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A HARMONIC ANALYSIS PROOF OF THE BOUNDARY
OBSERVABILITY INEQUALITY FOR THE WAVE EQUATION
AND VISCO-ELASTIC EQUATION

WALTON GREEN, SHITAO LIU, AND MISHKO MITKOVSKI

ABSTRACT. In this paper, we give a harmonic analysis proof of the Neumann
boundary observability inequality for the wave equation in an arbitrary space
dimension. Our proof is elementary in nature and gives a simple, explicit
constant. We also extend the method to prove the observability inequality of
a visco-elastic wave equation.

1. INTRODUCTION

Let © C R? be an open, bounded domain with smooth boundary 9. Consider
the following backwards wave equation generated at final time 7.

wy(x,t) — Aw(x, t) =0 in Q x [0,T]
(1.1) w(z,T) =wo(r) w(z,T)=wi(z) in Q
w(x,t) =0 on 99 x [0,T]

where wy € H}(Q2) and wy € L?(2). The problem we are interested in is the
boundary observability inequality: There exists ¢ > 0 such that for all (wg,w;) €
Hy(Q) x L*(Q),

T
(1.2) c |Vw0(a:)|2+|w1(l‘)|2d$§/ / Ow
Q o Joa|Ov

It is well known (e.g. by the Hilbert Uniqueness Method [I7]) that the observability
inequality (L2) is equivalent to the exact controllability of the dual equation to

CI):

(z,1) i dS(z) dt

uge(x,t) — Au(z,t) =0 in Q x[0,7]
(1.3) u(z,0) = uo(z) w(z,0) = ui(x) in Q

(
u(z, t) = (:1: t) on 90 x [0,T
[0,

for f € L2022 x [0,T]) and (ug,u1) € L*(Q) x H~1(Q). Exact controllability refers
to the question: Given initial states (ug,u1) and final states (ur,u’), does there
exist T > 0 and f € L2(0Q x [0,T]) such that u(z,T) = ur(z) and u(x,T) =

There exists an extensive body of literature about the exact boundary control-
lability for the wave equation (or other typed hyperbolic equations). The problem
has been very well studied and we refer to the books [ITLT4l[I6L19], and the refer-
ences therein for a literature review of the problem. The typical method is to use
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the duality and transfer the controllability problem for the wave equation into the
observability question of the dual problem.

Even though such equivalence between the controllability and observability was
long noticed [4], it is not until the mid 80s that mathematicians started to develop
systematic methods to prove the observability inequality, especially in the general
multidimensional setting. It is well known by now that the observability inequality
(C2) may be proved using microlocal analysis [2], the multiplier method [9}[17],
or Carleman estimates. The latter is especially powerful and has become a major
tool to prove observability inequalities since it can deal with the situations where
there are lower-order terms or variable principle coeflicients appearing in the wave
equation. We cite only a few references here [0,[I5l27] and refer to the other works
quoted in these papers for readers who are interested in the details of this method.

The idea of using harmonic analysis to prove the observability inequality origi-
nated much earlier. It seems that Russell [23] was the first person who systemat-
ically explored the relationship between control problems and harmonic analysis.
The moment method of Russell has been extended in different directions [71[T2}[I8],
[20], but the common feature of all these results has been the requirement for the
space dimension to be equal to one. Probably, the most comprehensive treatment,
to date, on the use of complex exponentials and harmonic analysis in control prob-
lems is the monograph [I] where, in addition, approximate controllability results
(even in higher space dimension) are obtained using complex exponentials in con-
cert with standard uniqueness results. Still, to the best of our knowledge, nobody
has given a harmonic analysis proof of the exact controllability (and observabil-
ity) of the wave equation in higher space dimensions. In this note, we complete
this gap by providing a proof of the observability inequality in an arbitrary spatial
dimension using the harmonic analysis method.

