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EXACT CONTROLLABILITY PROBLEM OF A WAVE
EQUATION IN NON-CYLINDRICAL DOMAINS

HUA WANG, YIJUN HE, SHENGJIA LI

ABSTRACT. Let a : [0,00) — (0,00) be a twice continuous differentiable func-
tion which satisfies that «(0) = 1, &’ is monotone and 0 < ¢1 < a/(t) < ez <1
for some constants c1, ca. The exact controllability of a one-dimensional wave
equation in a non-cylindrical domain is proved. This equation characterizes
small vibrations of a string with one of its endpoint fixed and the other mov-
ing with speed o/ (¢). By using the Hilbert Uniqueness Method, we obtain the
exact controllability results of this equation with Dirichlet boundary control
on one endpoint. We also give an estimate on the controllability time that
depends only on ¢ and ca.

1. INTRODUCTION AND MAIN RESULTS

Suppose « : [0,00) — (0,00) is a twice continuous differentiable function satis-
fying the following assumptions:

(Al) 0<n <d'(t) <ea<lfioral0<t< oo;
(A2) ¢ is monotone;
(A3) a(0) =1.

Let T > 0. We define the non-cylindrical domain @% by

Q3 ={(y,t) ER?:0 <y < a(t),t € (0,T)}.

This article concerns the exact controllability of the one-dimensional wave equation

utt(y7t> “yv(ya ) =0, (yvt) € @%’
w(0,8) =0, u(a(t),t) =v(t), te(0,T), (1.1)
u(y,0) =u’(y), we(y,0)=u'(y), ye(01),

where v € L?(0,T) and (u°,u') € L?(0,1) x H'(0,1). Since sup,¢ o7y [/ (t)] <1,
by [], the system of (1.1)) admits a unique solution in the sense of transposition.
Here, as in [10], u € L*(0,T; L?(0,a(t)) is called a solution by transposition of
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problem (1.1)) if u verifies

at)
/ / u(y, t)h(y,t) dy dt
0

= [ 0 w00.0) ~ w00y~ [ 08, a0 D

0

(1.2)

for all h € L'(0,T; L(0, «(t)), where 6 is the weak solution of the problem

Htt(y7 t) - Hyy(ya t) = ha (yv t) € @%a
0(0,) = 0(a(t),0) =0, te (0,7), (1.3)
O(T) =6 (T)=0, xe€(0,1).
The exact controllability problem of system (|1.1]) is stated as follows.
Definition 1.1. We say system is exactly controllable at time T, if for any
(u®ut) € L2(0,1) x H=1(0,1), (ud,ud) € L%(0,a(T)) x H=(0,(T)), there exists

v € L*(0,T) such that the solution by transposition u of (L.1)) satisfies u(T) = uJ
and u(T) = u}.

For a function « satisfying conditions (A1)—(A3), we define

- e (B allral) ) 14
*7& ex 202(17 C1 o
T = p(icl(l_cz)g) 1}. (1.5)

One of the main results of this article as follows.
Theorem 1.2. For any given T > T*, (L.1)) is exactly controllable at time T.

Similarly, for the exact controllability problem, when the control is acting on the
fixed endpoint,

utt(yat) - uyy(yvt) = 07 ( t) € @%7
w(0,t) = v(t), u(a(t),t) =0, te(0,T), (1.6)

u(y’ O) = u()(y), ut(y7 ) ( )7 y e (Ov 1)7

we have the following result.
Theorem 1.3. For any given T > Ty, (1.6)) is ezactly controllable at time T .

Remark 1.4. When «(t) = 1 + kt for some constant k € (0,1), T* is reduced to
T}¥ defined in [4], and Theorem is reduced to [4, Theorem 1.1].

Remark 1.5. Theorem [I.3|extends the results in [5] and [6]. In fact, when a(t) =
1 + kt, an exact controllability result of system has been proved for 0 < k <
1-— ﬁ in [5] and for 0 < k < 1— %7 in [6]. We also note that the controllability
time T given here is better than the constants 7} in [5] and [6] in this case.

