CONVERGENCE OF A TWO-GRID ALGORITHM FOR THE CONTROL
OF THE WAVE EQUATION

LIVIU I. IGNAT AND ENRIQUE ZUAZUA

ABSTRACT. We analyze the problem of boundary observability of the finite-difference space
semi-discretizations of the 2-d wave equation in the square. We prove the uniform (with
respect to the mesh-size) boundary observability for the solutions obtained by the two-grid
preconditioner introduced by Glowinski [9]. Our method uses previously known uniform
observability inequalities for low frequency solutions and a dyadic spectral time decomposi-
tion. As a consequence we prove the convergence of the two-grid algorithm for computing
the boundary controls for the wave equation. The method can be applied in any space
dimension, for more general domains and other discretization schemes.

1. INTRODUCTION

Let us consider the wave equation
y' — Ay =0 in Q x (0,7),
(1.1) y =vlp,(z) onI' x (0,7),
y(0,2) = y°(2), ¥'(0,2) = y'(z) inQ,

where (2 is the unit square = (0,1) x (0,1) of R? and its boundary I' is decomposed as
I'=TyuUTI' with

To={(x1,1): 1€ (0,1)}U{(1,22): x2 € (0,1)},
Fl = {(1'1,0) DX € (0, 1)} U {(0,1‘2) D X9 € (0, 1)}

In equation (1.1), y = y(t,x) is the state, ' is the time derivative and v is a control

function which acts on the system through the boundary I'y. Classical results of existence
and uniqueness for solutions of nonhomogeneous evolution equations (see for instance [19])
show that for any v € L?((0,T) x I'g) and (y%,y') € L*(Q) x H1(Q) equation (1.1) has a
unique weak solution (y,y') € C([0,T], L%(Q) x H~1(Q)).

Concerning the controllability of the above system the following exact controllability result
is well known (see Lions [I8]): Given T > 2v/2 and (y°,y') € L2(Q) x H™1(Q) there exists a
control function v € L*((0,T) x Tg) such that the solution y = y(t,z) of (1.1) satisfies

(1.2) y(T,-) =y'(T,-) =0.
In fact, given (y°,y') € L?(Q) x H~1(Q) a control function v of minimal L?((0,7T) x I'y)-norm

may be obtained by the so-called Hilbert Uniqueness Method (HUM, see [18]). It reduces the
exact controllability problem to an equivalent observability property for the adjoint problem:

u —Au=0 in Q x (0,7),
(1.3) u=0 onI'x (0,7),
u(0,2) = u%(z), ut(0,7) = ul(x) in Q.
1
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FIGURE 1. Boundary of the domain €2 under consideration. I'y is the subset
where the control acts while I'; is the one that remains uncontrolled.

More precisely, the equivalent observability property is the following: For any T > 2v/2 there
exists C(T) > 0 such that

T
(1.4 Iy sz < €T [ [
0

for any (u®,u') € HE(Q) x L%(Q) where u is the solution of (1.3) with initial data (u®,u').
Note that, rigorously speaking, the adjoint system should take the initial data at ¢ = 7T". But,
the wave equation being time reversible, this is irrelevant in what concerns the observability
inequality (1.4).

The geometrical configuration considered in this paper is a particular instance in which
the so called Geometrical Control Condition (GCC) is satisfied. The GCC is sharp condition
guaranteeing the observability and controllability properties of the wave equation to hold and
it reads as follows: Every ray of geometrical optics that propagates in €2 and is reflected on
its boundary 02 intersects I'g in time less than 7. This condition has been proved to be
sufficient and almost necessary in [2] (see also Burq [4] and Burg-Gerard [5]). In particular,
the necessity of this condition is related to the fact that, around each ray that does not meet
the observation/control region, one can always build concentrated gaussian beams making
the observability inequality impossible.

In the particular case of the square domain we consider in this paper, the observabil-
ity /controllability properties fail if the control is supported on a set which is strictly smaller
than two adjacent sides, as shown in Figure [I/ (right). The control is located on a subset
of two adjacent sides of the boundary, leaving a small horizontal subsegment uncontrolled.
In that case GCC fails because of the existence of a ray trapped along a vertical segment
bouncing back and forth on itself, without never reaching the observation/control region.

In the case of the square domain the most natural configuration in which the GCC is
satisfied is that in which the control is located on two full adjacent sides. In this case the
needed observability inequalities can be obtained by the method of multipliers ([18]). This
paper is devoted to analyze this situation form a numerical analysis viewpoint.

The lower bound 2v/2 on the observability time 7" is due to the fact that, in this model, the
velocity of propagation of waves is one and then, in order for (1.4)) to be true, any perturbation
of the initial data needs some time to reach the observation zone. The minimal time for this
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geometric configuration, 2v/2, is twice the diameter of the domain, which is the largest travel
time along the diagonal that needs a wave to get into the control region after bouncing on
the opposite vertex.

The main objective of this paper is to prove the convergence of a numerical approximation
algorithm for computing the control function v of equation (1.1). This issue has been the
object of intensive research in the past years. It is by now well known that the control of
a stable numerical approximation scheme for (1.1) may diverge when the mesh-size tends to
zero. This is due to the unstabilizing effect of the high frequency numerical solutions [32].
Several techniques have been introduced as possible remedies to the instabilities produced
by the high frequency spurious oscillations: Tychonoff regularization [9], filtering of the high
frequencies [14], [31], [32], mixed finite elements [10], [7], [8] and the two-grid algorithm [25],
[20].

Possibly the one which is more systematic and convenient for practical implementations
is the two-grid algorithm proposed by Glowinski in [9]. The method consists in relaxing
the controllability requirement on numerical solutions by considering only its projection over
a coarser grid. In what concerns the observability inequality (1.4) the method consists in
analyzing the discrete or semidiscrete version of (1.4) for the solutions of the numerical
approximation scheme, but only for initial data obtained through a two-grid preconditioning.
To be more precise, the two-grid method consists in using a coarse and a fine grid, and
interpolating the initial data for the numerical approximation of (1.3) from the coarse G.
grid to the fine one Gy. This method attenuates the short wave-length components of the
initial data, which are responsible for the spurious high frequency oscillations.

The main goal of the paper is to rigorously prove the convergence of this algorithm in the
context of the semidiscrete finite-difference approximation scheme for the wave equation in
the square. The key ingredient of the proof is the obtention of an inequality similar to (1.4) at
the semidiscrete level, independent of the mesh-size, for the two-grid data mentioned above.

Through the paper we deal with the two-dimensional case but all the arguments we present
here work in any space dimension and can be also applied to other numerical schemes both
semi-discrete and fully discrete ones.

Our main contribution is to develop a dyadic decomposition argument that allows reducing
the problem to considering classes of solutions in which the high frequency components have
been filtered, a situation that was already dealt with in the literature.

To fix the ideas let us consider the finite-difference semi-discretization of (1.3). Given
N eNweset h=1/(N+1), Q, = QNhZ? and T';, = T NhZ2. In the same manner we define
Topn, and T'yp,. The finite-difference semi-discretization of system (1.1) is as follows:

yp — Dpyn =0 in Q5 x (0,7,
(1.5) Yy = 'Uh]-FOh on I'j, x (O,T),

yn(0) = y5, ¥, (0) =y; in Qp,

where the initial data (y3,y}) are approximations of (y°,y') and Ay, is the five-point approx-
imation of the laplacian:

(Apu)jp = D=0 2uj e+ Uy T i 2uj k + Uj k41
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For the homogeneous wave equation (1.3) we consider the following numerical scheme:
u% — Ahuh =0 in Qh X [O,T],
(1.6) up =0, on I'y, x (0,T)
up(0) = ul, uf(0) =ui in Q.
To simplify the presentation, whenever it is not strictly necessary, we will avoid the subscript

h in the notation of the solution uy.
Let us now introduce the discrete energy associated with system (1.6):

& wistk(8) —win () [* | [uger(8) — uin(t) |?
(1.7) gh(t)_2j§0[|uj,k(t)2+ i+ - j ’ Jik+ - J .

It is easy to see that the energy remains constant in time, i.e.
(1.8) 5h(t) :5h(0), Vo<t<T

for every solution of (1.6).
Following [1], the discrete version of the energy observed on the boundary I'y is given by:

(1.9) / / dadt:/ h ‘ J: ‘ +h ‘ ’
0 JTo 0 j=1 h k=1 h
In the following for any j =1,..., N and &k =1, ..., N, we denote
u‘vN uN7k u'7 u 7k
(62u)j7N+1 = —37, (8ZU)N+1,I€ = - s (8211)3"0 = - J 1, (ahu)(),k = —L.

h h h h
Also, in order to simplify the presentation, we shall use integrals to denote discrete sums,

271; ‘2 dt.

ie.
/ udQy =h* Y uj, / udlp = h Y u.
On jheQy, Tn jheTy
and
1.10 Oufdro, = hS [N [ 3 [P
(1.10) 1ot =032 [ S e
Jj=1 k=1
The discrete version of (1.4) is then an inequality of the form
T
(1.11) £n(0) < C’h(T)/ / |0 u|?dgp dt.
0 JTon

System (1.6) being finite dimensional, it is easy to see that the so-called Kalman rank
condition is satisfied and, consequently, for all ' > 0 and h > 0 there exists a constant C(T)
such that inequality (1.11) holds for all the solutions of equation (1.3). But, as it was proved
in [31], for all T" > 0 the best constant Cp,(T") necessarily blows-up as h — 0. The blow-up of
the observability constant is due to two main reasons. First, the discrete version of the normal
derivative in (1.9) is too weak to capture the energy of the high frequency monochromatic
waves. This fact could be compensated by making stronger boundary measurements, but this
would not suffice due to the fact that the numerical scheme develops high frequency wave
packets whose group velocity is of the order of h. These high frequency solutions are such
that the energy concentrated on the boundary I'gy is asymptotically smaller than the total
one. This phenomenon was already observed by R. Glowinski et al. in [9], [11] and [12]. Using
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a wave-packet construction is can be shown that the observability constant Cp,(7") blows-up
exponentially as h — 0. We refer to Micu [22] for a detailed proof in the 1-d case based on
explicit estimates of biorthogonal families to the complex exponentials entering in the Fourier
development of solutions.

