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ABSTRACT. This article is concerned with the local boundary null-controllability
of a 1-D system of two-parabolic nonlinear equations (often referred as reaction-
diffusion system) with coupled boundary conditions by means of a scalar con-
trol. The control force is exerted on one of the two state components through
a Neumann condition at the left end of the boundary while the other com-
ponent simply satisfies the homogeneous Neumann condition at that point.
On the other hand, at the right end of the boundary, the states are coupled
through the so-called §’-type condition. Upon linearization around the station-
ary point (0,0), we apply the well-known moments method to prove the global
null-controllability of the associated linearized system with explicit control cost
MeM/T as T — 0F. Then, we show the local null-controllability of the main
system by employing the source term method developed in [29] followed by the
Banach fixed point theorem.

1. Introduction and main results.

1.1. The system under consideration. In this paper, we address the bound-
ary null-controllability result of a 2 x 2 nonlinear parabolic system with coupled
boundary conditions by means of one Neumann boundary control. More precisely,
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for given finite time 7" > 0, we consider the following system

yt—ymzf(y,z,foly,folz), in (0,7) x (0,1),

2t — Zpp = g(y,z,fol Y, fol z), in (0,7) x (0,1),

Y (t,0) = q(t), 2.(¢,0) =0, in (0,7), )
Yo(t, 1) = 2 (8, 1), in (0,7),

y(t, 1)+ 2(t,1) + ayx(t,1) =0, in (0,7),

y(0,2) =yo(z), 2(0,x)=20(z), in(0,1),

where a > 0 is some real parameter and (yo, 29) is the given initial data which we
choose from the space [L?(0,1)]?.

In the above system, a control function ¢ € L?(0,T) (to be determined) is applied
through the Neumann condition of only one state (namely y) while the other state z
simply satisfies the homogeneous Neumann boundary condition at the point = = 0.
On the other hand, the states are coupled at the boundary point x = 1 in terms
of the “equality condition of their normal derivatives” and a “combined Robin-
type condition”. In the literature, this kind of combined conditions (appearing at
the point x = 1) is typically called the ¢’-type condition, see for instance [8, p. 26,
Chapter 1.4.4] or [18]. In fact, it has been addressed in [18] that the wavefunction of
a quantum mechanical particle living on a graph often satisfies the §’-type boundary
conditions at the junction points.

The nonlinear functions f and g in (1) are given by

f(y7 2, fol Y, fol Z) = —yz+ ay2 + bz? +7r (t)y,
9(y, fol Y, fol z) =yz+cy? +d2? +ra(t)z,

where a, b, ¢,d are L>((0,T) x (0,1)) functions and
n) = [ (011 @)+t @)x(t.0)) do.
ra(t) = a /O (V12@)y(t,2) + v2p(@)2(t,2) ) da,

with a1, s are real constants and 1 j, 92 ; € L*°(0,1) for j =1, 2.

Observe that the nonlinear model (1)—(2) is actually a reaction-diffusion system
which often describes several biological phenomenon or chemical reactions. In the
literature, such system is commonly known as “Lotka-Volterra” model with diffu-
sion (without any boundary conditions and control for the moment, let say), that
sometimes characterize the dynamics of a biological system where two species: prey
and predator interact between each other; see for instance [26,31,35]. In our model,
we consider that the two species are interacting in the reference domain (through
the nonlinear functions f, g) as well as at one boundary end (through the coupled
conditions at = 1). Then, our goal is to put an external control force only on
one species from the other boundary end to locally control both the species at a
given time 7. In this regard, we refer the very detailed work [36], where several
results concerning the controllability of reaction-diffusion systems in biology and
social sciences have been addressed.
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1.2. Bibliographic comments. The parabolic boundary control systems with less
number of control(s) than equations can be a delicate issue in various situations and
that there is lack of enough mathematical tools to tackle with these systems. In
fact, unlike the scalar problems the boundary controllability for such systems is no
longer equivalent with the distributed one, as it has been proven for instance in [22].
Moreover, the very powerful Carleman technique is often inefficient in that context.
Among some fascinating works on coupled control systems, we point out [22] where
the authors have proved a necessary and sufficient condition for boundary null-
controllability of some 2 x 2 coupled parabolic system with single Dirichlet control.
A more general result regarding the controllability to the trajectories of an n x n
parabolic system with m(< n) Dirichlet controls (applied on a part of a boundary)
is available in [2]. In those works, the authors actually proved a general Kalman
condition which is necessary and sufficient for their controllability results.

To the best of our knowledge, most of the boundary controllability results for a
system with less controls than the equations are in 1-D and the reason behind is that
the spectral analysis of the associated adjoint elliptic operator helps to deal with the
so-called “moments technique” (initially developed by Fattorini and Russell [20,21])
to construct a control. In this regard, we mention that some multi-D (in cylindrical
geometry) results have been developed in [1,7], which need a sharp estimate of
the control cost for the associated 1-D problem and a Lebeau-Robbiano spectral
inequality for higher dimensions. We further refer to [3] where the authors made a
survey of several recent results concerning the controllability of coupled parabolic
systems.

The above references mainly address the parabolic systems with internal cou-
plings. Let us mention that several systems with boundary couplings use to appear
when one considers the system of pdes on metric graphs, e.g., [8,27,30]. Concern-
ing the controllability issues for such systems, we first address [16, Chapters 6, 8]
where the authors have discussed some controllability results of wave, heat and
Schrodinger systems in the network when some control(s) is (are) exerted on some
of the vertices; see also the survey paper [5]. We also refer the works [4,12,13,14]
where several controllability results have been achieved in the setting of metric graph
and certainly, in those works, the couplings are arisen in the junction points of the
graph. Very recently, the boundary null-controllability of some interior-boundary
coupled linear parabolic systems has been addressed in [10] where the boundary
coupling is chosen by means of a Kirchhoff-type condition.

In the context of controllability of nonlinear systems, let us first mention [24, Sec.
4, Chap. I] by Fursikov and Imanuvilov where a small-time local null-controllability
of semilinear heat equations has been proved using a perturbation argument. In
2000, Barbu [6], independently Ferndndez-Cara and Zuazua [23] proved the small-
time global null-controllability of semilinear heat equations where the nonlinear
functions satisfy the growth condition |s|In*?(1 + |s|). More recently, the large-
time global null-controllability has been established in [28] for the nonlinearities F
growing slower than |s|In*(1 + |s|) verifying sF(s) > 0 and + € L'([0,400)). Last
but not the least, we mention [25] where the local null-controllability of a nonlocal
semilinear heat equation has been intensively investigated along with numerical
illustrations.

In the present work, we shall deal with the local null-controllability of the para-
bolic system (1) and, as far as we know, the §’-type condition has not been treated
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in the literature from the control theoretic perspective. Moreover, we consider the
nonlocal nonlinearities in this work.

1.3. Linearized system and functional setting. For any given boundary pa-
rameter « > 0, the linearized system around the equilibrium point (0,0) is given
by

Yt — Yzz = 07 in (OaT) )

2t — Zpa = 0, in (0,7) x (0,1),

Y (t,0) = q(t), 2.(¢,0) =0, in (0,7), ()
Yo (t, 1) = 2,(¢, 1), in (0,7),

y(t, 1) + 2(t, 1) + ay.(t, 1) =0, in (0,7,

y(07$) = yo(x)’ Z(va) = ZO(x)v (07 1)

The free system, that is the set of equations (4) without any control input, can
be written in the form of an infinite dimensional system of ordinary differential
equations as follows

(5)

Y/(t) + AY (1) =
Y (0) = Yo,

where Y := (y, 2), Yo := (yo, 20) and the operator

with its domain
D(A) = {(u,v) € [H0, )] | w/(0) =0, v'(0) = 0, /(1) = v'(1),
u(1) +v(1) + au'(1) = o}.