Remark 1.6. We note that there are many functions «(t) satisfying conditions
(A1)-(A3) but are not the form 1 + kt, for example «a(t) = 1 + (¢t + arctant)/c
where c¢ is any constant that is greater than 2.
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Recently, several works on the controllability problems of wave equations in non-
cylindrical domains have been published. The existence of solutions of the initial
boundary value problem for the nonlinear wave equation in non-cylindrical domains
has been studied in [3|[8]. The controllability problem for a multi-dimensional wave
equation in a non-cylindrical domain has been investigated in [2 [0l [I0]. About the
one-dimension cases, there have been extensive study of the controllability problem
in a non-cylindrical domain. We refer the reader to [T}, 4l [5] [6].

When a(t) = 1+ kt for some constant 0 < k < 1, in [4], the exact controllability
of the system (1.1)) has been acquired. When «(¢) = 1+ kt, Cui and Song obtained
that the syste is exactly controllable for 0 < k < 1 — ﬁ in [5] and is exactly

controllable for 0 < k <1 — H% in [6].

There are also other results on the exact controllability problem for wave equa-
tions of variable coefficients in cylindrical domains, see [7, [10, 11 [12] and the refer-
ences therein. So, our first aim is to transform and into wave equations
with variable coefficients in a cylindrical domain.

Let x = %t) and w(z,t) = u(y,t) = u(a(t)z,t) for (y,t) € @% Then, it
is straightforward to show that (z,t) varies in Qr := (0,1) x (0,7) and is
transformed into the wave equation with variable coefficients,

Bl W) Tt
Wt [a(t) alt) tx alt) =0, Qr,

w(0,t) =0, w(l,t)=v() te(0,T),
w(z,0) = w’(z), wi(z,0)=w'(x), =zc(0,1),

where ((x,t) = %7 y(x,t) = =2/ (t)x, 7(2,t) = =’ (t)z, w° = u’, w! =
ul + o/ (0)zul.

From [10], we know that for (u®,u') € L?(0,1) x H~1(0,1) and v € L?(0,T),
(1.7) admits a unique solution w € C([0,T]; L%(0,1)) N C*([0,T]; H~1(0,1)) in the
sense of transposition, where w is called a solution by transposition of problem

if
T /1
/ / wh dx dt
o Jo
1

= /0 [—w®(x) 2 (z,0) + o/ (0)w’(x)2(x,0) + w'(x)2(x,0))dx

T 1
_/O ﬁ(l,t)zx(l,t)v(t)dt—&—/o (Ve (2, 0)w° (2)2(x,0) + y(x,0)wl (z)z(z, 0)]dx,

for every h € L'(0,T; L?(0,1)) and z is the weak solution of the problem
L*z2=h, inQr,
2(0,t) = 2(1,t) =0, te€(0,T), (1.8)
2(x,T) = z(x,T) =0, z€(0,1),
where the formal adjoint L* of L is defined by
Lz = a(t)zu — [B(x,t) 22]z + v(x, t) 22t + T (2, 1) 24 (1.9)
Thus, Theorem [I.2] can be restated as the following exact controllability result

for equation (L.7)).
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Theorem 1.7. For any T > T* where T* 1is given by , any (w°,wt) €
L?(0,1) x H7Y0,1) and (w9, w}) € L*(0,1) x H71(0,1), we can always find a
control v € L%(0,T) such that the corresponding solution by transposition w of
(L.7) satisfies w(T) = wY, w(T) = w}.

Similarly, (1.6 can be transformed into the wave equation with variable coeffi-
cients,

B R (2% B C:%) I
Wy [ alt) m]x"‘ o(t) tz T ol e 0, Qr,
w(0,t) =v(t), w(l,t)=0, te(0,T), (1.10)

w(m,O) = w0($)7 ’U.)t(it, O) = wl(x)a T e (0’ 1)7
and Theorem can be restated as the following exact controllability result for

equation(|1.10]).

Theorem 1.8. For any T > Ty where T} is given by (L5), any (w® w') €
L2(0,1) x H7Y0,1) and (w3, w}) € L*(0,1) x H~1(0,1), we can always find a
control v € L%(0,T) such that the corresponding solution by transposition w of
(L.10) satisfies w(T) = w9, w(T) = w}.

2. DESCRIPTION OF THE HILBERT UNIQUENESS METHOD

In this section, we describe the Hilbert uniqueness method which is used in the
proof of Theorems and Next, we consider Theorem [I.7]in detail.

