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Homogeneity applied to the controllability of a system of parabolic
equations

Jean-Michel Coron, Sergio Guerrero, Philippe Martin and Lionel Rosier

Abstract— We consider a system of two parabolic equations
with a forcing term present in one equation and a nonlinear
coupling term of a particular type in the other one. We establish
a local null controllability result, even if the linearized control
system fails to be null controllable. The proof combines the
return method, a Carleman inequality and an argument based
on homogeneity. Our result can be applied to a reaction-
diffusion system from Chemistry and to the Ginzburg-Landau
equation.

I. INTRODUCTION

The control of linear (or semilinear) parabolic equations is
by now well understood since the introduction of Carleman
inequalities by Fursikov and Imanuvilov in the nineties
(see e.g. [1] and the references therein). The consideration
of systems of parabolic equations is much more recent.
The attention was paid in [2] to the null controllability of
linear control systems with constant coefficients and internal
control

w; = (DA+A)w+ 14,Bh,

w=0,

in (0,7) x Q (1)
in (0,7)x9Q  (2)

where w: (0,7) x Q — R”" is the state to be controlled,
h:(0,T) X @ — R™ is the control input, D € R"™" is a
diagonal matrix, A € R"*" and B € R are given matrices,
A=Y |<i<;0%/dx? is the Laplacian operator, ® C Q C R
is a nonempty open set (the control region), and 1 is the
characteristic function of w, defined as

lo(x) = {(1)

It was proved in [2] that the null controllability of (1)-(2)
was equivalent to the extended Kalman condition

if x € @,
if xe Q\ .

rank [Ly|B]=n Vp>1,

where [A|B] := [B,AB,A’B,...,A"~'B] is the Kalman matrix
and L, := —A,D+A, (4,),>1 denoting the sequence of
eigenvalues of the operator —A on Q with Dirichlet boundary
conditions. Thus, when D = I, the null controllability holds
whenever rank [A|B] = n, i.e. when the finite-dimensional
control system

W =Aw+ Bu
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is itself controllable. The situation is more tricky for systems
with variable coefficients or for boundary control. We refer
the reader to [3] for a survey. A challenging problem is the
issue whether the cascade system

u —Au=1gh in (0,T) x Q, 3)
vi—Av=1gu in (0,T) x Q, %)
u=v=0 on (0,7) x 9Q (5)

is null controllable when O C Q is any nonempty open set.
If a positive answer is known when @ N O # 0, the situation
is less obvious when @ NO = (. In that case, a positive
answer was given when n =1 (see [4]) or when n > 1 and
the Geometric Control Condition (required for the exact
controllability of the wave equation) holds for both the open
sets @ and O (see [5]).

Here, we are concerned with a system of two parabolic
equations with only one control input in the first equation,
and for which the linearized system fails to be null control-
lable. In [6], we proved the null controllability of the system

u—Au= f(u,v)+1ph in (0,7) x Q, (6)

Vi —Av=1u’+Rv n (0,7) x Q, @)

u=v=0 on (0,T)xdQ, (8)

where f: R xR — R is a given function of class C”
with f(0,0) =0 and R € R is a given constant. Clearly,

the linearized system around the trivial solution u =v =0,
namely

af af .
ul—Au—5(0,0)u+$(0,0)v+lwh in (0,7) x Q,
v —Av =Ry in (0,7) x Q,
u=v=0 on (0,T) x dQ,

is not null controllable, for the dynamics of v is not affected
by & and u. To prove the null controllability of (6)-(8), we
used the return method; that is, we linearized system (6)-
(8) around a (smooth) nontrivial solution of (6)-(8). Next, we
applied the classical approach based on Carleman estimates
to prove first the null controllability of the linearized system,
and next the null controllability of the original nonlinear
system. We also noticed that the null controllability fails
when the coupling term > is replaced by u?.