Observe that the operator (A, D(A)) is self-adjoint in nature but still we denote the
adjoint of A by A* for more clear presentation.

1.4. Notations. Throughout the paper, C' denotes a generic positive constant that
may change line to line but does not depend on the time T or on the initial data
(4o, 20).- We also denote the following Lebesgue spaces:

(i) Z:=[L?(0,1))?

(i) M= (0, 1)),
(iii) H* = dual of the space H with respect to the pivot space Z,
(iv) H{,,(0,1) = {u € H'(0,1) : u(a) = 0}, for a € {0,1},

which shall be intensively used in the present work. The inner product in the space
Z is simply denoted by (-, ) z while we denote the dual product by (-, -) x+, x between
the space X and its dual X*. Sometimes, we write (-, -)pa to denote the usual inner
product in the space R?, d > 1. The characteristic function will be denoted by Xla,b]
in the real interval [a, b] with a < b.

1.5. Main results. We now write the main results of our present work.
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1.5.1. Local null-controllability of the nonlinear system. We have the following con-
trollability result for the system (1).

Theorem 1.1. Let f and g be given by (2) and o > 0. Then, the nonlinear system
(1) is small-time locally null-controllable around the equilibrium (0,0), that is to
say, for any given time T > 0, there is a § > 0 such that for chosen initial state
(Yo, 20) € Z verifying ||(yo, 20)||z < d, there exists a solution-control pair ((y, z),q)
with (y,z) € C°([0,T); Z)NL*(0,T; H) and q € L*(0,T) to the system (1) satisfying

(y(T,x),2(T,z)) = (0,0) Vz € (0,1). (7)

The strategy to prove Theorem 1.1 is the following:

— First, we prove the global boundary null-controllability result of the asso-
ciated linear model (4) by using the method of moments ( [20,21]) with a
proper estimation of the control cost, precisely MeM/T||(yo, 20)||z, where M
is independent in T" and (yo, 20)-

— Next, by applying the source term method introduced in [29], we prove a null-
controllability result of the linearized model with additional source terms in
L?(0,T; Z) which are exponentially decreasing as t — T, and in this step,
we notably use the precise control cost as prescribed earlier.

— Finally, we use the Banach fixed-point theorem to obtain the local (boundary)
null-controllability for our nonlinear system (1).

1.5.2. Null-controllability of the linear system. Let us now state the global null-
controllability result for the linearized system (4).

Theorem 1.2. Let any T > 0, initial data (yo,20) € Z and parameter o > 0 be
given. Then, there exists a control ¢ € L?(0,T) such that the solution (y,z) to the
system (4) satisfies (y(T,-),2(T,-)) = (0,0). In addition, q satisfies the following
estimate

lall 20,7y < Me™ T (o, 20)ll 2, (8)

where the constant M > 0 neither depends on T nor on (Yo, 20)-

1.6. Organization of the paper.

— In Section 2, we discuss the required well-posedness results for the linear
control problem (4) and its associated adjoint system (without any control
input).

— Section 3 is devoted to prove the null-controllability of the linearized system
(4). We study the spectral analysis for the associated adjoint operator in
subsection 3.1, which is crucial to apply the method of moments to construct
a null-control ¢ € L?(0,T) for the system (4) with a precise control cost as
introduced earlier (see subsection 3.5).

— In Section 4, we prove the main result of our work, that is, Theorem 1.1.

— Finally, we conclude our paper by mentioning possible extension of this work
to a more general internal-boundary coupled parabolic system related to the
present paper, see Section 5.

2. Well-posedness of the linearized system. This section is devoted to prove
the existence and uniqueness of solution to the linear control system (4).
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2.1. Existence of analytic semigroup. Let us first prove the well-posedness of
the following homogeneous system

Yt = Yoz = 91 in (0,7) x (0,1),
2t = Zpx = g2, in (0,7T) x (0,1),
yz(t,0) =0, z,(t,0) =0, in (0,7, )
Yo (t, 1) = 2, (¢, 1), in (0,7,
y(t, 1)+ z(¢,1) + ay(t,1) = 0, in (0,7),
y(0,2) = yo(z), 2(0,2) = 20(), in (0,1).
with given initial data (yg,20) € Z and source term (g1, g2) € L?(0,T; Z). We start

by proving the existence of semigroup defined by (—.A4, D(A)).

Proposition 2.1. The operator (—A, D(A)) defined in (6) forms an analytic semi-
group in the space Z.

Proof. We shall present the proof for the boundary parameter o > 0. The case
a = 0 is simpler. We prove this result into two steps.

Step 1. Let us define the usual norm on H, given by

1
2

Mwwm=(AWMM“HW@WW+AMMM?Hmmﬁw),

and the sesquilinear map h : H x H — R such that for any (u,v), (¢,9) € H
W) (e0)) = [ @@+ [ @ @s
Fu(1) + (1)) + Y]

It follows that A is continuous on H x H with
[h((u,v), (@, )] < el(u,v)ll5 (s )]l , for all (u,v), (p,) € H,

where c is a positive constant depending on a. We also have
[P((w, 0), (u,0))] > [[(u, 0) |17, = 1w, 0)|I3;, for all (u,v) € A,

Therefore, by [34, Proposition 1.51 & Theorem 1.52], the negative operator associ-
ated with h generates an analytic semigroup in Z of angle (7/2 — arctan(c)).

It remains to prove that the operator associated to h is indeed A with the domain
D(A).
Step 2. Let us define the operator (.%I, D(fl)) associated with the map h as follows.

D(A):{(a,@)em 3(f1, f2) € Z such that

h(@,0), (0. %)) = (f1, fo). (9, 0))z, Vo) € Y,
A(ia, %) = (f1, f2).

Part (i). Here we prove D(A) C D(A). Let (u,v) € D(A). Then, for all
(p,¢) € H, we have

B((,0), (¢,0))
= [ v@e @+ [ e @+ L)+ ol + o)
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Integrating by parts, we obtain
1 1
h«mmx%¢»:7/1ﬂummsz/zﬂuW@Mx+wuma>
0 0

FWP) + (1) +o(D]lp(1) + (1] (10)
We also have that «/(1) = v'(1) and u(1) + v(1) = —aw’(1). Therefore, we get from
(10)
(o). (o) = = [ W@ — [ @ie)ds

= (A(u,v), (¢, ¥)) z.
Thus, for given (u,v) € D(A) we found a pair (f1, f2) = A(u,v) € Z such that

h((u,v), (0, 9)) = ((f1, f2), (¢, 9))z for all (p,v) € H. This implies (u,v) € D(A)
and consequently, D(A) C D(A).