We also apply this method to show observability for a wave equation with mem-
ory kernel, also known as the visco-elastic wave equation, which is of the form

(1.4) Yy — Ay = /0 M(t — s)Ay(s) ds.

Our motivation is from [I821] in which exact controllability of (y,y:) is achieved
but only for dimension d < 3 using the moment method of Russell. In section we
extend this to an arbitrary space dimension. Carleman estimates have been applied
to the heat equation with memory kernel (same as (I4)) but only first-order in time)
[5], but we are not aware of the use of Carleman estimates to prove the observability
for the visco-elastic equation (L4]). A separate noteworthy contribution to this
problem is [10] in which exact controllability is established in arbitrary dimension
using the classical compactness-uniqueness argument.

The paper is organized as follows. In section 2l we reformulate the observability
inequality as a Riesz sequence property for a suitably chosen system of functions.
This property is then established for the regular wave equation (L) in section Bl
and extended to the visco-elastic wave equation (4] in section [l

2. HARMONIC ANALYSIS REFORMULATION

The standard one-dimensional moment method focuses on estimates concerning
sequences of complex exponentials. In order to extend it to higher spatial dimen-
sions, we need to consider the following system of functions.
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Let {¢,}2%; be an orthonormal basis in L?(Q) of eigenfunctions of the Dirichlet
Laplacian. In other words,

{—Aan = X¢, nQ

@D én = 0 on 9N

It is well known that 0 < Ay < Ay < -+ and A, — oo. For simplicity, we set
An = sgn(n)A,| and

(22) vn = -2
for n € Z\{0} (henceforth Z), denoting by v(z) the outward normal vector to 92
at z.

This system of functions {,} has been investigated as far back as the 1940’s by
Rellich [22]. More recently, Hassel and Tao [§] reinvigorated the interest in this sys-
tem from the harmonic analysis perspective. As a consequence, much more precise
linear independence results about it were obtained (which extend the independence
results that follow from the observability inequality) [BL24L25]. Our treatment of
the system {v,,} is directly influenced by this more recent work. The following two
features enter in our proof: 1) the system {v,} is linearly independent in certain
small spectral windows (for close values of \,,); 2) complex exponentials are inde-
pendent for A\, with large enough gap. Thus, when combined together, we achieve
independence without restrictions on A,. The notion of independence we use is
stronger than the classical linear independence. It is given precisely by the notion
of a Riesz-Fischer sequence (see e.g. [1], [26]).

n of)

Definition 2.1. A sequence {e,} in a Hilbert space H is said to be a Riesz-Fischer
sequence if there exists a constant ¢ > 0 such that

(2.3) CZ lan|? < HZ anen

for all finite sequences {a,}.

2
H

We now state the relationship between Riesz-Fischer sequences and the observ-
ability inequality. This relationship is well-known to the experts in the field, but
since we were not able to find a good reference, we decided to include a short proof
of it.

Proposition 2.2. The observability inequality (I.3) holds for all (wo,w1) € Hg () x
L2(Q) if {¢ne ez, is a Riesz-Fischer sequence in L?(0Q x [0,T)), i.e. there
exists ¢ > 0 such that

(2.4) CZ lan|* < /OT /{m ‘Zanwn(a@)ei}"‘t ’ dS(z)dt

for all {an}nez, € 2.

Proof. Let (wo,w1) € Hg(2) x L?(©2). We will represent the solution w to (L)) by
separation of variables. In the space variable, we expand onto {¢,}. There exist
{&0}, {nn} € €% such that

wo = Zlgn(bn w1 = Zlnnd)n
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Since wy € H}(Q2), by the orthonormality of {¢y},

[ (V@) de = = [ woduods = [ (S600n) (EA200n) = Xt

therefore {\,&,} € £2. Set & = M&n. Then,

én
An
Additionally, we consider the following ordinary differential equation to account for
the time variable.

