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Abstract

We prove that a standard second order finite difference uniform space discretization of
the semilinear wave equation with periodic boundary conditions, analytic nonlinearity,
and analytic initial data conserves momentum up to an error which is exponentially
small in the stepsize. Our estimates are valid for as long as the trajectories of the full
semilinear wave equation remain real analytic.

The method of proof is that of backward error analysis, whereby we construct a
modified equation which is itself Lagrangian and translation invariant, and therefore
also conserves momentum. This modified equation interpolates the semidiscrete system
for all time, and we prove that it remains exponentially close to the trigonometric
interpolation of the semidiscrete system. These properties directly imply approximate
momentum conservation for the semidiscrete system.

We also consider discretizations that are not variational as well as discretizations
on non-uniform grids. Through numerical example as well as arguments from geomet-
ric mechanics and perturbation theory we show that such methods generically do not
approximately preserve momentum.
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1 Introduction

When differential equations possess special structure or symmetries, it is often desirable that
numerical methods for such problems either preserve these structures or possess appropriate
discrete analogs.

The theory of structure preserving discretizations is well-developed for ordinary differen-
tial equations. In particular, Hamiltonian ordinary differential equations can be solved by
so-called symplectic or variational integrators [10, 18, 29]. In addition to exactly preserving
the symplectic form, these integrators have been shown to conserve energy over exponentially
long times [1, 8, 9, 27]. Such conservation properties are of crucial importance in celestial
mechanics, molecular dynamics, and other application areas.

As a continuous system and its discretization will generally diverge arbitrarily far from
each other as time advances, results on approximate energy conservation for symplectic meth-
ods usually rely on backward error analysis. To analyze the discrete system another contin-
uous system is constructed, known as the modified equation, that can be proved to remain
close to the discrete system for very long times. Then the properties of the modified system
can be used to infer properties of the discrete system. The process of constructing the mod-
ified equation for time discretizations of ordinary differential equations can be seen as the
averaging of a rapidly forced ordinary differential equation using a result of Neisthadt [22].
He was the first to prove exponentially small error estimates for the embedding of a close to
identity diffeomorphism (e.g., a one-step numerical method) into the flow of an autonomous
differential equation.



Recently, similar ideas have been applied to construct and analyze structure preserving
discretizations of partial differential equations. So-called multisymplectic integrators have
been developed for Lagrangian systems by Marsden, Patrick, and Shkoller [17], and for Hamil-
tonian systems by Bridges and Reich [2, 28]. These have led to exciting new developments
in methods for solid mechanics [14] and fluid systems [25]. In the case of vortex methods for
fluids the numerical method itself has an interpretation as the “modified” pseudo partial dif-
ferential equation [3] or even partial differential equation [23]. De Frutos and Sanz-Serna [4]
studied energy and momentum conserving discretizations of KdV solitons, and found them
to be much more accurate than non-conservative ones.

Most of the work in the context of partial differential equations focuses on exact preserva-
tion of conservation laws or their discrete analogs. Much less has been done for cases where
one can obtain approximate conservation of some property under discretization, and there
there are few rigorous results with, as far as we are aware, the following exceptions. Matthies
[19] proves that a fully discrete reaction-diffusion system on a torus can be embedded into an
autonomous ordinary differential equation with exponentially small error under a restrictive
coupling assumption between spatial and temporal stepsize. In [31] we analyze approxi-
mate energy conservation of temporal semidiscretizations of semilinear wave equations—for
a related result on averaging of rapidly forced Hamiltonian evolution equations see [20].

Moore and Reich [21] made a first step towards a formal backward error analysis for
multisymplectic discretizations of semilinear wave equations and their corresponding energy
and momentum conservation laws. They derive a modified higher order multisymplectic
partial differential equation which is satisfied by the numerical solution with higher accuracy
than the discretization error.

As shown in [17], variational multisymplectic discretizations can preserve vertical sym-
metries, i.e., symmetries which are not discretized. But horizontal symmetries, such as
translations in space, are discretized by finite-difference type methods, so the question arises
whether and how well a variational discretization will conserve the momentum corresponding
to the discretized symmetry. In this paper we give an affirmative answer in a simple, yet
prototypical situation: Conservation of momentum by the semilinear wave equation under a
variational spatial semidiscretization on a uniform grid.

We study the semilinear 1+ 1 wave equation on the circle S' = R/277Z,

Optt = Ogzu + f(u). (1.1)

In addition to possessing a Lagrangian and Hamiltonian structure, the evolution preserves
the momentum

Ju](t) = Opu Ozude . (1.2)

Sl

We find numerically that, among four different spatial semi-discretizations, only the vari-
ational spatial semi-discretization on a uniform grid preserves an interpolated momentum
within computational accuracy, while all other schemes display significant momentum drift.
This behavior is explained by the following theorem, an extended version of which is proved
in Section 7, Theorem 7.9.

Theorem 1.1. Assume that f is entire, and that the exact solution u = u(t,z) to the
semilinear wave equation is real analytic with uniform spatial radius of analyticity larger
than some r > 0 on [0,T] x S*. Further, let uy(t) denote the approximate solution that



corresponds to the standard symmetric space-semidiscretization with uniform grid size h,
and let ip(up) denote the trigonometric interpolant of up. Then there exists a constant
k = k(u,T) independent of h such that

| Tu](8) = Jlin(un))(t)] < we™™/" (1.3)
uniformly on [0,T).

Note that if the nonlinearity is entire, the initial value problem for the semilinear wave
equation is well-posed in certain spaces of space-analytic functions on some interval [0, 7],
for details see [26, 6] and Section 7.2.

Our proof is based on a modified functional equation which is not a partial differential
equation, but which interpolates the discrete system and so remains close to the discrete
system for as long as the true solution of the wave equation remains sufficiently regular.
To our knowledge, this is the first rigorous backward error analysis result for spatial semi-
discretizations. We also show that the interpolated momentum for the linear wave equation
is exactly conserved for the same variational uniform discretization (Theorem 6.2), but gener-
ically drifts on sufficiently long time scales when the grid is non-uniform (Theorem 6.4).

We believe that our result extends to higher order methods as well as to other equations
and full space-time discretizations. Leaving these generalizations for future work, we restrict
ourselves to a simple prototype model in this paper.

We begin the analysis of this model problem in Section 2 by recalling the variational struc-
ture of the wave equation. The spatial semidiscretizations are then defined in Section 3 and
are studied numerically in Section 4. The behavior of these semidiscretizations is described
by defining appropriate modified equations in Section 5.

The final two sections of the paper contain detailed proofs of the observations and claims
in the earlier parts. In particular, Section 6 establishes why the discrete analogue of the
momentum map is defined as it is, and why one cannot hope to prove a stronger result
than Theorem 1.1. Finally, Section 7 contains a more general formulation and proof of this
theorem.

2 Variational Framework

The semilinear wave equation (1.1) has a Lagrangian formulation, where the configuration
space @ is some space of sufficiently smooth functions, and the Lagrangian L: Q x @ — R is
given by
1 1
L(u,v) = / {— v? — = (0pu)* + F(u)| dz, (2.1)
g2 2
where for most of the paper we assume that f = F”’ is entire, i.e., is an analytic function on
all of C. We also consider analytic functions f which are not defined on the whole of C as
well as C* nonlinearities, but will focus on the case where f is entire.
Since v is the velocity of u, the corresponding Euler-Lagrange equations read

Ou=v, (2.2a)
0w = Opgu + f(u). (2.2b)



The semilinear wave equation is also Hamiltonian with

1

H(u,v) = /Sl {5 v? 4 % (0zu)* — F(u)| dz. (2.3)

Observe that the Lagrangian does not depend explicitly upon z. This means that it is
invariant with respect to the group action

7y (0, 0)(2) = (u,0)(z +y) (2.4)

of R on Q. The infinitesimal generator of this action on @ is £g: u +— Oyu, and so the
corresponding momentum map is

oL
J(u,v) - € = %(u,v) -€o(u) :félvazudx. (2.5)
Thus, J: @ x Q — R is given by
(u,v) /Slv udx (2.6)

We know from Noether’s theorem [16] that this quantity is an invariant of the motion, so
that J(U(t)) = J(U(0)) for all t and U(t) = (u(t),v(t)) € Q x Q.
Momentum conservation can also be checked by direct calculation,

i vo,udr = / [&gv Oyzu +v @Ctu} dz
dt Sl Sl

= / [0z2u Ot + f(u) Opu + Opu Oppu] da
Sl

/ L[4 (Beu)? + F(u) + 3 (0u)?] da
0,

(2.7)

where we have used integration by parts and the fact that S* has no boundary. In Section 7.2
we review results on the existence of a flow of the semilinear wave equation on appropriate
function spaces.