Firstly, for any (w9, w}) € L?(0,1) x H=1(0,1), the system
a(t)gtt - [6(‘rat)£m]x + ’Y(xvt)ftm + T(«T,t)f:r = 07 in QT?
£(0,t) =0, &(1,t)=0, te(0,7), (2.1)
f(l’ T) = wd( )a ft(va) = wfli(x)a T € (0’ 1)

has a unique solution & € C([0,7T]; L?(0,1)) N C*([0,T); H~1(0,1)) in the sense of
transportation.
Secondly, for any (2°, 21) € H}(0,1) x L?(0,1), we solve

a(t)ze — [B(w, )2z + (2, t) 200 + T(2,8) 2, = 0, in Qr,

2(0,t) =2(1,t) =0, te€(0,T), (2.2)
2(x,0) = 2°(x), z(x,0) =2 (z), = €(0,1),
and

a(t)me — [Bla, t)ne], + (@, )0 + 7(2, ), =0, in Qr,

U(Oat) =0, 77(1,15) = Zm(lvt)a Le (OaT)a (2'3)
n(x,T)=0, m(z,T)=0, ze€(0,1).

Then we define a linear operator A : H}(0,1) x L?(0,1) — H~1(0,1) x L?*(0,1), by
(Zovzl) = (nt('a0)+7('70)nx('vo) - (0)77( ) 77( ;0 )7
U 21) e H}(0,1) x

)
)
Lastly, the problem is reduced to prove the existence of some (z
L?(0,1) such that

A%, 21 = ([w' = &(0)] = o/ (0)[w® = £(0)] +(0) [wh — & (0)] — [w® — £(0)]). (2.4)
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To solve (2.4)), we observe that

1
/0ﬂ(lvt)|zx(1vt)|2dt:<A(207Z1)7(ZoaZl)>H*1(O,1)><L2(0,1),H3(0,1)><L2(0,1)' (2.5)

In section 3, we prove the following observability inequality for system (2.2):
there exists a constant C' > 0 such that

T
/0 BL )]z (LOPdE = C(1=N 0y + 17 132 0)- (2.6)

Also, we prove that A is a bounded linear operator; i.e., there exists a constant
C > 0 such that

T
/0 B D)z (1,8)Pdt < C11 B oy + 14 Bagony)- (2.7)

Combining , and the Lax-Milgram Theorem, we can show that A is an
isomorphism.

Then, the equation(2.4) has a unique solution (z°,z1) € H}(0,1) x L?(0,1), and
the function z,(1,¢) is the desired control such that the solution w of satisfies
w(T) = wY, w(T) = w}.

For the proof of Theorem the steps are similar to those of Theorem In
this case, instead of , we consider the following homogeneous wave equation

a(t)ne — [B(x,t)na], + (@, )10 + 7(2,t)ne = 0, in Qr,
n(0,t) = 2z,(0,t), n(l,t)=0, te(0,T), (2.8)
n(z,T)=0, n(z, T)=0, z¢€(0,1),

and define a linear operator A just same as (2.4), then we observe that

1
/0 5(0775)\Zr(07t)|2dt = *<A(20721)a(ZO,Zl)>H*1(0,1)xL2(o,1),H5(0,1)xLz(o,l)- (2.9)

We omit the details of the proof here.

3. OBSERVABILITY ESTIMATES

The main purpose of this section is to prove the observability inequalities for
system . To prove those estimates, we need some technical lemmas.

From [10], we know that: for any (2%, 2') € H}(0,1) x L?(0,1), the equation
has a unique weak solution z € C([0,T]; H}(0,1)) N C*([0,T]; L?(0,1)) in the
sense of transportation.

The energy for is defined as

1 1
E(t) = 5/ a(®)] 2o, O + B, )|z (2, 0)Plda, fort >0, (3.1
0
where z is the solution of (2.2)). Since «(0) = 1, we have
1 1
Eyi= B(0) = ; / (124 (@)12 + B(x, 0)]20(x)[?] da (3.2)
0

First, we prove a lemma which is related to the decay rate of the energy E(t).
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Lemma 3.1. If a(0) =1, 0 < ¢; < a/(t) < ¢ <1 and o is monotone, then
c3Eq

< E(1) < &0 3.3
o) =PV = 50 >
where
(1:@’ 2), if & is increasing,
(63764) = ' 611701 I ; (34)
(%, 172), if & is decreasing.