Pn

Wy =

2, () + Aazjn(t) =0 tel0,7] j=1,2
(2.5) 2n(T) =1 20,(T) =0 [=T
Zgn(T) =0 zé (T) =—\, t=T

n

Solutions to ([Z3)) are of the form 21, (t) = cos(A,(T—t)) and 22, (t) = sin(A, (T—t)).
Thus, we can represent w solving (L)) as

(2.6) w(z, t) = Z [f\—n cos(A\ (T — 1)) — Z—" sin(A, (T — t))] On(x)

n T

Then the observability inequality (2] takes the following form:

¢ |&nl* + [l

(2.7)
T
S /O /6(2

Using the Euler formula and setting a,, = §~|n‘ + isgn(n)ny, for n € Zo, (L) and
@I0) are equivalent to

T
cZ|an|2§/ / ‘Zan%ew
0 o0

2

L 9% dS(z) dt

Z [én cos(Ap (T —t)) — 1 sin( A, (T — t))} n, W(I)

2
dSdt

3. MAIN RESULT

Theorem 3.1. Let R > 0 such that Q C B(xg, R) for some xo € R%. Then, for
T > 2R, there exists ¢ > 0 such that

(3.1) Y Janl® < /OT /m ‘Zand)n(:r)ei)‘"t * S (x) dt

2(T — 2R)

for all {an} € (?. Moreover, ¢ =
Co

where Cq 1is a positive constant

dependent only on €.

We first state two preliminary lemmas concerning the functions {t,}. Define
the following operator A : Hi(Q) — L?(Q2) which connects the boundary terms t,,
with the interior eigenfunctions ¢, .

(3.2) (Au)(x) = m(z) - Vu(x) where m(z) = — xg
for u € H}(Q) and = € Q.
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Lemma 3.2. Let A and m be defined by (F2). Then, for all j, k € Zy,
A2 =X}

/QA%%d:c if 131 # |kl:

_ Aj Ak
(3.3) /asz(m V)Y dS = ) i = ks

-2 if j =—k
Proof. We use the fact that
9%,

Ady(w) = (m - 1) -

as in [22] since ¢; = 0 on 0. Applying Green’s Theorem and the fact that
AA— AA =2A,

(), Ve € 092, jeN

. a—
/m<m-v>wj<w>wk<w> a5 = [ a9, 220 gg

- AjAk Joo v
1 - —_—
- Ag; Adir) — A(Agy; d
)\j/\k/ﬂ 151 AP|k| (Adyj) ok da
A2 — )2 o
; k/A¢|j|¢|k| deif [j] # |k];
- Aidk - Jo
1
N2l 12 de = +2 i 19l = k.
mk/ﬂ 1Pl do if 7] = |k

O

Lemma 3.3. The sequence {)\;1A¢|j|}jelo is quasi-orthogonal in L*(Q). More
precisely, for all u € (*(Z),
2

A
(3. LI w <83 (ol - o)

J
Secondly,
(3.5) LA¢\j\¢|k| = —/Q D11 APk
Jor |4] # [k|.

Proof. Notice that the system {/\;1V¢|j|}jezo has some sense of orthogonality.
Indeed, for each j, k € Zy,

- — 0 |j] # |k
/ Vol Vo [ Aok _ 1 |‘7]|- i |k|
o A o Ak 1 =k

Then, using the definition of A in (32) and the Cauchy-Schwarz Inequality, we
obtain for {u;} € (*(Z)

2

2
Ag, Vo, _
[ Z i) <r [ (S0 = (k- i
Q j J Q j J j j
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Now we proceed to the second statement in the lemma. Recalling m from (32
and using 0; to denote %,

mi0id; by, = 0i(mid;dy) — (i) djor — Mid; 0.