For our subsequent analysis we need to re-express the momentum in Fourier variables,
where we adopt the following convention. The Fourier coefficients of a function u € L?(S?1)
are denoted

U e *y(z) dr = (ep, u) 2, (2.8)

where .
elk:w

ex(z) = N

are the normalized eigenfunctions of the Laplacian on L?(S'). The inverse transform then

reads
z) =Y g er(x). (2.10)
kezZ

(2.9)



In Section 6.3 we discuss the effects of grid distortion and will need to define the trigonometric
interpolant of a real function on a non-uniform mesh. For this purpose it is more natural to
write the Fourier transform in terms of the normalized sine and cosine functions

cos(kx) sin(kx)
Nz VZ
so that the inverse Fourier transform reads

u(x) = g 60+Zuk cr(x Z (2.12)

k=1 k=1

cp(z) = and sg(x) = (2.11)

where 15 = V2 Re @y, and Uy, = —/2 Im 4y,. Finally, by direct computation,

Zlkvkuk ka

kEZ

x-n
S~—

(2.13)

3 Spatial Semidiscretizations

Throughout this paper, we take N nodes in S! at positions z;, where i = 0,..., N — 1, and
denote approximations to u(x;) and v(z;) by up,; and vy, 4, respectively. Let h = 2w /N be the
average grid spacing. When the grid is not uniform, the ith grid cell has width h; = x; —z;_1
fori=1,...,N, and h; = h only in the special case of a uniform grid. It is understood that
all indices are in Zy = Z mod N, so that i = —1 is equivalent to ¢ = N — 1 and, similarly,
i = N is equivalent to i = 0. The discrete configuration manifold is @, = RY.

3.1 Variational semidiscretizations

We replace the z-derivative in the Lagrangian (2.1) by a simple finite difference and approx-
imate the integral in a way that will lead to a consistent finite difference scheme even when
the grid is nonuniform. We obtain a semidiscrete Lagrangian Ly : Qp X Qp — R, defined by

N-lp ) N . . ,
: ”1 i+l [ Uhitl — Uni

Fluni) ) = : L) 3.1
Uh, Uh lz (2 Vi T+ (uh )) 5 < o ) ( )

Noting that d;up, = vp,, we compute the semi-discrete Euler-Lagrange equations,
Ot = Uhi (3.2a)

2 Uh,i+1 — Uh,i Uhi—uhi1>

O = 7 s )+ fun) - 3.2b
e hi+1 + hq, < hi+1 hl f( h, ) ( )

Writing (-, -) to denote the standard Euclidean inner product on RY or CV we now endow
@y, with the scalar product

2

- hi + hita

5 uh,i wh,i ; (33)

<Uh,wh>Qh = <Uh>wh>h =

s
Il
=)

[=p}



and use this inner product on @y X Q. This new scalar product corresponds to the metric
which is generated by the kinetic energy of the discrete system and converges to the L2-
scalar product on the continuous configuration space @ when hq,...,Axy — 0. Then the
semidiscrete system is also Hamiltonian with energy

N-1 2
h; + h; 1 h; Up.i+1 — Uhi
Hy, (un, pn) = Z Tﬂ <§ pi’i - F(“hz)) + 2+1 ( . J;;_H L ) . (3.4)
i=0 ‘

and with symplectic form (-,J-)p = (-,Jn ) on Qp X Qp, where
0 id
J(—id 0) . (3.5)

Uh :J;:1VHh(Uh) ZAhUh+Bh(Uh), (36)

We can then write

where Uy, = (up,vn) € Qn X Qp and V denotes the gradient, i.e., VH}, is a column vector.

Moreover o (th 1(()1) B = (fh(()Uh)) 7 (3.7)

(fn(un))i = f(up,), where the discrete Laplacian Ay, is given by

(Apup)i = hi+12—|— " (UhHht; Uhi Ui —h':th,i1> . (3.8)

On a uniform grid, system (3.2) reduces to
(Un,i)e = Vni (3.92)
(vni)s = Up,it1 — 2Un,i + Uni—1 b Fluns). (3.9b)

B2
This system is Zy-equivariant, so that the vector field on the right of (3.9) commutes with
the shift operator 7,: Qn X Qn — Qn X Qp given by

(Thun)i = Un,it1 - (3.10)

We think of the grid symmetry on Zy as the remnant of the continuous translation symmetry
on St

3.2 Non-variational semidiscretizations
We are also interested in non-variational schemes, and introduce the family of semi-discrete
wave equations

Opuip,i = Vh,i (3.11a)

2 Upit+1 — Uh,i Uk — Uhi—1
: - : i 1- ;) (3.11b
hit1 + h; ( hita hi ) o flunen) + (1= @) flung) (3110)

Opvpi =



with o € [0,1]. This is a first order discretization in general, and it is second order when the
grid is uniform and « = 0. For a = 0 the system reduces to (3.2).

We call the discretization (3.11) variational if it is an Euler—Lagrange equation of a simple
mechanical system. That is, we require that it possess a discrete Lagrangian L of the form
Ly (up,vp) = T(v) — V(up) with a kinetic energy T'(vp,) and a potential energy V (uy) where
the kinetic energy reduces to T'(vy,) = 3 (vn, vp)p in the case of a uniform grid. We then have
the following.

Lemma 3.1. The discretization (3.11) is variational for arbitrary nonlinearities f and grid
points xq, ..., ry—1 if and only if « = 0.

Proof. When o = 0, (3.11) is variational with Lagrangian (3.1). When a # 0, consider
the linear uniform case where f(u) = u and x; = hi. Since T'(vp,) = %(vh,w)h, the Euler—
Lagrange equation can be written as a Hamiltonian vector field with structure matrix J;, = AJ
on Qp X Qp. It is thus sufficient to show that the vector field in (3.11) is not variational with

respect to the standard structure matrix J, i.e., does not satisfy JB = —B7].
Indeed, By (Up) = BUy, is linear with B given by

(Bup); =0, (Bun)i = atn,it1 (3.12)
and therefore .
IB =« (Toh 8> and —BT]=a (Tg 8) , (3.13)

where 75, is the grid translation defined in (3.10), and 7/ = 7_j,. Therefore, B is not
infinitesimally symplectic with respect to the symplectic form J,. We conclude that (3.11)
cannot be written as an Euler-Lagrange equation, and thus cannot be variational. O

Remark 3.1. This lemma does not guarantee that the system is not symplectic, and hence
variational, with respect to some non-canonical symplectic form. However, the numerically
observed energy drift for o # 0 strongly suggests that the corresponding scheme is nonvari-
ational with respect to any symplectic form—see Section 4.

3.3 Interpolated momentum

To study the conservation of the momentum J under discretization we must define a discrete
analog of the momentum map. In principle, any consistent approximation to J will do—
here we choose to first compute a trigonometric interpolant of the solution on the grid, and
then apply the momentum J to the interpolated function. Later, when in Section 6 we
establish the connection between the interpolated momentum and interpolations of discrete
grid symmetries, this construction will turn out to be the natural choice.

We proceed as follows. Define a grid projection operator 7p,: Q — Qp by

7 (u) = (u(xo),...,u(zy_1)) (3.14)

and a trigonometric interpolation operator iy : @ — @ by

ino (N/2] (N-1)/2]
in(un)(@) = 24+ > dhpa@+ Y (@), (3.15)
k=1 k=1



where [a] denotes the greatest integer less than or equal to a, and the basis functions are the
normalized sines and cosines

sin(kx)
o

The coefficients of the interpolation formula are real and can be chosen uniquely so that
mp ot = id. We will also write 7,1 Q X Q — Qp, X Qp, for the map (up, vr) — (wx(up), 7x(vp)),
and similarly we write ip: Qp X Qp — Q X Q.

Defining the interpolated momentum map J, = J oip: Qp X @ — R, we see that it can
be computed as a finite truncation of the Fourier expression for the continuous momentum
map, equation (2.13),

and si(x) = (3.16)

[(N—1)/2]
Jn(up,vp) = Z K (@, 5 05 g — Uk Oho k) - (3.17)
k=1

When the grid is uniform, the interpolation coefficients 4, o, 4y, ., and uy, 4 are determined
through the discrete Fourier transform [5, Section 7.2.2]. Namely,

N—-1
~ h —ikx; —
kT Vo ;e K un = (en ks un)ay (3.18)
for k = —[(N —1)/2],...,[N/2], where z; = jh and
€h,k = TThp O €L = (ek(xo),...,ek(x]\;_l)) (319)

are the eigenfunctions of the discrete Laplacian Ay, orthonormal with respect to the @)y, inner
product. The inverse transform is given by

1 [V/2]
ikx; ~
Up,j = —F— E e Up g . (3.20)
V2T (Ne1)/2)

By changing to normalized discrete sine and cosine functions
Chk =Tpocy and s, =T 0 Sy, (3.21)

the grid projection of the trigonometric interpolation formula coincides with the Fourier
inversion formula

[V/2] [(N—-1)/2]
up, = Up,0 €h,0 + Z ﬂz,k Chk + Z ﬁz’k Sh,k (3.22)
k=1 k=1

provided 45, , = v/2 Re i, and @5, , = —v/2 Tm @i .
Finally, notice that the discrete Fourier transform is an orthogonal map (or isometry)
from Qp, to ¢*(Zy), i.e.
(uh, wh>h = <ﬁh, ’uA)h> . (323)



Remark 3.2. Note that trigonometric interpolation is also used in von Neumann spectral
analysis of uniform finite difference schemes. The reason behind this choice of interpola-
tion is that the grid projection ey of each Fourier mode e'** is an eigenfunction of the
discrete Laplacian. Moreover, the one-dimensional space spanned by e'** is invariant under
translations—it is a one-dimensional representation of the translation group. This distin-
guishes trigonometric interpolation from any other interpolation.

