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Abstract

The difference variational bicomplex, which is the natural setting for systems of difference equa-
tions, is constructed and used to examine the geometric and algebraic properties of various systems.
Exactness of the bicomplex gives a coordinate-free setting for finite difference variational problems,
Euler—Lagrange equations and Noether’s theorem. We also examine the connection between the
condition for existence of a Hamiltonian and the multisymplecticity of systems of partial difference
equations. Furthermore, we define difference multimomentum maps of multisymplectic systems,
which yield their conservation laws. To conclude, we demonstrate how multisymplectic integrators
can be comprehended even on non-uniform meshes through a generalized difference variational
bicomplex.
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1 Introduction

Symmetry methods provide powerful tools for obtaining solutions and conservation laws of a given
system of partial differential equations (PDEs) and for understanding structural features such as
integrability [3,(17,[34]. In the formal geometric approach, the variational complex is central to the
study of symmetries, scalar conservation laws and Euler-Lagrange equations [21,[34]. This complex
is contained in the (augmented) variational bicomplex, which is a natural geometric setting for all
of the above and also for multisymplectic PDEs [7] and other PDEs with form-valued conservation
laws, as well as the Lagrangian multiform (or pluri-Lagrangian) formalism of integrable systems (see,
e.g., [29,39,41]).

The variational bicomplex is constructed by splitting the exterior derivative into horizontal and
vertical parts (see |1}2,23,143,|44]), which reflect the distinction between independent and dependent
variables. It is augmented by a projection, the interior Euler operator, which is used to derive Euler—
Lagrange equations from a given Lagrangian form. Independently, Anderson [1,2], Tsujishita [42] and
Vinogradov [43l|44] proved that the augmented variational bicomplex is exact.

Over the last three decades, symmetry analysis for differential equations has been extended to
difference equations (see [12}/13,|15}/16}28,[35-38}46]). Difference forms [30] and the difference vari-
ational complex [18] have also been developed. These results are fundamentally important for the
geometric analysis of finite difference numerical schemes. For instance, a variational integrator yields
Euler-Lagrange equations from a difference Lagrangian form.

This paper formally introduces the difference variational bicomplex, that was proposed in the
thesis [35], and examines some of its applications. Sectionbegins with a brief review of the differential
variational bicomplex, which is a natural setting for multisymplectic systems of PDEs. Section
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develops the main ideas and structures for the difference variational bicomplex. Exactness of the
difference variational bicomplex plays an essential role in applications, giving coordinate-free versions
of Noether’s theorem for finite difference variational problems and multisymplectic partial difference
equations (PAEs). (A proof of exactness is given in an Appendix.) Section [4| uses the bicomplex to
develop a coordinate-free difference version of Hamilton’s principle. In Section [pl the conservation
of multisymplectic structures is studied for PAEs and we explain the link between multisymplectic
systems and degenerate difference Lagrangian structures. By defining discrete multimomentum maps,
conservation laws of multisymplectic systems are obtained. In Section [6] we describe a generalized
difference variational bicomplex that is the natural setting for multisymplectic integrators on a non-
uniform mesh.

2 The (differential) variational bicomplex

The variational bicomplex is a double complex of differential forms that arises by regarding inde-
pendent variables as coordinates on a base space, with dependent variables and their derivatives
coordinatizing fibres over each point of the base space. The geometric setting is the infinite prolonga-
tion bundle. We review the differential variational bicomplex (following Anderson’s presentation |1}2],
see also [23]/42,/44]), and show that this is a natural setting for multisymplectic systems of PDEs.

2.1 An overview of the variational bicomplex

For differential equations with independent variables x = (z!,22,...,2P) € X C RP and dependent
variables u = (u!,u?,... ,u9) € U C RY, a natural geometric structure is the trivial fibred manifold
m: X xU— X,
(2.1)
(x,u) — x.

A solution u = f(x) can be regarded as a local section, s(x) = (x, f(x)). Restricting attention to
neighbourhoods in which f is smooth, a section can be prolonged to the infinite jet bundle J*°(X x U)
whose coordinates represent derivatives:

7 J(X xU) — X,

. (2.2)
(', u* ug,, ... ug,...) = X
The prolonged section s has coordinates
, A (x) oMl fo(x)
7 o [e% o o
z, U _f (X)7 uli - 81'2 ) RN uy = (8$1)]1(8$2)]2(8$p)]p 9 ceey (23)
where 1; is the p-tuple whose only nonzero entry is 1 in its ith place, J = (51, j2,...,4P) with all

entries being non-negative integers, and |J| = j! + 52+ .-+ jP. In this setting, a differential equation
defines a variety on the jet bundle.

The exterior derivative on J*°(X x U) can be written in terms of these local coordinates. Let [u]
denote u and finitely many of its partial derivatives; then the exterior derivative of a locally smooth
function f(x,[u]) is

Of(x,[u)) . ;i 9f(x,[u])
= 2 da’ ’ du§ . 2.4
oxt + oug J (2:4)
The Einstein summation convention is used from ([2.4)) on. It is natural to split the exterior derivative
using the contact forms duj — uj, ,, dz', because the pullback of each contact form by any section s
is zero. This splitting gives

df (x, [u])

7 af X, [u o a 7
af (e, ) = (Duf e fu)) o'+ P (qug gy ), (25)
J
where 5
Di:awi—i_uliW—I_“._‘_uJ‘f’li%_‘_'” (26)



is the total derivative with respect to 2. This splitting gives a basis for the set of differential one-forms:
dz?, duj —uj,q, da’, (2.7)

which is extended to a basis for the set {2 of all differential forms by using the wedge product. The
exterior derivative splits into the horizontal derivative dy and the vertical derivative dy, as follows:

d=dy+dy, (2.8)
where
dy =da’ AD;, dy = (du§ — u,q,da’) A = . (2.9)
: oug
Direct calculation yields the identities
d2=0, dydy=-dyd,, d2=0. (2.10)

The contact forms dyu§ = du§ — ug +1idxi form a basis for the set of vertical differential one-forms;
the set of horizontal differential one-forms has a basis dyz? = dz?. Furthermore,

A . b A b
D; | dya? = o D; | dyul =0 = dy? =0 =
J hZ ) J UK 5 au?J hT ) au?

