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Abstract

We extend our previous results on the boundary observability of the finite-difference space
semidiscretizations of the 1 — d wave equation to 2 — d in the case of the square. As in the
1 — d case, we prove that the constants on the boundary observability inequality blow-up
as the mesh-size tends to zero. However, we prove a uniform observability inequality in a
subspace of solutions generated by the low frequencies. The dimension of these subspaces
grows as the mesh size tends to zero and eventually, in the limit, covers the whole energy
space. Our result is sharp in the sense that the uniformity of the observability inequality
is lost when the dimension of the subspaces grows faster. Our method of proof combines
discrete multiplier techniques and Fourier series developments.

1 Introduction

Let Q be the square Q = (0,7) x (0,7) of IR? and consider the wave equation with Dirichlet
boundary conditions

u' — Au=0 in Q=Qx(0,7)
u=20 on X =00Qx(0,7T) (1.1)
u(z,0) = u’(z), v (z,0) =ul(x) in Q.

In (1.1) " = 9/0t denotes partial derivation with respect to time and A is the Laplacian in the
space variable z = (z1,z2) € Q.

Given (ug,u1) € HE(Q)x L*(Q2) system (1.1) admits a unique solution u € C ([0, T]; H} ()N
C*' ([0,T7]; L*(£2)). Moreover, the energy

1

E(t) = 5/9 [l wn ) 12 + | Vula, 1) [2] da (1.2)
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remains constant, i.e.

E(t)=E0), Yo<t<T. (1.3)
Let I'g denote a subset of the boundary of €2 constituted by two consecutive sides, for instance,
Top={(z1,7) 21 € (0,m)} U{(m,22) : z2 € (0,7)}. (1.4)

It is by now well-known (see [L]) that for 7' > 2v/27 there exists C(T) > 0 such that

Em)<chxéTA¥

holds for every finite-energy solution of (1.1).
In (1.5), n denotes the outward unit normal to €2, 0 - /On the normal derivative and do the
surface measure.

2
dodt (1.5)

ou
on

Remark 1.1 (a) The lower bound 2v/27 on the minimal observability time is sharp. On the
other hand inequality (1.5) fails if in the right hand side of (1.5) insted of I'y we only consider
the energy concentrated on a strict subset of I'g. These two facts can be proved with the aid of
the gaussian beams solutions by J. Ralston [R] as in [BLR].

(b) We refer to [Bu], [BLR] and [BuG] for sharp sufficient conditions in terms of geometric
optics for the boundary observability of the wave equation in smooth domains.

The goal of this paper is to analyze the boundary observability of some semi-discrete ap-
proximations in space of the wave equation (1.1).
Let us consider first finite-difference semi-discretizations. Given J, K € IN we set

. i h o T
T J+17 T K+

& (1.6)
We denote by w;(t) the approximation of the solution u of (1.1) at the point z;; =
(jh1, kha). The finite-difference semi-discretization of (1.1) is as follows:
u;‘/k _ uj+1,k+u2%1,k—2uj,k o Uj,k:+1+u;‘£§_1—2u]"k -0
ujk=00<t<T,j=0,J+1;k=0K+1
wj(0) = udp, v (0) =uly, j=1, Jik=1, K

In (1.7), the first equation provides a 5—point approximation of the wave equation. The second
equation takes account of the homogeneous Dirichlet boundary conditions. The last one provides
the initial conditions guaranteeing the uniqueness of the solution. System (1.7) is a systen of
JK linear differential equations of second order.



Let us now introduce the discrete energy associated with system (1.7):

U g1 (1) — ujr(t)
+ 2

i1 () — ujr(t) ‘2
1

_h h
Ehl,hz =2 Z Z b ugk |2

] . (18)
2

It is easy to see that the energy remains constant in time, i.e.,
Ep, h, (t) = Ep, h, 0), Yo<t<T (1.9)

for every solution of (1.7).
We now observe that the discrete version of the energy observed on the boundary (i.e., of
Jo Jr, | 0u/0y 2 dodt) is given by

T ou 2 r J uK(t) 2 K ’U,]k(t) 2
—| dodt ~ h —L== +h — )| dt 1.10
/o/roan ’ /0{12 +22 hl‘ (1.10)
Jj=1 k=1
The discrete version of (1.5) is then an inequality of the form
T T i k() 2 K 1w t)|?
By ,hy (0) SChl,hg(T)/o [hlz . (1) +hy > "hKl()‘ dt. (1.11)
J=1 k=1

As we shall see, (1.11) holds for any 7' > 0 and any hi,hs > 0 as in (1.6), for a suitable
constant Ch, p,(T") > 0.

The problem we discuss here can be formulated as follows: Assuming T > 2v/2m, is the
constant Ch, p,(T) in (1.11) uniformly bounded as hi,ho — 07 Or, in othe words, can we
recover the observability inequality (1.5) as the limit as hi, ha — 0 of the inequalities (1.11) for
the semi-discrete systems (1.7)7

This problem is motivated by the numerical implementation of the boundary controllability
property of the wave equation (see [G], [GL], [GLL], and [ALJ).