4 Numerical Results

We now investigate numerically how well semidiscrete wave equations preserve the inter-
polated momentum. We compare four special cases of (3.11) with N = 21 grid points on

St

(a) Lagrangian, uniform: The Lagrangian discretization (3.2) on a uniform grid specified
by
w;=hi fori=0,...,N—1. (4.1)

(b) Lagrangian, non-uniform: The Lagrangian discretization (3.2) on a non-uniform
grid (see Figure 1) specified by

x; = hi — 0.4sin(hi) fori=0,..., N —1. (4.2)

(¢c) Non-Lagrangian, uniform: The non-Lagrangian discretization (3.11) with o = 0.01
on the uniform grid (4.1). Note that this is a second order discretization of d2u, but
only a first order discretization of the nonlinear term.

(d) Non-Lagrangian, non-uniform: The non-Lagrangian discretization (3.11) with o =
0.01 on the non-uniform grid (4.2).

In our example we take nonlinearity F(u) = 0.1u?, so that the semilinear wave equation
reads
Ot = Oggu+ 0403 . (4.3)

The initial conditions for all numerical simulations are taken to be the projection by 7 of

the continuous functions
5 5
up(z) = = exp <cos5(x)> —5 (4.4a)

vo(x) = exp (@) —1 (4.4D)

onto the appropriate grids. These initial conditions are clearly analytic, which is reflected in
the exponential decay in their power spectra, as shown in Figure 5.

We simulate the four semidiscrete systems with a very accurate symplectic time integra-
tion scheme, so that there is very little error introduced by time discretization. The absolute
error between the semidiscrete trajectories and the projection of the true solution to the
semilinear wave equation is shown in Figure 2. From this figure it would appear that the
four different semi-discretizations are behaving quite similarly.

10



non—uniform ¥x x X X X X X X X X X X X X X X X X XX3

uniform ¥ X X X X X X X X X X X X X X X X X X X X 3

0 6.28

Figure 1: Grids used for numerical examples. Both grids have N = 21 points (z is identified
with x91), and are specified by equations (4.1) and (4.2).
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—— Lagrangian, uniform
— — Lagrangian, non—-uniform
0.8} Non-Lagrangian, uniform
— - Non-Lagrangian, hon-uniform
: i
a_) 0.6F /\ Pt \,ij\)
2 ) Al
=1 /\ v
. s/
§ 04 [ /\f\/\} T
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Figure 2: Absolute trajectory error. All four semidiscretizations behave similarly. Due to the
small value of «, there is almost no difference between the Lagrangian and non-Lagrangian
errors and consequently the corresponding error curves coincide. There is only a moderate
difference between the errors of the solutions on uniform and non-uniform grids.
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Figure 3: Interpolated momentum as defined in (3.17). Only the Lagrangian semidiscretiza-
tion on a uniform grid has a nearly constant discrete momentum. All other semidiscretizations
have significant momentum drift.

If we now consider the evolution of the discrete momentum, however, as shown in Fig-
ure 3, then we see quite a different story. Here the Lagrangian semidiscretization on the
uniform grid conserves the discrete momentum almost without error, while all of the other
semidiscretizations experience substantial momentum drift.

The energy evolution of the various discretizations is shown in Figure 4. The situation
here is different to that for momentum, as the Lagrangian semidiscretizations have exactly
conserved energy functions, while the non-Lagrangian semidiscretizations do not have any
conserved energies. This is purely a product of the variational nature of the systems, and
unrelated to uniformity of the grids.

Finally, the power spectra of the true solutions of the semilinear wave equation are shown
in Figure 5. Note that the spectra decay exponentially, which will be important later when
the regularity of solutions is considered.

5 Modified Equations

To give a theoretical explanation for the numerical results of Section 4, we construct conti-
nuous equations which are closer to the semidiscrete systems than the original wave equation
is—indeed, they interpolate the discrete solution. In Section 7 we analyze these modified
equations to infer properties of the semi-discrete system.

Let Q be a space of sufficiently smooth real valued functions over the circle S'—for the
precise functional setting see Section 7—and let T’ Q be its tangent space.

Our grid is defined through a smooth, monotonic diffeomorphism g of S* which leaves

12
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Figure 4: Energy error. The Lagrangian semidiscretizations conserve energy, whereas the
non-Lagrangian semidiscretizations do not.

0 10 20 30 40 50
wave number

Figure 5: Power spectrum of exact solution (to numerical precision) of the semilinear wave
equation with initial conditions (4.4) at ¢ = 100. The exponential decay of the modes
indicates that the exact solution is still in an appropriate Gevrey space. The power spectrum
of uy, is given by (Juf, ,|* + |u5, ,|#)*/2 for k > 1 and |up |, with corresponding expressions
for vy,.
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x = 0 invariant. We set
z; = g(hi) (5.1)
for0=1,...,N —1 and h = 27/N, and define the smooth, positive and 27-periodic grid
increment function AT via
h(g(2)) = g(z +h) — g(2) (5.2)

for z € S1. Tt is convenient to also define the grid decrement h~ through
h™(x+ht(z)) =ht(2) (5.3)

for every x € S'. Finally, note that
N
S bt () =2, (5.4)
i=1

where y; = z; or, more generally, yo =y € S and y; = y; 1 + ht(y;—1) fori=1,...,N — 1.
A natural grid interpolation corresponding to our numerical non-uniform grid function is the
choice where h™(x) and h™(z) are computed from g(z) = x — 3 sin(z).

Now define the modified Lagrangian Ly: Q x Q — R to be

- Tz “(z
Entinein) = 5 [ EEE (Lak0) 4 Flan) ) a5

L[ @) (an(z+ bt () — @)\,
G L0 () et 69)

which is consistent with the true Lagrangian (2.1). In the special case a uniform grid, this
simplifies to

Entinon) = [ 5tk - (ﬁh(x+h,iﬂh(x))2 F@n)] . 69

When taking variations of the general modified Lagrangian, we need to make the change
of variables y = = + h'(z) in one of the terms. Note, therefore, that (5.2) implies that
x+ ht(x) = g(¢g~1(x) + h), so that g~ (y) = g7 (x) + h and dg~'(y) = dg~'(z). It is then
straightforward to check that the Euler-Lagrange equations are

Opup (z) = vp(x) (5.7a)
. B 2 ap(x +ht(z)) —ap(z)  ap(z) —anl(z — h=(2))
R o e R e )
+ f(an(z)) . (5.7b)

For uniform grids, system (5.7) simplifies to
Optp(x) = vp(x) (5.8a)

Dyin(x) = @ H) = M’];f”) Fn@=h) | ). (5.8b)

14



These equations are just an uncountable number of uncoupled ordinary differential equations
of dimension N, which we regard as an ordinary differential equation on the function space
QxQ.

The general modified equation corresponding to (3.11) is

Opup (z) = vp(x) (5.9a)
N B 2 ap(x+ht(x)) —ap(z)  ap(x) —ap(e —h™ (x))
0= e ()
+oa f(in(z+ 0" (@) + (1= a) f(in(r)). (5.9b)

Like the discrete system (3.11) in Lemma 3.1, the general modified equation (5.7) is varia-
tional if and only if @ = 0. Observe that the modified equations have the special property
that they exactly coincide with the corresponding spatial semidiscretization on grid points.

We are interested in when the modified equation has the same spatial translation symme-
try as the original wave equation. Recall that the group action has the infinitesimal generator
5 @ — Oyh, which lifts to the generator {5, 5 (@, ) — (051, 0;0). The corresponding mo-
mentum map is thus the same as that for the original wave equation. We will also write that
J: Q x Q — R is given by

J(ﬂh,f}h):/ @hazﬂdx (510)
g1

In the special case of a uniform grid, the general modified equation (5.7) is translation
invariant. For general grids, however, this is not the case as the following lemma shows.

Lemma 5.1. System (5.7) is equivariant under arbitrary space-shifts if and only h*(z) = h,
i.e., the discretization is uniform.

Proof. We have already argued that (5.7) is S'-equivariant on a uniform grid. To prove the
converse, assume (5.7) is Sl-equivariant under translations, i.e., the right hand side of (5.7b)
commutes with the shift operator 7,, where (t,u)(z) = u(z +y). Fix z € S* and choose a
smooth test function @(x) whose support is contained in a small neighborhood of z so that,
in particular, @(z + h™(z)) = @(z — h=(z)) = 0. Then equivariance of (5.7b) implies that

_ 2 —1 _ 1 _ -9
1@ = e @ <h+<x> h(as)) @) (@) (5-11)

is independent of x = z + y for y small. As the circle can be uniformly covered with such
neighborhoods, ¢(z) is constant on all of S*, and therefore

ht(z)h~(z) = C. (5.12)

From (5.3) we see that [z, x4+ 27] is divided into N intervals such that each of length h~(z) is
followed by one of length A (z), followed again by one of length A~ (z). So h' (z) +h™~ (z) =
2h. As a consequence,

(ht(z) —h™(2))? = (R (2) + h~ (2))* —4hT(2) h~ (x) = 4h* —4C = Cj , (5.13)
so that AT (x) — h™ (z) = £C5. The sign, however, cannot depend on z as ht(z) and h™(z)
are smooth functions. Noting that h™(x) — h™(z) = ht(z) — h*(z — h™(z)) while AT is
periodic, we see that the constant Cy must vanish. O

15



By Noether’s theorem, the modified equation corresponding to the Lagrangian semidis-
cretization on a uniform grid exactly preserves the momentum map. That is, for any solution
Un(t) = (an(t), on(t)) of (5.9) we have J(Uy(t)) = J(Up(0)) for all t. We can also check this
by direct calculation:

d
- / Uy, Opp, dox = / (8{[]}1 Oy, + Up, 8mﬂh) dx
St St

dt
:/ |:’I~Lh(l‘+h)—2ﬂh(x)+ﬂh(l‘—h)
Sl h2

amﬂh(l‘)
+ f(an(x)) Optn () + Ortip () amdh(x)} dz
/ [uh x4+ h) Oup(x) — ;23 ap(x — h)ap(x)

a 2(@) + 0. F (@) + 5 3x(3tﬂh(z))2] dz

h
0, (5.14)

Sl|: ap(z + h) Optp(x) — 12 Oztp, (x )uh(x—kh)} dz

where we have used integration by parts and the change of coordinates x — = + h in one
term.

