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INTRODUCTION

A conservation law of a differential equation F[u] := F(x; uy; Uyy ...) = 0is a function
¢[u] that is identically constant on solutions on solutions to F, or equivalently

Dxpu] =0, (1)

where D, the total derivative in x. The study of conservation laws is ubiquitous in
the study of partial differential equations (PDEs). Conservation laws are useful in
the construction of stable discretizations of PDEs [WBN17] [WN18] and the study of
key geometric structures underlying many systems, just to name a few applications.

Theorem 1 ([Olv86]). Let ¢ be a conservation law of the system of differential
equations F[u] = 0. Then, there exists a tuple Q = (Q1[u], ..., Q/[u]) such that

Div(¢) =Q - F. (2)

Q is called the multiplier or characteristic of the conservation law ¢.

Hence, to find conservation laws (or more specifically, divergences of conserva-
tion laws), it suffices to seek multipliers Q.

Theorem 2. Let

d
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be the Euler operator, where « iterates over the dependent variables and the multiin-

dex I iterates over the independent variables. Then,

E(F[u]) =0 < 3P[u]s.t. F = DivP. (4)

In other words, the kernel of the Euler operator is characterized precisely by diver-
gence expressions.

Combining these two theorems gives rise to a systematic method for finding
conservation laws. For a differential equation F = 0, allowing Q to be some arbitrary
“multiplier” (for which we must in general specify a priori how many derivatives of
u it depends upon), we aim to solve the differential equation

E(Q-F)=0. %)

Upon solving for sucha Q, Q-F gives the divergence form of a particular conservation
law of the system F = 0 (solving for the conservation law itself is its own issue, see
for instance [Wan10]).



Clearly, the Euler operator is quite important to the study of conservation laws,
and there are many ways that it arises naturally, for instance in the computation
of extrema for variational problems. Another, more intrinsic manner that it arises
is as the composition of two operators in a particular algebraic structure called the
variational bicomplex. The bicomplex is a, aptly named, double chain complex of
differential forms defined over the jet bundle of a smooth manifold. It provides
an abstract, geometric framework to study differential equations, and in particular,
variational principles. Exactness of this chain complex leads to the aforementioned
characterization of the Euler operator, as well as other important results such as
a necessary and sufficient condition for a differential equation being the Euler-
Lagrange equations for a given functional. See [And9s] for the standard reference.

In this paper, we explore a construction of an analogous chain complex based
on an algebra of difference functions defined over a discrete space, X, which we
call our “lattice”. These difference functions are ultimately meant to represent finite
difference approximations of differential equations, but we avoid making this as-
sumption throughout for the sake of generality. That being said, the intention with
this construction is to explore connections between the conservation laws of differ-
ential equations and their associated difference equation approximations. Seeing
as the variational bicomplex is the natural algebraic structure to study these in the
smooth world, it only makes sense to attempt to study these in a discrete analog of
the variational bicomplex.

In section 1, we construct the discrete variational bicomplex from the ground
up, synthesizing ideas from [FHMO04], [Zhal0], and [And9s] to develop the most
appropriate structure. We discuss the differences and similarities between what is
possible to imitate from the smooth world, and what we may only approximate,
carefully. We finally discuss how a discrete analog of the Euler operator arises
naturally from the complex, as well as develop a novel generalization in the case of
arbitrary difference operators on the complex.

In section 2, we discuss exactness of the complex. Many of these theorems
come for free by comparison with the exactness of the de Rham complex, but those
involving operations on the lattice are not so clear. In particular, we prove in the-
orem 9 exactness of the horizontal complex, arguably the least transparent aspect of
the construction, but also vital for the characterization of the Euler operator. To the
best knowledge of the author, this proof is novel. The theorem was first claimed in
[HIMO04] without proof, then argued against in [Zhal0] for the proposed homotopy
operators not being appropriate. We establish the theorem here.

Finally, in section 3, we discuss what is missing from the theory we’ve developed
so far. In particular, we’d like to make a connection between the discrete and smooth



variational bicomplexes. The ultimate goal would be to be able to define projection
maps from the smooth to the discrete and related interpolation maps in the opposite
direction that commute with the operations on the respective complexes, leading to a
notion of consistency. Anintermediary goalis to discuss some notion of convergence
of the discrete to the smooth, an idea that was briefly discussed in [Hyd01] in the
specific case of the discrete versus smooth Euler operators. We also discuss other
future directions, such as establishing exactness of the inner rows of the complex, a
result which has been discussed but never claimed and especially never proven, and
potential applications of our results to understanding conservative discretizations
of differential equations.