J dyuly = 825k (2.11)
A locally smooth vertical vector field vo = Q“ 9/0u® on X x U can be prolonged to all orders to yield
the vector field v = D3Q® 0/0u§ on J*(X x U). This can be generalized, with the same prolongation
formula, by allowing each Q“ to depend on finitely many derivatives of u, in which case v is a vertical
generalized vector field on J>°(X x U). By the prolongation formula, v commutes with each D;.
A (k+1)-form o on J>*(X x U) is said to be a (k,[)-form if it can be written as
o= flodi (x, [u]) dpa™ A~ Adpa' Adeu§t A Adyud, (2.12)

UL yeee BR300 5eeey U

Ji,.d0

where each f;"rY, s alocally smooth function. The Lie derivative of o with respect to a vector

field v, denoted Ly o, may be obtained from Cartan’s formula:
Lyo=v_]do+d(v_]o). (2.13)
Routine calculations, adapted to the horizontal and vertical derivatives, give the following results.

Lemma 2.1. Let o be a differential form on J*(X x U). If v is a vertical generalized vector field
on J®(X x U) then
v ] dyo+dy(v o) =0,

S0

Lyo=v_|dyo+dy(v_]o).
Similarly,

D; | d,o —l-dv(DlJ 0') =0,
S0

Lp,oc=D; | dyo+dn(D; o).
Let Q%! be the set of all (k,1)-forms over J>*(X x U). Then
dp : QB QFFLL g Rt o QRIFL (2.14)

and the identities (2.10) yield a double complex called the variational bicomplex (Fig. . A (k,1)-
form o is horizontally closed if dpo = 0 and horizontally exact if there exists a form 7 € Q¥ 1! such
that o = dy7. Similarly, o is vertically closed if dyo = 0 and vertically exact if there exists 7 € QF~1
such that o = d,T.



dv dy dv dy
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Figure 1: The variational bicomplex.

The cohomology of the variational bicomplex in Fig. has been well-studied; for proofs, see
[1,23./42,44]. Each column of the bicomplex is the analogue of the de Rham complex for a topologically
trivial space, so that any vertically closed form o is also vertically exact. However, this is not true
for the rows, where the Poincaré Lemma fails. Specifically, for any [ > 1, there exist horizontally
closed (p,1)-forms that are not horizontally exact. To overcome this inconvenience, a projection Z on
Qpl 1> 1 is used to make the rows exact, yielding the augmented variational bicomplex in Fig.
here #! =1 (Qp’l). The cohomology groups of the augmented variational bicomplex are all trivial,
reflecting the topological triviality of J*°(X x U). If one pulls back the complex to the submanifold
of (infinitely prolonged) solutions of a given system of PDEs, the vertical cohomology groups remain
trivial, but some horizontal cohomology groups may be nontrivial.

dy dy dy dy Oy
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dv dv dv C]-V 5V
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Figure 2: The augmented variational bicomplex.

To define Z, which is called the interior Fuler operator, it is helpful to use the multi-index notation

.1 .9 . . . .
Dy=D{'DY --DF,  (~D)y=(~Di)i' (~Da)" - (~D,)" = (~)" Dy (2.15)



formally, (—D)j is the adjoint operator to D3y. Then T : QP! — QP is defined by

1(o) = %dvua A (=D); (aiaj 0> , oert (2.16)
J

which gives the same outcome (up to a divergence) as integration by parts. The rows containing Q%!
(for fixed | > 1) are exact; in particular, ker(Z) = im(dy). Moreover, the interior Euler operator is a
projection (so Z? = 7); hence, for each o € Qpl 1> 1, there exists 7 € QP! such that

oc=7I(c) —dyr. (2.17)

The Euler-Lagrange operator € : QP9 — Z1 is defined by £ := Z d,. Given a Lagrangian form,
Z[u] = L(x, [u])vol, where vol = dz! A --- A daP is the volume form,

E(ZL)=(-D); (W) dyu® A vol, (2.18)

so the Euler-Lagrange equations are the coefficients of £(.Z) = 0.

Bearing in mind that .#! C QP! the operators d, := Zd, give higher variations; in particular,
8y : F1 — F? gives the Helmholtz conditions for the inverse problem of variational calculus. The
variational complex is the edge of the augmented variational bicomplex, consisting of the bottom row,
the Euler-Lagrange operator, and the column containing the spaces .Z!. The variational complex is
exact, so

ker(£) = im(dy), im(€) = ker(dy),

and the column containing .#! is exact.

2.2 Multisymplectic systems via the variational bicomplex

The (augmented) variational bicomplex provides a natural framework for studying multisymplectic
PDEs; this framework was introduced in [7] for first-order quasilinear systems on Riemannian man-
ifolds, but it applies equally to other types of multisymplectic systems. For simplicity, we restrict
attention to the base manifold RP, but the results are local and can be adapted to other base manifolds.

The starting-point is Zuckerman’s discovery in [47] of a ‘universal conserved current’ for any given
Lagrangian form .Z € QP0. This is a vertically closed differential form w € QP~12 that is conserved
on solutions of the Euler—Lagrange equations. It is instructive to revisit Zuckerman’s proof using the
augmented variational bicomplex. From , there exists n € QP~11 such that

E(Z) =dyZL + dun. (2.19)
The (p — 1,2)-form w = dn satisfies
dhw = — dvdh77 = — dvg(.ﬁ/ﬂ) (2.20)

Consequently dyw = 0 on the solution submanifold of the Euler—Lagrange equations.

Independently, Gotay |14] developed a covariant Hamiltonian formalism for field theories of arbi-
trary order, using a generalized Legendre transformation to identify additional phase space variables
p) from the Lagrangian. A key ingredient is the Poincaré-Cartan form ©, which is a Lepagean
equivalent of the Lagrangian form. In the above notation,

0=9%+n, (2.21)
which is a p-form of mixed type (from the viewpoint of the bicomplex). From (2.19)), we have
de =&(%) + w, (2.22)

and (2:20)) arises from d?© = 0.



Up to inessential terms, Gotay’s covariant Hamiltonian formalism yields the quasilinear first-order
system of Euler—Lagrange equations for the modified Lagrangian

~

L = L(x,[u]) —I—p‘;"’li(Diu? - u%_HZ_). (2.23)

Here uff,pgé are distinct dependent variables on the phase space, with the latter variables playing
the role of Lagrange multipliers. So nothing is lost by restricting attention to first-order quasilinear
systems, in which case [u] fully coordinatizes the phase space. This approach was introduced by
Bridges [5].

One can partially reverse the above derivation, using the fact that the vertical cohomology groups
are trivial, even for the restricted bicomplex. A system of PDEs is multisymplectic if there exists a
vertically closed (p—1,2)-form w such that dyw is zero on the solution submanifold (but not identically
zero). So every system of Euler-Lagrange equations is multisymplectic. In coordinates, write

w = k' A (D;_| vol), (2.24)

where each k' is a vertically closed (0, 2)-form. Then on solutions of the system, d,w = 0 amounts to
the form-valued conservation law A
Di/ﬁz = 0.

