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OBSERVABILITY PROPERTIES OF A SEMI-DISCRETE 1D WAVE EQUATION
DERIVED FROM A MIXED FINITE ELEMENT METHOD
ON NONUNIFORM MESHES

SYLVAIN ERVEDOZA!

Abstract. The goal of this article is to analyze the observability properties for a space semi-discrete
approximation scheme derived from a mixed finite element method of the 1d wave equation on nonuni-
form meshes. More precisely, we prove that observability properties hold uniformly with respect to the
mesh-size under some assumptions, which, roughly, measures the lack of uniformity of the meshes, thus
extending the work [Castro and Micu, Numer. Math. 102 (2006) 413-462] to nonuniform meshes. Our
results are based on a precise description of the spectrum of the discrete approximation schemes on
nonuniform meshes, and the use of Ingham’s inequality. We also mention applications to the boundary
null controllability of the 1d wave equation, and to stabilization properties for the 1d wave equation.
We finally present some applications for the corresponding fully discrete schemes, based on recent
articles by the author.
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1. INTRODUCTION

The goal of this article is to address the observability properties for a semi-discrete 1d wave equation.
We consider the following 1d wave equation:

OZu — 0%,u =0, (z,t) € (0,1) x R,
u(0,t) = u(l,t) =0, teR, (1.1)
u(x,0) = uo(z), du(z,0)=ul(x), xe (0,1),

where u® € H(0,1) and u'(z) € L?(0,1). The energy of solutions of (1.1), given by

B() =5 [ 10wt + Pru(t. ) da, (1.2)

is constant.
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It is well-known (see [21]) that for all T' > 0, there exists a constant K¢ such that the admissibility inequality
T
/ |01 (0,1)|* dt < K7+E(0) (1.3)
0

holds for any solution of (1.1) with (u®,u') € H}(0,1) x L*(0,1).
Besides, for any time T > 2, there exists a positive constant kp such that the boundary observability
inequality

krE(0) < /T |0,u(0,1)|* dt (1.4)
0

holds for any solution of (1.1) with (u®,ul) € H}(0,1) x L%(0,1).

Inequalities (1.3)—(1.4) arise naturally when dealing with boundary controllability properties of the 1d wave
equation, see [21]. Indeed, the observability and controllability properties are dual notions. We will clarify this
relation in Section 3.

Let us also present another relevant observability inequality, which is useful when dealing with distributed
controls or stabilization properties of damped wave equations (see [16,21]). If (a,b) denotes a non empty
subinterval of (0, 1), the following distributed observability property holds: for any time 7" > 2max{a, 1 — b},
there exists a constant C; such that any solution of (1.1) with initial data (u®, u') € H}(0,1) x L*(0,1) satisfies:

E0) <y /OT /b |0u(x, t)]? da dt. (1.5)

In the sequel, we will consider observability properties for the 1d space semi-discrete wave equation derived
from a mixed finite element method on a nonuniform mesh.
For any integer n € N*, let us consider a mesh S,, given by n + 2 points as:

0= Ton <Tip < ... <ZTnpn < Tntln = 1, hj+1/2,n = Tjt+1,n — Tjn, RS {0, Ce ,n}~ (16)

On S, the mixed finite element approximation scheme for system (1.1) reads as (see [7,15] or [5]):

h; h.
j—1/2.n +1/2,n
4 (u;'/fl,n + u;{n) + ]T(u;/,n + u;'/Jrl,n)
= Wttn ZWin B ZHiln i1, n, tER, (1.7)
hjt1/2.n hj-1/2n '
Uop(t) = Uny1n(t) =0, tER,
ujn(0) = U?,na u’;,(0) = Ujlm, ji=1,...,n.

The notations we use are the standard ones: A prime denotes differentiation with respect to time, and w; , (t)
is an approximation of the solution w of (1.1) at the point z;,, at time ¢.
System (1.7) is conservative. The energy of solutions u,, of (1.7), given by

n n 2
1 Ujt1,n(t) — ujn(t) | uly g, (1) + ()
En(t) =35> h; atln L =N "k, g+l 7, teR 1.8
n( ) B P j+1/2,n ( hj+1/2,n + B J;O j+1/2,n 5 ) € K, ( )

is constant.

In this semi-discrete setting, we will investigate the observability properties corresponding to (1.4) and (1.5),
and especially under which assumptions on the meshes S, we can guarantee discrete observability inequalities
to be uniform with respect to n.
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For this purpose, we introduce the notion of regularity of a mesh:

Definition 1.1. For a mesh S, given by n + 2 points as in (1.6), we define the regularity of the mesh S,, by

man{hj+1/27n} )

Reg(S,) = — 1.9
g( 71) mlnj{h]‘+1/27n} ( )
Given M > 1, we say that a mesh S,, given by n + 2 points as in (1.6) is M-regular if
Ny
Reg(S,) = max; {hy1/2,n} < M. (1.10)

minj{hj+1/27n} -

Obviously, a 1-regular mesh is uniform. In other words, the regularity of the mesh Reg(S,) measures the
lack of uniformity of the mesh.
Within the class of M regular meshes, we will prove the following observability properties:

Theorem 1.2. Let M be a real number greater than one, and consider a sequence (Sy)n of M-regular meshes.
Then for any time T > 2, there exist positive constants kr and Kr such that for all integer n, any solution u,,

of (1.7) satisfies
T 2
k1 En(0) < / (\—f’"(”
0 1/2,n

Besides, if J = (a,b) C (0,1) denotes a subinterval of (0,1), then, for any time T > 2, there exists a constant Cy
such that for all integer n, any solution u, of (1.7) satisfies

4 Wi () + Uy 0 (D))
E,(0) §C1/ Z hj+1/2,n< - o ) dt. (1.12)
0 zj,n€J

+ |ull,n(t)|2)dt < K7E,(0). (1.11)

2

Obviously, these properties are discrete versions of inequalities (1.3), (1.4) and (1.5). Also note that the right
hand-side inequality in (1.11) holds, as (1.3), for all time T' > 0, taking Kp = K3 for T' < 2.

Theorem 1.2 is based on an explicit spectral analysis of (1.7) in the discrete setting, that proves the existence
of a gap between the eigenvalues of the space discrete operator in (1.7). Thanks to Ingham’s inequality [18], this
reduces the analysis to the study of the observability properties of the eigenvectors of (1.7), which will again
be deduced from the explicit form of the spectrum of (1.7).

Besides, we emphasize that Theorem 1.2 provides uniform (with respect to n) observability results. Therefore,
as in the continuous setting, Theorem 1.2 has several applications to controllability and stabilization properties
for the space semi-discrete 1d wave equations (1.7). In Section 3, similarly as in [5], using precisely the same
duality as in the continuous case, we present an application to the boundary null controllability of the space
semi-discrete approximation scheme of the 1d wave equation. Later, in Section 4, following [1], we study the
decay properties of the energy for semi-discrete approximation schemes of 1d damped wave equations.

In Section 5, we explain how Theorem 1.2 can be combined with the results in [11,12] to obtain observ-
ability and stabilization results for the corresponding fully discrete approximation schemes. Indeed, in the
recent work [12], admissibility and observability properties for time-discrete approximation schemes of linear
conservative systems were studied in a very general abstract setting. The approach developed in [12] allows
to derive uniform observability inequalities for time-discrete approximation schemes in a systematic way. One
of the interesting features of this technique is that it can be applied to fully discrete schemes as soon as the
space semi-discrete approximation schemes satisfy uniform observability properties (see [12], Sect. 5). The
study presented here fits in this abstract setting. Therefore, combining Theorem 1.2 and the results in [12], one
can derive uniform (with respect to both time and space discretization parameters) observability properties for
time-discrete approximation schemes of the space semi-discrete approximation schemes (1.7).

Later on, in [11], stabilization properties for time-discrete approximation schemes of abstract damped systems
have been studied. In particular, in [11], several time-discrete approximation schemes have been designed
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to guarantee uniform (with respect to the time discretization parameter) stabilization properties, by adding a
numerical viscosity term in time which efficiently damps out the spurious high frequency components created
by the time discretization process. Besides, this can also be applied to families of uniformly exponentially stable
systems, and in particular to families of space semi-discrete approximation schemes that fit into the abstract
setting of [11], which is the case for discrete approximations of damped wave equations. Thus, using the results
in [11], we will explain how to design fully discrete approximation schemes which are uniformly (with respect
to both time and space discretization parameters) exponentially stable.

Let us briefly comment some relative works. Similar problems have been extensively studied in the last
decade for various space semi-discrete approximation schemes of the 1d wave equation, see for instance the
review article [32]. The numerical schemes on uniform meshes provided by finite difference and finite element
methods do not have uniform observability properties, whatever the time T is (see [17]). This is due to high
frequency waves that do not propagate, see [22,29]. To be more precise, these numerical schemes create some
spurious high-frequency wave solutions that are localized.