1 CONSTRUCTION OF THE DISCRETE VARIATIONAL BICOMPLEX

In this section, we construct our underlying algebra of functions on the lattice, and
discuss the relationships between our construction and the standard analog in the
smooth theory [And9s]. We begin by formalizing what we mean when we speak of
“difference functions” as an analog to differential equations. We then demonstrate
how we construct a chain complex on the dependent (vertical, U) and independent
(horizontal, X) variables by defining particular modules over rings of functions
on the respective spaces and taking their subsequent exterior powers. Then, we
construct the entire bicomplex of interest by taking the direct product of these two
complexes, and adjoin the variational complex through the consideration of certain
cohomological spaces. Finally, we show how this construction naturally gives rise to
a discrete analog of the Euler operator discussed in the introduction.

1.1 Funcrions oN A LATTICE

Fix positive integers p and g denoting the dimension of our independent, dependent
variables respectively. Let X := ZP, with coordinates n := (n1,...,71,) and fix a
real-valued vector space U = RY, with coordinates (uy € R: ¢ = 1,...,4q). Denote
the shift operator on X by

S¥:X—>X, non+k-e, i=1,...,p keZ (6)

and e; € X the vector of all zeroes except the i-th coordinate equal to 1. More
concisely, define for any K = (k1, ..., k) € ZP the shift operator

SKi=sho...087: X >X, non+K. @)
Define the space of real-valued functions on X by
AX) = {f: X > R}, (®)
and extend the shift operators to A(X) by precomposition, namely
§5:AX) > AX), f 85, (S5f)m) = f(S"n). 9)



Further, we define the “length” of an element n = (11, ...,n,) € X by
| =[] + -+ [l (10)
Define, for any positive integer k,
Xy ={n€eX:|n| <k}, (11)
which should be viewed as an analog of a closed ball centered at the origin in R.

1.2 DISCRETE JET SPACE

In the smooth formulation, differential equations are viewed as functions on jets
of smooth functions of a fibered manifold 7 : E — M, where E,M are p + g, p
dimensional smooth manifolds respectively. For instance, the equation

up(x,t) = upr(x,t), x€eR,t>0 (12)
can be viewed as the function
Fx,t; thx, Up; Unx, Unr, Upr] = Up(X, 1) = thex (X, 1) (13)

defined on J*(E) wherem : E = M, E = RXR"XR, M = RXR". We denote general
functions on the jet space

P[M] = F[xli---/xn;axju;aiju,'...]. (]_4)

In our construction of the discrete analog, we’ll consider the trivial bundle 7 :
RP*1 — RP, as generalizing to arbitrary manifolds is not clear as of yet.

We consider the analogous “discrete fibered space”
n:XXU—-X, (nu)+—n. (15)

For any positive integer k > 0, define the space U* = {(uy) : £ € Xy, uy € U}, and the
k-discrete jet spaces J¥ := X x U¥, with trivial projections onto the second coordinate

e JF - X. (16)
This induces projections for 1 < j < k

n;‘ yl ko JI (17)
given by truncation of the first coordinates outside of U/. Let

AUF) = Cc=(UF,R) (18)



be the space of smooth real-valued functions on U* for every k > 1.

Then, define for every positive integer k > 1,
AJF) = AX) @ AUY). (19)

There are then natural projections A(J¥) — A(J/) for any j < k induced by those
discussed above. We then finally define our space of functions on the (discrete) jet
space by

A(]) = limind_eo A(TY). (20)

We remark that this algebra of functions is the same as the “finite order” algebra of
functions Zharinov considers in his paper [Zhal0], which he denotes A, (J). The
characterizing quality of this algebra is the notion of a “global order”. Namely, for
any function f(u, k) € A(J), f(u, x) lives in A(J¥) for some sufficiently large k, and
thus f vanishes outside of X x U¥, for every input x.

We could have instead taken a limit earlier in our construction and defined
instead A(U) = limindy_,c A(UF), then defined our full function space as A(X) ®
A(U). This algebra does not have the same global order property, and while for each
input x a function has finite order, there is certainly no guarantee of a global order.
This difference may seem subtle, but as shown in [Zhal0], this latter choice leads
to a completely trivial variational calculus on this space of functions since there is
essentially no relationship between the independent and dependent variables and
thus the complex can be “split” completely. Thus, we will for the remainder consider
the algebra A(J), which as we will show admits a nontrivial variational component.

We summarize the discrete, smooth analogs as follows in table 1.

Smooth Discrete
n:E—-M n:XxU—X
g JNE) - M e JF - X
mtJHE) — JIE) | i ]F - )

Table 1: Summary of smooth, discrete analogous structures.

1.3 THE EXTERIOR ALGEBRA

We have no differential structure in the discrete case, and so the construction of
a discrete variational theory in the same language of the smooth world isn’t obvi-
ous. However, with the correspondence between vector fields and derivations on a
manifold in mind, we attempt to replicate the construction of an exterior algebra by



considering a module over the algebra of functions defined on our discrete space X,
and defining our exterior algebra on top of this space, and its algebraic dual.

