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UNIFORM DISCRETE SOBOLEV ESTIMATES OF SOLUTIONS TO FINITE
DIFFERENCE SCHEMES FOR SINGULAR LIMITS OF NONLINEAR PDES

LiaT EVEN-DAR MANDEL!? AND STEVEN SCHOCHET?

Abstract. Uniform discrete Sobolev space estimates are proven for a class of finite-difference schemes
for singularly-perturbed hyperbolic-parabolic systems. The estimates obtained improve previous results
even when the PDEs do not involve singular perturbations. These estimates are used in a companion
paper to prove the convergence of solutions as the discretization parameter and/or the singular pertur-
bation parameter tends to zero.
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1. INTRODUCTION

This paper initiates a theory for finite difference schemes analogous to the theory of singular limits of systems
of PDEs such as
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[14,17,20,26, 33]. When the matrices A, A7, and C? are symmetric, D is anti-symmetric, the matrices Bk
C7 and D are constant, and assuming for simplicity that the second-order operator in which the B* appear
either vanishes identically or is strongly elliptic, solutions of (1.1) with fixed smooth initial data exist for a time
independent of €, and the difference between those solutions and the solutions of certain limit or profile equations
tends to zero with €. More general assumptions on the second-order operator are presented in Section 2.2.
In particular those assumptions are satisfied by the slightly-compressible barotropic Navier—Stokes equations

(e.g. [34])
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which may be kept in mind as a typical system under consideration. Singular limits of equations of the form (1.1)
and variants thereof occur not only in the original motivating example of slightly-compressible fluid dynam-
ics [20,26,34] and its variants [5,32,46] but also in a variety of other fields (e.g., [1,7,36]). It is therefore of much
interest to obtain, and prove estimates for, numerical methods for equations of the form (1.1) whose accuracy
is uniform in the parameter €.

There is a vast literature on numerical methods for PDEs like (1.1) without the large terms, i.e., with the
C7 and D all vanishing, and for various special cases of such equations. The part of this literature that proves
uniform bounds and convergence may be classified according to the corresponding bounds known for PDEs:
BV or L* bounds for scalar equations (e.g., [6,23,30,41]), small BV bounds for systems in one spatial variable
(e.g., [2,4]), L? or Sobolev H* bounds for constant-coefficient (e.g., [10]) and variable-coefficient linear systems,
and H*® bounds with a sufficiently high index s for smooth solutions of nonlinear systems [40, 44].

However, neither the well-known convergence result of Strang [40] for finite difference approximations to
nonlinear evolution equations nor the somewhat improved result of Tomoeda [44] yield uniform bounds for
discretizations of (1.1) when large terms are present. This difficulty is inherent in their analysis, which makes
use of higher-order time derivatives of the PDE solution that are generally not uniformly bounded. Nevertheless,
even in the absence of any theory guaranteeing uniform bounds and convergence, much progress has been made
in designing and analyzing schemes whose leading formal asymptotics when the parameter ¢ tends to zero is
consistent with the asymptotics of the PDE, including some first steps towards the stability analysis of such
schemes (see [8,21,22,28,29,37] and their references). One of the first conclusions of this research was that the
large terms must be treated implicitly, since for explicit schemes the CFL condition mandates taking time steps
At no larger than O(e Az), where for simplicity the spatial grid is assumed to be of size O(Az) in all directions.

In this paper we prove discrete Sobolev norm bounds that are independent of both € and the discretization
parameters for solutions to two classes of finite difference approximations to equations of the form (1.1) satisfying
the ab ove-mentioned assumptions, one very specific and the other fairly general. As far as we know these are
the first uniform bounds obtained for such approximations.

The only finite difference approximation for which uniform discrete bounds can be obtained by following
the discrete analogue of every step of the energy estimates used to obtain uniform bounds for the PDE is
the Crank—Nicolson scheme, in which the time derivative term u; in (1.1) is approximated by a forward time
difference witAto)—ult.c)
u(t+At,x)+u(t,x)

2

, all other appearances of the dependent variable u are approximated by the time

average , and the spatial derivative operators are approximated by arbitrary central differences.
We prove here uniform bounds not only for the Crank—Nicolson scheme but also for the 6-scheme in which the
equally-weighted time average is replaced by Ou(t + At, z) + (1 — )u(t,z) with 6 € [%, 1], without requiring any
relationship between the time discretization parameter At and the spatial discretization parameter Axz. Some
estimates in the discrete £2 norms defined in Section 2.1 have been obtained previously for the #-scheme for
linear systems without large terms: for the constant-coefficient case without assuming the symmetry of the A7
but with the ratio (AA—;)Q assumed to be constant [16], for the cases § = 1 and § = 1 ([18], Thms. 5.3.2-3), and
for other values of 6 ([31], Sects. 5.1.8 and 6.2) using scheme-dependent norms.

In order to obtain uniform bounds for a wider class of numerical schemes we treat the large terms, the
remaining first-order terms, and the higher-order terms separately from each other. The large terms are treated
purely implicitly, which together with their anti-symmetry ensures that they drop out of the discrete energy
estimates obtained by taking the inner product of the scheme with u(t+ At, x). This key step towards obtaining
bounds uniform in & mirrors the dropping out of the large terms from energy estimates for the PDE (1.1), first
observed by Klainerman and Majda [20]. The second-order terms of the PDE (1.1) will only be assumed to be
weakly dissipative in the sense that they do not increase the L? norm of solutions, and the PDE will be also
be allowed to contain even higher-order terms having the same property. All such terms will be approximated
by differences that do not increase an appropriate discrete norm. For dissipative terms of the PDE this leads to
numerical approximations of the second-order and higher-order terms similar to but more general than those in
the #-scheme. For purely dispersive terms of the PDE the numerical approximation must be purely implicit as
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in the case 8 = 1 of the #-scheme in order to be dispersive at the discrete level. The main increase in generality
comes from the treatment of the first-order terms that are independent of e, which are treated purely explicitly:
an estimate for that part of the scheme is obtained wvia a fully discrete and nonlinear version of Lax and
Nirenberg’s sharp Garding inequality [24], which only requires a condition on the symbol of the operator that
describes the scheme. Precise statements of the results including basic examples of discretizations are presented
in Section 2, and the results are shown in Section 3 to apply to a representative sample of specific schemes.

Previous results for general schemes for systems like (1.1) without large terms include discrete ¢? estimates
for linear systems under conditions on the eigenvalues of the spatial difference operator of the finite difference
scheme, without assuming the symmetry of the A7 but with the ratio (AA—;)Q assumed to be constant [27,38,39,47],

estimates in continuous L? norms for linear systems without second-order or higher-order terms whose spatial
operator satisfies a sharp Garding inequality [24], and the above-mentioned results for nonlinear systems [40,44]
discussed further below. The results here could also be extended to the case when the A7 are not symmetric if
At = O((Ax)?), but a more refined analysis to be presented elsewhere will relax that restriction.

Because of the separate treatment of the various terms, the schemes other than Crank—Nicolson presented here
for equations involving large terms or higher-order terms are limited to being first order in time. For equations
with large terms this seems to be an inherent limitation. More refined estimates needed to allow first and higher-
order terms to be treated together in equations without large terms will be presented elsewhere. Nevertheless,
the bounds obtained here improve on earlier results [40,44] even for systems without large terms. First, [40, 44]
only analyze explicit schemes for first-order hyperbolic systems, and although [40] mentions that the results
extend to systems like (1.1) containing second-order terms, the approach suggested there, following [19], requires
the usual assumption that (AA—;)Q be constant. That restriction is avoided here by treating the second-order and
higher-order terms implicitly or at least semi-implicitly. Second, by directly estimating discrete Sobolev norms
of solutions to finite difference schemes, we show that solutions have as many discrete Sobolev derivatives as the
initial data. For equations of the form (1.1) the bounds implicit in the above-mentioned results lose 2|d/2] + 2
derivatives, where d is the spatial dimension. The improved bounds here are used in [9] to show that for schemes
without large terms the rate of convergence equals the order of accuracy of the scheme under less restrictive
conditions on the smoothness of the PDE solution than in [40]. In addition, the stability condition developed
here is easier to apply than the one in [40].

As for the PDE itself, the uniform bounds proven here imply the convergence of solutions as € or Ax + At
or both tend to zero, albeit without a rate. Moreover, the norm in which solutions converge is strong enough
to ensure that the limit of the solutions satisfies the relevant limit equation. The details of the convergence
argument are given in the companion paper [9], where the solutions constructed here are also shown under
additional assumptions to converge uniformly in ¢ at the rate O((At)'/?).

The framework required for our method includes discrete versions of a variety of calculus inequalities that
are well-known in the continuous case, including the Sobolev embedding estimate, certain Gagliardo—Nirenberg
inequalities and Moser estimates, and the sharp Garding inequality. Certain special cases of these estimates have
been shown previously: discrete versions of Gagliardo—Nirenberg-Sobolev inequalities involving only derivatives
through first order were proven for general meshes used in finite-volume schemes in [3,15] and references
therein, but we require such estimates involving arbitrary orders. A wide variety of discrete Gagliardo—Nirenberg
inequalities and certain cases of the discrete Sobolev embedding estimate have been proven by Zhou [48-50]
even for nonuniform meshes, but in the case of multiple space dimensions the results are restricted to particular
values of the index p in the discrete £ norms, whereas we require all values of p in [2, co]. Discrete sharp Garding
inequalities were proven for pseudo-difference operators on half-spaces in ([27], Sect. 4) and references therein,
but their translation to the periodic case is not equivalent to the estimates used here. Since the estimates
available in the literature do not include all those needed here, the required estimates will be derived briefly
in Section 4 for the rectangular meshes used in this paper, following as much as possible the methods used for
the original continuous versions, which yield simpler and more uniform proofs. To simplify the notation we will
only consider periodic meshes; the case of infinite meshes is similar.
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The main results will be proven in Section 5. Various applications and extensions will be considered elsewhere.
In particular, the results here and in [9] will be used in [35] to prove the stability and convergence to smooth
solutions of upwind finite-volume schemes on uniform rectangular grids that use actual or approximate Riemann
solvers.

2. NOTATION AND STATEMENT OF RESULTS

The estimates for the #-scheme follow closely the estimates for the PDEs themselves, so the conditions for
that scheme will be stated in terms of the coefficients of the PDE. The conditions under which estimates can
be obtained via a sharp Garding inequality will be stated in terms of the scheme itself. Before describing those
schemes we recall some notations for shift and difference operators and some discrete Sobolev spaces that will
be needed for both cases.

2.1. Notation and spaces

Let e; denote the vector whose component j equals one and other components equal zero. The forward and
backward shift operators in the jth coordinate are defined by [S; a»u](z) := u(z+Aze;) and [(Sja2) " u](z) =
u(x — Azxe;), respectively, and the forward difference operator in that coordinate is D; aq := %;_1 Note that
in operator formulas a number denotes the operator of multiplication by that number; these are all scalar
operators, but will be extended to operate on vectors componentwise. Higher-order shift operators are defined
by 5S4, = (S1,42)"" ... (Sq,42)"", where « is a multi-index vector with integer components, and higher-order
difference operators are defined by D%, = (D1,4z)"" ... (Daaz)", where o is a multi-index vector with
nonnegative integer components. In examples presented in one spatial dimension the index j will be omitted
from both shifts and difference operators.

Similarly, the forward time-shift operator and forward time-difference operator are defined by [Sazul(t, z) =
u(t + At,z) and Dy := SAAtt*l, respectively. For the -scheme we will also need the f-averaging operator

9 :=0Sa+ (1 —0)]u.