Part (ii). We now show that D(A) € D(A). Let (@,7) € D(A). Then, there

exists (f1, f2) € Z such that h((a,0), (p,v)) = ((f1, f2), (;o,w))z, for all (p,v) € H
with A(@,7) = (f1, f2), and accordingly,

1 1 1
/éﬂ@d@ﬂx+/fﬂ@wwa+awawﬂumwn+¢un
0 0

- /0 1 f1(@)p(x)dx + /O 1f2(x)¢(w)dm

for all (p,%) € H. Since fi, fo» € L*(0,1), by elliptic regularity theory, we have
u,v € H?(0,1). Thus, an integration by parts yields

1 1
- [ @pterin = [ @@ + 7 0e1) = 7 00p(0) + 7 (160)
—(O0(0) + ~[a(1) + B(D][p(1) + (1)

_ / Fu@)o(z)ds + / Fol2) () dz, (11)
0 0

for all (p, ) € H.
Let us first choose any (¢, ) € [H(0,1)]*> C H in (11) and as a result we deduce

fi(z) = =@ (x), fao(x)=—0"(x), foraa. ze€(0,1).
Once we have this, going back to (11), one has
' (1)e(1)=a'(0)(0)+8"(1)¢(1) = 5'(0)¢(0) + i[ﬂ(1)+@(1)][<ﬁ(1)+¢(1)] =0, (12)

for all (p,%) € H. Now consider any (p,) € H{lo}(O,l) x H}(0,1) C H, so that
we have

1
() + 2 a0) + 3001 o) =0,
that is,
(1) 4+ o(1) + au'(1) = 0. (13)
Next, by choosing any (¢,) € H%l}(O, 1) x H3(0,1) € H in (12) we obtain the

condition

@' (0) =0, (14)
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and similarly, the choice of any (p,v) € H}(0,1) x H{ll}(O, 1) C H leads to the
condition
'(0) = 0. (15)
Finally, by considering any (y,%) € H and utilizing the previous boundary con-
ditions (13), (14) and (15), the equality (12) reduces to

(#(1) - #(1) (1) = 0,
for all » € H(0,1) and this yields
@' (1) = o (1). (16)
Therefore (i, %) € D(A), which proves D(A) C D(A).
Hence, the operator associated with the sesquilinear form h is indeed (A, D(A)).
This completes the proof. O

We hereby denote the associated semigroup by (e*4);>q and the following results
hold.

Proposition 2.2. Let any parameter o > 0 be given. Then, for any Yy := (yo, 20) €
D(A) and G = (g1,92) € CH[0,T); Z), there exists unique strong solution Y :=
(y,2) € C°([0,T]; D(A)) N CL([0,T]; Z) to the system (9), given by

t
Y(t) = e Y + / e~ t=94G(s) ds. (17)
0

Proposition 2.3. Let any parameter o > 0 be given. Then, for any (yo,20) € Z
and (g1, g2) € L?(0,T; Z), there exists a unique weak solution

(y,2) € C°([0,T]; Z) N L*(0,T; H) N H*(0, T; H*)
to the system (9) which satisfies the following energy estimate

(v, Z)HCO([O,T];z) + (y, Z)HL2(0,T;H) + [ (e, Zt)HL?(o,T;H*)

< e (w0, 20)ll 5 + (9192|2072 ) (18)
where C' > 0 is a constant that does not depend in T > 0.

Proof. For given initial state (yo, 20) € Z and source term (g1, g2) € L?(0,T; Z), the
existence of a unique weak solution (y, z) € C°([0,T]; Z) can be ensured by applying
Proposition 2.1. We just need to prove the energy estimate (18).

— We start with (yo,20) € D(A) and (g1,92) € C([0,T]; Z). Then, the sys-
tem (9) has a unique strong solution (y,z) in the space C°([0,T]; D(A)) N
CY([0,T); Z) as per Proposition 2.2. Taking the inner product in Z of (9) with

1d 2
23 1), z(@)llz + (Ay (@), 2()), (y(2), (1)) 2

= ((91(”,92@)), (y(t)’ Z(t)))Zv vt € [OvT]'

Integrating by parts w.r.t. space and by applying the Cauchy-Schwarz and
Young’s inequalities, we have

30, 2N+ e, (), + aly/ (2, 1)P

< € (I (1) 2013 + 1w, 2@DIZ) e € [0,7). (19)
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Here we recall that o > 0, and then using Gronwall’s lemma (see [17, Appendix
B.2]) one can obtain the required estimate (18) for the quantity [|(y, z)||co([0,77:2)-
Then, by integrating (19) over [0,7T] and using the previous estimate, we get
the required bound for ||(y, 2)|| 20, 7;3)-

— To obtain the estimate for (v, z;) in L?(0, T; H*), we consider any (¢,v) € H
and from (9) we have

(e (t), 26(1)), (9.9)) 30 5, + (Al(1), 2(1). (0,4))
= ((91(1), 92(1), (¢, ¥)) 5, VL €0, T],
which implies
[((ye(1), 2:(1)), (o5 ¢)>H*’H|
< C(Il(y(t)aZ(t))IIH + ||(g1(t),gz(t))llz) (e, ¥)lla, V€ [0, T,

and this gives the estimation of ||(yz, 2¢)||z2(0,7;2+) as stated in (18).
Finally, by applying the usual density argument, we shall obtain the same es-
timate (18) for given data (yo,z0) € Z and (¢1,92) € L?(0,T;Z). The proof is
finished. O

2.2. The homogeneous adjoint system: backward in time. The adjoint sys-
tem to the linearized model (9) is given by

—( — (e =0, in (0,7) x (0,1),

_gt - Hzx = O» in (OaT) X ( )

C(t,0) =0, 6,(¢t,0)=0, in (0,7,

C(t, 1) =0,(¢,1), in (0,7), (20)
C(t, 1) +0(t, 1) + alx(t,1) =0, in (0,7,

C(Ta x) = CT(x)a 9(T> x) = GT(x)v ( )

with given final data ((r,0r) € Z. In fact, we have the following result.

Proposition 2.4. Let any parameter o > 0 and final data ({r,07) € Z be given.
Then, the system (20) possesses a unique weak solution

(¢,0) € C°([0,T); 2) N L*(0, T3 H) N H* (0, T3 H*)
with the following energy estimate:
1S D leoo,r1;2) + 1S D 20,7030 + 1S 0l L2 0,720
< Ce“M||(Cr, 07l (21)
where C' > 0 is a constant independent in T > 0.

Thanks to Proposition 2.1, the adjoint operator (—A*, D(A*)) (which is the same
as (—A, D(A)) but we use a different notation for better understanding) defines a
strongly continuous semigroup in Z, which ensures the existence and uniqueness of
solution (¢, 0) € C°([0,7]; Z) to (20) and moreover it can be expressed as

(¢ 0)(t,2) = e~ T4 (¢, 07)(2),  V(t,2) € (0,T) x (0,1),

_tA*)tZO denotes the semigroup defined by (—A*, D(A*)).

Then the energy estimate (21) can be obtained by applying similar technique as
described in the proof of Proposition 2.3.

where (e
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2.3. The nonhomogeneous linearized system. We now address the notion of
solution to the following nonhomogeneous system (which is forward in time) in the
sense of transposition as introduced in [15,37]. Consider the system

Yt = Yoz = 91, i (0 T) % (0,1),

2t = Zzx = 92, n (0,7) x (0,1),

Ye60) = @(0), 2(6,0) =a(t), i (0.7), )
Yo (t, 1) = z,(t, 1), in (0,7,

y(t, 1) + 2(¢, 1) + ay.(t, 1) = 0, in (0,7),

y(0,2) = yo(x), 2(0,2) =2z(z), in(0,1),

and we write the following definition.

Definition 2.5 (Solution by transposition). Let o > 0 be a given parameter. Then,
for given initial state (yo,20) € Z, boundary data (q1,q2) € L?(0,T;R?) and source
term (g1, g2) € L%(0,T; Z), a function (y, 2) € C°([0,T]; Z) is said to be a solution
to the system (22), if for any t € [0,7] and ((r,07) € Z, the following relation
holds:

((y(®), 2(0), (Cr,07)) , = (Yo, 20), €~ (1 01))
+/ ((91(5), 92(5))s €™ =94 (¢, 07))
0

—/0 <((J1(5)7Q2(3))a(ef(tfs)A*(C%9T))(O)>Rz- (23)

Let us now write the following result.

Theorem 2.6. Let o > 0 be a given parameter and (yo,z0) € Z, (¢1,92) €
L%(0,T; Z), (q1,q2) € L*(0,T;R?) be given data. Then the system (22) has a unique
solution (y, z) € CY([0,T]; Z) in the sense of transposition as given by Definition 2.5.

