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Abstract

This paper concerns the approximate controllability of a class systems governed by
coupled degenerate equations. The equations may be weakly degenerate and
strongly degenerate on the boundary. It is shown that the systems are approximately
controllable by constructing the controls via the conjugate problems.
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1 Introduction
In this paper, we investigate the approximate controllability of the coupled degenerate

parabolic equations

% - div(al(x, t)Vy) +a@t)y=hxtx, &t eQr, 1)
88—: —div(ax(x, ) Vi) + co(x, )i = y(%, )Xoy, (%,2) € Qr, 1.2)

where Qr =  x (0,T), Q is a bounded domain in R”, T > 0, & € L?>(Qr) is the control
function, yx is the characteristic function, w; and w, are open subsets of Q satisfying
wNwy 79, a; € C(Qy) is positive in  x (0, T) with %% € L*(Qr) and ¢; € L*(Q7)
forj=1,2.

Equations (1.1) and (1.2) can be used to describe some physical models. For instance, in
[1] we can find a motivating example of a Crocco-type equation coming from the study
of the velocity field of laminar flow on a flat plate. It is noted that (1.1) and (1.2) may be
degenerate at some points on 92 x (0, T'). According to [2], we can prescribe the following

boundary and initial values:

yx,8)=0, (x,2) € Iy, (1.3)
u(x,t)=0, (x,t) € 2y, (1.4)
y(x,0) =yo(x), x€L, (1.5)
u(x,0) = up(x), x€, (1.6)
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where y, ug € L*(Q2) and

Y= {(x, t) € 92 x (0, T) : there exists 0 < 8§ < min{t, T — ¢} such that

t+6 1
/ dyds<+oo}, j=12.
-5 J{yeQ:ly-«|<8) aj(y,5)

Note that ¥; denotes the nondegenerate and weak degenerate part of the lateral bound-
ary, which does not include the strong degenerate part. For example, if n =1, Q = (0,1),
ay(x,t) = az(x,t) = x%, then if & = 0, the boundary x = 0 is nondegenerate part; if 0 <« < 1,
the boundary x = 0 is weak degenerate part; if « > 1, the boundary x = 0 is strong degen-
erate part. When X; = §J, the equations are in strong degeneracy at each point of the lateral
boundary.

Controllability theory has been widely investigated for the systems governed by nonde-
generate parabolic equations over the last 40 years and there have been a great number of
results (see for instance [3—5] and the references therein for a detailed account). However,
the study of the systems governed by degenerate parabolic equations just began several
years ago and there are some results (see [6—16] and the references therein). Different from
nondegenerate parabolic equations, the null controllability and the approximate control-
lability for the systems governed by degenerate parabolic equations may be inconsistent.
Indeed, if n =1, 2 =(0,1), and

ar(x,t) =%, (x,t) € Qr (@ > 0),

it is shown that the system (1.1), (1.3), (1.5) is null controllable if 0 < & < 2 [6, 9, 10, 14],
while not if @ > 2 [11], while it is approximately controllable for « > 0 [15, 16]. More gen-
erally, the authors [15, 16] proved the approximate controllability of the system (1.1), (1.3),
(1.5) governed by one single equation in the multi-dimensional case. Besides, [12, 13] are
concerned with the null controllability of the degenerate coupled equations. Particularly,
the authors studied the null controllability of the system (1.1)-(1.6) for the special case
that

n=1, Q=(0,1) and a(x,t)=ar(x,t) =% (a>0)

and showed that the system is null controllable if 0 < & < 2 in [12].

In the present paper, we prove the approximate controllability of the system (1.1)-(1.6).
That is to say, for any admissible error value ¢ > 0 and the desired datum (y4, uy) € L*(2) x
L%(Q), there exists a control function / such that the solution (y, ) to the problem (1.1)-
(1.6) approximately approaches (y4, u,) at time T, i.e.

||y(’ T) _yd(') ”LZ(Q) =e ||M(, T) - Md() ||L2(Q) =e. (1~7)

2 Well-posedness and approximate controllability
The solutions to the problem (1.1)-(1.6) are defined as follows.
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Definition 2.1 A pair of functions (y, u) is called a weak solution to the problem (1.1)-(1.6),
if y € C([0, T]; L2(R2)) N %y, u € C([0, T1; L3(2)) N B, satisfy

0
f/ (—y—(p +aVy-Vo + cly<p> dxdt — / yo(x)p(x,0)dx = ff hxe, @ dxdt,
Qr ot Q Qr

// <—u% +a2Vro1ﬁ+czu¢) dxdt—/ uo(x)w(x,())dxsz VX, ¥ dx dt
or\ 9t Q Qr

for any @ € L*®((0, T); L*(R2)) N %y, ¥ € L=((0, T); L*(RQ)) N B, with %—f, %—"; € L*(Qr) and

(Tl =¥ (-, T)lq = 0. Here, %, is the closure of C5°(Qr) with respect to the norm

12
wllz; = (/’/; a;(x, ) (Wi, tf))2 + | Vw(x, t)|2) dxdt) , WE

forj=1,2.

