GAUSSIAN BEAM ANSATZ FOR FINITE DIFFERENCE WAVE EQUATIONS

UMBERTO BICCARI AND ENRIQUE ZUAZUA

ABSTRACT. This work is concerned with the construction of Gaussian Beam (GB) solutions for the
numerical approximation of wave equations, semi-discretized in space by finite difference schemes. GB
are high-frequency solutions whose propagation can be described, both at the continuous and at the
semi-discrete levels, by microlocal tools along the bi-characteristics of the corresponding Hamiltonian.
Their dynamics differ in the continuous and the semi-discrete setting, because of the high-frequency
gap between the Hamiltonians. In particular, numerical high-frequency solutions can exhibit spurious
pathological behaviors, such as lack of propagation in space, contrary to the classical space-time
propagation properties of continuous waves. This gap between the behavior of continuous and numerical
waves introduces also significant analytical difficulties, since classical GB constructions cannot be
immediately extrapolated to the finite difference setting, and need to be properly tailored to accurately
detect the propagation properties in discrete media. Our main objective in this paper is to present a
general and rigorous construction of the GB ansatz for finite difference wave equations, and corroborate
this construction through accurate numerical simulations.
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1. INTRODUCTION

This article deals with the construction of Gaussian Beam (GB) solutions for the numerical approxi-
mation of wave equations, semi-discretized in space by finite difference schemes.
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GB are high-frequency quasi-solutions of wave-like equations concentrated on ray paths, trajectories of
the underlying Hamiltonian system, whose amplitudes at any given time are nearly Gaussian distributions
up to some small error. These waves propagate in a very simple fashion, and it is possible to construct
them rather explicitly. Moreover, one can use them as fundamental building blocks of wave motion, to
study general solutions of PDE and their propagation properties.

Our model of reference in this paper will be the following constant coefficients wave equation defined
on R4, d > 1:

{ ug (@, t) — cAug(x,t) = 0, (z,t) € RY x (0,7T) 1)

u(zx,0) = ug(x), w(x,0)=u(x), xR

It is well-known (see, e.g., [31]) that there exist GB solutions of whose energy is localized near
certain curves I': (z(t),t) € R? x R in space-time, the so-called (bi-characteristic) rays, solutions of a
Hamiltonian system of ordinary differential equations. In fact, given a ray path (a(¢),t) it is possible to
construct a sequence of quasi-solutions (u*)zen of the wave equation such that the amount of their
energy outside a small cylinder centered at x(t) is exponentially small.

In this work, we extend this analysis to semi-discrete approximations of , obtained by means of a
finite difference scheme. To this end, let

Gh = {:cj = jh,j € Zd} (1.2)

be a uniform mesh of size h, u;(t) := u(z;,t) and

d
&
Acpuj(t) = 3 > (Uj+ei — 2uj + uj—ei)
=1

be the finite difference approximation on G" of the Laplacian cA, where (e;)%_; denotes the canonical
basis in R?. With this notation, let us consider the following semi-discrete approximation of the wave

equation (1.1

ui(0) = uj, wj(0)=uj, jez (1.3)

3’ J 3’

{ Wi(t) — Acpuy(t) =0,  jeZd, te(0,T)

As illustrated through numerical simulations in [5, 28], also for - at least in space dimension
d = 1,2 - there exist quasi-solutions concentrated along the corresponding bi-characteristic rays. However,
the propagation properties of these solutions change substantially with respect to their continuous
counterpart, due to relevant changes in the dynamical behavior of the rays. In this paper, we are going
to show that these propagation properties can be completely understood by properly constructing a GB
ansatz for .

This paper is organized as follows. In Section [2] we motivate our study and discuss some existing
bibliography related with our work. In Section[3] we introduce the Hamiltonian systems for the continuous
and finite difference wave equations, and discuss the main differences between the corresponding rays of
geometric optics. In Section [4] we briefly recall the construction of GB solutions for the continuous wave
equation, for which we will follow the nowadays classical approach of [31] (see also [27]). In Section [5 we
adapt this construction to produce a GB ansatz for the semi-discrete problem . In Section we
present and discuss some numerical simulations corroborating our theoretical results. Finally, in Section
[7l we gather our conclusions and present some open problems related to our work.

2. MOTIVATIONS AND BIBLIOGRAPHICAL DISCUSSION

The computation of GB for wave-like equations is a very classical technique, dating back at least to
the early 1970s, when it was originally employed to study resonances in lasers [I, [3]. Since then, this
approach has branched out to an ample fan of different fields.

In [I7, B1], these constructions have been used to understand the propagation of singularities in
PDE. Later on, GB have been employed for the resolution of high frequency waves near caustics, with
geophysical applications, for instance to model the seismic wave field [10] or to study seismic migration [16].
More recent works in this direction include studies of gravity waves [34], the semi-classical Schrédinger
equation [I8| [20], or acoustic wave equations [30, [33]. Finally, GB have also been widely employed by
the control theory community, to describe the observability and controllability properties of wave-like
equations. An incomplete literature on applications of GB to control includes [, [7, 8, 27].
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GB are closely related to geometric optics, also known as the Wentzel-Kramers-Brillouin (WKB)
method or ray-tracing [6l [IT), 19, B2]. In both approaches, the solution of the PDE is assumed to be of
the form

uFz,t) =k Ta(z, )@Y, (z,t) e R x R,

where k € N* = N\ {0} is the high-frequency parameter, a is the amplitude function, and ¢ is the phase
function. What differentiates geometric optics and GB are the assumptions one makes on the phase.

In the geometric optics method, ¢ is assumed to be a real valued function. This, however, has a
main drawback, since solving the equation for the phase using the method of characteristics may lead
to singularities which invalidate the approximation. Generally speaking, this breakdown occurs at the
intersection of nearby rays, resulting in a caustic where geometric optics incorrectly predicts that the
solution’s amplitude is infinite.

GB, on the contrary, are built with a complex valued phase and do not develop caustics. Intuitively
speaking, this is because these solutions are concentrated on a single ray that cannot self-intersect.
Mathematically, this stems from the fact that the standard symplectic form and its complexification are
preserved along the flow defined by the Hessian matrix of the complex valued phase ¢ [31] [33]. Thus,
GB are global solutions of the PDE, and represent a very effective tool to understand wave propagation.

The construction of GB is nowadays well-understood for a large class of PDE. Starting from the
previously mentioned works [3| [I7], these techniques have been later extended by several authors, and
complemented with the developments of tools like microlocal defect measures (introduced independently
by Gérard in [I4] and by Tartar in [35], in the context of nonlinear partial differential equations and of
homogenization, respectively) or Wigner measures [21], [29] [44].

Nevertheless, these kinds of approaches are still only partially developed at the numerical level. If,
on the one hand, we can mention some works on the extension of microlocal techniques to the study
of the propagation properties for discrete waves [20], 28], on the other hand, we are not aware of any
contribution on the GB construction for discretized PDE.

This paper aims at filling this gap, by analyzing the GB approximation of finite difference wave
equations and using them to describe their propagation properties.

The analysis of propagation properties of numerical waves obtained through a finite difference
discretization on uniform or non-uniform meshes is a topic which has been extensively investigated
in the literature. Among other contributions, we mention works of Trefethen [36] B7] and Vichnevetsky
[38, B9], 40, 4T], [42], as well as the survey paper [45]. In particular, it is by now well-known that the
finite difference discretization of hyperbolic equations introduces spurious high-frequency solutions with
pathological propagation behaviors that are not detected in their continuous counterpart.

The employment of GB helps understanding the reason of this discrepancy. In fact, knowing that GB
solutions remain concentrated along bi-characteristic rays allows to completely describe the propagation
properties of numerical solutions and detect the pathologies that the discretization introduces. At the
continuous level, if the coefficients of the equation are constants, the bi-characteristic rays are straight
lines and travel with a uniform velocity. In the case of variable coefficients, instead, the heterogeneity of
the medium where waves propagate produces the bending of the rays and, consequently, an increase or
decrease in their velocity.

On the other hand, the finite difference space semi-discretization of the equation may introduce different
dynamics, with a series of unexpected propagation properties at high frequencies, that substantially differ
from the expected behavior of the continuous equation. For instance, one can generate spurious solutions
traveling at arbitrarily small velocities [36] which, therefore, show lack of propagation in space.

As we shall see, this phenomenon is related to the particular nature of the discrete group velocity
which, in contrast with the continuous equation, may vanish at certain frequencies. In addition, the
introduction of a non-uniform mesh for the discretization of the equation makes the situation even more
intricate. For instance, as indicated in [Bl 28] [41], for some numerical grids the rays of geometric optics
may present internal reflections, meaning that the waves change direction without hitting the boundary
of the domain where they propagate.

All these pathologies are purely numerical, and they are related to changes in the Hamiltonian system
giving the equations of the rays. In [B 26] 28], a complete discussion of these spurious dynamics has
been carried out by means of microlocal techniques, supported by sharp numerical simulations. This
work complements the aforementioned contributions, by providing a simple yet accurate GB ansatz to
understand wave propagation in the finite difference setting.
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3. HAMILTONIAN SYSTEM AND RAYS OF GEOMETRIC OPTICS

In this section, we discuss briefly the behavior of the rays of geometric optics associated with the
continuous and semi-discrete wave equations (1.1]) and (1.3)).