Furthermore, (y,z) € L?(0,T; H)NH'(0,T; H*) and it satisfies the natural energy
estimate

1w 2) ooz + 1@ D ao.re + 1@ 20) 200000,

< CeT (Il(yowo)llz + (91, 92)ll 2 (0,752) + ||(Q17Q2>HL2(O,T;]R2)) ) (24)
where the constant C' > 0 does not depend on T .

The proof for the energy estimate can be done using a similar technique as
implemented in the proof of Proposition 2.3. We skip the details.

Remark 2.7. For the nonhomogeneous system (22), we can achieve the usual
energy estimate (24) since the nonhomogeneous L?(0, T')-boundary terms g1, g ap-
pear through the Neumann conditions. This phenomenon has been broadly studied
in [32] in the context of parabolic equations with nonhomogeneous Neumann data.
We also refer [9, Proposition 2.4] where the usual energy estimate for parabolic
equations with nonhomogeneous Robin condition (with L? boundary data) has been
obtained.

3. Controllability of the linearized system: the method of moments. This
section is devoted to the proof of null-controllability for our linearized system (4),
that is the Theorem 1.2. As mentioned earlier, the method of moments helps us to
construct a boundary null-control for our system and as it is well-known, to deal
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with this method we first need to study the spectral analysis of the corresponding
(adjoint) spatial operator. We discuss about this in the following section.

3.1. Spectral Analysis of the operator A*. The eigenvalue problem associated
with the operator A* is

AU = \U, for AeC,
with U := (u,v), which explicitly looks like
—u(x) = Au(z), for z € (0,1),
-’ ) Mv(z), for z € (0,1),
'(0) =0, v'(0)=0, (25)
(1 ( );
uw(l) +v(1) +au/(1) =0, a>0.

We divide the analysis into several parts.

(x
)
)=

u
u

e Observe that the spatial operator (defined by (6)) is self-adjoint and thus, all
eigenvalues are real.

e From the set of equations (25), it is clear that u =0 < v = 0 for any A € R.

. . . . . . 1

e )\ = ( is an eigenvalue of the operator A* associated with the eigenfunction .
We denote this particular eigenfunction by ®,,, associated with the eigenvalue

Xo,1 := 0 just to be consistent with the notations introduced for the first set of

eigenfunctions given by (27).

e Assume now that A # 0 and denote y = VA € Rt. Thanks to the boundary
condition u’(0) = v'(0), we expect the solutions to (25) as

u(z) = Ay cos(uzx), wv(z)= Aycos(uzx), Vxe[0,1].

Then, the boundary conditions u/(1) = v'(1) and u(1) 4+ v(1) + au’(1) = 0 respec-
tively gives

Ajpsinp = Agpsin p, (26a)
Ajcosp+ Ascospp — aAjpsin g = 0. (26b)

The case when A; # Ao, the equation (26a) yields u = kn for any k > 1, since
i # 0. Using this information in (26b), we deduce A; = —As. Therefore, the
eigenfunctions of the first family, denote them as ®,, ,, are given by

o (),

associated with the eigenvalues A 1 := k272 for all k > 1.

In the case when siny # 0, that is Ay = Ay (# 0 since we seek for non-trivial
1), we have from (26b) that

h(p) :=2cosp —apsinp =0, «>0. (28)
(i) The case o = 0 is straightforward; we have the eigenfunctions ® A0, as follows:

 (cos((k + D)
Oy, = (cos((k + %)77;10)) , (29)
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associated with the eigenvalues A) , := (k + §)*w2 for all k > 0.

(ii) The case when « # 0, we compute that

hmm=c4wgamih(w+;h>:p4ﬁﬂa(w+;h>

have different signs which ensures the existence of at least one root of A in the
interval (k, (k+ 3)m) for all k > 0.
To prove the uniqueness, we compute
R (p) = —(a+ 2)sin p — aucos p

which has the same sign throughout the interval (km, (k4 3)7) for any k >0
and thus the required claim follows.
We denote this unique root by p1 5 and the eigenvalues by A7 5 := (ug,Q)Q €

(k?m2, (k + 3)?m?) for any k > 0. The associated eigenfunctions will be then

)\Oé
By = oSty Nea?) ) (30)
2 cos(y /AL o)

We now write the following lemma concerning the eigen-elements of A*.

Lemma 3.1. Let any o > 0 be given. Then, we have the following.

1. The spectrum of the operator A* consists of only real simple eigenvalues and
it is given by

A% = {)\k,l,/\?z}kzo’ o
where
= k'i_l 27r27 when a:07
Mot =K*7? and A\, ey ¥
€ (K*n%, (k+3)°7%), when o> 0.

The associated eigenfunctions are

cos(kmx cos(y /Af 9@
@Ak,lm—( otk )> and ®xp ,(z) = /e (33)

— cos(kmx) B cos(y/ A} o) ’

for the eigenvalues A1 and Ak respectively for all k > 0.
2. Moreover, the set of eigenfunctions {‘I)Ak,uq)x
basis in Z = [L*(0,1)]%.

?,z}kzo forms an orthogonal

The formal proof of part 1 has been already discussed before the statement of
Lemma 3.1. Further, we note that the operator A* is self-adjoint and it can be
proved that A* has compact resolvent. Consequently, the result of part 2 follows.

Lemma 3.2 (Asymptotics of the eigenvalues for o« > 0). For each a > 0, the
asymptotic of the second set of eigenvalues A , are
1

4
/\2‘72 =k%n? + > + O <k2> ,  for large enough k € N*. (34)

Proof. Recall that K2 € (kw, (k+ %)w) which uniquely satisfies the equation
2cos 1y 5 — Qi o Sin g o =0, for each & > 0. (35)
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We set uj o = km + 6;f with o € [0, §]. Then, from (35) we have

(=1)*2cos 62 — (—1)*a (km + 6%) sin 62 = 0, (36)
o 2
:>tan§k :mﬁo as k—>+OO
=0y =0 as k— +oo. (37)

Using the fact (37) in (36), one has

and thus,

O kT ——
ILL]C,Q +oo KT ak_ﬂ_

Thereafter, expressing Wi o = km+ ﬁ + 5,2‘ and substituting this in (35), one can
obtain

45¢

bk = — —a(69)? - =,
™

ak?n?

which asymptotically gives S,‘j‘ ~1oo O(1/K3). So, finally we have
o=k +i+0 i for large enough k € N*
lu‘k,Z = KT okt k3 ) g g )
and that the asymptotic expression (34) follows. O

3.2. Formulation of the control problem and approximate controllability.
Let us now present an equivalent criterion for the null-controllability of the linear
model (4).

Proposition 3.3 (Formulation of the control problem). Let any (yo,20) € Z, time
T > 0 and parameter o > 0 be given. Then a function q € L*(0,T) is said to be a
null-control for the system (4) if and only if it satisfies: for any (Cr,0r) € Z,

(w0, 20), ™™ (¢, 07)) , = /0 Tq(t>< (é) 7 (e‘”‘“““*<<T,9T))<0>>R2. (38)

We hereby introduce the observation operator
B* =1 RTINS (39)
= =0y 0)"

(recall that H = [H'(0,1)]?) and to this end, we have the following result.

Proposition 3.4 (Approximate controllability). Let o > 0 be given. Then, the
linearized system (4) is approximately controllable at any given time T > 0 in the
space Z.

Proof. Note that B*®), , = B*®,« = 1foralla > 0and k > 0. Then, by applying
the Fattorini-Hautus criterion (see [19,33]), we conclude the proposition. O
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3.3. The moments problem. Recall that for any parameter o > 0, the set of
eigenfunctions {®y}rep= of A* forms an orthogonal basis in Z (see Lemma 3.1).
Thus, it is enough to check the control problem (38) for all &) € {®)}repo. This
gives us the following.

e For any (yo,20) € Z and parameter a > 0, a function ¢ € L?(0,T) is a
null-control for the system (4) if and only if we have

T —A\T
e
/ e NI (1) = (90, 20), @5) 5, for all X € A“. (40)
0

- B,
Here, we have used the fact that
e D, =D, VA e A

We also recall that B*®, = 1 for all A € A* which ensures that the set of moment
problems (40) is well-defined and we shall solve those in the next subsections.