As proved in [31], inequality (1.11) holds uniformly in a class of low frequency solutions
(initial data where the spurious high frequency modes have been filtered) provided the time
T is large enough depending on the frequencies under consideration. In Section 2| we will
make this concept precise and recall this result. The main result of this paper, stated in
Section 2, guarantees that, once (1.11) holds uniformly for a class of low frequency solutions,
it also holds for all solutions in an extended class of initial data whose energy is controlled
by their projection on the previous low frequency components. As we shall see, the class
of initial data for (1.6) obtained through the two-grid approach fulfills these requirements.
Accordingly, we shall deduce that for T" > 0 large enough inequality (1.11) holds uniformly
(i.e. with a constant Cp,(7") which is independent of h) in this class of two-grid data. As
a consequence of this, we will conclude that system (1.5) is uniformly controllable in the
sense that the projections of the states onto the coarse grid are controllable with controls
that remain bounded as h — 0. Furthermore these controls converge to those of (1.1) as the
mesh-size h — 0.

In the one-dimensional case, the two-grid method was analyzed by Negreanu and Zuazua
in [25] with a discrete multiplier approach. The authors considered two meshes with quotient
1/2 and proved the convergence of the method as h — 0 for " > 4. The same two-grid
method has been considered in a more recent work by Loreti and Mehrenberger [20], where
the authors use a fine extension of Ingham’s inequality to obtain a sharp time of uniform
observability, namely T' > 2v/2. However, as far as we know, there is no proof of the uniform
observability in the two-dimensional case. The main goal of this paper is to give the first
complete proof of convergence of the method in the multidimensional setting.

In contrast with the strategy adopted in [25] we choose two grids with the quotient of their
sizes to be 1/3. This is done for merely technical reasons, that we shall describe in the last
section, and one may expect the same result to hold when the ratio of the grids is 1/2. The
problem is open in the multidimensional case for the mesh-ratio 1/2.

Our method, which consists in using the already well known observability inequality for a
class of low frequency data and a dyadic time spectral decomposition of the solutions, works
in any space dimension and for other discretization schemes. We shall return to this issue in
Section |§ where we shall briefly discuss the possible extensions of the results of this paper.

The two-grid method has also been used in other contexts to filter the unwanted effect of
high-frequency numerical solutions. For instance, in [13], it was employed with two meshes
of mesh-ratio 1/4 when proving dispersive estimates for conservative semi-discrete approxi-
mation schemes of the Schrédinger equation. There, using the mesh-ratio 1/4 was necessary.
Here, as mentioned above, the result might well hold for 1/2 as in 1-d but here, for technical
reasons, we prove it only for 1/3. Our techniques allow also showing the convergence of the
method for meshes with mutual ratio 1/p for any p > 3. We present here the case 1/3 since
it is the one in which the amount of filtering is minimal.

Indeed, when diminishing the ratio between grids, the attenuation that the two-grid al-
gorithm introduces on the high frequency component of the solutions is enhanced and the
energy is then concentrated on lower frequencies for which the velocity of propagation be-
comes closer to that of the continuous wave equation. It is therefore natural to expect that
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proving the uniform observability will be easier for smaller grid ratios. When doing that one
may also expect that the time of control will get closer to the optimal one of the continuous
wave equation. Both facts will be explicitly established through our analysis.

The rest of the paper is organized as follows. In section 2l we introduce the spaces K ,]l\/[ ()
consisting of all the discrete functions (¢, ) such that their norm is controlled by the one of
its projection on a suitable low frequency component and state the core result of this paper:
the uniform observability inequality for data that belong to these spaces. In Section 13| we
will introduce the space V" of functions defined on the fine grid G” as linear interpolation
of functions defined on the coarse one G3*. We prove that (L.11) holds uniformly for all
T > 44/2, in the class of two-grid initial data V" x V. Section 4lis devoted to the proof of
the main result of this paper, namely Theorem 2.1, using the dyadic decomposition argument.
The last sections are devoted to prove the convergence of controls. More precisely, in Section 5
we construct semi-discrete control functions vy, for (1.5) that approximate the control function
v in (1.1). Section 6/ contains convergence results for the uncontrolled problem that will be
used in Section [7 to prove the convergence in L?((0,T) x I'g) of functions vy, constructed
before, towards the continuous one v. In the last section we comment on the main result
of the paper, about how it can be used or improved, what are its limitations and we also
formulate a number of open problems. The paper also has two appendices containing some
technical lemmas and the Fourier analysis of the discrete functions obtained by a two-grid
algorithm.

2. THE OBSERVABILITY PROBLEM

To make our statements precise, let us consider the eigenvalue problem associated to (1.6)):

—Anpn = App inQp,
(2.1) { pp =0 onl’,.
Denoting Ay := [1, N]? N Z2, the eigenvalues and eigenvectors of system (2.1) are
4 . imh . jomh . .
(2.2) Aj(h) = 45 [Slnz <‘h2> + sin® <]22)] , 3= (j1,72) € AN
and

(th(k) = QSin( .1k‘17'('h) sin( .2]{3271']7;) k= (kil,k'g) S [0 N + 1]2 N Z2, j = (jl,jg) € An.

The vectors {ga’h}Je Ay form a basis for the discrete functions ¢, defined on Gh = Q,UT}, and
vanishing on its boundary, allowing us to write, for any discrete function ¢y,

on = Z (Zh(j)wj;u

JeAN
where d) = (¢, <th ns (-,)n being the inner product in 1%(Q):
(w,0)n =h* > uk)o(k).
kheQy,

In view of this representation, for every s € R, we will denote by H7 (£2),) the space of all
functions defined on the grid G", endowed with the norm

= (X miaGr) "

jeAN
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FI1GURE 2. The three dashed corners contain solutions whose group velocity
is of order of h

Let us consider {ﬂ%(j)}je,}N and {@} (j)}jea, the coefficients of the initial data (u),u}) of
system (1.6) in the basis {¢} }jea,. Then the solution uy, is given by
1 ; ~ itws (B~ j
(2.3) MOEEDY [ethJ(h)quz+ 4ot J(h>u§z_} A

2,
JEAN

where wj(h) = y/Aj(h) and

Using the above notations, the energy of the system introduced in (1.7) is conserved in

time and satisfies
Enlun) = 3 BT + @ P).
JEAN
Let us introduce the class of filtered solutions of (1.6) in which the high frequencies have
been truncated or filtered. More precisely, for any 0 < v < 2v/2 we set

(2.4) In(y) = {uh Dy = Z ﬂjhgojh with ﬂJh € (C}.
wj(h)<y/h

The class Ip(v) has been intensively used for control problems ([15], [3], [16]) and the
dispersive properties of PDE’s ([6]). For any solution uy, of equation (1.6) we denote by IT) uy,
its projection on the space I(7), which consists simply in restricting the Fourier expansion
(2.3) to the class of indices entering in Iy (7) for which wj(h) < v/h.

The uniform observability in the class I () has been analyzed in [31] by the multiplier
technique. In that article it is shown that for any 0 < v < 2 and

8v2

(2.5) T>TO) =

there exists C'(y,T") > 0 such that

T
(2.6) () < COLT) [ [ oo aronde
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FIGURE 3. The dashed area below the diagonal of the square represents the
frequencies involved in Ij,(2). The two circles on the corners correspond to

frequencies with group velocity of order h that enter in the class Ij,(2) but
that are excluded for filtering parameter v < 2.

holds for every solution u of (1.6) in the class I;(7y) and h > 0. This observability result will
be systematically used along the paper. The choice of the filtering parameter v < 2 in [31] is
sharp. More precisely, for v =2 and any 7" > 0 it was shown that there is no constant C(7')
(see [31]) such that (2.6) holds for all solutions uy, of (1.6), uniformly on h:

En(up)
sup T
up €14 (2) / / |82uh(t)|2d1—‘0hdt
0 JTlon

This is a consequence of the presence of solutions which have group velocity of order h and
spend a time of order 1/h to reach the boundary. In Figure 2/ we can see the areas of the
spectrum in which these solutions with group velocity of order h can occur and in Figure
3 we illustrate how, some of them, enter in the class of filtered solutions Ij(7y) for v = 2.
The classes Ij(y) make sense for all 0 < v < 2v/2 in view of the obvious spectral bound
Aj(h) < 8/h? that immediately holds as a consequence of the explicit expression (2.2). But,
obviously, the observability estimate (2.6) fails to be uniform in I () for all 2 < v < 2v/2
because it actually fails for v = 2.

The main goal of this paper is to extend this uniform observability inequality to a more
general class of initial data obtained through the two-grid filtering strategy. In this class the
high frequency components do not vanish but a careful analysis shows that their energy is
dominated by the low frequency ones.

To be more precise, let HZ be the orthogonal projection of discrete functions over the
subspace I5(y). Let us now fix M > 0. For any 0 < v < 2v/2 we define K} () as the
subspace of H} () x HY(§,) consisting of all the discrete functions (¢,1)) such that their
square norm is controlled by the one of its projection on I () by a factor of M:

— 00, h — 0.