Proof. For any 0 < t < T, through multiplying the first equation of (2.2)) by z; and
integrating the result on (0,1) x (0,t), we conclude that

o/ t / (o) 8)z1 (. ) — B, 5)za (@ oz, )

+ (@, 8) 20t (2, 8)2e (2, 8) + T(2, 8) 20 (2, $) 24 (, 8) } dw ds
=11+ I + I3+ Iy,

I / a(s |ztxs|dx|0—f// s)|z(z, 8)|? dx ds,

/ﬁxs|zzx5|dx’0—f//ﬁt 8)| 2z (2, 8)|* da ds
= 5/ 5(39,s)|zq:(x,s)|2dx|fJ / / () B(x,5)| 20 (, 8)|? da ds
0 S
t 1 "

—|—/ / 704 (s)a (8)x2|zm(a:,s)|2dxds,

o Jo
/ / s)|z¢(x, 8)|? dx ds,

—/ / xa'(8) 25 (2, 8)2¢ (2, 8) dw ds.
0 Jo
We thereby obtain:

E(t) = Ey — /t al(s)E(s)ds— /Ot /01 szzz(x,s)|2dxd5
+/ / s)xzg(x, 8)ze(x, s) dx ds.

o/ (t)a" (1)

a(t)

We subdivide the proof into two cases:

where

1
2 "
x |zz(x,t)\2dx+/0 o' (t)xze(x, t) 2 (x, t)da.
(3.5)

(1) o is increasing; that is, &”(t) > 0. By using the inequalities
O/(t)a"(t) > o e(D)a(t)a”(t) 2
— o ()] - it
)zzx(a: t)z(x,t)

a’(t
(2) ( ) 2|zm(x,t)|2+ a(t)a//(t)

20/ (1) |Zt(x,t)|2,

(t)
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where €(t) = 2\ we easily obtain
- Lm0 < B0 < -2 - B,
Using 0 < ¢; < o/(t) < ¢ < 1, we conclude that
S <pn <4

—C2 c2
1c74 c1”

where c3 =
(2) o is decreasing; that is, o’'(t) < 0. By using the inequalities
o/ (t)a"(t) 2, a(t)e”(t) 2
—5 2|z, t Y it
< () zzg(m,t)2e (2, 1)
/ 1 1
< o (t)Oé (t) 2|Z$(l‘ t)|2 _ G(t)Oé(t)Oé (t)

=T 2ealt) ¢

where €(t) = %, we easily get

) o) , o), ()
(G - e < ) < ~(S0 + TE 0B,
) )
Using 0 < ¢; < a/(t) < ¢ < 1, we conclude that
csE C4E
o = PO =g
where c3 = 1%7 = }:—2

(3.6)

(3.7)

Remark 3.2. When o’ (t) = 0, that is, «(t) = 1 4 kt for some constant k € (0,1),

then c¢g = ¢4 = 1, Lemma [3.1]is reduced to Lemma 3.1 in [4].

Next, similar to the proof of [4, Lemma 3.2], we can get the following estimate

for each weak solution z of (2.2]) by the multiplier method.

Lemma 3.3. For any function q € C*([0,1]), the solution z of ([2.2)) satisfies the

estimate

/ B(x,t)q \zw(mt|dt‘
_ / / ()20 (2, )] + B, )] 20 (2, £)[?] der dt

/ / )z (@, )22z, t)dxdt—f/ / 8oz, )q(2)] 70, )2 dar it

+ [ 0@zt 1200 — a0 Otz o)l

(3.12)
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Finally, we derive the continuity estimate.

Theorem 3.4. Assume T > 0, for any (2°,2') € H}(0,1) x L?(0,1), there exists a
constant C > 0 such that the solution of (2.2)) satisfies the following two estimates:

T
/0 B D)z (1,0)dt < O 0y + 1124 o). (3.13)

T
/0 B5(0,)]2:(0,8)]*dt < C(HZOH?—I(%(OJ) + H21||2L2(0,1))§ (3.14)
50 2,(0,+) € L?(0,T) and 2,(1,-) € L*(0,T).