As in the smooth case, we can separately consider the exterior algebra over just
the discrete space X (analogous to the de Rham complex), and that over the space of
dependent variables U. From there, we can derive the full bicomplex by tensoring
these spaces together appropriately. We largely follow the construction of [Zha10].

1.4 THE VErTiIcAL COMPLEX
We consider first the exterior algebra over U. Let
D(U) = Der(AU)) (21)

be the A(U)-module of derivations of A(U), with standard basis given by {Bu’g :
(e X,a =1,...,q}. Let D*(U) be the dual module with dual basis given by

duf:keX,,B:l,...,ﬁwhereduf,&u? =6£62‘. For k > 1 let

QN (U) = N, D" (W), (22)

the kth exterior power of the module D*(U). A typical element w € QF(U) is then
of the form

_ Alyeeny 2973 a1 2973 Ayeney 2973
w = D wprridult A Adugt, e AWU).(29)

(a1,...,ak)€{1,‘..,q}k
We denote the entire exterior algebra by
Q) = P okw). (24)
k>1

The vertical differential is then defined as the standard differential on the (now infinite
dimensional) space with coordinates u;". To be precise, given w € Qk(U), the vertical

differential dy : QF(U) — QF1(U) is given

P
dvw = Z 5w Aduf, (25)
a,l I

where the a%“ should be viewed as acting coefficient-wise on w. Because each of
I

the coefficient functions on w have at most finite dependence on the variables of the
form u', there are no issues with taking this formally infinite sum.

Its easy to see that d%, = 0, so {QF(U),dy} defines a complex. Indeed, QkU)
is really just the de Rham complex in variables u[', namely an infinite dimensional
space.



1.5 Tue HorizontaL COMPLEX

In the U variables, despite lacking real differentiable structure, we had a clear analog
with the space of derivations. In the X space, however, no such “natural” construc-
tion exists. Instead, we aim to imitate the construction through a somewhat artificial
yet representative differentiation counterpart.

We need to define, for u =1,...,p, operators A, : X — X, imitating differentia-
tion in the x coordinate. In previous literature, the only considered operators have
been the forward difference given by A, = S —id. However, here we allow general
difference operators of the form

Ay = Z clst, (26)
IeI(w)

where 7 (u) a finite index set of p-tuples I € X and cf € R. The only other condition
we impose on the operators is of mutual commutation, namely

ApoAy,=A, 0N, V1< pu,v<p, (27)

which is crucial for ensuring the complex we build atop these operators obeys the
relation dlzq = 0, as we will see to follow.

Define then the free A(X)-module spanned by {A, : u=1,...,p} by

p
D(X) =3 > fulky : fu € AX) | € End(A(X)). (28)
u=1

We then consider the dual module spanned by dx,, where dx, (A;) = 65 ,

4
D*(X) = {Z fodxy : fy € ﬂ(X)} . (29)
v=1
For 0 < j < p, define .
Q(X) = Ny DX, (30)

and denote the entire exterior algebra

Q(X) = P Y (x). 31)

0<j<p

To define operations on the bicomplex, we first extend shift operators to Q(X) by
acting coefficient-wise, namely if o = }; wrdx! € Q(X) where dx! := dx;, A---Adx; "
then
SKw; = Z(SKa)I)de. (32)
I



Definetooforu=1,...,p,
el QI(X) — Q(X), Z wrdx! € Q(X) — dx* A w. (33)
i

With this, we can define the exterior horizontal derivative by summing the composition
of these operators over 1,

P
dy : Q(X) » QPY(X), dy = Z el o Ay (34)
u=1

In particular, we have the following;:

Theorem 3. dy is a linear map that squares to zero.

Proof. The linearity follows from the linearity of the wedge and shift operators. To see
tﬁat d?, = 0, we compute directly. Supposing w € Q' (X) of the form w = ¥; wydx/,
then

dpw = > > Ay(w)dx! Adxt, (35)
TR
SO
o = Z Z Ay(Ay(@n)) A da! A dxt A dx” (36)
vEL ]

We have A, o Ay =A7Ayol, by construction and that dx* Adx" = —dx" Adx#, so each

term in this summation has a corresponding negative canceling perfectly and hence

d? =0. O
H

Hence, we have the discrete difference complex {CQ/(X),dy}. Graphically,

0 — X — QUX) —y Ql(x) —2y . 2y or-1(x) 2 or(x) —2y o,

(37)
where the map 0 — X is the trivial inclusion and the map X — Q°%(X) maps
constants to constant functions.

1.6 TuE BrcompPLEX

With the constructions of the vertical and horizontal complexes Q(U) and Q(X), we
may define the entire discrete variational bicomplex

Q=0()= P Q) (38)

k>1
0<j<p



where the A(J)-modules are given
Qki = QMi(]) = QFU) Ar QY (X). (39)

We note that we do limit the underlying function space to A(]) as defined previously.
Operations on the algebras Q(X), Q(U) extend naturally to ). For operations on
Q(U), operations simply act invariantly on components from (X) (in particular,
one can view functions on A(J), in the context of Q(U), as functions on U with the
X variables acting as parameters). For operations on Q(X), we have

S'f=fos', S'dut=duf,, (40)

for any f € A(J) and duj' vertical one-form.

