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1 Introduction and main results
Given T > 0. For any 0 < k < 1, set

oar(t)=1+kt, fortel0,T]. (11)
Also, define the following non-cylindrical domains:

Q= {0 eR%0 <y <ax(t),t € 10,71},
andforanyO<m<m' <n' <n<l,

Qi = {0, t) e R may(t) <y < nay(8), ¢ € [0, T1},
Q= |0,8) e REmlay(8) <y < (), ¢ € [0, T1}.

Consider the following controlled wave equation:

Uy — Uyy = By, Ot e @k )
u(0,£) =0, u(o(t), ) = 0, te(0,7), (1.2)
u(y,0) = u(y), u:(y,0) = ut(y), y€(0,1),

where v € [H'(Qy)]’ is control variable,  is state variable, (u°,}) € L*(0,1) x H™1(0,1) is

any given initial value and Be Cg"(’Q\kT),

=0,  (edi\Q,
Bp.t){=1, 7,1) € Q,
€(0,1), (1n)eQ\Q.

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, pro-

L]
@ Sprlnger vided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and

indicate if changes were made.


http://dx.doi.org/10.1186/s13662-017-1284-1
http://crossmark.crossref.org/dialog/?doi=10.1186/s13662-017-1284-1&domain=pdf
mailto:cuilz924@126.com

Cui Advances in Difference Equations (2017) 2017:267 Page 2 of 12

By [1], it is easy to check that (1.2) has a unique weak solution u:
ue C([0, T;L*(0,ax(2))) N CH([0, T, H(0, ik (9)) ).

The main purpose of this paper is to study exact controllability of (1.2) in the following

sense.

Definition 1.1 Equation (1.2) is called exactly controllable at the time 7, if for any initial
value (u°,u') € L*(0,1) x H71(0,1) and any target (13, u}) € L*(0,ax(T)) x H™(0,ax(T)),
one can always find a control v € [H 1(@)]/ such that the corresponding weak solution u
of (1.2) satisfies

u(T) = ug, u(T) = u,li.
The main result of this paper is stated as follows.

Theorem 1.1 Suppose that 0 < k <1,0 < k < k. For any given T > Ty, (1.2) is exactly con-
trollable at time T in the sense of Definition 1.1.

Remark 1.1 k and T} will be defined during proof of this theorem.

There is a variety of literature on interior and boundary controllability problems of wave
equations in a cylindrical domain (see e.g. [2-6]). However, there is only little work of
wave equations defined in non-cylindrical domains. We refer to [7-14] for some known
results in this respect. In practical situations, many processes evolve in domains whose
boundary has moving parts. A simple model, e.g, is the interface of ice water mixture
when temperature increases. To study the controllability problem of wave equations with
moving boundary or free boundary is very meaningful. In [7-13], boundary controllability
for wave equations with a moving boundary has been obtained. In [7], some controllability
results for wave equations with Dirichlet boundary conditions in suitable non-cylindrical
domains were investigated. In [7], in the one-dimensional case, the following condition

seems necessary:

/ |otj (8)| dt < 0.
0

In [8-13], the above condition is removed. In [14], exact controllability of a multi-
dimensional wave equation with constant coefficients in a non-cylindrical domain was
established, while a control entered the system through the whole non-cylindrical domain.
Now we consider interior controllability for a one-dimensional wave equation with mov-
ing boundary when the moving endpoint moves along a line. Meanwhile, in our paper,
we consider locally distributed control of a one-dimensional wave equation in a certain
non-cylindrical domain. In order to overcome this difficulty, we transform (1.2) into an
equivalent wave equation with variable coefficients in the cylindrical domain and estab-
lish exact interior controllability of this equation. In [6], a one-dimensional wave equa-
tion with variable coefficients with locally distributed control in cylindrical domains was
proved. The variable coefficients are dependent of the space variable x, not dependent of
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the time variable ¢. Moreover, in the published work, variable coefficients are only depen-
dent of space variable x in most cases. Meanwhile, in our paper, the variable coefficients
are dependent of space variable x and time variable ¢. To solve this, motivated by [6], the
key point is to construct a suitable multiplier different from that in [6].