The aim of this paper is to generalize the above result
to more general nonlinear systems, i.e. to systems with a
nonlinear coupling term assuming a more general form than
u’. To simplify the exposition, we will assume that k = 1 in
what follows, and take a system as simple as possible. The
general case will be considered elsewhere.
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Let us consider a nonempty open set @ C Q := (0,1), and
two maps F : R? = R, (u,v) — F(u,v) and G : R? — R,
(u,v) — G(u,v) of class C. We assume that

F(0,0) = G(0,0) =0, ©)
and that
0'G .
W(0,0):O, VZG{O,,Z}, (10)
9°G
W(QO)#Q (1)
The control system we consider reads
U — yy + F(u,v) = hlg n (0,7) x Q, (12)
Vi — Ve + G(u,v) =0 in (0,7T) x Q, (13)
u=v=0 on (0,7)xdQ. (14)

Our aim is to establish the following (local) null controlla-
bility result.

Theorem 1: Let T >0 and p € (3,4o0). Then there exist
Co > 0 and & > 0 such that, for every u°,10 € Wol’w(Q) with

||”OHW1-°"(Q) < &, HVO||W1~°°(Q) < &, (15)
there exists 2 € LP((0,7T) x Q) satisfying
1/3
[18llzr0.7)x0) < o[l 1=y + 11l eiqy)  (16)
and such that the solution of the Cauchy problem
Uy —tye +F(u,v) = hly n (0,7) x Q, (17
Ve — Ve + G(u,v) =0 in (0,T) x Q, (18)
u=v=0 on (0,T)xdQ, (19)
u(0,.) =u®, v(0,.) =" in Q (20)
satisfies
u(T,.)=v(T,.)=0 in Q. (21)

We note that a similar result can be proved when the
homogeneous Dirichlet boundary condition (19) is replaced
by the homogeneous Neumann boundary condition

du Jdv

ﬁzﬁzo on (0,7) x dQ.

Let us indicate two possible applications of Theorem 1.
A reaction-diffusion system describing a reversible chem-
ical reaction [7], [8] takes the form

(22)

U = gy —ap(ul —vi) in (0,7)xQ (23)
Ve = vy +bp(uf —v7) n (0,7)xQ (24)
du Jv
So=5-=0 o (07)x9Q (25

In (23)-(24), a and b denote some positive constants, and
p and g are positive integers. The corresponding reversible
chemical reaction is pA = ¢B. If we incorporate a forcing
term hlg in (23), we obtain a system of the form (17)-(18)
with the nonlinear terms F and G satisfying the conditions
9), (10) and (11) (if p = 3). We then infer from Theorem
1 that the complete system is locally null controllable. The
same result is likely true when the exponent p in (23)-(24)

is an odd integer, while the null controllability of the system
clearly fails when p is even.
The Ginzburg-Landau equation

wi = (140w +Rw— (1+iB)|w|*w+hlg (26)

w=0 on (0,T) x dQ 27

provides a simple model of turbulence. Here, w = w(t,x) € C
is the state function, & = h(z,x) € C is the control input, and
o, B,R are real constants. The null controllability of (26)-
(27) was proved in [9], [10] with & € L*((0,T) x 0,C).
Assume now that the control % takes only real values.
Writing w = u+iv with u, v real valued, we obtain the system

e =t — O+ Rt — (1 +2) (4 — Bv) £ h1.(28)
Vo= Gt vt Ro— (@47 (Buty),  (29)

u=v=0 on (0,7) x dQ. (30)

If @ # 0, then we can prove that the linearized system is null
controllable (and the same is true for the nonlinear system).
Assume now that o = 0. The system becomes

Uy =ty + Ru— (> +v3)(u—Bv) +hly, (1)
Vv zvxx—i-Rv—(uz—l-vz)(ﬁu—Fv), (32)
u=v=0 on (0,T) x dQ. (33)

If B #0, we can apply Theorem 1 to conclude that system
(31)-(33) is locally null controllable. (Here, G(u,v) = —Rv+
(u? +v?)(Bu+v) satisfies (10)-(11).) Finally, if B = 0, then
the system fails to be null controllable. Indeed, if vo > 0 a.e.
and [|R — (u? +v2)‘|Lw((O,T)XQ> < C, then we have

v(t,.) > % >0 inQ.

The paper is outlined as follows. We sketch the proof of
the null controllability of (6)-(8) in Section 2. In Section
3, we explain why the above method of proof needs to be
strongly modified to deal with the general system (12)-(14).
In particular, a key homogeneity argument will come into
play. The proof of Theorem 1 is sketched in Section 3.