3.1. Rays of geometric optics for the continuous wave equation. The rays of geometric optics
are defined as the projections on the physical space (x,t) of the bi-characteristic rays given by the
Hamiltonian system associated with the principal symbol of the wave operator. In the case of the wave
equation (1.1]), this principal symbol is given by
P(x,t,&,7) = —1% + c|€|%. (3.1)
and the bi-characteristic rays are the curves
s (z(s),t(s),€(5),7(s)) € R x R x RT x R

solving the first-order ODE system:
a(s) = Vgp(fﬂ(s) t(s),&(s),7(s)) z(0) = xo
t(s) = Pr(x(s),t(s),&(s),7(s)) t(0) =to
£(s) = —VaP(x(s),t(s),£(5),7(s))  &£(0) =&, #0
7(s) = —Pu(x(s),1(s),&(s),7(s)) 7(0) = 7o
with initial data (zo,to, &y, 70) € R? x R x R? x R such that
P(xo,to, &y, 70) = 0. (3.3)

In what follows, without losing generality, we will assume that ¢ty = 0. Then, we immediately obtain

from (3.1) and (3.2) the new system

(s) = 2c¢€, z(0) = xo

t(s) = —279s

&) =€ o0
T(s) =710

from which, inverting the variables s and ¢ in the second equation, we find the following expression for
the ray x(t)

2(t) = zo — 504 (3.5)
To
Moreover, from (3.3)), we have that the initial value 7y has to be chosen such that
0 = cl&, % (3.6)
Using this in (3.5]), we finally obtain
() = xo + \/ (3.7)

|€o|

i.e., the rays £*(¢) are straight lines which propagate from xy with constant velocity y/c and in the
direction prescribed by the unitary vector £€,/|&,| € R%. Notice that, in space dimension d = 1, this
is consistent with the d’Alambert’s formula, according to which, given the initial data (ug,u1), the
corresponding solution of can be uniquely decomposed into two components - each one propagating
along one of the characteristics *(¢) - and is given by

1 1 [etve
u(z,t) = = [uo(x ++et) + ug(x — \/Et)} + = / u1(z) dz.
2 A Vet
3.2. Rays of geometric optics for the semi-discrete wave equation. When considering finite
difference approximations of (L.1]), namely (|1.3]), the principal symbol of the wave operator becomes

N d ¢,
sin (2) =724 4chin2 <2z> , (3.8)
i=1

where we have denoted by &;, i € {1,...,d}, the i-th component of the vector £ € R?, while with the
notation | - | we refer to the classical Euclidean norm.
4
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This trigonometric symbol (3.8)) can be intuitively inferred by taking in (|1.3) plane wave solutions of
the form

uj(t) = (W H89) = eh (e (3.9)

where 7 is the temporal frequency and & the spatial frequency (also known as the wave number).
Notice that these solutions are in a high-frequency regime of order h=!. This results in a principal
symbol which is independent of the mesh parameter h.
At this regard, we shall stress that in some classical references (see, e.g., [37]) the authors consider
plane waves in a uniform (independent of h) frequency regime, i.e.

uj(t) = e,

c|l. [(hE
sin (2)

whose associate principal symbol

4 2 de & he;
Pran(x, t,€,7) = —7° + 72 =724 h—g sin? ( 26 ) (3.10)
i=1

depends explicitly on h. But since one of the motivations of our study is to provide a deeper understanding
of the high-frequency pathologies of finite-difference wave propagation, it is more natural to work in the

high-frequency regime of (3.9)).
There is a clear substantial difference in this symbol ([3.8) with respect to its continuous counterpart
(3.1). In (3.8), the Fourier symbol |€|? of the Laplace operator is replaced by

d 13
4 2 [ 3
c ; sin ( > ) ,
corresponding to the finite difference approximation of the second-order space derivative. This affects
also the behavior of the bi-characteristic rays, that are now given by the curves
s+ (zra(s),t(s),Era(s),7(s)) € RY x R x R? x R
solving the first-order ODE system
a':fd(s) = Vngd(a:fd(s), t(s), 5fd(5)7 T(S)) :de(()) = Xy
t'(s) = 0:Pra(xa(s),t(s), & rals), 7(s)) t(0) = to
§fd(5) = _prfd(mfd(s)vt(3)>£fd(5)a7_(5)) §fd(0) =& #0
T(S) = _8t7)fd($fd(8)7t(s)7€fd(s)a T(S)) =0 (O) =70
with initial data (zo,to, &g, 70) € R? x R x R% x R such that
Pra(xo,to, €9, 70) = 0. (3.12)

Once again, without losing generality, we will assume that ty = 0. Then, we immediately obtain from

(3.8) and (3.11) the new system

(3.11)

2

Zsq(s) = 2csin(€;) z(0) = xg
t(s) = —27ps

3 fd(S) =&
(s) =
from which, inverting the variables s and ¢ in the second equation, we find the following expression for
the ray @ q(t)

(3.13)

70

csin(€)

70

a:fd(t) =xy — t. (3.14)

Moreover, from (3.12)), we have that the initial value 79 has to be chosen such that
2
sin (50>
2

Vesin(§p)

i (€
2 |sin (70 ‘

2 _
75 = 4c

Using this in (3.14)), we then obtain

m]jfd(t) =xp* t.




Finally, by observing that

sin(&,) = 2sin (520) ® cos (520) ,

where ©® denotes the standard Hadamard product EI, we get the following expression for the characteristic
rays

sin ( &
mfd(t) = xg *+ \/ccos (€2O> ©) .Eig)t. (3.15)
S1n b3

We then see that the rays :c;[d(t) are still straight lines originating from x¢ and propagating in the
direction of the unitary vector
(€
sin <70>

- (€
sin <70>

but this time with a velocity of propagation (also denoted group velocity in some classical references -

see [36} 39])
()]

which is not constant anymore. Instead, it depends on the frequency &, and vanishes whenever
| 005(50/2)| = 0. This happens, for instance, if

& =02k+ 1), withkeZand1=(1,1,...,1) € R%
0

)

In Figure[l} we display this phenomenon in the one-dimensional case d = 1.

~+ =
SN—

[ J

IS
~
U

§ =3

FIGURE 1. Velocity of propagation of z*(t) and x]jfd(t) for & € [—4m,4n] in space
dimension d = 1. The blue dots indicate the values of & for which irjfd(t) =0.

This possibility of a zero velocity of propagation generates unexpected dynamical behaviors and
spurious high-frequency solutions of (1.3)), that are not observed at the continuous level and shall be duly
taken into account when addressing the construction of GB.

4. GAUSSIAN BEAMS FOR THE CONTINUOUS WAVE EQUATION

In this section, we give an abridged presentation of the construction of GB solutions for the wave
equation (|1.1). This construction being nowadays very classical, in what follows we shall only recall its
main steps. Complete details can be found, e.g., in [27 [31].

We recall that, given two vectors v = (v1,v2,...,v4) € R and w = (w1, ws,...,wq) € R, their Hadamard product is
the vector v @ w = z = (21, 22, ..., 24) € R with z; = v;w; for all i € {1,...,d}.
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4.1. The GB ansatz. Given a ray x(t) as in (3.7)), our objective is to generate approximate solutions of
equation (1.1)) with energy
1

E.(u(-1)) = 5,/]1@ {|ut(a:,t)|2 + c|Vu(z, t)*| dz, (4.1)

concentrated on x(t) for every t € (0,7"). These solutions will have the structure
uF(x,t) = ki la(x, )e* ™D ke N* =N\ {0}, (4.2)
with an amplitude function a given by
a(x,t) = Ol )

and a phase function ¢ of the form

B 1) = & - (2~ 2(0)) + 3 (@ — 2(1) - [Moa — ()], (43)

where My € C™? is a d x d complex symmetric matrix with strictly positive imaginary part to be
determined. Let us stress that taking My with strictly positive imaginary part is fundamental for the
construction of GB. In fact, if we replace (4.3)) in (4.2)), we can easily see that

Wk (z,t) = ki a(z, t)e” 2@ =0 [S(Mo)(@—2(1)] ikeo (m—(1)) , & (z—() [R(Mo) (m—w())] ’
so that
|uk(a:, t)|2 _ k%_2|a(az, t)|26—k(m—w(t))' [i‘y‘(Mg)(m—ac(t))]

and 3(Mp) > 0 implies that u* is essentially a Gaussian profile translated along x(t).
The main result that we recall in this section is nowadays classical (see [27, [31]), and establishes the
existence of functions of the form (4.2))-(4.3) that are approximate solutions of (1.1)).

Theorem 4.1. Let My € C¥™*? with S(Mp) > 0, 0 # & € R, 0 <c€ Rand 0 < § € R. Let
O, := 97 — cA denote the standard d’Alambert operator, and let x(t) be a ray for O. given by (3.7).
Given k € N* =N\ {0}, define

uf(x,t) = k’%_la(w,t)eikd’(m’t), (4.4)

with
a(z,t) = e dle—e=® (4.5)

and
oz, t) = &y(x — x(t)) + %(m —xz(t)) - [Mo(:c —x(t))]. (4.6)

Then, the following facts hold:
1. u* is an approzimate solution of the wave equation (T.1)):

k 1
tes(l(l)%) |O0cu (-,t)HLQ(Rd) <Ck™> (4.7

for some constant C = C(a, ¢) > 0 not depending on k.
2. The energy of u* is of the order of a positive constant when k — +00: more precisely, for
t e (0,T) we have

kgTooEc(uk(.,t)):c(d,so,Mo,a) (M) . (4.8)

3. The energy of u¥ is exponentially small off z(t) as k — +oo:

sup [ (kGO eVt (0 do < Cla g, Ma)e bSO ()
te(0,T) JRI\ By (t)
Here By,(t) denotes the d-dimensional ball centered at x(t) of radius k=/* and C(a, ¢, d, My) > 0

s a positive constant not depending on k.
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Remark 4.1 (High-order Gaussian Beams). As shown e.g. in [43], it is possible to find correcting terms
b,a1,a0,...,ay and a cut-off function x € Cs° (R4 x R) identically equal to one in a neighborhood of the
ray x(t) such that the function

N
(@) | ale, ) + 3 kaj(@,t) | eRG@D @) (4.10)
j=1

still satisfies the conclusions of Theorem [{.] and moreover

sup HDCuN <ck =N, (4.11)

O X

We stress that the introduction of a cut-off function in is necessary to avoid spurious growth
away from the center ray. Besides, we see from that the approzimation rate of u’fv is improved
by a factor k=N . Actually, with this procedure, we can build quasi-solutions of approzrimating the
real solution up to an arbitrary order. These quasi-solutions of are usually called N-th order
Gaussian Beams. Assuming this terminology, the ansatz will then define a 0-th order Gaussian
Beam.