As it was already observed in [G], the constants Cj, p,(T) in (1.11) necesarily blow-up as
h1,hs — 0. This is due to the fact that spurious high frequency oscillations are present in the
semi-discrete system (1.7). This result may be rigorously stated as follows:

Theorem 1.1 For any T > 0 we have

)
sup - ’“7’;2(0) - ; — 00 as hi,hs — 0. (1.12)
u solution of (1.17) /T uj g (t) Uk
hd | +he > |5 | dt
0 o ho =l



This result will be proved in section 2 through the spectral analysis of system (1.7).
In order to prove the positive counterpart of Theorem 1.1 we have to filter the high frequen-
cies. To do that we consider the eigenvalue problem associated with (1.7):

Pi+1,kTPj—1,k 290 j k P k+1—Pj,k—1 290 j k
;Ll . ’ ;LQ . A’ ]7k

0ik=0,j=0,J+1; k=0, K+ 1.

System (1.13) admits JK eigenvalues. The following is a sharp upper bound for the eigen-
values of (1.13):

A<4[1 (1.14)

i h%}
As we shall see in section 2, (1.12) is due to solutions of (1.7) of the form u = eV M, X being
the largest eigenvalue of (1.13) and ¢ the corresponding eigenfunction. Indeed, as we shall see,
the high frequency eigenfunctions of system (1.13) are such that the energy concentrated on the
observed subset of the boundary is asymptotically smaller than the total energy.

In order to get uniform observability estimates we first observe that solutions of (1.7) can be
developed in Fourier series of the form

u= Z [a;\reim + a)_\e_im} ©x (1.15)
A e.v. of (13)
+

where the sum runs over al eigenvalues of (1.13), ay are complex coefficients and ¢y are the
eigenvectors of (1.13).

We then introduce the following classes of solutions of (1.7) in which the high frequencies
have been truncated or filtered.

For any 0 < v < 4 we set

Cy(h1,ha) = { u solution of (1.7) of the form u = Z [a;\reim + a;e*im} ©x
A<y [T +hy 7]
(1.16)
Note that, according to the upper bound (1.14), when v = 4,Cy (h1, hg) = C4 (h1, h2) coincides
with the space of all solutions of (1.16). However, when 0 < 7 < 4, solutions in the class
Cy (h1, h2) do not contain the contribution of the high frequencies A > v (hl_Q + hy 2) that have
been truncated or filtered.

The following result asserts that, whatever 0 < v < 4 is, the uniform observability does not
hold.



Theorem 1.2 For any T > 0 and 0 < v < 4, there exist sequences hi, ho — 0 such that

sup Bty (0) — 0. (1.17)
hd |+ he > | | dt
0 [ j=1 ha =

Remark 1.2 Let us compare Theorem 1.2 with the 1 — d results in [IZ1,2]. In 1 — d there is
one single parameter for the mesh size. Let us denote it by A > 0. The 1 — d upper bound for
the spectrum is then A < 4h~2. The analogue fo Theorem 1.1 was proved in [1Z1,2]. In other
words, due to spurious high frequency vibrations the observability constant blows up as h — 0
in 1 — d too. However, in [IZ1,2] it was shown that if 0 < v < 4, in the class C,(h) of solutions
of the semi-discrete wave equation in which the Fourier components vanish for A > 42, then,
for T' > 0 large enough, the observability constant remains bounded as h — 0.

Theorem 1.2 shows that the 2 — d analogue is not true. This is due to the fact that, even
when A <~ (hl_2 + hy 2) with 0 < v < 4, the eigenfunctions may present spurious oscillations in
some space direction for high frequencies. As we shall see in Section 3 the result is sharp since
when hy = hy = h, the uniform observability holds in the class C,(h1, h2) as soon as vy > 2.

Note however that Theorem 1.2 does not exclude the existence of other sequences hi, hy — 0
for which the supremum in (1.17) remains bounded.

Our proof of Theorem 1.2 requires hi, hy — 0 so that

sup [ha/ha| <\/v/(4 =),
sup |hy/ha| <1/v/(4 = 7).

or, by symmetry,

[
The positive counterpart of Theorem 1.1 and 1.2 will be stated and proved in Section 3 since

the description of the appropriate filtering of high frequencies requires a precise analysis of the
spectrum of the system.

2 Spectral analysis: Non-uniform observability

The eigenvalues and eigenvectors of system (1.13) may be computed explicitly (see [IK], p. 459).
The eigenvalues of system (1.13) are as follows

1 h 1 h
AP (hy, o) = 4 [2 sin? (pl) + — sin? (“)] p=1,-,Jig=1,---, K, (2.1)
2 2 12 2



and the corresponding eigenvectors:
0= (@01 1<y > = sin(jpha) sin(kghs). (2:2)
1<k<K

Let us also recall what the spectrum of the continuous system is. The eigenvalue problem
associated with (1.1) is

—Ap = Ap in Q; ¢ =0 on ON. (2.3)
The eigenvalues of the continuous problem are
AP — p2 + q2 (2.4)
and the corresponding eigenfunctions
©P¥(x1, x9) = sin (pz1) sin (qz2) . (2.5)

The following properties are easy to check:
Proposition 2.1 The following properties hold:
(a) AP (hy, he) — A9 as hy,ho — 0 for all p,q € IN.

(b) The eigenvectors of the discrete system coincide with the eigenfunctions of the continuous
one evaluated at the mesh points x;, = (jh1, kha).

(c) AP (y, o) < NP9, Y(p, ), Vhi, ha > 0.