As w is vertically closed, exactness of the vertical columns implies the existence of € QP~ 1! such
that w = dyn. Moreover, on the solution submanifold,

dydpn = —dndyn =0,
so there exists .Z € QP (restricted to this submanifold) such that
dyn +dyZ = 0.

Khavkine [20] used this observation to prove the existence of a Lagrangian (p,0)-form on the full
jet space, whose Euler-Lagrange equations are solved by the given multisymplectic system of PDEs.
(However, these equations may be weaker than the given system and so admit other solutions.)

It is convenient to restrict attention to multisymplectic systems that are first-order and quasilinear,
so that both w and 7 are defined over each point x in terms of the phase space variables and their
vertical derivatives. For difference equations, however, this turns out not to be possible, as differences
are not defined pointwise, nor are they derivations. Nevertheless, we now show that there is a difference
analogue of the variational bicomplex which has very similar features to the differential case, and this
gives rise to a standard form for multisymplectic difference equations.

3 Construction of the difference variational bicomplex

The building-blocks for the difference variational bicomplex are difference prolongation spaces [31],
difference forms |18,|30] and the difference variational complex [18] over the base space ZP.

Consider a PAE with p independent variables, n’ € Z, and ¢ dependent variables, u® € R. These
variables can be regarded as coordinates on the total space, ZP x R?: the discrete base space ZP and
the connected fibres R? are coordinatized respectively by n = (n!,n?,... nP) and u = (u!,u?, ... u9).
For simplicity, we shall assume that this coordinate system applies everywhere, though the results
below can be adapted if more than one coordinate patch is needed for a particular PAE. The fibres

are mapped to one another by the horizontal translations

Ty:72° xR? — ZP x R?

(n,u) = (n+J,u). (3.1)

Note that Tyo Tk = Tyik for all J, K € ZP. (See [16] for other transformations of total space.)
As the total space is disconnected, it is helpful to construct a connected representation of this
space over each base point. To do this, each fibre is prolonged to include the values of the coordinates



on all other fibres as coordinates in a Cartesian product, using the pullback of each u® with respect
to every Tj. The (connected) total prolongation space over an arbitrary base point, denoted P(R?)
(or P,(RY) if the base point, n, is specified), has coordinates (u§), where

uy = Tju®.

In particular, ug = u®. The total prolongation space provides a convenient setting for the study of
geometric properties of difference equations.
The composition rule for horizontal translations gives the identities

a _ m*

More generally, let f be a function on Z” x P(R?) and denote its restriction to each total prolongation
space Py(RY) by fu((u§)) = f(n,(uj)); for simplicity, we assume that every fy is smooth. Then
the pullback of funix((u§)) with respect to Tk is the function Tk fatk on P,(RY) whose values are
J(n+ K, (uf,k)). So the action of each horizontal translation Tk on the space of smooth functions
on P,(R?) can be represented by the shift operator

Sk : C®(Pa(R7)) — C*(Pu(R7))
f(n, (uf)) = fn+ K, (uj.x)),

so that Sk fn = Tk fant+k. Similarly, let o be a differential form on ZP x P(R?) whose restriction to
each Py(R?) is oy. Then the action of Tk on oy, is represented by the shift

(3.2)

Skon = Tkon+K. (3.3)

By the standard properties of the pullback, Sk commutes with the wedge product and with the
exterior derivative on the fibre P(R?), which we denote by d, (as it acts on dependent variables only):

Sk (o1 A o2) = (Sko1) A (Sko2), Sk(dvo) = dy(Sko). (3.4)

The difference structure is a consequence of the ordering of each independent variable. For any
. -1 -2 .
multi-index J = (51, j2,...,4P) = j'1;, the corresponding shift operator is Sy =S7 SJ --- ng, where
Si := S1, denotes the forward shift with respect to n’. Then the forward difference in the n’-direction
is represented on each P,(R?) by the operator

D,: =S;—id, (3.5)

where id is the identity mapping. In [18], Hydon & Mansfield introduced difference forms on ZP.
These have the same algebraic properties as differential forms on RP, with the exterior algebra on p
symbols, A, A% ... AP, replacing the exterior algebra on dz',dz?,...,dzP. The symbols A? at any
two different points are related by (horizontal) translation, so that

A =T (A k) = Sk(A]). (3.6)
A difference k-form o on ZP assigns a k-form,
On = fiy. i, (n) A ‘n Ao N A ‘n,
to each n € ZP. In view of the invariance of A’ under horizontal translations, we write
0= fiyoip(m) AT A A AT (3.7)
The exterior difference operator A maps difference k-forms to difference (k + 1)-forms as follows:

Ao = A"AD,io. (3.8)



Unlike the exterior derivative dy, the exterior difference A is not a derivation; however, like dy, it
satisfies the important identity A2 = 0. Note also that An? = A!. The exterior difference acts
pointwise on difference forms over ZP and extends immediately to difference forms over ZP x P(RY),

o= fi,. i, (uy)) AL AL A A,

In particular, the exterior difference of a difference (p — 1)-form,

p

o= 1) R, (@) AN A AATA - AAP
Z( ) ) J
=1

where A? denotes the absence of Al is
Ao =DivFA' A - A AP, where DivF := Dni{Fi(n, (ug))} .

Any function of the form DivF, as defined above, is called a (difference) divergence.

To obtain the difference variational bicomplex, we combine the above exterior difference and dif-
ferential structures, using the wedge product. From here on, we consider only forms whose restriction
to any particular Py, (R?) have coefficients depending only on n and a finite subset, denoted [u], of the
coordinates (u§). Under this condition, a (k,[)-form on ZP x P(RY) is a (k + [)-form o that can be
written (without redundancies) as

- f-Jl""’Jl z(n’ [u]) AA - AAE A dvlﬁi N dv“?f% (3.9)

[ARTPRR 7 e S PPN

we denote the set of all such forms by Q%!. The exterior derivative is the mapping d, : Q%! — QF4+1
whose action on (3.9)) gives

o , .
dyo {fﬁll"""]l (n, [u])} dyug A A" A AA Adug! A Adyuft (3.10)

- au? (ARIR S FRPRNCY)

Shifts of (3.9) are given by

Sk o = Sk {fﬁh’”'"]l (n, [u])} AP NAR A UG g Ao A dvuS g, (3.11)

Ulyeenslg; QL ey O
because (3.6)) implies that Sk A7 = AJ. Bearing this in mind, the exterior difference is the mapping

d}Al . Qk,l N Qk+17l

. (3.12)
o— A"AD,o.