Observe that although the non-Lagrangian modified equation—(5.9) with « # 0—on a
uniform grid has the spatial translation symmetry, its non-Lagrangian nature means that it
does not have the momentum map as a conserved quantity. This can be explicitly checked
by computing the time derivative as above,

d - N - -
— Oy, Optp, dx = o flap(x+ h)) Oyt dx, (5.15)
dt S1 S1
which generally does not vanish.
In summary, the modified equations for the various spatial semidiscretizations are all
exact at grid points, and their conservation properties are as follows.

(a) Lagrangian, uniform: The modified equation is a Lagrangian system, which retains
the spatial translation symmetry. The modified system thus preserves the continuous
momentum function for all time. Note that this does not immediately provide any
constraint on the evolution of the discrete momentum Jj, as the way in which the
modified solution interpolates between the values at grid points will change over time,
and the conserved quantity depends on this interpolation.

(b) Lagrangian, non-uniform: The modified equation is a Lagrangian system, but it
does not have the spatial translation symmetry. The momentum function is thus not
conserved.

(¢c) Non-Lagrangian, uniform: The modified equation does have the spatial translation
symmetry, but it is not a Lagrangian system. The momentum is thus not conserved.
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(d) Non-Lagrangian, non-uniform: The modified equation is neither a Lagrangian sys-
tem, nor does it have the spatial translation symmetry. The momentum function is
thus not conserved.

We interpret the above properties as explaining the behavior which was numerically ob-
served in Figure 3. Of course, this relies on the rigorous results of Section 7 to establish that
properties of the modified equation do indeed imply properties of the semidiscrete system.

Remark 5.1. A Taylor expansion of the modified system (5.8) in h gives higher order Hamil-
tonian PDEs with translation symmetry, as have previously been derived by Moore and Reich
[21].

Remark 5.2. Other choices for the modified system are conceivable, so long as they possess
translation symmetry and accurately interpolate the discrete system. We have chosen a
particularly simple modified equation for which the interpolation of the discrete system is
exact.

6 Spatial discretizations and momentum maps

When space is discrete, there is no obvious sense in which the semidiscrete system (3.11) can
have a continuous spatial translation symmetry with a corresponding conservation law. On
the other hand, we have seen that there are numerical schemes—variational discretizations
on an equispaced grid—for which the interpolated momentum J;, = J o ij, is conserved with
very high accuracy. We show in Section 6.1 that on a uniform grid Jj, is distinguished from
other discrete momentum maps by generating a symmetry that interpolates the discrete
grid shift, and where the interpolation coincides with the continuous S' translation group
for wavenumbers that are resolved on the grid. Moreover, we show that J, belongs to a
special class of interpolated momenta that are exactly conserved when the wave equation is
linear. From Figure 3 it may appear that the momentum is also conserved in the semilinear
case. While this turns out to be false, we shall see in Section 7 that even in the presence of
nonlinearities momentum is approximately conserved.

Section 6.2 discusses finite difference momenta. We shall see that naive finite difference
approximations to J are not conserved in any case, but will only oscillate with amplitude of
O(h) about the interpolated momentum.

When the grid is non-uniform, the situation is radically different. In Section 6.3 we show
that even for the linear wave equation any discrete momentum generically drifts by an O(1)
amount within a sufficiently long interval of time.

6.1 Exact conservation of interpolated momenta

We now turn to the question of defining interpolated momenta that in the linear case are
exactly conserved. Throughout this section we consider the Lagrangian semidiscretization
on a uniform grid. For simplicity, we also assume that N is odd, and comment on necessary
modifications for even N where appropriate.

We can interpolate the discrete symmetry group Zy of the grid which acts linearly on Qp,
i.e., the group of discrete shifts, to a linear S'-action on @ such that for angles 27j/N we
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recover the grid group element which shifts the grid by j points. We will see that the contin-
uous symmetry generated by the interpolated momentum J;, = J o4y is such an interpolation
that, moreover, corresponds to a translation of the trigonometric interpolant.

Lemma 6.1. Let N be odd and the grid be uniform. Then the infinitesimal generator &, =
IV Jn(Ur) on Qp, x Qp corresponding to the interpolated momentum Jy, is given by

&n =T 0 Oz (i, 0 Un) . (6.1)

Remark 6.1. Since 0, = {q is the infinitesimal generator of the translation on ¢, the sym-
metry corresponding to the interpolated momentum acts identically to the continuous trans-
lation symmetry restricted to eigenmodes 7y, o e; with wave numbers |k| < [(N —1)/2].

Proof. Using the antisymmetry of the discrete symplectic structure, the chain rule, the lin-
earity of 45, and the observations that iy, o J = Jij, and J; = hJ, we can write

<£h(Uh)> Wh>h = JDJh(Uh) Wh = _DJh(Uh)JWh
= —DJ(ih o Uh) ’ih o JWh
= —DJ(ip o Up) Jip, o Wy, . (6.2)

Since 0, is the infinitesimal generator corresponding to the momentum .J, we know that
0.U = JVJ(U). Alternatively, we could compute the Fréchet derivative of J by direct
computation and integrate by parts in one of the terms. Substituting either result into the
last expression of (6.2), we obtain

En(Un), Wi)gnxqn = (J0x(in o Up), Jin, o Wh) 2
= (0z(tn o Up),in 0 Wh) 2
:<7ThOax(ihOUh),ﬂ'hOihOWh>h. (63)

The last equality is based on a key property of trigonometric interpolation: the L? in-
ner product can be expressed as a finite Fourier series involving only wavenumbers with
|k| < [N/2]. On this subspace, however, the discrete Fourier transform coincides with the
continuous Fourier transform for S! functions and, moreover, it is orthogonal by (3.23). We
can thus use the discrete inverse Fourier transform to obtain the last expression in (6.3).
Since 7, o i, = id, the claim follows. O

Remark 6.2. For N even, Lemma 6.1 remains true if we replace (6.1) by
gh — TTh © Pn,18w<ih o] Uh) 5 (64)
where n = N/2 and P, denotes the projection onto the Fourier modes —n, ..., n. Remark 6.1

also remains valid.

As an immediate consequence from Lemma 6.1 we see that &, is diagonal with respect
to the discrete Fourier basis ep = mp, 0 e, where k = —[N/2],...,[N/2]. The corresponding
eigenvalues are ik, so that

(etghuh)Ak = eikt '&h,k . (6.5)
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In particular, for ¢ = h we recover the eigenvalues and eigenvectors of the discrete shift
operator 75, = exp(&ph). ~

Vice versa, we can define a linear interpolation of the discrete shift, exp(t£s), by requiring
that 7, = exp(&ph). Thus, &, is also diagonal with respect to the discrete Fourier basis and
has eigenvalues v, = i(k mod N). If we further require that the group action is real, then
v_i =7y and vg = 0. We can now ask whether the generalized interpolated momentum jh
corresponding to ho is conserved. This is the content of the following theorem.

Theorem 6.2. Consider the variational spatial semidiscretization (3.9) on an equispaced
grid with N odd. Further, let &, € gl(N) denote the infinitesimal generator of an arbitrary
linear real interpolation of the discrete shift symmetry. Then the corresponding momentum
Jp, is a constant of motion if and only if the wave equation is affine, i.e., if fu)=cru+co
for constants ¢ and cs.

Proof. The proof is based on elementary facts from geometric mechanics. A function J: M —
R on a symplectic space M with structure matrix J is conserved by the flow of a Hamiltonian
vector field Xy = JDH(z) on M if and only if 0 = J = DJJVH. Since DJJVH =
—DH(z)é(x) where &(z) = JVJ(z) = X () is the Hamiltonian vector field generated by
J, conservation of J implies invariance of the Hamiltonian H(x) under the group exp(t£)
generated by £. It follows that the Hamiltonian vector field is equivariant under the group
action; in other words, that Xy commutes with exp(t£).

If the wave equation is linear, then the Hamiltonian vector field of its discretization—the
right side of (3.9)—is a linear affine combination of shifts. We can therefore use the Fourier
representation of the interpolation &, of the shift symmetry 73, and check by direct calculation
that DHh(Uh)ghUh = (0, where the semidiscrete Hamiltonian Hy, is given by (3.4).