A general first-order difference operator 9; A, = %= 2 mi<n Em(Sj,a2)™ in the direction j is assumed to have
real coefficients and to be an approximation to the differential operator 9, satisfying 0; a;u = 0,,u + O(Ax)
for any u € C?, which is equivalent to the conditions 2 mi<m Cm =0 and Z‘m|<M mey = 1. A central first-
order difference operator 9j A, . in the direction j is a first-order difference operator in that direction satisfying
C_m = —Cp. Any first-order difference operator in the direction j can be written as a linear combination

0j,Az = [Z\m|<M (Sj’Az)m]Dj,Ax of shift operators applied to the forward difference operator in that
direction. However, it will be more convenient to write a central difference operator in the direction j as
a linear combination 95 Az.c = D gcm<nr @mDjmAz,c of the basic central difference operators Dj,maz,c =

(Sj’A‘”)zn_l(AS;’A‘”)ﬂn in that direction. The length || of a multi-index is the sum ), [a;| of the absolute values of

its components. We will let P, := Z\a|<M P,S%,, and similarly Qa., G Az, etc., denote general spatial shift
operators.

Example 2.1. The difference scheme Saiu = [Gaz(u)]u with Gay(u) =1+ A—a( u)(Saz — 1) is an approxi-

mation of the PDE u; = a(u)u,. A more complicated scheme that is second order in both space and time can

—1
be obtained by combining the central-difference approximation % to the derivative operator 0, with

midpoint time-stepping. Defining \ := ﬁ—; and u™9 =y + %a(u) (Saz — (Saz)™') u, the resulting scheme can

be written as Sasu = G (At, Az, Sazu, u, (Saz)” u)u with
GAI(Atv A(E, SAxua u, (SAx)ilu)

L+ 2a(u™) (Sas — (Saz) ™) + ’\;a(u"“d) {a(Sazu) (S3, — 1) —a((Sas) " 'w) (1= S32) 1|, (2.1)
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The adjoint S} 4, of the shift operator Sj A, equals (Sj’Az)fl, no matter whether that adjoint is taken with
respect to the continuum L? inner product or the discrete ¢2 inner product defined below. Together with the
standard results that (P + Q)* = P* + Q* and (PQ)* = Q*P*, this allows us to calculate the adjoints 9% Ax
and P}, of any difference or shift operator. In particular, a central difference operator is anti-symmetric.

The symbol of a spatial shift or difference operator is defined by

B (Z ()53, )] ©) = IAEE (22)

Besides occurring in difference schemes, difference operators also appear in formulas for discrete Sobolev
norms in place of the differential operators in ordinary continuum Sobolev norms. For concreteness we will
define discrete norms in the periodic case, in which the domain of the spatial variables is X7 := [~L, L)%
with the endpoints in each direction identified. The discrete domain Xa, = [—L Aw,LAx)d N AzZ4, where
Lo, = Az {Aixj, is also taken periodic, via the rule that if 2 belongs to Xa, but x & Aze; does not, then
x £ Aze; is taken to equal @ F mAxe; where m is the largest integer for which the latter point belongs to
X Az. The cases when the periods of different components differ, some or all of the spatial components lie in R,
or the distances between grid points of different components differ requires for the most part only notational
adjustments. The discrete /2 norm is [[v[|;2 := \/(v,v)2, Where (v, w)p = 3 o v(z) - w(w) (Az)? is the
discrete £2 inner product. The argument X a,, as in £2(X 4, ), will sometimes be added to distinguish these from
the analogous norm and inner product on Fourier space. Similarly to the PDE case, when the matrix coefficient A
of the time-difference operator is not simply the identity matrix then the £? estimate will usually not be obtained
directly in the 2 norm but in the time-varying equivalent norm ||| 2, =/ (v, Av) ;2. The discrete Sobolev norms

are then defined for nonnegative integers s by ||u]

hs, i= /(W) s, where (U, v) 0 = 3714 < (DAgt, ADR,0) g
is the discrete Sobolev inner product, any points in the formula for D%, that lie outside the discrete domain
X Az are understood in the periodic sense defined above, and the positive-definite matrix A is omitted from
the inner product if it is omitted from the notation for the norm. Since the sum in the inner product defining
the h% norm consists of nonnegative terms, includes the ¢2 norm as the case a = 0 of the sum, and involves
differences of order at most s, there exists a constant C(s, d, Ag) such that

C(s,d,A
ELod ||l (2.3)

ullez < flullns <

for 0 < Az < Ag where d denotes the spatial dimension. The discrete /> norm is ||u(|¢~ = sup,ecx . [u(x)|.
The discrete version of Sobolev’s theorem, which is a particular case of Lemma 4.1 below, says that there exists
a constant ¢(d) independent of Az such that

Jullew < c@llullne, (2.4)
where ¢ := |d/2] 4+ 1 is called the Sobolev embedding exponent.

2.2. Results for the 6-scheme
The basic form of #-schemes for the PDE (1.1) is

d d
A(eu)Dppu = ZAj(t,x,ue)aj’Az,cue — Z (0j,A2)" (Bj’kak,mu“’)
j=1 k=1
d
+ %(ZC’ja-’vacue —|—Du9) + F(t,2,u?), (2.5)

Jj=1
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where ¢ € [$,1] is a parameter. Since our assumptions will allow the matrices B’ to be identically zero, (2.5)
includes schemes for first-order systems as a special case; systems with higher-order spatial derivative terms can
be handled similarly under appropriate assumptions.

The assumptions needed on the coefficients of system (2.5) are mostly the same as those used to obtain the
simplest analogous results for the PDE system (1.1). First, all the coefficients are assumed to be smooth in all
variables and uniformly bounded in the independent variables, i.e., for sufficiently large s,

> 1D ey (A(w) {47 (8,2, w)} oy, F(t2,u)) | < Mo(Jul), (2.6)
lof<s
where for any vector w the derivative operator D% means [ ][ j 85;, || denotes the norm of a vector or matrix,

not summed or integrated over the spatial variables, and both here and later all bounds depending on variables
are assumed for simplicity to be continuous and nondecreasing.
Second, the first-order terms are assumed to form a symmetric-hyperbolic system, which means that

the matrices A, the A7, and the CY are symmetric (2.7)

and A is positive definite, i.e., satisfies
Alw) > —+—T. (2.8)

mo(|wl)

Third, the terms of order é and the second-order terms in (1.1) will be assumed to have constant coefficients,
i.e.,
the matrices BY** €7, and D are constant. (2.9)

Fourth, the large operator Y- €78, 4+ D in (1.1) will be assumed to be antisymmetric, i.e.
(¢))" =c?, DT =-D. (2.10)

The reason for repeating the condition (Cj )T = (7, which already appeared in (2.7), will be explained in
Remark 2.3.

Fifth, the second-order operator in (1.1) will assumed to satisfy a somewhat weaker condition than ellipticity.
Specifically, either

> wl - Bk >0 Y [wi with by > 0, (2.11)
Jik J
or else both
j ke j k\T
S ea PP s s it b > 0 (2.12)
jik
and
the difference operators 9y a, in the terms in (2.5) involving B?* are central. (2.13)

Condition (2.11) implies (2.12), but the matrices B! = (39), B1?2 = B! = (9 2), and B>? = (} 2) provide an
example in which (2.12) is satisfied but (2.11) is not. By definition, the second-order terms of (1.1) are strongly
elliptic when (2.12) holds with by > 0. The case by = 0 has been allowed not only to cover the case of hyperbolic
systems having no second-order terms, but also to include systems having purely dispersive second-order terms.
For example, the nonlinear Schrédinger equation and the Zakharov equations can be written as real systems
of the form (1.1) with by = 0 (see [36] and Sect. 3.3 below). When (2.12) holds but (2.11) does not then the
additional condition (2.13) is needed to enable the terms involving the B7* in (2.5) to be estimated in Fourier
space.
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Finally, because we have not assumed that by in (2.11)—(2.12) is strictly positive, just as for PDEs we need
to assume that ‘
either A is constant or the B* all vanish. (2.14)

The above assumptions will suffice to obtain a uniform h® estimate for solutions of (2.5) having uniformly
bounded initial data g a,. However, in order to obtain a uniform estimate for the time difference Dazu as
well it is necessary to assume in addition that the initial time difference DAtu| +—o 18 bounded uniformly in e.
That condition is not automatic on account of the O(%) term in the difference scheme, but will hold provided

that .
H (Z Ojaj,Aar,c + D) UQ,e,Ax N

for an appropriate value of r. As in the PDE case, such initial data will be called well prepared.

Unlike the results in [16,38,39,47], the following theorem does not require that (AA—;)Z, be bounded.

< ce (2.15)

Theorem 2.2. Let s be an integer greater or equal to o + 2, where o := |d/2] + 1 is the Sobolev embedding
exponent. Assume that the above-mentioned conditions hold, i.e., (2.6) with this value of s, (2.7), (2.8), (2.9),
(2.10), (2.14), and either (2.11) or both (2.12) and (2.13).

Then for every Ko and eq there are Ay, K, and T such that for all e € (0,e0], Az in (0,1], At € (0, Ag],
0 € [3.1], and initial value ug A, satisfying SUP.¢(0,e0],42¢(0,1] [10,2,42]|ns < Ko there exists a unique solution
of (2.5) plus initial condition

w(0) = up,e, Az (2.16)

in £2°([0, T) N AtZ; b?) satisfying supycpo, rjnaez |ullns < K. The mazimum allowed time step Ao, solution bound
K, and guaranteed time of existence T depend only on Ky, o, the bounds My and my in (2.6)—(2.7), the
smoothness parameter s and the dimension d.

If in addition (2.15) holds for some r < s —2, then D ayu is uniformly bounded in ([0, T — At] N AtZ; h").

Remark 2.3. The result of Theorem 2.2 can be generalized in various ways:

1. Essentially the same proof yields the following additional results:

(a) The central difference operators multiplied by A7 in (2.5) may be different from those multiplied by C7
there.

(b) Rather than depending solely on u?, the coefficients A7 and F in (2.5) may depend on an arbitrary
average u” := [pSa¢+ (1 — p)Ju, or even on an arbitrary finite set {SR,u, SR, SAsu}|aj<ns of spatial shifts
of u and its time shift Sa;u, as long as A7 and F' depend smoothly on all those variables. Dependence
of coefficients on shifts of u is discussed further in the next subsection.

(¢) When the large terms are absent then the coefficient A of the time difference can also be allowed to
depend on ¢t and x as well as u, as long as the bound myg in (2.7) is independent of those variables.

(d) When the B7* all vanish then the minimum value of s is ¢ 4 1 rather than ¢ + 2 and the maximum
value of r in the last part of the theorem is s — 1 instead of s — 2.

(e) The discrete spatial domain may be the discretization AzZ? of the whole space R¢ provided that the
inhomogeneous part F(t,z,0) of F is bounded in h® uniformly in Az and ¢. For the periodic case
considered in Theorem 2.2 that condition follows from the smoothness assumption on F'.

2. When the second-order terms are strongly elliptic, i.e. by in (2.11) or (2.12) is positive, then those terms
contribute a favorable term to the energy estimates, which can be used to cancel various unfavorable terms.
First, condition (2.14) is no longer needed, since the favorable term so obtained dominates the problematic
term arising from (5.24) below. As for PDEs ([20], Thm. 4), condition (2.14) may also be omitted in the
hyperbolic-parabolic case familiar from the compressible Navier—Stokes equations in which second-order
terms only appear in certain equations and their restriction to those equations satisfies (2.11) or (2.12) with
bo > 0.