II. SKETCH OF THE PROOF OF THE NULL
CONTROLLABILITY OF (6)-(8)

In this section, we sketch the proof of the null controlla-
bility of the “toy” problem

Uy — e = 1oh n (0,7)xQ, (34)
Vi — Ve = U0° in (0,7) x Q, (35)
u=v=>0 on (0,7) x 9% (36)

that was exposed in [6]. (We dropped the terms f(u,v)
and Rv for the sake of simplicity.) The proof of the null
controllability rests on the return method introduced by
Jean-Michel Coron for Euler equations of incompressible
perfect fluids [11], [12]. Roughly speaking, we take the
linearization along a smooth nontrivial trajectory (i, v) such
that

(127‘7)\!:0 =(0,0) = (ﬁaﬁ)lt:T
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There are three steps in the proof. In the first step, we
construct the reference trajectory. In the second step, we
prove the controllability of the linearized system along the
reference trajectory. In the last step, we derive the null
controllability of (34)-(36) by a fixed-point argument.

Step 1: Construction of the reference trajectory
We need the following proposition:

Proposition 1: Let p > 0. There exists a function v =
v(t,x), ¥ # 0 such that

V€ CO (R, xRy), v(t,x) =0 for |¢t| > p or |x| > p,
V=V + 00 with i € C° (R, x R,).
The corresponding control reads then hi=1i — iy € C2 (R, x
R,). Note that p can be chosen arbitrarily small. Using a
translation, we can thus impose that

supp (h) C (0,T) x

Using a simple scaling, we see there is no loss in assuming
p = 1. Note also that the main difficulty in the proof of
Proposition 1 is the smoothness of i = (¥; — v, )'/3. This
requires to have “some control” on the behavior of ¥ in a
neighbourhood of the set {(¢,x) : ¥; —Vxx = 0}. The function
v is taken of the form

3
= ;in(t)g (2)

where r = |x|, z = r/A(t), A@t) = (1 — 1?)%,
folt) = exp(—(1 — )"y 1)(), and go € CT(R),
fECT(R), 1<i<3, and g €C(4,2), 1<i<3, are
conveniently chosen. Let k(z,r) := ¥, — Vy,. The support of
the function k is drawn in Figure 1.

] {@r); k@t,r) <0}

B {(t,r); k(t,r) > 0}
Fig. 1. Support of k =V — ¥y

Step 2: controllability of the linearized system

Let (i1,v) be the reference trajectory designed in Step 1, and
let (u,v) be the solution of the control problem (S)

lzt_lzxx:ljl]wa Ur — yy = hlg,
_ o3 3

G Vi = Vxx = U7, Vi —Vxx = U,

S _ S

) (”av)\t:O = (0,0), ) (”av)ltzﬂ = (uo,vo),
(ﬁaﬁ)\t:T = (070) (uav)|t:T = (070)

Then w = (w,wy) := (u—ii,v— V) satisfies

Wit —Wixx = (h ljl)lw,
wat— WZX)C_a(W]a )Wla
(w1, w2) =0 = (u0,v0),

where

(wi,w2) ;=1 = (0,0),

(32% +3z1220+ z%).

Note that a(0,it) = 3@> > const > 0 somewhere, say for
t1 <t <t and x € @ C ®. Thus a(z;,i) > const > 0 on
[11,02] x @y for [[z1[1=((0,7)x0) < 1.

We impose that h:=h—h be null for t < t; and for t > 1.
We aim to drive the system to 0 in the time interval [¢],%].

We can assume that [0,7] = [t,t2], a(z1,%) > const >0
for 0 <t <T, x €@, and ||z1]|1=((0,1)xq) < E-

The adjoint system to

a(zi,z2) :=

Wi = Wi = hlg n (0,7T) X Q,
W — W = a(z1, )w) n (0,7)x Q
wi=wy=0 on (0,7) x 0Q,
(wi,w2) =0 = (u0,v0) in Q
reads
— @1 — Q1 xx = a(z1,0) P2 in (0,7T) x Q,
P — Q=0 in (0,T)xQ
¢r=¢=0 n (0,7) X 99,
(@1, 92) =1 = (1.7, 92.7) in Q.