(2.7) Ky () = {(e,0) : llollf  + 1005 0 < MGl 5 + G213 )}
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We point out that the conservation of energy (1.8) guarantees that the solutions of equation
(1.6) with initial data (u,u}) € KM (v) satisfy

(2.8) En(un) < ME,(Iuy).

Therefore KM (v) is stable under the flow and (up(t), u} (¢)) € KM (v) for any ¢ > 0.

The main result of this section is given by the following theorem.

Theorem 2.1. Let v > 0 and M > 0 be given. Assume the existence of a time T(vy) such
that for all T > T(v) there exists a positive constant C = C(~,T), independent of h, such
that

T
(2.9) Enlun) < C / / (0l () 2Dt
0 Jlop

holds for all (u)),u}) € In(y). Then for all T > T(v) there exists a positive constant C' =
Ci(v, T, M), such that (2.9) holds for all the solutions up, of problem (1.6) with initial data
(ul,ut) € KM(v) and h > 0.

Remark 2.1. According to Theorem 2.1 the uniform observability inequality can be automat-
ically transferred from Ip(vy) to K}]L\/‘[(’y) Let us briefly explain the main difficulty of the proof
of Theorem [2.1. Inequalities (2.8) and (2.9) show that the uniform boundary observability
inequality

T
&) <C(@) [ [ johmunParode
0 JTon

holds in the class K}]y('y) as well. But, unfortunately, the right side term cannot be estimated
directly in terms of the energy of the solution uy measured at the boundary Loy, :

T
/ / |0y, |2dT gpdt.
0 JTlon

A careful analysis is required to show that estimate. The essential contribution of this article
s to show how this may be done by means of a dyadic decomposition.

Remark 2.2. In the proof of the above theorem we use that the so-called “direct inequality”
holds. In fact it is well known that (see [31]) for any T > 0 there exists a constant C(T),
independent of h, such that

T
(2.10) / / 0"y |2dTopdt < C(T)Ep(up).
0 JTon

for all solutions u of the semi-discrete system (1.6) and for all h > 0.

Remark 2.3. The same result holds if the two-grid filtered initial data are taken at any time
to € [0,T). In this sense our method of proof is more robust than the one in [20] which makes
a distinction between observability in the interval [0,T] or [-T/2,T/2] that our arguments
show is not necessary.

Since the proof of Theorem 2.1 is quite laborious it will be postponed until Section 4.
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FIGURE 4. The dashed line is the original discrete function u. From left to
write the new functions H%hu, H%hu, H%hu respectively.

3. A Two-GRID METHOD

In this section we describe a two-grid method that naturally produces classes of initial
data of the form K ,]l\/[ (7). In view of Theorem 2.1/ this will allow to show immediately uniform
observability estimates for these classes of two-grid data.

The two-grid algorithm we propose is the following: Let N be such that N = 2 (mod 3)
and h = 1/(N + 1). We introduce a coarse grid of mesh-size 3h:

N +1]?
G x5, x5 = 3jh, j € [0, ;} VA
and a fine one of size h:
G5,y =jh, §€[0,N +1>NZ2%
We consider the space V" of all functions ¢ defined on the fine grid G” as a linear interpo-
lation of the functions v defined on the coarse grid G®". To be more precise let us consider
the spaces Gj, and Ggj, of all the functions defined on the fine and coarse grids G" and G3"

respectively. We also introduce the extension operator H%h which associates to any function
¥ € G3p, a new function H%hw € Gy, obtained by an interpolation process:
(I ) = (P3,¥)(h), j € 22,

where Péh@b is the piecewise multi-linear interpolator of 1) € Gsj,. We then define V" =
H%h(ggh), the image of operator H%h. Obviously this constitutes a subspace of slowly oscil-
lating discrete functions defined on the fine grid G*. Examples of this interpolation process
are given in Figure 4l

We define now another class of filtered functions, better adapted to the spectral analysis of

the two-grid ones. In the sequel we denote for any j = (j1,j2) € Z?, its maximal component
by ||jllcc = max{j1,j2}. For any 0 < n <1 we set

(3.1) ) =up:uy= Y algl withaf eCy,
lilloe<n(N-+1)

and for any solution wy, of (1.6) we denote by Y} uy, its projection on the space Jy,(n).

The class of filtered solutions I, (h), introduced in Section 2, is obtained through a filtering
process along the level curves of wj(h). The second one, leading to the space J;(n), consists in
filtering the range of indices j to a square with length side n(N+1). Observe that, in dimension
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(N+1)/3 (N+1)/3

N+1)/3
0 (N+1), N+1 0 (N+1)/3 N+1 it

FIGURE 5. On the left, the dashed area represents the frequencies wj(h), j €
A(n+1)/3; On the right, the dashed area represents the frequencies involved in

In(V2).

one there exists a one-to-one correspondence between the two classes. In dimension two,
excepting the case v = 2v/2, that corresponds to 1 = 1, there is no one-to-one correspondence.
However the two classes can be easily compared with each other by analyzing the shape of
the level curves of wj(h). In Figure I3 we can see the support of the discrete functions in
the frequency domain for the classes Jj,(1/3) and I;,(v/2) that occur in the analysis of our
two-grid method.

The second class of filtered data Jy(n) is better adapted to analyze the two-grid discrete
functions. In fact we will prove that the total energy of a solution uy of (1.6) with initial data
in the space V" x V" is bounded above by the energy of its projection on the space Jj,(1/3):

(3.2) Enlun) < MELT Puy),

for some positive constant M, independent of h. We point out that it is sufficient to prove this
bound for t = 0, i.e. for the initial data, and use that the space J;(1/3) remains invariant
under the semidiscrete flow to deduce that (3.2) holds for all ¢ > 0. More precisely, it is
sufficient to show that, for (u),u}) € V* x VI

1/3
(3.3) Q12 < MY *ul|3
and

1/3
(3.4) lubli2, < MY ub 2.

Observe that any wj(h) with [|j|lcc < (IV + 1)/3 satisfies

wj(h) < <:2 sin? (g))lﬂ < \fa

and thus, in view of (3.2), the energy of uy is bounded above by the energy of its projection
on the space Ij,(v/2):

(3.5) En(un) < MEL(TY *up) < MELTY ?uy),
ie. (up,uj) € KM(y) with v = /2.
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(N+1)/2

0 (N+1)/2 Net N1 0 N+t 12

FIGURE 6. On the left, the black area represents the frequencies involved in
Jn(1/2); On the right the dashed area represents the the frequencies involved
in I (2).

The following theorem gives us the property of uniform boundary observability for the
solutions uy, of system (1.6) with initial data (u},u}) € V* x V. This theorem is in fact a
consequence of Theorem 2.1, estimate (3.5) and the well-known results for observability in
classes of the form Iy, () from [31] mentioned above.

Theorem 3.1. Let T > 4v/2. There exists a constant C(T) such that

T
(3.6) Enlun) < C(T) / / 0 up[2dTondt
0 Jlop

holds for all solutions up, of (1.6) with (u),ut) € V' x V" uniformly on h > 0, V" being the
class of the two-grid data obtained with grids of mesh-size ratio 1/3.

Remark 3.1. The time T > 4+/2 is the one corresponding to the class of solutions belonging
to I1(\/2), the smallest class Iy, that contains Jy(1/3), as obtained in [31]. Indeed, in view of
(2.5) the known observability time for the above class of solutions is given by T(v/2) = 4v/2.

In fact, Theorem (3.1 would hold for all T > T*, T* being the optimal time for uniform
observability in the class I,(v/2). Very likely the estimate T* = 4/2 given in [31] is not
optimal. An analysis of the velocity of propagation of the associated bicharacteristic rays
shows that, according to [32], the expected minimal time T should be

(3.7) peo 2V2_4V2

cos(m/6) /3~
Although the uniform observability inequality in the class I,(v/2) for all T > T* with T* as
in (3.7) is very likely to hold, as far as we know, it has not been rigourously proved so far.
Thus, improving the optimal time in Theorem 3.1 from T > 4v/2 to T > T* as in (3.7) is an
open problem. This improvement would automatically lead to an improvement of the minimal
time in Theorem 3.1 too.

Remark 3.2. We could apply the same two-grid algorithm with grids of mesh-sizes ratio 1/2,
i.e. G and G*. In this case we would get, for some constant C, independent of h,

Enun) < CE(T)up) < C&(Ruy,)
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for all solutions uy, obtained by this two-grid method. Indeed, the smallest v such that Ip(7y)
contains all the frequencies wj(h) with [|jllcc < (N +1)/2 is v = 2. Unfortunately, as we
pointed before, inequality (2.9) does not hold in the class I,(2). This is why we have chosen
the ratio between the fine and coarse grids in the two-grid method to be 1/3. This will guarantee
that the two hypotheses (2.8) and (2.9) are verified.

Remark 3.3. The method also works for size meshes-ratio 1/p with p > 3. In this case,

1
In(=) < <2\/§sin (”))
p 2p
and thus the observability time given by Theorem|3.1 is
T ( 2v/2sin (1) _ w2
2p cos(m/p)
Remark 3.4. The two-grid method proposed here has always a mesh-ratio of the form 1/p.
The same two-grid algorithm makes sense for ratios m/n with m < n. One could expect the
uniform observability to hold in 1-d for any mesh-ratio m/n < 1, in the multidimensional
case, when m/n < 1/2. But, by now, these are open problems. As we shall see, the only

difficulty for doing that is to prove the following estimate for the functions ug belonging to
Hz/mhgh.’

luplls < Clm/n, )X s s € {0,1).
Proof of Theorem |5.1. As we shall see Theorem 3.1/ is an easy consequence of Theorem 2.1.
Let uj, be the solution of system (1.6) with initial data (u),u}) € V" x V. Using that
Jn(1/3) C I,(v/2) we obtain that
En(T} Pun) < E (I 2up,).