Second, when by > 0 then the the first-order terms A7 do not need to be symmetric, but the coefficients C7

appearing in the large terms must still be symmetric to ensure the anti-symmetry of the large operator.
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2.3. Results via sharp Garding inequality

In order to obtain estimates for finite difference schemes other than the 6-scheme, we will write those schemes
using shift operators rather than difference operators. Before defining the exact form of the schemes to be con-
sidered, let us consider various terms of the PDE (1.1) in order to elucidate what form the terms in the numerical
scheme used to approximate them should have. However, these considerations are used only to motivate the
form of the difference scheme; in particular, the assumptions actually made on the difference scheme allow terms
that approximate partial differential operators of order higher than two and large terms involving differential
operators of order higher than one. Such higher-order terms are, however, required to have the same properties
as the one appearing in (1.1), i.e. the large terms are required to be antisymmetric and the higher-order terms
that are independent of € are required to not increase the energy.

The first-order terms in (1.1) are quasilinear, i.e., their coefficients depend on the dependent variables, and
hence the coefficients of the finite difference schemes will also depend on w in general. As the scheme in (2.1)
illustrates, the form of the difference scheme approximating the first-order terms need not be simply the first-
order terms from the PDE with derivatives replaced by differences as in the #-scheme, but will still be related
to the terms in the PDE. In accordance with the example shift operator in (2.1) we will allow the coefficients
of shift operators that depend on u to also depend on any finite set of its spatial shifts. To keep the notation
compact let us denote such a collection by

and use the abbreviation
A= {At, Ax}. (2.18)

Another example of a scheme that requires shifts in coefficients is the fourth-order Runge-Kutta time-stepping
scheme presented in Section 3.2. Although the PDE and forward time-shift in Example 2.1 are not multiplied
by matrices, we will allow schemes in which the time shift is multiplied by a matrix A(ew), in accordance with
the PDE (1.1). In similar fashion to the conditions for (2.5), the matrix A will be required to satisfy

(Aca)” = Aew),  Aw) > 7=bsl, S (00 Aw)| < Mi(fuwl). (2.19)

= mo(Jw]) ™’
[B]<s

While we will not assume that the coefficients of the shift operator G, are symmetric matrices, in some
applications the symmetry (Sect. 3.1) or at least symmetry up to O((At)?) (Sect. 3.2) of the coefficients of G'a
can be used to show that the stability condition (2.26) below holds.

Another difference between (2.1) and the general scheme to be considered is that while the right side of (2.1)
consists of u plus terms of order At arising from difference operators, in general we will allow an A-weighted
average of shifts of u plus terms of order At arising from difference operators. Here and later, the factor At
occurs on account of the shift-operator form in which we write the numerical scheme. Specifically, we assume
that

Gar= Y GaS%,, Ga=A(U)Co+ §LDo(At,2,70), (2.20)
lal<M
where
> Ca=1 |Cal<c, Y Da=0,Y 10, ,DalAt,z,w)| < Cs(jw)). (2.21)
a o 1BI<s

For most difference schemes the only nonzero C, is the coefficient Cy that multiplies the unshifted term, with
the Lax—Friedrichs scheme discussed in Section 3.1 being the main exception.

The second-order and higher-order terms independent of ¢ may be treated either implicitly or by a combination
of implicit and explicit terms. The implicit terms will be written as —AtBa,Sazu, and the explicit terms as
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AtH azu. Some specific examples of shift operators Ba, and Ha, will be presented in Section 3.3. Both B
and H A will be assumed to have constant coefficients, in accordance with the fact that the second-order terms
in (1.1) have constant coefficients. Because the implicit terms will appear in the expression for which an estimate
is obtained, the symmetric part of the operator B o, needs to be semi-positive definite; more precisely, we assume
that

(u, Bagu)pz > 0 (2.22)
and
| <'U7BAww>e2 | S CB”U‘ hi w‘ hi (223)
for some nonnegative integer p. In addition, assume that
[Hazulle> < cllul|n (2.24)

for some nonnegative integer v, which says that Ha, is a difference operator of finite order.

The energy estimates used in this paper require that the first-order terms satisfy an estimate by themselves,
and the second-order and higher-order terms are merely required to not increase the energy of solutions. When
the second-order terms are multiplied by a “viscosity” parameter then this approach yields estimates that are
uniform in that parameter. More specifically, our stability assumptions are

| (v, Hazu)p | < V (v, Bazv)\/(u, Bagu) (2.25)
on the second-order terms, and
Symb(Gaz)* A~ Symb(Gaz) < (1 + c(|u])At)A (2.26)

on the lower-order terms, where we have used the definition (2.2). Due to a technicality arising in the derivation
of the sharp Garding inequality, we will also require that

Either A is a constant matrix or At > d Az for some § > 0. (2.27)

Assuming that at least one coefficient D, from (2.20) is nonzero, G A, is an explicit finite-difference approxi-
mation to a first-order partial differential operator, and hence the well-known CFL condition says that in order
for (2.26) to hold we must assume some restriction

At < cAzx (2.28)

on the size of the time steps. Since the constant ¢ in the second alternative of (2.27) can be arbitrarily small
that condition is compatible with (2.28) no matter how small the constant ¢ there is.

In order to make the O(%) terms in the numerical scheme drop out of the energy estimates for the numerical
scheme of the type considered here, as they do from the energy estimates for the PDE (1.1), we will need
to treat those terms purely implicitly, i.e., by an approximation of the form %Q AzSaru. Furthermore, just as
large operator in (1.1) is antisymmetric, the operator Qas = > QaS%, Will need to be antisymmetric. More
specifically, we will require that

Q-a=-Qar  Qasullez < cllullys (2.29)

for some nonnegative integer v. The second condition in (2.29) implies that Qa, corresponds to a difference
operator of finite order.
It will be convenient to use the notations

.AAx(A, eu) = A(€ﬂ) + AtBag (2.30)
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and
Gaz (At x,et,0) == Gag (At x,eu,0) + AtH py. (2.31)

Then, after adding to the elements already considered a term of order zero yields a numerical scheme of the
form

Apz (A, et)Saru + %QAI(A)SA,:U =Gaz(A t,x, eu,u) u+ AtF(t, x,u). (2.32)

Before stating the theorem we need to define the norm in which the size of the initial data and the solution
will be measured. Analogously to the norm || [|55 we define [|u] Wy = /(u,u)h;(sv), where <u,v>h; =

(eV)

2
argument will sometimes be omitted from the notation for the norm. By (2.19) and (2.22) plus Lemma 4.2
below,

Z|a\§s< % u, AAa;(A,SV)“F(AAz(A,EV))*D%w1)>z2. When it is clear what the argument €V of A is then that

1

— 20 < s
m0(€|V|) h 7H Hh

[l ey 2+ epAt||ul|2iop. (2.33)

< M (e[V])|[ul

The assumption on the initial data will be framed in terms of the th(o) norm, in order to have a fixed norm
to work with while still including the term involving AtBa,. Although the hSA(O) norm is stronger than the h®
norm, the factor of At multiplying the h*T2# norm in (2.33) ensures that when following theorem is applied to
approximate solutions of a PDE then only a uniform h® bound will be required for the initial data to the PDE.

Theorem 2.4. Consider the finite difference scheme (2.32), where the definitions (2.30), (2.31), (2.17),
and (2.18) have been used. Assume that that (2.23) holds for some nonnegative u, that (2.24) holds for some
nonnegative v, that (2.29) holds for some nonnegative v, and that (2.21) holds for some s > o+max{2,2u, v, v},
where o := |d/2]+1 is the Sobolev embedding exponent, and that (2.19), (2.20), and (2.22) hold. Finally, assume
in addition that (2.25), (2.26), (2.27), and (2.28) hold.

Choose any positive Ky and any K > K. Then there is a positive T such that for all initial values
U, Az SAISfying SUP.c(0,1],a0¢(0,1) W0,¢,42] hee, < Ko there exists a unique solution of (2.32), (2.16) sat-
isfying ||ul Moy S K for 0 <t < T. The time of existence T depends only on Kg, K, the bounds in all the
assumptions listed above, the smoothness parameter s and the dimension d, and so in particular is independent
of € € (0,1] and of At and Az in (0,1] satisfying any restrictions placed above on At.

If in addition ||QAIUO,6,AIH’I,TA(O) < ce for some r < s —max{l,2u,v,v}, then Dau is uniformly bounded in
0>2([0,T — At] N AtZ; Wy )

Remark 2.5. Essentially the same proof yields extensions of the results of Theorem 2.4 analogous to the
extensions (c¢) and (e) of Theorem 2.2 in Remark 2.3.

However, when only first-order terms are present then the minimum value of s required in Theorem 2.4 is
still o + 2 instead of 0 4+ 1 as in Theorem 2.2. The reason is that Theorem 2.2, like the corresponding result for
PDEs, requires that the coefficients belong to C!, whereas the sharp Garding inequality used for Theorem 2.4
requires that the coefficients belong to C2.

3. SPECIFIC SCHEMES

In order to make clear the meaning and applicability of Theorem 2.4, some schemes will now be presented and
shown to satisfy the conditions of that theorem, although the proof for the Runge—Kutta scheme in Section 3.2
requires two facts from Section 4.
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3.1. Lax—Friedrichs and local Lax—Friedrichs schemes

The local Lax—Friedrichs scheme (e.g., [25], Sect. 12.5) for the PDE (1.1), also known as the Rusanov scheme,
with both the large terms and the second-order terms treated implicitly, is:

d
- g —(S. -1 .
[A(w)_% S QS Guaa L p) - At <1—<sj,Ax>-1>BM<sk,m—1)}6@
Jj=1

d
J,k=1

v+ At F(v),

d d
Aev) + 5L A(ev) Zvj(v,e)(SMx -2+ S;iz) + Ak ZAj(v) (Sj.22 — (Sj,20)7 ")
Jj=1 j=1

(3.1)

where for notational simplicity we have omitted the dependence of coefficients on the independent variables.
There are several possible variants of this scheme. First, although (3.1) is suitable for (1.1) since that PDE is
not in conservation form, many treatments of the local Lax—Friedrichs scheme use a conservation formulation,
in which the artificial viscosity term

d
A AE) Y0 (Sy.00 -2+ 574, (3.2)

Jj=1

from (3.1) is replaced by QAA—tIA(ev) Z?Zl {’yj(SAwﬁ,e)(SjAw —1) —v;(@,e)(1 - j_ix)}, where as usual U de-
notes a finite set of spatial shifts of v. Since v differs from v by O(Az), and the coefficients in which it appears
are multiplied by ﬁ—;, this variant differs from the version in (3.1) by O(At), which does not affect the stability of
the scheme because condition (2.26) allows arbitrary terms of size O(At). A more significantly different variant

is the original Lax-Friedrichs scheme, in which the artificial viscosity term from (3.1) is replaced by
d
LA(0) Y- (Sha0 — 2+ S74,) (3.3)
j=1

with the now-constant +; satisfying

d
Y=L (3.4)
j=1

The artificial viscosity of the original Lax—Friedrichs scheme has a simpler form, at the price of being generally

much larger than the artificial viscosity of the local version. The dropping of the factor % from the artificial
viscosity term prevents that term from being incorporated into the coefficients ﬁ—;Da in (2.20), so the coeffi-

cients C,, there are used instead. The following result covers both the local and original Lax—Friedrichs schemes.