(d) N4 (ha, ho) < 43 + 25 ¥(p,q), Yha, ha > 0.
1 2

() AP1(hy,ha)/ (hf2 + h;Q) — 4 forp=J,q=K as hy,hy — oo.
(f) For (p,q) fived,
{ AP (hy, hy) = AP (0, h) = 4[5 + 7l sin’ (%2)] as b1 — 0,

AP (h, o) — NP4 (ha,0) = 4 [ sin? (%) + L] as hy — 0.
1

(2.6)

Remark 2.1 The statement (a) guarantees the pointwise convergence of the spectrum of the
discrete system towards the spectrum of the continuous one. Convergence (e) guarantees that
the upper bound (d) (see also (1.14)) on the spectrum is sharp.

The statement (f) of the Proposition provides the pointwise limit of the spectrum when one
of the mesh parameters tends to zero the other one being fixed. Obviously, the eigenvalues
AP (hy,0) correspond to the discretization of the continuous eigenvalue problem with respect
to the variable x1, i.e.,

o= (p1(x2), 07 (x2)):
_ [%‘H(»’02)+80j%(w2)—2<ﬂj(w2)} — @ (12) = Apj (12),0 <z <7, j=1,---,J
Pj = 0,7=0,J

j(r2) =0, 20 =0,7,5=0,---,J.

2.7)



In (2.7) we denote by ’ derivation with respect to z5. The eigenvalues A7 (0, hg) correspond to
the semi-discrete problem in which the Laplacian is discretized in the variable xzo but not with
respect to x7.

When proving Theorems 1.1 and 1.2 the following identity from [IZ1,2] will be useful.
Let us denote by ¢ the vector

wf = (- wh ) s = sin(jh) (2.8)

with N+1=1/h, for ¢ =1,---,N.

The following identity holds:
Lemma 2.1 ([IZ1,2])

For any h > 0 such that N =1/h —1 € IN it follows that

2

1/{?“ — ¢§ _ T YN

h 2 (1 — sin®(ht/2))

e 2
N

(2.9)

foralll=1,--- N.

Remark 2.2 Identity (2.10) provides the ratio between the total energy of the eigenvectors of
the 1 — d semi-discrete wave equation and the energy concentrated on the extreme x = 1, since
the eigenvectors are of the form (2.8)-(2.9) and the corresponding eigenvalue is

4 ht
L —
’u(h)_hQSm(Q)'

|
Remark 2.3 Note that the following holds as a consequence of (2.9):
nsin?((Nh) wsin?((mr —h)) =
Z ’7/’]’ 2sin?(ht) 2 sin?(h() 2 (2.10)
]

Observe that the 2 — d eigenvectors in (2.2) are products of vectors of the form (2.8). Thus
identity (2.10) allows us to stablish the corresponding 2 — d observability identity.

Proposition 2.2 Let P9 (hy, hg) be the eigenvector of (1.13) with indexes (p,q) € {1, -+, J} X
{1,---,K} and hi,ha > 0 as in (2.2). Then

NS

7=0 k=0

2
Pjik+1l — Pik
ha

2
Pji+1, k Pk

(2.11)

|

J

2
Pk m
+2(1—sm (qh2/2)) Z

hy

‘PJK

~ 2(1—sin? (ph1/2)) ha

k=0



Remark 2.4 In identity (2.11) we have avoided the superscripts (p,q) of ¢ to simplify the
notation.

Proof of Proposition 2.2. According to (2.2) we have ¢, = sin(jphi)sin(kghs). Then, in
view of (2.9)

2
Pi+1,k — Pjk

J
hihy

~ by TF “P],k 2
= hy 2 (1 — sin? (ph1/2))
and
X @jk+1—90jk2 ™ SOjK2
hahy S |FEL  Cik "y | ‘ ’
kz::[) ho 2 (1 —sin? (gh2/2)) | ho
Therefore
2
P41, k P,k Pik+1 — Pik ™ DIk
hahs [ 4 ‘ ] - | hy
]ZOI;) h2 2 (1 — Sln2 (phl/Z)) ]é] h1
™ ! Pi,K 2
+ S
2 (1 — sin? (gh2/2)) 1j20 ha

In view of identity (2.11), Theorems 1.1 and 1.2 are easy to prove.

Proof of Theorem 1.1. For, given (p,q) and hy,hy > 0 we consider the solution of (1.7) in
separated variables associated to the eigenfunction ¢P? (hy, ha). We have

"= cos ( N4 (s, hg)t> P9 (hy, hy) . (2.12)

The initial energy Ej,p,(0) can be computed easily with the aid of identity (2.11):

h h , 0|2
By (0) = The Z Z Pit1, k ek |’ n ‘%,HZ Pk (2.13)
§=0k=0 2
™ PJIk 2 ™ 4 Pi,K 2
= h : h :
4 (1 = sin? (phy/2)) 22;; | I = sin? (ghe/2)) 1;) ha ’
On the other hand, the energy concentrated on the boundary is given by
r J 0k |? X Q|
/ cos? (ﬁt) dt | hy j” +ho Y |5 (2.14)
0 =il he =l



Therefore

Q(hhe) = — ; (E)hl,hz(O)
k(1) qu
/0 [hljz: + ho Z ‘ ]
s ZJ: (PJK T h i Ok
41— sin’ (gha/2)) 4 (1 - sin? (ph1/2)) i ol M

2
Pj.k Pk

T 2
/0 cos? (\f/\t) dt [ 1]:1 ]

To prove Theorem 1.1 we take p = J, ¢ = K in the quotient (2.15), i.e. we consider the
solution u associated to the largest eigenvalue. Let us now analyze the limit of the quotient
Q(hl,hg) as hl,hQ — 0, i.e. p= J,q:K—> Q.