Remark 3.1. 1. The operator D, is the Lie difference with respect to the horizontal translation
T1,, because

(Dyio)ln = T1,(0n+1,) = om,

the right-hand side of this expression being the standard definition of the Lie difference [11].
2. We use df; instead of A (which was designed for pure difference forms), as it is helpful to mirror the
standard notation used for the differential variational bicomplex. Both dj; and d, are invariant under
all allowable changes of the coordinates used to describe their respective spaces, namely GL(p,Z)
transformations of the base space ZP and diffeomorphisms of R? (prolonged to ZP x P(R?)).

Lemma 3.1. The operators di and dy satisfy the identity
dpy dy = —dy df . (3.13)
Consequently, the operator d* := df +d, satisfies (d*)? = 0.

Proof. To prove (3.13), apply di dy to an arbitrary (k,l)-form o, then use the identities (3.11)) and
Si(0f/0ug) = 9(Sif)/9(Siug). The identity for d* follows from (df)% = 0 and d? = 0. O
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Figure 3: The augmented difference variational bicomplex.

The operator d®, which we call the exterior difference-derivative, is analogous to the exterior
derivative d on the infinite jet bundle. It splits into horizontal and vertical components, from which
the difference variational bicomplex can be constructed in the same way as for the differential case
(with dj; replacing dy,).

For variational problems, a difference version of the interior Euler operator is needed to form the
augmented difference variational bicomplex, which is shown in Fig. Here, summation by parts
replaces integration by parts, yielding the difference interior Euler operator Z* defined by

1
IA(O') = 7 dvuo‘ AN S_J <8iaJ U), (S Qp’l. (314)
J

Note that S_j is the formal adjoint of Sy. The difference Euler—Lagrange operator £* : QP0 — F1 is
defined by £» := I% d,. For a difference Lagrangian form, #[u] = L(n, [u])A* A--- A AP € QPO
9L(n, [u])

EXZL)=S_3 < - ) dyu® A AV A - A AP, (3.15)
ou§

Therefore the difference Euler—Lagrange equations,

. 7!

are the coefficients of £2(¢) = 0. The operators §5 — Z!*1 are defined by 62 := 7% d,. Direct

computation shows that Z* is a projection, that is,
(z°)* =17, (3.16)
and that the conditions for a cochain complex are satisfied by the rows, columns and edge sequence:
Thdp =0, &%db =0, ket =0, (82)*=0. (3.17)

Indeed, the augmented difference variational bicomplex is exact, just as in the differential case. A
proof of this is outlined in the Appendix.

Let (9,,1,0,2,...,0uw) be the duals to the difference one-forms (A, A2, ... AP); the duals to the
differential one-forms dyu§ are 9/0u§. These satisfy

O JA =61 8, ] dyu§ =0, (;;A A =0, %J dyuly, = 626%. (3.18)



For difference equations, the base space ZP is discrete, so every (tangent) vector field is vertical.
A locally smooth vector field vg = Q*9/0u® on the total space, prolonged to all orders, yields the
vector field v = S3Q* 0/0u§ on ZP x P(RY). In much the same way as for differential equations, this
prolongation formula also applies when each Q% depends on n and finitely many shifts of u, in which
case v is a generalized vector field on ZP x P(R?); moreover, v commutes with each S; |[16]. The
g-tuple (Q',Q?,...,Q9) that determines the generalized vector field v is called its characteristic.
The Lie derivative of a (k,[)-form o with respect to a generalized vector field v on ZP x P(R?) is,
by Cartan’s formula,
Lyo=v_]dvo+dy(v_]o). (3.19)

(See also the definition (A.4)) through the corresponding transformation.) This mirrors the differential
case, as do the proofs of the following results.

Proposition 3.2. Let o be a (k,1)-form on ZP x P(RY?). Ifv is a generalized vector field on 7P x P(RY)

then
v]dio+di(v o) =0,
S0
Lyo=v_|d®c+d*(v_]o).
Furthermore,

8nij dVU—i-dV(aniJ J) =0,

and the Lie difference of o with respect to the horizontal translation T4, satisfies the identity
DniU = 8an dﬁd + dﬁ(aan U).

Therefore,
DniO' = aan d®o + dA(aniJ 0').

Remarkably, both the (vertical) Lie derivative and (horizontal) Lie difference satisfy a formula
that is similar to Cartan’s, with the exterior difference-derivative on ZP x P(R?) replacing the exterior
derivative on J*°(X x U).

Let Z[u] = L(n, [u])A' A--- A AP € QPY be a given Lagrangian difference form, with Lagrangian
L(n,[u]). A generalized vector field v on ZP x P(RY) is a variational symmetry generator if v(L) is
a null Lagrangian, that is, if there exist functions F(n, [u]) such that

v(L) = D,,i F'(n, [u]). (3.20)
Equivalently, v is a variational symmetry generator if there exists o € QP19 such that
v_ | dy.Z = dfo; (3.21)

in coordinates,

P
o=> (1) 'F'(n,[u)A" A  AATA - AAP = Fi(n, [u]) 0, vol, (3.22)

i=1
where vol = A A --- A AP is the volume p-form. As Z° is a projection and the difference variational
bicomplex is exact, a difference version of equality (2.17) holds. For each o € QP! there exists

7 € QP~b1 such that
o=1I"0)—dpT. (3.23)

In particular, for 0 = d,.% there exists 7 € QP~1! such that

dy.¥ = E4(L) — dfT. (3.24)
By using (3.21]), (3.24)) and Proposition we obtain
dif(c —v 1) =v_]EXY), (3.25)
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which gives a conservation law
dif(c —v_7) =0 on solutions of &£4(&) =0. (3.26)

The conservation law (3.26]) is a coordinate-free version of the difference conservation law obtained by
Noether’s (First) Theorem; its differential counterpart was proved in [7]. (See [22] for a comprehensive
history of Noether’s theorems on variational symmetries.)