Corollary 3.1. Let s > 0+2 be an integer, where o := |d/2]+1 is the Sobolev embedding exponent, and assume
that A, the A7 and F satisfy assumptions (2.6)~(2.8) and that the C7, D, and the B** satisfy (2.9)—(2.11).
Pick any positive Ky and K > Ky, and define umax = cs(d)K, where cs(d) is the discrete Sobolev embedding
constant from (2.4). Define Al (v,e) := (A(ev)) /2 A9 (v)(A(ev))~V/2, let | M|| denote the L? operator norm of
a matriz M, and assume that

Hij(v,e)H <nilve),  j=1,....d (3.5)

Assume further that At satisfies the stability condition

0<e<1,|v|<umax <—

d
At
max Z%‘(U»f) oy <1 (3.6)
Jj=1

If A is not constant then also restrict At by the condition ﬁ—; > 0, where 6 is an arbitrary positive constant.
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Then there exists T > 0 independent of € € (0,1], Az, and At satisfying the above restriction(s), such that
for all initial data uo,e, Az satisfying Sup.c(o,1],acc(0,1) [|U0,e,a2]lns < Ko the local Laz—Friedrichs scheme (3.1)
with initial data uge nzx has a unique solution in £°°([0,T] N AtZ; h®) satisfying ||u||ps < K for 0 <t <T.

. ) _ . -1
Moreover, if in addition ‘(ijl CV% —|—D) uO’E’A‘”H , S ce then || D azul
he=
formly bounded up to time T.
Furthermore, after replacing conditions (3.5)—~(3.6) by (3.4) plus

hs—2 s also uni-

max
_OSSSl,l’U‘ <Umax

s At )
AJ(U,S)H] Ar <, ji=1,...,d, (3.7)

the same result holds for the original Laz—Friedrichs scheme in which (3.3) is substituted for the term (3.2)
n (3.1).

Proof. Define

d
Gag = Alev) + Z% Sj.ae =2+ 5, iz 2A ZA] Sj.ax — (Sj,Aar)_l) )
j=1
- Sjaz — (Sj,a2) 7t
— j 25 A — (D Aw
Qas: ZO 2Ax +D,
B Ax = 2 Z j,Aaf )Bj,k(sk,Ax - 1)7

and Ha, := 0. Then (3.1) has the form (2.32), where definitions (2.30)—(2.31) have been used. The symbol of
Gag is

d d
Symb (Gaz) = Z (v,€)(1 — cos(Az&;) | Ale Z n(Ax &) Al (v). (3.8)

The assumption that A and the A7 are all symmetric implies that the adjoint Symb (Ga,)" is obtained simply
by replacing i by —i in (3.8). Substituting these into the left side of (2.26), factoring out factors of (A(ev))'/?
at the beginning and end of that expression, and using the definition of the A7 yields

-1

Symb GAz * AO) Symb GAz) -

1 At ¢
= Az{ - E Z v;(v,€)(1 — cos(Az ;)
J,k=1
2 2
At d d _ .
+ (Ax) J;lvj v,e)(1 —cos(Az&;))| + zj:Sln(Axgj)Aj A% (3.9)

By assumption (3.5) plus the fact that if a symmetric matrix M satisfies || M| < ¢I for some positive constant ¢

then M2 < CQI,
2 2

d
Zsm(m@«)ﬁf < Z’yj(v,e)\sin(Aacgj)\ : (3.10)

Writing the squared sums involving «; from (3.9) and (3.10) as double sums, estimating the products
(1 — cos(Az&;))(1 — cos(Az &)) and |sin(Ax &) |sin(Az &)| by the elementary bound ab < %(a? + b?), and
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simplifying yields

2 2
d d

> (v e) (1 —cos(Ax &) |+ | D yi(v,e)| sin(Az )|

Jj=1 Jj=1

d
= 3 90 nu(0:) [1 =~ cos(Aa )1 — cox(A2 ) + [sin( Aoy lsin( Az )]

J.k=
d
<i Z v (v, €) (v, ) [(1 = cos(Az ;) + (1 — cos(Ax &))? + sin(Axz &;)? + sin(Ax &,)?]
J,k=1
d
= [Z e (v ] Z% (v,€) [(1 — cos(Az &;))? + sin(Az €;)?]
k=1 =
d d
=2 Z’yj (v,€) Z (v,€)(1 —cos(Az&;)) | - (3.11)
Jj=1 J=

Substituting (3.10) and then (3.11) into (3.9) and using assumption (3.6) yields

d d
Symb (G az)" (A") ! Symb (Gaz) — A< —Qj—; jz:lfyj(v,e)(l —cos(Ax&;)) | 1 — j—i jz:lfyj(v,e) A<O0,
so the stability criterion (2.26) of Theorem 2.4 holds. Since assumption (2.11) ensures that (u, Bazu),. > 0,
condition (2.25) also holds. The operator @ A, is anti-symmetric, and the remaining hypotheses of Theorem 2.4
may also be checked straightforwardly, so the conclusion of the lemma for the local Lax—Friedrichs scheme (3.1)
follows from that theorem.

The original Lax— Friedrichs scheme can be viewed as the special case of the local version in which v, (v, ¢) is
chosen to be the constant —% As noted above, even though v;(v, €) now contains a factor of A“ the resulting
scheme still has the form defined in (2.32) and (2.31) with Ga, given by (2.20). Absumptlon (3.4) ensures
that (3.6) now holds with equality, while assumption (3.7) ensures that (3.5) still holds. Hence the result for
the original Lax—Friedrichs scheme follows from the result for the local version. O

3.2. A fourth order classical explicit Runge—Kutta scheme

When the PDE (1.1) contains large terms there is little reason to attempt to obtain a higher-order-in-time
scheme, because the error of a scheme of order p > 2 in time is (At)P?O(||0¢ul|), and even for well-prepared
initial data OYu will in general be of order e~ (=1 which is large when ¢ is small. Hence in this subsection we
consider the PDE (1.1) with ¢ set equal to one. In addition, we will assume for simplicity that all the B3F, C7,
D, and F vanish.

The centered difference operators ﬁLj, Az, Where

Ljae =3 (Sj00 — (S5.00) ") — 75 (Sj.200 — (Sj2a2) ")
are fourth-order approximations to d,; because
Symb(Lj az) =i (3 sin(Az &) — 2sin(2Az¢))) = idz & + O((Az)®).
Using ALxLL Az to approximate the spatial derivatives, the first-order-in-time approximation to the solution
after a time-step At is (I + G az)u, where

éAx(t,as,v) =4 ZAJ (t,z,v)L; Az (3.12)
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and as before \ := %. The classical fourth-order Runge-Kutta scheme for the spatial discretization can be
written in the form (2.32) as A(v)Saw = Gax(t,z,v)v, where Ga, = A(v) [1+ & (K1 + 2Kz + 23 + K4)]
with

’Cl = éAw(tvxv’U)v

Ko = Gap(t+ 4t z, v+ 1K) (1 + 1K),

Kz = Gau(t+ 4t z,0+ 20) (1 + 1K2),
and

Ky = Gao(t + At, 2,0+ K3v)(1 4 K3).

Since the Lj a, are fourth order in Az, and the Runge-Kutta scheme applied to the discretized problem is
fourth order in At, the above scheme is a fourth order approximation to the PDE.

Corollary 3.2. Let s > 0+2 be an integer, where o := |d/2]+1 is the Sobolev embedding exponent, and assume
that A and the A7 satisfy (2.6)—(2.8). Pick any positive Ky and K > Ky, and define umax = cs(d)K, where
cs(d) is the discrete Sobolev embedding constant from (2.4). Let v be a number such that ’Aj (t,x,u)’ < yA(eu)
forall j, t, x, e € (0,1], and |u| < Umax, and restrict At by the condition
At _4V2 1

T (3.13)
where § is an arbitrary positive constant.

Then there exists T > 0 independent of € € (0,1], Az, and At satisfying (3.13) such that for all initial data
Uo,e, A Satisfying SUP.¢(0,1), Aze(0,1] llwo.e, azllns < Ko the scheme (3.1) with initial data uge ag has a unique
solution in £°°([0, T N AtZ; h®) satisfying ||u|lps < K for 0 <t <T.

Moreover || D agul|ps—1 is also uniformly bounded up to time T.

Proof. Since the scheme is explicit, its solution is well defined. Since the other hypotheses of Theorem 2.4 are
easily verified, in order to show the boundedness of the solution it suffices to show that the symbol of Ga,
satisfies (2.26). Because the equation has no large terms the uniform boundedness of the time difference of the
solution then follows from the scheme itself.

Since A is bounded and Lj A, is a bounded combination of shift operators, we obtain by induction and
the definition (3.12) of the operator G, that the IC; are also bounded operators on h" spaces. On the other
hand, writing \ as % and using the fact that ﬁLL Az is a first-order difference operator, the discrete Sobolev
inequality (2.4), the boundedness of the K;, and the definition of the K; yields |[IC;v][e~ < c1]|/[Cjvllne <
ca At||v||po+1, and hence also that

H(A(v +eK0)) At + etz v+ cKjv) — (A(v) T AV (L, U)Hzm < csl|[Kjvlle < caAt|v|pors.  (3.14)

Since arbitrary terms of size O(At) are permitted in estimate (2.26), let us modify G, by replacing the
arguments ¢ 4+ cAt and v + c¢Kyv appearing in G4, in the definition of the ; by ¢ and v, respectively. This
yields the modified operator

4

G Az,mod(t, z,v) == A(v) Z % (éAx(t, T, v))k ,
k=0 "

which has the familiar form of the fourth-order Taylor series approximation to the exponential function that
the classical Runge-Kutta method takes when applied to linear equations. In view of (3.14), Gaz = G Az, mod +
O(At). Using this plus the definition of G Az mod, the estimate

|Symb(PazQ Az) — Symb(Pag) Symb(Q az)||pee < cAx
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- k
from Lemma 4.7 below, and the boundedness of A from below yields Symb (Ga,) = A Zi:o o (Symb(GAx)> +
O(At). The symbol of G o, can be written in terms of A7 := A=1/247 A=1/2 and
(= 3sin(Az&;) — +sin(24z &)

as Symb(Ga,) = A~1/2 {i)\ Z?Zl ngj} A2 Together with the algebraic identity

4 — k 4 ’Lk 6 5
P (]

k=0 k=0

these formulas imply that Symb(Ga,)* A~ Symb(G a,) equals

d 2 d 3
—az ()\ZQ ) 1- (ﬁZngJ‘) (AZQAJ) A2 4 0(At).
j=1 j=1
N2
Hence (2.26) will hold provided that (ﬁi Z?Zl CjAj) < I, and the trig estimate ’% sin(z) — ésin(?w)| <

Njw

O

plus the definition of v and assumption (3.13) ensure that that condition indeed holds.

3.3. Examples of approximations of second-order terms

A purely implicit treatment of second-order terms was given in (3.1). That method works even when the
second-order terms are purely dispersive, as in the subsystem ([36], Egs. (2.9)—(2.10)) of the Zakharov equations
F, = —AG, G; = AF, where A denotes the Laplacian operator and lower-order terms have been omitted
for simplicity. For the PDE system, adding F' times the first equation to G times the second, integrating
over the spatial variables, and noting that the terms arising from the right side form exact derivatives yields
dt J( F2 —|— G2) dz = 2 [(GAF — FAG)dz = [V - (GVF — FVG) dzr = 0. For the discretization Sy F =

(Aa:)2 Z] 1( j, Az 2+ (Sj,Ax) )SAtG SaG = G+ (Ax)z Z] 1( j, Az 2+ (Sj,Ax)fl)SAtF of these

terms, adding the ¢ inner product of Sa;F with the first equation to the ¢2 inner product of S4;G with the
second equation, and using the fact that (S;a,) "t = S7 Ay yields

1SatF |7 + 15a:Gl|72 = (SatF, F)p + (SacF, F) e
d
+ (AA—xt)z Z [(SatG, (1= (Sj,00) ") (Sj,a0 — 1)SatF),, — (Sack, (1 - (Sj,a2) ") (S),00 — 1)SaG) ]

j=1
= <SAtF> F>g2 + <SAtF, F>62

d
— ks >[S00 = DSaG, (Sj,20 = DSacF) e = ((Sj,00 — 1)SarF, (.00 — 1)SaiG) ]
=1

=
= (SacF, F)p + (SatF, F) e < 5 [1SacF 7 + 1SaGlI7 + 1F 17 + 1G11%]

which shows that the second-order terms drop out of the discrete energy estimate, just like they drop out of the
continuuous energy estimate for the PDE.

