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RAPID EXACT CONTROLLABILITY OF
THE SEMILINEAR WAVE EQUATION**

ZHANG Xu*

Abstract

In this paper the semilinear wave equation with homogeneous Dirichlet boundary condition
having a locally distributed controller is considered, and the rapid exact controllability of this
system is obtained by changing the shape and/or the location of the controller under proper
conditions. For this purpose, the author derives an (rapid) observability inequality for wave
equations with linear time-variant potential by means of the energy estimate. The main dif-
ference of the method from the previous ones is that any unique continuation property of the
corresponding linear time-variant wave equations is not needed.
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¢1. Introduction

Consider the following semilinear wave equation with a locally distributed controller:
y' — Ay = f(y) + xam (@)u(t,z),  in(0,00) x €,

y =0, on (0,00) x 09, (1.1)
y(o,l‘) = yo(x)a y/(ovl‘) = yl(x)a in Q7
where ' = %, "= g—;, Q C R" is a bounded domain with a boundary 02 € C*, and for each

t € [0,00), G(t) is a subdomain of Q. In the above, y(t, ) is the state and xq)(z)u(t, z) is
the control. Thus, u(t,x) is the intensity of the control action and G(t) is the location and
the shape of the controller. We will allow the location and the shape of the controller to
change. Let U = L% _(0,00; L*(2)) and let G be a family of set-valued functions G(t) defined
on [0,00) taking subdomains of ) as its values. In what follows, u(-,-) € Y and G(-) € G.
The conditions on G will be given in Section 2.

The purpose of this paper is to study the rapid exact controllability for System (1.1),
i.e., for any prescribed time duration 7" > 0, try to find a controller G(-) € G such that
System (1.1) with this controller is exactly controllable in the usual sense®~1%. One can
find an interesting physical background for this problem!2!,

Linear system with fixed controller (i.e., G(t) = G is a fixed subdomain of ) is now well
understood for both abstract and concrete cases!®~1515:17] For the exact controllability of
semilinear systems with fized controllers, there are many existing results which can be found
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in the literature (see [4-6, 13, 16, 18] and references cited therein). Linear system with
changing controllers was also studied by some authors. For example, Butkovskii?3! studied
the mobile control for distributed parameter systems; McLaughlin and Slemrod™*! discussed
the scanning control for vibrating string; Khapalovl”) considered the exact controllability of
the wave equation with moving point control by means of some duality method; Recently,
Liu and Yong!*?! obtained the rapid exact controllability of the linear wave equation (i.e.,
f() =0 in System (1.1)) with homogeneous Dirichlet boundary condition having a locally
distributed controller.

We are now, naturally, in a position to ask such a question: Does the rapid exact control-
lability remain true for some nonlinear system with changing controller?” However, to the
author’s knowledge, there are no papers concerning this problem so far. The main object of
this paper is to show that under some reasonable conditions for semilinear wave equations
the answer to this question is “YES”.

Just as the analysis in [12], we see that if G consists of only one constant set-valued
function, i.e., G = {G}, the answer to the rapid exact controllability problem is either
trivially true (G = €, see Remark 2.1 in Section 2) or negative (G # €2) (even for the linear
wave equation, i.e., f(-) = 0 in System (1.1)). In fact, in the case G # € it is well-known
that if the location and the shape of the controller is fixed, then even if the system is exactly
controllable, the length of the time that is needed to steer any given initial state to the zero
state has a positive lower bound; and in many cases, the exact controllability may even be
lost if the location and/or the shape of the controller is not properly chosen. Consequently,
we will allow the controller to change, i.e., the class G contains non-constant set-valued
functions (the assumption on the class G is the same as that of Liu and Yong’s['?). Under
proper conditions, we show that by doing that one can obtain the rapid exact controllability
for the semilinear wave equation with a locally supported distributed controller.

It is well-known that the main problem in the theory of exact controllability is how
to derive the observability inequality of the linear system. We would like to point out
that it seems that the method in [12] does not apply to our present problem because our
linearized problem is time-variant. The main contribution of this paper is to derive the
rapid observability inequality of the linear time-varaint wave equations by means of the usual
energy estimate (see Theorem 3.1 in Section 3). The main difference of our method from the
previous ones is that we do not need any unique continuation property of the corresponding
linear time-variant wave equations.