4 Discrete mechanics via the difference variational bicomplex

In [33] and references therein, discrete mechanics is developed using the standard approach in classical
mechanics, that is, by studying the discrete equations of motion on a manifold equipped with a closed
nondegenerate two-form. In [7], Bridges et al. used the (differential) variational bicomplex to re-
examine classical mechanics. In this section, we apply the augmented difference variational bicomplex
to discrete mechanics, with base space Z and the fibre (in total space) R? (for simplicity). In the usual
notatioﬂ let (n,q,p) be the standard coordinates on the total space Z x R?; let S be the forward
shift in n and the forward difference operator be D,, = S —id.
Consider the following (0, 2)-form, which is vertically closed and nondegenerate:

This gives each fibre in the total space the structure of a symplectic manifold. Suppose that the
horizontal translation map T; : (n,p, q) — (n+1,p, q) is a symplectomorphism, so that T wp+1 = w,.
In the prolongation space Z x P(R?), this condition amounts to D,w = 0, that is,

dvp1 Adyqr — dvpo A dygo = 0.

As the augmented difference variational bicomplex is exact, there exists a Hamiltonian function H on
Z x P(R?) that satisfies

(p1 —po) dvgo — (q1 — qo) dypr = —d  H. (4.2)
Consequently, H is a function of (n, qg,p1) only. In coordinates, the symplectic map is
9H (n, qo, p 9H (n, qo,p
q1—qo = (701)» P1—DPo = —M- (4.3)
op dq0

With the step-length incorporated into H, this is the Euler-B discretization method for a continuous
Hamiltonian system; see [27].

Reversing the above argument (with p_; replacing pg), one can start with a Hamiltonian H (n, p, q)
defined on the total space and apply the map

8H n, ) 8H n, y
6]?0 8q0
on each P,(R?). Then
(po — p—1) dvgo — (g1 — o) dvpo = — dvH,
so the map preserves the symplectic (0, 2)-form
w =dyp_1 Adyqo (4.5)

on Z x P(R?). This approach has the advantage that (similarly to the corresponding continuous case)
the symplectic map (4.4]) can be written in terms of a self-adjoint matrix operator:

(5% ) ()= (Gmmmion ), 4

!Throughout this section only, p and ¢ are real-valued variables, not dimensions (which are given).
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The system (4.4)) amounts to the Euler-Lagrange equations for the Lagrangian (1, 0)-form

Z = {po(q1 — q0) — H(n,q0,po)} An.

Specifically,
ENZL)=dvZ +dyn, 0 =p-1dvao

So w = dyn.

For symplectic difference maps in general, at most one of the Hamiltonian function and the sym-
plectic form is defined on the total space, so it is essential to work in an appropriate prolongation
space.

So far, we have worked mainly in terms of the given coordinates. For an entirely coordinate-free
formulation, the exterior difference operator df; is used in place of the Lie difference D,,.

This construction is easily extended to mechanical systems with higher-dimensional fibres. We
now generalize it to higher-dimensional base spaces, with application to multisymplectic PAEs.

5 Multisymplectic systems of PAEs and the bicomplex

First introduced by Bridges 5], multisymplectic structure generalizes the classical Hamiltonian struc-
ture for finite-dimensional systems to infinite-dimensional systems. The multisymplectic formulation
and multisymplectic geometry has been greatly studied and widely applied during the last decades,
e.g. [416,8-10,19.25}26},32,40,/45].
Let x and u be multi-dimensional continuous independent and dependent variables, respectively.
A system of PDEs is multisymplectic if (but not only if) it can be represented as a variational problem
with a Lagrangian
Lu] = L} (x,u)Dsu® — H(x,u). (5.1)

Hence the Euler-Lagrange equations are

. oL,  O0H
K! Dauf — =2 - —— = 2
ap (X, w)Diu 5w uo 0, (5.2)
where oL
, Ly oL
7 _ B el
K 5(x,u) = Su0 b (5.3)

Bridges [5] showed that closed symplectic two-forms can then be defined as

K= Z Kéﬁ(x, u) du® A du?, (5.4)

a<f

such that the structural conservation law D;x* = 0 holds on solutions of the Euler-Lagrange equations.
Bridges et al. |7] generalized this approach by using the differential variational bicomplex; see also [6].
Instead of closed symplectic forms, one has vertically closed symplectic two-forms:

K= Z K&B(X, u) dyu® A dyu?; (5.5)
a<f

the structural conservation law D;x’ again vanishes on solutions of the Euler-Lagrange equations.
Similarly, for a system of PAEs, a prerequisite of multisymplecticity is the existence of vertically
closed standard (0, 2)-forms

k=81 (Klg(n,u)) dy (S; u®) A dyu?; (5.6)

here Kéﬂ are smooth functions with respect to the dependent variables u and S; = S_1,. The
vertically closed (0, 2)-forms given by (5.6)) are conserved if they satisfy the condition for conservation

laws, i.e., the divergence expression ‘
D,ix' =0 (5.7)
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holds on solutions of the given system of PAEs. Recall the volume element vol on ZP, a (p, 0)-form
vol = AY ANAZA - A AP, (5.8)
Let ¢ = k'0,,:, where each &' is a vertically closed (2,0)-form, and define the (p — 1,2)-form
w={(_] vol. (5.9)
Then, as '
djw = (D,ik") A vol, (5.10)

the conservation of multisymplecticity is equivalent to the condition dfiw = 0.
Conversely, let w be a vertically closed (p — 1,2)-form on the space ZP x U with U C RY, and
suppose on all solutions of some system of first-order PAEs, one has

dffw = 0. (5.11)

In coordinates, the (p — 1,2)-form w can be written as
w=Y S (fig(n,u)) dy(S;  u®) Adeu® A (9, ] vol). (5.12)

From (5.9), we see that w = ¢ _| vol = k% A (9,,; _| vol) and hence the vertically closed (0, 2)-forms are
obtained: ' '
k=81 (fop(m,))dy (S; 1 u®) A dyu®. (5.13)

These forms «' are conserved because djw = (D,,:x%) A vol and dfyw = 0 on solutions of the difference
system. This implies the multisymplecticity of the system.

Note that since the (p—1, 2)-form is defined in this form, and hence , because similarly
the continuous case multisymplectic PAEs are governed by first-order fully degenerate Lagrangians
(see, e.g. (5.21])); we shall call these forms standard multisymplectic forms. For a general variational
problem, its multisymplectic form may be defined on the total prolongation space.

Now we are going to propose a systematic method, with which one can proceed from a multi-
symplectic structure to an equivalent difference Lagrangian structure. As w is a vertically closed
(p — 1,2)-form, there exists an n € 2P~ 1! such that

dvn = w. (5.14)
From (5.11]), we conclude that on all solutions of the given system,
dydfn = —dfdyn = —dfjw = 0. (5.15)
This implies the existence (locally) of a (p,0)-form .Z, such that on all solutions
din = d,.Z. (5.16)

Therefore, as
EXNL) =T1%(dyZ) =T"(dyn) =0  (on solutions), (5.17)

the (p,0)-form . is a Lagrangian form for the system of PAEs.