We next consider an example in which second-order terms are treated only semi-implicitly. The scalar PDE
Up = Ugg + Ugy + Uy, may be discretized as Sau+ AtBag Saru = u+ AtHazu with Bayu == @ [(S1,00) 7 —

1)(51,430 - 1) + (SQ,A;C)71 — 1)(52,430 - 1)} and HAIU = ﬁ(SI,A‘r - 1)(5’2’43C - 1). Since

| (0, Hasu)e | = gzl (0, (S1.a0 = 1)(S2.00 — Ve | = abyel (((S1,.00) ™ = D, (S2,00 — Dty |
< el ((S1.a0) ™ = Dolleell(S2,00 — Dulles = 2z 1 (S1.80 — ol (S0 — Dl
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and

(u, Bazu) = tasyz (s [((S1,00) ™" = D)(S1,a0 — 1) + ((S2,40) 7" = 1)(S2,00 — 1)] )
= e [((S1,a0 = 1)1, (S1,a0 — 1)t g2 + ((S2,40 — D1, (82,40 — 1)) ]
= @z (51,20 = Dl + [[(S2,80 — Dull7.]

Bk
¢

e

"‘E&

the stability condition (2.25) is satisfied.

4. DISCRETE VERSIONS OF CONTINUOUS ESTIMATES

In this section we formulate and prove discrete versions of various well-known continuous estimates that are
important in the analysis of linear and nonlinear PDEs. The discrete versions will play an analogous role in our
theory of difference schemes.

4.1. Discrete Fourier transform

In order to prove the discrete Sobolev embedding estimate (2.4) and other results that will be needed for the
proofs of Theorems 2.2 and 2.4 we will need certain results about the discrete Fourier transform. Recall that
the physical-space variable, denoted z, lies in the set X, = [~L Az, Laz)? N AzZ?, which contains N := 2%

points in each direction. The domain ITx, = [—Aiw, Aiw) N %Zd of the corresponding Fourier variable £ also
contains N points in each direction. The discrete Fourier and inverse Fourier transforms may be written in the

form

= Y fla)e " (An), (4.1)

xEXAT
f@) = gor > Fleese(ae” (4.2)
[P
where A := . These formulas can be derived from the standard discrete Fourier and inverse Fourier
transform formulas (e.g. [12], pp. 250-252) @y, = ZnNzol ane”?™m/N and a, = + Zz:é ape?™mn/N by
making the changes of independent and dependent variables
r=nAzx— Las, §=125 f(2) = an, 1(6) = ™G, Ax (4.3)

and generalizing to multiple dimensions by applying one-dimensional transforms in each variable. The discrete
Fourier and inverse Fourier transforms satisfy the Plancherel identity

where the ¢ norm ||gle2(r1,,) == /€9, 9)2(11.4,) 01 1] Az is defined in terms of the inner product (g, 1) 27, ) =
Yeera, 9(ENE) (A¢)2. The corresponding Parseval identity is

(F 9exan = mmm (F8) (4.5)

Formula (4.4) can be derived from the Plancherel identity ZHN;OI lan|? = + Zﬁ;é |am|? ([12], Lem. 7.1, p. 251)
for the standard form of the discrete Fourier transform via the changes of variables (4.3).
Formula (4.1) and the definition (2.2) of the symbol of a difference operator imply that

~

P, J(€) = [Symb(Pa,)](€) F(€) (4.6)
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for any constant-coefficient shift operator Pa,. The discrete 7 and w”? norms are defined by

1/p
[uller == [ > IU(SE)I”(Aw)d] v Mullwes = IDA e

2€X Az || <K

The following lemma is the discrete version of the Sobolev embedding lemma, which says that the H® norm
dominates the C° norm when s > %, and, more generally, dominates the C* norm when s > k + %.

Lemma 4.1 (Discrete sobolev embedding estimate). For any nonnegative integer k there is a constant cs(d, k)
depending only on k and the spatial dimension d such that

[ullwr.oe < es(d; B)[ullprse, (4.7)
where o := |d/2] + 1 is the Sobolev embedding exponent.

Proof. The standard proof (e.g. [11], pp. 243-244) for the differential case translates directly to the difference
case once we notice that the discrete Fourier transform of a difference is D%, f € = szl (%) ' f(g)
by (4.6), and

eifjﬂx _ 1
7’ > clgl (4.8)

Ax

for || < A7, because the fact that o > 4 ensures that the Fourier-space sum Deema, (1 + €12~ (A% is

bounded by a constant independent of Az just like it ensures that the integral [ ¢ cra(1+] €]?)79 d¢ is finite. [

The following elementary result says that, just as for differential operators, the order of a difference operator
is bounded by twice the order of the bilinear form that it induces.

Lemma 4.2. If a constant coefficient difference operator Ba, satisfies (2.23) for some nonnegative integer
then || Bagul|ez < ¢]|ul|p2n.

Proof. Define an operator A by //1}’(5) (1 —|— |£\)f( ). Then by the definition of the h* norm, (4.4), (4.6),
and (4.8) plus the trivial reverse inequality |&—"——1 ’ < e2l&5],
e (s, ) f s < < e ()| f s (4.9)

By the fact that Ba, has constant coefficients, (2.23), and (4.9),

| (v, Bagu) e | = [ (A7 v, BagA*u) | < ¢ || A v]|pu

Al < @ ol e (4.10)
Setting v := Bagzu in (4.10) yields the claimed result. O

It will sometimes be useful to extend functions defined on the discrete lattice X o, so as to be defined on a
continuous domain Xy, ,, := [~L Az, Laz)?. Such an interpolation can be obtained by taking the inverse discrete
Fourier transform of the discrete Fourier transform of a function, but letting the new spatial variable vary over
Xr, ,, rather than just X a,. The fact that the inverse and direct Fourier transforms are inverses ensures that
the restriction of the interpolation back to the lattice yields the original function. By formulas (4.1) and (4.2),
this interpolation operator Int, is defined for z € X, by

[Int, f](z) : %d ST YD Flyet(An)?t| e (A9

E€ln: |yEX Ax
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Lemma 4.3. The interpolation operator Int, is a bounded map from h*(Xa,) to H*(Xy, ,,) for every integer
s > 0, uniformly in Ax.

Zln{‘<§H ‘57 2(1

Proof. Using Plancherel’s identities for Xy, and Xa,, the fact that 0 < ¢; < rie)

(4.8), we obtain that

< ¢9 < 00, and

N d
[nte Flrex,, ) <@ Do L+ EPYIFOPR ()

)

hS(XA.—n)' D

oY ifior ()" < alfl;

4.2. Discrete calculus inequalities

Our development of the theory of nonlinear difference equations will require not only the discrete Sobolev
embedding estimate but also a discrete version of certain Gagliardo—Nirenberg inequalities, which interpolate
between various discrete Sobolev norms, and of certain Moser inequalities, which estimate Sobolev norms of
smooth functions of u(x) in terms of the corresponding norms of u(z).

The discrete version of the chain rule is the identity

Dj acF(t, x,u(t, ) = / F(t,x + sAzej, sSj azu+ (1 — s)u)ds
x
1 1
= / F, (t,x + sAxe;, sSj acu+ (1 — s)u)ds + / F,(t,x + sAzej, sSj azu~+ (1 — s)u)ds - D; azu,
0 0

which can be written in terms of Fi, a.(t,z,u,SjAu) = fol Fy, (t,x + sAxej, sS85 aqu + (1 — s)u)ds and

Foujag(t,zu,Sjazu) fo w(t,x+ sAxe;, 85 azu+ (1 — s)u)ds as
Dj,AIF(t’ €, u(tv x)) = FIj’AI(tﬂ T, u, SJ,A«"EU) + Fu,j’Aw (ta T, u, Sj’AIu) ) Dj’AIu' (4'11)

A similar identity holds for the time difference. Note that the discrete effective derivatives F,; A, and Fy j Az
depend on both w and its shift S; azu. In particular, for the function F (v, w) = vw calculatlng the last integral

in (4.11) explicitly yields Dj az(vw) = (Avj Az v) (Dj Azw) + (Dj, A2v) (Avj Az w), where Avj ap = M
We will also sometimes use the unsymmetric versions
Da(vw) =vDaw + (Dav) Saw (4.12)
where A denotes either At or Az, and
Djmaz,c(vw) = vDjmAz,cw + (Djmazv) Sjmasw + (Dj’mAm(Sj,mAx)_lv) (Sjmaz) tw. (4.13)

Identities (4.12) and (4.13) can be verified by substituting in the definitions of the shift and difference operators
and simplifying. By induction, (4.11) and its time-difference variant imply analogous but more complicated
chain-rule formulas for higher-order differences (D)™ D4, F(u).

The Gagliardo—Nirenberg inequalities (e.g., [13], Thm. 9.3) are estimates for the L” norms of derivatives of
order k in terms of LY norms of derivatives of some higher order m and L" norms of the original function.

Specifically, >, . [[D%ul[L» < ¢ [Zlﬁ\ HDﬁuHLQ} Jul[[7* when 1 < ¢ < 00, 1 <7 <00, £ <a<1and

= % + « (% — %) +(1-— a) We prove the discrete version of these inequalities in the special case when

k

1
P
a = .-, with ¢ and r restricted to be at least two.
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Lemma 4.4. For any 2 < q,r < oo with at least one of q or r finite, and integers 1 < k < m, the p defined by
1 k1 k)1
—=———|—<1——)— (4.14)
p  mq mj)r

also satisfies 2 < p < 0o, and there is a constant ¢ depending only on q, v, k, m and the spatial dimension such
that

¢ k 1—-k
ST DA uller < e | ST IDAullg™ | ullg ™ (4.15)
|al=k |B|=m

Proof. The proof for the continuous case outlined in ([13], pp. 24-27) relies mostly on induction and Holder’s
inequality, and so only requires proving directly the case when k = 1, m = 2, both ¢ and r are finite, and the
spatial dimension equals one. To prove that case note that identity (4.12) with v = |Dazu|P"?2Dazu and w = u
can be written as

|Dagul’ = Dag (u|DagulP>Dagu) — Dag (DagulP">Dagu) Sagzu.
Summing over the spatial grid, noting that the sum of the exact difference vanishes by periodicity, and using the

discrete chain rule (4.11), the fact that shifts preserve ¢? norms, and Holder’s inequality with the three factors
17%2, q and r, we obtain

Z |DagulP Ax = — Z Dag (\DAxu|p_2DAxu) SazuAx
XAz XAz

1
=—(p—2) Z [/ 1S Az DAzt + (1 — 8)DazulP~? ds} (Dag)?u Spzulz
Xap =70

<c(p) Y (ISazDazulP ™2 + |DazulP~?) [(Das)?ul [Sasul Az

XAz
pT_2 1/q 1/r
< (L psrar) " (S osuras) (Swra) o
XAw XAz XAz

provided that Pp%z—i—%—i—% = 1, which is equivalent to (4.14) for the case k = 1, m = 2. Solving the inequality (4.16)
for >y . [DagulP Az yields the above-mentioned case of (4.15). Since the constant ¢ in (4.16) depends only
on p, which remains finite as either ¢ or r but not both tends to infinity, the estimate is also valid under those
circumstances. As indicated above, the rest of the proof follows the proof for the differential case. O

Moser estimates bound norms of derivatives of compositions of functions and of commutators of multiplication
and derivative operators in terms of the norms of their component parts. Using Lemmas 4.1 and 4.4, discrete
versions of the Moser estimates can be obtained. Although we will only use here the following weak versions of
those estimates, the discrete versions of the standard strong versions (e.g. [26], Prop. 2.1, p. 43 are also valid,
and their proofs are identical to those of the standard differential versions, which use only the above Gagliardo—
Nirenberg estimates, the Sobolev embedding estimate, Holder’s inequality, and standard interpolation estimates
between LP norms that are also valid for the discrete /P norms.