The rest of this paper is organized as follows. In Section 2, we reduce the controllability
problem of (1.2) to that of a wave equation with variable coefficients in a cylindrical do-
main. Section 3 is devoted to proving an observability inequality of a wave equation with

variable coefficients in a cylindrical domain.

2 Reduction to controllability problems in a cylindrical domain
When O < k <1,in order to prove Theorem 1.1, we first transform (1.2) into a wave equation

with variable coefficients in a cylindrical domain in this section. Set
Q= (0)1) X (O! T)¢ Q= (}’ﬂ, I’l) X (01 T); Q= (I’I’l/, I’l/) X (01 T)
To this aim, set

X = J and  wix, t) = u(y,t) = u(ak(t)x, t), for (y,t) € a]}
ai(t)

Then it is easy to check that (x, £) varies in Q. Also, (1.2) is transformed into the following

equivalent wave equation in Q:

Br(xt) vk

Wit — [ A0) Wx]x + o (t) Wix = Bv(x: t): (xr t) € Qy
w(0,¢) =0, w(l,t) =0, te(0,7), (2.1)
w(x,0) = w?, we(x,0) = wh, x€(0,1),
where
_ 1-k2x?
Vi, t) = v(aw(Ox, t) =v(y,t), Pl t) = ,
ai(t)
(%) = —2kx, w® =u0, wh=ul+ kxug,

(2.2)
=0, (xvt)eQ\Qb

B(x! t) =1, (x, t) S Qz,
€ (0’1)1 (x, t) € Ql \ QZ'

For any given initial value (W, w!) € L2(0,1) x H™1(0,1) and any control v € [H}(Q,)], (2.1)

admits a unique weak solution
we C([0, T];L*(0,1)) N C'([0, T H(0,1)).

Therefore, exact controllability of (1.2) (Theorem 1.1) is reduced to the above interior

controllability result for (2.1).
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To prove this, we first solve the following system.

Eo— [B00E ], + B85, =0, (xD)€Q
£(0,¢) =0, £(1,£) =0, te(0,7), (2.3)
‘;;:(x’ 0) = WO’ ‘i:t(x: 0) = Wl, X € (0; 1)

For any given (w°, w!) € L%(0,1) x H1(0,1), this system has a unique weak solution
g e C([0, T1;L*(0,1)) N C'([0, T H'(0,1)).

Then in order to obtain interior controllability of (2.1), we only prove interior controlla-
bility result for the following wave equation:

N — [ﬁ[iia(cg) nx]x + ZI;_((xt))nfx = Bl—/(x, t): (x1 t) € Q’
n(0,£) =n(L,¢) =0, te(0,7T), (2.4)
ﬂ(x, 0) = ﬂt(x, 0) =0, VA (0, 1).

Theorem 2.1 Let T > T. Then, for any target (w9, w) € L*(0,1) x H(0,1), there exists
a control v € [HY(Qy)]' such that corresponding weak solution n of (2.4) satisfies

n(T)=w  n(T)=wh.

Write H = [H'(Q1)], F = L*(0,1) x H™(0,1) and F’ = H(l)(O, 1) x L?(0,1). Define a linear
operator A:

A:H— F,
Ag = (ox(T)n(x, T) — kn(x, T) + yi(®)ns(x, T), x(T)n(x, T)), Vg € H.

Then A is surjective is equivalent to interior controllability of the wave equation (2.4). And
A is surjective is derived from an observability inequality of the form

|A'(2°,2") i[, > C|(z°,z1)|12:,, v(z%2") e F'(C>0), (2.5)

for the dual operator A" : F' — H' for T > T},.

3 Observability inequality of wave equations with variable coefficients
First, we define A’. A’ is described by the following homogeneous wave equation:

o)z — [B(®, )ze]x + Yk(*)zex = 0, in Q,
z(0,t) = 0, z(1,t) =0, on (0,7), (3.1)
z(0) = 2°, z:(0) = 21, in (0,1),

where k € (0,1), (2°,2!) € H}(0,1) x L?(0,1) is any given initial value, and oy, Bx and yj are
given in (2.2). Equation (3.1) has a unique weak solution,

z e C([0, T); Hy(0,1)) N C*([0, TT;L*(0,1)).
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Set B’ the adjoint of the extension operator B in (1.2), and if v € [H'(Q,)]’, then B’ :
H'(Q) — HY(Q)). Hence A’ is defined as follows:

A'(2°,2") = B (ak(0)z) = ()2, 8),  (x,8) € Q,V(2°,2") e F,

where z is the solution of (3.1). Therefore, (2.5) is equivalent to the following inequality:

|ak(t)Z|H1(Q1) >C|(2% 2| V(7)€ F. (3.2)

In the following, we shall give a proof of (3.2) by the multiplier method.
Define the following weighted energy for (3.1):

1 1
E@)= / [ (0)] 22 0| + B D)2l )| ] d for £ 0,
0
It follows that

A 1! 2 2
Ey=E(0) = 5,/0 [|z1(x)‘ +ﬁk(x,0)|zg(x)| ]dx.

We obtain the following lemma (see the detailed proof in [8]).

Lemma 3.1 Forany (2°,2%) € H(0,1) x L2(0,1) and t € [0, T, any solution z of (3.1) sat-

isfies the following estimate:
E(¢t) = ——E,. (3.3)

Equation (3.2) is derived with a special multiplier. Set

 Bralxt) —2k%x
Pk = B0 - 25 <0 k€011 x 0,D)

It is easy to check Fy(x, k) < 0, (x, k) € [0,1] x (0,1). We have

—2k2

F(1,k) = -

<F(x,k), (xk)e[0,1] x(0,1).

We see Fi(1,k) = ﬁ <0,k €(0,1). Therefore, we obtain, for any n > 0,

2
Fo2F(1,1-17)= 1_%((117_—77))2 <F(L,k), ke(0,1-n].

Hence, we derive
Fy <F(,k) <F(x,k) <0, (x,k)€[0,1] x (0,1-n]. (3.4)

Assume that A € (0,1) and a point xy € (m,n) to be unknown for now. We require the

multiplier to satisfy the following lemma.
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Lemma 3.2 Assume that p(x) be a solution of first-order linear differential equation

A-1, x € (0,m),
A x € (m, %),

p/(x) — (35)
A+ Fop(x), S (x()y Vl),

A=1+Fypx), x¢€(nl),

then there exist a unique ) € (0,1) and a unique xo € (m, n) such that p(x) belongs to C[0,1]

and satisfies

P(0) =p(1) = p(xo) = 0. (3.6)
Proof By (3.5), (3.6) and the constant variation method, it follows that

()" - 1)x =< 0’ PAS (O,Vl’l),

Gxhz0,  xelmu)
p) =1,
L[eFo—0) _1] >0, x € (x0,1),

G=1) 1, Fo(x-1)
o [e¢0o¥ Y _1]1>0, x€(nl).

Note that p(x) € C[0,1], we have
pm—0)=p(m+0),  pn-0)=p(n+0).
From this, we obtain

P Ny - (3.7)

N efoltn-1) _ 1

= R _ghm)’ X0 € (1), (3.8)

By (3.7) and (3.8), we have A_ and A, are monotone decreasing and increasing with respect

to %o and satisfy
Ao, h, €(0,1); A_(m) > A, (m); A_(n) < A, (n).

Hence there exists a unique x € (m, n) of the equation A_ = X,, the corresponding value
A==, €(0,1). O

Remark 3.1 It is easy to verify that

M £ max ‘p(x)‘ = max{!p(m)

0<x<1

p(m)}.
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In the following, we prove (3.2) by the above multiplier p(x). Multiplying the first equa-
tion of (3.1) by gz, and integrating on Q, we have

T 1 T 1
0= /0 /0 ok (B)ze (%, )p(x) 24 (%, £) dxdt—/o /0 [ B, D)z, t)]xp(x)zx(x, t)dxdt

T 1
+ /0 /0 ()2 Dp3)zsos ) dx

éDI +D2 +D3.