Remark 4.2 (Variable-coefficients wave equation). When considering a variable-coefficients wave
equation, i.e. when taking ¢ = c(x) € C*°(R), the GB construction of Theorem still applies.
Nevertheless, some small changes need to be introduced in the phase function. In particular, ¢ has to be
chosen in the form

B, 1) = &gl — (1)) + 5 (@ — 2(1)) - [M(D)(@ — ()],
with M (t) € C™? solution of the nonlinear ODE

M(t) = M(t)C(t)M(t) + B(t)M(t) + M(t)BT (t) + A(t), te (0,T)
M(0) = M,

(4.12)

and where A(t), B(t) and C(t) are d X d matrices whose coefficients depend on the first and second
derivatives of the principal symbol P evaluated along the characteristics. This is a Riccati equation and
it can be shown (2 131]) that, given a symmetric matriz My € C¥*¢ with I(My) > 0, there exist a global
solution M (t) of ([A.12) that satisfies M(0) = My, M(t) = M(t)" and S(M(t)) >0 for all t.

We are postponing the proof of Theorem to Appendix [A] Here we shall just highlight the main
ingredients for the explicit construction of the ansatz (4.4))-(4.5)-(4.6]), that shall be later adapted to the
finite difference setting.

4.2. Asymptotic expansion and explicit construction of the GB ansatz. We start by substituting
the function u* into (1.1)) and, after having gathered the terms with equal power of k, we get

Dcuk = k%fleik‘/’mca
n k%eiw(amcqs 4 2a1¢y — 26V - v¢) (4.13)
+ Eitleiks (c |V¢5|2 — ¢f)a.

Let us write the expression (4.13) as

Ouf = k316 g + ik e Pp) + kTR0, (4.14)
where we have denoted
ro = Ooa (4.15a)
r1 = alde.d + 2a;¢0; — 2¢Va - Vo (4.15Db)
ro 1= (c Vo|* — ¢t2)a (4.15¢)

We are going to construct a and ¢ in such a way that the terms of higher order in k, namely r; and
r9, vanish on x(t) up to order 0 and 2, respectively.
8



4.2.1. Analysis of the ro term: computation of the phase ¢. We want to construct ¢ such that
D2ry(z(t),t) = 0 for all t € R and a € N? with |a| € {0,1,2}. (4.16)
with ro given by . For this, it is enough to solve the eikonal equation
Vel* —¢7 =0 (4.17)
up to order 2 on (w(t),t). Next we show that this can be done if ¢ is of the form (4.6)). To this end, let
us first notice that, from the definition of the phase ¢ we get

Vola(t),t) = [6+ Mo —2()]| =&

z=x(t)
ble(00) = | ~ &) o) [Mole - 2] || =&y al0)
z=x(t)
Plugging this into , and using and 7 we then obtain that
2 4 2 4
VO (@(t), O — GE((t), ) = cléol? — (€ - #(1))* = elégl? — 0L = cje,p — Tl
To &y

Secondly, we have from that
V (Vo2 - ¢7) =2(cH($) Vo — 6:Ve1), (4.18)
where H(¢) denotes the Hessian matrix of ¢. Moreover,
H(p(x(t),t)) =My and Vu(x(t),t) = —Mox(t).
Hence, we get from , and that
€|
2

V(cIVa(a®). D1 — 63(@(t).1)) = 2eMo (€ — (€ - £(0)(1)) = 200t (1_ 0 ):o.

Finally, taking into account that D3¢ = 0, we can compute

H(c[V9[* = 0F) = 2(cH(9)? = 6:H(91) = Ve ©® Vo ) (4.19)
with
il,t Gy tPuat o Day tPugit
Goribune  Bn oo Gusibus
Vo @ Ve = . . ) € R4,
Gz tPrat  PugtPeot - 2ot

Hence, since H(¢:)(x(t),t) = 0, we obtain from (4.19) that
H (e Vo(@(), ) = d3(@(t),1)) = 2M (e — [a(t)]*) = 0.
Therefore, with our choice (4.6]) of the phase function ¢ (4.16) is satisfied.

4.2.2. Analysis of the r1 term: computation of the amplitude a. To complete the construction of our
ansatz, we now have to determine a suitable amplitude a. To this end, we shall start by computing a on
the bi-characteristic rays, which is done by asking that 71 in (4.15b)) vanishes on (z(t),t), that is,

2eVa(x(t),t) - Vo(a(t),t) — 2a,(x(t), ) (2 (t), t) — a(z(t), ) Oep(z(t), t) = 0. (4.20)

On the other hand, we can readily check from the definition (4.6) that the d’Alambertian of the phase
¢ vanishes on the characteristics, that is,

Oeé(a(t). 1) = 0.
In view of this, simply becomes
2c¢Va(x(t),t) - Vo(x(t),t) — 2a:(x(t),t)d (x(t),t) = 0. (4.21)

9



Substituting V¢ and ¢;, and evaluating on the ray (x(t),t) using the fact that ¢ = |&(¢)|*> = z(t) - z(t),
we obtain that

26Va(@(t), 1) - Vo((t).t) = 2a,(@(t). Don(@(t).t) = 2(ck - Val@(t), ) + (€ - &(t))ar(@(t). 1))
= 2, - (cVa(a:(t), £) + @ (t)a ((t), t))
=2(¢ - (1) (2(t) - Va(@(t),t) + ar(@(1). 1))

= _2T0£a(m(t), t),

dt
(4.22)
where we have used (3.6) and (3.7) to compute
. 2cl&, |2 278
26, &(t) = 2l _ 2 _ —27y.
70 70
Hence, we obtain from (4.21]) and (4.22)) that a(x(t),t) is determined by solving the equation
d
aa(w(t),t) =0. (4.23)
ie.
a(x(t),t) = a(xzo,0) for all t € [0,T].
In what follows, for simplicity, we will take a(xg,0) = 1, so that
a(z(t),t)=1 forall t € [0,T]. (4.24)

Notice that we have many possible choices of a function a(x,t) satisfying both (4.23)) and (4.24]).
Among all these possibilities, we highlight two.

1. We can simply take
a(x,t) = a(z(t),t) =1, for all (x,t) € R? x [0,T].
2. We can take a as a Gaussian profile centered at x(t)
a(z,t) = e le—=®)I®,
These two choices can be put together in the selection

a(m,t) = e dle=®F 5> (4.25)

5. FINITE-DIFFERENCE APPROXIMATION

In this section, we adapt the continuous construction of GB described in Section [4] to the finite
difference wave equation (5.2)). Our aim is to provide a GB ansatz yielding to approximate solutions of
(5.2) concentrated on the rays mfd(t) in (3.15)), generated by the finite difference principal symbol (|3.8)).

As we shall see, two main difficulties raise when attempting this construction:

1. The discrete operators that we shall employ depend on the mesh size h. Because of that, we will
need to limit the range of the high-frequency parameter k in the GB ansatz according to h. We
will see that the correct scale is k = h~1.

2. As mentioned before, the finite difference equation admits some spurious solution with zero
velocity of propagation. This shall be taken duly into account when constructing the ansatz.

5.1. Numerical scheme. Let us start by introducing in more detail the numerical scheme we shall
employ. Given a mesh size h > 0, we consider an uniform grid on the whole R?

Gh .= {wj = jh, j ezd}.

10



Moreover, for a function f : R* — R, we denote fj == f(=;) its evaluation on the grid points, and we
define the following finite difference operators:

Vifi= (8;{1 fj)?zl with 8;[’1- = %(fj*‘rei - fj) forward difference (5.1a)

vV, [;= ((’9}7Z fj)jzl with 0y, fj = %(f] - fj,ei) backward difference (5.1b)

Vifj = (Oni fj)le with  Oh; fj = %(fj+ei - fj_e,i) centered difference (5.1c)

Acpfj = h—c2 Zd: (fj+ei —2f; + fj—e,;) finite difference Laplacian,  (5.1d)
i=1

with (e;)L, denoting the canonical basis in R
With the notations just introduced, we consider the following semi-discrete finite difference wave
equation on G"

{ et (t) =0, jezd te(0,T) 52)

uj(0) = ug, uz(0) = u;., j ez
where, for simplicity of notation, we have denoted
Dc,h = 8752 — Ac,h
the discrete d’Alambertian operator. Moreover, we define the semi-discrete energy associated with the
solutions of as
enlul(t) = 5 (100 sz + a1, ) (53)

where ¢2(hZ?) and ;Ll(th) are discrete Lebesgue and Sobolev spaces on the mesh G defined as

1
2

ChZY) = Cu st ullpgge = [T Ju? ] < +oo (5.4)
jeza
d 9 2 d %
P1pdy . o + . _ d + 2
RS = sl e = (2“ah,iu, p(hm> —|n Z; gzj 107 ugl® | < +oo
1= i=1j

As illustrated numerically in [B], the semi-discrete wave equation admits highly concentrated
and oscillating solutions that propagate along the characteristics @ sq(t) given by . The aim of this
section is to justify these numerical observation through the definition of a GB ansatz.

In what follows, for the sake of simplicity, we will first consider the one-dimensional case d = 1, in
which we will give complete detail of the GB construction. In a second moment, we will comment about
the extension of this construction to the general multi-dimensional case.

5.2. One-dimensional semi-discrete GB ansatz. We start by introducing the one-dimensional
version of the finite difference operators we defined in (5.1a)), (5.1b)), (5.1c) and (5.1d):

1
o f; = 7 (fj+1 — fj) forall j€Z forward difference (5.5a)
_ 1 . .
o, f; = E(fj — fj_1> forall j € Z backward difference (5.5b)
1 ) .
Onfj = % (fj+1 — fj_l) forall j € Z centered difference (5.5¢)
Achfj = h—CQ (fj+1 —2f; + fj,l) forall j€Z finite difference Laplacian, (5.5d)
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These operators fulfill some useful properties, that can be easily shown through the definitions: for all
j € Z, we have

(On + 0y ) f5 = 20nf; (5.6a)
_ h

(OF = 04)f; = < Acnf; (5.6b)

Acn(f9)j = fiAcng; + gilcenfi + C(aﬁrfjaf[gj + 3{fj3{9j> (5.6¢)

Finally, let us state the main result of the present paper, whose proof will be provided in the next
section and whose validation will be given in Section [6] through sharp numerical simulations.