Summing over ¢ = 1,...,d and integrating over 2 yields

(3.6) / Ad;Tr = / V- (mésen) —d [ o~ [ 6,40

which gives the desired identity since ¢; = 0 on 992 and {¢;} are orthonormal. O

Now we complete the proof of Theorem 1. To be concise, all sums are assumed
to be taken over Zj unless otherwise stated. For Cq := max,ean[m(z) - v(z)] < R,
we have the following estimate using Lemma [3.2]

2
T T
Ca / / S ageNty(a)] dtds =YY" aja / el gy / (m - V) dS
oaJo |7 Tk 0 o0

12)\ T -1

= 2TZ|a7| - Z a;6_j————
(3.7)

Y ajak( | Zik) (ei()\jf)\k)T_l)/QA(bja e

J k#Ftj
Notice when k = j, the terms in the double summation actually have zero value.
Thus we may include them in the summation. Moreover, applying the second
statement in Lemma [3.3]

S ajax ( : Z;k) (ez‘m—mér . 1) /QA@@ da

J k#FLj
=2Re Z Z a;ay (ei(Aj / ¢J¢ dx
J kA o

We will now include the terms when k = —j. Notice that by @8)), 2 Re ([, Ad|;d|—;|) =
—d. Thus we can rewrite the second two terms in the original inequality (B1) as

E ajl_j———

12)\ T -1

+ 2Re ZZ(L ak( AT _ / ¢J¢kdx
Q

Y

Additionally, we have the followmg identity for the single sum:

12)\ T —1
Z%a I
:‘/Q Za ezk T(bm (Z akel)‘kTQSk) Zaj ¢|J| <Z ak¢|k|>dx
j k
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Then we split the double sum into two terms (one with (=27 and one with

—1) and estimate each with the corresponding portion in the above identity.

. ; _ ; A
/(d— 1) ZajeMjT% (ZakezAkT(bk) +2zzajakez()\jf)\k)T f\l;l
Q tAj 3 PR Q!

J

/ d—1) Za Y T%\ +2Z oM T ¢\J\ <Zakez,\kT¢lkl>

(3.8)
2

1 oy T¢IJI e T ¢IJI
7, (d=1)> a, +2Z

J

IN

Note that by B8], for any u € Hg (L),
Il(d — Du+ 2A4u||* = (d — 1)?||ul|* + 4(d — 1) Re(u, Au) + 4|| Aul|?

= (=1 =d)(d = Dul® + 4] Aul|* < 4| Au||?

where || - || and (-, -) denote the L?(€2) norm and inner product. Apply this to (B8]
with u =" ajei’\fT(bm)\;l. Then, applying (34 from Lemma B3] we have

2
1 1 A1
3.9 — et T R
( ) R Q Z—aje )‘j * ¢
J

2
i T
E ae' " Pyl
g

< RZ (Jaj)? — aja_;e™N7T) + RZ (Jal® + apa_e®M7) = QRZ |a|*
J k J
The other term (with e*(* =T replaced by —1) is estimated in a manner similar

to B8) and BA). Substituting (3.9) and the corresponding estimate for —1 into
the original inequality gives the desired result:

2

T
C / / ajeNityi(x)| dSdt
. 0 Joo Z ! (@)

J

12)\ T —1

>2TZ|CLJ| —I—Zaja e
.7
2.2 aa“k( . ; )( AT - /A¢|J|¢\k\

J k#FE]

>2T a;* = 4R |a;|> =2(T = 2R) Y _|a |*.
J J J
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4. APPLICATION TO THE VISCO-ELASTIC EQUATION

Let © C R? be an open, bounded domain with smooth boundary. Consider the
following visco-elastic wave equation:

T
yu(z,t) — Ay(x,t) = /t M(s —t)Ay(z, s)ds in Q x [0,7]
WD v D) = wle) w@ ) =n(@) in 0
y(z,t) =0 on 99 x [0,T]

for given M € H?*(0,T), yo € H} () and y; € L?(Q). By a similar argument
to the one presented section 2 the boundary observability inequality (analogous
to (L2)) for @I) will be acheived if it can be established that {z,(¢)y,(x)} C
L2(09Q x [0,T)) is a Riesz-Fisher sequence where 1, is as defined in ([22) and z,
satisfies the following time ODE (compare with ([23)) for each n € Zy.