The observability inequality to be proved for ¢ := (¢, )

reads:
/\(p0x|dx<C//

To establish it, we need the followmg

Proposition 2: (Global Carleman estimate for the heat
equation [1]) There exist some constants so > 0, C > 0 such
that for every ¢ € L*(0,T,H*(Q)NH(Q))NH'(0,T,L*(Q))
and all s > 5o, we have

//(O T)Xge—sp(x)ﬂ(t)((sn)3|q|2+squ‘2

+sm) " (Igxal® + 1))

|(p1 |*dxdt.

SC(// e Sp(x>n(t)|ql+qm‘2
0,T)xQ
[ ey
(0,T)x ay

for some smooth function p(x) > C > 0 satisfying
Px(x)#0 on Q\ @y and dp/dv>0 on JQ,

and for some function 1 € C*((0,T), (0,4c0)) such that (see
[13])

t ifr<T/3,
n() = { (T—1)"' it >2T/3. 37
Recall that a(z;,i) > const >0 on [0,T] X @y. Letting g =
¢;, i =1,2 with
_(Pl,z_(pl,xx:a(zl;ﬁ)%
_(PZ.t_(PZ,xxzo
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yields for ¢ = (¢, ;) and s large enough

// e PO ()@ > +smou]
0,T)xQ
+(Sn)71(‘(pxx‘2 + |(pt|2))
< C// e PO ()3 (g1 + | ga]).
(0,7)xap

Using local energy estimates, we can drop the observation
of ¢, in the last integral term to obtain

//(0 T)Xgefsp(x)n(t)((sn)3|q)|2+Sn‘(px|2

+m) (oul* + i)

<cff (o),
(0,7) <

This yields the desired observability inequality
0,)|12 <C// PN (T e 12
190, )y <C [ e om) g

to prove the null controllability of the linearized system.
Step 3: Fixed-point argument

For ||z]|z=((0,7)xq) < 1 and (ug,vo) € L*()?, the control h
driving the system to (0,0) satisfies

[|Al|z=((0,7)x @) < Cll(u0,v0)llr2(q)2-

It can be shown that for (ug,vg) € Wol’m(Q)z, the map z —w
is continuous and compact in the space L*((0,7) x Q). An
application of Kakutani theorem yields the existence of a
fixed-point, which completes the proof.

III. PROOF OF THEOREM 1

The main difficulty in the above approach is the con-
struction of a nontrivial, compactly supported, reference
trajectory for

V — v+ G(i1,7) = 0.

One can treat the case G = Gy := cju®**! +cov, k € N,
but there is no hope to do that for an arbitrary function G

fulfilling 26 (0,0) = 0 for i < 2k and 259 (0,0) # 0.

For G = Gy, we observe that

7= 0@ as t— 0 ort—T.

We are led to assign different weights to u et v: we expand
G(u,v) with respect to the dilation

de(u,v) == (eu, e F1y).

In the general case, the consideration of the Taylor expansion
of G

G(u,v) = Go(u,v) + R(u,v)

leads to keep the reference trajectory associated with Gy, and
to consider the term R(u,v) as a disturbance to be balanced
on the time interval (0,T).

The two approaches are sketched as follows:

G=6G 2k+1
=Gy=cju +c,v

G=G+R

=1

T t

Thus, to balance the (small) term R(u,v), the control has to
be applied up to the time ¢ = T. On the other hand, in order
to limit the control effort, it is desirable to have the support
of i and its magnitude as large as possible. For simplicity,
we still assume that k = 1.

Let XX and Y denote some Banach spaces that will be
defined later on. Consider the map

A RXW,™(Q)2xX — Y
(6aUO,V07(UaV7H)) — (“AlaA%U(O) 7UO,V(O) 7‘/0)
defined by

h L —ue+F(u,v) —hly) if € #0,
1 =
Uy — U+ foU —Hl1g if =0,
8%(\1[ - Vxx+G(u7V)) if € 7é 0,

Vi =V + 1g0((U + ) — ) + g1V
if €=0,

Denoting by

dA
£ =5-—-—-(0,0,0,(0,0,0
8(U,V,H)( sy 7( s Uy ))
it holds
L(vaaH) = (Ut_Uxx+f0U_H1w7

Vi — Vi + goi’U +g1V,U(0),V(0)). (38)

To complete the proof with a version of the implicit
function theorem, one has to show that the map £ is onto.