However some remedies exist. The most natural one consists in filtering the initial data and thus removing
these spurious waves, as in [17,31]. Another way to filter is to use the bi-grid method as introduced and
developed in [14] and analyzed in [24]. A new approach was proposed recently in [25] based on wavelet filtering
techniques. Let us also mention the results [10,26-28] that amounts to adding an extra term in (1.12) which is
non-negligible only for the high frequencies. A last possible cure was proposed in [1,15] and later analyzed in [5]:
a 1d semi-discrete scheme derived from a mixed finite element method was proposed, which has the property
that the group velocity of the waves is bounded from below. Also note that an extension of [5] to the 2d case
in the square was proposed in [6].

To the best of our knowledge, there is no result at all for the space semi-discrete wave equation on nonuniform
meshes, although most of the domains used in practice are recovered by non periodic triangulations. A first
step in this direction can be found in [26], in which a study of a non homogeneous string equation on a uniform
mesh was proposed. This can indeed be seen, up to a change of variable, as a discretization of a wave equation
with constant velocity on a slightly nonuniform mesh.

Let us also mention that some results are available in the context of the heat equation for space semi-discrete
approximation schemes on nonuniform meshes in [19], even in dimension greater than 1.

The outline of this paper is as follows. In Section 2, we precisely describe the spectrum of the space semi-
discrete operator and prove Theorem 1.2. Sections 3 and 4 respectively aim at presenting precise applications
of Theorem 1.2 to controllability and stabilization properties. Section 5 presents applications of Theorem 1.2
in the fully discrete setting for both observability and stabilization issues.

2. SPECTRAL THEORY

In this section, we first study the spectrum of the space semi-discrete operator in (1.7) on a general mesh S,
given by n + 2 points as in (1.6). Second, we derive more precise estimates on the spectrum when S, is an
M-regular mesh. Third, we derive Theorem 1.2 from our analysis. Finally, we discuss the assumption on the
regularity of the meshes, and show that, in some sense, the M-regularity assumption is sharp with respect to
the observability properties given in Theorem 1.2.

Given a mesh S,, of n + 2 points as in (1.6), since the system (1.7) is conservative, the spectral problem
for (1.7) reads as: Find X, € R and a non-trivial solution ¢,, such that

An
= (hi—1/2.n (@i + Gj-10) + hjs1/2.0(bjn + Pit1n))
_ Pjtin = Pin _ Pjn — ¢j—1,n7 i=1...m, (2.1)
hj1/2n hi_1/2.n

¢0,n = ¢n+1,n =0.
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2.1. Computations of the eigenvalues for a general mesh
In this subsection, we consider a general mesh S,, given by n + 2 points as in (1.6).

Theorem 2.1. The spectrum of system (1.7) is precisely the set of £ A& with k € {1,...,n}, where A\t is
defined by the implicit formula
" Aeh k
E arctan | Zrldti/2m | R (2.2)
§=0 2 2

The gap between two eigenvalues is bounded from below:

i L 2.
ke{lr,r,l,l,ngl}{)\n At = (2.3)

Besides, for each k € {1,...,n}, the following estimate holds:

AE > AF = 2(n+1)tan ( 5) > kr. (2.4)

n+12

Remark 2.2. Note that A\¥ coincides with the k-th eigenvalue of system (1.7) for a uniform mesh constituted
by n + 2 points. Also note that k7 is the k-th eigenvalue of system (1.1). In other words, inequality (2.4)
implies that the dispersion diagrams corresponding to the spectrum of (1.7) for a general nonuniform mesh, for
a uniform mesh, and for the continuous system (1.1) are sorted.

Proof. To simplify notation, we drop the subscript n.
Let us introduce functions p and ¢ corresponding to 0, ¢ and i\¢ in the continuous case:

Giv1 — b i .
Djt1/2 = M, Giv1/2 = = (05 + dj11), Jj€{0,...,n} (2.5)
hjy1y2 2

The spectral system (2.1) then becomes:

A .
g(hjq/z qj-1/2 + hj+1/2 q]'+1/2) = Dj+1/2 — Pj-1/2: J = 1L...n,
A (2.6)
g(hjq/z DPj—1/2 + hj+1/2 pj+1/2) =qj+1/2 — 4j-1/2; j=1...,n,
with boundary conditions
A, 110 1A /o
TJr/an/z + qny12 =0, 5 / P12 —qi2 = 0.
Equations (2.6) rewrite, for j € {1,...,n}, as:
’L')\h',l 2 iR 1/2
(JT/qjl/Q +pj1/2) + (]TJr/qurl/Q —Dpjr1y2 | =0,
iAo i1 (27)
ij—1/2 +qj—1/2 | + ij+1/2 —qjy172 ) =0.

For j € {1,...,n}, this leads to:

i1 /9 1Ahj11/9
(B2 4 v — (1252 s

2
(1 M1

i 1/0
5 ) (pj71/2 - qj71/2) (1 + jT/ (pj+1/2 - (Jj+1/2)-
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These two equations can be seen as propagation formulas, each term corresponding to 0;w + 0, w. Especially,
they imply:

2+ iMjs \ g (24 M
) ) = _ I I — T/ 2.8
Pis1/2 + djs1/2 (p1/2 * (h/2) (2 - i)‘hj+1/2 k=1 2- th+1/2 ’ (28)
2 — i\ o ) = (2 - z‘Ath/Q)
. —q. = - _ I I A T A 2.9
Pj+1/2 — Qj+1/2 (p1/2 Q1/2) (2+th+1/2 P 2+z‘)\hk+1/2 (2.9)

We remark that each term in the product has modulus 1, and therefore there exists o 1/5 € (—m, x|, given by
tan(a;j41/2/2) = Ahjq1/2/2, such that:

2 + i)\hj+1/2

2 —i\hji1/0 = oxp(i0+1/2).

We also denote by 3; the coefficient
24 i)\hl/Q
P VI
which satisfies
& = exp(ia;t1/2) exp(icy/2).
f
Combined with the boundary conditions, identities (2.8)—(2.9) give:

izh iy iz
Pn+1/2 <]. — nT+1/2> = ﬂn exp <Z Z ak+1/2> P1/2 <]_ + 21/2>
k=1
iMipi1 /2 _ = iAh
Dnt1/2 (1 + Tﬂ/) B exp <—Z Okt1/2 | P1/2 (1 - 21/2) :
k=1

Then, if A is an eigenvalue, A satisfies:

2 n—1 n
(%) exp <QZZ akH/Q) = exp (22‘2%“/2) =1. (2.10)
k=1 k=0

n

To simplify notation, we define:

= Mga/2
A) = 4§ t M7 I
f) 2 arctan < 5
Due to (2.10), if X is an eigenvalue, there exists an integer k such that:

FA) = 2k

The image of f is exactly (—2(n + 1)m,2(n + 1)x), and therefore k£ must belong to {—n,...,n}.

Conversely, if X is a solution of f(\) = 2k for an integer k € {—n,...,n}, then \ is an eigenvalue, except
if k& = 0, which corresponds to A = 0 and p;;1/2 = gj1/2 = 0 for all j € {0,...,n}. This gives us exactly
2n eigenvalues £ \*, k€ {1,...,n}.

Moreover, the derivative of f is explicit:

n

1
"(\) =8 — —h .
') k:04+()‘hk+1/2)2 k4+1/2
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FiGure 1. Dispersion diagrams for various meshes constituted by 200 points generated by
Method 1 for different values of Reg.

It follows that
n
0< f'(N) <2 hiyaje=2.
k=0
Since all the eigenvalues are simple and f(A\**1) — f(\¥) = 27 for all k € {1,...,n — 1}, this implies that the
gap between the eigenvalues is bounded from below by 7, and therefore (2.3) holds.

Using the concavity of arctan gives the following estimate:

e 1 n 1 n Neh 1/2 k o«
tan [ ———— | = arctan [ ——— S AFp, > t EARYLI . -
arcan(Q(n+1)> arctan 2(n+1)jz::0 j+1/2 _n_i_ljz:;arcan 5 12
In other words,
k7
A >0 Dtan (| —— =
22n+1) an(n+12)’
and (2.4) follows. Indeed, the right hand-side inequality in (2.4) simply follows from the standard inequality
tan(n) > n for n € [0,7/2). O

We illustrate this result in Figures 1 and 2 by computing dispersion diagrams for various nonuniform
meshes S, that we characterize by their regularity Reg(S,,), as defined in (1.9).
Let us briefly explain the two ways we have chosen for generating them.

e Method 1. In Figure 1, we create a random vector h of length n 4+ 1 whose values are chosen according
to a uniform law on (0, 1). This vector is then normalized such that the sum of its components is one,
so that h corresponds to the vector (hi/2 ;.- -, hpy1/2,n), Which describes the mesh in a unique way.

e Method 2. In Figure 2, we create a random vector x of length n whose components are chosen
according to a uniform law on (0,1). Then we sort its components in an increasing way to obtain a
vector (Z1,n, - - -, Tn,n), Which represents the mesh points.