Taking into account A\P? (hy, hy) — oo it is easy to see that

/0 cos (\ft) dt—>—. (2.16)

On the other hand

I s us I 1

im = — lim

ha—0 4 (1 — sin? (gha/2)) 4 ha—0 | 1 —sin® (7/2 — ha/2)
In a similar way, we deduce that 7 /4 (1 — sin® (phy/2)) — oo as hy — 0.

In view of this, it is immediate to see that @ (h1,ha) — oo as hy, he — 0. This concludes
the proof of Theorem 1.1.

Remark 2.5 It is clear that the method of proof of Theorem 1.1 fails when p, q are restricted
to satisfy

p<dJ,q<I0K
with 0 <6 < 1.
Indeed, in that case, the quotient in (2.15) can be easily bounded above by
max [4cos2(5(77rr 72)/2)° 4cos2(5(77rrfh1)/2)} N T
/ cos? (V) dt dcos?(67/2) (T/2 — 1/4VA)
0
as hl, hQ — 0.

Note that the factor cos?(67/2) in the denominator tends to zero as § — 1, which explains
the fact that Theorem 1.1 holds.



Proof of Theorem 1.2. We choose p = J. The value of ¢ is chosen so that the eigenvalue
A%4(hy, hs) is such that the solution u as in (2.12) is in the class C, (hq, h2). For that we need

1 . Jhl 1 . qh2
A (hy, hy) = 4 |- sin? () + — sin? ()} (2.17)
Lh3 2 h3 2

[ ]. .92 Vs h1 1 - 92 qh2
== 4 _h—%SIH <2—2) —i—h—%Sln <2):|

[ cos? (h1/2) 1 1
D Sy s < 4
2 =7 (h% i h%)’

1
+ — sin® (qhs/2)
h3

or, equivalently,
dcos? (h1/2) =5 < [y = 4sin? (gh/2)| [l /hal*. (2.18)

Let us choose hq, hy such that
h

/| 7
2| « E (2.19)

hi

sup
Of course this can be done by taking h; — 0 and then hy = ah; with a < /4/(4 — ).
Under assumption (2.19) it is clear that taking
q<d/hy (2.20)

with 0 < § < 7 small enough, (2.18) holds.
Let us now pass to the limit in the ratio @ (h1, h2). It is easy to see that (2.16) holds. On
the other hand, in view of (2.20),

lim i < oo, (2.21)

T

= lm ———

ha—0 4 (1 — sin?(gh2/2)) ha 0 4 cos? (gh2/2)
while

T B T B T B T

4 (1 —sin®(Jh1/2))  4cos?(Jh1/2)  4dcos®(m/2—hi/2)  4sin®(hy/2)

~7/h? = o0 as hy — 0.

(2.22)

In view of (2.21) and (2.22), to conclude that
Q (hl, hg) — OO as hl, hQ — 0, (2.23)

it is sufficient to show that

i:ka
h/]_ J»
2 =0 h
B2 |—2=0 "~ |~ 0ashy,hy— 0. (2.24)

X Pk 2
ho Z !
im0l M

10



In view of the form of the eigenvectors (2.2) and identity (2.9) it follows that

J 2 -2 J
i K sin“(Kqh Yy
hi Z %‘ = (72q2)h1 Z sin?(j.Jhy) (2.25)
_ wsin?(Kghy)  wsin® ((7 — ha)q)
2h3 B 2h3

On the other hand,

K 2 02 (72 2
Pk msin® (J?hy)  wsin®(h)
hs k= = . (2.26)
g:%) hi 2h? 2h?
Combining (2.25) and (2.26) we get
J
hYy lesr/hal?
2| =0 hisin? (( — ha)q)
h - _ (2.27)
! K ) h2 sin?(hq)
ha > lpsk/hil
k=0
h o, S
~ 72 8in ((m —ha)q) = 7| sin (gh2) — 0 as hy,ha — 0
2
provided
h
sup [—| < oo (2.28)
ho

and ¢ is fixed independent of hs.
Note that (2.19) and (2.28) are perfectly compatible. As we said above, it is sufficient to

take hy — 0 and hg = ah; with a < /v/(4 — 7).

Remark 2.6 Our proof works when ¢ = o(1/hs).

Remark 2.7 Our proof of Theorem 1.2 works under the condition

ha [
= —_— 2.2
sup 0 < y— (2.29)
or, the symmetric one,
hy [
— —_— 2.
sup s < s (2.30)

11



Condition (2.29) coincides with (2.19). By, symmetry, taking ¢ = K and p = 0(1/h1), the proof
of Theorem 1.2 works under assumption (2.30) as well.

Note that conditions (2.29) and (2.30) are sharp. Indeed, as indicated in Remark 2.4, to
prove Theorem 1.2 for solutions generated by a single eigenvector we need to take p = J (resp.
g = K). Then (2.29) (resp. (2.30)) is a necessary condition for the existence of eigenvalues in
the range

A<y (hi?+h3?).

Observe that, if we take the same net spacing in x; and x2, i.e., hy = hg = h, Theorem 1.2 only
applies when v > 2.