§2. Statement of the Main Results

Without loss of generality, we assume the following

{ inf{z; € R; 32/ € R"™!, such that (x1,2") € Q} =0, 2.1)
sup{z; € R; 32’ € R" !, such that (z;,2') € Q} =8 > 0. '
Let T'> 0 and 0 < 0 < T be given. Put
T-o

=T (2.2)

K, ={(t,z1) €[0,T] x [0,]; az1 <t < axi+ o}
and

D, = (K, x R"™ 1) nQr, (2.3)

where Qp = [0,T] x Q. Now we make the following assumption on the class G.
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Assumption 2.1. Class G is a family of set-valued functions G : [0,00) — 2% with the
following properties:

(i) Any G(-) € G is continuous with respect to the Hausdorff metric (defined on 2, the
set of all subsets in );

(ii) For any T > 0, there exists a G(-) € G and a o € (0,T), such that

D, c {(t,z) € Qp;z € G(t),t € [0,T]}

with D, being defined by (2.3).

Now we can state our main results concerning rapid exact controllability for System (1.1).

Theorem 2.1. Let Assumption 2.1 hold. Let f : R — R be of class C*(R) with
() € L*(R), then System (1.1) is rapidly exactly controllable.

Remark 2.1. If we take G = {Q}, then it is easy to see that the answer to the rapid
exact controllability of System (1.1) is trivially true (In this case we need only to suppose
that the mapping H defined by

H(g(-) = f(o(), Vo() € Hy(R)

maps H}(Q) into L2(£2)). In fact it is well-known that the following system is rapidly exactly
controllable,

Yy’ — Ay =v(t, z), in (0,00) x Q,

y =0, on (0,00) x 99,

y(0,7) = yo(z), ¥'(0,2) =yi(x), in Q.
That is, for any given T > 0 and (yo, y1), (20,21) € H3(Q) x L?(Q), there is a control v(-) € U
such that the solution y(¢, x) of the above system satisfies: y(T,x) = zo(z), ¥ (T, x) = z1(x),
a.e. € Q. Now set u(t,z) = —f(y(t,x)) + v(t,z). One can see that under this control the
state of System (1.1) is steered to zero at time 7. And one may also obtain the same result
even if f(y) is replaced by f(y,v’, Vy).

Remark 2.2. Assumption 2.1 is the same as Assumption 1.1 in [12]. This assumption is

physically reasonable. For the existence of G satisfying Assumption 2.1, we refer the readers
o [12]. We note that the control subdomain is allowed to have a relatively small measure,
more precisely, there exists a constant 0 < o << 1 such that

mes G(t) < ames(), Vte[0,00), G()€q.

In such a case, if we fix the controller G(t) = G(0), then, the system might even be not
exactly controllable (even for the linear case f(-) = 0, see [1])! But by Theorem 2.1, we may
make the following conclusion: By allowing the controller to change, one might achieve
the rapid exact controllability for the semilinear wave equation with a locally supported
distributed controller under some physically reasonable conditions on the controller.

§3. Proof of Theorem 2.1

This section is devoted to the proof of Theorem 2.1. For this purpose, we consider the
following linear wave equation with bounded potential:
w” — Aw = q(t, z)w, in Qr,
w =0, on ¥ £ (0,T) x 09, (3.1)
w(0) = wp, w'(0) =wy, in Q.
We need the following estimate.
Theorem 3.1. Let ¢(-) € L>°(Qr). Then for any T > 0, there is a controller G(-) € G,
such that the weak solution w(-) € C([0,T); L*(2)) N CL([0,T); H~Y(Q)) of System (3.1)
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satisfies
T

|w0|§2(m+|w1|§,,l(mgcw)// wl?dedt,  (wo,wr) € L2(Q) x HY(Q)  (3.2)
o Jaw

for some constant C = C(£) with ¢ 2 |g(*)|oo. Furthermore the constant C has the following
explicit estimate

C=C(0) = Oexp(Cl))  as { — oo (3.3)

for some constant C > 0.
Proof. Without loss of generality, we may assume |a| < 1 (recall a is defined in (2.2)).
We divide the proof into several steps.
Step 1. Let us introduce some notations and transformations. Put
(t l‘) _ Q(tvx)v if (tax) € QT,
AR N if (t,2) € ((—00,0) U (T, 00)) x Q.
Let W € C((—00,00); L*>(Q)) N C((—00,00); H~1(£2)) be the weak solution of the following
system
W" — AW = q1(¢t, )W, in (—o0,00) X Q,
W =0, on (0o, 00) x I, (3.4)
W(0) = wg, W (0,2) =wy, in .