To apply Theorem 2.1/ with v = /2 it remains to prove (3.2), i.e. (3.3) and (3.4).
We make use of the following lemma, which will be proved in Appendix Bl

Lemma 3.1. Letp > 2 and V" = th(gph). For any s € [0, 2] there exists a positive constant
C(p, s) such that the following

(3.8) lellsn < O ollsn, 0 <5 <2,
holds for any v € V.

Applying this Lemma with p = 3 to u% € V" and u,lZ € V" we get the existence of a positive
constant M = max{C(3,0),C(3,1)}? such that

1/3
Ll < MIC PRI, and il < MY,
This proves (3.2)) and finishes the proof of Theorem 3.1.

1/3
/ uhHO,h'

4. PROOF OF THEOREM 2.1

First of all we introduce the projectors P, that we shall use. Let us consider a function
P € C°(R) and ¢ > 1. For any function f € L'(R) and k > 0 we define the projector Py f as
follows:

(4.1) (Puf)(t / / P(c7*r) f(s)e' ") dsdr, t € R.
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In view of (2.6), for any 7" > T'(y) there exist two positive constants § and e such that

T—28
(4.2) En(on) < C(T,,¢,6) / / 0oy [2dT g dt
26 Ton

for all vy, € In(y + €). More precisely, using the continuity of the map v — T'(y) we obtain
the existence of a small constant e such that 7' > T'(y 4 €). We then choose a positive § such
that T'— 49 > T'(y+¢€). Then, the invariance by time translation guarantees that (4.2)) holds.
With e verifying (4.2) let us choose positive constants a, b, ¢ and p satisfying
b— b
(4.3) 1<ec<—H and <7+6.
a+pu a—+ Y
Let F' € C°(R) be supported in (a,b), 0 < F < 1 such that F' = 1 in [a + p,b — u|. Set
P(7) = F (1) + F(—7) and then consider P as in (4.1).
In view of (2.3) the Fourier transform of uy, in the ¢ variable, reads

() = 3 [56 —wm)aks + 6+ wym)ak] o,

jeAN

Therefore, the projector Pyuy, is given by

(4.4) Pan(t) = S F(e ™ w;(h)) [eitwﬂh)a;; + e—“wﬂh)a;_} o
JEAN
and its energy satisfies
(4.5) En(Prun) = Y F2 (e Fuwy(h))wf () ([afy > + 1@ ).
JEAN
Conditions (4.3) guarantee the existence of an index kj such that {Pkuh}Z*; o covers all
the frequencies occurring in the representation of HZuh and all these projections belong to

In(y +e).
Step I. Sketch of the main steps. We first give the main ideas of the proof. We choose
ky, as above and kg < ky, ko independent of h, such that {szuh}];zh: ko COvers, except possibly

for a finite number, all the frequencies occurring in HZuh, the projection of uj on the space
I, (7y) defined in (2.4):

quh _ % Z [eitwj(h)agl+ + e_itwj(h)a?,} Sﬁlh
wj(h)<y/h
The precise value of kg and kj, will be specified later.
Our hypothesis on the initial data (u}), u}) € Kf;(M ) guarantees (see (2.7) for the definition
of the spaces KS(M)) that the total energy wy, is controlled by the energy of II} uy,:

(4.6) En(up) < MELITL)up).
Firstly we will prove that
kp,
(4.7) En(Mup) < > En(Peuy) + LOT
k=ko

where LOT is a lower order term involving only a fixed number of Fourier components. In
particular, LOT is compact in the sense that, weak convergence in the energy space allows
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passing to the limit in it. In the sequel, the precise value of LOT will change from line to
line, but it will always denote a term involving a finite number of Fourier components, with
the compactness property.

Next we use that each projection Pyup, ko < k < kj, belongs to the class Iy (v + €) and,
consequently, according to (4.2)), satisfies the observability inequality:

T—-26
(4.8) Sh(Pkuh) < C(T, Y, (5, 6) / / \82Pkuh|2d1“0hdt.
28 Lon

Thus, combining (4.7) and (4.8) we obtain the following estimate:

T

K -2
(4.9) En (quh) < C(T, v, 6, 6) Z / / |82Pkuh]2dl“0hdt + LOT.
= J2s Ton

Using ideas previously developed in [15] and [3] the right hand side sum can be estimated
in terms of the energy of up measured on I'g,. More precisely, we will prove the existence of
constants C(P, c) and C(e, d,T') such that

T—-26 T C(G 5 T)
(410) > / / 8" Pup,|?dlydt < C(P, c) / / |Ofup [dTpdt + ——5 ==&y (up)
KTy 20 Ty 0 Jrop o

holds for any kyp > 0 and wuy, solution of (1.6), uniformly on A > 0. Then combining (4.6),
(4.9) and (4.10) the following holds:

C(e,6,T)
2k

T
(4.11) Eu(up) < C(T,P,7,6,¢€c) / / |0y, |2dT gpdt + En(up) + LOT.
0 JTon

Choosing h small and kg sufficiently large, but still independent of h, the energy term from
the right side may be absorbed and then we obtain

T
(4.12) En(up) < C(T, P,v,6,¢€ c) / / |0 uy, |2dT gpdt + LOT.
0 JTon

Finally, classical arguments of compactness-uniqueness allow us to get rid of the lower order
term. For a complete development of this argument we refer to [31].

In the following we give the details of the proofs of the above steps.

Step II. Upper bounds of &,(IT)uy) in terms of {&,(Pyup)}r>o-
Let us choose a positive integer kj such that

(4.13) Fr(a+p) <v/h < a4 ).

The choice of kj is always possible for small enough h. Also let us fix a positive integer
ko < kp, independent of h. Its precise value will be chosen later on in the proof. Using that
c< (b—p)/(a+ pn) (see (4.3)) we obtain that the following inequality holds:

(a4 p) <v/h < a4 p) < Fr b — p).

Then any frequency wj(h) belonging to [(a + u)ck0,~/h] is contained in at least one interval
of the form [¢*(a 4 p), (b — p)] with ky < k < kj, where the function F(¢™*.) = 1. Thus for
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any frequency wj(h) € [(a + p)c*0,v/h] we have

kn,
(4.14) 1<) F(c*

k=ko

In view of (4.5) and (4.14) the energy of II) ), excepting a lower order term involving a finite
number of Fourier components only, can be bounded from above by the energy of all the
projections (Pkuh)’,z};koz

(4.15)  E(Mup) < *(a+ p)? > <\UJ+|2+ jal ’2)
wj(h)<(a+p)cko

kp,
+ 30 3 P (e h) (laf, P+ )

k=ko jeAN

= C(a, ko, p) Z (] +\2 + \ ) Z En(Prup).
wj(h)<(a+p)cko k=ko

Step III. Observability inequalities for the projections Pyuy, k < k.

The next step is to apply the observability inequality (4.2)) to each projection Pyup, k < kp,.
We show that each of them belongs to the class I (7 + €) where (4.2) holds. We remark that
the projector Pyuj, contains only the frequencies w;j(h) € (cFa,cfb). In view of (4.13) any
frequency wj(h) involved in the decomposition of Pyup, k < ky, satisfies

b v+e
h knp <
wilh) <erbs gr s < T

which shows that Pyup € In(y 4 €). Then for any k < kj, the following holds:

T—-26
(4.16) & (Pen) < C(T.den) [ [ joh(Pawn)PdTonde.
26 Ton

Using (4.15) and the above inequalities we obtain that

T—-26
(4.17) S (quh) < C ’}/,(5 € Z/ / |8h Pkuh)| drohdt
Ton

+Clako ) > [
wj(h)<(a+p)cko
It remains to prove (4.10). Once this inequality holds then (4.11) and (4.12) hold as well,
which finishes the proof.
The key point is the following lemma which will be proved in Appendix [Al

Lemma 4.1. Let p be a Borel measure, ) a p-measurable set such that u(Q) < oo, P €
CPR),c>1and1 <p<oco. Weset X =LP(Q,du) and Py, as in (4.1). For any positive T’
and § < T'/4 there are positive constants C(P,c) and C(6,T, P) such that the following holds

T-26
(418) > / | Pew||%dt < C(P, C)/ lw|Zedt + M

2
sup Hw||L2((zT,(z+1)T),X)
k>ko I€Z

for all positive integer ko and w € L? (R, X).

loc



CONVERGENCE OF A TWO-GRID ALGORITHM 17

We now apply Lemma 4.1 with X = [?(I'gz) and w = 0uy. Using that Py (0"uy,) =
O (Pyup), we obtain the existence of a constant C(6, T, P) such that

T—2§
/ / lathuh( )‘ dPOhdt < C P C / / |8huh )’ drohdt
FOh FOh

C(5,T,P) T
— sup/ / |0y, (1) [2dT g dt.
¢ Con

k>ko

leZ

At this point we apply the so-called “direct inequality” (2.10), which holds for all solutions
up, of system (1.6). Thus, a translation in time in (2.10) together with the conservation of
energy shows that

)T
(4.19) sup / / O (£) 2dTondt < C(T)En(un).
lez Top

and then (4.10) holds.

5. CONSTRUCTION OF THE CONTROL

In this section we introduce a numerical approximation for the HUM control v of the
continuous wave equation (1.1) based on the two-grid method.