Similar to the single equation case (Theorem 2.1 in [15]), one can prove the following

well-posedness.

Theorem 2.1 Assume a; € C(Qy) is positive in Q x (0, T) with aiaait’ € L™(Qr) and ¢; €
7

L>®(Qr) for j = 1,2. Then for any h € L*(Qr) and yo,uo € L*(Q), the problem (1.1)-(1.6)
admits uniquely a weak solution (y, u). Furthermore, the solution (y, u) satisfies

2 2
9120 0,2y + Nl 2o o, T2 + || a1l Vil ”LI(QT) + || a2 Vul HL1(QT)
< C(Iall2(qp + ol 2y + ol 2(0)s
where C > 0 depends only on Q, T, ||c1ll.0(Qy), and ||callzo@r)-

Remark 2.1 If u € %, then uly, =0 in the trace sense, while there is no trace on (02 x
(0,7))\ % in general.

The study of the approximate controllability of the system (1.1)-(1.6) is related to its

conjugate system

—% —div(a1 (% 5)Vz) + 1%, 1)z = Ve, (%,0) € Qr, (2.1)

—% —div(ax(x, OVv) + 2 (x,t)v=0, (x,1) € Qr, (2.2)

z(x,£) =0, (x,t) € Xy, (2.3)

V(x; t) = Or (x’ t) € 22, (24)

z(x, T) = z9(x), x€, (2.5)

vix, T) =vo(x), x€Q. (2.6)
Define the mapping

LA — Lo x(0,T)),  (20,v0) — Zay
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where 27 = L2(Q) x L*(Q) with the norm

[ wa)|| = (w122 + IwaliZary)'>s (Wi, ws) € .
A () (22)

Proposition 2.1 The conjugate problem (2.1)-(2.6) possesses the property of unique con-
tinuation. That is to say, ifz=0a.e.in w; x (0,T), thenz=v =0 a.e. in Qr.

Proof From (2.1) and z =0 a.e. in w; x (0,T), one gets v=0 a.e. in (w; Nwy) x (0, T). For
sufficiently small § > 0, denote

Qs = {x € Q:dist(x, 02) > 8}.

Since (2.2) is nondegenerate in Q25 x (0, T'), one gets from the classical unique continuation
[17]v=0a.e.in Q5 x (0, T). It follows from the arbitrariness of § that v = 0 a.e. in Q7, which
also shows that z satisfies the homogeneous equation. Then the same discussion as for v
leads to z =0 a.e. in Q7. O

Define the functional

T
]((ZO:VO)):%‘/.O /|$((Z01V0))(x»t)i2dxdt+€||(ZO:V0)||%0

_((yd: le), (Z(),V()))%, (207 VO) € %,
where ((-,-), (-,)) s is the inner product in JZ.

Proposition 2.2 J(-) is strictly convex and satisfies

20, V
. J((z0,v0)) - 27)
Izo.v0)ll e —+00 (20, vo)ll 22
Furthermore, J(-) reaches its minimum at a unique point (29, Vo) in H and
(20,70) =0 aeinQ <+ ||(yd, Ug) ||jf <e. (2.8)

Proof Note that .7 is a linear operator, one can easily prove that J(-) is strictly convex
and continuous. Now we prove (2.7) by contradiction. Otherwise, there exists a sequence
{(zg(), ng) )iy C A satisfying

J(ZP,v5))

lim || (237, v)]|| ,, = +o0 S0 0 (2.9)
’ I ’ k k
k00 k=00 (280, Vi) e
Define

® K
(0 ~(k) (z9",vo")
(ZO’VO):W’ k=1,2,....

l(zy "5 vy Ml
() ~(k

There exists a subsequence of {(z;, ))},‘ﬁl, denoted like the sequence for convenience,
which weakly converges in ¢ to a function (2o, 7o) € ¢ with ||(Zo, V)|l # < 1. De-
note by (z,7) and (Z®,7%) the weak solutions of the conjugate problem (2.1)-(2.6) with
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(z0,v0) = (20, Vo) and (zg,vp) = (2(()k), ﬁgk)), respectively. Then it follows from Theorem 2.1
that (z®,70) converges weakly in ./ to (Z, 7). Additionally, (2.9) yields

T
lim f |2 (EL, 7)) @, 0 dxdt = 0.
0 w]

k—00

Hence

T T
fo f 2 (o, 70)) @ 1) dxdt < limint /O / |2 (EP, 7)), 0)|* dxdt =0,
w] w1

[e.¢]

which, together with Proposition 2.1, leads to (z, V) = (0, 0) in Qr and thus (Zo, V) = (0,0)
in Q. Thus

o L)
k k — k k
k=00 (|28, v )| k=00 1(zW, 0|

J(Z0,v)) o lim (O ta), (20 VN e

which contradicts (2.9) and completes the proof of (2.7).