We notice that we can pick A(¢) =€t(T —1), 0 <t < T,
(instead of A(t) = &(T? —1?)?, —=T <t < T) to construct the
reference trajectory satisfying

fiy — il + foil hle,
\7,—\7xx+%ﬁ3+g117 = 0.
On the other hand, we can as well replace f; by f} € C(R)

for any u > 0. Finally, by a simple translation we can assume
that supp @ U supp v C [0,T] x {|x —xo| < p}, with

i(0,.) = 5(0,.) = (T, .) = ¥(T,.) = 0.
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Furthermore, we can impose the following for ¢ € (0,T),
€(0,1)

a(t,x) > c1n3(t)e ERIORT; |x —xo| < A(r)/4
19lka(r,x)| < e Hrie 510 [ r=0,1,...
10/055(t,x)] < e TRe B0 1k =0,1,...

for some positive constants cj,cy,c3. The support of (i, V)
now contains a cone as t — 01 or for t — T, since

{be—x0| <A(1)/4} > {x—xo| <clt =T}

for ¢ > 0 small enough. It turns that one can still derive
a Carleman estimate for a heat equation with an internal
observation on a cone-shaped domain.

Proposition 3: (Observation on a cone) There exist some
constants sy > 0, C > 0 such that for all z € L2(0,7,H*(Q)N
H} (Q))NH'(0,T,L?(Q)) and all s > 59, we have

[ G

+(sm) " (Jzee* + 12 ?))

C(// e SP(Nf)fl(t)‘ZtJrzm‘2
(0,7)xQ

+// e—sp(t,x)n(t)s3n4|z|2>
lx—xol<A(1)/4

for a smooth function p(z,x) > const > 0 satisfying

o |p(t,x)|=1 for |x—xp| > A(1),
o pr—e<p(t,x) <p* for all (r,x) (with 0 < € < p*),
e dp/dv>0 n (0,7) x 9Q,

and 1 € C~((0,T),(0,+00)) is as in (37).
We pick

pi=s(p”+e)

in the definition of the reference trajectory (i, v). Using local
energy estimates, we obtain for any solution @ = (@;,@,) of

=01 — Q1+ foP1 + 8o @2 = h
@2 — (P2,xx+g1q)2 = h2
Q1 =¢,=01in (0,T) x dQ

the following estimate for all s > s¢
)+ 1@2(0)]1 720
ZP((sn) e +sml )
+(sm) 7 (o1l + o1 )
TP ((sm) g2 + 51 @24/)
+(m) 7 (|92l + @24 ))

(—3sp+2u)n (ST’)7

11Ol

lorra
Slural

S (/.
+//OT

n*lei)?

IS 4 ) ).

Next, proceeding as in [1], [14], we “simplify” the weights
so that they are no longer singular at + = 0. Introduce the
function

2Ty _ 3 i 2r
l(f)iz{ n(Sl_T ~1 ?£(2)T<t< 3
n) = (T —1) if 5-<r<T.

We obtain (fixing some s > s0)

19101720 + 192(0)] 72

—spl 13 2 I X2
o P lonP)

+1_1(|(p1,xx|2 + |(P17t|2))

wf[ Pl 4 lgl)
(0,T)xQ
H (| Q20 + | @217))

C (// €<73Sp+2”)llg|(p1|2
o JJO,1)xw
+// e3“‘pl(e2“lls|h12+|h2|2)>.
(0,T)xQ

We are then in a position to state a null controllability result
for a system with forcing terms. Consider the system

Wi — Wi+ fow1 =kl +Fy (39)

— W+ QoW+ g1wy = Fy (40)

on (0,T)xdQ (41)

(42)

wWo

Wy =wpy = 0

(Wi,w2) o = (Wi, w9).
Let

min

1,x).
(m)e[o,ﬂx[o,up( %)

psi=p —€<

Then the following holds.