First, we define a restriction operator which carries any function of G to Gs,. The most
natural way is to define it as the formal adjoint of the H?Lh operator:

(W, I"3), = (TL*¢, @)an, ¥ ¢ € Gap.

To obtain the control v in (1.5) that is intended to approximate the control of (1.1),
it would be rather natural to approximate the initial data (y° y') by (y?,+) and take the
corresponding controls v,. But this has to be done carefully taking into account the high
frequency pathologies. In fact not all the approximation of the initial data has to be done
carefully but also the final requirement (1.2) has to be relaxed conveniently. To do this we

shall consider controls vy for which Hih’*yh, the projection of solutions over the coarse grid
G*", vanishes at the time ¢ = T..

The following holds:

Theorem 5.1. Let be T > 4v/2. There exists a constant C(T) such that for any h > 0 and
(¥, y1), there exists a function vy, satisfying

(5.1) lonllZ2 0,7y xron) < COVNYRIIE R + YAl 1.0)

such that the solution up, of system (1.5) with (y9,y}) as initial data and v" acting as control
satisfies:

h,* h,*
(5.2) Iy (T) = Iy, (T) = 0.

In order to construct the function vy, we need some notations and preliminary results. We
define the duality product between L?(Q) x H~1(Q) and Hg(Q2) x L*(Q) by

<(900a @1)7 (uoaul» = (‘:Olauo)*l,l - (onvul)'
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Also for the discrete spaces HY(2,) x H; () and HE () x HI(2) we introduce a similar
duality product

(%01, (1 ul ) = (@ u”)n = (¢°, u e
Let us introduce the adjoint discrete problem:

— Ahuh =0 in Qh X (O,T),
(5.3) up(t) =0 onI'y, x (0,7),
up(T) = ul), Syup(T) = uj, in Q.

Note that the system (5.3) can be transformed into (1.6) by reversing the sense of time
(t = T —t). Thus, all the previous estimates on (1.6) apply to (5.3)) too.

Following the same steps as in the continuous case, i.e. multiplying the control problem
(1.5)) by solutions of the adjoint problem (5.3) and integrating (summing) by parts we obtain
the following result for the solutions of system (1.5)):

Lemma 5.1. Let y, be a solution of system (1.5). Then

T
(5.4) / /F vh(t)aﬁuh(t)dl“lhdt + <(yh, y;L), (Uh, uﬁl))h Z =0

for all solutions uy, of the adjoint problem (5.3).

Proof of Lemma|5.1. Multiplying (1.5) and (5.3) by uy, respectively vy, integrating on [0, 7]
and summing on 2, yields

T T
(5.5) / / (ypup, — upyn)dQpdt = / [(Aryn)un — (Apup)ys]dQdt.
o Ja, o Ja,

Integration by parts in the left hand side term gives us

T /! 1 / T ! T / / T
(5.6) / / (ypun — upyn)dtdQy, = / (Z/huh) — uhyh’ >th = (Y, Yn)s (un, up))n
Qp J0 Qp 0 0 0

For the second term of (5.5) we have:

T
(5.7) /0 [ [ = (Aun)ndsts

(i1, + vir1)wig — (wio1j + wiv15)vi;]

Rad

<
Il
—_

I
:MZ

[(Yij—1 + Y )uig — (i1 + i jt1)yi ]

Tt
.MZ

7,7=1
N N
= (Yosu1s +yni1gung) + D (Yiowi + vivp1uiN)
J=1 i=1
N
Z YN+1,UN,; + Zyz N+1Ui N = / /F 8huh (t)dtdTyp,.
= Oh

Identities (5.6) and (5.7) prove (5.4). O
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Proof of Theorem 5.1. Step I. Construction of v,. First, using variational methods we
will prove the existence of a function vy, such that

T
(5.8) / / on(®)0un () dTondt + (42, 42), (un(0), 1w (0))) = 0

for all solutions uy, of the adjoint problem (5.3) with final state (u),u}) € V* x V. This is
equivalent to (5.2) in view of (5.4)).
To do this we consider the space F, = V" x V" endowed with the norm

1/2
1, ub)lz, = (1l + [pll) "

and the functional Jj : 7, — R defined by

(5.9) Ti((u, b)) / /F O [PdTondt + (40, y2), (un (0), 1 (0)))

where wy, is the solution of the adjoint problem (5.3) with final state (u9,u}). To construct
the control v, satisfying the relaxed controllability condition (5.8) for all (u),u}) € V* x Vh
it is sufficient to minimize J over Fj,.

In order to apply the fundamental theorem of the calculus of variations, guaranteeing the
existence of a minimizer for J,, we prove that the functional 7}, restricted to Fj, which is
convex, it is also continuous and uniformly coercive (with respect to the parameter h).

The linear term in the right side of (5.9) satisfies

[{(wh ), (wn(0), 15, (00))a] < (Iynll-1n + llyhllos) I (un (0), u, (0))ll 7, -
Using the direct inequality (2.10) and the conservation of the energy &, (up) we get
| Tn((up )l < by i)z, (OO (s up)ll7, + ymll-1n + lillon)
which proves the continuity of the functional Jj,.
In view of the observability inequality (3.6), for any T' > 44/2, the functional 7}, is uniformly
(with respect to h) coercive on Fp:
|\ Tn((ups )l = N (uhywp)llz, (OO by )7, = lyall-1n = lRllon) -

for all (u),u}) € F, where C(T) is a constant obtained in (3.6).
Applying the fundamental theorem of the calculus of variations we obtain the existence of
a minimizer (uz ,uh *) € Fp, such that

Tn((u)* uy) = min Fn((ul,ub)).
oot (uul))eFs o Th

This implies that 7}, the Gateaux derivative of 7, satisfies
T (™ ™)) (uf, uh) = 0
1%

for all (u),u}) € F, and that uj, solution of (5.3) with final state (uh ,uy"), satisfies

/ [ (@ dTond + (o) (0 0) 4, (0} = 0

for all uy, solution of the adjoint problem (5.3) with final state (u),ul) € Fp,.
We set
on(t) = Ol (), ¢ € [0,7]
and then (5.8)) holds.
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Step II. Proof of property (5.2). In view of Lemma 5.1, the solution y;, of system (1.5)
with the above function vy, acting as control on Iy, satisfies

W (T)sup)n = (yn(T), up)n = 0
for all function (u),u}) € V? x V. Using that V* = IT;"(G3") we obtain
(yn(T), T} w), = (y3,(T), T} w)p, = 0
for all functions w € G3*. Then
(0" (T), w)sn = (T3 (T), w)sn = 0
for all w € G3" and obviously (5.2) holds.

Step III. Proof of estimate (5.1). Using that (ug’*, qS,ll*) is a minimizer of J;, we have
jh((ug’*, u,ll’*)) < Jn((0p,0p)), where 0y, is the function vanishing identically on the mesh Gy,.
Consequently

T
/ / 0 PdTondt < (lybll—1n + 18
0 Ton

0, 1,
01) ([l " llp + fluy”

0.h)-

Applying the observability inequality (3.6) to the solution u; we get

T
0,* 1,* k
10120 + |12, < C(T) / / 0Pt 2T ondt.
Oh

We then find that

T
o112 0,7y xr0r) = /0 /F |00, PdTondt < C(T)([yhll 1.0 + lwhllon)
Oh

where the constant C'(T') is independent of h.
The proof is now complete. U

6. CONVERGENCE OF THE UNCONTROLLED PROBLEM

In this section, for the sake of completeness, we prove the convergence of the solutions of
the uncontrolled problem (1.6). We also analyze the convergence of their normal derivatives
towards the continuous one. First we introduce the interpolators needed in our analysis.

6.1. Interpolators. We denote by P}L the piecewise multi-linear and continuous interpolator
on Q. We also consider the operators P defined for any u € Hj (§2) by

(6.1) Piuy = (—A)~CU2(P) (—A,) 7D 2y,,),

that, for any s € R, they continuously map H; (25) to H*().
In the sequel we will denote by VZ the following operator

h ’ h ’
The representation of the operator P2 in the Fourier space shows that this operator is
exactly the piecewise constant interpolator:

Puy(z) = ik, € ((7 —1/2)h, (j +1/2)h) x (K —1/2)h,(k+1/2)h).

(Viuw)inr = (
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Concerning the operator P,:l, it satisfies

1Py unll 1) = IPL(=A0) " unll gy = IVE (=20) " unllo o)

Also for any pair of functions uy, and wy, defined on G and vanishing on T, the following
holds:

/P%uthwh = / uhwhdﬂh:/ (—Ah)(—Ah)_luhwthh
Q Qp, Qp,

= Vil((=Ap)up) - VawgdQ = / V(Ph(=AR) " up) - V(Phwy)
an Q

= <P;luh, P,llwh>_171.
Lemma 6.1. The following holds for all h > 0 and all sequences up:
(6.2) 1P, — Phunl| 1) < hllun

0,h-
Proof. By the definition of the operators Pgl and PY we get
(=A)TV2Phuy, = Pl (—Ay) "y,
and
P, lup = (—A) PR (—A) Puy,
Thus we have
P, un = Plunllg-riy = 1(=A)*P(=An) " 2un — Plus| 10
= |[PY(—2n) " Pup — (=A) VPPun 2o
= |[P(=An) " ?up — P(—20) " 2| 120y
Using that the two interpolators PY) and P} satisfy (see [27], Th. 3.4.1, p. 88)
PR un — Prunll2) < hllunll o
we obtain
1P, un — Phunllg—) < RI(=A0) "2 unllsg 0,y = Rllunllezy),

which finishes the proof. ([

6.2. Convergence of the solutions. The following propositions describe how a uniformly
bounded family of solutions of (1.6) weakly converges (up to a subsequence) as h — 0 to a
solution of finite energy of the continuous wave equation (1.3).