Let us introduce the following coordinate transformation

iz o
and denote
2(t,z) = W(t,z)(=W(t+aZ1,7)), (£,T)€ (—o0,00) x Q. (3.6)

Then z(-) solves

Dzgr + 20255, — Y 2z, = @27, in (—00,00) x Q, 37)
z=0, on (—oo,00) x T, '
where o (%, T 1(t + ax1,z). Furthermore, for any fixed s € (—00, 00), let us denote
£
ot3) = [ a(s.2)ds + (@) (3.8)
where x solves
Xaiz: = (1= a®)2(s) + 2025, (s), T€Q,
; ! (3.9)
X = 07 onlI.
Then v(-) satisfies
(1 — a?)vg + 2av5z, — Y Vgz = qug(T, Z)vg(T,T)dT, in (—00,00) X Q,
v =0, on (—oo,00) x T, (3.10)
v(s) =x, wvi(s) = z(s), in 0.

Step 2. Let us use energy estimate. First, put

B2 L (Wit + W (e, (3.11)
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where W (+) is the weak solution of System (3.4). Using the usual energy estimate and noting
the time reversibility of Equation (3.4), we get
(1—-e)T

ol ey + w1 y-sioy = 220 < €T [ B(ryar (3.12)
g
for any € € (0,1) (recall ¢ = |¢(-)|oo)- Thus we obtain
, [T
fwolZaay + w131 gy < C1L+ )™ /0 W (7, )22 0 - (3.13)

Next, for any fixed s € [72T QT} put

£1(0) 2 5 (1ol Wiy + 1o Wiy ) (3.14)
where v(-) is the weak solution of System (3.10). Now, multiplying the first equation of
(3.10) by vg, integrating it on 2 and noting the second equation in (3.10) (which implies
that [, viz, vid2 = 1 [, (v2)z,dZ = 0), we conclude that

,53 <CH// vi(r)dr )veda|

<C+0) /53(T>d7+58<£)}, viclsoT]. (3.15)

Integrating (3.15) with respect to ¢, we arrive at

E)<E(s)+C(1L+1) /t {/T, E(r)dr "1‘88(7'/)}(17'/

t (3.16)
§53(5)+C(1+£)/ £5(r)dr, YIcl[s2T]

Thus by Gronwall’s inequality, we get
E5(t) < CeCE%(s), Y itse[-2T,2T). (3.17)
However, by (3.8)—(3.9) and (3.14), we see that

R 1
£(s) = 5 (Iv(s. ey + oo Mooy
1
= §<|X(')|?{(}(Q) + |2(s, )72 Q)) < C(|Zt( Wer-1) + 1205, )|2L2(Q)>~
Thus, combining (3.17) and (3.18), we get
E5(t) < Ce“(\zt( Wer-10) + 12(5, )|i2(9)), V1,5 € [-2T,2T). (3.19)
Finally, define

(3.18)

{200 = ) n ) 50
Az = —Az, vV z € D(A).
Now, let us fix S7 and 73 satisfying

0<S <T <o, (3.21)
where o is the number appeared in Assumption 2.1 (in the previous section). Denote ¥ () =

(o — t)2. Then, by (3.7), using mtegratlon by parts, we get

/ / (q22)0 dtdx
/ / V2w + 2z, — Z za—zf} ) (Aflz) dtdz
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1—a //wzt zt dtd:c— 1—a //wtzt dtdx
—2 / / Py, +zﬁ¢t( dfdf+ / / b22dids
0 Q
_ _ 1—a% [ 0 27 _
—(1—a? / 2 (t, )% -1 dt—i/ /w-i A~V22) | didz
(1= a®) |l ot = 5 [ | g (47722) ]
—2a// 2 (A_1/2zg)+(A_l/szl)wg(A_l/Qz)}dfdc?:
+/ /wzzdt_df
lfa / 1/)|Zt |H 1(Q dt+ / /¢ 1/2 didf
—2a/ / Y A—l/%@ A7YV22) + (A7 22 Yy (AY22) | didz
N ) t) (477220, o472
+/ /w%dt‘d;@.
0 Q

However it is easy to check that

/IIA V22, (L)|1PdE < Olza, (T, ) 3110y < Cl2(E) 220 (3.23)