Theorem 5.1. Let My € C with R(My) =0 and S(My) >0,0# & eR, 0<ceR,0<6 €R and
xq(t) be a ray for O, p given by (3.15)). Given h € (0,1), define

u’}d(%t) = hi Az, t)et *@), (5.7)
with
Al t) = 0o a(1)? F 3 In(1- 25 sin()1) (5.8)

and

M,
d(z,t) = ++/c (fo cos (60) — 2sin (60>> t+&(x —zypa(t)) + 0 (z — xsq(t))%
2 2 2 F My+/csin (%")t
(5.9)
Then, the following facts hold:
1. The u?d are approzximate solutions of the finite difference wave equation (5.2)):
1
Sh[u’}d] = sup HDthu}de("t)Héz(hZ) =0O(h2), ash—0". (5.10)
te(0,T)
2. The energy of u’}d satisfies
Enlult](t) =0(1),  ash— 0", (5.11)
3. The energy of u?d is exponentially small off z¢4(t) as h — 07
h B _1
sup o > (|5’tuifd,j|2 + C|62_U?d7j|2> <Ci(4,2) (1 th+t h2>e CalMadb 2, (5.12)
te(0,T) JEZT ()

where C1(A, @) > 0 and C2(Mp) > 0 are two positive constants independent of h and we have
denoted

Zi(t) = {j €7 ¢ |u; —wpay(t) > h%}

Remark 5.1. We anticipate that the mesh-size parameter h in the finite difference ansatz will be
related with the high-frequency parameter k in the continuous ansatz through the choice h = k=1,
In this way, our GB construction in Theorem[5.1] is consistent with the one of Theorem[{.1] in space
dimension d = 1 for what concerns the approximation rate of the obtained quasi-solutions.

Remark 5.2. We highlight that there are some differences between the continuous ansatz provided in
Theorem and the semi-discrete one of Theorem . In particular, u?d defined in s not simply
the projection on the mesh Gy, of its continuous counterpart . Instead, some corrector terms have
been introduced both in the amplitude A and in the phase ®. As we shall see with more detail in Section
the introduction of these corrector terms is required to compensate the non-uniform velocity of
propagation of the finite difference characteristics xzq(t) in , which makes a and ¢ in not
suitable choices for our semi-discrete GB ansatz.

As we did for Theorem [£:1] before, we are postponing the proof of Theorem [5.1] to Appendix [B] Here
we shall just highlight the main ingredients for the explicit construction of the ansatz (5.7)-(5.8)-(5.9).
12



5.3. Asymptotic expansion and explicit construction of the GB ansatz. In our forthcoming
computations, we shall use the following well-known identities: for all o, 5 € R

e’ — 7 = 2j5in (a—;—ﬁ) ez(a=h) (5.13a)

o i B yin? <a:f‘> i cos (0“£5> sin (“ . 5) o (a—p) (5.13b)

Moreover, similarly to the continuous case of Section [4] we shall consider the following ansatz for
approximated solutions of (5.2])

uky(x,t) = k™% Az, )R ® @D, (5.14)

with suitable phase ® and amplitude A.
To properly identify these phase and amplitude functions, the starting point is once again to compute
thu’; dj and gather the terms with equal power of the high-frequency parameter k. First of all, we have

Opulgy = €™ [k 1074, + k% (20,4;0,0; + 4;030;) — KT 4;(0,2;)%] . (5.15)
Secondly, using (5.6c) we can compute
Agpuky, =k~ {AquheiM)j + e A Ay + o O A0 R + a,;Aja,;eik‘Pj)} (5.16)

Now, using (5.5a)), (5.5D)), (5.6a]), (5.6b) and (5.13al), we can show that

hk

O A0 e + 0,7 A0, e = 2ike’ i 0, A;

We then get from (5.16)) that

sin(hkon®)) i226n, 0,

Acﬁhu’}d’j — k1 (AjAc,heik@j + e Ac)hAj) + k1etk®s 2icOpA; oL (5.17)
Moreover, by means of (5.5d)), (5.6a)), (5.6b)) and ([5.13b)), we get
A otk®i — & pik®in _ o ik, k@1 | — _C ik (o _ ihkd®, —ihkd; ®;
¢,h€ =72 € — 2e +e ——th —e —e
i B2k
] desin? (BEH, @ 4csin (—‘ActhI)j) 2
L (5 0n2;) + ik cos (hkoy®;) e e ae Ben®;

(hk)? 2k

Hence, we obtain from (5.17)) that
Acptify; =
kTN, A

i [ B2k
) in (hkO» ®.) in2k 4csm( - Ac’hq)') 2
+ik etk (%&Ajsm(ahj)e 2 Ben®s | Ajcos (hkop®;) . ) it A

hk h2k

4¢sin? (%8;1(1)]-)

_k‘zelkéjAj

(hk)?
(5.18)
Therefore, joining (5.15) and (5.18) we finally get
Oenuby; = k™ 1" Ry + ik Te™ PRy + kT AR, (5.19)
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with

Ro :=0enA; (5.20a)
Ry =20, 4,0, — 2cahAj%§hq’j)e%Aw% (5.20b)
4csin hz—ckAc R®i ) .
+ A; | 07®; — cos (hkd, ;) ( Z?k J) etlae Ben®;
desin® (2£0,@;) )
Ry = k)2 - (0:9;) (5.20¢)

Starting from , we shall now determine the phase ® and the amplitude A of the ansatz by
annulling the terms R; and Ry on the semi-discrete characteristics.

To do so, it will be fundamental a correct selection of the parameter k, which shall be taken as a power
of the step-size h:

k=h? gqeR
Nevertheless, when doing this, we have to choose carefully the exponent ¢ € R. In fact:
o If ¢ > —1, then

lim hk = lim A9t = 400
h—0+ h—0+

and we have from (5.20c)) that
lim Ro = —(8;®).
wgy T2 = 0®)
We then obtain a degenerate eikonal equation for ® in which the space derivative 0, ® does not

appear, which suggests that this choice of ¢ is not suitable.
o If ¢ < —1, then

lim hk = lim A%l =0
h—0+ h—0+

and we have from (5.20c)) that
hl_i>%1+ Ro = c(0,®)? — (0,D)%

This is the eikonal equation corresponding to the continuous wave equation (|1.1). Nevertheless,
the construction of GB for the finite difference wave equation (5.2)) should be based on solving
the eikonal equation corresponding to the principal symbol (3.8)), that is

0, P
R tq = 4csin? (’;) — (0;®)* = 0. (5.21)
Then, also this second choice of ¢ is not appropriate for our construction.
e If g = —1, then

lim hk = lim A?tl =1
h—0+ h—0+

and we have from (5.20c)) that

0, ®
li =desin® [ = ) = (0,®)* = Rya.
Rm Ro = 4csin ( 5 ) (0:®)° =Rya

Therefore, k = h~! is the correct choice for the high-frequency parameter.

Remark 5.3. We stress that more general choices of the high-frequency parameter as a function of the
mesh size h would also be possible. In fact, we could take any k = ((h) with

Jim h¢(h) = 1. (5.22)

The choice k = h™1, for the sake of simplicity, is the most natural situation in which (5.22)) holds.
14



In view of the above discussion, in the sequel, we will consider the following ansatz for approximated

solutions of ([5.2))

uly(w,t) = hT Az, t)en @0, (5.23)
Then, from (5.19) we get
Oenttfa,y = €% [BARg +ih 4Ry + h™ T AR,

Ro— Ry

=en® [hi (RO + A

> +ih TR +h T A Ryal - (5.24)

5.3.1. Design of the phase ®. As for the continuous case of Section [4] a suitable phase for our GB
construction needs to possess two main features. On the one hand, ® should contain a term of the form

M(t)(x = wga(t))?
with (M (¢)) > 0 for all ¢ > 0, to ensure that the ansatz (5.23) is really a Gaussian profile transported
along the ray z74. On the other hand, ® has to be such that
O Ra(xfq(t),t) =0 for all t € R and o € {0, 1, 2}, (5.25)

where 95 denotes a discrete derivative of order o on the mesh G".

Hence, to impose , one has to compute discrete derivatives of ® on x4(t) which, however, may
lead to cumbersome calculations. To avoid them, we replace the semi-discrete eikonal Ry in with
Ryaq given in 7 that only involves continuous derivatives. We are allowed to do that since the error

is small:
o, 0, P
|Ra — Ryal = 4c |sin® <h2]> — sin? (Z)’ (5.26)
Op®; — 0, Op®; + 0,
= 4c |sin (hj2) sin (hj;)‘ < 2¢|0p®; — 0,P| = O(h?).
Hence, in what follows, we will design ® such that

aaRfd(.de( ),t) =0 for all t € R and « € {0, 1, 2}. (5.27)

Taking inspiration from the continuous framework of Section 4] one could then try considering a phase
function ® with the same structure as ¢ in (4.3), i.e.

O(w,t) = &o(a — palt)) + %M(t)(:c —za()% S(M(t) > 0. (5.28)

Nevertheless, we can easily see that this would not be a good candidate for our construction. In fact,
such a function ® does not satisfy (5.27)), not even at order a = 0. Indeed, we can readily check from

and that
Rya(a(t),t) = desin? <W> (0, ®(sa(t), 1))

= 4csin® <§20) —&irat)? = 4¢sin? (?) — c&3 cos <€0>

Hence, we would have Ryq(zrq(t),t) = 0 only for a) € R satisfying the trigonometric equation

& cos <£°> = +2sin (520> . (5.29)

But for all the values of § € R such that is not fulfilled, we would have Ryq(xq(t),t) # 0.
This tells us that ® as in is not appropriate to generate a suitable GB ansatz for .