Let us consider the family {up,}n>0 of solutions of (1.6) and let us denote by P} uy their
piecewise linear interpolator, that belongs to H&(Q) for all 0 <t < T as the solution of the
continuous problem does.

Proposition 6.1. Let {up}n=o be a family of solutions of (5.3) depending on the parameter
h — 0, whose energies are uniformly bounded, i.e.

(6.3) ER(0) < C,Vh > 0.
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Then there exists a solution u € C([0,T], H3 () N C([0,T], L*(Q)) of problem (1.3) such
that, by extracting a suitable subsequence h — 0, we may guarantee that

(6.4) Pjuy — u in L2([0,T], H3(2)),
(6.5) POuj, — o in L*([0,T], L*()).
Moreover, if the family {up}n=o is such that Piun(0) — u® in H}(Q) and PYu} (0) — u'

in L2(Q) for some (u’,u') € H'(Q) x L?(Q) then all the above convergences hold in the
corresponding strong topologies.

Proof of Proposition|6.1. Step I. Weak convergence. In view of the uniform bound (6.3)
and the conservation of energy we deduce that

P} uy, is uniformly bounded in W°°((0,T), L*(Q)),
(6.6)
PYuy, is uniformly bounded in W1°°((0,T), L*(9)).

Using that

h—0
IPhun — Phunllrz(o.r), 12(0)) < Mlunll 20,7y, 72 (9)) — 0

we obtain the existence of a function u € W1°((0,T), L?(2)) such that, up to subsequences,
Pjuj, — u in H'((0,7), L*(2)),

(6.7)
POu) — u'in L2((0,T), L*(2)).

Also, by (6.3) we get that {P} up}p, is uniformly bounded in C([0, T], H}(£2)). Using the clas-
sical Aubin-Lions’s compactness result (see for instance [30]) we deduce that {Pjup}, is
relatively compact in C([0,T], L3(€2)). Thus we obtain that

(6.8) Pjup — uin H'((0,T), L*(Q)) N L2((0,T), Hy (Q)),
and
(6.9) P} u, — win C([0,T], L*(2)).

Also we prove that
(6.10) (PYu}) is uniformly bounded in L2((0,T), H~ ().
For any function function ¢ € L%((0,T), H}(Q)) and ¢ € (0,T) we have

o n o n N jh+h/2  pkh+h/2
@)oo = [Phie=> [" [ Ao
Q jw=17ih=h/2 Jkh—h/2

N jh+h/2  pkh+h/2 N
= (Anun)jx(t) / o= > (Apun)in(t)dh
= jh—h/2 Jkh—h/2 i
N
= Y (ViD= [ VL) OV (PLE)
k=0

S HPilzuh(t)”Hé(Q)H‘P”H&(Q)'
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Thus we obtain (6.10). Using (6.10), (6.7) and the compactness result mentioned above we
deduce that

(6.11) PYu) — o' inC([0,T], L*(Q)).
Observe that, according to the bounds (6.6), the subsequences may be extracted so that
P} up(0) — «¥ in HY(Q) and PYu),(0) — u! in L*(Q)
for some (ug,u1) € HE(Q) x L*(Q). Note that, in view of (6.9) and (6.11), u(0) = u° and
u'(0) = ut.
Step II. Equation solved by the limit. We prove that u solves the wave equation (1.3)

with initial data (ug, u1).
Let us choose w € C2([0,T],C3(Q)). Using the following identity

T T N
/ / (Ahuh)wth = —/ h2 Z VZuh : V;[w
0 Qp, 0

J,k=0
integrating (1.5) on [0,7] and summing on Q) we get

T T N T
/ h? Z (uh)ij{/dt —|—/ h? Z VZuh : VZw = ((up,up), (wm/))‘o.
O jheq, 0 k=0
Thus
T T
(6.12) / / Pju,Pjw” +/ /QV(P}Luh) - V(Phw) = ((Phun, Phuy,), (Pgw,Pgw’»)O
Using that
Plw” — w” in L2((0,T), L*(Q)),
V(Plw) — Vu in L2((0,7), L2(02)),
(PYw, PYu)(0) — (w(0),w/(0)  inL2(Q) x LA(Q),
(Phw, Phuw')(T) — (w(T),w'(T))  inL*(2) x L*(%2)

and
P)uj, — u in L2((0,7), L*(92)),

V(PLu) — Vu in L2((0,7), L2(2?)),
(PPun, PYuj,)(0) = (u(0),4/(0))  inL*(Q) x L*(Q),

(. (Phun, Phup)(T) = (u(T),'(T))  inL*(Q) x L*(Q)

we obtain that the limit u satisfies

(6.13) [ s [ ] v vu= g, ]!

for any function w € C?([0,T], H}(f2)). This shows that u is a solution of the homogenous
wave equation on (2.

Under the assumption of strong convergence of the initial data (uh, uh) this together with
the conservation of the energy, gives us that

T T
| [1Phun®) ) + 1P e bt = [ [ty + IOl aey)
0 0

Thus all the above weak convergences hold in the strong topology as well. (|
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6.3. Convergence of the normal derivatives. In this subsection we prove that the in-
terpolated discrete normal derivatives Pgr(@f{uh) converge to the continuous one 9,,u, where

P&F is the piecewise constant interpolator on the boundary I',.

Proposition 6.2. Let {u(t)}n be a family of solutions of (5.3) satisfying (6.3). Let u be
any solution of (1.6) obtained as limit when h — 0 as in the statement of Proposition [6.1.
Then

(6.14) ng(ahuh) — Opu weakly in L*((0,T) x T).

Moreover, if the family {Uh}h>0 is such that Plupn(0) — u® in HY(Q) and PYu} (0) — ul
in L*(Q) for some (u®,u') € H'(Q) x L2(Q) then the above convergences hold in the strong
topologies.

Proof. For any functions u € G such that U, = 0 and w € G", explicit computations give
us
N

(6.15) / (Apw)wdQy +h* > (Viu)je(Viiw) e =
Qp, j, k=0
.]7
N N
= h? Z Ah,u jk;wjk + h? Z VJF Jk(v+ )]k -
Jk=1 k=0
N N
= = (ungWni1k + Y1rwor) — (U NW N1 + Uj1wj )
k=1 J=1
= [ (8"u)wdl,.
'y

Let us choose w € C%([0,7] x Q). Applying identity (6.15) to the solution uj, of equation
(5.3) and w|g, we find that

N

/0 /Q a0t + 12 S (V) (Vi) = (), (w0, )|

7,k=0

T

0

+/ (0" up)wdly,.
I

Rewriting the above identity in terms of the interpolators P% and P,l1 we get

T T T
[ [ PruPhu+ [ [ 9@l V@hw) = (Phun P, (PR Phu) |
T
- / / Pl 0 (00uy,)P( pwdldt.
r

Using that solution u of problem (1.3) satisfies

T T
/ /uw”d:vdt+/ /Vu Vw = ((u,u), (w, w)>‘0 +/ /3nuwdfdt
0 T

for all w € L%((0,T), H(Q)) with w” € L?((0,T), L*(2)), and the convergences for PYuy,
P}Luh and P? wup, given by Proposition 6.1, we obtain that

(6.16) / /P (O, wdth—>/ /8 uwdl'dt.
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This shows that
P&F(@guh) — O,u weakly on L*((0,T) x I).
The proof of the strong convergence is more subtle. For any ¢ > 0 we can choose smooth
functions (a°,a') € H2(Q) x H'(Q)) such that ||a° — UOHHI(Q) <eand ||a' — u1||L2(Q) <e.
We denote by (@, ) the approximations of (@, @!). In this case the discrete solutions
(@n,uy,) of equation (5.3) are smooth enough to guarantee that P&F(agﬁh) is compact in
L?((0,T) x T), and thus

(6.17) PO (Okiy) — Opt in L2((0,T) x I).

Denoting @ = u — @, @, = up, — G5, and using that the energy on the boundary is controlled
by the total energy both in the discrete and continuous setting we have

(6.18) IPo.0 (00|l L2 ((0.m)xr) < C(T)E (in) < C(T)e
and
(6.19) 10nill 1207y x) < C(T)E(H) < C(T)e.

Using now (6.17), (6.18) and (6.19) we obtain the strong convergence of Pg (0% uy,) towards
Opu in L*((0,T) x T). O

7. CONVERGENCE OF THE CONTROLLED PROBLEM

Concerning the convergence of the semidiscrete control of (1.5) we prove the following
result.

Theorem 7.1. Let (y°,y') € L3(Q) x H~Y() and (v}, y}) be such that
(7.1) PYy) — o0 in L*(Q), P,:ly,ll — gyt in H7H(Q).
Then for any T > 4 the solution (yn,y;,) and its partial controls vy, given by Theorem 5.1
satisfy
Phyn =y in L((0,T), L*(Q)), (Phyn) =y in L=(0,T], H™'(2))
and
P pop — v in L*([0,T), L*(T)),
where (y,y;) solves (1.1), with the limit control v, and satisfies (1.2). The limit control v is
given by
v = 0yu” on Iy,
where u* is solution of the adjoint system
u—Au=0 in 2 x (0,7),
(7.2) u=0 onI'x (0,7),
U(T7 I’) = ’UJO(.%‘), ut(T7$) = ul(l‘) in Qa
with data (u%*,ul*) € HE(Q) x L?() minimizing the functional
1

T
(7.3 Ty =5 [ [ ol (). ()

in HE(Q) x L*(1).
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Proof. Step I. Weak convergence of v;,. Theorem 5.1 gives us the function v, = 8211;: (1),
that depends on (y)),y}) and satisfies (5.1). Recall that uj solves (5.3) with final state
(ug*, u}b*) € V" x V" minimizing the function Jj.