Lemma 4.5. Let s be an integer, and define s := max{s, o}, where o := |d/2] + 1 is the Sobolev embedding
exponent. Assume that F is a C® function satisfying F(t,x,0) =0, A is a matriz-valued C* function satisfying
A(t,x,0) = 0, and B is a matriz-valued C*® function of the independent variables t and x. Then there is a
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function cp and constant c, depending on F, A, B, s and the spatial dimension such that

17t 2, U)llne < ez (1U1[as) 1U e, (4.17)
> DA, Alt, 2, U)]ulle < ellAt, 2, U)lpe [l e, (4.18)
jaf<s
> DA, Blt,@)ull e < cllullp—s, (4.19)
jal<s

where [D%,, A] denotes the commutator of DY, with the operator of multiplication by the matriz A.

The differential Gronwall lemma says that if a function u satisfies v’ < ¢(t)u+k(¢t) then u(t) < elo er) aru(0)+
fot el e Ik (s) ds. We will make use of the following discrete constant-coefficient version:

Lemma 4.6. Suppose that a nonnegative function w defined on [0, TINAtZ satisfies w(t+ At) < (1+cAt)w(t)+
kAt. Then w(t) < e“w(0) + edT_lk fort € [0,T) N AtZ.

Proof. By induction, the formula for the sum of a geometric series, and the estimate (1 —|—x)" < e fort = nAt,
w(t) = wnAt) < (1 + cAt)"w(0) + kAt 71 (1 + cAtY = (1 + cAt)"w(0) + kUFAL=L < eendtyy(0) 4
Rl — ectyy(0) 4 €Lk O

4.3. Discrete sharp Garding inequality

The sharp Garding inequality states if the symbol of an operator is self-adjoint and nonnegative then the
symmetric part of the operator is almost nonnegative, in some sense. Both the original and sharp forms of
Garding’s inequality play an important role in the theory of differential and pseudodifferential operators ([43],
Sect. 7.6, [42], Chap. 7). Although a version has been proven for shift operators ([24], Thm. 1.1) and applied to
difference schemes, that version estimates the action of shift operators on the space L? of functions of continuous
variables. Specifically, if the coefficients P, (x) of a shift operator Pa, are defined for all x € X, and satisfy
Y aezd | 2o0<p<a | DB P,|lco + (1 4+ \a\z)HPaHCo] < 00, and the symbol Symb(Pag) = Y, cza Pal®)e™* of the
shift operator is self-adjoint and nonnegative, then Pa, + P}, > —cAz when considered as an operator acting
on L?. Here we formulate and prove a fully discrete version, in which the shift operator acts on the space £2
and its coeflicients need only be defined at grid points.

By the definition of symbols, the operator corresponding to a symbol is Op (Za P, (x)emm'g) =
Yo Pal(x)S4,. Then OpoSymb is the identity operator on shift operators, and Symb o Op is the identity oper-
ator on symbols. By direct calculation we obtain the following lemma, in which || P||y2_¢2 denotes the operator
nOrm sup|,,, <1 [|Pvlez, since moving a shift past a coefficient shifts that coefficient by an amount O(Az), but
only if the coefficient depends on .

Lemma 4.7. Suppose that the coefficients Py(x) and Qu(x) of bounded shift operators Pa, and Qay belong to
wh . Then

P4, — Op ((Symb Pag)")||,e o < cAu,
|PA2Qaz — Op (Symb Pay Symb Qg )|l 2 e < cAu,
|Symb(Pa;Qax) — Symb(Paz) Symb(Qaz)|| e < cAw.

Moreover, if P,(x) = PC(YO)+5P0(41)(w) then || P4, — Op ((Symb Paz)")
Q&O) + 5le)(x) then

H@é[‘, < cdAzx, and if in addition Q. (x) =

|PAzQ Az — Op (Symb Pa, Symb Q)| ;2_pe < cdAz. (4.20)

We now prove the discrete sharp Garding inequality:
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Theorem 4.8. Let Pay := ) oy Pa(x)S%, be a shift operator, possibly involving infinitely many shifts, and
assume that

Y| D DA Pallnr + L+ o) Pallne | < e (4.21)
a€zd |[0<|f|<2

Suppose in addition that the symbol of Pa, satisfies
Symb(Pa,)* = Symb(Pa,), Symb(Pa,) > 0. (4.22)
Then the operator Pa, is almost positive in the sense that
Pay + PL, > —cAx, (4.23)
where ¢ depends only on ¢y in (4.21). Moreover, if
P, (z) = P + 5P (x) (4.24)
and (4.21) holds with P, replaced by each P then
Ppay + Ph, > —c2dAx. (4.25)

Proof. Begin by extending the definition of the coefficients P, (z) from the discrete lattice XA, to the torus
X1 ., by replacing P, (x) by its interpolation [Int, P,](x), hereafter abbreviated to Int P,. Although interpola-
tion maintains self-adjointness of the symbol, it does not necessarily maintain positivity, as the scalar example
f(z) =1— (Az)? — cos(m(z — %)) with Az = 1/m for some integer m > 1 illustrates: its restriction to the
lattice AxZ is positive but it is negative at z = %. However, as that example also illustrates, the most negative

value of Symb(Int Pa,) is of the order of

> 1Pulwz (Az)?, (4.26)

[e3

as a Taylor series expansion around the most negative point y shows in view of the fact that the value at the
closest grid point must be nonnegative. By (4.21) plus the Sobolev embedding estimate (Lem. 4.1), > || Pa w20
is uniformly bounded. Hence nonnegativity of the interpolated symbol can be restored by adding a constant
times (Az)%I to Pa,, which does not affect the conclusion to be proven.

The Sobolev embedding estimate also ensures that assumption (4.21) implies the assumption

Z sup Z|8§IntPa\+(1+\a\z)\IntPa\ <c< oo

o *€XLax ||g1<2

of the ordinary continuous version of the sharp Garding inequality ([45], Thm. 1.1). Apply that result, namely
(v, (Int Pag 4+ Int P4, )v);» > —cAz||v]|32, to functions v that are constant in each centered grid cell C; := {y |
maxy |zr — yr| < %} when 7 is a lattice point, and use the fact that for such v

[{v, (Int Pag +Int PA,)v) 2 — (v, (Pac + Pay)v)pe|

= ’<v(x),/ [(Int Pag (y) + Int Pag(y)*) — (Int Pag () +IntPAI(:c)*)}v(:c)>Z2’ < cAz||2. (4.27)
Cx

Since the error of converting from continuous to discrete norms is of the same order as the claimed deviation
from positivity, the continuous result implies the discrete one.
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Finally, in order to obtain the improved estimate (4.25) it suffices to show it in the continuous case and to
show that the estimates (4.26) and (4.27) also improve in the same way. To do that, note that in the proof of
Garding’s inequality for the continuous case in [45] the constant ¢ in (4.23) depends only on the estimates in
Lemmas 2 and 3 there. The estimates in the proof of Lemma 2 in ([45], p. 156) only involve derivatives of the
coefficients P,,, and so contain a factor of 6 when (4.24) holds, while the proof of Lemma 3 in ([45], p. 156) is
based on estimating the expression, in our notation,

> [ [ Pate = (20)729) {at0)? - aty + (20) 20} dy] (4.28)

e}

When (4.24) holds then the part of (4.28) involving the constant coefficients P cancels since

q(y)* — qly + (Az)'/?a)® p dy =0,
A }

again leaving only terms containing a factor of . Hence the extension holds for the continuous sharp Garding
inequality, and similar arguments show that the same improvement is obtained in (4.26)—(4.27). O

Corollary 4.9.
1. Let A(x) be a positive self-adjoint matriz satisfyingA(x) > col, such that ||A(x)||po+2 < 1 < 00. Suppose
that a shift operator Pa,(x) containing finitely-many shifts satisfies

S Pa(@)llposs < 2 < o
«

and
Symb(Pa,)*A™! Symb(Pa,) < (14 n)A. (4.29)

Then
(Pagv, A_lPAQ,v>Z2 < (14+n+cAz) (v, Av) 2, (4.30)

where ¢ depends only on the c;.
2. Let A be a constant-coefficient positive self-adjoint matrix satisfying A > col. Suppose that a shift operator

Ppar(z) = Pg)a? + (5P§32 (x) containing finitely-many shifts satisfies (4.29) and

S IPO1+ PO @)ne2] < 1 < o0

e}

Then
<PA3;U, A_lPAQ,U>Z2 < (14+n+cdAzx) (v, Av) 2, (4.31)

where ¢ depends only on the c;.
Proof. When (4.29) holds, then by Lemma 4.7 and Theorem 4.8,
<PAIU,A_1PAIU>€2 = <v,PZIA_1PAIv>K2
< <v, Op [Symb(PAz)* Symb(A_lPAz)] U>£2 + k1Ava||§i
= (v, 0p [Symb(Pa,)*A~! Symb(Pa,) — (1 + n)A4] V) + (1 + 0+ E142) (v, Av)
< ke Az (v, Av) o + (1 + 4 k1 Az) (v, Av) )p = (1 + 1+ cAzx) (v, Av),s . (4.32)

When A has constant coefficients, a calculation similar to (4.32) but using the variant results (4.20) and (4.25)
shows that (4.31) holds. O
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5. ENERGY ESTIMATES

5.1. Estimates for the 0-scheme

Lemma 5.1. As usual, let o := |d/2] + 1 denote the Sobolev embedding exponent. Assume that the hypotheses
of Theorem 2.2 hold for some s, and let K1 and K3 be finite constants. Then there exist a positive Ao and finite
ko and Ry such that for all At € (0,24¢], all T > 0, all upc ax € €2, all F € £>°([0,T] N AtZ; ¢?), and all V
satisfying
sup  [|[Vjpetr < Ky, € sup IDAV | he < Ko (5.1)
te[0,TINALZ te[0,T— At|NALZ

the linearized numerical scheme

d d d
, . 1 , ~
A(EV)Daw =Y A (t, 2, V)0 200" = Y (9j,.80)" [BF 0k, 200"] + = [Z C70j Aw,e + D} W0+ F(t, z),
Jj=1 J,k=1 € j=1
(5.2)
U(O) = V0,e,Ax
has a unique solution in €>°([0,T) N AtZ; (%) satisfying

ISanly |, < 0+ RoA0lbl + moAd| I, (5.4

for allt € [0,T — At] N AtZ. The constants Ay, ko, and Ry depend only on the bounds K1 and Ky on 'V, the
bounds My and mq in (2.6)—~(2.7), and the dimension d.

Proof. The a priori estimate (5.4) says that at each time the square of the norm of the solution at the next
time step is bounded by a constant times the squares of the norms of the inhomogeneous term and the solution
at the current time step. Since the difference scheme (5.2) is linear, such an estimate implies the existence and
uniqueness of the solution. Hence it suffices to prove (5.4).