To prove the converse, assume that the Hamiltonian vector field commutes with exp(tf~ h).
This implies, in particular, that

fh (etéhuh) = eté’l fh (’Lbh) s (66)

for every u, € Qn. Now choose uy,_; = 7 do;, so that 4y, = const = yv/27/N and

(NV/2]
3 1
(€ up)g = —= Z g, =y o(t), (6.7)
V2T, TN
where
1 (V/2]
— vit
o(t) = % > et (6.8)
k=—[N/2]
On the one hand, we conclude that
(fu(e®run))y = f(y (1) (6.9)
On the other hand, we write exp(t&,)fn(un) = exp(tén)(fn(un) — fu(0)) + exp(t&x) fn(0).
Noting that the constant vector (1,...,1) is the zero eigenvector of &, and thus eigenvector
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with eigenvalue 1 for exp(téh), we can immediately turn to the first term. Repeating the
computation leading up to (6.7) with fp,(uz) — fr(0) in place of up, we find that

(" fulun))y = (F(v) = F(0)) (t) + f(0). (6.10)

Equivariance implies that the right sides of (6.9) and (6.10) coincide. In other words,
flyo(t)) = £(0) = o(t) (f(v) — f(0)). (6.11)
Since ¢ is a continuous non-constant function and ~y is arbitrary, we conclude that g(z) =
f(z) — f(0) is linear, hence f is affine. O

Remark 6.3. If N is even, the discrete shift 7, cannot be interpolated to an S'-action on
Q@ by real-valued matrices because —1 is a simple eigenvalue of 7, and its eigenvector is the
highest discrete Fourier mode (1,—1,...,1,—1). But it is still true that the momentum .J,
is a conserved quantity of the discretization (3.9) if and only if the wave equation is affine.
The proof is analogous to the proof of Theorem 6.2, but now v/ = 0 and the summations
in (6.7) and (6.8) run from —[(N — 1/)2] to [N/2].

6.2 Finite difference momenta

As a simpler way of computing an approximate momentum map, we could take finite dif-
ference approximations to the continuous momentum J. It will turn out, however, that low
order finite difference momenta are neither conserved for equispaced discretizations of the
linear wave equation, nor do they generate an S' symmetry.

We define the first order finite difference momentum

N-1 N-1
U, i — Uh,i
TR (un, on) = Z (w1 — @) gy, = Z (Uh,i+1 — Uh,i) Vn,i s (6.12)
i=0 Titl = T i=0

and the symmetric finite difference momentum which is second order on a uniform grid by

i T U U 1 3=
fd,2 i+l — Tim1 Upitl — Uhi—1
T (un, o) = E 5 P Uni =5 5 (Uh,it1 — Wh,i—1) Vn,i- (6.13)
i=0 1+1 i—1 =0

Figures 6 and 7 show that the first order finite difference momentum oscillates about, but
does not drift from the interpolated momentum. The latter feature is a consequence of the
consistency of the finite difference momentum as A — 0. Moreover, when the grid is uniform
and f = 0, it is easy to verify the following.

(a) Neither Jf! nor Jf2 are conserved by our variational semidiscretization on the uni-
form grid.

(b) The group action exp(t&i41) on Q x Qp which is generated by ¢! = JVJi1 is
not an orthogonal action for any scalar product, while the group action exp(tf,ﬂdQ)

corresponding to J,fbd’Q is orthogonal.
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Figure 6: First order finite difference momentum (6.12) for the Lagrangian discretization on
an non-uniform grid, together with the interpolated momentum for comparison. The finite
difference momentum oscillates about the value of the interpolated momentum, but tracks
it as it drifts. The plots for the non-Lagrangian discretizations and for the symmetric finite
difference momentum are similar.
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Figure 7: First order finite difference momentum for the Lagrangian discretization on a
uniform grid, with the interpolated momentum for reference. The plot for the symmetric
finite difference momentum is similar. The finite different momentum does not drift, but
merely oscillates about the true momentum value.
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(c) The group Gid! = {exp(t€fd1): t € R} generated by ¢! is isomorphic to R, not to
S1. The group Gfld’Q generated by 5{:1,2 is a torus group for N > 4; i.e., it is isomorphic
to St x ---x 81 not to St.

To verify claim (a), it suffices, as in the proof of Theorem 6.2, to show that the Hamiltonian
vector field fide’l generated by J,fbd’l is not an infinitesimal symmetry of Hy, i.e., that

DH, (z)€f 1 () # 0. (6.14)
We compute
fd,1 [ Uh fd,1 -1 ( ThUp — Un
, = I, VI (., pp) = h . 6.15
& <ph) TnV I3 Cuns pn) (ph - T—hph) (6.15)
Condition (6.14) can now be checked by direct computation.
To prove (b) and (c), note that the eigenvalues of 75, are e*" where k& = —[(N —
1)/2],...,[N/2]. Hence, the eigenvalues of ¢4 are given by )‘Zj,}cl,i = +(et** —1)/h, and

there is some k for which the real part of Aﬁbdkl 4 does not vanish. This implies that the group

generated by §,fld’1 is noncompact and, since it is a one-parameter group, is isomorphic to
R. In particular, i1 is not a skew symmetric matrix and therefore the group action is not

orthogonal.

For Jf42 we compute that ¢4:2 = ﬁ(Th —7_p), and so, since 777 = 7_;, we find that £4:2
is skew-symmetric. The eigenvalues of £/92 are Ad2 = +i sin(kh)/h for k = 0,...,[N/2].

Since they are rationally independent for N > 4, fﬁd’Q generates a torus group. Still, §,f1d72

is not an infinitesimal symmetry of H}, and therefore the corresponding momentum map is
not a conserved quantity of (3.2).

6.3 Nonuniform space discretizations for linear waves

In this section consider only the linear wave equation. We show that non-uniformity of the
grid generically breaks conservation of any consistent approximate momentum.

When the grid is uniform and k > 1, the grid projections cj 1, = mp 0ci and sp, ), = T 05
span a two-dimensional eigenspace E}, i, of the discrete Laplacian Ay, with identical respective

eigenvalues
cos(hk) — 1
Ak = Vi = —Oh g = 2 (}172) : (6.16)

In fact, when N is odd all eigenspaces of Aj where the shift symmetry Zy acts nontrivially
are necessarily two-dimensional, and these 1:1 resonances are essential for momentum con-
servation. If the discrete Laplacian Ay is perturbed to a non-selfadjoint matrix which still
commutes with Zp, then the 1:1 resonance between the real parts of the eigenvalues persists.
When the shift symmetry is broken then generically the 1:1 resonances are destroyed, which
implies momentum drift. This follows from the general theory of symmetric differential equa-
tions [7]. Figure 8 shows that the 1:1 resonances are indeed destroyed by a non-uniform grid
distortion, and we will now derive an asymptotic formula for the resulting momentum drift,
which can be seen in Figure 9.
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Figure 8: Splitting of the eigenvalues of the discrete Laplacian (3.8) induced by the non-
uniform grid z; = hi — §sin(hi).
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Figure 9: Error of the interpolated momentum of the discretized linear wave equation using
a uniform grid and the non-uniform grid (4.2).
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First, note that for the uniform variational semidiscrete linear wave equation not only the
actions

I, = |"‘7§L,k|2 + ’Y}QL,k |ﬁ%,k|2 (6.17)
I = |@Z,k|2 + U}%,k |@2,k|2 ) (6.18)

but also the momenta
Ine =k (U,  Of  — UG, x O ) (6.19)

are conserved. (In other words, the linear wave equation is super-integrable—there are more
independent integrals than degrees of freedom.) It is therefore sufficient to study the mo-
mentum on only a single Ap-invariant subspace Ej 1, X Ep, .

Let ¢g° be a smooth family of diffeomorphisms on S! with ¢ = id, and let x5 = g°(hi)
denote the nodes of a distorted grid. For the family of corresponding discrete Laplacians A§
there are smoothly varying Aj-invariant two-dimensional subspaces Ej ;. k=1,..., [%],
with E,?’k = Ep k. Let ¢, and sj, ; denote an orthonormal basis of Ej , which is smooth in
€ such that c%k = Ch ks 827k = sp, k. The 2 X 2 matrix Ai,k = AZ|E2,,€ is then also smooth in
€. The pseudo-momenta

T =k (U5 vp% — UR% V%) (6.20)
defined in terms of the expansion coefficients with respect to the distorted basis functions
will generally be different from, but O(e)-close to, the interpolated momentum Jy| Bf  xEf
for each distorted Aj ;-invariant subspace Ej ; = span{c;, ;, s}, 1 }-

The semi-discrete linear wave equation (3.2) is simply a collection of uncoupled harmonic
oscillators for £ > 1 together with a subsystem for the constant eigenvector corresponding
to k =0, as is the original linear wave equation itself. Thus, restricting ourselves to Ej, j, we
have, for € = 0, Yk = [Anx|'/?,

¢ c ,U;:L,k‘(o) .
uj, 1 (t) = uj, 1 (0) cos(ynxt) + — sin(yp,kt) (6.21)
Vg1 (8) = 05, 1,(0) cos(ynt) — uj, 1 (0) Yk sin(vakt), (6.22)

and corresponding solution formulas for (G and Uy k- Let of, and Yk be the eigenvalues
of Ai,k and let XZ,k = l(afhk + stb,k)~ We write

2
)\E _"_ 6CC CS
e _ [Pk T Onk hok

ok ( Pk Ah ke +5Zs7k> ’ (629

so that the trace of 0, = Ai)k — A, vanishes, i.e., Jffk + §Zsk = 0. We compute that

1 d CcC SS S5,& Cc,g CS S,&€ SC C,g
% &Jﬁ,k(t) = (055 = ) w5 () w5 (1) + 855 w5 () — 03 5. ()7 (6.24)

Choosing the parameterization of the grid projection such that |Re(vj, , — o7 ;)| = € and
using that 05% + 45, = 0, we see that at least one of the coefficients §3°; , 6;°;, or (5,ka — Zsk)
is of order e. Choosing uj, ;. (0) = v}, ;.(0) = vj, ;.(0) = 0 we have uj, , (t) = uf, ;(0) cos(yn,xt)
at ¢ = 0, and inserting this initial condition into (6.24) we find

1d .