Theorem 4. The necessary connecting relation,
dyody +dygody =0, (41)

holds. Moreover, d%, = dlzq = 0 still holds; in particular, {QkJ;dy,dy} is a vertically
unbounded, horizontally bounded bicomplex.

Proof. The fact that d}, = 0 is clear since differentiation in the vertical compo-

nents treats X variables as parameters. d2, = 0 requires additional proof, since
the shift operators also affect the vertical forms. Supposing w € )" of the form

w=Yas1 wf"]du;" A dx!, then

dyw = Z Z Au(w]duf) A dx! A dxt, (42)
Wl
SO
40 = Z Z Av(Ap(f duf)) A dal A dat A dx”. (43)
vEU a,],l

By the same logic as in theorem 3, this entire expression is identically zero.

We show the proof for the connecting relation in the case p = g = 1 and w € Q%Y
for notational simplicity and to demonstrate the crucial steps. By direct computation,
one finds

(d o dy)(w) = dH@ 5y ) (44)
—Z > —du A dx! (45)

i IeI(1)
= Z Z dul+1 Adxl, (46)

i Iel(1)



and similarly

(dy o dp)(@) = Z Z %(Sla))dxl A du;. (47)

i Iel

We can compare coefficients corresponding to du; A dx!,dx! A du; in each of these

expressions respectively. In the first, coefficients are S! %, and in the second

aiui(S ), which we find to be equal by the important relation

d d

_ = I
° = T ° st (48)

SI

This, combined with the fact that duj; Adx! = —dx? Adujy; completes the proof. O

1.7 Tue EuLEr-LAGRANGE COMPLEX

In order to speak of a discrete variational calculus, we need to extend our complex
slightly. We consider for every nonnegative integer k the cohomology spaces

Fr = QR jdy Qe (49)

Namely, two (k, p)-forms are equal in F ¥ if and only if they differ by an exact form.
Such forms are typically called functional forms as they serve the role of functionals in
the theory of the calculus of variations. Denote ¥ : Q%7 — F¥ the natural quotient
map. Define the variational derivative by

6:Fk—»Fhl 5 =nrflody o (nf)h (50)
We immediately have the following theorem.

Theorem 5. 6 as defined above is well-defined. In particular, 62 =0.

Proof. We need to show that dy is zero on total horizontal forms, i.e. if @ = dgn,
then dyw = 0, which is clear from direct computation. O

Thus, {F*, 6} defines a complex. Combined with the bicomplex constructed in
the previous sections gives the entire discrete variational bicomplex, fig. 1. In particular,
the outer row, of especial importance, is typically called the Euler-Lagrange complex,
tig. 2.

10
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Figure 1: The Discrete Variational Bicomplex
d d d _ d 0 1) 0
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Figure 2: The Discrete Euler-Lagrange Complex
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1.7.1 Tue EuLeEr OPERATOR

Of particular interest is the map 6 : F#° — F!. Denoting a horizontal top form by
dxT, let w = fdxT € Q% where f € A(J). Computing the vertical differential for
such an expression, we find

J
dvw = Z aL{a dxT A du? (51)
g M
I=(i1 .. i)
J
- Z a_fasf(de Aduf). (52)
a,l I

Let’s assume for now that we're working with our difference operators all being
forward differences, namely Ay=S ‘»—idforu =1,...,p. Then, notice that we have

of
I
du((S I’

P)
ul) = Z AH(S‘IW];)dug‘) Adb (53)
f

I

/\d“

= Z l (e Seﬂ(duo Adl) — (s 1 (54)

Passing to the quotient space ¥ !, then the left-hand side of this expression is equiv-
alent to zero, and so

N /\dg , modulody. (55)

Z[(sey ;f )Seu(dug A db)

u

g 9f
Z l(S Iauf
U

Then, upon changing index of summation, the expression in eq. (52) may be rewritten
in terms of those on the left-hand side of eq. (55), yielding

Sw = Z(SI
Y |s—18;}] dut A d" 57)
a 1

= > EX(f)dug Ady, (58)

& Adl, (56)

where we define the Euler operator foreacha =1,...,q by

J
£ AG) - AD, f o 5T (59)
I

I

12



In particular, by passing to the quotient !, we were able to effectively “mod out”
all of the dependence on vertical forms except for duy foreacha =1, ..., q. In other
words, the variational derivative of a form w is determined by a single value for each
vertical dimension, given by E®. One should note the similarities with the traditional
“smooth” Euler operator, under the identification of the total derivative with S~I.