Proposition 4: For any (w9,w9) € Wl ()% and for
any F = (F,F) with ¢P![73/2F ¢ Lz((O T)x Q) and
e3PU32F € L2((0,T) x Q), there is a pair (w,k) solving
(39)-(42) together with (w1, w2)—r = (0,0), and such that

e3Py € [2((0,T) x Q),

Py, € L2((0,T) x Q),

BP9 € [2((0,T) x Q).
Furthermore, for 0 < v < (p* —5¢)/(p* — €), we have

PP 320 € L2((0,T) X Q),

1P € L2((0,T) X Q).
We set

0:=(0,T)xQ

and we let X denote the set of functions (U,V,H): Q — R3
such that

eBsp=2m)1;=5/21; < L2(Q)
Py € LZ(Q)
BP9y« [2(0)
P32 (U, — U+ foU — H1 o) € L*0)
3P 3/2( Vxx+g0u U+gV) € Lz(Q)
(U.V) € C([0,T),H(Q)?)
U0,.) eWy™(Q), V(0,.) € W, (Q)
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The vector space X is a Banach space when equipped with
the norm

(U, V. H)||x = [|e®P 2007520 |2 )
¥V 2(0)
PN 21
+ePUI32(U, — U + foU —H1o)ll12(0)
H[PUT3(V, — Vi + g0 U +81V)ll2(g)
+||(U7V)HLN(0,T,H(} (Q)?)

HIU (0, ) lwr=(@) + 1V (0, ) lwr=()-

Let Y be the set of (y1,y2,y3,v4) € L*(Q)? x Wol’m(Q)2 such

that
P32y e 12(Q) and P1173/%y, € L2(Q).
It is a Banach space when equipped with the norm

[(r1,32,53,54) Iy

_ Hespll—3/2 3spll—3/2

yillzig) +1le y2lli2(g)

+| |y3HW1>°°(Q> +|[y4] |W1~°°(Q)

One can see that the map A: R x Wol’m(Q)2 x X =Y is well
defined and of class C', with £ = dA/d(U,V,H)(0) given
by (38). Furthermore, using Proposition 4, we have that £
is onto. The following inverse mapping theorem is needed
(see [15)]):

Theorem 2: Let E1 and E, be two Banach spaces and let
G :E|y — E; be a map of class C!. Assume that xo € E; is
such that G'(xo) : E; — E» is onto. Then there exists § > 0
such that for every y € E; with ||y — G(xo)||g, < 0, there
exists x € E; such that G(x) = y.

Corollary 1: Let By, B, and B3z be three Banach spaces,
and let F : By x B, — B3 be a map of class C'. Let (xo,y0) €
B x B, be such that %—I;(xo,yo) : By — B3 is onto, and let zg =
F(x0,y0). Then there exists 0 > 0 such that for all (x,z) €
B1 x B3 with |[x —xol|, + ||z —z0||p; < 8, there exists y € B,
such that F(x,y) =z.

Corollary 1 follows at once from Theorem 2 by letting E| =
B| x By, Ey = B] X B3, and G(x,y) = (x,F(x,y)) for (x,y) €
E;. Indeed, G is C' with

G (30,50)(003) = (o, 2 (s, 301+ 9 (x0,30)0).

y

It is clear that G’(xo, o) is onto. Therefore, there exists § >0
such that for ||x—xo||5, +||z—2z0||s; < &, one may findy € B,
such that z = F(x,y).

To conclude the proof of Theorem 1, it is sufficient to
apply Corollary 1 to the spaces By :=R x WOl “(Q)?%, By: =X,
B3 :=1Y, and the map F := A (taking (x0,y0,20) = (0,0,0)).
Then there exists some £ > 0 such that for (&,U° V?) € B
with

el <&, [|Ullyrie@) <& [Vollwi=) < &,
one may find (U,VVH) € X  such that
A(e,U%V° (U,V,H)) = (0,0,0,0). The conclusion of

Theorem 1 holds for (u%,0) € W,*()? with
0 12 0 Sf
[llwie@) < 5 IV llwie@) < 5

Indeed, the result is trivial when u® =19 = 0. Otherwise, we

let
1
016 02 5
B B L L R N
€:= + , =—, V=
&b e € &3

Then 0 < & < &1, ||[U°||y10(0) < €1, and ||[VO|y1(q) < &1.
The conclusion follows Wlth u =e(@+U), v:i=e(v+V),
and h:=¢e(h+H).
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