The key estimate for dealing with the time-difference term in (5.2) is

D ((v, Av) ) < 2 <06,ADA,51)>Z2 + (Sav, (DatA) Saev)pe - (5.5)

The first step towards deriving (5.5) is to use the definitions of the time-average v/ and time-difference D azv
and the symmetry of A to obtain

0(Sav)TAS v — (20 — Do(t)T ASaw — (1 — 0)v(t)T Av(t)

(v)TAD ppv = A : (5.6)

Since 26 — 1 > 0, estimating the mixed term v(t)T ASa;v on the right side of (5.6) via the Cauchy—Schwarz
inequality and simplifying yields

0(Sav)TASAv — (20 — V)v(t)TAS Arv — (1 — O)v(t)TAv(2)
At

(Sarv)TAS A0 — v(t)TAv(t) .
At

> (5.7)

DO

If the matrix A is constant then the right side of (5.7) is an exact time difference. When A is not constant then
it is evaluated at time ¢ everywhere in (5.7) so the right side of that expression is not an exact time difference,
but it can be expressed as a time difference plus a correction term involving the time difference of A, i.e.,

(Sarv)TAS Arv — v(t)TAv(t)
At

= 3 [Dai(v - Av) = (Saw) - (DarA)(Sarv)] (5.8)

N[—=
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Combining (5.6)—(5.8) yields (5.5). Substituting for AD v in (5.5) the value it has according to the numerical
scheme (5.2) yields

d
Dai (v, Av) o < (Sapv, (DarA) Sav) e +2 (v, A70; a0 )
j=1

d d
-2 vg,(a',Ax)* Bj’kak,m;ve . + 2 <v9, [ Cj8-7vac+D}v9> —|—2<v9,ﬁ> .
j%z:l < J [ ] >£ € ; p 02

(5.9)
We now turn to estimating each of the terms on the right side of (5.9).

When the assumption (2.12) on the coefficients B7* holds and the difference operators d; A, are centered
then using successively the definition of an adjoint operator, Parseval’s identity (4.5) plus formula (4.6) for the
Fourier transform of a difference operator and the identity 2w’ Bw = w” (B + BT)w, (2.12) and the fact that
the symbol of a centered difference operator is purely imaginary and hence the product of two such symbols is
real, and the Plancherel identity (4.4), the second-order terms in (5.9) can be estimated by

d d
—2 Z <U97 (8j,Ax)* [Bj,kak,Axve] >€2 =-2 Z <8j,AxU9aBj7kak,AxU9>gz
J,k=1 k=1
d

=—c > " Symb(8).40)(Az)Symb (G a0) (Az E)0? (&) [BIF + (BM)T] 0 (¢) (A¢)*

Jyk=18€ay

~ 2
<—cby > D ISymb(@;.40)(Az ) [0 (©)| (A" = —cbo > [|5.20° 72 (5.10)
J

E€lln, j

since (2.12) for real vectors implies that the same inequality holds for the real part when the vectors are complex
and one factor is conjugated, and the fact that the overall expression is real means that the imaginary part can
be ignored. Note that this argument uses the assumption that the difference operators 0; A, are centered since
that ensures that their symbols are purely imaginary and hence that the product of two such symbols is real.
When the stronger assumption (2.11) on the B?* holds then the last line of (5.10) is obtained directly as an
estimate for the second line there, without assuming that the 0; A, are centered differences.

Using the symmetry of the inner product, formulas for adjoint operators, the antisymmetry of central differ-
ences, the fact that the central differences in the first-order terms can be written in terms of elementary central
differences as 9; Ag.c = ZO<m§M7 dm,jDj mAz e, and the product rule (4.13) for D; 1, Ag,c lets us write and then
estimate the first-order terms as

d d
2 Z <Uev Ajaj,Az,cve>g2 = Z <Uev [Ajaj,Ax,c + (aj,Az,c)*(Aj)T] Ua>g2
7=1 j=1

d
= Z <U97 I:A]8]7A$yc - ijxchj] ,U9>Z2

j=1

d
=-> <v9, > dmy [ (DjmacA’) Sjmaz + (Djmar(Sjmas) " A7) (sj,mm)l]v">
j=1 0<m<M; e
d
<Y IDja0A e[ - (5.11)
j=1

Since all the terms after the last equals sign in (5.11) involve differences of the A7, a similar calculation shows
that the large terms in (5.9), which have constant coefficients, cancel to zero. Substituting (5.10) and (5.11)
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into (5.9) and taking into account the cancellation of the large terms, using the Cauchy—Schwarz inequality
for the term involving F', using the definition of v? and the estimate ||a + b||? < 2||a||? + 2|/b||?, and using the
positivity of A guaranteed by (2.8) then yields

d
Do (v, Av) s < [|D e Al 1S a0l + ¢ 3 1D; 2047l [0 + [0 x| Fller — cbo 3 (19200 [2
Jj=1 J
d ‘ s
< s |V DAl + 31D 047 e | (IS0l + oll2] + 5 1F
j=1
d 2
< (I llew, S acVlle) |1+ 1DacAllew + " I1Dsa0Allew | [ISacelily |+ ol] + 5.
j=1

(5.12)
By the discrete chain rule (4.11) and its time-difference variant plus the smoothness assumption (2.6),

[1DatA(EV )l < cr([V][eoe, [[SatV e )l D at Ve,
1Dj,00 A7 (8,2, V)le=e < es([[V[lee) (1 + [ Dj,aeV]|e).
Inserting these estimates into (5.12), using the discrete Sobolev embedding estimate (4.7) to replace all £°° norms

by Sobolev space norms, and using the definition of the time-difference operator in the expression D¢ (v, Av),»
yields

(1= co([Vlno+1, 152tV ne, el DaiV||n) At] HSAth?szA
<[+ co(IVIna+r, [1SaeV I, el DacV ) Al 0] + 2 HFHez (5.13)

The derivation of the bound c9 shows that it may be taken to be continuous and nondecreasing, so under the
assumptions of the lemma

co([IVIlno+1, 1SatVnes el DatV|ne) < cro := co(K1, K1, Ka) (5.14)

for all t € [0,T — At] N AtZ. Pick any constant 7 less than one and define Ag := J-; then for 0 < At < Ay

Cc1

the quantity 1 — ¢19At is positive, so the estimate obtained by substituting (5.14) into (5 13) can be solved for
ISl vielding
At

ISarliy | < Eoltlollf + sy 1Pl < [1+ 3220¢] [oll?y + g I F (5.15)

for all t € [0,T — At] N AtZ. Estimate (5.15) has the desired form (5.4) with Ry := 26_1;’] and kg =
our calculation shows that those bounds and Ay depend only on the claimed quantities.

1
= s and

Lemma 5.2. Assume that the hypotheses of Theorem 2.2 hold for some s, and let K1 and K5 be finite constants.
Then there exist a positive Ay and finite ks and R such that for all At € (0, 4], all T >0, all ug - aAx € h*,

all F € 0>([0,T) N AtZ; h®), and all V satisfying

sup  |[Vpe < K3, € sup [DatVne < Ko (5.16)
te[0,TINALZ te[0,T— At|NALZ

the solution of linearized numerical scheme (5.2) with initial data (5.3) satisfies the additional estimates

< (14 R;At)|v]

he, K (5.17)
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for allt € [0,T — At] N AtZ, and

1Sac(Dar)3e . < (1+RoA8)| D]},
At

?Ls—l + | (SAt)2'U‘
A

iil) (5.18)

for0<r<s—2 allt €[0,T —2A¢t] N AtZ. The constants As, ks, and Rs depend only on the bounds Ky and
Ky on V, the bounds Ms and mg in (2.6)—(2.7), the smoothness parameter s and the dimension d.

e 1DaF R+ 1DV IR ISarolls + 1S
At

Proof. Applying a spatial difference operator D%, to the scheme (5.2) yields

d d
A(EV)Da(DR,0) = > A (t,2,V)0; 20.0(DA,0)" = Y (95,82)" [B7 0k, 20 (DG, v)"]
j=1 J,k=1

. (5.19)
1 . _
+2 [Z C7 0 Av.c + D] (D%,0) + Fa,
el
where
Fo = D4, F = [D%,, AlDaw + Y _[D%,, A10; a0 . (5.20)
j=1

Since (5.19) has the form of (5.2) with v replaced by D%, v and F replaced by ﬁa, we can apply the estimate (5.4)
of Lemma 5.1 with those substitutions and then sum over 0 < |a| < s and use the definition of the h* norm to

obtain =
he +R0At Y || Fall? (5.21)

0<|a|<s

ISarelZ, |, < (1+ RoAb)o]

We now need to estimate the square of the ¢2 norm of the E,. For any norm,

N
>
j=1

2

N
<N llagl? (5.22)
j=1

so it suffices to estimate the square of the £? norms of each of the terms on the right side of (5.20). For the first
term we obtain simply
7. (5.23)

Y IDAFIE = | F]

0<]al<s

The second term on the right side of (5.20) is the most difficult, because of the presence of the time difference. To
treat this term, note first that since A°(0) is independent of =, [D%,, A(0)] = 0. In particular, if A is identically
constant then the whole second term vanishes. By the alternative in assumption (2.14), we can therefore assume
while estimating this terms that all the B7*¥ vanish. By the fact just noted, the Moser estimates (4.18) and (4.17)
show that this term may be estimated by

> DA AEV)Daw|7 = [[D4,, A(eV) — A(0)]| D aroll7:
0<|a|<s (524)
< a1l|A(eV) — A(0)] heo1 < e2ea([leVlna) V]

DAtU| isfl.

2
hs

D agv| he)

2
hs

By the difference equation (5.2) plus the above assumption, e D A;v equals a sum of spatial first-differences of v?
plus the undifferentiated term F', each multiplied by some matrix of size at most O(1). The Moser estimate (4.17)
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with s replaced by s — 1 and F = F(t,2,V, VY, 0; g 0?) := cA(eV) LA (t,2,V?)0; Az, cv? for one particular
term, with similar definitions for the other terms, yields the estimate

D swlnes < es(IV e, IS8tV o) (lollne + IS a0l (5.25)
Substituting (5.25) into (5.24) shows that
Y DA, AEV)IDawllE < ca(IV e, 152V lIne1) (Ioll7e + 1S acvllfe) - (5.26)

0<|a|<s

Write A7 (t,2, V%) = AJ(t,z,0)+ (Aj(t, x, VO — Al(t,z, O)), use (4.19) to estimate the commutator of D%, with
Al (t,x,0), and use the same method as for A (but without the need to convert any time difference) to estimate
the commutator with A7(t,z, V%) — A (¢,,0). This shows that the remaining terms on the right side of (5.20)
are also bounded by the right side of (5.26), possibly with a different ¢4. Substituting the estimates for all the
terms from (5.20) into (5.21), using (2.8) to convert the h® norms of v and Sasv into the h% and hg, 4 norms,
respectively, and using the assumed bounds (5.16) on V to replace all bounds involving V' by constants yields

,%EM)). (5.27)

Picking any constant 7 less than one and calculating as at the end of the proof of Lemma 5.1 yields (5.17) with

s _ Ro+42cs5k _ K
AS = mln(AO, ﬁ), Rs = Olfno’ and Rs = ﬁ

Applying to (5.2) the time difference operator D a; while using the product rule (4.12), then applying a spatial
difference operator ng with |3] < 7, and estimating in similar fashion to the calculation above yields (5.18),

he +es([lo]

Sarolf,, < (L RoA) ol + ot 1] 2.+ ISl

possibly after increasing the values of Ry and k. No additional assumptions are required on F , V or the initial
data because the lemma does not claim that the norms on the right side of (5.18) are bounded uniformly in At
or €. -

Proof of Theorem 2.2. Let v = T (V) denote the mapping sending the argument V of the coefficients of the
linearized difference scheme (5.2), with F(t,z) chosen to be F(t,z,V(t,z)), to the solution v of that scheme.
We will prove the existence of a unique solution of the nonlinear difference scheme (2.5) by applying the
contraction-mapping theorem to the mapping 7 on the set S of functions in £*°([0, 7] N AtZ; h*) satistying the
bounds [[w(0)|[nr < Ko, supsefo rjnaz lw(t)|ne < K, and sup,cpo - agnamz el Dacw(t)||ne < b := 2e3(K, K),
for some appropriate constants 1" and K, where K| is the assumed bound on the h® norm of the initial data in
the statement of the theorem and cg is the function appearing in (5.25).