Z EJh,k(t) = —0% (uf, 1,(0) cos(vh’kt))2 +0(?). (6.25)
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Hence, J;; . (t) = J;, ,.(0) = O(1) after time O(1/e). We proceed similarly if §°° grows quadrat-
ically in &, but §%¢ or (6°° —¢%) grow linearly in €. In summary, we have proved the following.

Lemma 6.3. Assume that the 1:1 resonance on Ej, b Us destroyed, let vy . and of ;. be the
eigenvalues of A, ;. and \Re(vhyk o)l =€ Then the momentum Jj, i drifts by O(k) on
a time scale of O(1/2) for generic O(1) initial data in E; ;-

Remark 6.4. Assume that the grid consists of M equal blocks of N/M grid points for some
M dividing N. Then the discrete Laplacian Ay, is Zp;-equivariant where the Z;-symmetry
is generated by the shift uj, ; +— wj jn/m. By representation theory [7], all eigenspaces of
A, with a faithful Zs-action for some ¢ > 3 (where ¢ divides M) are two-dimensional. This
Zg-action enforces an interpolating S 1—symmetry and corresponding conserved momentum
maps on these eigenspaces. Since the shift up ; — up j4n /0 generates a faithful Z,-action
with £ > 3 on the first M non-constant eigenmodes of A (for N odd) the momentum
maps Jp  from (6.19), k = 1,..., M, are conserved. The form (3.17) of .J, then implies
the conservation of the interpolated momentum J;, on the first M eigenmodes of Ay. If the
initial value of the continuous system is smooth so that its Fourier modes decay fast, then
this implies approximate momentum conservation of the discretization.

Let Ji: Qn x Qn — R be defined by Ji|p: xp:, = Jj, k- Applying Lemma 6.3 and
noting that any consistent momentum is O(h + €)-close to J¢, we obtain the following (see
also Figure 9).

Theorem 6.4. Consider a non-uniform discretization of the linear wave equation and let
the stepsizes be selected such that the discrete Laplacian A3 has at least one pair of simple
eigenvalues vy # Thikr Yk Thk ~ Ahk # 0, and choose the grid distortion parameter €
proportional to the eigenvalue splitting, i.e., such that € = |7;k — Ji7k|. Then for generic
O(1) ingtial data, any consistent discrete momentum drifts by O(1) on a time scale of O(1/e).

7 Momentum error bounds

In this section we provide rigorous upper bounds on the momentum drift for the semilinear
wave equation under the variational semidiscretization (3.9) on a uniform grid and thereby
prove Theorem 1.1. To this end, we first establish well-posedness of both the semilinear wave
equation (2.2) and the modified system (5.8) in appropriate spaces of analytic functions. We
then estimate the difference between the semidiscrete system and its modified equation. Since
the modified system conserves momentum exactly, it follows that the discrete momentum is
preserved up to exponentially small error. In this section we need only consider uniform
grids, because we have shown in Theorem 6.4 that on non-uniform grids momentum is not
even approximately conserved for linear systems.

7.1 Spaces of analytic functions

We work in spaces of functions that are analytic on the open strip of radius r in the complex
plane about the real (mod 27) axis. Such functions are characterized by the exponential
decay of their Fourier coefficients (see, for example, the review in [13]). For real numbers
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m > 0and r > 0, let G””(Sl, R™) denote the space of functions for which the norm

e U S S R T (7.1)
keZ\{0}

[[ul

is finite. It is a Hilbert space with respect to the inner product
(w,v)grm =t o+ Y k™ ik (7.2)
kezZ\{0}

In the main text we assume that the nonlinearity f is an entire function, and will remark on
necessary modifications for non-analytic nonlinearities where appropriate. Let

f(z) = Z ap, 2" (7.3)
be the power series representation of f and let ¢: R — R be its majorization
o(z) = lan| 2" (7.4)
n=1

As f is entire, so must be ¢. Moreover, ¢ is monotonically increasing on the positive real
axis. We quote two results from Ferrari and Titi [6].

Lemma 7.1. The space G™™(S') is a topological algebra for every r > 0 and m > 1/2.
Specifically, there exists a constant ¢ = c(m) such that for every u,v € G™™(S') the product
wv € G™™(SY) with

[wv]lgrm < clullgrm v]lgrm - (7.5)

Applying the algebra inequality to each term of the power series expansion of f, one
immediately obtains the following.

Lemma 7.2. Let [ be entire, and let ¢ majorize f in the sense of (7.4). Assume further
that u € G™™(SY) forr >0 and m > 1/2. Then f(u) € G"™(S'), and

1f(@llgrm < d(cllullgrm), (7.6)
where ¢ = ¢(m) is as in Lemma 7.1.
We prove the following extension of this lemma.

Lemma 7.3. Under the assumptions of Lemma 7.2, let u,v € G™™(S'). Then

170 = F@ll g < 5 (¢ (cllullgrn) + & (elollgrn)) = vlgrn . (7.7
where ¢ = ¢(m) is as in Lemma 7.1.

Remark 7.1. We use the letter ¢ for universal constants, and K for constants which may
depend on the initial data, but are independent of h and ¢ at least for an interval of time
on which a bounded analytic solution to the semilinear wave equations exists. Numbered
constants are unique throughout the paper.
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Proof. Observe that

n—1
u"—v":(u—v)Zukvnl k (7.8)
k=0
Therefore,
0o n—1
flw) = f0) = (u=0) Y apy uFo" 7k, (7.9)
n=1 k=0
so that
0o n—1
17000 = Florn < = tlgr 3 "™ 32 Nl ol
n—1 —k
< lu—vllgrom Z |an| ¢ Z — & + 71 lol&
e} an
= [lu—vllgrm Y lan| ! 5 (lullEem + ollgm) (7.10)
n=1
where, in the second step, we have used the Young inequality
2yt <A+ (1 - Ny (7.11)

for any A € [0,1]. Comparing the last expression in (7.10) with the definition of ¢, we find
(7.7). O

7.2 Functional setting for the wave equation

We rewrite the semilinear wave equation (2.2) in vector notation,

0U = AU + B(U), (7.12)

A= (g ig) . B(U)= (f(ou)) . (7.13)

We first collect some elementary facts about the linear operator A. Since A is diagonal
with respect to the Fourier basis e'** and has respective eigenvalues \;, = —k?, the restriction
of A to the kth eigenspace, denoted Ay, has the Fourier representation

A, = (/\Ok (1)) . (7.14)

When A\, # 0, Ap has a pair of distinct complex conjugate eigenvalues +iu, where pui =
vV IAk| = |k|, and exp(Agt) has the Fourier representation

- -1
eAkt:< Cos [t Ly, smukt). (7.15)

where U = (u, v),

— g Sin gt cos it
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For k = 0 we have uj; = 0, so that the Fourier representation of Aq is a Jordan block, and

oot — ((1) i) . (7.16)

We introduce the Hilbert space
yrm = grmtl o grm (7.17)

where both components are endowed with the standard inner product (7.2). In particular,
Y00 = H! x L2. As we will provide a mirror functional setting for the modified equation, it
is useful to note that

Grmtl {u e Grm. (_A)l/Qu c G”vm}7 (7.18)

where the projection of (—A)'/2 onto the kth eigenspace has Fourier multiplier pj, = |k|. We
then write the inner product as

(u, V) gromt1 = (u, PO0)gron — (u, Av)grom . (7.19)

where P9 denotes the orthogonal projector onto the generalized eigenspace corresponding to
the zero eigenvalue of A. We set Q° =1 — PO,
The crucial observation is that the group generated by QYA is unitary on any Y

0
9 AU |lyrm = U |lyrrum - (7.20)

Note that the full group e?* is not unitary because of the secular term from the Jordan block
(7.16).
To make sense of the full semilinear wave equation (7.12), we introduce its mild formula-
tion .
U(t) = et AUy + / =4 B(U(s))ds. (7.21)
0
Since our nonlinearity is Lipshitz in G™™ by Lemma 7.3, we obtain by direct application of
the contraction mapping theorem [24, 11] that the semilinear wave equation is locally well
posed.

Theorem 7.4. Let Uy € Y™™ with r,m > 0. Then there exists a time T which depends
only on the Y™™ norm of the initial data and a solution U € C([0,T];Y"™™) to the mild
formulation (7.21).

Remark 7.2. This theorem provides the functional setting in which the formal statements
about momentum conservation in Section 2 can be justified. Specifically, if Uy € Y90 =
H' x L?, the momentum J is well-defined. We can thus approximate Uy by a sequence
of smooth functions for which the manipulations in (2.7) can be carried out on a uniform
interval of time, and finally pass to the limit.

Remark 7.3. The statement remains true if f: S — R is analytic on some open convex subset
S C R provided the u-component of the initial data lies in S. Then f maps ™™ to G™™,
where

S = {u € G"™(S): u(x) € S}, (7.22)
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as can be seen by Taylor expanding f. Moreover f is still a Lipshitz map, since

1
1 (w) = f()llgrom S/O 1f/ (u+t(v = u)) (= v)llgrm dt

<c(m) sup |[f'(u+t(v —u))llgrm llu—vllgrm (7.23)
teo,1]
where we used the algebra inequality (7.5). Note that pointwise evaluation of u makes sense
because under the assumptions of Theorem 7.4 u is at least H' and therefore, by the Sobolev
embedding theorem, continuous.
Remark 7.4. If f is only of class C™*1!, all of the above holds with » = 0, and we find that
the semilinear wave equation is locally well posed on Y%™. In particular, for r = m = 0 we

recover the well known existence of local weak solutions to the semilinear wave equation in
Y00 = H! x L2, see [24].

