0).

Similarly, the generalization to multiple quadrature points is straight-forward; for each pair of for-
ward and backward (n — 1)-dimensional faces in the p direction, we can choose multiple quadrature
points and weights on the faces (the quadrature rules on the forward and backward faces in the
same direction must be the same, but the quadrature rules can differ among the spacetime direc-
tions, as was the case in (1 + 1)-spacetime dimensions). Associated to these quadrature points are
the field and normal momenta values. Then, the discrete forward Hamilton’s equations just states
that the value of ¢ on a quadrature node in B is given by differentiating Hj with respect to the
normal momenta 7 on that node, divided by the product of A"z, and the quadrature weight at
that node (and similarly, the value of the normal momenta m on a quadrature node in A is given
by differentiating Hj with respect to the field value on that node, divided by the product of A"z,
and the quadrature weight at that node). As one can verify, in the (1 + 1)-dimensional case, this

precisely reproduces ([2.3al)-(2.3d)).
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One can then proceed as we did in the main body of the paper, in using the Galerkin construction as
a discrete approximation for the action. Utilizing analogous expansions to those in the main body
of the paper (with an expansion in each spacetime direction), the resulting variational integrator
would then give a multisymplectic partitioned Runge—Kutta method, where the integrator would
formally be a symplectic partitioned Runge—Kutta method in each spacetime direction with the
internal stages satisfying the De Donder—Weyl equations.

Finally, it is worth noting that, at the start of Section [2.1, we laid a general formulation for
unstructured meshes, arbitrary finite element spaces, and arbitrary spacetime dimensions. However,
in general, the form of the discrete Hamilton’s equations arising from the Type II variational
principle can not be written explicitly, which is why we specialized to the case of spacetime tensor
product (hyper)rectangular meshes. It would be interesting to determine the form of the discrete
forward Hamilton’s equations in other settings for particular choices of meshes, finite element spaces,
and spacetime dimensions. For example, although a fully unstructured spacetime mesh would be
challenging, one could consider a spacetime tensor product mesh which is the tensor product of an
unstructured spatial mesh and a regular temporal mesh. Even in the case of a (hyper)rectangular
mesh, it would be interesting to consider finite element spaces of differential forms (such as the
Q;-A* spaces arising in finite element exterior calculus [2]), which could be interesting in physical
applications such as lattice field theory.

APPENDIX B. RELATION TO GALERKIN LAGRANGIAN VARIATIONAL INTEGRATORS

In this appendix, we discuss the relation between Galerkin Hamiltonian and Lagrangian varia-
tional integrators. From the Lagrangian perspective, the appropriate generating functional is the
boundary Lagrangian (see Vankerschaver et al. [44]),

Lov(y) = /U L6, u)d™

where the expression on the right hand side is extremized over all ¢ such that ¢|sy = ¢. In general,
methods derived from discretizing the boundary Hamiltonian and boundary Lagrangian are not
expected to be equivalent, even in the hyperregular case, as was shown in Schmitt and Leok [40]
for the case of mechanics (where the boundary Hamiltonian and boundary Lagrangian are referred
to as the exact discrete Hamiltonian and the exact discrete Lagrangian, respectively).

However, for the case of Galerkin Lagrangian variational integrators on a (1 4+ 1)—dimensional
rectangular mesh, they are equivalent (in the hyperregular case), for a suitable choice of discrete
boundary Lagrangian and using the same (Galerkin based) expansions that we utilized in our
construction of Galerkin Hamiltonian variational integrators. We assume the same field expansions
that we used in Section (when discussing independent internal stages). Unlike the boundary
Hamiltonian where ¢ is specified on A and 7 is specified on B, the Lagrangian perspective specifies
@ on both A and B. One can define a discrete boundary Lagrangian as

L (g4, pB) = ext o AtAz > " L($(cilt, Ealz), Dod(cit, EaAx), D1(ciAt, E0Ax))

Bla=pa,0l=¢B o

= eXtvia RIS VD VIS AtAzx

> bibo L(DY,, Vi, W)

+D (wl[al ~ o] — ALY b; Vja)
a j
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+ Z Ai (@[m — Qo — Az > Bﬁwi5>

B

)

+ Z Aia((I)ia + éia)

i,Q

where in the first line, the right hand side is extremized over the finite-dimensional function space
chosen in the Galerkin construction (to obtain a discrete boundary Lagrangian instead of the exact
discrete boundary Lagrangian which extremizes over an infinite-dimensional space). The second
equality follows from substituting the chosen expansion and explicitly enforcing that the boundary
condition ¢|p = ¢p are satisfied by the Lagrange multipliers A, and A;. The normal momenta
are then obtained by enforcing the variational principle, which gives the normal momenta 74, 7p
in terms of the derivatives of LgD with respect to wa,p. This defines a Galerkin Lagrangian
variational integrator.

Proposition B.1. If the continuous Hamiltonian H is hyperreqular and the associated Lagrangian
L is constructed by the Legendre transform, then the Galerkin Hamiltonian variational integrator
and the Galerkin Lagrangian variational integrator are equivalent, for the same choice of expansion
(i.e., specified by the basis functions 1;, @Zg and quadrature rules).

Proof. The proof follows from using the Legendre transform to express

0H (¢, p%,p")

OpH ’
which is invertible by assumption of hyperregularity (i.e., one can express the momenta in terms
of the field and their derivatives). The computation then follows analogously to the 1-dimensional
(mechanics) case, as shown in Leok and Zhang [26], noting that the Legendre transform holds at
the internal stages. O

oup =

It is expected that this equivalence holds in the case of higher-dimensional spacetime tensor prod-
uct (hyper)rectangular meshes, although it is still unclear to what degree this holds for general
unstructured spacetime meshes and general finite element spaces. We aim to explore this in future
work.
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