3.4. Existence of bi-orthogonal family. In the framework of parabolic control
theory, the existence of bi-orthogonal families to the family of exponential functions
in L2(0,T) has been extensively studied from the pioneer work [21] up to the very
recent developments. In this paper, we use [11, Theorem V.4.26 & Corollary V.4.27)
(which is similar to [7, Theorem 1.5] but with a more general set of assumptions)
to establish the following result.

Lemma 3.5. For any o > 0 recall the set A* given by (31). Then, there exists a
family (px)rxeae C L*(0,T) bi-orthogonal to (e~ *T=))ycpa, i.e.,

T - ~
/ pa(t)e AT = 05, Jforany A\, N € A”. (41)
0 :

In addition, they satisfy the following estimate
Ipall ooy < CeTeZ OVA T yae A, (42)
where the constant C' > 0 is independent in T.

Remark 3.6. Without loss of generality, we assume that all the eigenvalues are
positive. In fact, we can choose some ¢y > 0 such that A+ ¢y > 0 for all A € A%*. In
what follows, an extra factor e?° will appear in the estimation of control cost, but
without any consequences on our analysis.

Now, as mentioned earlier, we shall use [11, Theorem V.4.26] in order to prove
Lemma 3.5, and for that we need to show that the set of eigenvalues A* defined
by (31), belongs to some sector of the complex half-plane, satisfies a uniform gap
property and some asymptotic conditions on the counting function.

e The sector condition. For any v > 0, we define the sector
S8, :={2z€C|Rz>0, and |Sz| < (sinhv)Rz}.

In our case, the set of eigenvalues A® is real and so it is clear that there exists
some v > 0 such that

A CS,, (43)
for any a > 0.
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e The gap condition. Recall the set of eigenvalues given by (31) and the asymp-
totics of the eigenvalues A, for @ > 0 from Lemma 3.2. Then it can be seen
that there exists some ¢; > 0 such that we have

Akt1,1 — Apa| > ek, VE>1,
Aer12 = Akel >k, VE>1 and a >0,
and there is some k., € N* such that
|/\2,2 —Aga| >k, Vk>1,
A2 =Ml = 2, VE > k.

Remark 3.7. Unlike the case of & = 0, we note that for a > 0 the gap
between Af, and Ay 1 tends to a finite positive number as k goes to infinity
but does not tend to infinity like for the other cases. This is the reason why
we needed to compute the precise asymptotic expansions of the eigenvalues
AR o for a > 0.

Using the above lower bounds of the differences of eigenvalues and the fact
that the spectrum is discrete, we can say that there is some p > 0 such that

A — X| > p, for any A, A € A% with A # X, (44)
which is the uniform spectral gap property.

e The condition on counting function. Let N, be the counting function associ-
ated with the set of eigenvalues A% (for any o > 0) defined by

No(r)y:=#{A e A% st. [N\ <r}, Vr>0.

Our goal is to show that there exists some kg > 0 independent in the set of
eigenvalues such that

Na(r) < kor'/?, ¥r >0, (45a)
[INo(r) — No(s)] < ko (1 +|r— 5|1/2) , Vr,s>0. (45Db)
From (31), we recall that
AY = {)\kyl,)\gg}kzo.

As it is shown for instance in [11, Lemma V.4.20], it is enough to establish
the required results (45) for each of the two sets {Ag1}r>0 and {Af o} k>0
We shall show this for {Af ,}x>0 When a > 0 since the same reasoning will
be applicable for the set {)\2,2};@0 or {\k1}k>0. We denote the associated
counting function by N ».

— Let 7 > 0 be fixed. Then, N, 2(r) =k (k € N*) implies
A?—Lz <,

since {Af,}r>0 is increasing. But we have A} ;, € ((k — 1?2, (k —
%)27r2) for any k > 1, which gives

1
(k—1)*71% <7, ie, k<14 =/r
T

and the first condition (45a) follows for the counting function.
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— Let any 0 < s < r be given. Assume that [ = N, 2(s) and k = Ny 2(7)
for some I, k € N* (certainly, k£ > [). Then, using the properties of the set
{A% 2} k>0, one has

1
(k=D < /A, <Vr I+ 5)7T >\ /ARy > Vs,
which yields

3 1 31
k—1< S+ —=(Vr—Vs) <-4+ =Vr—s,
2w 2 7

and that the second condition (45b) on the counting function is true.

Since the three conditions (43), (44) and (45) are now satisfied, by using [11,
Theorem V.4.16], we can ensure the existence of a bi-orthogonal family (py)yere C
L%(0,T) to (e *T=)), . satisfying the sharp estimate as mentioned in Lemma 3.5.

3.5. Existence of a boundary null-control. Now, we are in position to solve
the set of moments problem (40) to find a control for the system (4).

Proof of Theorem 1.2. For any « > 0 and initial data (yo, z0) € Z, we consider

(=Y a, vieo], (162)
AEAX
with ¢\ (t) = ;;;T)\((ym 20), <I>)\)Zp>\(t), vVt €10,T], VA& A® (46b)

where py are given by Lemma 3.5. Observe that, the above choice of function ¢
formally solves the set of moments problem (40), thanks to the property (41) verified
by py for each \ € A®.

Now, recall that B*®, = 1 for all A € A® (see Proposition 3.4). Also, from
the expressions of the eigenfunctions given by (27)—(29)—(30), we have ||®)||z < C
for any A € A“. Using these and the L?(0,T)-estimates of bi-orthogonal family
(pPx)aeae given by (42), we obtain A € A%, that

_ Cc T
laall 220y < Ce T e ez MOV (yo, 20| 2

2
< CeTe TAei T (0, 20) |l z
< CeTe | (yo, 20) | 2, (47)

where we have used the Young’s inequality
T C?
CVA< ZA+ —, VAeA™
4 T
Using (47) we have

(e} _T
lallz20r) < Y laallzor < CeT l(yo, 20)llz Y e
AEA™ AEA

M
< Me™ ||(yo, 20)l| 2,
thanks to the fact that A® is an increasing sequence of order k? (see (31)). Moreover,

it is clear that the constant M > 0 does not depend on T or (yo, 20)-
The proof is complete. O
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4. Local null-controllability of the nonlinear system. This section is devoted
to prove the local null-controllability result for the nonlinear system (1), i.e., The-
orem 1.1. The proof will be based on the so-called source term method developed
in [29] followed by a Banach fixed point argument and to employ this we shall
extensively use the control cost Me™T l(y0,20)]|, for the linear system, given by
Theorem 1.2.

4.1. The source term method. Let us discuss the source term method for our
problem. We first consider the following system:

Yt = Yoz =&, in (0,7) x (0,1),

2 — Zpx = 1), in (0,7) x (0,1),

yfl;(t’ O) = Q(t)7 Z:c(tvo) = Ov %n (O’T)7 (48)
Yo (t, 1) = 2, (¢, 1), in (0,7,

y(t, 1) + 2(t, 1) + ay.(t, 1) =0, in (0,7,

y(0,2) = yo(z), 2(0,z) = z9(z), in (0,1).

Then, our goal is to establish the null-controllability of the above system for any
given parameter o > 0, initial data (yo,20) € Z and source terms (&,n) which
belong to some certain weighted L2(0,7T; Z) space. Let us discuss it at length in
the next couple of subsections.