2 o ("
(42) 20 () + Aozn(t) = —)\n/t M(s—t)zn(s)ds te€0,T]
) =i\

2 (T) =1 2z (T

This formulation is thoroughly carried out in [I8] and [2I] where the following
Riesz sequence property (A3]) is obtained for space dimension d = 1 and d < 3
respectively. Here we extend this to the general case d > 1.

Theorem 4.1. Let R > 0 such that Q C B(xo, R) for some xo € RY. If T > 2R,

then for {z,} solving [f-3) and {1} as defined in (Z2), {znn} is a Riesz sequence
in L2(0Q x [0,T]). In other words, there exists ¢,C > 0 such that

T 2
(4.3) CZ lan|? < /0 /89 ‘Z anzn(O)n(x)| dS(z)dt < CZ |an|?

for all finite sequences {an}.

The notion of a Riesz sequence is slightly stronger than that of a Riesz-Fisher
sequence (23]), we simply add the upper inequality. Nonetheless, the lower inequal-
ity is enough to imply observability of (@1]) which gives exact controllability for the
dual system.

Our approach is similar to [I8] and [2I] in the sense that we will argue that
{znn} is in a certain sense “close” to {e»f1),,} which we already know to be a
Riesz-Fisher sequence (Theorem B.1)). In [I8], it is shown that there exists C; > 0
such that

! (yidn )t (2 i
(4.4) / Jon() = T2 < SL Wt € [0,7]

0 n
for some v € C in the special case where A\,, = n. However, there is no crucial role
played by n in the computations so [@4]) can be easily verified with general \,.
The key in [I8] is that when )\, = n, {2,} and {e?T»!} are quadratically close,

which means .
S [ ety = 0t < o
—Jo

In [21], the decay (44) is improved to A, * so quadratically closeness follows from
Weyl’s lemma when d < 3. We do not expect to be able to extend the quadratically
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close property to arbitrary dimensions. Rather, we incorporate the estimates on
{4} given below in Lemma E3] to show that {z,1,} and {0+t 1 are Paley-
Weiner close. The Theorem (1] will then become a consequence of the following
variation of the classical Paley-Weiner theorem [26]:

Lemma 4.2. Let {e,} be a Riesz sequence in a Hilbert space H and {f,} € H
be an (?-independent sequence, i.e. any {c,} € € such that 3. c,fn = 0 implies
cn =0 for all n. If there exists g € (0,1) and a finite set of indices J such that

E Ap€n
n

for all finite sequences {ay}, then {fn} is also a Riesz sequence.

2

(4-5) Z an(en - fn) <q

n¢J

Thus the Theorem ] will be established if we can show three conditions hold:
(i) {eO+An)ty 1 is a Riesz sequence.

(ii) {zntn} is an ¢*-independent sequence.

(ili) There exists ¢ € (0,1) and a finite set of indices J such that,

2

néJ
for all finite sequences {a,,} ( Here and henceforth ||-|| denotes the L?(9€ x [0,T7)

norm).

Proof of (i). We first claim that when T' > 2R, {¢,e"*»*} is actually a Riesz se-
quence, i.e. in addition to the lower inequality from Theorem[B] there exists Cy > 0

such that -
. 2
/ / ‘Zand)n(x)eM"t dSdt < CoY " |
0 o)

for all finite sets of scalars {a,}. This can be established in a similar manner to
Theorem B but with the operator A [B.2)) replaced by V' from the proof of Lemma
43 below. Alternatively, in the setting of Proposition 2.2 it is equivalent to the
following regularity estimate for w solving ((ILT)) which is well-known [13]:

T 2
/O /BQ

This is then extended to {e(**»)t4),. 1 by noticing that
. 2 _
(4.6)  max{1,eReTY Hzanwnemnt > Hzanwne(wmn)t

> min{1, 07|37 anpet

for all finite sequences {a,}. O

Proof of (ii). Consider a solution y = 3" ¢, 2,0\, to the equation (@I). In [10],
the following unique continuation property is shown:

Let y be a solution to (£I]) such that

%20 on 90 x[0,T]

If T'> 2R, then y = 0 on £ x [0,T].