7.3 Functional setting for the modified system

The above construction can be adapted to the modified equation by literally replacing all
quantities by their discrete-interpolated counterparts. We write the general modified equation
on an equispaced grid as

U = AU + B, (U), (7.24)

where U = (@, ),

(5, 0) PO (0 )+ asem) (7:29)

and Aj, denotes the discrete Laplacian

u(x — h) — 2u(x) + u(x + h)

Apu(z) = %

. (7.26)

It is clear that Ay, maps G™™(S1) into itself because the translation operator 7, does. More-
over, —A}, is a non-negative, self-adjoint operator with respect to the L? inner product and

has a complete orthonormal set of eigenfunctions—the Fourier modes e**. Indeed, since

(Thu) " = e"* 4y, we have

— e—ikh — 24 eikh . 2 .
(Apu), = 2 W =g (cos(hk) — 1)1y, . (7.27)

Following the construction in Section 7.2, we write ]5,? to denote the spectral projector
onto the—now infinite dimensional—generalized zero-eigenspace of Ay, set Q¥ = 1— P}?, and
introduce the Hilbert space

G ={ue G (=Ap) Pue @y (7.28)
endowed with inner product
<'U,, U>G;=m = <U, p}?’l}>Gr,m — <U7 Ah']_}>GT,m . (729)

When restricted to the grid, G;"™ is called the discrete Gevrey space [15].
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Remark 7.5. Since the spectrum of A, is bounded, G;™ = G™™ and the corresponding
norms are equivalent, though not uniformly in h. In fact, it is easy to check that

V2
Ggr.m < HUHG}TL‘W < T ||’LL|

||l Grom - (7.30)
We now set Y,"™ = G}’ x G™™ and note that, as in the fully continuous case, the group
generated by QY Ay, is unitary on this space:

o
||thAhtUHyh“m = HU”Y;”" . (7.31)

We immediately obtain the analog of Theorem 7.4.

Theorem 7.5. Let Uy € Y™ with r > 0 and m > 1/2. Then there exists a time T which
depends only on the Y, -norm of the initial data and a solution U € C([0,T];Y;"™) to the
mild formulation of the modified equation (7.24).

Remark 7.6. As a consequence of the above, the semilinear wave equation and the modified
systems are well posed on different spaces, a necessary complication we need to overcome
when estimating differences between exact and modified solutions.

Remark 7.7. As for the semilinear wave equation (see Remarks 7.3 and 7.4), Theorem 7.5
remains true if f is only defined on an open subset S of R, or if f is only C™*! and r = 0.

7.4 Difference between wave equation and modified system

We first estimate the G™"-difference between the true solution of the semilinear wave equa-
tion and the solution of the modified equation starting from the same initial data.

Lemma 7.6. Let m > 1/2 andr > 0. Let U(t) be a solution of the semilinear wave equation
(7.12) and U(t) be a solution of the modified system (7.24) with U(0) = U(0). Assume that
WU ) ||grm+e < K fort € [0,T]. Then there exist constants K1 = K1 (K), Ko = K2(K) and
ho(K,T) > 0 such that

|U#) = U@)||grm < K1 (b2 +ah) (52t = 1) (7.32)

for0<t<T and h < ho(K,T).

Proof. Let E(t) = U(t) — U(t) denote the “modification error”, and subtract (7.24) from
(7.12) to find

HE = AU — AyU + B(U) — By (U)
= (A— AU + AE + B(U) - Bp(U), (7.33)

and therefore

Oy (et NANE) = e QAN (A — AU + PQALE + e "9 (B(U) — By (D). (7.34)
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Taking the Y, inner product with exp(—tQ) A,)E, we find

1d, 604 5 50 .
¥ ||eftQ(h),AhEH§v}:“7n — <e*tQ(h),Ah E, e*tQ(h),Ah (A— Ah)U>Y,j‘m

+ (e 'O g T AAN(B(U) — By (0) + BYALE))yrm . (7.35)

According to (7.31), exp(—tQY) Ay) preserves the Y,"™ norm. We thus estimate

1d

§&||E| (A— Ap)U|

3o < |IB]

Yy Yy

+ Bl I(BU) = Bu(U))llyrm + [ Ellyym | PRAREllyrm.  (7.36)
h h h h

Since | PY AL E| we obtain

<&l

rm rom
Y, Y,

d _ .
g Ellypm < (A = A)Ullym + 1BU) = Ba(U)lypm + [ Ellym - (7.37)

The first term on the right is the local discretization error. It can be estimated straightfor-
wardly by writing out a Taylor expansion with integral remainder for

. 11 [
Brula) - Aule) = 35 5 [ uDa+ ) (- e
- JO
+ii/hu<4>(x+§) (h+ )3 de (7.38)
h2 3! 0 ’ ’
and taking its G™"* norm, so that
~ - 2
1A = AUy = 1 An = Aullgrm < 5 B2 [u™® || grm < W2 K3, (7.39)

where K3 = 2K /4!. The last term on the right of (7.37) is estimated using Lemma 7.3 and
the monotonicity of ¢: We have

1£ () = f@llgrom < 3 (¢cllllgrm) + @ellillgrm)) 1w =l grm

< 3 (e NUllgrn) + STl grn + ¢ | Ellgr)) 1 Ellgrn
< $(20K) | El| g (7.40)

for as long as || E||grm < K. Thus,

IB(U) = Bu(U)llgrm < (1= a) |f (w) = f(@)lgrm + || f(u) = F(ma@) || Grm
< [f(u) = f@)llgrm + allf(@) = f(mt)]lgrm
< G2cK) || Ell grom + a ¢(2¢K) B uM | grom
< §(2cK) | E|lyrm + 0 ¢(2¢K) K h. (7.41)

Altogether, the differential inequality (7.37) reads

d
g Ellyym < Ks h? + Kyah+ K | Ellyrm (7.42)

31



where Ko =14 ¢(2¢K) and K4 = K ¢(2¢K). Since E(0) = 0, integration in time yields

K3h? + aK4h
K

[Ellyrm < ;

(eF2t —1) < Ky (h® 4+ ah) (ef2t — 1) (7.43)

with some appropriately chosen constant K;. Provided we choose h small enough that
Ky (h? +ah) (T —1)< K, (7.44)

the estimate remains consistent with our a priori requirement ||E||gr.m < K. This completes
the proof. O

Remark 7.8. An estimate similar to Lemma 7.6 holds for the difference between exact and
numerical solution—they are O(h) close when o # 0 and O(h?) close when « = 0: Taking
r =0and m =1 in (7.32) and using the Sobolev embedding theorem |[u|lco < c||ul| g1, we
estimate the discretization error

mhU (8) — Un(t)lgen < ¢ Ky (B2 + ah) (X2t — 1) (7.45)

for 0 <t <Tand h < ho(K,T). On the other hand, the difference between modified equation
and numerical solution is much smaller—in fact exponentially small in the H' norm for as
long as the exact solution remains analytic. This will be proved in the following.

Remark 7.9. Estimate (7.45) by no means implies that every invariant set of the discrete
system has a continuous counterpart. For example, in [12] discrete traveling waves of the
space-discretization are constructed which do not exist for the continuous system.

Remark 7.10. Lemma 7.6 also holds if f is only defined on some open convex subset S of R.
The proof has to be modified as follows: (7.40) has to be replaced by

1f(u) = F(@)lgrom < K(r,m) [|Ellgr.m (7.46)

where we use an estimate similar to (7.23) and

K(r,m)=c(m) sup || f'(u)llgrm- (7.47)
(u,w)eLT™

Here K£™™ is a bounded closed subset of ™™, with S™™ the same as in (7.22), containing
a tube of radius Kg > 0 around {U(¢): 0 < ¢t < T}. Such a set exists, because Kg satisfies
dist(U(t),08™™) > Kg, and, since {U(t): 0 <t < T} is closed and S™™ is an open subset
of G™™, by the openness of S in R we can always find such Kg > 0 and consequently also a
set K™ with the required properties. Moreover the constant K with | E(t)||gr.m» < K which
first appears in (7.40) has to be replaced by Kg and the constant ¢(2¢K) appearing in (7.41)
by K(r,m). In this case we have Ko =1+ K(r,m) and K4 = KK (r,m) in (7.42).
Likewise, Lemma 7.6 holds with r = 0 if f is only C™*!, m € N.

7.5 Difference between discrete and modified system

We need the following version of the Shannon Sampling Theorem.
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Lemma 7.7. Let u € G™™ with r > 0 and m > 1/2. Then
(1 = in o mn)ull g < e (m)h™ 2 |[u] g (7.48)
Moreover, if r > 0, then
(L — i o mn)ull g < ca(rym) W™ e ™" [lullgrom (7.49)
for appropriate constants c1(m) and co(r,m).