In both cases, the dispersion diagrams look the same. It is particularly striking that the shape of the dispersion
diagrams does not seem to depend significantly on the meshes.

2.2. Spectral properties on M-regular meshes

This subsection is devoted to prove additional properties for the spectrum of (1.7) when the mesh S, is
M-regular for some M > 1.
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FiGURE 2. Dispersion diagrams for various meshes constituted by 200 points generated by
Method 2 for different values of Reg.

Theorem 2.3. Let M > 1.
Then, for any M -reqular mesh S, the eigenvalue N of (2.1) on S, satisfies

AM
A< —(n+1)2 (2.11)
e

Besides, for any M-reqular mesh S,,, if ¢ denotes the eigenvector corresponding to \E in (2.1), then its energy

1 ko, — k2 oF .+ %2
Ek‘ I h ’ Jj+ln J,n + )\k 2’ J,n Jj+1,n 212
n 2 ;:0: j+1/2,n ( hj+1/2,n | n| 2 ( )
satisfies
1 ko2 h2 Negh 12 ko2 h2 Mgk 12
i <‘ o1, 12,0 | An @1, > < Bk < (1+M2)<‘ o1, 12,0 | An @1, > (2.13)
1+M h1/2,n 4 h1/2,n h1/2,n 4 h1/2,n

Moreover, if w = (a,b) is some subinterval of (0,1), then the energy of the k-th eigenvector ¢F in w, defined by

k 1 k-l—ln ¢kn 2
EF == Bivqgn | [ 220 , 2.14
w,n 9 J+1/2,

2
. + A
T Ew j+1/2,n

Ef .. (2.15)

k k
|2’¢j,n +Piiin
2

satisfies

2
||
Remark 2.4. These inequalities roughly say that the eigenvectors cannot concentrate in some part of an
M-regular mesh. These properties are indeed the one needed for control and stabilization purposes, as we will
see in next sections.

EF <

Remark 2.5. Note that Theorem 2.1 gives the estimate

Agz2(n+1)tan(<1— ! )g) ~ g2

n+1 n—oo T

Combined with estimate (2.11), this indicates that, when considering sequences of M-regular meshes, the
eigenvalues A" really grow as n? when n — oc.
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Proof. Along the proof, we fix an integer n, a real number M > 1 and an M-regular mesh S,,, so that we can
remove the index n without confusion.

Inequality (2.11) is a consequence of (2.2). Indeed, if we set h = min{h; 1,2} and H = max{h; 1,2}, then
we have

1< (n+1)H < (n+ 1)Mh. (2.16)
Besides, using (2.2), we get

= A"hj \'h
;arctan (jTH/Q) = % > (n + 1) arctan (T) ,
which provides
A" 2 ™ 1 0
< tan | —(1— <M ontan [ —(1 — :
i < e (70 73)) <2 g, fanen (G0 -0)

from which (2.11) follows.

To derive the properties (2.13) and (2.15) of the eigenvectors, we use the computations and notations (2.5)
introduced in the proof of Theorem 2.1. Namely, we introduce:

Sy — &
p?Jrl/Q - jh ! ) Q;'c+1/2 (¢k+¢]+1) .7 € {0,,71}
J4+1/2

Then the previous computations, and in particular identities (2.8)—(2.9), give:

1 n
EF = 5 Z hjv1/2 <|p§+1/2|2 + |qf+1/2|2>
=0

1 n
= 2 Z hjyi1/2 <|p§+1/2 - q;;+1/2|2 + |p?+1/2 + q;;+1/2|2>
§=0
1« _
= 1 Z hjyi1/2 <|ﬂj|2|pl1€/2 - Qf/2|2 + |5j|2|plf/2 + q]f/2|2>

1 4+()\h1/2) 5 & PR
= ZZ:: 2T Va0 SYIRYSE |P1/2 Q1/2| + P12 + aipal” )-

Using the definition (2.5) of (p’f/Q, qf/Q), this leads to

ko2 h2 . \kgk 2
 hipe k 2 1 1/2 | A" 7
E 44+ (A°h ‘ ‘ + ‘ ‘ . 2.17

4+ )\kh_]+1/2) ( ( 1/2) ) < h1/2 4 h1/2 ( )

Given an interval w, the same computations give for E¥:

1 1/2 ok 2 h?/2 Negh 12
EF =2 W 4+ ARy )2 ‘ L ‘ + ‘ 1‘ : 2.18
2 %ZE;‘“F (AFhjy1/2)? (45 i 2)’) hi/o 4 1 hyp (2.18)

Inequalities (2.13) and (2.15) easily follow from (2.17)-(2.18) and the M-regularity assumption. O
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2.3. Proof of Theorem 1.2

Our strategy is based on Ingham’s lemma on non-harmonic Fourier series, which we recall hereafter (see [18,30]):

Lemma 2.6 (Ingham’s lemma). Let (Ag)ren be an increasing sequence of real numbers and v > 0 be such that
>\k+1 — A > v >0, Vk € N. (219)

Then, for any T > 2w/, there exist two positive constants ¢ = ¢(T,v) > 0 and C = C(T,~) > 0 such that, for

any sequence (ay)keN,
T ) 2
ey al < / ‘Zake’)"“t dt <C Y anl. (2.20)

keN 0 keN keN

Proof of Theorem 1.2. Let us consider a sequence (Sy,), of M-regular meshes.

According to inequality (2.3), the gap condition (2.19) holds with v = 7. Thus, due to Lemma 2.6, we only
need to prove the observability inequalities (1.11)—(1.12) for the stationary solutions

up (t) = exp(iAyt) o),

of (1.7) corresponding to the eigenvectors ¢F of system (2.1) on S,,.

Since each mesh S,, is M-regular, we can apply Theorem 2.3. Especially, inequality (2.13) holds, and therefore
Ingham’s inequality (2.20) directly implies (1.11).

To prove (1.12), we fix J = (a,b) C (0,1) a subinterval of (0,1). According to Ingham’s lemma and (2.3), it
is sufficient to prove that there exists a constant C' independent of n and k such that, for any eigenvector ¢*
solution of (2.1) on S,, corresponding to the eigenvalue A\¥, the quantity

k pio (D 5 ’
Iy, = Z hj1/2.nl A0l - 5 (2.21)

QL‘anEJ

satisfies
Ef <CIf,,. (2.22)

We thus investigate inequality (2.22) on a mesh S,, by using a multiplier technique.
Let w be a strict subinterval of J and let us denote by n a function of « € [0, 1] such that:

7’(1’) = Oa Vr € (07 1)\‘]7 Hﬂ”oo < ]-a (2 23)
77(95) = 1) Vo € w, HnI”oo S CJ,"—" '

To simplify notation, we drop the exponent k and the index n hereafter. Below, we denote by 7; the value of n
in the mesh point ;.
We consider system (2.1) and multiply each equation by 77]2 ¢;. Discrete integrations by parts yield:

n 2 2 n 2 9
j i ‘05 + 5 i L 2 24
\2 Zhj+1/2 <¢J +2¢g+1> (77] b ZJ+1¢]+1> _ Zhﬂ'+1/2 <¢g+1 %) (ﬂ]+1¢]+1 n; ¢]> .
j=0 j=0

hjy1/2 hjy1/2

Then we deduce that

n 2 2 2 n 2 2 2
>+ n? . . >+ p? b
A2 Zhj+1/2 <773 277J+1> <¢g +2¢g+1> B Zhj+1/2 <77] 2773+1> <¢’]+1 ¢’J> — A + Ay, (2.24)

=0 =0 hjvy2
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where A; and As are defined by

A = Zh]+1/2 <¢J ¢J+1) <¢J;,1 ¢J> <77];:_,1 773> <77J 277]+1> 7
j+1/2 j+1/2
bj + ¢j+1) (<Z>j+1 — <Z>j) (nj+1 - ﬁj) (77]‘ +77j+1)
AQ = 2 h 2 ( .
;) s 2 hjt1/2 hjt1/2 2

Then, for any choices of positive parameters §; and o, we get:

1 ¢ ¢+ 0\ (mi—m ) 0w $it1— &\ (i)
|A1|S4_61,ZO’%'+1/2A2( 3 ) ) T X W) (S ) ()
g

G =0 hjt1/2
n 2 5
1 Y s s
|A| < % S hjirye <¢J 2¢J+1> (ﬂ;}:ﬂ /277]) +622hj+1/2 (%}jl /¢]> (ﬂ; 27b+1)
j=0 J+1 j+1/2
Using that

n+1 .
< M >Suphj+1/2 S (Tl+ 1)1nfhj+1/2 < 1

estimate (2.11) gives

AM oMo \* 4\?
A2pd - 1)?) (——) <(=) M
fans (For07) (5g) <(3)
Therefore, if we set
2 1
" Tier 2T

using the classical inequality

2
" 0
2 - 2 ’
we deduce from (2.24) the existence of two constants independent of & and n such that

2 Z hjy1/2 ( - 5 hs (%H %) <A Z hjy1/2 J ) ]+1 (% 2¢J+1)
=0

hjii/o =

n b+ b 2 Nit1 — M 2 n b; + b 2 Nit1 — M 2

= hjt12 = hjt1/2

But |A| is also uniformly bounded from below (see (2.4)), and therefore we obtain that

n 2 2 2 n 2 2 2
> hj1y2 ( . 5 J+1> (qﬁ]fl (b]) <MY hjtage ( . 5 J+1> (¢] 2¢]+1)

=0 hy1y2 =0
n 2 2
¢j + i1 Nj+1 —Nj
+ C h )\2 ( J J J J
j=zo At 2 hjt1/2

Using the properties (2.23) of the function 7 leads us to the following result:
w n = CIJn

Therefore inequality (2.22) can be deduced from inequality (2.15) applied to w. O
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2.4. The regularity assumption
Let us discuss the assumption on the regularity of the meshes.

2.4.1. Concentration effects without the M -regqularity assumption
Here, we design a sequence of meshes §,, such that:
e The sequence Reg(S,,) goes to infinity arbitrarily slowly when n — oo.
e There exists an interval J = [a, b] for which there is no constant C' such that for all n, for all eigenvec-
tors ¢F of (2.1) on S,
B < OB, (2.25)
where E} and Ef  are, respectively, as in (2.12) and (2.14).

Note that (2.25) constitutes an obstruction for (1.12) to hold.
Choose a strict non-empty closed subinterval J of (0,1), and a sequence K,, going to infinity when n — oo.
Introduce a sequence of meshes (S,,), each one constituted by n + 2 points such that

x; —xj, =Hy, if[zjn,xj410] CJ
Ton = 0, T "= 1’ Jj+1,n Jsmn nH ; Jsmy vj+1l,n )
o o { Ljti,n = Ljn = oy, if [xjma $j+1,n] C [07 1]\‘]5
where H,, = K,h,. Remark that the mesh S,, is then totally described by the quantity K,. From identi-
ties (2.17)—(2.18), we get:

By Poann _y 1-1I] 44 ORHA?
Ej, Ej, Il 4+ (Ahn)?
But
M + 1*_|J| =n+1
HTL hn ’
and so (n + 1)h, = (1 — |J|) + |J|/ K, converges to 1 — |.J| when n — co. But inequality (2.4) gives
n
R )]

and then (Ah,), goes to infinity when n — oo. Especially, this implies that

Er 1= |J] H2 1—|]] .,
~ = K
By noee I B2 ] %

and therefore there is no constant such that (2.25) holds uniformly with respect to n € N and k € {1,...,n}.

2.4.2. Partial regularity assumptions

Without the M-regularity assumption, one can derive partial results, due to the explicit form (2.17) of the
energy.
For instance, identity (2.17) on the energy of the k-th eigenvector ¢¥ on S, gives:
2
2 hy /2m 2 .
4

k 1k
)‘n¢1,n

EF <
o hl/Q,n

n

4+ (Nohyjo )2 <‘ ¢If,n
4+ inf()‘ﬁhjﬂ/z,n)Q
J

hl/Q,n

In particular, if there exists a constant M; > 0 such that for all n,

hijom < My ifjlf hjy1/2,ns (2.26)
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then for all n and k,
O
hl/Q,n

2 g, ‘ Aok |
4

Bf<(1+ Mf)(\ .

)

2 g, ‘ AEgh |
4 hl/Q,n

Now, consider the reverse equality. From (2.17), we get

B> At (o
T4+ SU_P()\Zth/z,n)Q
J

)

hl/Q,n
In particular, if there exists a constant Ms > 0 such that for all n,

Suphj+1/2,n < M2h1/2,n; (227)
J

then, for all n and k, we get

2 h%/Q,n
4

Xy
hl/Q,n

o L <‘ .
n= 1—|—M22 h1/2,n

)
Besides, as in Section 2.4.1, for each integer n, we can consider sequences of meshes S, given as in (1.6)
defined by
Tin — Ton = Nij2m, Tjyin — Tjn = hn, Vje{l,...,n},

where hy/, and h, are two sequences going to zero. It is then easy to check that if condition (2.27) is not
satisfied, that is if h,, /Ry /2, — 00 when n — oo, then there is no positive constant ¢ such that

k 2
Eﬁ > C(‘ ¢1,n )
uniformly in k£ and n.

1/2,n
On the contrary, if hy/hy /2, — 0 when n — oo, then there is no constant C' such that

)
uniformly in k£ and n.
Therefore, if we consider a sequence of meshes S,, such that Reg(S,,) is unbounded, we cannot expect in
general to have both observability and admissibility properties (1.11) uniformly with respect to n.

2 h?/2,n
4

Andtn
h1/2,n

A
h1/2,n

A
h1/2,n

2 h?/2,n
4

EﬁgC(‘

Remark 2.7. If we are interested in the observability inequality (1.12) for a particular subinterval (a, b) C (0, 1),
the situation is more intricate. As above, due to the explicit description of the energies (2.17) and (2.18), one
easily checks that if there exists a constant M3 such that for all n € N,

sup  {hjr1/2n} < Ms inf( ){hj+1/2,n}a (2.28)

zj n€(a,b) @jn ¢(ab

then for all n € N and for all k € {1,...,n},

M2
k 3 k
i< (1o )Pl
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i ! w m i

FIGURE 3. Concentration effects of the 380-th eigenvector on the mesh constructed in Sec-
tion 2.4.1 with n =400 and J = (1/2,1): left M = 1 (uniform mesh), and right M = 40.
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However, under the only condition (2.28), the estimates (2.11) on the eigenvalues might be false, and therefore
the proof presented above of inequality (2.22) (with J = (a,b)) fails. We do not know if assumption (2.28)
suffices to guarantee (2.22) to hold uniformly with respect to n € N and k € {1,...,n}.

Also remark that if assumption (2.28) holds for a sequence of meshes S,, for any subinterval (a,b) C (0,1),
then there exists a real number M such that all the meshes S,, are M-regular.

Remark 2.8. We emphasize that, for the various meshes constructed in this subsection to show the optimality
of our results, the corresponding eigenvalues do satisfy the gap condition (2.3), as proved in Theorem 2.1.
Actually, the corresponding dispersion diagrams are very close to the ones presented in Figures 1 and 2. In
particular, uniform admissibility and observability properties do fail only because of concentration effects for
the eigenvectors.
To illustrate this fact, we present in Figure 3 the behavior of the 380-th eigenvector of a mesh obtained for

n = 400, constructed such that:

® L1y, — Tjn = hy for [z, z41,] C[0,1/2];

® Tjt1,n — Tjn = Hy for [x),,5010] C[1/2,1];

e H,=Mh,.
In Figure 3, we compare the eigenvector obtained for M = 1, which corresponds to the one on a uniform mesh,
and the one obtained for M = 40, for which, as expected by the computations led in Section 2.4.1, we observe
a concentration phenomenon in the part where the mesh size is smaller.

3. APPLICATION TO THE NULL CONTROLLABILITY OF THE WAVE EQUATION

3.1. The continuous setting

Let us first present the problem. It is well-known that for any time 7' > 2, given any initial data (y°,y') €
L?(0,1) x H~1(0,1), we can find a control function v(t) € L?(0,T) such that the solution of

0, (z,t) € (0,1) x (0,7),

)_ y(1,t) =0, (0,7), (3.1)
yo(x 1)

8t2ty y
( te
) aty(x»o) = yl(x)» T e (0»

()
y(z,0) =

satisfies

y(T) =0, Oy(T)=0. (3.2)
By duality (namely the Hilbert Uniqueness Method, or HUM in short), this property is equivalent to the
observability inequality (1.4), see [21].
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Note that there might be several controls v € L?(0,T) such that (3.2) holds for solutions of (3.1). In the
sequel, we will say that such a v is an admissible control for (3.1).