In this section thus far, we’ve restricted our attention to forward difference oper-
ators, as is standard in the literature. In doing so, we’ve remarked that by modding
out by total difference dy, we can iteratively simplify the variational derivative of a
function to depend on a single vertical form. Heuristically, one can think about this
quotienting as a manner of associating shifts. Suppose for simplicity thatp = g = 1.
If dyg = 0, then we are in a sense saying that S = id. This identification is what made
it possible to rewrite dy w with the only vertical form being du, since then

0= Adug‘ = (S - id) dug = dug=du; modulo dy. (60)

We generalize this type of association to more general A. We remain working with
p = q = 1 for simplicity. Suppose

M
A= Z ¢;S%, (61)
i=1

where c;’s are nonzero constants, and the s;’s are distinct shifts arranged such that
s1 < 83 < --+ < sp. Working modulo dy and thus modulo A, we find

M-1

s = ) L, (62)

c
i M

Without loss of generality, we may assume that s; = 0 and thus that s; > 0 for every
i =1,...,M (namely, all of the shifts are positive), by composing both sides with
S° if this isn’t the case. Define m = s); — sp—1 as the gap between the largest and
second largest shifts. Then, composing both sides with S™,

M-1
sp+m Ci osi+m
gowim = ) ——Lgs (63)
i M
M2 .
_ Z _ Tt gsitm _ M-1 S§SM (64)
o M ™
M2r . M1
= > |-t - 2L Y g (65)
o LM M \iTZ M
sp+m—1

Il
[
o
<

(66)

13



where C; are constants depending solely on the constants c; and the shift 5§, whose
precise form can be elucidated on inspection of the preceding formula. In short,
working modulo dp allows us to rewrite the shift S*¥*™" linearly in terms of lower
shifts. Arguing inductively, then, any such operator with shift higher than sy + m
can be then reduced in terms of shifts ranging between 0 and sy — 1. For general S,
let us denote by Cs(k) for $ =0, ..., sy + m — 1 the sequence of constants such that

spy+m—1

Sk = Z Cs(k)S°. (67)

5=0
Again, such constants can be found inductively. Since S k+1 = G o Sk one finds the
recursive relationship

sp+m—1

Ca ”
Sk+1 = Z lcé—l(k) - C5M+m—1(k) : ﬁ SS, (68)
5=0

where the indexed constants are taking to be zero if no such index exists. Thus, we
find
Ce(k +1) = Ca_y(k) — C5M+m_1(k)cc—s, V8 =0,... 50 +m—1. (69)
M

One can then solve this for arbitrary k > sy + m.

Hence, repeating the argument from eq. (55), we find that for a form w = fdx €
QO,l,

spy+m—1 R ‘ 8f
Sw = SZ:; S ch(z)-s (5.7) | dus A dx (70)

where the bracketed term can hence be viewed as a generalized Euler operator, deter-
mined solely by the particular A chosen. One readily verifies that the Euler operator
derived previously arises from this formula upon substitution of the appropriate
constants.

As in the smooth world, exactness of the Euler-Lagrange complex gives rise to
the precise characterization of the kernel of the Euler operator. We establish this
in the case of A being a forward difference operator, though the general case is still
open.

2 ExAcTNESS OF THE BicOMPLEX

We discuss now the exactness of the bicomplex. While this has been discussed in
several areas [Zhal0], [HMO04], [PH23], we remark on differences in the exposition

14



presented here. In particular, the proof of the exactness of the horizontal complex
has, to the best of our knowledge, not been laid out explicitly before. While [Zha10]
presents a proof, it is over a far larger underlying algebra of functions than we have
used here which is impractical in application (indeed, it leads to a completely trivial
variational calculus). In particular, the functions in their paper do not have “global
finite order”, and the proof of the exactness of the horizontal complex relies crucially
on this fact. [Hyd01], using an algebra of functions more clearly associated with ours,
also state this theorem but without proof.

As in the rest of the literature, we present only proofs of the exactness of the
outer rows of the complex, and the variational complex. The exactness of the entire
bicomplex is still open. In general, proofs of the interior rows of the smooth bicom-
plex require the notion of “contact forms” on the underlying fibered manifold, a
notion that does not have a clear analog in the discrete case. In addition, throughout
the remainder of the paper we take our difference operators to simply be the forward
difference operators,

Ay =S —id, (71)

as the exactness of the complex has not yet been established in the general case.

Theorem 6 (Exactness of the Vertical Complexes). For every k = 1,...,p, the un-
bounded vertical complex

0 — Uk L, Uk LV, g2k v, (72)

is exact.