3 Uniform observability estimates

This section is devoted to prove uniform observability estimates in classes of solutions in which
the high frequencies have been filtered or truncated. Instead of applying directly 2 — d discrete
multiplier techniques we employ discrete Fourier series developments and 1 — d discrete multipli-
ers. First we prove some basic identities that are valid for all solutions of (1.7). Then we derive
the uniform observability estimates by a suitable filtering of the high frequencies.

We develop solutions of (1.7) in Fourier series

J K
u=3_ > (ap,qemp’qt + bp,qefi“p’qt) P (3.1)
p=1qg=1

where

pPd =/ AP, (3.2)
In (3.1) we omit the dependence on h1, ho to simplify the notation. When this becomes important
we shall also use the subscript h = (hy, ho) : P4 = P24, P = u%q,. .

In view of the form of the eigenvectors (2.2) the solution v may be decomposed as

J
u=>y yPoP (3.3)
p=1
with
K . .
0 = 3 (apge "+ byge ) (3.4)
q=1
and
&= (&l €k ) s & = sin(ahhe). (3.6)

12



The solution u of (1.7) can also be decomposed as

K
u= Z w1 (3.7)
q=1
with ;
w = Z (anqewp% + bp,qeiwpng Yp. (3.8)
p=1
Observe that for any p =1,---, J, vP = v solves the 1 — d semi-discrete wave equation
of — [ ol = 0,0 <t < T, k=0, K 59)
vo=vg4+1 =0,0<t<T,
with A N
ol = h—l sin? (1)21) ) (3.10)
On the other hand, w = w? satisfies
w;’ _ [wj+1+u;g1—2wj} + 0w =0,0<t<T,j=1,---,J (3.11)
wy=wj41 =0, 0<t<T,
with A h
N AU
Bq = hf%Sln (2> . (312)
The energy
L N L T et 4
F(t) = 72 || 4+ | ————| + o || (3.13)
25 ha
is conserved for solutions of (3.9). More precisely,
F(t)=F(0),v0<t<T. (3.14)
The conserved energy for solutions of (3.11) is given by
J 2
1 2 s
OEEDY Uw; \‘“h“’ + 1 W] : (3.15)
— 1
ie.
G(t)=G(0), Vo<t <T. (3.16)

On the other hand, the energy conservation properties (3.14) and (3.16) for the 1 — d systems
(3.9) and (3.11) and the orthogonality properties

J

J
Z@”ﬁ? i=2 (¢§+1 - ¢§-’) ( Py — w;-”) =0 (3.17)

Jj=1 Jj=0

13



for p # p’ and

Za‘ifk = kZ (€l —&t) (st —¢) =0 (3.18)
for ¢ # ¢’ imply the conservation property (1.9) for the energy E of solutions of the 2 — d system
(1.7)T.he following identities hold:

Lemma 3.1 For any solution v of (3.9) the following identity holds:
hy & (T
Py

25 [ ek vk + Xt

2
Oktl — U dt + (3.19)

‘2‘2 + — oPogvkg

0
with
K Vk+1 — Vk—1
X(t) = hy Sk (2) " (3.20)
k=0
In a similar way any solution w of (3.11) satisfies
Z/ [ ‘w”;l — Blwjwji | dt + (3.21)
1
J T T T 2
hy , , 2 .m wy
Jj=0 0
with ;
Xo(t) =M > j (“’J“g“’f‘l) w. (3.22)

J=0

Proof. We briefly sketch the proof of (3.19), since that of (3.21) is the same.
We proceed as in [IZ1,2] using the discrete multiplier k‘w (which is the discrete
version of the classical multiplier yd,v for solutions of the continuous wave equation). Arguing

as in [IZ1,2] we obtain

T
— v — Vp_
Z/ [Ukvk+1 + k+22 Uk + Oépvkkf (k‘+12kl) dt + X(t) = 0. (323)
0
We then observe that
K K
— U 1
3wk (”’f“”’fl> == 5 v, (3.24)
2 2
k=0 k=0

14



On the other hand,
Z UpUhy1 = Z DA Z v — Vi ” (3.25)

Combining (3.23)-(3.25), 1dent1ty (3.19) follows 1mmed1ately.

|
We may now stablish the following identity for solutions of the 2 — d system (1.7):
Lemma 3.2 FEvery solution u of (1.7) satisfies
hihs Ujste — Uik [* | Ujpe — wik
PL bl ¢ z 20

hth T 2 2

1 ZZ/ Uik —“ﬁ,k‘ + ‘“§,k+1 —US,k‘ ]dt

0
7=0k=0

_ ahy Z Z /T (w41, k ug k) (W1 k1 — Wjks1) n (k1 — k) (Uj1 ket — Ujg1k) gt

2 j=0k=0"0 hi ha ha

0 K Tk u;
+X(8)lg =3 mZ/ ‘ dt+hlz/ LS

with

= hihs Z Z [ (U],k;+1 k= 1) u;k +7 (Uj+1,k; ; u‘j_l’k) u;k] . (3.27)

7=0k=0

Proof. Combining identity (3.19), the decomposition (3.3) and the orthogonality properties
(3.17) we deduce that

hmzz/[

2
uj,k+1 — Uik |

(U1 — Uik) (Wjp1hs1 — uj,k+1)] gt

0 k=0 ha hy hy
T
hth 2 h1h2 &
Z Z / u;’,k—i-l‘ dt+ == > K (uiken = wik—1) Wy,
7=0k=0 =0 k=0
J 0

(3.28)

7Th1 Z/

In a similar way, one can show that

hmzz/[

=0k=0

h2

2
Uj+1,k — Uk |T
ha

(Uj,k+1 - Uj,k) (Uj+1,k+1 - uj—i—l,k)
dt
h2 hg

15



hlhg J K T 9 hlhg J K T
Ty ZZ/O ‘u;'—i-l,k:_u;}k’ dt+—5 D2 5 (i = wjk) W

=0 k=0 §=0 k=0 0
K 2
mho /T UJk
= — —= 1 dt. 3.29

Combining (3.28) and (3.29) we obtain (3.26).