Besides, there is an explicit method to compute the so-called HUM control vy, which is the one of minimal
L?(0,T)-norm among all admissible controls for (3.1). Indeed, set T' > 2 and consider the functional

J : H3(0,1) x L*(0,1) - R

o L [T L . (3.3)
j(z )y % ) - 5 (aﬂﬂz) (Oat) dt — Y (Z')atZ(IL',O) dz + <y 7Z(-a0)>H*1><H&a
0 0
where z is the solution of the backward conservative wave equation
0%z — 02,2 =0, (x,t) € (0,1) x (0,7T),
2(0,t) = 2(1,t) =0, t e (0,7), (3.4)
2(x,T) = 2%2x), Oz(x,T) =2 (z), z€(0,1).

Then J is strictly convex, coercive (see (1.4)), and therefore has a unique minimizer (Z°,Z%) € H}(0,1) x
L?(0,1). The HUM control is then given by vy (t) = 0:Z(0,t), where Z is the solution of (3.4) with initial
data (Z°, Z1).

Note also that the HUM control is the only admissible control v for (3.1) that can be written as v(t) = 9,2(0, t)
for some 2 solution of (3.4) with initial data in Hj(0,1) x L*(0,1).

It is then natural to try to compute this control numerically. This question will be investigated in the sequel.

3.2. The semi-discrete setting

This part is inspired in [5,6] where similar results have been derived for uniform meshes.

We consider a mesh S,, as in (1.6) and derive an approximation scheme for (3.1) from a mixed finite element
method. The problem reads as follows: Given 32 and y! defined on S,, find a discrete control v, € L?(0,T)
such that the solution y,, of

hj1 2, hj1 2,
JT/"(y;/_Ln )+ JT/"(ygln e
Yi+1,n — Yjn Yjim —Yj—1,n .
= - . j=1,...,n, te0,T],
hjs1/2.m hj—1/2.m 0,7} (3.5)
Yo () = vn(t), yns1n(t) =0, te€(0,T),
Yin(0) =99, ¥i,0) =y, j=1,...,n,
satisfies
yj,n(T) =0, y;-,n(T) =0, 7=1,...,n. (3.6)

Again, the study of this problem is based on a duality principle. Given any T > 2, we choose ¢ > 0 such that
T — 4e > 2 and a smooth function p satisfying

pt)=1, ift e 2T — 2¢, - _
{ —0 iftel0,quT-er], 2 0PI Vi (3.7)
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We then introduce the functional 7, defined by:

T T 9
T =5 [ o0l Pa ae g [ (zl,n(t)) y
8 Jo , 2 ),

h1/2,n
hij2m 4 - hjvi/2m , 4 1
+ 1 yl,nzl,n(o) + Z T(y]n + yj+1,n)(zj7n(0) + Zj+17n(0))
i=1
! (3.8)
hl 2,n - h'+1 2,n
- il y?,nzi,n(o) + Z % (y]O,n + ij'Jrl,n)(Z;',n (0) + Z;'Jrl,n (0)) )
j=1
where z,, is the solution of
h,_ h:
R ) G )
Zjtln —Zjn _ Zin —Zj-1n .
= — s ]:1,...,n,t€ O7T,
hjt1/2,n hj_1/2.n 0,71 (3.9)

20 (t) = zny1n(t) =0, te€(0,7),
ijn(T) =9 2 (T) = Z_]l’,n’ ] = ]_’ R T

Jyn? Jn
Then the following lemma holds:

Lemma 3.1. For any integer n, the functional J, is strictly convexr and coercive, and then has a unique
minimizer (Z9, ZY). Besides, for all n, if v, is the solution of

h1/2n 7 1 1 ! ’ 1
_/2m vn= = (pZ ) + o Zip, te[0,T],
4 h1/2,n 4(p b ) h%/Q,n ! [ ] (310)
v, (0) = v, (T) =0,

n

where Z, is the solution of (3.9) with initial data (Z°,Z}), then v, (t) is a control of (3.5) in time T.

The proof of Lemma 3.1 is the same as in [5]. For completeness, we will give a sketch of the proof hereafter.
For convenience, we introduce the operators Ps,, Qs, and Rs, which map discrete data a, = (a;n)jeq1,....n}
given on a mesh S,, as in (1.6) to functions defined on (0, 1) by:

T — T
Ps,an(2) = ajn + (aj41,n — ajn) (him)
+ j+1/2,n
_ Gjn T Qj+1n
(r) = 2 on [Tjn, Tjt+1.nl,

h/‘J,-l 2 n a +ak‘
Rsnan(w):JT/’”(%n+aj+1,n)+ 7 hiriyzm nfﬂn ,
k=j+1

with the convention ag, = any1,, = 0. With these definitions, Ps, and Qs, are extension operators, and Rs,

corresponds to a piecewise continuous approximation operator of the discrete integrals = +— fxl Qs, an(s) ds.
Let us rewrite all discrete computations in terms of the operators Ps, ,Qs, ,Rs, . First, for any solution z,
of (3.9), the energy (1.8) writes

1 2 1 2
En(t) = 5 1Qs,zaOll1200,1) + 5 102 (Ps,20())l 20,1 - (3.11)
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Second, the functional 7, reads as
1 T 1 T ¢ 2
T =5 [ ook P@ g [ (3D
8Jo ’ 2Jo \hi2n

+ / (Rs, y1)(8,Ps, 2n(0)) d / (@s,40)(@s, 24(0)) dz.  (3.12)
0 0

We are now in position to sketch the proof of Lemma 3.1.
Sketch of the proof of Lemma 3.1. Fix an integer n € N. The functional 7, is strictly convex, and its coercivity
is obvious since we are working in a finite dimensional setting. It follows that 7, has a unique minimizer
(23, Zy).

Let us compute the Fréchet derivative of J,, in the minimizer (Z9, Z1): For any (29,2}

., Z5), the solution z,
of (3.9) on S, satisfies (recall the definition (3.7) of p):

A | 1
0= / (—Z(p(t)ZLn(t))' + hQ—ZI,n(t) Zl,n(t) dt
0
1 1
+ [ R, 5 @i, 20(0)) do — [ (@s,00)(Qs,24,0) d,
0 0
which rewrites, in terms of v,, defined in (3.10), as

0 1/Th ' o dt+/T Fln gy
== nUnZ1n v
4 Jo 12 b 0 nh’l/2,n

+ / (Rs, y1)(8,Ps, 2n(0)) da — / (@s,80)(@s, 24(0)) dz.  (3.13)
0 0

Now, consider y, the solution of (3.5) with boundary control v,. Multiplying (3.5) by z, solution of (3.9)

with initial data (29, z1), we get, after tedious computations that are left to the reader, that

1 4 ’o 4 %1,n
0= - hl/gyn’ljnzl n dt + Un : dt
4 Jo ’ 0 1/2,n

+ / (Rs, y1) (0P, 2 (0)) dr — / (@s,52)(Qs, 24(0)) dz

- / (Rs, o/, (1)) (8:Ps, 2°) de + / (@s,92(T))(Qs, =) dz. (3.14)

Combined with (3.13), this yields that the solution y, of (3.5) satisfies the following property: For any

(29, 21),
1 1
- / (Rs, v,(T))(0:Ps, %) dz + / (Qs,4n(T))(@s, 21) dz = 0.
0 0
This obviously implies (3.6). O

It is natural to ask if the discrete controls v, constructed in Lemma 3.1 converge to an admissible control
for (3.1) under some assumptions on the convergence of (y2, yl). We will prove that this is indeed the case.
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Given a sequence of meshes (S, )., we say that the sequence of discrete data (a,, by, ), defined on the meshes S,
strongly converges to (a,b) in L*(0,1) x H=1(0,1) if:

1
Qs,an —a in L*(0,1), and Rg, b, — <:c — / b(s) ds) in L(0,1). (3.15)
T

Remark that this definition makes sense, since for b € H~1(0, 1), classical arguments allow to define the function
1 . 2
x— [ b(s) dsin L*(0,1).

Theorem 3.2. Let (y°,y') € L?*(0,1) x H=*(0,1) and T > 2.

Given M > 1, we consider a sequence (S,) of M -regular meshes, and a sequence of initial data (y2,yl) which
strongly converges to (y°,y*) in L?(0,1) x H=1(0,1) in the sense of (3.15).

Then the sequence of discrete controls (v,), given by Lemma 3.1 strongly converges in L?(0,T) to the HUM
control vaum for (3.1) with initial data (y°,y').

First of all, let us mention that, given (y°,y') € L?(0,1) x H~1(0,1), it is possible to find a sequence of
initial data (y2,y.) which strongly converges to (y°,y') in L2(0,1) x H=1(0,1) in the sense of (3.15). We will
briefly explain later (Rem. 3.5 below) how this can be done.

The proof of Theorem 3.2 is mainly based on inequality (1.11), that implies that the discrete controls v,, are
bounded in L?(0,7). Once this is proved, the result can be deduced from classical convergence properties of
the scheme.