4.1.1. Construction of weight functions and weighted spaces. Assume the constants
B >0, >11in such a way that
2

g
1<~y<+V2, and 6>2_,y2. (49)
We now define the weight functions
po(t) = ei(vff)%, 1
ey vt € {T <1 - 2) ,T}, (50)
ps(t) = e  G-DT=0 v

and extended them in a constant way in [0, T (1 - 'v%) } such that they are con-

tinous and non-increasing in [0,T]. Note that po(T) = ps(T) = 0 and further, we
compute that

2 _
pol) _ MR e [T (1 - 12> ,T} .
ps(t) Y

Due to the choices of v, 5 in (49), we have M(fy2 +B(y2% - 2)) <0,(y=1)>0and
therefore we conclude that

2

Po(t) <
<1, WVtelo,T]. 51
ps(t) 0.7 (5D

Let us now define the following weighted spaces:
s={ec oo | L e ro.m0.) (52)
S
v={waerornol(L.2) crora) (53)
Po  Po

— 2 q 2
Q= {qe L*(0,T) | o el (O,T)}, (54)
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where the functions py and pgs are defined in (50). The inner product on the spaces
S,Y and Q are respectively given by

(&)= [ Tp%l(t) (sw.8m) ., d veies.

T
(.5 = | s (000 0). G020 5, ¥ (0:2).G.5) € 9.
(0.0) 0 = /Tl (t)g(t)dt, Vgq,q€Q
qan' o p%(t)q q 9 q,49 .

Accordingly, the associated norms on the spaces §,) and Q are respectively
T
1
61 = | s VO it Ve (59)
2 T >
Iy, 25 ¢:/0 20 1(y(2), 2@l dt, ¥V (y,z) €, (56)
2 _ [T 1 >
lally = [ e la®Pd voeo (57)

4.1.2. Null-controllability of the linearized system with source terms. Our next re-
sult addresses the null-controllability of the inhomogeneous linear system (48) with
given source terms &, 7 from the space S and by definition of S, it is clear that
the function £ or n vanishes exponentially near ¢ = 7. With the above choice of
source functions in hand, and then by utilizing the explicit control cost M eT for
the homogeneous control system (see Section 3.5), we shall eventually show that
there exists a solution-control pair ((y, z),¢) in the space Y x Q to the system (48).
Then, by definitions of the space ) and weight function pg (see (53) and (50) resp.),
one can conclude that the solution (y,z) has to be “zero” at t = T. Precisely we
prove the following proposition.

Proposition 4.1. Let any parameter o > 0 be given. Then, for any given initial
state (Yo,20) € Z and source terms (£,m) € L?(0,T;Z), there exists a linear map
T :ZxL*0,T;Z) — Y x Q such that T ((yo, 20), (£,m)) := ((y,2),q) solves the
system (48).
In addition, we have the following estimate
a4

z
H(Po PO) co([0,T);2) H(Po P0> PollLz2(0,1)

c
gc£“T<mmeu+H(f,”)
pPs Ps

_|_
L2(0,TyH)

). @
L2(0,T;Z)

for some constant C > 0 that is independent in T.

Proof. For the given time T' > 0, let us define a sequence (T%)x>0 given by

T
Tk =7 - —

T Vk20, (59)

where v is introduced in (49), and it can be easily seen that

(0,7) = Ur>0(Tk, Try1)-
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We also note that with this choice of T}, one has

M
po(Tit2) = e™+2" "1 ps(Ty),  Vk >0, (60)
where pg and ps have been defined by (50) .
Now, our goal is to decompose (48) in (T, Tx+1) for each k > 0, into two parts:

one is only with forcing terms and zero initial data, and the other one is a homoge-
neous control system along with the initial data.

e Inhomogeneous system without control input. Let us define a sequence (ax)k>0
such that

ap = (Yo,20) € Z and apyq = (Q(T,:H),E(T,;l)), vk > 0, (61)

where (g, Z) is the unique weak solution to the system

gt - glw = 57 in (TkaTk-‘rl) X (Oa 1)7
EA—— in (Tp, Tosr) % (0,1),
gz(t70) = 07 2x(t,0) = 07 in (TkaTk+1)a (62)
gz(t7 1) = 2z(t7 1)7 in (Tk7 Tk+1)7
g(t71) +2(t71) +ag$(t71) = Oa in (TkaTk-‘rl))
G(T,) =0, 2(T;},) =0, in (0,1),
for all £ > 0. Thanks to the estimate (18) in Proposition 2.3, we get
1@, Doy msatiz) + 1@ D p2er 7,190
< O NED iy e =0 (63)
In particular, by means of (61), we have
lakilly < CCT NEM pairy iy V200 (64

e Control system without the source terms. We now consider the following ho-
mogeneous control system:

Ut — Yoz = 0, in (Tg, Tk+1) x (0,1),

3y — 240 =0, in (T, Tr+1) X (0,1),

gi(t O) = qgr(t), 2 (t’ 0) =0, in (Tkka+1)’ (65)
G (t,1) = 2, (¢, 1), in (Ty, Tht1),

gt 1) + 2(t, 1) + ag.(¢,1) =0,  in (Tg, Tkt1),

(9T ), 2T, ) = ar, in (0,1),

for all £ > 0. Using Theorem 1.2, we have the existence of a control ¢; €
L?(Ty, Ty11) with the estimate

M
Gkl 27, 1y ) < MeT 177 lag] 4, (66)
such that the associated solution (g, 2) to (65) satisfies
(9(Tyy,2), 2(T 1, 2)) = (0,0), Va e (0,1) and Vk > 0.
Combining (66) with (64), we have

M
G+l p2(r,, ) 1y 0y < Me k2" Thn lak+1ll,

< CeCT T T (6| vk 20
< Ce’ e & L2(Tx,Tey152) > -
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But ps is a non-increasing function in [Ty, Ti+1]; in what follows we have

(=
ps’ ps

Then, using the relation (60) between the weight functions py and ps, we get

, VkE>0.

L2(Tx,Try1;2)

M
||qu+1HL2(Tk+17Tk+2) S CeTeTera=Tir ps(Tk)

. £ n
s < O pnria) | (£, 2 L WEZ0. (67)
L2(Tk41,Th+2) ps’ ps L2(T Thsr:2)
Again, since pg is non-increasing, we deduce
Zers i
= 2
Po L2(Tt1,Tht2) pO(Tk+2) L2 (Tt 1.Thev2)
< CeCT (’5, 77) , VE>0.  (68)
pPs pPs L2(Tx,Tr41:2Z)
We now define the control function ¢ as follows:
q = Z (ij(Tk,TkJA) in (07 T) (69)

k>0

Recall that we have already established the L?-estimates of 9 for all k > 1 by (68).
Po

It only remains to find the L2-estimate of % But from the bound (66), we get
Po

M M
ldoll 20,7,y < Me™ [laoll ; = Me™ [|(y0, 20)ll 7 ;

and then using the fact that py is non-increasing, one has

do 1 R M u
— < i lldoll < e [[(yo, o)l
o ll 2o,y ~ lpo(T1)] po(T1) Z
My(1487)
= Me 00T (0, 20)ll  » (70)

T
where in the last inclusion, we have used the fact that 7o =T — — and po(Th) =
Y

po(To) = e~ &*BJ;JT. Now, the quantity W being positive, we eventually obtain
(by combining (68) and (70))

\ < T+ <||<yo,zo>||z+ H(§ ”)

ps’ ps
where the constant C' > 0 is independent in T" > 0.