Proof. First, we prove inequality (3.13)). Let ¢(z) = x for = € [0,1] in (3.12)) and
noticing that 8, (z,t) = 2 ((g)z, v(z,t) = =20/ (t)z, it follows that

T
E / B(1 )| (1, 8)dt

/ E(t)dt — / / Dxzy(z, )z, (2, t) doe dt
/2
/ / 2|zm (z,t)|* da dt

T
/ [a(t)z 2 (2, )20 (2, 1) — o ()22 20 (2, )| ]dm‘ .

0

(3.15)

We estimate every terms on the right side of - By the assumption for «,

we have 1 < a(t) <1+ 02T and 0< 11+062T < B(z,t) <1 for any (x,t) € Qr, these

inequalities together with (| and the boundedness of o/ (¢) imply

/ dt—/ / t)xzy(x,t) 2, (z,t) do dt
/2 9 9
—|—/ / ;v Ze(x, t)|* dax dt
) a(t) |22 (2, 1)]

T T el 3.16
g/ E(t)dt+0/ /[|zt(3:,t)|2+|zx(x,t)|2]dmdt (3.16)
/ E(t dt+C/ / ()| ze(z, t)|* + Bz, t) |2z (2, 1) ] da dt
< CEp.

For each t € [0,T] and e(¢) > 0, it holds that
‘/ zzi(z,t) 2, (2, t) — ' (t )x2|zm(m,t)|2]dx‘
1
< / [a(t) |2t (x, )] |2 (2, B)] + o' (t) |2 (, )| *]d
0

26(,5)/0 o2 () 2o, ) Pdx + 52 / |20 (2, )] dw—i—/ o (1)) 2 (2, 1) 2da
1 ) @ el 2
26(t)/0 a(t)|ze(z, t)|7dx + | 9 +a(t)]1—a’2(t)/0 Bz, t)|ze(x, t) |7 dx.
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Choosing €(t) = 1 — o/(t), then it is easy to see

2a(t) _ a(t)
1—a2(t) 1—-d(t)

e(t) > 0 and @ =[S+ /(1)

This implies that

t t
‘/ Dz ze(m, )20 (2, 1) — o (¢ )x2|zm(:r,t)|2]dx‘ < 1_a(a)(t) (t) < 1“_( ():2E(t).
Then, using , it follows that
T
’/ Dz (w,t) 2z (x,t) — (L )x2|zx(z,t)\2]dx’ ’ < ¢5 Ey, (3.17)
0

where c5 = 264 . Therefore, combining (3.15), (3.16) and (3.17), it follows that

/ B, 1)z (1,1)dt < CEo < C(12°1 1 0,1y + 12 1 Z20,1))-

Next, we prove the 1nequahty - Let g(x) = 2 — 1 for z € [0,1] in (3.12)

and noticing that 3, (z,t) = — a(g)m, v(z,t) = =20/ (), it follows that

T
! / B(0, )]0 (0, £) 2d

/E dt_// (@ =1z ()2, (2, 1) da di
+/0 /o 6;2(t) (@ = 1)|z (2, 1) dv dt

+/O [at)(x = 1)z(z, )22 (2, 1) — &/ (t)z(z — 1)|zw(;v,t)\2]dx’j.

(3.18)

Through estimating every terms on the right side of (3.18)), similar to the derive
of (3.16)), it follows that

/ E(t dt—/ / Wz — 1)ze(x, t)z,(x,t) de dt

- (3.19)
+/0 /O 0 D o — 1) |20, |2 da dt < CF.
Since
’/ (x — V) ze(x, V)20 (2, 1) — o (H)x(z — 1)| 24 (2, 1)|*]dx
2e(x, V)| 22 (2, o (V|20 (2, )] dz,
S/O [a(®)]ze(x, )] 22 (x, )| + o' (t) |2 (2, £)|]d.
similar to the derive of (3.17)), it follows that
| / (2 = Do, )za(,1) = o' (@ = 1|z e, 6)FJda]g | < csB), (3.20)

264

where c5 = T
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From and (3.20)), it follows that

/0 B(O,t)|zm(0,t)|2dt < CEp < (||ZOH§J(§(0,1) + ||21||%2(0,1))-

Now, we give the proof of the observability inequalities.