Proof. The proof is divided into several steps. First, we prove uniform bounds on the sequence v,. Second,
we prove that any weak limit of v,, is an admissible control for (3.1). Third, we prove that there is only one
weak limit, which coincides with the HUM-control vgum of (3.1). We finally prove the strong convergence of
the controls v,, in L2(0,T).

Uniform bounds. Since 7,,(Z22,Z}) < 7,(0,0) = 0, we have that

1 ’ / 2 1 r Zl’n(t) : 112 o2
< | POIZ1, 17 (@) dt+ 5 ——— ) dt < VQE*H(O)\/HRSnynHL2 0,1) T Qs ynll 2201
8 Jo 2 Jo \hijam (0,1) (0.1)

where E.,,(t) denotes the energy of Z,,(t), which is constant. In view of the definition of p, since we assume that
the meshes S,, are M-regular, inequality (1.11) holds. This, combined with the fact that (Qs,3°) and (Rs, y})
are convergent in L2(0,1) and therefore bounded, leads us to

1T 1T/ Zi. D)
ke Eon(T) < —/ POIED dt+—/ <1—()) dt < C. (3.16)
8 Jo ’ 2Jo \hison

Besides, multiplying (3.10) by hy /2 ,v, and integrating in time gives

T B2 Trh
| 220 + oo at=[ <ﬂp<t>zm<t>vg<t>+—Zl’”(t)”"“)) «
0 4 0 4 ' h1/2’n

T p2 1/2 T T /g (1) 2 1/2
< /ﬂwwﬁﬂvn(wﬁ d /@Zinﬁmdw/ ( 1’"“) ), (3.17)
0 4 o 4 0 hi/2.m

and therefore we obtain

r h%/Qn
/ T’|v;(t)|2 + Jva (1) dt < C. (3.18)
0
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We have thus proved, using the M-regularity assumption, that the sequence of discrete controls v,, is bounded
in L2(0,T). Therefore there exists a function v € L?(0,T) such that

v, — v, in L*(0,T) weak, and hij2nv, — 0, in L*(0,T) weak. (3.19)
The second statement in (3.19) comes from the continuity of the derivation in the sense of distributions.

The function v is an admissible control for (3.1). We need the following classical lemma on the
convergence of the numerical schemes (which can be found for instance in [7]):

Lemma 3.3. Consider two smooth functions (u®,u') on (0,1) such that u°(0) = u°(1) = 0 and u(z,t) the
solution of the conservative system (1.1) with initial data (u®,u').

Given a sequence (Sp)n of M -regular meshes, for alln € N, we denote by u,(t) the solution of the conservative
semi-discrete scheme (1.7) with initial data

u?,n = ’U’O(xjm)’ U’},n = U’l(xj,n)7 -7 € {17 tet 7n}'

Then (Ps, ujn, Qs,u},,) strongly converges to (u,u’) in C([0,T]; Hy(0,1) x L*(0,1)) and

Ulyn(t)
h1/2,n

— 0,u(0,t) in L*(0,T), and uj,(t) — 0in L*(0,T). (3.20)

This result is of course still true for the backward system (3.4) and its semi-discrete approximations (3.9).

Now, consider two smooth functions (2%, z!), and define, as in Lemma 3.3, the solution z of the backward

wave equation (3.4) with initial data (20, z!), and the solution z,, of the semi-discrete systems (3.9), with initial
data (2°(z5n), 2" (€5n))-
Using (3.19) and Lemma 3.3, we can pass to the limit in (3.13) and obtain that the solution z of (3.4) satisfies:

T 1
0= / v(t)0,2(0,t) dt + <y1,Z(.,0)>H—1(0’1)><Hé(071) f/ y°(2)0;2(x,0) da. (3.21)
0 0

By a density argument, this identity can be extended to any (2°,2') € H}(0,1) x L?(0,T).
Besides, for any (2°,2!) € H}(0,1) x L%(0,1), as in (3.14), multiplying the solution of (3.1) with boundary
condition y(0,t) = v(t) and initial data (y°,y') by 2 solution of (3.4) with initial data (2%, 2'), we obtain that

T 1
0= /O 0(t)9,:2(0,8) dt + (y", 2(, 0)) r—1(0,1) x 11 (0.1) */0 y*(2)8;2(x,0) dz

1
- <3ty(T),ZO>H71(0,1)ng(o,1) +/o y(T,z)z" (z) dz.

Hence we deduce from (3.21) that

1
Ouy(T), 2%) 51 0oy 13 01) — / y(T, 2)zMz) dx = 0.

Therefore y satisfies (3.2). This precisely means that v is an admissible control for (3.1).

The limit v is the HUM control vygyy. It is sufficient to prove that v(¢) coincides with some 0,z(t,0),
where z is the solution of (3.4) for some initial data (2%, 21) € H}(0,1) x L?(0,1), see for instance [21].
From (3.16), there exist two functions Z° € HE(0,1) and Z! € L?(0,1) such that

Ps, 7% — Z° H}(0,1) weak, and Qs,Z: — Z', L?(0,1) weak.
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Using the weak formulations of (3.9) and the conservation of the energy, we can prove (the proof can be adapted
in a standard way from the arguments in [7], and in particular from Lem. 3.3 stated above, and is left to the

reader) that:

(Ps, Zn,Qs, Zn) — (Z,Z') in L>(0,T; Hy(0,1) x L*(0,1)) * weak,

3.22
Yt €[0,T], (Ps,Zn(t),Qs, Zn(t)) — (Z(t),Z'(t)) in HE(0,1) x L*(0,1) weak, (3.22)
where Z is the solution of (3.4) with initial data (Z°, Z!). Besides, one easily shows that
Z h
L ZTEngn L 9,2Z(0,t),  in D'(0,T). (3.23)
h1/2,n 4 ’

But Zi,,/h1/2,, is bounded in L?(0,T) from (3.16), and therefore hi/2.n21, — 01in D'(0,T). This also gives
that

Z
h& —0,Z inD(0,T), Zin—0 inD(0,T),  hip,(pZi,) =0 inD(0,T). (3.24)
1/2,n

Combined with the definition of v, in Lemma 3.1, it follows that

2
_12n

1 Untn — 9,7(0,t), in D'(0,T).

But, since v, is bounded in L?(0,7T) by (3.18),
h? e nvn — 0in D'(0,T),

and therefore v(t) = 9,Z(0,¢) in D'(0,T).
Since we have already proved that v is an admissible control for (1.1), this proves that v is the HUM
control vgyuMm.

Strong convergence. Since the weak convergence is already proven, it is sufficient to prove the convergence
of the L?(0, T)-norms.
Since v(t) = 0, Z(0,t) for a solution Z of (3.4) with initial data (Z°, Z1), we get from (3.21) that:

T 1
0:/0 (0:2(0,1))? dt+<y1,Z(.,0)>H,1(071)XH3(0,1)f/O y°(2)0: Z(x,0) dz. (3.25)

But (3.13) gives:

1 [t Tz a )12
0=5 [ plz P as [ 120 g
4 Jo ’ o hijon

+ / (Rs, y1) (2)0s (Bs, Zo)(2,0) da — / (@s,50)(2)(Qs, Z4)(x,0) da.
0 0

Convergences (3.22) and (3.15) imply that we can pass to the limit in the linear term, and therefore, by (3.25),

we get:
17 T Zy
1[0z op as [ 220
4 Jo ’ o hijan

2 T
dt—>/ |0 Z(0,t)|? dt.
0
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Combined with the weak convergences (3.24), this proves the following strong convergences:

\/ﬁzi,n - 07

Zin
2 (t) — 0,Z(0,t),
1/2,n

in L?(0,7T).

But, from the definition (3.10) of vy, the convergence (3.19) implies that:

T B2 T p Zin(t
/ L2010 ()2 4 o ()2 dt = / Moz @ + 220y, @) ar
o 4 0 4 ? h1/2,n

T T
— / 0:Z(0,t)v(t) dt = / v(t)? dt.
0 0
Hence we deduce from (3.19) that:
hij2nv;, — 0 in L*(0,T), and v, — v =wgyy in L?(0,T),

which concludes the proof of Theorem 3.2. O

Remark 3.4. The proof of Theorem 3.2 slightly differs from the one in [5], which presented an approach based
on the spectral decomposition of the solutions. This technique, in our context, seems more technically involved
than the one presented above, since the spectrum is not as explicit as in the case of a uniform mesh.

Remark 3.5. Let us briefly comment the hypothesis (3.15), and prove that, given (a,b) € L?(0,1) x H1(0,1)
and a sequence S,, of M-regular meshes, there exists a sequence of discrete data (a,, b,,) defined on the mesh S,
which strongly converges to (a,b) in L?(0,1) x H=1(0,1) in the sense of (3.15).