Thus, by (3.22) and noting (3.23), we end up with

/ Dlzi(t, -1 ()d

1—a2 //qu dtdx
f2a/ / w“?( 1/2zﬁ)(w1/2A*1/2zt—)+(A*l/szl)@pg(A*l/?z)}dfd@ (3.24)
+/0 Wb22did }

g(](1+€)/ |2(F, )72y dE + = /wlzt -1 o dt,
0

which gives

(3.22)

1/2 d{d:z

/wzt sy < CQ1 +z/| )N e . (3.25)
Thus

T o o
/S oty )1y < C / Bl2e(E, ) By dE < C(L+0) / 2l ) 2a o dE. (3.26)

Step 3. Let us complete the proof of Theorem 3.1. By (3.6), (3.8) and (3.13)—(3.14), we
get

|wol72(q) + w1310

2T
< C(1+ 0™ /
—2T
2T
< C(1L+ )™ ES(t)dt, Vs [-2T,2T).
—2T

2T

— 2 T T¢
|2(t, ) 32 dt = C(1+ O)e /_2T vzt )| 720y dE (3.27)
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Combining (3.27) and (3.19), we obtain

|w0|2L2(Q) + |U)1‘%171(Q) < O(l + £)€C£<|Z{(S, )|%71(Q) + |Z(S, )‘%2(9)), Vse [—QT, 2T]
(3.28)

Now, integrating (3.28) with respect to s from S; to 77 (where S; and T are given in
(3.21)), and using (3.26), we have

|’w0|%2(Q) + |’U)1|§[—1(Q) < C(l + KQ)GC[A |Z(t_, )|%2(Q)dt_ (329)

Thus, by (3.6) and using Assumption 2.1, we conclude the desired estimate (3.2) immediately.
Finally, let’s give the proof of Theorem 2.1.
Proof of Theorem 2.1. We suppose that the initial state (yo,y1) € H = H(Q) x L?(Q)
and the terminal state (zg,21) € H are given. Set

F@yiéj%mm& z € L3(Q). (3.30)

Fixing any given z(-) € C([0,T]; L?(2)), we consider the following linearized controlled
system:
y"(t) = Ay(t) = F(z(t))y + f(0) + Bu(t), in Qr,
y=0, on %, (3.31)
y(0) = yo, ¥'(0) = y1, in Q.
First by means of Theorem 3.1 and HUM, we can show that System (3.31) is exactly
controllable in H with controls in L?(Qr) at time 7.
Then we can define a map Y : C([0,T]; L?(2)) — C([0,T); L*(Q)) by

Y(2()() = y(z())(), (3.32)
where y(2(-))(:) € C([0,T); H}(Q)) N CL([0, T); L?(Q2)) is the mild solution of System (3.31)
with control w given by HUM which drives the system from the initial state (yo,y1) to the
terminal state (2o, 21). Now, in a way similar to [18], we can show that this map admits a
fixed point by Schauder’s fixed point theorem, which proves Theorem 2.1.

§4. Final Remarks and Some Other Results

Remark 4.1. By means of the inverse function theorem, one can prove a rapid control-
lability of local nature:

Theorem 4.1. Let Assumption 2.1 hold. Assume that the nonlinear function f(-) : R —
R is of class C*(R) with f(0) = 0 and satisfies

[f(2) = fF)l < COA+ 2P~ + [y~ )z —yl, Va,y €R, (4.1)

”Qﬁnz&1<p<mqm=Lz (4.2)
n—
Then the System (1.1) is rapidly locally exactly controllable.

Remark 4.2. In a way similar to [16], one can easily prove the following result by means
of Leray-Schauder’s fixed point theorem:

Theorem 4.2. Let Assumption 2.1 hold. Assume that the nonlinear function f(-) : R —
R is continuous and satisfies

f(z)| <C(+|z|P), VzeR (4.3)

with some constants C >0 and p € [0,1). Then the System (1.1) is rapidly exactly control-
lable.

I<p<
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Remark 4.3. All the results of this paper extend easily to semilinear wave equations
with variable coefficients like

V=Y o (aiw) o) = F(y) + xae @ult, ), (44)
i,j=1 "7 g
aij € Wh(Q), (aii(z)) > aol, Vo€ (4.5)

for some constant ag > 0.

Remark 4.4. The same results (Theorem 2.1, Theorem 4.1 and Theorem 4.2) hold for
System (1.1) with Neumann boundary conditions or mixed Dirichlet-Neumann boundary
conditions.
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