To cope with this fact, taking inspiration from general GB constructions described for instance in
[22, 23], [24] [25], we shall introduce a correction term in the definition of the phase. In particular, we shall
take ® in the form

1
®(w,t) = w(t) + &z = zpa(t) + FME) (@ — 2 5a(t))?, (5.30)
with w and M to be determined by imposing (5.27). To this end, let us first compute
0uR sa(x,t) = 2(csin(ax¢>)am¢> - a@am@), (5.31)
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and

OzaRyfa(x,t) = 2(0 c08(0,®)(0p2®)? + 5in(0,P) Dz ® — (04 ®)? — 8t<1>8m<1>). (5.32)
Moreover, from , we get that
e ®(zra(t),t) = o O ®(wga(t),t) = —M(t)isa(t)
0y ®(xpa(t), t) = w(t) — ok palt) Ozza®(xfa(t),t) =0 (5.33)
Dpa®(25a(t),t) = M(t) Drwx®(xpa(t),t) = M(t).

Plugging this in (5.21f), (5.31) and (5.32)), we then obtain that
Rya(rsa(t),t) = desin® (%) - (w(t) - 505de(t))2
0. Rya(xsa(t),t) =2 <c sin(go) + ((t) — €odga(t) )i fd(t)) M(t)

OuaRsa(wa(t),t) = 2((ccos(50) - :'cfd(t)z)M(t)2 - (w(t) — fosicfd(t))M(t)).

Therefore, by imposing ([5.27]), we have that the functions w and M in (5.30]) are obtained by solving
the following ODE system

( —&okpalt) )2 = 4csin? < ) (5.34a)
(w — &odpa(t) )xfd = —csin(&) (5.34b)
(w €0t pal )M - (c cos(&o) — xfd(t)2>M(t)2 (5.34c)

with initial conditions (w(0), M(0)) = (wo, Mp). In what follows, without losing generality, we will always
assume wqy = 0.

5.3.2. Solution of the ODE system —. Let us start by observing that the first equation
is actually redundant, which is not surprising since the ODE system has only two unknowns (w(t)
and M(t)). In fact, by taking the square in both terms of the second equation (5.34b)), and using the
explicit expression of the finite difference bi-characteristic rays «¢q(t) obtained in%: , we have

i) = acsin® (2 ) eos? (50 ) = (6t0) = Goat0)) “a7at0)? = c(510) ~ ) "o (%)

so that we immediately get
2
(6(t) ~ ot palt))” = desin® (520) .

In other words, a function w(t) satisfying (5.34b]) will automatically solve also (5.34a)). In view of this,
the original ODE system reduces to

((8) = € gal) ) salt) = —csin(€o) (5.359)
(w(t) — &oi fd(t))M(t) = —csin? (520) M(t)? (5.35b)

where we have used the fact that

ccos(§o) — Q'Sfd(t)2 = ccos(§y) — ccos (£0> = —csin? (?) )

Now, replacing into , we obtain
i\/E(w(t) - onvfd(t)) cos <52°) = —csin(€) — () — &iga(t) = F2v/csin <52°) . (5.36)

from which we can easily compute

o) = 21 (s (52) 200 (9) ). )
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Moreover, notice that, when

&o cos (€2O> = 2sin <£20)

which is one of the two solutions of (5.29)), we have w(¢) = 0. This is consistent with the fact that, for
the above value of £y, the phase function ¢ given in (4.3)) for the ansatz of the continuous wave equation
(1.1) satisfies the finite difference eikonal equation

Rya(zra(t),t) =0

and, therefore, the correction term w(t) is not needed.
Finally, to compute M and conclude the resolution of the ODE system (/5.34al)-(5.34c|), we replace

(5.37) into (5.35b)). In this way, we obtain

M(t) = Mo

1F fsm(f“)t

Let us recall, however, that to guarantee that the phase function ® really generates an ansatz ({5.23))
with a Gaussian envelop we shall have (M (t)) > 0 for all ¢ > 0. This can be ensured by a proper choice
of the initial datum Mj. In fact, a simple calculation gives us

(1 %(MO)\[ sin ( ) t) (M) — (1 F s(M;)‘/E sin (%0) t) R(Mo)
1 0 gin? () 12 7 R(My) asin () ¢ '

We then immediately see that it is enough to take

(5.38)

S(M(1) =

My e C  with

to obtain
(M)
1+ ‘M(’l sin (52 ) t2

This concludes the construction of the phase ®.

>0 forallt>0.

S(M(1)) =

5.3.3. Design of the amplitude A. To construct the amplitude function A, we start again from and
notice that, since the eikonal equation Ryq = 0 is solved up to the second order on the ray xsq(t), the
last term in that identity will not contribute in the computation. On the other hand, the second term of
order h™1 will definitely contribute. In particular, A shall be determined by imposing

Ri1Aj(zra(t),t) = 0.

As for the phase ® before, we notice that the expression of R; involves discrete partial derivatives
with respect to the space variable, which may lead to cumbersome computations. To avoid them, we
replace R, with the following expression

RiA; = 20,A;0,8; — 20, A, sin(0,8;) + A; (83(1)]» - ccos(aicbj)agéj), (5.39)

in which only continuous derivatives in space appear. Once again, we are allowed to do that since the
error is small. Indeed, we have

RlAj — 'ﬁ,lAj = 2C’C1 + AjICQ
with
Ky := 0, A;sin(0,P;) — OpA;j sin (0, P; )e! zeBen®;

and

4¢sin ( A n®; )
h

67’4CAL h®; .

Kg = ccos(0,9;)02®; — cos (9, ®;)
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Moreover, we can easily rewrite

K1 = (BIA — OhA )sm((? ;) + A (sm (0:®;) — sin (c’)h@j)) + OpAjsin (8,9;) (1 _ eiZ—’;Ac,hq>j>

4 Acp®;
Ko = c(cos(@wfbj) - cos((‘?h(I)j)>3i<I>j + cos(0, ;) (c@iq)j _ esin (4 a h ))

+ cos(0, P )4csm( hAC n%;) (1 _eiﬁAc,h%)

and estimate
[K1] < |0:Aj — OnAj| + |0 Aj|| sin (0, @) — sin (0 P;)
< |02 Aj — OnAj| + 100411025 — On @] + C|Ac,h<I>j||8hAj|h < ClAP;][0n A |k + O(h?)

3 LA(}»,/@

4cs1n( Acn®; )
h

|KCa| < c|8§<l>j|| cos(0;®;) — cos(On®;)| + c@iq)]

4csm( Acn®; )
h

< c|02®;]|0:®; — On®;| + [cO2®; — Acpn®;| + ClALLD; >R < C|AL 152k + O(h?).

Therefore,

Acn®j

- h
‘1—6147

|R1Aj — 7%114]‘| < C(|Ac)hq)j| + |Ac,hq)j|2)h + O(h2) (5.40)
and, if we rewrite

Ro — Rya

Oenuly; =eh® [hi (ROA + A

)+2h_(R1A Rl )+Zh 4R1A +h™ 4A iRyl

(5.41)
we then see that it is enough to design A; such that

RaA;(xsa(t),t) = 0.

By means of (3.15), (5.33)) and (5.39)), we can readily see that this amounts at solving the equation

A0, = *sin () M)Az 100000,

from which, taking into account the explicit expression of M given in (5.38]), we obtain

0 1n(1—Move g (4o
A(:cfd(t),t) A(xo O)e\[(sm(£ )fo M(s)ds A(l,o,o)e:le (1 5 (2 )t)

Choosing A(zg,0) = 1, we then get

A(Ifd(t)7 t) — e:‘:% 111(171”07\/E Sin(%)t) .

In the same spirit of what we did in Section [} this suggests to take the amplitude function in our
discrete ansatz ([5.23)) in the form

A(l‘, t) _ e—5(w—wfd(t))26¥% ln(l_ M%\/E sin(%l)t> 5>0. (542)

b

In conclusion, we finally have from (5.23), (5.30) and (5.42)) that

u?d(x, t) — h%e—é(z—mfd(t))Qe:F% 1n<177M02ﬁ sin(%)t)e% |:W(t)+§0($*m.fd(t))+%M(t)(xfm,fd(t))2:| , 5> 0,

(5.43)
with w and M given by (5.37) and (5.38]), respectively.

Remark 5.4. To conclude this section, let us highlight again the main differences between the finite
difference GB ansatz (5.43|) and the continuous one we have introduced in Theoreml|4.1l These differences
arise at two levels.
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1. First of all, in (5.43)), we have a phase function

1
©(z,1) = w(t) + (@ — 2sa(t)) + SM(t)(z — 21a(t)), (5.44)
with w and M given by (5.37) and (5.38)), respectively. This differs from the phase
1
¢(a,t) = Eolz — 25a(t)) + 5 Mo(z — za(t)) (5.45)

of Theorem in two aspects. On the one hand, in we have a time-dependent complez-

valued function M(t) in the quadratic part of the phase, which replaces the constant My in

(5.45). In addition to that, we remark the presence of the correction term w. Both modifications

stem from the fact that a phase in the form does not fulfill the condition and, in

particular, does not solve the finite difference eikonal equation on the semi-discrete characteristics.

Therefore, it is not suitable to build a GB ansatz correctly approzimating the solutions of .
2. Secondly, also the amplitude function

7M02\/E sin( 570)t>

Az, 1) = 676(zfzfd(t))2€:!:%ln(lf
in (b.43) presents some modification with respect to its continuous counterpart
o, t) = e=Sa=wra(®)?

This originates directly from (5.39), where the presence of some trigonometric terms of the phase
® (that do not appear at the continuous level) needs to be compensated through some small
adjustments when designing A.

5.4. The multi-dimensional case. We discuss here briefly the extension of Theorem to the general
multi-dimensional case d > 1. In particular, we shall point out the main changes in the construction of
the GB ansatz with respect to the one-dimensional case presented in the previous sections.

When going from 1D to multi-D, the GB ansatz for the semi-discrete wave equation changes at
three levels.

First of all, the scaling factor hi in needs to be adjusted to the dimension of the problem. In
particular, to remain consistent with the continuous case of Theorem we shall take a scaling factor
h1=%. Our ansatz for the semi-discrete wave equation in dimension d > 1 will then take the form

uly(a,t) = h1™ 5 Az, t)eh ®@), (5.46)

Secondly, also the phase and amplitude functions ®(x,t) and A(x,t) need to be adjusted, in a way
that we describe below.