Proof. We follow the proof of [[HMO04], though it is standard. Define the (formally
infinite) “vector field”

0
v= ) uf o (73)
a,l I
and the homotopy map
H, : QFVF 5 QFF / vaow| /\u]ci\/\ (74)
where w|[Au] denotes w with each occurrence of a variable in uf replaced with A - uf )

We claim

dyvH, + H,dy = id. (75)

One will notice that this is the same homotopy map commonly used in the
proof of the exactness of the de Rham complex; indeed, the vertical complex is

15



nothing more than the de Rham complex in variables u', with the lattice variables
acting as parameters. The infinite dimensionality of the underlying space may
seem concerning, but by construction each function in our underlying algebra A(J)
relies on only finitely many variables in u{ and thus all summations are necessarily

]
finite. m|

Theorem 7 (Exactness of the Variational Complex). The variational complex

0—F0 gt 22 0 (76)
is exact.
Proof. Since the spaces {¥ °} are just quotients of the spaces {{)°7}, we can actu-

ally employ the homotopy operator from the proof of the exactness of the vertical
complex. O

Theorem 8 (Exactness of the Difference Complex). The difference complex

0 — Q%X) SN QY(X) RLRILN QP (X) LN (77)

1S exact.

Proof. This is the first theorem in which we must depart from the setting of the de
Rham complex on the variables u, as our operator dy cannot be realized as a genuine
differential as in the previous two cases. See [[HM04] for the proof. We will need to
refer to the relevant homotopy operator later, which we will denote as ;. m|

Theorem 9 (Exactness of the Horizontal Complex). The horizontal complex

0 — Q00 21, ot A, i op-1 Qi qop di g (78)

is exact.

Before we present the proof, we need a few lemmas and technical tools.

For two positive multiindices I = (i1,...,1,),] = (ji,...,Jp), we write I C | if
i > jx forevery k =1,...,p. We also define the “size” of a multiindex by

Bl =i1+- +1ip (79)

16



and define the binomial coefficient of I and | by

(;) - (Z) h (Z) (80)

With this we define, for each @ =1, ..., g and positive multiindex J, the higher Euler

operators
I d
E, = ()s—f _. (81)
; i uj

Note that while each higher Euler operator an infinite sum, in practice only finitely
many terms will be nonzero.

We define too the notion of a horizontal interior product, an analog of the natural

interior product in the vertical complex in the horizontal component. For w € Q%7
wherer =1,...,p, we define

14 .
lk+1 . a +ej
= X TS T E ), @

where (S —id)! = (S —id) o --- o (S —id)".

One should remark at this point the clear similarities in the definitions presented
thus far and those used in the proof of the same theorem in the smooth case, see for
instance [Olv86], Chapter 5.4. Indeed, the main difference is the exchange of smooth
differential operators (D in Olver) for our discrete difference operators (S —id).
Lemma 1. Let | > K be positive multiindices in X. Then,

J 1\(] , ;
R S

IDK

where 6! the Kronecker delta function, equal to 1if a = b, 0 otherwise.
Proof. This follows from direct computation. O

Lemma 2. Let f € A(J). Then,

0 q
>ul abia = Z{ le(s — id)'uSEL(f). (84)

a,l
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Proof. We prove in the case q = 1 since clearly this expression extends by linearity for
arbitrary g. Fix some multiindex J. The only terms in the right-hand side of eq. (84)
containing aiu, will then be those for which I < |, namely

o) = Z(S—ld)’ ( )s 72 (85)
Icj
_ ik [ 1) ok J J
-3 ([T k(k.>s-) (sl e

where the expansion in the second line comes from applying binomial expansion to
the (S —id)! term. Fix some other multiindex K. The only terms in ¢ 7 involving such
a K will be those for which I 2 K, namely

= Z( 1H- ﬁK( )( )SKu s/ ai] (87)

sk 9 Z]:(_l)ﬁl—ﬁK 0w (88)
T 4 KJ\I

e
= ugS*J a—ujéK, (89)

where the last equality holds by lemma 1. We have then that

J
G] = Z SK (90)
K=I
J
)
= > ugS<I -8l (91)
KZ:I 8u]
d
= Uj—. 92
uj ou; (92)
So, we find that indeed
J J
—id)! ]~ = -
Z(s id) g )" (I)s 5 => =) u S (93)
J2I ] J
proving the lemma as needed. O

Lemma 3. Foranya =1,...,q,index ¢ =1, ..., p and multiindex I, we have
EL o (S} —id) = EL . (94)
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Proof. We prove in the case p = q = 1, with the general cases following easily since
the only effect of the composition in the lemma is on the independent variables, and
the shift Sy only has an effect on the ¢-th component of the independent variables.

We have that
iccly _ J\e1-j_9
Ei(Sh) ;(Z)s E (95)
j+1 ]_
- Z( )s o (96)
j=i-1
v (T )il N2
2 (i—l)s ot 2 ()S o 7
jzi-1 | !
=E +E. (98)
Thus,
E'o(S—id)=EloS-E =E"'+E -E =EL (99)
O

The following three lemmas are all standard properties of operations on chain
complexes, adapted to our notations. See for instance [Olv86] for the proofs.