In the following, we calculate the above three integrals D; (i = 1,2, 3), respectively. It is easy
to check that

1 T

T 1
- / f [k (Dp(X)ze (%, D)2 (%, 8) + o (E)p ()22 (%, )22 (%, £) | dx At
0 0

/ (O 02,0, ) ]|
- /T/‘lak,t(t)p(x)zt(x, t)z(x, t) dx dt
10 T0 1 )
+§/0 /0 ak(t)px(x)‘zt(x,t)‘ dx dt, (3.9)

D,

T 5 1
—/ Bilx, )p(x) |z (x, 1) dt‘
0 0

T 1 )
+ / / [,Bk(x, t)px(x)‘zx(x, t)| + Bi(x, H)p ()2, (%, £)zex (%, t)] dxdt
o Jo

T ) 1
—/ Bi(x, )p(x) |z.(x, 1) dt‘
0 0
T 1 ,
+/o /0 Bi(%, Opx(x) |22, )| dix it
1 [T 1
+ 5/0 ﬂk(xrt)p(x)|zx(x,t)|2dt}o
T 1
—%/0 /; [Bi(x )p®)], |20, 0)* dxdit
T pl
- %/0 /0 [Bi(, £)px(®) |22 (x, O = Brx(, )p(0)| 22, )] dx dt

T 1
- % /0 /0 [ ,gf((z)t)L[ﬁk(x,t)]2|zx(x,t)|2dxdt (3.10)

and

1 T
D; = 1/0 Yk (X)p () |z (x, t)lzdx‘o-

5 (3.11)
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Write

1
i(t) £ /0 [ak(t)p(x)zt(x, 1)z (%, t) + %Vk(x)p(x)lzx(x, t)

2} dx. (3.12)

By (3.9)-(3.12), we obtain

T p1

5 /0 /0 [akmpx(x)Izt(x, O + [ - (;’i)t)}x[ﬁk(x, O 2.0, ) 2} dxdt

T p1
= / / ar(Op)ze(x, )z, (x, t) dxdt + i(0) — i(T). (3.13)
o Jo

By Lemma 3.2, it follows that

pxx)=x-1, x€[0,m]
and

px) <0, xe[0,m].
Then we have

Flo Kpl) = 22D oy > 0, () € 10,m] x [0, )

ﬁk(xl t)

and

o) < P s 21 e e) € [0,m) x [0, T,

IBk(x’ t)

From this, we have

Px(%) Bi(x, ) = Bro(x, O)p(x) < (A =D Br(x,2),  (x,2) € [0,m] x [0, T]. (3.14)
Similarly, we obtain

Px(x)Bi(x, £) — Brx(x, )p(x) < ABr(x,2),  (x,8) € [m,x0] x [0, T1; (3.15)
forany >0, k€ (0,1-1n],

px(x),Bk(xi t) - ﬁk,x(x! t)P(x) =< )‘:Bk(xr t)! (x: t) S [JC(), n] X [0: T]r (316)
and

Px(®)Bi(x, 1) = Bra(x, )p(x) < (A = 1) Bi(x,2),  (x,2) € [m,1] x [0, T]. (3.17)

By (3.13)-(3.17), it follows that for any n > 0, k € (0,1 - 7],

%/OTfmn[ak(tﬂzt(x,t)

24 B )|z, 1)} dxdt
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T
i )L;I / / [ak(t)|2t(JC, t)|2 + Br(x, t)‘zx(x, t)|2] dx dt
0 JO\(m,n)

T pl
> [ [ axatpran a0 dvds +i0) - (D).
o Jo
Therefore, we have, for any n > 0, k € (0,1 - 7],

1 T
2

1-x (T ! ) ,
= T/o /0 [Olk(t)|Zt(x,t)| +ﬂk(x,t)|zx(x,t)| ]dxdt

] [oc (8) |z (, t){2 + B, 1) |zx(, t)|2] dxdt

m

T 1
+ / / kp(x)z:(x, t)zy (%, t) dx dt + i(0) — i(T). (3.18)
o Jo

For each t € [0, T] and ¢ > 0, we have

1
()] = ‘ /0 [ak(t)q(x)zt(x, Dz t) + %yk(x)q(x)!zm, t)ﬂ dx

+k

1
/ xq(x) |zx(x, t) |2 dx
0

=

1
/ 0 (0)q(0)2:(x, £)2: (3, £)
0

1 1
5«/1+kt[i/o ak(t)|zt(x,t)|2dx+§/(; qz(x)|zx(x,t)|2dx:|

1
+ kM/ ‘zx(x, t)’2 dx
0

S1+kt 1 1+ kteM? + 2kM !
<X /ak(t)|zt(x,t)|2dx+ Ml /|zx(x,t){2dx
2e 0 2 0
N1+kt1 1
< [l of dx
0
(V1 +kteM? + 2kM)A + k) 1 !
+ - 5/ ,Bk(x,t)|zx(x,t)|2dx.
- 0