Proof. By definition, the Fourier coefficients of the trigonometric interpolant of the grid
projection iy, o mp(u) are (i, o )"k = Uy k. Recall the aliasing formula

ik — dng = Y Gkron (7.50)
LEL
)
which follows from
p N-l 1 N-1 o
ah,k _ e —ikx; u eflh]k: Z g elhg@
var = ]:0 tez
| V-1
= Uy ‘N Z 2mi(t=k)j/N — Zﬁ]ﬁ.@]\]. (7.51)
=/ =0 Le.

Noting that 3" a2 < (3 a;)* when all the coefficients a; are positive, we write

(NV/2]

lu—(inom)ulfn < > (L4 (k) |an s — @l
k=—[(N-1)/2]

+ Yoo+ D> | A EP) [l

k<—[(N-1)/2] k>[N/2]

(N/2] ’
< Z (14 |k ZIUk+@N\ + Z (14 [K[?) g |?
k=—[(N-1)/2] fet |kI>[(N=1)/2]
2
< (1 + N—2> Z lag| |+ Z (1 4+ |k)?) |x]? (7.52)
- 1 |k|=n |k|=n ’

where n = [(IV — 1)/2]. The second term on the right is the projection error, which has the
straightforward upper bound

Z (1 + |k|2) ‘ak|2 < n—Q(m—l) e—2rn Z |k|2(m—1) (1 + |k/,|2)e2r\k\ |ak|2 (753))
[k|>n [k|>n

Noting that h = 27 /N, we obtain a term of the form which can be estimated by the term on
the right of (7.48) or (7.49) for » = 0 and r > 0, respectively.
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The first term on the right of (7.52) is the aliasing error. When r = 0, we estimate

2 2

DRI k™

> il

k| >n Ik|>n
< SIS R
[k|>n |k|>n
< s (= Dl (7.54)

thereby obtaining the second term on the right of (7.48). The first inequality in (7.54) is a
direct application of the Cauchy—Schwarz inequality, and the second inequality follows from
an integral upper bound on the left sum. When r > 0, a similar argument yields

2

Z |ﬁk| < Z |k|f2m 672r|k| Z |k,|2m e2r|k| |ﬁk‘2

k| >n k[ >n Ik[>n

o0
< 2n_2m/ e 2% Ak ||ul|Zrm
n—1
2r(1—n)
< pm2m ef [ Zrm - (7.55)

Substituting this expression back into (7.52), we obtain (7.49). d

Lemma 7.8. Let r > 0 and let U denote the solution to the modified equation with initial
data U(0), and Uy, the numerical solution with initial data Uy (0) = mp, o U(0). Assume that
WU®@)||grm < K fort e [0,T]. Then there exists a constant K5 = K5(K,r) such that

1U(#) = in o Un(t)|| g < Ks ™ Fe ™", (7.56)
fort e [0,T].

Proof. The modified solution is identical to the numerical solution on grid points. Hence,

U—inolU,=(1—ipomp)U+ipo(mpol —Up) = (1—ipom)U. (7.57)
We use (7.49) to bound this expression, noting that ||U(t)||grm < K. O

Note that there is no accumulation of error with time for as long as the modified solution
remains in some bounded set of G™™. The only source of error in (7.56) is the exponentially
small local interpolation error.

7.6 Approximate momentum conservation

We now use the bound on the distance between the semidiscrete and modified system to prove
that the semidiscrete momentum will also remain close to the momentum of the modified
system. Since the latter is constant in the variational case, i.e., when o = 0, the corresponding
semidiscrete system has exponentially small momentum drift.
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Theorem 7.9. Let U denote the solution to the modified equation with initial data U(O),~ and
Up denote the numerical solution with corresponding discrete initial data Uy, (0) = 7, 0 U(0).
Assume that ||U(t)||grm < K with m > 1/2 and r > 0 on some time interval [0,T]. Then

|JoipoUpy(t) = JoU(t)| < Kgh™ te ™/ (7.58)

fort € [0,T) and K¢ = Kg(K). When o = 0, i.e., when then method is variational, this
implies
|J oip o Up(t) — JoU(0)| < Kgh™ te ™ /h, (7.59)

Proof. Recall that J, = J o), and use the mean value theorem to estimate

[JoU = Jo(inoUp)l < sup  [DI(V) g gy 10 = in o Ul
VIl <2K
< Kghmtemr/h (7.60)

where the exponential error term comes from Lemma 7.8, DJ denotes the Fréchet derivative
of J, h is chosen small enough that ||U — i o Up|| 1 < K, and

IDJ (U] = / (08,0 + 50y dz| < [Ullge 1Ty (7.61)

Sl
with U = (u,v) and U = (u,v). Since the momentum is conserved by the modified system
for « =0, JoU(t) = J o U(0), and we obtain (7.59). d

Proof of Theorem 1.1. The conclusions of Lemma 7.8 and Theorem 7.9 remain valid so
long as U(t) has a G™™** bound of the form ||U(t)||grnm+s < K, say. Then we know by
Lemma 7.6 that U and U remain G™™ close for some interval of time on which, in particular,
|T(t)||grm < K. We have thus proved Theorem 1.1 with x(u) = K. d

Remark 7.11. We have seen in (5.15) that the modified system for the non-Lagrangian dis-
cretization on the uniform grid does not conserve momentum. The general momentum error
estimate (7.58) thus implies that the non-Lagrangian semidiscrete system cannot approxi-
mately conserve momentum.

Remark 7.12. Note that the closeness of the continuous solution and the solution of the
modified system can only be guaranteed on finite time intervals with errors that grow expo-
nentially in 7', see Lemma 7.6. Consequently, if the norm of the continuous solution is used
to establish the required bound on the solution of the modified system in Theorem 7.9 then
the stepsizes h < ho(K,T) must decrease exponentially with 7" according to (7.44).

Remark 7.13. When r = 0, we need to estimate the sampling error using inequality (7.48).
The statements of Lemma 7.8 and Theorem 7.9 remain true—with different constants—
provided we replace A~ by h™~3/2 Likewise Theorem 1.1 remains true with e ™"/ re-
placed by h™~3/2. Moreover Theorems 7.9 and 1.1 also apply if f is only defined on an open
convex subset of R or if f is only C™*!, m € N, and r = 0, see Remarks 7.3, 7.4, 7.7 and 7.10.

Remark 7.14. The estimate in Theorem 7.9 can be re-written as

[T (Un(t)) = Jn(Un(0))] < K h™ e ™", (7.62)
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provided the solution U(¢) of the semilinear wave equation with U(0) = i o Up(0) satisfies
|U(#)||grm+s < K. Now let Jj, be another momentum discretization, consistent in the sense
that y

[J(U) = Jn(maU)| < ch || U] grm (7.63)

for some m € N. When m = 3 so that u € H?> C C? we could, for example, take the first
order or symmetric finite difference momenta from Section 6.2. Then J;, will remain within
some bounded distance of the interpolated momentum .J;, so long as [|U(t)||gr.m+s < K, and
will therefore be approximately conserved over that time interval. More specifically, by the
triangle inequality, we have the estimate

| T (U (1)) — Ju(Un(0))] < Kg h™Le™™/" 4 2chK (7.64)

with ||[U(#)||gm < K.

8 Concluding Remarks

We have proved that for analytic initial values and Lagrangian uniform space discretizations
of semilinear wave equations momentum is conserved up to an exponentially small error for as
long as the modified solution remains reasonably bounded, a condition which can be verified
for small stepsizes over finite time intervals if bounds on the continuous solution are given.
Moreover, we have shown that for non-Lagrangian or non-uniform discretizations there is no
approximate momentum conservation.

As mentioned in the introduction, our results are similar in spirit to the approximate
conservation of energy of uniform stepsize Lagrangian integrators of ordinary differential
equations. Here the approximate energy conservation is also destroyed by non-uniform step-
size selection [30] or non-symplectic integrators [29]. Both results, these and those in this
paper, hold for uniform Lagrangian discretizations as long as the modified solution remains
reasonably bounded. In both cases the norm of the modified solution can be estimated over
finite time intervals via the norm of the exact solution. If this boundedness assumption is sat-
isfied, however, then the approximate momentum conservation holds for all times, not only on
exponentially long time scales as does the approximate energy conservation for Hamiltonian
ODEs.

Indeed, let ¥}, be a one-step method for an analytic autonomous Hamiltonian ODE and
let Cf),’} be the flow of an h-dependent autonomous Hamiltonian vector field with Hamiltonian
Hj, approximating the dynamics of the one-step method. Then we have ||®F(Uy) — W, (Up)|| <
K exp(—Ka/h) for Uy in some bounded domain S of phase space [22, 1, 9]. For the Hamilto-
nian Hj, of the Hamiltonian flow ® we obtain | Hy, (¥, (Up))—Hp (@} (Up))| = K3 exp(—Ko/h)
for Uy € S. Thus Hj is conserved over exponentially long times provided the iterates of
W}, (Up) and the modified solution ®}(Up) stay in S.

We expect that the results in this paper can be extended to general semilinear Hamil-
tonian partial differential equations in arbitrary space dimensions, general finite-difference
discretizations, time-semidiscretizations (see [31]), and full space-time discretizations. More-
over, similar methods should be applicable to multisymplectic conservation laws for energy
and momentum, as have been formally derived in [21]. However, note that our modified sys-
tem (5.8) does not satisfy a local conservation law for the momentum density j(u,v) = uzv
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of the conserved momentum J. Moreover, the interpolated momentum J, = J o4y is non-
local in the grid variables. In future work we will construct discrete momentum maps with
local densities for which approximate local momentum conservation laws hold on finite time
intervals.
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