Theorem 3.5. For T > T* where T* satisfies (1.4) and any (2°,2%) € H}(0,1) x
L?(0,1), there exists a constant C' > 0 such that the corresponding solution of (2.2))
satisfies

T
| B0l 0R > 1y 0 + 12 Fon): (3.21)
Proof. If we choose €(t) = 1 +:1(, ()t), then it is obvious that
1 1 a’?(t) 1
0 t - d 1—¢€(t)=1 2 - — = .
<elt) <3, an () =1+ e(t)>1—a/2(t) 1+ a(d)
Thus, using
9 at)x? a(t)
= 7 Blat) < ——2 —B(x,t
1 _a/Q(t)l'zﬁ(x’ ) - 1— al2(t)ﬁ(x’ )

and , it follows that

/ dtf/ / t)xzy(x,t) 2z, (z,t) de dt
+/ il
[

xz\zw(ac,t)|2 dx dt

(t)|ze(, t)|? da dt

/ / { B(x,t) 1( ))O;:(g)mQsz(x,t)P dx dt
—€(t)
2/ / 5 a(t)|z(z,t)? dz dt

(2 — )2 (t
/ / E(t)) ()];ﬁ(mvtﬂzw(xﬂf)P dx dt

1—a2(¢)

- /0 mE(t)dt

T 1
ZCE/ ——dt,
0y alt)

where ¢g = ¢3/(1 + ¢2). By (3.15), (3.17)) and (3.22)), we obtain

3/ B(1,1)|2(1 t)|2dt>cE/T !
) 0 ) z\ Ly - 6440 o 1—|—Cgt

= (2—6 log(1 + ¢oT) — ¢5) Ey.
2

I
/ 176

(3.22)

dt — Cs EO
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If we choose T™ as in (|1.4)), then it is easy to see that

T = e (29) 1), (3.23)
Co Cg
so for T > T,
T
/0 B(1,1)]z0 (1, )[?dt > C(HZO”i]é(O,l) + ||Z1H%2(o,1)),
holds for C' = %% log(1 + ¢oT') — 2¢5 > 0. O

Theorem 3.6. For T > Ty where T satisfies (1.5) and any (2°,2') € H}(0,1) x
L?(0,1), there exists a constant C' > 0 such that the corresponding solution of (2.2))
satisfies

T
| 3001z 0.0R > Oy 00 + 12 ) (3.24)

Proof. Choosing e(x,t) = WNL%W, it is easy to see that

‘a,(t)zaf(xat)zt(x7t)|
0/2(75) 5 €lz,t) 2
( ) aft)

)”*Lfgzmﬁ%JM%“¢>?

T 1-d()r o (t)x 2 lz2(,

Since z — 1 < 0 for z € [0, 1], we have

/ E(t)dt — / / (x — 1)zi(z, t) 25 (2, t) d dit
+/ / o™( x(x—1)|zx(:z:,t)|2dmdt
/ E(t dt+/ / 1_;_1 ¥| z(x,t)|? da dt

e 50 o

/ / 20/2 H)z(z — 1) B(z, )| oo D) da

1 —a2(t)a?

(3.25)

- 5/0 /0 %[a(tﬂzt(m,ﬂf +ﬁ($,t)|zw(x’t)|2] dr dt
T
> [a-awEna

T
2c*E/ ——dt,
70 Jo alt)

where ¢ = (1 — c2)cs.

From (3.18)), (3.20) and (3.25), we arrive at
1 [r ) G
- 0,6)|20(0,0)2dt > i By | ——dt — ¢5F,
5 BODE00R =GB [ iy
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T
1 ch
> ¢t E, —— dt —esEy = (S 1og(1 T) — ¢5)Ep.
> Cg 0/0 15 ot C5 L (C2 0g(1+ c2T) — ¢5)Ey

If we choose T} as in (|1.5)), then it is easy to see that

! ) —1};

77 = —{ exp(Z2
2

-
c cg

thus, when T' > T7,

T
| B0.010.08 @ > 1y 0 + 12 o)

holds for C' = 2% log(1 + coT) — 2¢5 > 0. O
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