Lemma 4. For any r-length multiindex K where 1 < r < p, we have

P
Z Ak a(dak A dxX) = (p — r)dxK. (100)
k=1

Lemma 5. For any w € Qor forr=0,...,pand anyindexk =1,...,p,

deka(dxf A w) = w — dx* A (IxFLw). (101)

Lemma 6. For any w € Q% forr=0,... ,p and any indices k, ¢ =1,...,p,

8xk_1(dx€ Aw) = —dx! A (8xk4a)). (102)

Proof of Theorem 9. For the remainder of the proof, we fix some w € Q%" for1 < r <
p — 1. We define the total homotopy operator

dA

1
Hy, : Q" - Q¥ /O Iu(a))[/\uO]T, (103)
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where we use the notation |, (w)[A1] to represent first evaluation of |, on w, then the
result evaluated at Aup (namely, each dependent variable u; is replaced with A - uy,
and the independent variables are left as given). We claim that

duHp(w) + Hy(dpw) = o — wp, (104)

where wy defined by setting all #;’s in w to zero; in particular, wy naturally lives in
Q" (X).

We have that, for any function F € A(]),

F[/\ = Z

Integrating both sides with respect to A from 0 to 1 and substituting the expression

from lemma 2,
1
JoF dA
F-Fy= E o — 1

a,l

1
= / (Z D (s —id) ugEL(P) [Au]‘M (107)
0 a I

Supposing @ = Y; widx! for w; € A(J), we may extend the above to w by making
operations act coefficient-wise, namely we will write

9
86‘) Z | dx (108)

(105)

We would like to show that the bracketed integrand term in eq. (107) is equal to
dy oI, + 1, o dp, evaluated on w. We inspect first the term |, (dgw):

W(drw) = Y. Z %(5— d)f{ SBR[, 4(S, — id)(dx! Aw)]} (109)

alkl’l

_Z (S —id)" Z(z FDES [Aa(Se—id)dxl Aw)].  (110)

Uy
—r+ 4l ]

=0

We consider the two cases for the double summation ¢ = 0y=¢ + 0k+¢, depending on
whether or not k = {. When k # ¢, we may apply lemma 6 and lemma 3 and the fact
that 4, Sy — id commute and notice that

EL (98 5(Sy — id)(dx! A w)] = =B [dx! A dxFLw]. (111)

20



When k = ¢, we can apply lemma 3 again as well as the linearity of the higher Euler
operators:

P P
Okt = ) Eb[0a(da* A w)] + ) ikEL[D,a(da A w)] (112)
k=1 k=1
P
= E{x (Z 8xk_|(dx A a))) Z 1k ( xk_l(dx A cu)) (113)
P P -
= Efx (p —rw+w Z ix — Z ir(dx® A (9x _IC()))] (114)
=1 =1
P
=(p—r+ {DE. () - Z ivEL [dxk A (9 aw)] (115)
k=1

where in the second line we applied lemma 4 to the inner summation on the left and
lemma 5 to the right. Combining then o=y + 0k, we find

p p
0 = (p—r+HDER(w) = D ikEA(AX® A (Opeow)) = ) (ik + DES ™ (dxF A (Or0w))
k=1 k,t=1
(116)
p
= (p—r + DEL(@) = ) ik +1 = 6)EL ™! (dx* A (). (117)
k,t=1

Hence, returnmg to our express1on for I,(dgw), we find

_ <k
l.(dpyw) = Z(s—id)fugEf (w) —Z Z et 61 (S — id) ulEL e (dxk A (peaw))
a1 ozlke1p_r+ﬁ
(118)
= | > (8 - id)ufEL(w)| - dul(w), (119)
a,l

where the identification in the last line follows from the change of index I — I — ¢,.
So, we’ve shown then

(dpw) + daly(@) = Y (S - id) u§Eh(w). (120)

This is precisely what we set out to prove, so all together, returning to eq. (106)
evaluated with w in place of F, we have

dA

1
o=on = [ Iddno) + dul (@) ]

= Hy(dpw) + duHp(w), (122)

(121)
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proving the claimed property of the operator Hj.

To complete the proof of exactness, we need to find the “inverse image” of
wy under dy. But since wy lives in Q'(X), we may simply apply the difference
homotopy operator H,; from theorem & and, by linearity, complete the proof. Namely,
supposing w is such that dyw = 0, then

w = dy(Hy(w) + Ha(wn)) = da((Hy + Hy o mtg)(w)). (123)

O

3 Nortions oF CONVERGENCE, INNER ExAacTNESS AND OTHER FURTHER Di-
RECTIONS

3.1 CONVERGENCE AND THE RELATIONSHIP TO THE SMOOTH BIiCOMPLEX

Much of the original theory of the discrete variational bicomplex was developed by
Hydon and Mansfield in [FHIMO04]. Their approach is much more applied than the
one we take here, with their underlying complex structure defined in a very formal,
symbolic way. While advantageous for their particular purposes, it makes it difficult
to make any meaningful association between the discrete and smooth bicomplexes.