Indeed, for a € L%(0,1), define a,, = Ag, (a) as follows (recall the convention a1, = 0):

2 ZTj+1,n
Qjn + Qjt1n = / a(z) de, 1<j<n.
x

hijvisem Ja; .,
If a is continuous on [0, 1], one easily checks that
1Qs, (As, (a)) = all 20,1y = O-
Besides, if a is in L?, we have that
1Qs, (As, (@)l L20,1) < Cllallz2(0,1) -
This, using the density of the continuous functions in L2(0, 1), is sufficient to prove that the sequence of discrete

data a, = Qs, (As, (a)) converges to a in L?(0,1) for all a € L?(0,1).
For the approximation of b € H~1(0,1), we look for an approximation of

B@) = [ “b(s) ds,

which lies in L2(0,1). Thus, the sequence B,, = Ag, B provides discrete data which satisfy Qs, (B,) — B in
L?(0,1) when n — oo. It is then sufficient to find discrete data b, such that Rs, b, = Qs, B,,, and this can be
done explicitly.
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4. APPLICATION TO THE DAMPED WAVE EQUATION

4.1. The continuous setting
We counsider the continuous damped wave equation on the interval (0, 1):
2w — 02w + 200w = 0, (x,t) € (0,1) x (0, 00),

w(0,t) = w(1,t) =0, t € (0,00), (4.1)
w(z,0) = w'(z), Ow(z,0)=wl(z), ze€(0,1),

with w® € H}(0,1) and w! € L?(0,1).
We assume that the damping function o = o(z) is bounded, non-negative and bounded from below by a
positive number on a subinterval J, that is there exists a > 0, such that

olz)>a, Vreld and o =K. (4.2)
Then the energy, defined by (1.2), satisfies the dissipation law

dE

(1) = —2/0 o@)| Ot 2)? dz,  t>0. (4.3)

It is well-known that, under the assumption (4.2), the energy is exponentially decaying: There exist positive
constants C' and p such that

E(t) < CE(0) exp(—put), t>0. (4.4)
Using classical arguments in stabilization theory (see [16]), the energy of (4.1) is exponentially decaying if and
only if the observability inequality (1.5) holds for solutions of the conservative system (1.1).

4.2. The semi-discrete setting

We consider a mesh S, as in (1.6), and discretize equation (4.1) according to the mixed finite element method:

h'*l/l h'+1/2,
%(w;lfl,n + w;l,n) + %(w;l,n + w;'IJrl,n) =
h;_ o h. o
- TN ) SRR )
4 Witln = Win _ Win = Wj-1n i=1,...n te0,00), (4.5)
hjt1/2,n hj_1/2,n

Won(t) = wns1n(t) =0,  t€[0,00),
wjn(0) =w?,, w;,0)=wj,,  j=1,...n,

where 0;11/2, is an approximation on [z;,,2;1,,] of the damping function o in (4.1) which is assumed to
satisfy the following properties:

Oj+1/2,n Z a, V[l‘j,n; ijrl,n] C Ja and 0 < Oj+1/2,n S Ka V] € {07 s '777’}) (46)

where o, K and J are as in (4.2).
The energy (1.8) of solutions of (4.5) satisfies

dE, =
g = =2) hjj1/2n0541/2m
=0

(4.7)
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Obviously, this dissipation law corresponds to a discrete version of (4.3).
The question we investigate is the following: Given a sequence (S,,),, of meshes, can we find positive constants
C and p independent of n such that

E,(t) < CE,(0)exp(—put), t>0, (4.8)

for any solution of (4.5) on S,?

Similarly as in the continuous setting, this property is equivalent to the uniform observability inequality (1.12)
for solutions of the conservative system (1.7) (see for instance [27]). Therefore Theorem 1.2 leads to the following
result:

Theorem 4.1. Let M > 1, and consider a sequence (Sp)n of M-regular meshes and a sequence of damping
functions o, satisfying (4.6).

Then there exist positive constants C and p such that for all n, inequality (4.8) holds for any solution of (4.5)
on S,.

The proof of Theorem 4.1, which can be adapted in a standard way from [16] or [27], is left to the reader.

Remark 4.2. Note that this method yields an estimate on the decay rate p appearing in (4.8), which is far
from being optimal in general. This is a drawback of the method, which is based on a perturbation argument
of the conservative system. Even in the continuous setting, the decay rate parameter obtained through this
method is not in general the sharp one, which is known to coincide (at least in the one dimensional case) with
the spectral abscissa (see [8]).

Remark 4.3. The analysis proposed here can be applied as well to the 1d Perfectly Matched Layers equations
(see [2,10]), which, roughly, consists in a damped wave equation written in hyperbolic form:

Oip+ 0zq+op =10, (x,t) € (Oal) X (0,00),
01q + Oxp+ 0q =0, (l‘, t) € (Oa 1) X (Oa )a (4.9)

2(0.1) = p(1,1) = 0, Le (0.00),
q(l‘,O) = QO(x)v p(:c,()) - pO(x)v T e (07 1);

where o satisfies the assumptions (4.2).
In [10], it is proven that the 1d PML system is exponentially stable: The energy of solutions of (4.9),
defined as

B =3 [ Wt +lat. o) do

is exponentially decaying.

Besides, stabilization properties for space semi-discrete approximation schemes on uniform meshes are studied
n [10]: Tt is proved that finite difference approximation schemes are not uniformly exponentially stable, but
adding a viscosity term in space makes the schemes uniformly exponentially stable.

We claim that the so-called Box scheme (see for instance [4,13]) on M-regular meshes for the 1d PML
equations also are exponentially stable. To be more precise, for S,, an M-regular mesh, we consider the space
approximation scheme of (4.9) given by:

+ _ . .
(pj n pg+1 n) (QJ+1 n — 4jn ) + Gji1/2m (pj,n +pj+1,n) -0, 0<j<n, t>0,
_]+1/2 n 2
+ ; ; 4.10
(q] n qg+1 n) (pj—i-l n — Pjin ) + Oji1jom (QJ,n + %-{—1,71) —0, 0<j<mn, t>0, ( )
]—‘,—1/2 n 2

qu() anrlnt 7 t>0
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Then the energy of solutions (py, ¢,) of (4.10), defined by

Pin +pj+1n ? Qjn t Qj+1,n 2
33t (Bt (e

2 n ’ ’ 2 ’ / 2
1 1 Pin t D5 n Q',n+Q' n
+§(n+1) Zhjﬂ/z,n((%) +(%) ) (4.11)
J

=0

is exponentially decaying, uniformly with respect to n. The proof of this result will be published elsewhere.

5. FULLY DISCRETE SCHEMES

In this section, we briefly explain how the results in [11,12] can be combined with Theorem 1.2 to obtain
observability and stabilization results in the fully discrete setting.

5.1. Observability for fully discrete approximation schemes of (1.7)

This subsection is based on the results in [12]. For At > 0, with the same notations as in (1.7), we introduce
the following fully discrete approximation scheme (corresponding to the midpoint scheme):

T+1 T—1 T
hj1/2,n( j— 1n+uj 1n72uj 1,n Ujn +uj,n 2uj,n)

1 (A1) (At)2
1 —1 1
hj+1/2ﬁ” u;,: + u;ﬂ — 2“;,71 U;Jtl,n +uj +1 n — 2uj j+1,m
1 (At)2 (At)?2
1 —1 1
_ 1 < ]+1 n + 2uj+1 n + U;Jtl,n N u;,n + 2“}'—,71 + u;,: )
hj+1/2,n 4 4 (51)
1 u};l +2ul, + u;:l u;:fn +2u]_q, + u;"’ll n .
7h 1/2 4 - 4 ,]:1,.-.,Tl,T€N,
J— T

T — T —
uO,n - un+1,n - 07 TE Na

0 1 1 0
( ) a,n) U, (J"Ttﬂn) =Vin, j=1,....n.

In (5.1), u},, stands for an approximation of the solution u, of (1.7) at the point x;,, and time ¢, = TAt.
The energy of solutions of (5.1), defined by

1 1\ 12
ETH/2 = . i: h; 1 Ujrin u;j-_l,n _ Ujn UJT;
" 2 &~ /2 g 2 2

j+1/2,n
1 1 2
E Y h; 1 “ﬁ +“J7'jrr1,n U UG, 5.2
+22 J+1/2n | Ay 5 5 . (5.2)
j=0

is independent of 7 € N.
Introduce, for s > 0, the filtered class

Cn(s) = span {qﬁﬁ such that the corresponding eigenvalue A\F satisfies |A\¥| < s}~
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Then the results in [12] apply. Combined with Theorem 1.2, they yield:

Theorem 5.1. Let M be a real number greater than one, and consider a sequence (Sy)n of M-regular meshes.
Let § be a positive number.