4
Po

: (71)
L2(0,T;Z)

L2(0,T)

e Control system with the source terms. We now define

(y,2) = (4,%) + (4, 2). (72)
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Then (y, z) satisfies the following system

Yt — Yzz = &, in (Ty, Try1) x (0,1),

2y — Zgx =1, in (T, Tr+1) % (0,1),

Yo (t,0) = q(t), 2:(¢,0) =0, in (Ty, Tr11), (73)
Yo (t, 1) = 2,(¢, 1), in (Tg, Tk+1),

y(t, 1) + 2(t, 1) + ay. (¢, 1) =0,  in (Tg, Tkt1),

(y(Tky')ﬂZ(Tk>')) = Ak, in (0,1),

for all £ > 0. Note that, the solution (y, z) satisfies
(y(To), 2(Tv)) = ao = (Yo, 20),
and, for all £k > 0 we have
(y(Tkjrl) (Tl;+1)) = (y(Tk+1) (Tk+1)> + (Q(TE+1)72(TIS+1>) = Qk+1,
( (TI;:—I) (TI:_+1)) - ( (le-',-l) (le+1)) ( (T/:—+1)a2(T1:—+1)) = Qk+1-
Therefore (y, z) is continuous at T}, for all k£ > 0.

Now, applying the energy estimate (24) for the system (73), and using the esti-
mations for a4 from (64) and §xy; from (66), we have

1w, 2)lcoqmy s meializ) T 1@ 2 N L2(ry ) i)

< CeT (larslly + 1E Mo, aizy + i1l 2y 1)

< CeT (Jlapsally + 1M Loty gyizy + M2 flanal| )
< CeT (€M) 2y iy + CET ™ (€D gty 14012

M
< Ce“TeTia~T (&, 77)||L2(Tk,Tk+2;Z) ]

for all £ > 0.
Since ps is non-increasing in [T, Ti+2], we obtain from above,

<§ 77)
ps’Ps
‘(f 77)

ps ps

M
for all k > 0, since po(Ti42) = e +2~Te+1 pg(T}) (see (60)).
Using the fact that pg is non-increasing on [Tj11, Ti42], we further deduce from
(74) that

G7)

po’ Po
1

= 00(Ti+2) <H(y’Z)”CO([TkﬂkaH];Z) + ”(y’Z)HLQ(THhTHz;H))

(re'7%)
ps’ ps

(v, 2) “CO([Tk+1,Tk+2];Z) + [1(y, Z)||L2(Tk+1,Tk+2;H)

M
< CBCTe Thy2=Tht1 ps (Tk)

L2(Ty,Try2;Z)

= Ce“Tpo(Th12) ; (74)

L2(Tw,Try2;2Z)

CO([Thy1,Thy2];Z H(pO pO) L2(Tr41,Tht2:H)

< CeT ; (75)

L2(Tx,Try2;2)

for all £ > 0.
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Now, it remains to find the estimates of (y, z) in [0, T1]. Agam using the energy
28
estimate (24) we find that (also having in mind po(7y) = e~ &- 1>T)
1y, )HCO (0o.1):2) T 1(y, 2 )||L2(0,T1;7-L)
goé”(wﬂz+mwmmﬂﬁ4@mmm@ﬂ@)

< e (|lag]l, + Me™ [laoll; + [|(&,m)|
= ollz e Qollz 'y L2(0,11;2)
M~y (1+8)

M
< CeTe DT po(Th) (H(y07ZO)Hz + Me™ HGOHZ'+'H(§,ﬁ)HL2(a73;Z))'

But, pp and pg are non-increasing functions in [0, 7] and thus the above estimate

fOuOWS to:
0,7411];Z H<ﬁ0 /CO) L2(0.7
CO [ 1] ) 2( 5 1;7‘[)

H<P0 Po)
gc£“?<mm@mZ+H(f,”>

pPs Ps

. (76)
L2(O,T1;Z)>

Combining the estimates (75) and (76), we have

z
H(po Po) €O ([0,7);2) H(po p°> L20.T5#)

<C§m?<W%JﬂM+H<§7n>

pPs Ps

, (77)
L2(0,T;2)
for some constant C' > 0 independent in 7.
The above bound (77) along with (71), we achieve the required estimate (58) of
the proposition. This completes the proof. O

4.2. Application of Banach fixed point theorem. This section is devoted to
prove the local null-controllability result of our nonlinear system (1), that is Theo-
rem 1.1.

Let any parameter o > 0 be given as earlier and assume any initial data (yg, z9) €

Z such that ||(yo,20)||, < 0, where 6 > 0 will be specified later. We now define the
set

S5 :={(&,n) €S xS ¢ I€:Mlsxs <}
where the space S is defined in (52).

By Proposition 4.1, we can say that for any given source term (§,7) € S x S,
there exists a control ¢ € L?(0,T) such that the corresponding trajectory (y,z)
of the system (48) satisfies the estimate (58). In what follows, we define the map
T :6s — L*0,T;Z) by

sz fyy fy Z)>
3¢, )=< R P (78)
! 92 Jy vs [y 2)

for all (£,n) € &5, where we recall that the nonlinear functions f and ¢ are givem
by

{f(y, oy fy2) = —yrtay? + b2 +ri(t)y, (79

9(y, 2, fol Y, fol z) =yz+cy? +d2® +ra(t)z,
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where a, b, ¢,d are L>((0,T) x (0,1)) functions and

1
ri(t) = o / (1@ (t,2) + Yo (@)z(t.2)) do. (30)

r2(t) = a2 /1 (wl 2(2)y(t, ) + P22(x )Z(tw)) dz,

with 1,09 € R and ¢17j7¢2,j € LOO(O, 1), 7 =1,2.

Our goal is to prove that there exists some § > 0 such that the map § has a
unique fixed point in the set G5 and to do so, we shall apply the Banach fixed point
theorem. We begin with the following lemma.

Lemma 4.2 (Stability). There exists some § > 0 such that &5 C S x S is stable
under the map §.

Proof. We have for (¢,n) € &,

Zy fol Y fol Z)) i
Z’fol y>f01 2)

< nyz +ay® + b2 + 7"1(7f)nyg + Hyz +ey® 4+ d22 +ra(t)z

13E s = H (f ¥

SxS

I
5
Using the definition of norm in S (see (55)), we deduce from above that,

Be e <0 [ -

- Hn(t)y(t)HLz(o,l) + 220320, ) s (s1)

where C' := C(||a|| o, [|bl| oo s |I¢l| 2o, |d||L) > 0. We now estimate the terms
appearing in the r.h.s. of (81). Note that,

1 1
=00 = [ Wt)st o de <2 [ ()l + a0 . (52)

and

(@212 0,1) + 12O 200y + 22O 32000

1 1
Oy = [ Wt a2 = [ ) e (83

We also have for j = 1,2
2

Iy (D 720,1) = dx

tx/ (5 @)yt ) + o (2)2(t, 7))

<C (/0 (ly(t, 2)|” + IZ(t,x)IQ)dx> /01 ly(t, )| de, (84)

where C':= C(|ay |, |az|, ||1/11,1||Loo ) ||1/11,2||Loo ) ||¢2,1||Loo ) ||¢2,2||Loo) > 0.
Combining the above estimates (82), (83) and (84), we obtain from (81),

I3 M5 5s

T 1

<cf o5 </01 (It )" + 1=(t, ) d:c) it

4 T r1 4(t)
dxdt+C/ / Po
o Jo p3(t)
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Thanks to the fact (51), we get from (85) that

I3 ) 13xs
e /T y(o) | / v\
B o Ilpo(t) L*(0,1) \JO po(t)
T 2 1 2
+C / t) / A0 ar
0 L0,1) \Jo | po(t)
2 2 2
o / ‘ e y(0) NEQ (1) »
t) H'(0,1) po(t) £2(0,1) po(t) H'(0,1) po(t) £2(0,1)
2 2
<< |-
20" o) lleoqoriiz) 11\ po” o/ Nl 20,20

Using the estimate (58) in above, we finally arrive to the following:

2
()[yo l0> H(‘O )O) 2
CO([O T] Z L (O,T;H)

el 2
< Ce“TH (|I(yo 20l 7 + 1€l s cs)
< CefTH7 62, (86)

due to our choices of initial data ||(yo,20)]|z < ¢ and source terms (£,7) € &s.
Now, one can choose § > 0 small enough in (86) so that we have ||§(£,7)[|gxg <9
for all (¢,n) € &5. This concludes our lemma.