One can also use multimomentum maps for discrete multisymplectic systems to derive conservation
laws. Let G denote a Lie group of transformations preserving the (p — 1, 2)-form w, and let v¢ be the
infinitesimal generator with £ € g satisfying

de le=0

here g is the associated Lie algebra. Obviously the characteristic for v¢ is Q% = v¢ | dyu®. Assume
its prolongation (with the same notation v¢) yields a vertically exact form ve¢_] w; then there exists
some \¢ € QP10 such that

exp(ef)(n,u); (5.18)

Vg =

ve Jw =dvAe. (5.19)
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Let g* denote the dual space of the Lie algebra g, with which we define the difference multimomentum
map J : ZP x Py(RY) — g* @ Q=10 ag

J (0, [u])(§) = A¢(n, [u]). (5.20)

We finish this section by deducing the conditions under which the (p—1,0)-form X is in the form of a
conservation law given by (3.26)) for the multisymplectic system written as difference Euler-Lagrange
equations. Suppose we are given a Lagrangian (p,0)-form

£ = Li(n,u)dfu’ A (9,: | vol) — H(n,u) vol, (5.21)
where H(n,u) is smooth with respect to u. Through a direct calculation,
L%(n,u) dtu? A (8, ] vol) = L%(n,u) (Dniuﬁ> vol, (5.22)

with which we find the difference Euler—Lagrange equations associated with the Lagrangian form

B2 as

OLj(n, ; 0H (n,u)

Z: ou® D,iu” + Z —id)L! (n,u) — e 0. (5.23)

The following (p — 1, 1)-form 7 is verified to satisfy ([3.24)) through direct calculation:
n= Z (S; ' L (n, 1)) dyu® A (9,: ) vol). (5.24)

It leads to a multisymplectic (p — 1, 2)-form as follows:
_1 OL (n,u) _
_ _ 1 a\™h 1,8 « .

w=dyn = Z (Si 5 ) dyv(S; " u”) Adyu® A (0, | vol). (5.25)

i
Conversely, for a linear system of PAEs, if there is a vertically closed (p — 1,2)-form w satisfying
dffw = 0, then there exists a Lagrangian of the form 15.21)). Therefore, the deduction of Noether’s

finite difference conservation laws on page [L1f (or (3. 26 ) leads to a difference multimomentum map
with

)\5 = 0¢ — VgJ . (5.26)

Therefore, the extra conditions for A\¢ to be a conservation law are

dv)\g = VgJ W,

dﬁ)\& = VgJ SA (.,%) (5‘27)

Here, the first condition follows directly from (5.19)), while the second one is implied by (3.25]). Locally,
if we write A\¢ € Q=10 ag '
Ae = Ag(n, [u])0p: | vol, (5.28)

the second condition in (5.27)) has a local representation

: 0L (n,u) OH (n,u
ZDniAg - Q" <Z g - D,iu’ + Z —id)L%,(n,u) — 8(UO‘)> =0. (5.29)

i
Theorem 5.1. For the multisymplectic system given in , any discrete multimomentum map

J(m,[u])(§) = Ae(n, [u]) satisfying gives rise to a conservation law djXe = 0 on all solutions
of the system.

Next we study several illustrative examples. The first Example |5.1| shows hOW one can obtain
mutisymplectic forms from a given degenerate Lagrangian. In the second Example conservation
laws of multisymplectic systems are obtained through multisymplectic maps. In the last Example
we obtain some constraints, with which the infinitesimal generators will contribute to difference
multimomentum maps.
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Example 5.1. Let the local coordinates of Z* be n = (n',n% n?), and let u € R. Consider a

Lagrangian (3, 0)-form

3
Z = Z L'(n,u)dfu A (9, _| vol) — H(n,u) vol. (5.30)
i=1

This amounts to the following multisymplectic PAE

oL : OH
2 ( By Dnit +(S; " —id) > 5 (5.31)

The corresponding multisymplectic (2, 2)-form is
> oL
= -2z —1 i . .
w= ;1 ((SZ 5 ) dy(S; " u) Adyu A (O v01)> (5.32)

Alternatively, we can write the (2,2)-form w as three vertically closed (0, 2)-forms

) YK
K= <SZ.1 a@u) dy (S; M) A dyu. (5.33)

Example 5.2. Consider a difference Euler-Lagrange equation on Z? x P(R):
u1,0 + u—1,0 + uo,1 + uo,—1 — 4ug,0 = 0; (5.34)

here up0 = Up1 2, U1,0 = Up14q n2, and so forth. It is easily verified that this equation is of the form

(5:23) with

L'=1?=upy, H=0, (5.35)
and ve = auaoo is an infinitesimal generator of its symmetries. From 1) the multisymplectic
(1,2)-form is

w = dvu,Lo VAN dVU(]’O AA? — dVUQ,l AN dVU(),o A AL (536)

The exterior form ve Jw = dyA¢ is vertically exact with
)\5 = (uo7_1 — U()7())A1 -+ (U()70 — ’U,_L())AZ. (537)

Hence its components are )\% = ug,0 — u—1,0 and A2 = —(up,—1 — up,0). Therefore, |D amounts to
the conservation law

2
Z Dni>\2 =0 on the solutions of ([5.34). (5.38)
i=1

Example 5.3. Consider the following discrete Lagrangian defined on Z? x P(R?):
L= (ugy —uip)ugo—H (5.39)

with the Hamiltonian
H=- (“670 + ug,o) “%),0 —Cln u%jo. (5.40)

Here C is a constant. It has an equivalent representation as a Lagrangian form given in (5.21]) with
nonzero components
Li = —ujo, Li=ujy, (5.41)

which leads to the associated difference Euler—-Lagrange equations

3 3 2

up g —uly o +ujo =0,
1 3 c

upo +upo + 5z =0, (5.42)
1 1 2

up — U+ UGy = 0.

15



It is a multisymplectic system with the underlying multisymplectic (1,2)-form as follows
w = — qu:il,O /\ qu(1)7O /\ A2 - dvugﬁl /\ dvu}xo /\ Al (543)

Denote the infinitesimal generators v¢ of Lie point symmetries and the (1,0)-form A¢ respectively by

=Q“ 44
ve= Q) 5 (5.44)
and ,
)\5 = )\Z (8an VOI)
ST (5.45)
Therefore, dyA¢ = v¢_Jw (for the prolonged vector field) leads to
1 2
o' — 22 _ ON;
oud |, oud
’ ’ (5.46)

oM} ON2
3 _ €] _ 3
@=-5 <8u[1)70> S <8u(1]70> ’

This also implies that /\% = )\%(nl, n?, U(1),07“?i1,0)a /\g = )\g(nl, n?, u(1)70,u8771), and both /\é are linear

functions with respect to each of their continuous variables. Consequently, only special type of in-
finitesimal generators whose characteristics Q' = Q*(n!, n?, “6,0) and Q3 = Q3(n', n?, uao) are both
linear functions about the continuous variables can possibly amount to difference multimomentum
maps.