We now need the equipartition of energy identity for the 2 — d system (1.7):

Lemma 3.3 Ewvery solution u of (1.7) satisfies

2
Uj+1k — Ujk
hi

Ujk+1 — Ujk
ha

2
Wiy dt =Y (1)

S [

=0 k=0

T J K T
+h1h222/ +
0

j=0k=0"0 [

2
] at
(3.30)

with

J K
Y(t) = h1h2 Z Z ijku&k. (3.31)
7=0k=0

Proof. We multiply in (1.7) by u;x, add for j = 1,---,J, k = 1,---, K and integrate with
respect to t € (0,7). Identity (3.30) follows immediately taking into account that

J K 1 J K T J K 1 9
U7 39 S RTINS 9D LTI RSN S5 D B A 2
j=0k=0"0 =0 k=0 0 j=0k=0"0
J K T J K T 2
Uji1k + Uj_1k — 25k _ Ujy — Ujt1k
mi 3> [ L wjdt =ty 303 [ gy
=0 k=0 0 1 j=0 k=0 0 E
and
T E T (g + w1 — 2uk) & T g — w2
hih / Ji.k+1 Ji.k—1 J:.k Wi ndt = —hah / J,k+1 g,k dt.
my S | i jadt =~y 303 [ [t i

Jj=0k=0 j=0 k=0

Combining the identities in Lemmas 3.2 and 3.3 and the conservation of energy F it follows
that:

16



Lemma 3.4 Every solution u of (1.7) satisfies

Z Z/ [ k1~ Uik

=0k=0

h1 ha

2 , , 2
‘ +‘“j+1,k—“j,k‘ dt

h1h2 Uji1, k u],k 2 (g — i) (W1 k1 — Ujkt1)

ZZ / l n

7=0k=0

L[t = P (s = ) (ke = gk |
ho h2
u u
+2(1) |0_[h12/ 3K dt+h22/ sk ] (3.32)
with
Y( L E T (et — wjn) (Ui — Ujk) 1
Zt)=X({t)+ —> =hh2 > > [ ket + e+ 2“]}“4‘,4 :
7=0k=0
(3.33)

Remark 3.1 Identity (3.32) is the semi-discrete version of the identity

w0+ fou (oo ) =3 [ e

that solutions of the continuous wave equation (1.1) satisfy. This identity may be proved using
the multipliers = - Vu and u (see [K] and [L] for instance). In the case of the square Q =
(0,7) x (0,7) it can also be obtained by means of Fourier decomposition and using 1 — d
multipliers. This is the method we have employed in the semi-discrete case.

Note however that (3.32) contains two error terms:

s [

§=0 k=0

2
0
+ | g o)

2
] (3.34)

hiha

‘ 2

2
/ !/ !/
Wikl — Wik t ’“j+1,k - “j,k‘ } dt

and

(i1 ke — i) (U1 k41 — Ujks1)
hy hy

2
Uj+1k — Ujk|”
hi

h1h2 J K /T[
> 22,

2
Ujk+1 — Ujk|”
ha

_.I_

(Uj 1 — Ujk) (Ujr1pt1 — Uj—&-l,k)] it
ho ho ’

Following the developments in [IZ1,2] we shall get bounds on these error terms imposing up-
per bounds on the eigenvalues. Note however that upper bounds of the form A <~ (hl_Q + hy 2)

will not be sufficient. We shall rather impose upper bounds of the form A < 2y min (hl_g, hy 2).

17



As a consequence of Lemma 3.4 the following inequality holds:

Lemma 3.5 Every solution u of (1.7) satisfies

| (3.35)

al

Proof. In view of Lemma 3.4, it is sufficiet to estimate the remainders mentioned in Remark
3.1.

Let us consider first

TEhy, ha(0) — §max(h1,h2 hlhzzZ/

g[hlz/ dt+h22/

where A is the largest eigenvalue involved in the Fourier development of u.

T

Uj.k UK

+ Z(t)

/ /! 2

We claim that

Ry < Amax (h},h3) Z Z/ | (3.37)
7=0k=0
Indeed, in fact, the following more general fact is true:
Lemma 3.6 Let I be a family of indexes (p,q). Let
A = max N9, (3.38)
(pg)el
Then
K J K
Z [|¢j,k+1 — binl” + 1bjs1k — binl } < Amax (h3, h3 ZZ ¢;k>, V¢ € span {@P9}. (3.39)
=0 k=0 =0 k=0 (.)€l

Proof of Lemma 3.6. We first observe that

when ¢ is an eigenvector of (1.13) with eigenvalue A
On the other hand, if ¢ and v are eigenvectors with non-equal indexes (p,q) # (p/,q’) the
following orthogonality properties hold:

2
|<Palc+1 Sﬁj,k:| Jr|80g+1k ol
h‘l

J K
Z > ikl (3.40)
j=0k=0

Z Z { ©j, k+1 ‘Pj,k) (V1 — Vjk) N (Pjr1k = Pik) (Vjr1k — VYjk)