5.4.1. Multi-dimensional semi-discrete phase. The phase function ®(x,t) is still of the form

1

Oz, t) = w(t) + & - (@ —zsa(t) + 5 (@ — @sa(t)) - [M(t)(w —zya(t))|, (5.47)

but has to be designed so that it fulfills
D2Rya(x(t),t) =0 for all t € R and o € N* with |a| € {0,1,2},

2 d
3 1 2 _ 2 a%(b 2
sin <2V<I>> —®; =4c .2:1 sin ( > ) — ®7.

Following the construction we have presented in Section for the one-dimensional case, we then
obtain that the functions w(t) and M(t) in (5.47) have to solve the coupled ODE system

2
sin <€20>

(w(t) — & :b(t))M(t) = M) TOM(t) (5.48b)

with

Rya(z,t) :=4c

(w(t) &, :b(t)>2 = 4c (5.48a)

with initial data (w(0), M (0)) = (0, My) and where § = diag (91, Oay ..., Gd) € R¥*4 is a real and diagonal
d x d matrix with elements
0; .= CCOS(&)J) —J.L‘?ch, 1€ {1,,d}
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By using the explicit expression (3.15)) for the ray x;q(t), we immediately obtain from ([5.48a)) that

sin <EO>’ M +1
2 4‘sm(£°)‘

Finally, we obtain from (5.48b])) that M (t) is the solution of the differential Riccati equation
+2./¢ |sin (520) ‘ M(t) = M(t)T©M(t)

and we know from [2, BI] that, given a symmetric matrix My € C¥*¢ with F(My) > 0, there exist a
global solution M (t) of (5.48D)) that satisfies M(0) = Mo, M(t) = M(t)" and (M (t)) > 0 for all ¢.

w(t) = +21/e

5.4.2. Multi-dimensional semi-discrete amplitude. Finally, the amplitude function A(x,t) has to be
designed such that

RiA(z(t),t) =0 (5.49)
with
RiA = 24,8, — 2¢VA - sin(Ve) + A(cpf - cvqﬂ\p(@)w),

where @ is given by (5.47)-(5.48a)-(5.485) and where ¥(®) = diag(¢1(q>), ba(®), ... ,wd(é)) € Rixd jg

a real and diagonal d X d matrix with elements
;i (®) := cos(0,,P), i€{l,...,d}.
Moreover, from (5.47)) and ([5.48a)) we have that
Bu(@galt),t) = () — & - dalt) = £21/C|sin (5)]

VO(zsa(t),t) U(R(@sa(t) 1) V(2 sa(t),t) = (€9 © &) - cos(&y)-
Using this in ([5.49)), we can readily see that the amplitude A has to solve the equation

& Alwalt). 1) = Cle. &) Al galt) 1

with
(Eo © &) - cos(&y) — 4 ‘sm <7") ‘2
{or(5)
Choosing the initial datum A(z4(0),0) = A(zo,0) = 1, we then obtain that
Ao palt), t) = S

In the same spirit of what we did in the one-dimensional case, this suggests to take the amplitude
function A(x,t) in the form

C(C7 50) = \/>

Az, t) = ef‘s'm*zfd(t)‘i‘ec(c’ﬁo)t, 60 >0.

5.4.3. Concentration along the semi discrete characteristics. Once the ansatz has been built according to
the above discussion, we can prove that it provides quasi-solution to the semi-discrete wave equation
(5.2) whose energy is concentrated along the rays x;q(t) given by (3.15)). In particular, we have:

L sup ||Dphufd =0O(h?) as h — 0F.

e Megan

2. gh[u’;d](t) =0O(1)as h = 07.

hd 1
3. sup — Z (|3tu?d,j|2 + c\a;u?m?) <Ci(A, D) (1 + h+ h2>efc2(M°)h 2
te(0,7) JEZHT(#)
where C1(A, ®) > 0 and Co(Mp) > 0 are two positive constants independent of h and we have
denoted

z(t) == {5 € 2%+ Jw; — wgag(t)] > Wi .
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The proofs of the above facts are totally analogous to what we have already presented in the one-
dimensional case. We leave the details to the reader.

6. NUMERICAL SIMULATIONS

We present here some numerical simulations to illustrate the results of the previous sections. On the
one hand, we shall provide a graphical comparison of the solution to our finite difference wave equation
and the ansatz u};d given by . This will give us a visual confirmation of the correctness
of our theoretical results of the previous sections. On the other hand, we shall check numerically the
approximation rates obtained in Theorem for the GB ansatz u’}d.

To compute numerically the solution of the finite difference wave equation , we have employed a
standard leapfrog scheme in time

1
Opu(t) ~ 53 (ugﬂ —2ul + u;.H), = u(@j, ty) (6.1)
t

on a uniform mesh 7 = {t,}\_, of size h;, satisfying the Courant-Friedrichs-Lewy (CFL) condition
(which is necessary since the method is explicit). This corresponds to taking h; = ph, with g € (0,1). In
our forthcoming simulations, we have always chosen p = 0.1, although other selections of p € (0,1) are
possible without affecting the stability of the numerical scheme and the propagation properties of our
numerical solution.

To remain consistent with 7 the initial data in are constructed starting from the Gaussian
profile uj}d(x, 0). In more detail, we have taken

W =g, 0) and ) = ddly(a;,0).

Moreover, we have considered different values of the frequency &, to illustrate the different propagation
properties of the rays, hence of the solution.
We start by considering the one-dimensional case and providing in Figure[2)a first graphical confirmation

of the accuracy of our construction. This is done by displaying the ¢?(hZ) error
_ h . h
€= H“fd - “?Hz = [|ufy — u?Hmhz)

between our ansatz u?d given by (5.23) and the numerical solution 7 obtained through (6.1)), computed
for different values of the frequency &g, and noticing that this error decreases as h — 0%.

e = lluhy — s

1072

FIGURE 2. (?(hZ) er-
ror between the ansatz
uhty given by (5.23)
and the numerical
solution u” obtained

=1 +H=3 -=&H=T7

1073 L
QD — 0 — .
= 2 s through (6.1]), in space
Mesh-size h dimension d = 1.

Moreover, in Figure [3} we display and compare the dynamical behavior of the ansatz u? 4> on the left,
and the numerical solution v}, on the right, for all the frequency previously considered.

We can appreciate that both the solution of computed through the scheme and the GB
ansatz (5.23]) show the same dynamical behavior, remaining concentrated along the bi-characteristic
ray zrq(t). In addition to that, we can clearly see how, as the frequency &, increases, the propagation
properties of these solutions change up to the pathological case £y = 7 in which we appreciate a lack of
propagation in space. This is consistent with the equations for the semi-discrete bi-characteristic rays
z74(t) given in (3.1F).

An analogous behavior can be appreciated also in the two-dimensional case in Figure 4] we display
and compare again the ansatz u?d, on the left, and the numerical solution v}, on the right, for different
frequencies &.

We can appreciate again that both the solution of computed through the scheme and the
GB ansatz ([5.23]) show the same dynamical behavior, remaining concentrated along the bi-characteristic
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GB ansatz Numerical solution

FIGURE 3. Comparison between the ansatz (5.23]) (left) and solution of (5.2)) (right), in
space dimension d = 1. Both solutions are localized on the characteristic rays starting
from ¢ = 0, with different frequencies &, € (0, 7].

GB ansatz Numerical solution

FIGURE 4. Comparison between the the ansatz (5.23]) (left) and solution of (5.2) (right)
in space dimension d = 2. Both solutions are localized on the characteristic rays starting
from xy = [-1/4,—1/4] ,with different frequencies &, € (0, 7] x (0, 7).

ray x¢q(t). In addition to that, we can clearly see how the frequency &, = [r, 7] is pathological, making
the velocity of propagation of the rays vanish both in the x and in the y direction. This results in
a wave that, for all ¢, is trapped at the initial point @y = x4(0), as we can clearly see in the plots.

Moreover, to confirm the accuracy of our approximation even in this two-dimensional case, we display
in Figure [5| the ¢2(hZ?) error

e = [lufa = wflly = llufa = il 2 ey

between our ansatz u?d given by and the numerical solution u} obtained through , computed
for different values of the frequency &.

Finally, in Table[I]and Figure [§] we collect and display the behavior with respect to the mesh parameter
h of the quantities & [’u?d] and £ [u?d] introduced in and , once again in the one-dimensional
case. For simplicity, we have considered there only solutions with initial frequency & = /16, although
other values of £, could have been employed obtaining analogous results.

In both cases, we can clearly appreciate how these quantities of interest behave as anticipated by
Theorem In particular, while we can see how &}, [u?d] decreases at a rate h? as h — 0T, the energy
En [u’} 4] remains essentially constant with respect to h. This provides further confirmation of the accuracy
of our theoretical results.
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FIGURE 5. (?(hZ?) er-
ror between the ansatz
uhy given by (523)
and the numerical
solution u” obtained

--§) = [g’ %] =& = [7[’, 7TH

107° Lo n
D —~ i) — .
S 3 2 s through (6.1]), in space
oo . .
Mesh-size h dimension d = 2.

h 0.1 0.05 0.01 0.005 | 0.002
Eh[u’;d] 0.3197 | 0.2633 | 0.2747 | 0.2562 | 0.2599

h 71 _ h
Snluya) = Su%)HDthufd("t)Hﬁ(hZ) 0.1084 | 0.0769 | 0.0452 | 0.0311 | 0.0212

te (0,

[N

h 0.3162 | 0.2236 | 0.1 0.0707 | 0.0316

TABLE 1. Behavior with respect to the mesh parameter h of the quantities £ [u?d] and
S [u?d} introduced in Theorem

FIGURE 6. Behavior
with respect to the
mesh parameter h
of the quantities
S[u?d] and E[u?d]

=& [ul Sy [ul - b3 . .
¢ ‘ {154 ‘ o introduced in The-
AD — 1 —
283 g 2 orem [G.1l Case
[elan]

Mesh-size h & = 7/16.