6 Multisymplectic integrator via the generalized difference variational bicomplex
on non-uniform meshes

In this section, we generalize the difference variational bicomplex on ZP to non-uniform meshes.
Multisymplectic integrators are re-investigated using the generalized bicomplex structure.

For the difference variational bicomplex proposed above, we considered only uniform discrete
independent variables, i.e., n € ZP. However, with practical problems such as discretization or
numerical methods for a differential system, we frequently encounter spaces of independent variables
that are not ZP. Suppose the difference system is built on a space coordinatized by (xy, un) where xy
and uy, are the independent and dependent variables. The dimensions of x, and n are both p, while
we set the dimension of u, to be g. Denote the step size or the distance of two mesh points in each
direction as

€= d(Xn+1,,Xn), 1=1,2,...,p, (6.1)

where d(-,-) is the distance of two points with respect to a given metric.

Remark 6.1. If the points {x,} are located in the Euclidean space RP, then the distance is €, =
Tn+1; — Tn. Otherwise, it depends on the specific geometric structure of the space. For example, if
the points are on a Riemannian manifold, then obviously the distance connecting two points will be
the length of the local geodesic connecting them.

Analogously, the exterior difference-derivative d®® from the mesh viewpoint is defined as a sum-
mation of a horizontal operator d2®, i.e., the exterior difference, and a vertical operator dy, i.e., the
exterior derivative, as follows:

d%n = di» 4+ d,, (6.2)

where

D, : 0
n dy := dyu§ A —.
4 ou§

p
dpm =) AL A (6.3)
i=1

Here the difference one-forms are A% = €/, A’. The exterior derivative d, is exactly the one given by
(13.10)).

y )
1
6l’l
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Remark 6.2. When the limit €2, — 0 is taken, A’ tends to dz* and % tends to the total derivative

€n

D;. Namely, the horizontal operator dﬁ“ is an approximation of the horizontal derivative d, = dz* A D;
(see @9)).
Rewrite the horizontal operator as follows

p p
An __ n.o__ n.o_ .
d» = ?_1 AL A o ;:1 VAN o E@ A" AND,. (6.4)

This is exactly the same as the exterior difference dji we introduced for the uniform lattice ZP.
Therefore, the two exterior difference operators d*» and d* are consistent for any step size e,. Those
properties of the exterior difference-derivative we studied above in the uniform case still hold in
the non-uniform case. In the following we study several numerical examples using the non-uniform
difference variational bicomplex.

Example 6.3. Consider the semilinear scalar PDE
U + gy + V' (u) =0, e = +1; (6.5)

here V(u) is a potential function. Bridges & Reich [8] embedded (6.5)) in a first-order multisymplectic
system of PDEs,

—vp — w, = V'(u), U + pr = v, Uy — EP = EW, ewy — vy = 0, (6.6)

which they discretized using the following Stérmer—Verlet scheme (staggered in both the z- and the
t-directions):

A B e e T M N TO
ht hr 1,7/
Wigit — Uiy | Pirgirs " Pi-gg+s
+ - Ui j_l,_l?
hy hy o2 (6 7)
Uiyt — Uiy Pirdg+d T Pivgi-§
€ =W 1,
hx ht PR
(gl T Wik Uiy T Yoy
he hy '

Here h, = z;41 — x; and hy = t; 1 — t; are the uniform step sizes. Difference one-forms on the mesh
are generated by
A* = h,AY, Al = A2, (6.8)

where A and A? are the standard difference one-forms on the uniform space Z2. The multisymplectic
(1,2)-form (5.9) is therefore obtained:
)nar

w = (dv@id—% A dyug j +Edei+%,j—% /\d"wi-i-%,j

. (6.9)
— (deif%,j VAN dvui,j — dvpi7%7j+% VAN dvvi,jJr%) AWANS
satisfying
dfjw =0 on solutions of (6.7). (6.10)
A Lagrangian governing (6.7]) reads
_ Ui jt1 — Ui Witl g1~ Witl Uit1,j — Ui
L= vy = TPy yeg I B e S
2 2 6.11
Vit1,j+1 = Vil Vgt TEWL; (6.11)
2 2 Vi 2 2
~Pisijgl - = | Vlwig) + 5
X

17



Example 6.4. In [45], Wang studied the multisymplectic formulation and structure-preserving inte-
grator for the Zakharov system

(9t + bz + 200 =0, Y — by + (|8]*)az = 0, (6.12)

where ¢(x,t) is complex-valued and v (z,t) is real-valued. It can be rewritten as a first-order system
of PDEs by introducing several new variables:

— VUt + Py = —2U¢, Ut + Gz = _2Uwa — Uy = —P, — Uz = —(,

5 9 (6.13)
wt:d}_(u +v )7 — Y+ =0, —wz=—p.
Wang proposed a particular Euler box scheme of this system [45], which is multisymplectic:
Vij+1 —Vij | Pi+lj —DPij Uij — Wij—1 | Qi+1,j —dij
R e e LD » T T g
Uij — Wi-1,5 Vij —Vi-1,j _ Wij+1 — Wiy 2 2
S i X A e O hy =ig — (uig +vig),  (6.14)
Vi — i GO il g Wiy T Wi
h h I
Using the bicomplex theory, the associated multisymplectic (1,2)-form is obtained as follows
w = (— dvu,"j_l VAN dvvl-,j + dv¢z’,j—1 A dei,j) AWAN (6 15)
— (dyui—1,5 Adypij + dyvio1 Adygij — dygio1j A dyw; j) A A, .
such that dfw vanishes on solutions of the system ([6.14). A Lagrangian is
Vij+1 = Vij Wij+1 — Wiy Pi+1,j — Pij it+1,j — ij
L L ey e e A
2 2 (6.16)
Wit1,j — Wi Lo 2 oy _Pij T4 1 o
- %ﬁ% - (2%’,]' — i j(uij + vij) — % 5% )
X