_ 1k e
Take ¢ = NI then it is easy to check that

V1+kt  (V1+kteM? +2kM)1 +kt) M1 + kt)
>0 and P - T
- -k

This implies that, for any ¢ € [0, T,

M(@1 + kt) M
i) = = E0 = T Eo.

It follows that

1
/0 [ak(t)q(x)zt(x, £)z:(x, 1) + %Vk(x)q(x)lzx(x, t)lz] dx‘: < —Eo. (319)
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For each ¢ € (0,1 — 1), we have

T 1
‘ f / kp(x)z(x, t)z, (%, £) dx dt
0 0

Tl V1= k2x2 kp(x)
V1 + ktzy(x, t) ——— 2z, (%, t) — dx dt
/o /o t(%7) 1+ kt ( )v1—k2x2

e (T 1 )
< —/ / ak(t)|zt(x,t)| dxdt
2Jo Jo

1 T 1 k22
+ _/ / ﬂk(‘x’ t)|Zx(x,t)|2 L4 (x) dxdt.
2e Jo Jo

1—k2x2
Define
k*p? (x)
G(x): m, X € [0,1]
We see

M = mg){] G(x) = max{G(m), G(n)} = max{

xel

kK*p*(m) k*p*(n)
1-k2m? 1-k2n2 |’

By (3.20), we obtain, for each ¢ € (0,1 - 1),

T 1
/ / kp(x)z,(x, £)z,(x, ) dx dt‘
o Jo

£ T 1 3 Ml T 1 9
< —/ / ak(t)‘zt(x,t)| dxdt + —/ / ,Bk(x,t)‘zx(x,t)’ dxdt.
2Jo Jo 2e Jo Jo

Take ¢ = \/M; <1 - A, then it is easy to check that

M
e="L o /M <1-2,
I

max K*p*(m) k*p*(n)
1-k2m? 1 - k2n2

}<(1—A)2.

From the above inequality, it follows that

ke(Omin{ 1-2 1-A })
T PR+ -0 ) + -2 ) )

From (3.21), we get

ke(O min{ 1-4 1-2 })
’ VPAm) + A= 1)?m? Jp* () + A= 222 ) )’

T 1 T
/ / kp(x)zs(x, )z (x, £) dx dt| < /M / E(t)dt.
o Jo 0

Page 10 of 12

(3.20)

(3.21)

(3.22)
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Write

P { 1-A 1-A 1 }
= min =N
VP m) + A= 1) Jp2(n) + A — A)*n 1

By (3.3), (3.18), (3.20) and (3.22), we derive, for each k € (0,k),

T pn
%/0 /,;,[ak(t)|zt(x’t)|2+ﬂk(x’t)|zx(x,t)|2]

T
z(l—A—Jm/ E()di~ 2 Eo

1-A—-M 2M
ln(l + kT) — —— |Ey. (3.23)
ok -k
Set
2kM
e U=—yMNA-R _ ]
Tf=—
k k
If T > T}, we have 1A F LIn(1 + kT) - > 0. Also,
1 T n 9 2
; / / [0zt 1 + B, D]z, 2) ]
1-A—JM 2M
n(l+KT) ~ = |Eo
ok -k
1-A 2M 2
> c[ R k) - 2] 0 g+ 1 ) 329

Equation (3.2) is deduced by (3.24).

Remark 3.2 We can finally check that
7% 2 ]lin}) Ty = 2max{m,1 - n}.

It is well known that (1.2) in the cylindrical domain is interiorly controllable at any time
T > T°. However, we do not know whether T} is sharp.

4 Conclusions

In this paper, we consider interior controllability for a one-dimensional wave equation in
a domain with moving boundary. When the speed of the moving endpoint is less than a
certain constant which is less than the characteristic speed, we obtain exact controllability
for this equation. In the future, we hope that we may consider controllability problem of
wave equations with free boundary.
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