From (2.7), the strict convexity and the continuity of J(-), /(-) must achieve its minimum
at a unique point in .77.

Finally, we prove (2.8). On the one hand, if ||(y4, #a)|| s# < ¢, it follows from the Holder
inequality that

J((z0,v0)) =0, (20, 0) € K,

and thus (2o, 7o) = (0, 0). On the other hand, if (Zg, o) = (0,0), then

%]((Tyd: Tug)) =0, 1>0,

E/fD L2 (0 00)) 6 O et + | Gy )|y — |G ia)|2, 2 0, 750,

Letting 7 — 0 yields ||(yq, uq) || ¢ < e. O

Now, we are ready to prove the approximate controllability of the system (1.1)-(1.7).

Theorem 2.2 Assume a; € C(Qr) is positive in Q x (0,T) with ai% € L™(Qr) and
/)

¢; € L*(Qr) for j =1,2. The system (1.1)-(1.7) is approximately controllable. That is to say,

for any given yo, uo, Y4, ug € L*(Q) and & > 0, there exists h € L>(Qr) such that the weak

solution (y,u) to the problem (1.1)-(1.6) satisfies (1.7).

Proof Since equations (1.1), (1.2) are linear and the terminal data y,, u, are arbitrary, one
can assume that

yolx) =0, uplx) =0 aexeQ (2.10)
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without loss of generality. Otherwise, one can divide (y, &) into two solutions; one solves
the fixed system with nonhomogeneous initial data and the other solves the control system
with homogeneous initial data.

Let (2o, Vo) be the unique point of minimum of /(-) and denote by (z, V) the weak solution
of the conjugate problem (2.1)-(2.6) with (zo, vo) = (20, V0). Below, let us show that 4 = Z is
a control to the system (1.1)-(1.7) under the assumption (2.10) by distinguishing into two
cases.

The case ||(y4, u4)|| 2 < €. In this case, Proposition 2.2 yields (Zo, o) = (0,0) a.e. in Q
and thus (2,7) = (0,0) a.e. in Qr from the uniqueness result in Theorem 2.1. Therefore
h =0 ae.in Qr and thus (y,u) = (0,0) a.e. in Qr, which leads to

1o T) = 9a()uls T) = ua()) | Ly = | Garua) |, <&

First of all, we have the case ||(y4, ua4)|| s+ > €. In this case, Proposition 2.2 yields (2o, Vo) #
(0,0). For any (0o, ¥o) € -7, denote by (0, {) the weak solutions of the conjugate problem
(2.1)-(2.6) with (zg, vo) = (6o, ¥o). Since (Zg, Vo) is the unique point of minimum of J(-), one
gets

(0, V0), (B0, ¥0)) .
1o, Vo)l 2

T
/ / 2(x, )0 (x, t) dx dt + & —(as #a)s (B0, ¥0)) ,,, =0.  (211)
0 w1

It follows from the definition of the weak solution (y, #) to the problem (1.1)-(1.6) with (1.7)
and / = z that

)
// —yedxdt+// a1Vy~V9dxdt+// c1y6 dx dt
Qr ot Qr Qr

=f/ ZXw 0 dxdt, (2.12)
Qr
a
// —uwdxdt+// zzZVu-dexdt+// cuy dxdt
Qr at Qr Qr
=f/ YXwp W dx dt. (2.13)
Qr

Additionally, the definition of the weak solution (6, ¥) of the problem (2.1)-(2.6) gives

9
// e—ydde// a1V9~Vydxdt+// 10y dxdt
Qr ot Qr Qr

[ Wrxydsars [ o1 as (2.14)
Qr Q
f wa—udxdt+// asz-Vudxdt+// coYudxdt
or 9Ot Qr Qr
= / Vo(x)u(x, T) dx. (2.15)
Q

From (2.12)-(2.15), one can get

// ZXw 0 dxdt =/ Yox)ulx, T) dx +/ 0o (x)y(x, T) dx. (2.16)
Qr Q Q
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Combining (2.16) with (2.11) yields

’

fg (yal®) y(x, T))Bo ) dx + / (1a(x) = o, 7)) W) e =  SC0 10 G Vo))

Q 1Zo, Vo) ll 22

which implies (1.7) due to the arbitrariness of (6, Vo) € 7. O
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