7. CONCLUSIONS AND OPEN PROBLEMS

In this paper, we have discussed the construction of GB solutions for the numerical approximation
of wave equations, semi-discretized in space by finite difference schemes. In particular we have focused
on the case of constant coefficient wave equations defined on the entire Euclidean space, and we have
shown how to accurately build a GB ansatz to describe the solutions’ propagation properties. Due
to the well-known fact that the solutions of finite difference wave equations may exhibit pathological
behaviors such as lack of space propagation at high-frequencies, classical GB constructions developed
for the corresponding continuous models cannot be immediately applied. In turn, some adjustments in
the GB ansatz are required, in order to compensate this lack of propagation and generate a family of
quasi solutions that correctly approximates the finite difference wave dynamics. As we have showed
in our main result Theorem this can be done by introducing a correction term w(t) in the ansatz’s
phase @, to cope with the vanishing velocity of propagation of high-frequency discrete waves. The main
contribution of this paper has therefore been to show that our proposed GB construction indeed produces
approximated solutions for the finite difference wave equation , whose energy propagates along
the corresponding bi-characteristic rays, with specific approximation rates given in terms of the mesh
parameter h. Furthermore, the numerical experiments of Section [f] have provided a confirmation of
the validity and accuracy of our construction. Nevertheless, some key interesting issues have remained
excluded by our analysis, and will be object of future research works.
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1. GB for semi-discrete wave equations on bounded domains The constructions of Theorems
and[5.T]can be adapted to obtain highly localized solutions for the corresponding finite difference
approximation of the Dirichlet problem

uge(x,t) — cAu(z,t) =0, (z,t) € 2 x(0,T)
u(z,t) =0, (x,t) € 0 x (0,T) (7.1)
u(z,0) = up(x), u(z,0)=ui(x), €N

Q) € R? being a bounded and regular domain. Obviously, since (2 is bounded, there may exist rays
that exit this domain in finite time. So for an arbitrary T' > 0 a GB beam will not satisfy in general
the Dirichlet boundary condition. In order to overcome this difficulty, one has to superpose two
GB beams - concentrated one on the positive branch :c;{d(t) of the bi-characteristics and the other
on the negative branch x,(¢) - and include in the construction the Snell’s law to handle the
reflections at the boundary. An overview of this construction for the continuous wave equation
(7.1) can be found, for instance, in [27, Proposition 8]. The extension of this constructions to the
case of finite difference approximations of is, to the best of our knowledge, still missing and
it would be an interesting complement to our analysis.

2. GB for semi-discrete wave equations on non-uniform meshes Our GB construction has
focused on the employment of a uniform mesh

Gh.— {:cj ::jh,jeZd}

for the space discretization. A natural extension of our work would then be to address the case
of non-uniform meshes

Gt = {11 = sle) a3 € .

obtained by transforming G, through some suitable diffeomorphism ¢ : R — R. The introduction
of a non-uniform mesh for the finite difference space semi-discretization of wave equations is a
delicate issue that needs to be handled with a particular care. On the one hand, it has been shown
in [I3] that there are suitable choices of G, that may help fixing the high-frequency pathologies
of semi-discretized waves. On the other hand, a refinement of the mesh may introduce further
pathological dynamics, with a series of unexpected propagation properties at high frequencies,
that are not observed when employing a uniform mesh. For instance, in space dimension d = 1,
one can generate spurious solutions presenting the so-called internal reflection phenomenon,
meaning that the waves change direction as if they were hitting some fictitious boundary (see
Figure [7)). These effects are enhanced in the multi-dimensional case where the interaction and

FIGURE 7. Numerical solution cor-
responding to the mesh gj; with t=T
g(z) = tan(mx/4) and initial fre-
quency & = T7n/15. The mesh
is finer in the interior of the do-
main and coarser near the boundary,
and generates the internal reflec-
tion phenomenon, which makes
the wave changing direction even
though no boundary is present in
the discretization domain. t=0

combination of such behaviors in the various space directions may produce, for instance, the
rodeo effect, i.e., waves that are trapped by the numerical grid in closed loops (see Figure .
As usual, these new phenomena are due to changes in the Hamiltonian system providing the
equations for the bi-characteristic rays, which in this case is generated by the principal symbol

d
~ 46 . g,
Prntn et S (§)
7@ = 3
The GB ansatz should then be designed by adapting our construction in Section [5| including in it
the new equations of the bi-characteristic rays. Notice that this may require the introduction of
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FIGURE 8. The rodeo effect in two-
dimensional wave equations, semi-
discretized in space on a non-uniform
mesh. The blue line describes the
characteristics, that propagate in time
on a closed loop.

some further correction term in the definition of the phase, in order to deal with those added
pathological behaviors that do not appear when discretizing on a uniform mesh.

3. Alternative numerical schemes In this paper, we have considered only the case of finite
difference approximations for the wave equation. On the other hand, it would be interesting to
consider also other numerical schemes such as mixed finite elements, which have been introduced,
for instance, in [9, 12} [15] with control purposes. According to our analysis, the first step would be
to identify the principal symbol associated with the FE discretization of the wave equation. From
there, the study of the corresponding Hamiltonian system would again allow one to understand
the propagation properties of the numerical solutions and, consequently, properly design a GB
ansatz.

4. GB for fully-discrete wave equations Our GB construction of Section [5] has focused on the
finite difference semi-discretization of the wave equation , defined through the semi-discrete

scheme
c
Bfuj(t) = ﬁ (Uj+1 — QU]‘ + Uj_l).
It would be worth to extend this analysis to the case of fully-discrete wave equations, approximated
through
+1 1 hi
uiytt = 2ul tulT = €33 (“}lﬂ —2u} + u}’fl). (7.2)

When working at this fully discrete level, the analysis of wave propagation is quite more involved
than the semi-discrete case, since now the bi-characteristic rays are generated by a principal
symbol in the form

d
ﬁ(w>t’£77-) = _Sin2 (%) + CZsin2 (21) s
i=1

with a trigonometric structure also in the time-frequency 7. Some preliminary study of the
dynamical behavior of these fully-discrete waves has been conducted in [41I]. Nevertheless, to the
best of our knowledge, a GB construction for is still am open (and very interesting) problem
that definitely deserves further investigation.

APPENDIX A. PROOF OF THEOREM 4.1

We give here the proof of Theorem concerning the construction of a GB ansatz for the wave
equation (1.1). To this end, we shall first need the following technical result.

Proposition A.1. Let xg € RY, N € N and f € L>®(R?) be a function satisfying
|z — 0|~V f(x) € L®(RY). (A1)

Then, for any positive constant 0 < 8 € R, we have

J.

for some C =C(d, N, 8) > 0 that does not depend on k.
Proof. Using (A.1]), we have that there exists a function g € L>(R%) such that

f(@) = |z — @0l Vg ().

2 2 da
fla)e Fole==ol | g < Ck=2—N (A.2)




In view of this, we can apply the Holder inequality to estimate

J.

Now, by means of the change of variable y = v/2k3(x — x(), we obtain that

/Rd @ — o "N el day = (2k5) 75N /R [y*Ne v dy.

Finally, by employing polar coordinates, we can compute

/ ‘y|2N —|yl? dy = / / r2N+d-1 —r drdo = = |Sd 1‘/ N+4— 1e—pdp
§d—1

N+7—1 _pd d7'f'2 F( +N)

2r<§+ >/o ’ 2 T(§+1)°

where I' denotes the Euler gamma function. Putting everything together, we finally obtain that

J.

Proof of Theorem[{.1. We organize the proof in three steps, one for each statement of the theorem.

Step 1: proof of (4.7). Starting from (4.14)), we have that

10| ey = [ Db Pda <k572 [ |eong|” da+ k% [ |eor|" do+ k342 [ |¢%0r,]" da,
L (R ) Rd R4 R4 Rd

Flaye ool | e = / e — o ¥g(a)e im0l |
]Rd

dx < C(d)/ |z — xo 2N g=2kBlw—wol* g
Rd

~4 Ndﬂ—zr( +N)

2
2 T(¢r1) |

f(w)e_kB“”_wOPIQ dz < C(d)[(Zﬁ)

where, we recall

ro = Ue.a
r1 = al.¢p + 2a;¢; — 2¢Va - Vo

ro = (C|V¢>|2 - (bf)a.

Since a, p € C°(R% x R), we clearly have that also 7, 71,79 € C°°(R? x R). Moreover, by construction,
r1 and ro vanish on @ = x(t) up to the order 0 and 2. In view of that, we have that rg,r1,ry satisfy
with N =0, N =1 and N = 3, respectively. Then, applying Proposition with &y = x(t) and
the previous values of N € N, we get

k’_l/ |eik¢r0’2 dx < C(a,¢)k™?
d
4 ik, |2 -1
k> / e 7"1’ dx < C(a,P)k
R4
k%"‘l/ ‘eik¢r2|2 dx < C(a,¢)k™ .
R
Putting everything together, since k > 1, we finally obtain that
k|2 -2 -1 -1 -1
[P gy < C(K72 457 4+ 57) < Clas )7,
that is,

|0t || Lo pay < Cla, @)k%.