2

Z and)ne(’ﬁp\n)t

ow
E(xv t)

ds dt < 02/ |Vwo () + |wy (z)* dx
Q

2

2
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This, in turn, gives y(z,T) = y(z,T) = 0 for x € Q so

0= /Q Vy(z, T)]? + |y (z,T)|* do = (Z len|? — Cn@n) T (Z lenl? + Cn&n)
Therefore ¢, = 0 for all n. .

We now give the key lemma in establishing (iii).

Lemma 4.3. Let {¢,} be defined as in (22). Then there exists C, dependent only
the domain 0 such that for any finite sequence of scalars {an},

4.7) /BQ S ()| dS(@) < o (X |an|2>1/2 » |)\nan|2)1/2

The estimate (1) may be viewed as stating some degree of orthogonality for
{¢n}. In proving this, we follow the techniques in [3}25] utilizing the following
lemma.

Lemma 4.4 ([3] Appendix A). Let Q be bounded with piecewise smooth boundary.
Then, there exists a smooth vector field a, defined on a neighborhood of Q such that

alz) -v(x) >1
for almost every x € 0.

Proof of Lemma[{.3 Define V : H3(Q) — L*(Q) by (Vu)(z) = a(z) - Vu(z). First
we claim that there exists C, > 0 such that

< Ca|Vul?

/ u[V, Al dx
Q

for any u € H3(Q2) N H}(Q). Indeed, using Einstein notation summing over i, j =
1,2,....d

AVu = 04 (0 (0ju))
= (Diiaj)(05u) + 2(Diaj)(Diju) + j(Djiiu)
= VAu+ (9;05)(0ju) + 2(dicvj ) (0s5u)

Integrating by parts once and applying the Poincaré inequality yields

/ uVAu — uAVudx
Q

= }Au(@iiaj)(aju) + 2u(9;0;)(9y5u) d

/Q u(diza;)(05u) — 2 [(0;u)(0505) + u(Bsicrj)] (0;u) da

<C, [ |Vul*dx
Q

Take u = > anpn ), ! for a finite set of scalars {a, }. Notice that [|[Vul|? <2 |a,|?
and ||Aul|? < 23 |\uan|? (the factor of 2 is due to the negative indices as in Lemma
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B3). Then, using Cauchy-Schwartz and the above estimates on V', we have

2 2
/ 9u ng/ (a-v) |2 dS:/ Oy as
o9 o v )
:/AuVﬁ—uAVﬁd:z:
Q

ov Q OV

= / AuVa — uV AT+ ulV, Aludx
Q

= / AuVu+ (V- a)uldu + VuAu + ulV, Alad
Q

< Co (YlanP) " (3 aaal?)

O

Proof of (iii). Let ¢, = (T—2R) min{1, R} /Cq be the constant from the lower
Riesz sequence inequality (E8) for {e(Y T =)ty 1. Since \,, — oo, there exists k € N
such that
C;l C,Cq
Ak
Take J = {j : |j| < k}. Applying Lemma [L3] and then the estimate ([@4]), we have

T N )
/0 /an Z anthn(x) (Zn(t) _ rtirn) )

In|=k

<1

1/2

T T
= Co / S fan(zn — ORI / D Anan(zn — eI 2

0 0

In|>k

< CaCiN Y lanl?

. 2
S Ca01C;l>\;1 HZ a,ne('Y"rZ)\n)twnH

In|=k
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