=0 3.41
ha hy hy ( )

§=0 k=0

18



and
J K
> itk =0. (3.42)
7=0k=0
Combining (3.40)-(3.42) we deduce that
J K [

=0 k=0

2
i1k — ik

2
+ I

' e J K
Pkt CAS Y Il V6 € span (). (349
2 =0 k=0 (pa)el

From (3.43), inequality (3.39) follows immediately taking into account that

J K
2 2
Z“%Hr%ml+%ﬂkﬂmﬂ}
=0 k=0
J K ) 2 ) 2
< B2 B2 Gj k1 — Pk Gjr1k — Pjk .
_max< 1 2);”;_:0 I + I

In view of Lemma 3.5, estimate (3.37) is immediate. It is sufficient to apply (3.39) to ¢ = u(t)
for any ¢t € (0,T) and to integrate the resulting inequality for ¢ € (0,7).
We now proceed to estimate

Ry, = L& (T g — wine P g — wik) (Wt — Ujer1) dt 3.44
5 = Z Z ; hl - h2 ( . )
=0 k=0 !
J K
+>.> /T et = Uy |® (Wit = W) (Wtkas = Werk) | gt e
et 0 hz h% 2 2

Both terms have a similar structure. Let us analyze the first one Ri. We have

J K T . A .
ZZ/ (“J+1,k U’J,k)(u];-Lk-‘rl u]’kﬂ)dt (3.45)
j=0k=0"0 hi

J K T 2 1/2 J K T 2 1/2

Uj+1,k — Ujk Uj+1,k41 — Ujk41
< (o [ e stiia) (> dt
(j-Ok:O 0 h j=0k=0"" I

K

AR
j=0k=0"0 hy

In view of (3.45) we observe that R} > 0. In a similar way we get R3 > 0. Therefore Ry > 0.
Combining identity (3.32) with (3.37) and the fact Ry > 0, inequality (3.35) follows imme-
diately. ]

Combining Lemma 3.5 with the equipartition of energy identity the following holds:
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Lemma 3.7 Ewvery solution of (1.7) satisfies

A 2,9 = ™ hl J T uj,K qu
7 (1= Fmax (1313) ) BO) + 20)| < T |2 = dt+—Z/
(3.46)
A being the largest eigenvalue entering in the Fourier development of u, and
5 A
Z(t) = Z(t) — 5 max (n3,13) Y (2). (3.47)

Proof. Combining the equipartition of energy identity and the conservation of energy property
it follows that

T
hthZZ/ Jk] dt = TE(0) + Y() (3.48)
7=0k=0
Combining (3.35) and (3.48) inequality (3.46) follows immediately.
|
We have to estimate now the quantity Z in (3.46)-(3.47). The following holds:
Lemma 3.8 FEvery solution u of (1.7) satisfies
A
(T (1 — 5 max (3, h%)) —2,/212 + (2 +8 | n ) /)\1> E(0) (3.49)

Uj,K UJk

dt+hgz/

m\ﬁ

Pl 4]

with A1 the least eigenvalue of (1.13), A the largest eigenvalue entering in the Fourier expansion
of u and

0| >

1
=g = g max (h%, h%) . (3.50)
Proof. Note that

Z=X+nY (3.51)

with X as in (3.27), Y as in (3.31) and 7 as in (3.50). In (3.51) and in the sequel we do not
make explicit in the notation the dependence with respect to time.
We have

J K )

b b TR (e —wie—1) | J(ujrie — uj—1k) , 3.59

2> D |t 5 + 5 k|| - (3.52)
=0 k=0
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Thus

> d 2 VL& k(g1 — wjk—1) | J(Wjt1k — uj-1k) 2\
| A |§ hiho Uij’ Z Z : 5 : + ) 5 — + Nujk
=0 k=0 =0 k=0
(3.53)
On the other hand
J K . 2
k (u; — U f Uj — Uj_
ZZ ( ]7k+12 7,k 1) _’_\7( ]+1ak2 J l’k) +77uj,k (354)
=0 k=0
J K , 2
k (w; — U ] U, — Ui
<Yy l (ks = Ujk-1)  J (Wjrrh = Uj-1) o Jugal +
- 2
=0 k=0
0k (W1 — Wik—1) Wik + 17 (i1 — Uj—1,k) Wik ]
K Uj k41 — Ujk—1 2 Uj41,k — Uj—1k 2 2 2
< Z Z + + 07 |ujpl” — 0 () g1k + Wi kU E)
ok 2ho 2h
< zJ: i L uger = wie]® L ugn = wiaea | L ek = w1 e = o
B Z0k=0 ho 2 ho 2 h1 2 h1
+1° Iuj Rl? = (g psugp + wjinkun) ]
2 2 J K
Ujt+1,k — Ujk Uj k+1 — Ujk
= 2W222 7” ’ SR (P48 ) 20 Y gl
=0 k=0 2 j=0k=0
< |on24 (n? +8’77’ ] ZZ [ Ug+1k ujk 4 U],k:+1—ug, 2]
=0 k=0
where A is the least eigenvalue of (1.13).
Combining (3.53) and (3.54) we deduce that
~ 248
Z| < \/27r2 + WE(O). (3.55)
1
In view of (3.55) we deduce that
T ~ ~ 5
Zw)| | <|Z0)]+|zm)| < 20/27% + (2 +8 | 1 |) /M E(0). (3.56)