(RY)

Step 2: proof of (4.8)). Starting from (4.1)), we have that

1

B () = [ (I COP + Vi (0) da = 250) + =H0) + 250
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where we have denoted

vl

- k oo [0y
Z5(1) :=7/ af? (16 + [ [ ) e @) [30M0)@-2(1)] g
R4
Ei(t) = /ﬂgfl/ a(atgbt+cva.v¢)e—k(m—w(t))~[S(Mo)(m—m(t))] dae
Rd
k22 N
=h(t) = 22 / <|at|2_A,_clva|2)e—k(m—m(t))'[\:(Mo)(m—m(t))] e,
Rd

Notice that, since a, ¢ € C*®(R? x R) and I(My) > 0, we have that for all t € (0,T)

- d_ _ _ B _ dF( ) e % _
=k -1 k(xz—x(t))- |S(Mo)(x—x(t)) _ 2 1
E1(t)] < C(a, 9)k /Rde [ ]dm_C(a ¢)2F( ) <det(%(M0))> k

d+1 %
=k 42 — k(- (1)) [S(Mo) (@ —a(t))] ) T -2
Zh(t)] < k2 d k
=20 < Cla, ) /Rde ¥ +1) \det(S(Mo))

Nl

/\

= Cl(a, ¢)

2F(

NJ\&.

sup (5] +[25(6)]) >0, as k - +oc, (A3)
te(0,T)

As for the term =5(¢), replacing in it the explicit expression (4.5)) of the amplitude function a, we get
that

0= [ (oo ool

where I; denotes the identity matrix in dimension d X d. Moreover, using (3.7) and the explicit expression
(4.6) of the phase function a, we can compute

|¢f|2 |£ 2 {|€0|2 +&- (]\40(-73 - m(t)))]Z

2
VoI = c|go + Mo(@ — (1))
and we obtain from (A.4]) that

=60) = 3 b / [|so|2 + &+ (Mol - w(t)))]26““‘”8“”'[(%”M%(Mw)@—w@»}
0 Rd

g

2 _(x— | 201 g+ES(M -
+58 [ Jeo+ Mot —aten| e (oo e

Now, since 2614 + kS(Mp) > 0, we can apply the change of variables

dx

dx.

1

(2614 + kS (Mo) ) (2 — (1)) =

J.

_% 2 2
€0+ (25Id+k%(M0)) Moy‘ 19 gy,

and we get

4
2

c k
=5(0) = 3¢,
0 det(26[d + k%(MO))

ol

L 2
€ol% + & - ((md + k%(MO)) _2M0y>] v gy

c k=
2 ¢ Jra
det (251d + k%(MO)) ®

Finally, the two integrals in the expression above can be computed by employing polar coordinates. In
this way, we obtain that

Zk(t) :C<d,€0,M075)7T% k3 (1+k—1) ) (d £, Mo, )Wg

det(?dld n ki‘s(MO)) det (26k—11d n %(MO)>

27

vl

: (1 + k—1>.



Hence,

kgrfoo Eo(t) = C(d7 50,M075) (det(i‘?(]%@)) . (A.5)

From (A.3) and (A.5), we immediately get (4.8]).
Step 3: proof of ([£.9). Since a,¢ € C°(R? x R) and k > 1, we have that

/ (I (0P + e[V (-, )2) de < € (K + 141+ k82 / ¢~ M=) [S00) @2 0)] 4oy
R4\ By (t) R4\ By (t)

IN

C / k@) [ @—20)] g0
RA\ By (t)

vl

e kv [%(Mo)y]

Ck dy,

/Rd\B(o,k—i)
with C = C(a, ¢) > 0 a positive constant not depending on k. Moreover, by employing the change of

variable y = k*%z, we have that

Ck%/ e kv [S(Mo)y] dy==C efz-[%(Mo)z] dz
RAB (057 1) r\B (0,51 )
—-C e—%z.[%(Mo)z] e—%z-[%(Mo)z] dz
Rd\B(O,k%)
< —lz-[%(M )z}) —lz-[i‘r(M )z]
< sup ez 0 / N %l dz
Rd\B(mki) Rd\B(O,kZ)
:efédet(%(Mo))k%/ 37 [30M0)2] 4
Rd\B(mki
Se—%det(g(Mo))k%/ o3 [30m0)2] 4
Rd
_ dr (42) ( 2m )ge—;det(s(Mo))k%
2T (4 +1) \ det(3(Mo)) '
From this last estimate, follows immediately. (I

APPENDIX B. PROOF OF THEOREM [5.1]

B.1. Concentration of solutions. We give here the proof of Theorem concerning the construction
of a GB ansatz for the semi-discrete wave equation (5.2)).

Proof of Theorem[5.1. We are going to split the proof into three steps, one for each point in the statement
of the theorem. Moreover, in what follows, we will denote by C > 0 a generic positive constant independent

of h. This constant may change even from line to line.

Step 1: proof of (5.10). Starting from (5.41)), we have that
2 2
HDc,hu?d('ﬂ t) Hﬁ(hZ) =h Z !Dc’hu?dij (t)|

JEZ
5 ig. R2—R ?
<hzy |ew®s <R0Aj + Ajzhzfd)
JEL
1 i3 -~ 2 3 -~ 2
+hry ( en®i(R1A; —RlAj)] + eﬂ’leAj‘ )
JET
; 2
+ h7% Z €i©jAijd‘
JEL
Moreover, using (5.30]), we see that
ey G ER(®)) o ES(@)) k(060 (5 s () EROIO) (5= a5 (1)) g e S (D) (2~ a5 (1))
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and, therefore,

2

5|7 _ o 3S(M()(wj—wra;(1)? (B.1)

>

e

In view of this, we get

Ry — Ryal’

18, nulal, H@?(hz Sh%zeiﬁ (2O ‘ROA +4 h?
JEL

~ 2 ~ 2
+hE Y e HIMW) s s (1) (‘R1Aj ~Rad| + [Raa) )
JEZ

F‘\

+h Zeil 0)(zj—wsa,5(t)* |A;Rsal?
JEZ

Now, by means of (5.26]) and (5.40)), we have that

2
83 e hSMIONws —wra () ’RoA +4; Lfﬂ
i€z '
< hE Y e RO w0 (1R A + €Ay )
i€z
and
1 1 R ’
h3 2:e—H\r(M(t))(Ij—’“‘fdd'(t))2 ‘R1Aj - RIAJ"
i€z
O AN eras 0 (|Ac,h<1>j|2 L IAC,h<I>j|4) 1 end Y e HIMIWN@—esas0)*,
JEL -

Hence,

[ Hp(hZ) <Ch3 Y e HIMI @m0 ) 4 e N eI @y (1)
JEZ JEL
~ 2

L RE N e BB~ (1)? ’Rl Aj‘

JEZ
+ho3 Ze—;J(M(t))(wj—lfd G()? |Aijd|2 )

JEL
The first two terms on the right-hand side of the above inequality can be estimated by observing that
e~ BSM®)(xj—wra; (1) _ O(h—%), (B.2)
JEZL

This can be easily seen by considering the Riemann sum approximating on the mesh Gy, the integral
/ ~ (M) @2 5a(1))? 1
e h fd dr =Ch?2.
R
Hence, using (B.2)), we obtain that

(h% + h%) Z e FSM () (w5 —wra,; (1) _ O(h4) + O(hQ) _ O(h2)
JEL

and, therefore,

1 1y R ~ 2
LD M 2]
€7
+h3 Ze—% S(M (1) (zj—xa,;(t)* |Aijd|2 + O(h?).
Jez
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Finally, since by construction ’ﬁlAj and Rfq vanish on the discrete characteristics x4(t) up to the
order 0 and 2 respectively, we have that

3 e B g0 () ‘ﬁlAj‘z — O(h?)
JEL
Ze*%%(M(t))(rrrfd,j(t))Q |A;Rsal* = O(h?).
JEL
This is the discrete version of Proposition which can be proven once again by applying Riemann
sum to approximate the corresponding integrals. In view of this, we obtain
hz Ze*% M(t))(xj—xra,;(t))? ’RlA ‘ +h Ze*% (M) (zj—xsa,;(t))? |Aijd|2 = O(h).
JEL JEL

and we can finally conclude that

|Denufal, ||Z2(hZ O(h*) + O(h) = O(h), ash—0".

Step 2: proof of (5.11). First of all, starting from (5.3)), (5.4)) and (5.23)), we can write
gh_h’ Ol |2 8+h2_h% 8A%q>j2 8+A%‘I’J’2
Dl = 5 3 (100 + o, ) = 5 30 ([or (reh ) [+ efoit (aseh ) )
JEL JEZ
Moreover, we can easily compute

i

o (45eh%) :% 55 (hoya; +14;0,9; )

7 1 i Py .
o5 (Ajeﬁ@f) = et® (ha,jAje’diq’f + (e — 1)Aj)
Using these identities and (B.1)), we then obtain
h3

Enlulty] = & 3 e EIMO)E a0 S, 4 3§ e RIM I @)’ s,
JEZ JEZ
hl
D2 N e A SM@) =1 (0 g,
JEL

where we have denoted

Sy = atAj‘2 + c‘a;Ajewh*@f ’ (B.3a)
Sy 1= |iA;0A;0,8; | + [0 A3 % (9% — 1) 4| (B.3b)
Sy 1= ‘mjatcbjjz + | (e - 1)Aj‘2. (B.3c)

Moreover, by construction of A and ®, we have that |S;| < C(A, ¢) for i € {1,2,3}. Using this and
(B.2), we finally obtain

Enlulty] = O(h?) + O(h) + O(1) = O(1), as h— 0",
Step 3: proof of (5.12). Repeating the computations of Step 2, we have that

h hi —
5 2 (\atu;d,j\2+c|a,ju;d7j|2):7 3 e RIMO)s ),

JELI(t) jeZ*(t)
Z 67% (M) (wj—x5q,5(t))> S,
JELT(t)
h2 1q . 2
+o S e R a0 sy
JELT(t)



with &1, Sz and S; defined in (B.3al]), (B.3b) and (B.3c)), respectively. Hence, recalling that |S;| < C(A4, ®)

for

i € {1,2,3}, we obtain
h 2 —+ s 2 i — (M) (zj—x (t))
5> (|atufdj| + oy uly | ) SC(h2+h2+h2) 3 e jera (B.4)
JEZT () JELT(t)

Now, employing the transformation

Tj = Tfdj =Yj;

and denoting

we

z(t) = {i ez : lyl>nt},

have that
$ e MOy ) = T k)] < e~ 4IRS o T S(M(1)y?
JEZT(t) JEZE(L) JEZE(t)
< 39 (M(t))h“ze HSMO)E _ op—to—ESM@)RTE
JEZ

Substituting this in (B.4)), we finally conclude that

h N L
5 > (10 + clofua ) < € (14 b+ 23N,

JEZI (1)
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