IS sxs < C (

The following lemma shows that § : G5 — G5 is a contraction map.

Lemma 4.3 (Contraction). There exists a 6 > 0 such that the map § defined by
(78) is a contraction map on the closed ball Gs.

Proof. Consider any two pairs (&,7;) € &5 for i = 1,2. Then, by means of Propo-
sition 4.1, there exist control functions ¢; € Q for the system (48) with solutions
(yi, z;) € Y associated to (&,n;) € & for i =1, 2.

Accordingly, we use the notations f;, g; for the nonlinear functions (see (79)—(80))
where

1 1
fi(yis zis fo wis Jo 26) = —wizi + ay? + bz? + 11 ()i,
1 1
9i (yz’,zz‘,fo Yi> [y Zz) = yizi + cyp +dz} +7ria(t)z,
with
1
rin(t) = o wll it @) + 21 (x Zztx)dxa
0
1
ria(t) = az ¢12 )i(t, @) + 22(x Zztﬂ?)dl“,
0
fori=1,2.

Then, we compute
I§(E1.m) — §(E2.m2) |5 xcs

2
—y121 + ayi + bzi 4+ ria () —y222 + ay3 + bz3 + a1 (t)y2
121 + cyi + dzf +r1p(t) s Yazo + cys + dz5 +795(t) 22

SxS
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2

—(121 —y222) +a(yi —y3) +b(27 — 23) + ria()yr — r21(t)y2
Y121 — Yoza + c(yf — y3) + d(2F — 23) + 112(t) 21 — r22(t) 22

SxS
2 2
<c / o (||y1 (H21(8) = 222117201 + 938 = BO 200
ps(
+ Hzl (t) — 23(t HLQ(O 1) + Ira )y (t) — 7“2,1(t)y2(t)||i2(0,1)

+ ||7’172(t)21 (t) — 7’22(15)22(75)”112(0’1) )dt (87)
To this end, we find
2 (8)21 () = y2(8) 22(8) | 72011
<2 (I (1) — 22O o) + 1018) = 1220201
2 2
< Cllyr )l zoe 0,1y 122(#) = 220201y
+C a2 oy I92(8) = 92(8) 220
< Clly O3 121(8) = 220220
+C )2 oy 92 (8) = w2(8)] 220y - (38)
A straightforward computation also gives
2
Hy%(t) - yg(t)HLQ(O,l)
2 2 2
< (Hyl (t)HHl(O,l) + ||y2(t)||H1(0,1)) lly1(2) — y2(t)||L2(0,1) ) (89)
and
Hzf(t) - Zg(t)HLQ(O,l)
2 2 2
< (B0 s oy + 1220 01y ) 121(0) = 22(8) a0 (90)
Next we look at the remaining terms in (87), we compute

I3 (D (8) = 721 (B)y2(D) 172011

< 2/0 P11 () (8, 2) = yo(t, 2))[* dz + 2/0 [(r1,1 (1) = 72, (8)a(t, @) | da

1 2 1
s2|a1|2\ / (11 (2)y1 () + o0 (2) 22 (1, ) ) / i (6,2) — y(t, )| da

1 1
w2 [t o) de | / (12 @) (£, ) + oy ()72 (¢, 2) )
0 0

2

1
7041/0 (z/;ljl(x)yg(t,z) +'l/)2,1($)22(t,1’))d$

1
< Cllyn(®) = v2(B) 720 /O (ly1(t.2)* + |21 (t,2)[*)dae
+ CHZ/z(t)Hiz(o,n X

| (0@ (e 2) = ot )+ s (@) 211, 2) = 2t 2)P)
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C (IO 13201 + 192101y + 1210 20)) ¥
(1 (8) = w2320,y + 1218 = 22(0) 20,1y - (91)
We similarly obtain
Ir12(8)21 () = r2,2(8)22(8) | 7201
2 2 2
< € (I O12 0 + 12O a0 + 12001 ) %
(1 (8) = 220, + 1218 = 22() 20,1y ) - (92)

Combining the estimates (88), (89), (90), (91) and (92), we obtain from (87),
that

IF(Em) — 3 m2)lirs

2

dt
z

T 1 _ ) ,
<0 [ [, 2 @) + 1), ()15 =
(s (8) = o (t), 21 () — t)HQZdt
ORI FERORENQ! ya(t) 20\ |
SC/o P (t) H(po(t po(t)) +‘ (po(typo(t)) H] X
)

(2255 20220
<|(33)- G

(GRS

where we have used the fact that pO((?) <1 (see (51)).
But, due to the linearity of the solution map (see Proposition 4.1), we have the
following estimate (by means of (58))

3) (Dl IE2)- G2
Po’ Po PoPo/ lcogo,1);2 po’ po Po PO/ 1lL2(0,1:3)

< CeCTHE ||(&,m) — (62,m2) lss -
Using the above bound and the estimate (58) in (93), we get
I8 m) = F(&2:m2)llsxs
< CeOTHT | (E1,m) — (G20m2) s X
[, 20)ll 2 + 161, M)l s s + [1(€25m2) s ]
< CeOTEES |6 m) — (&2m2) s

X

2

] ; (93)

L2(0,T;H) L2(0,T;H)

1
< 5 1€1,m) — (§2,m2) lsxs s

for chosen 0 < § < ——ctrerr.
. 2C6 + ./ . .
This proves the contraction property of the map § in the closed ball &5 provided
we start with initial data ||(yo, 20)||z < 6 and source terms in Ss. O
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We now conclude the proof of the main result of our work.

Proof of Theorem 1.1. Let any boundary parameter a > 0 and time 7" > 0 be given.
According to Lemma 4.2 and Lemma 4.3, there exists some ¢ > 0 small enough such
that if we choose the initial data (yo,20) € Z with ||(yo, 20)||z < §, then by using
Banach fixed point theorem we can ensure that the map § : G5 — &5 (defined by
(78)) has a unique fixed point (£,7) € S.

At this point, by means of Proposition 4.1, there exists a solution-control pair
((y,2),q) € Y x Q to the system (48) associated with the above source term (£,7) €
S5, which in addition satisfy the estimate (58). Then, by construction of the space
Y (see (53)) and the property tEITQ_ po(t) = 0 force the solution (y, z) to satisfy

y(T,IE) =0, Z(Tv l‘) =0, Vz € (07 1)a

which is the required boundary local null-controllability result of our nonlinear
system (1). O

5. Concluding remarks. In the present paper, we study the controllability prop-
erty of a parabolic system where the boundary couplings are posed in terms of the
0’-type condition. The linear model of our work (see (4)) simply consists of the
aforementioned boundary couplings, and no internal coupling appears. It would
be interesting if one could impose internal coupling(s) as well, for instance let us
consider the following linear system,

Yt — Yoo + k12 =10, in (0,7) x (0,1),

24 — Zpx + koy = 0, in (0,7) x (0,1),

Yo (t,0) = q(t), 2(t,0) =0, in (0,7), (94)
Yo (t, 1) = 2, (¢, 1), in (0,7,

y(t, 1)+ z(¢,1) + ay(t,1) = 0, in (0,7),

y(0,x) =yo(x), 2(0,2) =z(x), in(0,1),

with some constants (ki,k2) # (0,0). In this regard, we mention the work [10],
where the presence of a zeroth order internal coupling in a parabolic system with
Kirchhoff boundary condition leads to different controllability results w.r.t. the
position of the boundary control (i.e., on y or, on z). To study the controllability
of system (94), the main work will be to investigate the spectral properties of the
associated adjoint operator, which is not so obvious in the case of §’-type boundary
condition, and it needs further care.
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