Moreover, as a consequence of the observability inequality (3.6), we have

w Mo < COOus N L20.1yxr0) < CT)(Nyhllon + w2l -10) < C(T).

In these conditions, Proposition 6.1 guarantees the existence of a function u* that solves (1.3))
and, in addition,

P&th(t) = P&F(@Zu}i) — 9pu* weakly in L2((0,T) x T'g) as h — 0.

0,%
||Uh

Step II. Weak convergence of y;. Let us now consider equation (1.5) with initial data
(y9,yi) and vy, as above. Then for any solution uy, of the adjoint problem (5.3), the following
holds for all 0 < s < T

(7.4) / /F 00 (dDont + ((yn,31), (i)} = 0.

Thus, in view of the direct inequality (2.10) and the conservation of the energy applied to
up, we get, for any s < T', that

[{(yn (), yn (), (s up dnl < (s ) (wn(0), u, (0)nl
ol L2 (0.1 x o) |00 tun | L2 (0.7 x P
< C(T)(Ilyhllon + llynll—1n) Nlunlln + lugllon)-
This means that for any 0 < s < T the following holds:
(7.5) 1yn(s)llon + [lyn(s) -1, < C.
Using this estimate we claim the existence of a positive constant such that

IPYynll Lo (0,1, 22(02)) < C,

(7.6)
PRyl oo 0,17, H-1(02)) < C
and
1P ynll oo (0.1, 2(0)) < C
(7.7) 1P il e 0.2, -1 (2)) < C

1P, 2oy, m-2(0)) < C-

The first four properties follow by the definition of the interpolators and property (7.5).
The last estimate follows by using that y; solves the discrete wave equation:

I(=2)P)(=An) " il 20,77, H-2(0)

1P, il 2o (0,7, H-2(9)
I(=An) " Yill 207, 2202

lyrll 20,1, L2(02)) + lynllL2o,m), L2(rp))
C + [lvnllz2jo,m, £2(ron)) < 2C.

(VAN VARRVAN

Lemma 6.1 gives us that

IPhyn — Py wnll 2oy, -10)) < W lynllon — 0
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as h — 0. Using estimates (7.6) and (7.7) we obtain the existence of a function y €
Wheo((0,T), H 1(Q)) such that, up to a subsequence,

ngh —y in H1(07T),H_1(Q))7
(7.8)
P, 'y, =y in L%*0,T), H-Y(Q)).

Estimates (7.6) show that (see [30], Corollary 1), up to a subsequence, PYy, — y in
C([0,T), H1(2)). In particular Py (0) — y(0) in H~1(). Using that P9y (0) is uniformly
bounded in L%(2) we get Py, (0) — y(0)in L*(Q2) and, by (7.1), we obtain y(0) = y°.

The last two estimates of (7.7) show that (see [30], Corollary 1), up to a subsequence,
P, 'y, — y strongly in C([0,T], H~2(R)). In particular P; 'y} (0) — ¥/(0) in H%(Q)).
Using that P} 'y} (0) is uniformly bounded in H—(Q2) we get P, 'y} (0) — v'(0)in H~1(Q)
and, by (7.1), we obtain ¢/(0) = y'.

Let us choose (u®,ul) € HE(Q) x L?(2) as final state in the adjoint equation (7.2). We
choose (ul),u}) in the adjoint discrete system (5.3) such that Pju) — u® in H}(Q) and
P%u}L — u! in L?(Q). In view of Proposition 6.1 we have the following strong convergence
properties

)
)

where u is the solution of equation (1.3) with final states (u°,u!).
We write (7.4) as follows

* P" 0r PP (8"u Ydod Pour P=Yu/) (Plur PO/ s
o Jr 0,r'Vh o,r( up)dodt + (Pryn, h Yn)s (Prun, Pruy)) 0—0-
0

7o) Plup —u in L%([0,T], H (),
' POul, — ' in  L2([0,T], L*(Q)),

Using that P%yh — gy weakly in L2((0,T), L*(Q)) and P;lyg — ¢/ weakly in L2((0,T), H~1(Q2))
and letting h — 0 we obtain

/ Opu* Opudadt + ((y, ), (u,u'))p, Z =0,Vs<T,
0 JI'g

where u is solution of problem (7.2) with final state (u®,u!). Thus y is a solution by trans-
position of (1.1) with control v = d,u*.

Step III. Final time control requirement. We prove that (1.2) holds. We consider the
case of y(T') the other case being similar. Since (yx(T),wp,)n = 0 for all functions wy, € V*
we obtain that

/ Pyn(T)PYwydx = 0 for all h > 0.
Q

Using that Py, (T) — y(T) strongly in L?(2) and that P) (V") is dense in L?(Q2) we get

(Awnwm:o

for all functions w € L?(€2). Thus y(T) = 0.

Finally, using the uniqueness results for problem (1.1) we obtain that the control v obtained
before satisfies v = 0,,u* where u* is the solution of problem (7.2) with final state (u*9,u*?!)
minimizing functional (7.3)).

0
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8. CONCLUDING REMARKS

In this article we have developed a quite systematic approach to prove the convergence of
the controls obtained by two-grid methods. It relies essentially on the following ingredients:

e A convergent numerical scheme;

e The Fourier decomposition of solutions;

e The conservative nature of the model and the numerical approximation schemes under
consideration;

e The uniform (with respect to the mesh size) observability of low frequency solutions.

In these circumstances, the dyadic decomposition argument can then be applied, to yield the
uniform observability of the two-grid solutions.
Accordingly, the method we employ can be adapted to the following situations:

e Other models. The observability of filtered low frequency solutions of numerical
approximation schemes has been proved not only for the wave equation ([14], [31]),
but also for other models: Schrédinger equations [21] and beam equations [17], for
instance. In these two cases the main ingredients we have indicated above clearly arise
and therefore the method we have developed in this paper can be easily adapted, thus
yielding the convergence of the two-grid method in the square domain.

e Other control mechanisms. This article has been devoted to the problem of bound-
ary observability. But, the method we have develop applies with minor changes to
the problem of internal observability for which the measurement on solutions is done
in an open subset w of the domain. This can in particular be done when the control
is localized in a neighborhood of the subset of the boundary containing two adjacent
sides of the boundary.

e Control of nonlinear wave equations. In the case of nonlinear problems in dimen-
sion one, in [33] the convergence of the two-grid algorithm was proved for semilinear
wave equations with globally Lipschitz nonlinearities. The combination of the meth-
ods of this paper and [33] yield the same result in the multidimensional case too.

e Fully discrete schemes. In this article we have analyzed semidiscrete models but
the same analysis of uniform observability can be performed on conservative fully
discrete discretizations of the wave equation or other models in the square domain.
Indeed, once more, all the needed ingredients to apply the programme developed in
this article are present in that frame too. For instance, in the one dimensional case,
the low frequency uniform observability of solutions of fully discrete approximations
has been proved in [26], using discrete versions of Ingham’s inequalities. Applying
the techniques developed in this article with the results in [26] one can immediately
deduce the uniform controllability of fully discrete schemes for the 1 —d wave equation
after the two-grid strategy is applied.

The methods of this article can also be combined with other tools to get more general
results and address other related issues. But this is to be investigated in more detail. Possible
extensions include:

e Control of nonlinear wave equations. In the case of nonlinear problems in dimen-
sion one, in [33] the convergence of the two-grid algorithm was proved for semilinear
wave equation with globally Lipschitz nonlinearities. The combination of the meth-
ods of this paper and [33] wield the same result in the multidimensional case too.
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But whether these results can be extended to more general nonlinearities, growing at
infinity in a superlinear way, is an open problem.

e Meshes with ratio m/n. The two-grid method we proposed here had a mesh-ratio
of the form 1/p. One could expect the uniform observability to hold in 1-d for any
mesh-ratio m/n < 1, in the multidimensional case, when m/n < 1/2. The only
difficulty for doing that is to prove a result similar to Lemma 3.1 for all the functions
in the image of HZ/ thh. As far as we know, these are open problems.

e Other boundary conditions. In the proof we use the so-called direct inequality
whose analogue fails for other closely related problems, as the boundary control of the
wave equation with Neumann boundary conditions.

e Spectral conditions for observability. In recent works [28], [23], [29], the authors
give a spectral condition which guarantees the observability for infinite dimensional
conservative systems. This type of condition generalizes the Hautus test for finite
dimensional systems to infinitely dimensional ones. It would be interesting to see if
these spectral methods can be adapted in order to guarantee uniform observability
results for numerical methods based on the two-grid method. The main difficulty in
applying these results is due to the fact that the space V" of two-grid data is not
invariant under the semidiscrete wave flow.

But the method presented here has its limitations as well. We now mention some of them:

e More general meshes. We used intensively Fourier analysis techniques, which is
not available for irregular meshes, that require further developments.

e Dissipative equations. As we have mentioned above, our analysis is mainly valid for
conservative systems. We could also consider the wave equation with a bounded dis-
sipative potential, but the methods we have developed here can not address genuinely
dissipative models as the heat equation, viscoelasticitys,...

e Dissipative schemes. The same can be said about the numerical schemes we have
considered. Our analysis applies to both semi-discrete and fully discrete conservative
schemes, but not to dissipative ones...