Then there exist a time T and positive constants kr and Kr such that for all integer n and At > 0, any
solution u, of (5.1) with initial data

(Un, Vi) € Cn(8/AL)? (5.3)
satisfies
2 2
uT . + u7—+1 uT+1 —uT "
kB2 <At Y| | )+ ) | < KB (5.4)
2hy /2. At
TAtE[0,T) ’

Besides, if J = (a,b) C (0,1) denotes a subinterval of (0,1), then there exist a time T and a constant C such
that for all integer n and At > 0, any solution wu,, of (5.1) with initial data (U,, V) satisfying (5.3) satisfies

2
S T TS S VL T,
E/P<Crat 3 37 hjsijn At < 3 B 2 == ' (5.5)
TALE0,T] 2jn€J
Note that if the CFL type condition
9 om
(n+1)%(At) < M (5.6)

is satisfied, then condition (5.3) is always satisfied due to (2.11), and then no filtering condition is required for
estimates (5.4) to hold.

Note that the filtering condition (5.3) is needed for having uniform observability results. This will be proved
elsewhere.

Also remark that the results in [12] apply to a wider class of time-discretization schemes. We refer the
interested reader to [12] for precise statements.

As in the time continuous case, Theorem 5.1 can be applied to obtain convergence of the discrete controls
computed on the fully discrete schemes toward the HUM control of the continuous system, provided that, for
some 0 > 0, the CFL type condition (5.6) is always satisfied when At — 0, n — oo.

5.2. Stabilization properties

This section is based on the recent article [11], where stabilization issues were discussed for fully discrete
versions of abstract damped systems such as (4.5). Roughly speaking, the results in [11] follow the investigation
in [12], and present two different cases:

e When the space and time discretization parameters are not related, one needs to add a numerical
viscosity term in time at scale 1/At to efficiently damp out the high-frequency components which
cannot be observed on the corresponding conservative fully discrete equations (5.1) (see Thm. 5.1).

e When a CFL type condition similar to (5.6) is satisfied, the natural fully discrete scheme associated
to (4.5) indeed are uniformly exponentially stable, with respect to both space and time discretization
parameters.
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We first rewrite equations (4 5) as a system of two first order in time equations, by setting v; , = w , in (4.5).

The full system then writes w’;,, = v;,,, and
h i—1/2, h +1/2,
%(U;'—l,n + ’U;,n) + %(Ué,n + U3’+1,n) =

hj—1/2m0i-1/2,n hjt1/2m0541/2,n
2

Witln — Wjin  Wjn — Wj—1,n

(Vj—1,n + Vjn) — (Vjn + Vjt1n)

+ j=1,...,n, t€ 0,0
hj+1/2,n hjfl/Q,n ’ o [ ’ )7
Wo,n(t) = Wyt1,n(t) = vo,n(t) = Vny1,n(t) =0, t € 10,00),
win(0) =wd,, vjn(0)=wj,, j=1,....n

We then discretize in time these equations according to the midpoint scheme:

Wt =l Vi O
At B 2 ’
hj_1a, hjy1/2,
jl(At)n ( ;—+11n + UT+1) (U;’r—l,n + ’U;—,n) + jl(At)n ( T+1 + ’U;—J—:lln) - (’U;—,n + ’U;—-l-l,n)
1 1
- - T Y (wT T >7<w7 +TY — (i, T
2hj i1 /2. <( W1, T Wi, n) = ( Jmn Jmn ) 2hj_1 /2.1 ( Jmn Jin )~ ( J—Ln Jj=Lln
hj 12, - -
- JT/TLO—j—l/Q,n<( _] 1n+ ;—+11n)+( _]n+ T+1))
hji12, .
R 4/ ~Oj41/2,m (jn+’UT+1)+(]+1n+U;Illn))’ j=L...,n, TeN

(5.7)

One then needs to complete this set of equations with a relation between the quantities (™1, 97 +!) and

(w™ ™). We will consider two different ways of doing this:

e With a numerical viscosity term:

hi_ h;
Bl (gt gt = @] 7))+ S (it it - @+ )

4(At) Jj—1n Jj—1n Jin 4(At)
+1 +1 +1 +1
:(At)Q(w;“’”w;’" _ YWin w;‘l’") j=1,....,n, T€N
hjvi/2m hj-1/2n 7 Y 7
hj*1/2,n 1 1 1 ~T+1 hj+1/27n 1 1 1, ~7+1
“aan Ot ) = O+ 50 ) i O o) = (04 00
Tl Tl T Tl
aop(Ba oI RSN e
hjt1/2.n hj—1/2,n

e Without any numerical viscosity term:

T+l _ =7+l T+1 _ ~7+1 R
Win jm Yin = Yin > J=1.

In both situations, we impose the boundary conditions

T — T — T — T — T — T 5T T —
wO,n - wn+1,n - vO,n - vn-l—l,n - wO,n - wn+1,n - UO,n - vn+1,n - 07 T €N

(5.8)

(5.10)
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The energy of solutions of (5.7)-(5.8)-(5.10) (or of (5.7)-(5.9)-(5.10)), given by

. 1 - w; —w’ Y 2
B, = ) Zthrl/Q,n (7”1 - ) Zh]+1/2n (7j’ L n) , TEN,

hjt1/2
NG o /_" R (5.11)
E-,—:_ h J+1n i h jn j+1n
n 2 +1/2,n< hj+1/2n Z j+1/2,n ) TEN;

is decaying, since one can check that, in both cases,

- 1 +1 0\ 2

B Bl Ny, Vin ¥ Vi 050 + 051, N

T = - ZO G+1/2,n054+1/2,n 1 , TEN,
J

E‘r+1 o ETJrl

" <0, 7€N.

At -

Let us briefly analyze the equations (5.7)-(5.8)-(5.10) and (5.7)-(5.9)-(5.10). Equation (5.7) corresponds to
the time-continuous equation (4.5), discretized in time using the midpoint scheme.

The equation (5.8) does not correspond to the time continuous equation (4.5), but introduces in the time-
discrete setting a strong dissipation (actually of parabolic nature) of the high-frequency components of the
solutions, which is needed to prove uniform stabilization properties in the fully discrete setting. If consider-
ing (5.9) instead, then the high-frequency components of the solutions are not efficiently damped out by the
time-discrete approximation schemes, except if they simply do not exist, which can be guaranteed by imposing
a CFL type condition on the discretization parameters.

To be more precise, using [11], we obtain:

Theorem 5.2. Let M be a real number greater than one, and consider a sequence (Sy,)n of M-regular meshes,
and a sequence of damping functions o, satisfying (4.6).
(1) Then there exist positive constants C' and p such that for all n and At > 0, any solution of (5.7)-(5.8)-
(5.10) satisfies
ET < CE° exp(—urAt), 7e€N. (5.12)
(2) The same conclusion holds for solutions of (5.7)-(5.9)-(5.10) providing that the quantity (n + 1)2At is
bounded when n — oo, At — 0.

We emphasize that system (5.7)-(5.9)-(5.10) may be non uniformly exponentially stable with respect to both
At > 0 and n when no CFL condition is required. In this case, one indeed needs to introduce a numerical
viscosity term in the equations to ensure uniform stabilization properties. Note that several other numerical
viscosity terms are possible: we refer to [11] for general assumptions on the numerical viscosity term needed in
the equations.

6. FURTHER COMMENTS

In this paper, we have analyzed a space semi-discrete scheme derived from a mixed finite element method for
a 1d wave equation, which has a good behavior with respect to both stabilization and controllability properties
for a large class of nonuniform meshes.

1. The key point of our analysis is the description of the spectrum of the space discrete operator given in
Theorems 2.1-2.3. It is particularly surprising that the spectrum can be described in a rather explicit way for
any mesh. This does not seem to be the case for other classical schemes, as the ones provided by finite difference
or finite element methods. To our knowledge, in these cases, only asymptotic distributions of the eigenvalues
are available, see for instance [3] and the literature therein.

2. It would be particularly challenging to understand the behavior of the discrete waves in higher dimension
on nonuniform meshes. To our knowledge, this question has not been addressed so far. We expect this question
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to be difficult to address with the tools used until now, which require either a good knowledge of the eigenvalues
(see [5,6,17,23-26,31] and our own approach) or the existence of multipliers that behave well (see [10,27,28]) on
the discrete systems. This issue is currently under investigation by the author.

3. It would be interesting to estimate the (asymptotic) decay rate for the semi-discrete damped equation
as in the continuous case, see [8]. In the continuous case, the computation of the decay rate of the energy is
technically involved and requires to work directly on the damped system. We refer to the works [8,9,20] that
deal with these questions for damped wave equations.

To our knowledge, even in the case of uniform meshes, this question is still open. Only some partial results
in this direction are available in [10] for the space semi-discrete Perfectly Matched Layers equations (see [2]).

Acknowledgements. The author is grateful to E. Zuazua and J.-P. Puel for several suggestions and remarks related to
this work.
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