7 Conclusions

We established the theory of difference variational bicomplex, standing as a geometric framework for
the study of finite difference equations, particularly of variational problems, and their symmetries,
conservation laws, etc. Using the bicomplex, we re-examined the equations of motion arising from
discrete mechanics, and in particular found an equivalent condition for the existence of Hamiltonians
for such equations. It is also a natural structure for investigating multisymplectic systems of PAEs
and serves as a proper theoretic foundation for multisymplectic integrators. Finite difference con-
servation laws of discrete multisymplectic systems could be obtained either through Noether’s first
theorem, which was proved in a coordinate-free manner on the bicomplex, or by using difference mul-
timomentum maps corresponding to groups of vertical transformations. Furthermore, we were able to
analyze multisymplectic integrators by generalizing the difference variational bicomplex from uniform
lattices to non-uniform meshes, for instance, their discrete multisymplectic structures and variational
structures. Various illustrative examples are provided.
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Appendix A: Exactness of the augmented difference variational bicomplex

Exactness of the augmented difference variational bicomplex has been partially proved in [18}24]; the
following proofs are based on the thesis [35] by constructing homotopy operators. See also [48] for
Zharinov’s construction. Local exactness of the augmented difference variational bicomplex in Fig.
on ZP x Py(R?) is illustrated by the following three theorems.

Theorem A.l. For each k =0,1,2,...,p, the vertical complex

k0 v, okl dvo k2 dvo
15 exact.
Proof. Denote the prolongation of the vertical vector field uo‘% as
V= <SJUQ)833‘ —u_ofai?, (A.1)
the flow generated by which on ZP x P,(RY) is a one-parameter family of diffeomorphisms
exp(ev)(n,u) = (n,...,euy,...), (A.2)
satisfying thatE|
exp(ev)(n,u) = v. (A.3)

& e=0
As a consequence, naturally there exist induced push-forward and pull-back mappings. Take any form
o € Q¥ As the transformation only occurs in the continuous parts, we can define a derivative of &

asf]

exp(ev)*(c) —o d

Lyo = igr%) . =3 6:Oexp(sv) (o), (A.4)
which implies that
d
d—gexp(av)*(a) = exp(ev)*(Lyo). (A.5)
The vertical homotopy operators REL QR QF4=1 1> 1 are defined by
'
Bl () = / T esp(nAv)* (v 1 o) dA (A.6)
0
such that
o = du(h{'(0)) + hy™H (dvo). (A.7)
The integrand in (A.6)) is a smooth function of A at A =0, as [ > 1. This finishes the proof. O

Theorem A.2. For each |l > 1, the augmented horizontal complex

42 da da _ dp I
0 — QO Shy bl Sy Sy el Sy el 2 2l (A.8)

s exact.

Proof. First of all, notice that ker(Z%) = im(d}), which is an immediate consequence of (2.17). The
exactness of the last part is implied by .Z! = Z%(QP1).
For any o € Q%  define the following operators

Flo) =Y G) S 1 (0us 10). (A.9)

IDJ

2The mapping exp is called the exponential mapping, and we claim that it is a diffeomorphism here as the discrete
parts can be considered as fixed parameters.

3In the continuous setting, this derivative is exactly the Lie derivative, and we also refer to its notation and call it
the Lie derivative accordingly. It satisfies all the properties that the canonical Lie derivative owns.
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Here if we denote I = (i%,i2,...,4) and J = (51, 52,...,47), then I O J means that i* > j* for each

k, and
I I!
<J> = Sa_9) (4.10)

with I! = 311321 ... iP!. For any o € Q%! with 1 < k < p, we define the horizontal homotopy operators
as

1 "™+ 1 . o
o) = X (8~ (4 AT @ o) (A11)

a,m,I
which satisfy that
pe AR +af (b)) = o (A-12)

When k = 0, by defining Q=5 =0, i.e., 9,m | o = 0 for each m, the identity (A.12)) still holds. O
Theorem A.3. The boundary compleaﬁ

0,0 9 1,0 di A0 =10 9. op0 E° 1 6 o2 0
0—-R—->Q" =07 —... Q" 0P — F 77 ... (A.13)

s exact.

Proof. Let us break the complex into two pieces

da da da da A
0—R— Q00 Sy QL0 Sy T gp=10 Ty gp0 £ gl (A.14)
and . .
A é 6.
op0 E8 g1 Oy g2 N (A.15)

We only show the exactness of the second piece here. For any o € .#!,1 > 1, the vertical homotopy
operators give that

o =dy(hP(0)) + K21 (d,0). (A.16)
From ([2.17)), we have
dyo = Lo +dfim (A.17)
and
dy (P! (0)) = 63 (B! (0)) + diy7a, (A.18)

for some 7 € QP~HH and 7, € QP Since Z%(0) = o, we apply the difference interior Euler
operator Z® to equality (A.16]) and obtain

o =" (82(h!(0)) + dfirz) + T8 0 WM (300 + dfim)
=T" 06l o lPH(o) + I o WM 0 60 (o) + % o WY (dfy o)
= 08 0 (o) + T° o W 0 62 (o) — 70 (af (B2 (7)) )
=62 o hb (o) + I o WM 0 62 (0),

(A.19)

where the third equality holds as df} anti-commutes with RP! as consequence of Proposition M Note
that when the operator 65 is applied to (p,0)-forms, it should be replaced by the difference Euler—
Lagrange operator £2. To continue our proof, the equality should be separately considered
through the following two cases.
i) Let [ = 1. Recall that 65E% = 0, and for any (p,1)-form o satisfying 62 (o) = 0, leads to
that

o=E%o0hP (o), (A.20)

“Note that Kupershmidt in [24] proved the exactness around £%. In [18], Hydon & Mansfield proved the exactness
in the difference variational complex analogue.
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which implies the exactness. Namely, there exists a (p, 0)-form 7 = h8 (o), such that o = £2(7).
i1) Let [ > 2. We define homotopy operators to verify the exactness. The following property is needed
that for any (p, m)-form o, with m > 1,

55(0) = 65T (o), (A.21)

which is an immediate result by applying §2 to the equality o = Z%(o) + df'7, for some 7 € QP~Lm,
Therefore, for any o € F!,1 > 2, h@’l(o’) is a (p,m)-form with m =1 —1 > 1. Now the equality (A.19)

becomes
o =62 0 hPl (o) + I o WP 6 52 (o)

=07 o I® o W (0) + I% o W1 0 60 (0) (A.22)
=3¢ (H(0)) + M (35(0)) |

where the homotopy operators H! : Z! — Z!=1 1 > 2 are defined by H! = 7% o h2!. This finishes the
proof of exactness for the second piece. O
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