Combining (3.46) and (3.56) we deduce (3.49).
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3.1 Uniform boundary observability

In view of Lemma 3.7 it is easy to obtain uniform (as hq, he — 0) observability inequalities.For,
we introduce the following classes of solutions of (1.7) for any 0 < 5 < 1:

5 _J wsolution of (1.7) generated by the eigenvectors of (1.13)
Cs (7, he) = { such that Amax (h?, h3) < 43 ' (3:57)
The following holds:
Theorem 3.1 Let 0 < 8 < 1. Assume that
2¢/2m?
7 22T B g (3.58)
1-p
with )
o(9) = |30 - 9P +40-9) [ xn (3.50)
Then, there exists C = C(8,T) > 0 such that
(t)
Enn,(0) < C(B,T / [h Z“JK +h Z “J’“ ‘] (3.60)
0
holds for every solution u of (1.7) in the class 5/3 (h1,h2) > 0 and every hy,hy > 0.
Moreover, the constant C(3,T) may be taken to be
cB,T (3.61)

):2[T1— —2\/W}

Proof. According to inequality (3.49) and taking into account that
A
J max (h%, h%) — 3

in the class CAB (hi, he), it follows that

™ T J U5 K K UJkQ
(1—-0)—2y/2 8 M) Epyong(0) < = h 2= +h —==| | dt
( \/7r +m*+8|nl)/ 1) hl,hz()_Q/o {1;:% I +2kz:% I
(3.62)
with 151
=--Z=_-1-p).
n=5-5=51-0)
The statement of Theorem 3.1 follows immediately from (3.62).
|
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Remark 3.2 In the definition (3.59) of ¢(53), the least eigenvalue \; depends on hy, ho. However,
as hi, ha — 0, A1 converges to the least eigenvalue for —A in H} ((0,7) x (0,7)). Thus,

>\1—>\/§as hi,he — 0.

Thus the minimal observability time remains bounded as hq, hyg — 0.

|
Remark 3.3 The minimal observability time T'(3) satisfies
T(B) — occas 3 — 1. (3.63)
Moreover
T(B) — 2212 + c(0) = 2/212 + 17/4Ay, as § — 0. (3.64)

This indicates that:

(a) We loose the observability inequality as 3 — 1. This is in agreement with the 1 —d results
of [171,2].

(b) The estimate on the observability times is not sharp since we do not recover the observ-
ability time 2v/27 needed for the continuous wave equation.

At this respect note that, in the 1 — d case, the sharp observability time was recovered.

This lack of optimality is due to the estimates of the proof of Lemma 3.9 on Z and more
precisely to the terms

J K
hisho 303 [P ikl = 0 (whsrwp + w0 k)| (3.65)
=0 k=0

Note that in the context of the continuous wave equation the corresponding term is

(772—77)/Qlu]2 dx1,dxs

which is non-positive (and therefore may be neglected) as soon as 2 — 1 < 0. In Theorem
3.1, n = 3(1 — B). Thus

) 1 1

=002 - 5(1-8) = 5(1-8) |50~ 9 ~1| =—;(1-pF <0, for0 <L

This sign property does not seem to hold for the discrete quantity (3.65).

In Section 3.4 we shall see how a compactness-uniqueness argument may be used to improve
the observability time.
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3.2 Optimality of the uniform observability inequality

As we have seen in Remark 3.3, the estimate provided by Theorem 3.1 on the observability time
is suboptimal.

Let us now analyze the optimality of Theorem 3.1 in what concerns the frequencies involved
in the class CAB (h1,h2). For, we compare Theorem 3.1 to the counterexamples of the previous
sections.

In to order to analyze the optimality of Theorem 3.1 we distinguish the following three cases:

Case 1: h1 = hy = h;

Case 2: hy = thy, with £ > 1;

Case 3: hy = fhy, with £ < 1.

Case 1: When h; = hy = h, it is easy to check that
Cp (h1,ha) = Cap (b, ha). (3.66)

Therefore, Theorem 3.1 guarantees the observability in the classes Cy (h1, ho) for any v < 2.
According to Remark 1.2, the result is sharp since the uniform controllability fails for any
v > 2. The case v = 2 corresponding to § = 1 remains open.

Case 2: When ho = fhy with £ > 1, the condition

Amax (h3,h3) < 48 (3.67)

that characterizes the class CAg (h1, ha) can be rewritten as

A< 4phy? = ;lg. (3.68)
On the other hand, the condition characterizing the class Cy (h1, h2) is
A<y {%Jrhlg} = hl%(lM?). (3.69)
Whe have C, (h1, h2) C CAg (h1, h2) as soon as
(1 + %) < 4B
or, in other words,
Y < effr (3.70)

In view of Theorem 3.1 we deduce that, under the condition he = £hy with £ > 1, the uniform
observability holds in C, (h1, h2) as soon as

4 |4 —
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On the other hand, as we have seen in Remark 1.2, the counterexample of Theorem 1.2
ha

applies as soon as
1 2
== <\ J—.
ha l 4—~

Thus, the result of Theorem 3.1 is sharp. The limit case 3 = 1 which correspond to y = 4/(1+¢?)
remains open.

sup

Case 3: By symmetry, the situation is the same as in Case 2 above. Thus Theorem 3.1 is sharp
and the limit case § = 1 remains open.
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