Our approach, modeled largely after [Zhal0], is more respectful of the original
categories of objects underlying the complex structure in the smooth case. For in-
stance, the difference complex {Q*(X), dy} is defined using the k-th exterior powers
of the dual of a module defined over the ring of functions on X. Other than the
fact that the underlying space X is discrete, every other object defined here exists in
the smooth case; this approach maintains much more algebraic structure, by its very
construction. Hydon, Mansfield define the same structure by stating that their un-
derlying difference forms have certain desired properties; we inherit these properties
through deliberate definitions.

This being said, while our approach makes the relationship clearer between the
smooth and discrete complexes, it certainly does not make it transparent. Namely,
we would ultimately like to speak of some sense of convergence of the discrete
complex to the smooth. We present here our running concept of what this “sense”
could be, specifically in the lattice variables.

Suppose p = 1. We can then restrict A(X) to £2(R) of square-summable real-
valued sequences, for convenience. For sequences x.,ys € ¢*(R), denote the ¢>
norm

o0

(Xe,yo) = D Xiyi. (124)

i=—00
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We immediately remark that by making this restriction, while we have no Leibniz
rule, we have an integration by parts-type property

<any0> = —(Ax,, Sy->/ (125)

where we consider A = S—id the forward difference operator. Supposing we fix some
projection map 7, : L2(R) — ¢*(R) and an interpolation map 7t} : £2(R) — L2(R)
depending on some small parameter ¢, then given a function F € L2, we would like
to talk about the convergence of

[(1% o Ao e )(F) — dF||, (126)

as ¢ — 0%, where ||-||, denotes the L?> norm. Namely, we would like to characterize
the admissible maps m., 7}, and especially A, which would naturally have to be
defined with respect to one another, that would allow for eq. (126) to converge to
Zero.

We also, for a full theory, need to discuss the convergence of differential forms,
and this is where the advantage of our construction is clearer. In the smooth case, a
differential form dx is a function on the space of vector fields defined on a manifold
M, denoted X(M), returning a C*(M) real-valued function. Alternatively, one can
view dx as an element of the algebraic dual of space of derivations of C*(M), which
is in a one-to-one correspondence with X(M). Similarly, a discrete difference form
dx# acts on the space of derivations of A(X), D(X), to return a real-valued function
on the lattice in A(X).

Adopting the same notations for the projection, interpolation maps as before, we
say that the discrete difference form dx# converges to a differential form dx if for
every vector field v € X(M),

[me((dxt, 7 (0))) = {dx, v)l; = O (127)

as ¢ — 07. This naturally extends, by A(X)-linearity, to convergence of arbitrary
elements of D*(X). Being able to characterize precisely when this convergence occurs
would certainly be a step forward, however, how to properly define 7, 7} is unclear.
See section 3.1 for a graphical summary of the maps we’ve discussed.

3.2 ExAcTNESs OF THE INNER Rows

As we remarked previously in section 2, exactness of the inner rows of the bicomplex,
fig. 1,/ have not been established. While for our purposes this is inconsequential as
it is the Euler-Lagrange complex, fig. 2, that is of real interest, the exactness of the
inner rows of the complex is worth investigating in the name of seeking a complete
analog to the smooth theory. While the other proofs of exactness mirrored quite
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294 g2 X(M) ———— C*(M)
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2 — 02 D(X) T A(X)
(a) Convergence of difference operators. (b) Convergence of difference forms.

Figure 3: Diagrams of relationship between smooth (top) and discrete (bottom)
horizontal operations.

closely those of the smooth bicomplex, the tools used in the proof of the inner rows
do not have clear associations in the discrete world. Namely, one makes use (see, for
instance, [And9s]) of contact forms, which are intrinsically defined with respect to a
differential structure on the underlying space, which as we’ve iterated many times,
simply does not exist in the discrete world.

How to define the discrete counterpart of a contact form is unclear, as [[HMO04]
has mentioned. Further, there is no obvious alternative approach to proving this
said exactness, and so this topic certainly requires further investigation.

3.3 AprrLICATIONS TO FINITE DIFFERENCE DISCRETIZATIONS

[HDPO6], [Hyd01] and [HMO04] demonstrated how to calculate conservation laws
of difference equations using the Euler operator, following a methodology identical
to that discussed in the introduction, with obvious modifications. In particular,
[FIMO04] demonstrated how one can achieve a convergence result of the discrete
Euler operator to the smooth operator under an appropriate continuum limit. In
section 1.7.1, we demonstrated how to obtain generalized Euler operators suited to
arbitrary difference operators A. We would like to be able to make a statement about
the convergence of such operators to the genuine Euler operator as well. In particular,
we’d like to be able to compare the rates of convergence of the operators. Namely,
one should expect an Euler operator based on higher-order difference operators to
admit better approximations to genuine conservation laws. As is clear from the
complicated formula above, it is far from clear how to proceed in this direction.
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