APPENDIX A. PROOF OF LEMMA 4.1

In this Appendix we prove Lemma/4.1. The main ingredient is the following lemma inspired
in ideas of [15], [3] and adapted to our context. In the sequel X denotes the space LP(Q, du),
where p is a Borel measure and () < oo.

Lemma A.1. Let be ¢ > 1, T > 0, P € C*(R) and (Py)r>o as in (4.1). Also let ¢ €
C°(0,T) and 1p € L>®(R) be satisfying v = 1 on (0,T). There exists a positive constant
C=C(T,p,, P) such that

(A.1) /RHSD(t)Pk(w)(t)H%(dt<2/R’(P(t)Pk(¢w)(t)‘%(dt"i'Cc_zksllelg”wH%Z((lT,(Z-&-l)T),X)

holds for all w € L? (R, X) and for all k > 0.

loc

Proof of Lemma A.1. We denote I; = [IT, (I+1)T) and w; = 1;,w. We claim the existence of
a positive constant C'(P) such that for all ¢ € C§°(R) and | € Z with dist({;, supp(y)) > 0
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the following holds:

o(P)TY2ck
A2 su t) Py (w
AB s ORI = G supp(e)
uniformly for all & > 0.

Using estimate (A.2) we will prove the existence of a positive constant C' = C(T, ¢, ¢, P)
such that

(A.3) sup |o()(Ps(w) — Po(vw))(t)]x < Cc™"sup [wil p2(g, x)-
t€[0,T) leZ

QHWHLOO SUPleHLQ(R,X),
</

Then, (A.1) will be a consequence of Minkowsky’s and Cauchy’s inequality:

/ lo(t) Pr(w) (1)t < 2 / lp(t) Pi(ow) (1) |3t + 2 / o) Pi(o — o) (1) 3t

< 2/ (8 Pe(w) (t)|[5cdt + 2T sup |[o(t) (Pr(w — pw)) (0)|%
R te[0,T]

<2 [ JoPwu) Ot + Csup [l v,

Step I. Proof of (A.2). The definition of the projector Py and integration by parts give

@ (t) P (wr)( / / =) PR ) p(t)wy(s)dsdr
iT(t—s) ;292 —k (p(t)wl(s)
/RT/SG )i OZ[P(c ") | ——5~ (t—s)? dsdr.

Thus, for any t in the support of ¢ we have dist(supp(¢),f;) > 0 and by Minkowsky’s
inequality yields

eOP ) Ollx < Hlelem [ @R nar [ L,

el
(dist(supp(go)( I)l))Q/R |(83P)(T)|d7'/] [wi(s)]|xds.
Y T L
TV2¢c

kHSOHLOO(R) 1/2
e Jy ORI ([ o)

Step II. Proof of (A.3). Observe that on [y, w = wy. This yields the following
decomposition of the difference Py(w) — Py (ypw):

(A.4) Pp(w) = P(tpw) = Y Pr(w; — = Pub),

li>1 1>1

with b = w; — (Yw);. Let us choose § > 0 such that ¢ is supported on (4,7 — ). Thus
for all |I] > 2, the function b; satisfies dist(supp(y),l;) > T(|]l| — 1). Also, for |I| =
dist(supp(p), I;) > §. By (A.2) we obtain
e 22,
(A5) suplo(t) Pe(br) ()l x < C(P)T 2™ o] oo ) sup [lbull 2, x)
teR leZ 5%5 ’l’ - 1.



CONVERGENCE OF A TWO-GRID ALGORITHM 31

By (A.4) and (A.5) we obtain the existence of a constant C = C(T, ¢, ¢, P) such that for
any t € [0, 7] the following holds

le(8)[Pr(w) — Pe(gw)]llx < > () Pelbr) |l x < Ce™ Sup”bl||L2(RX
i1>1

< Cc™ " sup |Jwl| r2(r, x)-
leZ

The proof is now complete. 0

Proof of Lemma 4.1. Let us choose a function ¢ € C5°(0,T) such that |p| <1 and ¢ =1 on
[20, T — 26]. Applying Lemma [A.1/ to the function w and 9 = 1(g 1), we obtain the existence
of a positive constant C'(9, 7T, P) such that

T—26
/Q Pl < /R S| Pu(uw) 3t

C(5.T, P
< 2/R<P2|Pk(¢w)||§<dt + (C%) Sup [l 22 o1y, x)-

Summing all these inequalities we get
= ( P) 2

Z 1Pewl|fedt < 2 e (1P (ypw) |5 dt + Sup w221, 041)7), %)

k>ko k>ko
In the following we prove the existence of a positive constant C'(P, ¢) such that

g 2

> [ FIPwn)iar < cpe) [ o)
k>0

Observe that any real number 7 belongs either to a finite number of intervals of the form
(+ack, £bc¥) or to none of them. Then there is a positive constant C(P, c) such that

(A.6) sup Z PY(c*r) < C(P,c).
TGRkZO

Applying Plancherel’s identity in the time variable we obtain

3 / Ol Pywow) ()%t < ]2 ey S /qu ) ()%t

k>0 k>0

el / P2 (e ) [ ) | dr

k>0

< lelfeqey sup Y PP /R |dw(r)|%dr

TE k>0

T
C(P>C)||30H%°O(R)/R|(@Z}w)(t)|§(dt:C(P>C)HSOH%°O(R)/O lw(®)]%dt.
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FiGURE 7. The multiplicative factors generated by the two-grid algorithm
with mesh-sizes ratio 1/2, 1/3, 1/4, 1/6 respectively.

APPENDIX B. SPECTRAL ANALYSIS OF V-FUNCTIONS

In this Section we analyze the H;j (€25)-norms of the functions belonging to VP, ie. the
space of functions defined on the fine grid as a linear interpolation of the functions defined
on the coarse one, and we prove Lemma 3.1. We will consider periodic discrete functions
defined on the grid xg = 0,21 = h, -+ = zoy4+1 = (2N + 1)h = 2 instead of vanishing at the
boundary, but all the results also apply to this case.

We first obtain in the following Lemma a description of the Fourier coefficients v(j) of a
periodic function v € V" and then prove Lemma 3.1.

Lemma B.1. Let p > 2, N, N positive integers such that 2N = pN, h = 2/(2N + 1) and the
discrete function v(pk), k € Ag. Then the discrete function u(k), k € Aoy, obtained from
the linear interpolation of v, u = P,llv, has the Fourier coefficients satisfying

d

p—1
() = (i(p—1)(rh-+-+3ih) WH ( Zezkmh> i=01,---,74)

=1
In particular for any j

—szr]rh 1 2

(B.1) [a(3)] = =I5 IH

e—timjrh _ 1
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Proof. We will analyze the one-dimensional case. Iterating the same argument in each space
direction the same holds in several space dimensions. In this case, we write in an explicit
manner the function wu:

. . 1 )

(p — j)v(kp) + ju((k + )p)7 k=0, N—1j=o0.
p

The k-th Fourier coefficient of u is given by

2N
u(y) = hZuje_”jkh, k=-N
k=0

Explicit computation give us:

wlkp + j) = p-l

=SS iy ) 3§ e mthpron 2 = (k) + ro(k + )
k=0 r=0 k=0 r=0 p

o N-1 p—1 - -1
e Z z7r]kph (Z e—2z7rj'rh(p o ’I") + Z ezﬂ](p—r)hr>
p k=0 r=0 r=0

p—1 9

:U(]) im(p—1)h <p 1 e 'iTl'jT'h) ]
r=0
In particular
—ipjmh __ 2
A0)] = p200) |1

Proof of Lemma|3.1. Using that for any j with [|j||cc < N/p we have

—2d H

r=1

—ipmjrh _ 1|2
~1

e —imjrh _ ]_

we get
1 AN/ .
1T/ Pulde ~ 3 AFEEG
llillcc <N/p

We split the ‘H} norm of u as follows:

lulif = D AP(h _4dH

4
exp(—ipmj-h) — 1 5G)P?
exp(—imj.h) — 1

lillcc <N r=1
_ . _ ¢V exp(—ipmich) — 11
S Y WGP S e[S L e
lilloa<N/p N/p<[3lloe <N roi | OXP(=imh) = 1
d 4
) Y RGP +cpan S [T [SEEEEN L g
lilleo<N/p Nplien vt | SXP(=imih) =1

<c(p,d)(I1 + I).
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We prove that for any j with N/p < ||j|jcc < N the following holds:
d

r=1

Let us suppose that j1 = ||j|jcc > N/p. Thus |exp(—imjih) — 1| > ¢y > 0 with ¢y independent
of h. Using that the following inequality

exp(—ipwj,«h) -1 ! < i ’ ( - - h) 1|23
expl(—ipm — .
exp(—imj,h) —1 | = &= TP

e”E 1
e~i€ —1

<5
holds for any & € (—m, ), we obtain that

Il

r=1

exp(—ipmjih) — 1
exp(—imjih) — 1

exp(—ipmjrh) — 1
exp(—imj.h) — 1

d—1

4 4
\ ‘ < e{p, d)| exp(—iprjih) — 1|

< ¢(p, d, s)| exp(—ipmjih) — 1**

provided that s < 2.
Then, using the periodicity of the coefficients v(j) and of exp(—ipmj-h), we get

d exp(—ipmjrh) — 1 2s
Rcpds) > O o
N/p<|ljlloc <N r=1
d . . 2s
s exp(—ipmj,h) — 1
= ("= Delp.d,s) Y. [BEHFY -
lilloo <N/p r=1
12\ (2 ’ exp(—imjrh) — 1 # PRIPNEND:

<clp,dys) Y [BGIPY W <clpdos) D ARG

ldlloo <N/p r=1 lillco <N/p

The proof is now complete. O
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