We now show that K and T can be chosen so that 7 maps the set .S into itself. By (2.6), the assumed bound

llwo.e, Az llne < Ko for the standard norm of the initial data yields the bound
v %Z(m = w0, Az iz(sv) < My(eoc(d)Ko) K (5.28)

for the square of the h% norm, where ¢y is the constant chosen in the statement of the theorem, M is the function
appearing in (2.6), and ¢(d) is the discrete Sobolev embedding bound in (2.4). We will apply Lemma 5.2 with
Ky := K and K5 := b, and the bound Ay on the allowed values of At for the theorem will be the bound A,
obtained in that lemma for those values of K; and K5. Note that writing F(¢,z,V) = F(t,z,0) + [F(¢t,z,V) —

F(t,z,0)] and using the bound (2.6) and the Moser estimate (4.17) yields a bound || F(t,z, V)||7. < ¢p(||V|n:) <
¢p(K). Substituting this bound into (5.17) yields
1S atv] %%A | < (L4 RAG[o]|7, + kecr(K)AL. (5.29)

By Lemma 4.6 with w(t) := ||v(t)]

2 B .
Ry v (5.28)—(5.29) imply that

7. < el M, (eoe(d) Ko) K + <=Lkt (K) (5.30)

o]
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for t € [0,T] N AtZ, where R, and kg also depend on K. Moreover, by the definition of the set S and the fact
that eV () = eV (0) + 2% ' eDaV (jAt) At,

el[Vileee < e(d)e||[Vl[nr < e(d)(e0Ko + bi). (5.31)

Using (5.31) to estimate the argument of mg in (2.8) together with the bound (5.30) shows that

t

2. < mo(c(d)(e0 Ko + bt)) (eRstMs (0c(d)Ko) K2 + <= ‘%SEF(K)) . (5.32)

[l

Rs

The right side of (5.32) is an increasing function of ¢ whose value at time zero is mq(c(d)eoKo)Ms(goc(d) Ko) K3.
We therefore pick K to be any number greater than the square root of that quantity, and let 77 be the value
of ¢ at which the right side of (5.32), with that value of K substituted into the parameters that depend on
it, equals K2. By construction, T} > 0. Moreover, the initial data for the linearized scheme satisfy the bound
lv(0)|[he = |lvoe,azllne < Ko, and estimate (5.25) shows that e||Dav|lpe < b. Hence for any T < T} the
mapping 7 indeed maps S into itself. B

Now let V' and V be two elements of S and consider v := 7 (V') and v := 7 (V). Take the difference of the
equations (5.2) for v and ¥, with F in (5.2) defined as F(t,2,V) in the equation for v and as F(t,z,V) in
the equation for v in accordance with the definition of 7. After rearranging to express the result in terms of
w:=v—vand W:=V —V we obtain

d d d
. . 1 .
A(eV)Dayw = ZAJ (t, 2, V)9 pw.cw’ — Z (0,42)" [B7* 0k, a0w’] + - ZOJa,Ax,C +D|w’ +F,
j=1 7,k=1 j=1
(5.33)
w(0) =0, (5.34)
where the inhomogeneous term
~ ~ i i d . ~ ) ~
Fi= {F(t, e,V + W)~ Ft,z, V} v {M} eDaw -3 {AJ (eV + W) — A (eV)} 8; A’
j=1

(5.35)

can be estimated in similar fashion to estimates in the lemmas above to yield || F||% < cx(K,b)||W||Z,. Using this
bound in estimate (5.4) and then applying Lemma 4.6 and translating back to the standard ¢? norm via (2.8)
yields |[w(t)]l2 < p(t) maxo<s<t ||W]|ez, where p(t)? = mo(c(d)eK) ER;OA/@OC;(K, b). Picking any p < 1 and
defining T to be the value of ¢ at which p(t) = p shows that 7 is a contraction on S in the £2 norm provided
that we set T'= min(7T7,T3). As for the PDE case the set S is closed in the £? norm; in fact this is trivial for the
periodic finite difference case since the spaces ¢? and h* are finite-dimensional; in particular, as already noted
in (2.3), the corresponding norms are equivalent for fixed Ax. Hence the conditions of the contraction-mapping
theorem hold and so 7 has a unique fixed point in .S, which is the claimed solution of the nonlinear difference
scheme. The claimed h® bound on the solution holds by the definition of the set S.

When the initial data satisfies (2.15) with r < s — 2 then the first step towards obtaining a uniform bound
for [|Datul|nr, is to show that it is uniformly bounded at time zero. To do this we apply Dgz to (2.5), take the

£2 inner product of the result with DZxDAtv, add the result over |3] <7 < r, and set ¢ = 0. On the left side

we obtain ||Dagu |t=0\|i; plus the commutator term Zlﬁ\<7 <DiwDAtu lt=0, [Dix,A(eu)]DAtu ‘t:0>z2’ which
A <
vanishes when 77 = 0 and is bounded in absolute value by ¢[| D atu [e=ol| 7, [[ D attt |t=ol[,7—1 when 7> 0. The terms
A

on the right side containing A7, B/*¥ and F are bounded by a constant times || D Azt | ;o] hs, on account of the
h® bound for u, the Moser estimates, and the fact that 7 < s — 2. To estimate the large terms, write the time
average u’|;—o appearing in them as Uo,e, Az +O0ALD A |¢=0; the part of the large terms containing 0 AtD au |1=o
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vanishes by the antisymmetry of the operator in those terms, while by assumption the part containing ug .. A
is bounded by a constant times || Dt [¢o||;,7 - Combining these estimates and dividing by the common factor

of [|Dagu ft=ollns, yields [|Dagu fi=ollpg, < ¢ and [|[Dagufi=olly7 < ¢+ [|[Daru ‘t:(}”hifl for 1 <7 < r, which by

finite induction yields the claimed uniform bound at time zero. Combining this bound with estimate (5.18),
Lemma 4.6, and (2.8) then yield the uniform bound on Dazu at later times claimed in the theorem. O

5.2. Energy estimates via Garding’s inequality

Lemma 5.3. Assume that the hypotheses of Theorem 2.4 hold for some s, and let K1 and K3 be finite constants.
Then there exist finite ko and Ry such that for all At € (0, o], all T > 0, all ug.c Az € 2, all F € £>([0,T]N
AtZ;02), and all V satisfying

sup  |[V[por2 < Ky, € sup [DatV e < Ko (5.36)
te[0,TINALZ te[0,T—At|NALZ

the linearized numerical scheme
Ana (A, eV)S a0 + ALQ pr (A)Sasv = G (A, ta, eV, 17) v+ AtE(t,z), (5.37)
v(0) = v, Az (5.38)

where V denotes any finite collection {SKX,V }aj<m of spatial shifts of V', has a unique solution in £°°([0,T] N
AtZ; 0%) satisfying

[Sawllh, . <@+ RoAt)olfs  + moAt|[Fz (5.39)

SatV)

forallt € [0,T — At]NAtZ. The constants ko and Ry depend only on the bounds K1 and Ko on V', the bounds
in the assumptions of Theorem 2.4 and the dimension d.

Proof. Taking the ¢2 inner product of (5.37) with Sasv and using the antisymmetry of the operator Q A, yields

||5At”||ig‘(sv) = (8410, AnzSatv) ;2 = (Satv, Gazv) 2 + At (Sav, F) pe (5.40)

Using (2.31), Cauchy—Schwarz, estimate (2.25), estimate (2.26) plus formula (2.20) and the second part of
Corollary 4.9 with n = ¢At and § = ﬁ—; if A is constant, or the first part of that corollary, still with n = cAt
and using the fact that Az < cAt by (2.27) if A is not constant, and the elementary bound ab < %az + %bQ
yields

—~

SAtU, GA$U>Z2 + At <SAt'U7 HAxU>g2

(Satv, ASatv) e + 3 (0, G (A) T Gagv) 1o + 5L (Sarv, BazSatv) e + 5L (v, Bagv)e
(Sarv, ASa) 2 + (14 cAt) (v, Av) e + % (Satv, BAzSAtv) 2 + % (v, BAgV) 2
(Sarv, AazsSarv) e + (1 + cAt) (v, Aagv),e -

<SAtU7 gAgc'U>p =

A

IAIA
N[= N[= D=

(5.41)
By (2.26) and Corollary 4.9, the constant ¢ in (5.41) depends at most on ||V||,0+2. Since the assumptions (2.8)
plus (2.22) imply that Aa, > WI,
At (Saw, F) o < A [[[Sa]|Z2 + [|F|72] < cAt (Sarv, AazSarv),e + 4L F||2. (5.42)

In addition, by writing the difference as the integral of a derivative and using the Moser estimate (4.17) and
the Sobolev embedding estimate (4.7) we obtain

1
d
[A(eSatV) — A(eSatV)|le = || / L AEBSaV + 1 = s)V)dsllex < c([[Viiae,s [1SaeVIae ) DaeV Ine,
0
(5.43)
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which implies that
”Sm””i&(ssmw <(1+ cAt)||SAtv||i?4(Ev). (5.44)

Substituting (5.41)-(5.42) into (5.40), solving the result for (Sa:v, AatSatv),2, and substituting the result into
the right side of (5.44) yields (5.39). O

Proof of Theorem 2.4. We first obtain the analogue of Lemma 5.2. Before applying a spatial difference operator
% to equation (5.37), we rearrange that equation to show that the commutator terms that arise will have
a similar form to those in Lemma 5.2. Assumption (2.21) implies that, after subtracting Av from both sides
of (5.37) and multiplying both sides of the result by (At)~!, the terms multiplied by A on the left side can be
written as a time difference and the terms arising from Ga,v — Av can be written as spatial differences. Note
that although the term Aol i‘; Sap =1
be written as ﬁ—f times A ZZSZ‘EJ]U, and by assumption (2.27) either ﬁ—f is bounded or else A is constant
and hence this term produces no commutator terms. Hence D%, applied to (5.37) can be written as that same
equation with v replaced by D9 v plus At times commutators that can be estimated by a constant times spatial
differences of order at most ||, which can be estimated in similar fashion to the estimates for the commutators
of the #-scheme. Estimating as in the proof of Lemma 5.2 but using the basic estimate of Lemma 5.3 instead
of Lemma 5.1, and using Lemma 4.2 to bound the term involving Ba, in the analogue of (5.25), therefore
yields the desired estimate for (v, Av),.. As in the proof of Lemma 5.2, an estimate for the time difference is
obtained similarly. Given those estimates, the rest of the proof is similar to that of Theorem 2.2. In particular,

the same trick used in the proof of that theorem can be used to show that when HQAIWO,E,AxHh;(O) < ce then

D astt|4—o || is uniformly bounded, since the purely-implicit form 1Qa,Sasu of the large term in (2.32
A(0) 5

is a sum of spatial differences divided by At rather than by Az, it can

corresponds to the case § = 1 of the #-scheme. O
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