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ABSTRACT. Controllability of coupled systems is a complex issue depending on
the coupling conditions and the equations themselves. Roughly speaking, the
main challenge is controlling a system with less inputs than equations. In this
paper this is successfully done for a system of Korteweg-de Vries equations
posed on an oriented tree shaped network. The couplings and the controls
appear only on boundary conditions.

1. Introduction and main result. Partial differential equations (PDE) appear
in many contexts to model different phenomena. Most of time, these equations are
coupled and their study gets much more difficult than when a single equation appear.
The control of such systems is not the exception and thus it is very important to
understand how we can get controllable systems by using the properties of the single
equations and the couplings.

The most known PDE are parabolic and hyperbolic equations. Thus, it is very
natural to find many works concerning the controllability of coupled systems involv-
ing them. If we restrict our attention to boundary controllability, which is the main
issue of this paper, we can mention among a huge literature, [1, 5, 16] for parabolic
equations and [3, 13, 19] for hyperbolic equations.

In this context, a network is a particular kind of coupled systems in which dif-
ferent PDE are posed on different domains (edges of the network) with coupled
boundary conditions (acting on the nodes of the network). Depending on the topol-
ogy of the structure edges-nodes we define star-shaped, tree-shaped or just general
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networks. For this particular kind of coupled systems we already find some bound-
ary controllability results. In fact, we can mention [7] for parabolic systems and
[4, 14, 15, 18, 21, 25] for hyperbolic systems.

In this work, we are interested in the controllability of oriented networks for
the Korteweg-de Vries (KdV) equation. In the literature there is already a good
understanding of the control of the single KdV equation. When we deal with the
KdV equation with homogeneous Dirichlet conditions and right Neumann condition
on a bounded domain, the length L of the interval where the equation is set plays a
role in the ability of controlling the solution of the equation (]9, 12, 23]). Indeed, it
is well-known that if L = 27, there exists a stationary solution (y(z,t) = 1—cosz) of
the linearized system around 0 which has constant energy. More generally, defining
the set of critical lengths

2 2
N:{2W1/I€+I;)ZH,/€,IEN*},

one can recall that the linearized equation around 0 is exactly controllable with
only one right Neumann control if and only if L ¢ N (see [23]) and the local exact
controllability result holds for the nonlinear KdV equation (using a fixed point
argument) if L ¢ A. Further results show that the nonlinear KdV equation is in
fact locally exactly controllable for all critical lengths contrary to the linear KdV
equation (see [8, 10, 12]). See also [9] and [24] for a complete bibliographical review.

As we have a rather complete understanding of the boundary controllability of
this equation, we deal here with the KdV equation posed on a network. Recently, we
find two papers dealing with the controllability of the KdV equation on a network.
In both, the topology considered is a star-shaped network, having in this way one
central node and several external nodes. These two papers giving a positive answer
to the controllability of the nonlinear KAV equation on network are [2] with N + 1
boundary controls for N edges (the main topic of that work is the stabilization)
and [11] with N boundary controls for N edges.

Generally speaking, the main differences between papers [2] and [11] and the
present work are: the sense of the propagation of the water wave on the first edge;
the transmission conditions at the central node; and the fact that we improve the
previous results having one control less here.

More precisely, in this paper we consider a tree-shaped network R of (N + 1)
edges e; (where N € N*), of lengths I; > 0, ¢ € {1,..,N + 1}, connected at one
vertex that we assume to be 0 for all the edges. We assume that the first edge
ey is parametrized on the interval I} := (—I;,0) and the N other edges e; are
parametrized on the interval I; := (0,1;) (see Figure 1).

On each edge we pose a nonlinear Korteweg-de Vries (KdV) equation. On the
first edge (i = 1) we put no control and on the other edges (i = 2,--- N + 1) we
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FIGURE 1. A tree-shaped network with 3 edges (N = 2)

consider Neumann boundary controls. Thus, we can write the system

(yi,t + Yi,x + Yi,xxx + yiyi,a:)(xvt) = 07 1€ {1a T 7N + 1}7 HANS Ii7 t> 07
y1(=l1,t) =0, t>0,
yi(liat) =0,
Yiw(liyt) = hi(t), Vie{2,---,N+1},t>0,
y1(0,t) = a;:(0,1),
N+1 (1)
yl,fb(ovt) = Z Blyl,:r(o7t)v t> 0,
N
2z(0,t) = —_ izzoata t>0,
nas0.0)= 3 1 a0
yl(xvo):ylo(x)v Vle{l, ,N—Q—l},xe[l,

where y;(x,t) is the amplitude of the water wave on the edge e; at position x € I;
at time ¢, h; = h;(t) is the control on the edge ¢; (i € {2,---, N + 1}) belonging
to L?(0,T) and «; and 3; (i € {2,---, N + 1}) are positive constants. The initial
data g0 are supposed to be L? functions of the space variable.

It is worth to mention that the transmission conditions at the central node 0 are
inspired by the recent papers [20] and [6]. It is not the only possible choice, and
the main motivation is that they guarantee uniqueness of the regular solutions of
the KdV equation linearized around 0 (see [6, 26]). A characterization of boundary
conditions that imply a well-posedness dynamics for the linear Airy-type evolution
equation (u; = Qugey + fu,, where « € R*) 8 € R) on star graphs of half-lines are
given in [20].

Let us introduce some notations. First, for any function f: R — R we set

fi = fle; the restriction of f to the edge e;.
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In the sequel, we shall use the following notations :
L*(R)={f:R—R, f; € L*(I;),Vi € {1,...,N + 1}},
HyR)={f:R—=R, fie H(I;),Vi e {1,..,N + 1},
fi(=l) = fi(l;) =0, f1(0) = a; f;(0),Vi € {2,.., N + 1}}.

For shortness, for f € LY(R) = {f: R =R, fi € L'(I;), Vi€ {1,...,N +1}} we
often write,
N+1

0 l;
/R fdx = B fi(z)da + ; /O fi(z)da.

Then the inner products and the norms of the Hilbert spaces L?(R) and Hi(R) are
defined by

1122 ) = /R 12z and (f,g) 12, = /R J(@)g(a)da,

g = [ 16 de and (Foghigyimy = [ frlalan(a)d

The main goal of this paper is to study the controllability of the nonlinear KdV
equation on the tree shaped network of N + 1 edges with N controls. The control-
lability problem can be stated as following. For any T > 0, I; > 0, yo € L?*(R)
and yr € L?(R), is it possible to find N Neumann boundary controls h; € L?(0,T)
such that the solution y to (1) on the tree shaped network of N + 1 edges satisfies

y(»o) = Yo and y(7T) =yr ?

The main result of this paper gives a positive answer if the time of control is
large enough and the lengths of the edges are small enough.

Theorem 1.1. Let l; > 0 satisfying

min(1, %) 1/2 1
L:= max [; <3« ( 2 N By ) (2)
i N+1

o
i=1,-, i

max(1, 375-)

and assume that
N

+
—

1 N+1
— <1 and > B=1 (3)
g =2

I|
o

i
There exists a positive constant Ty, such that the system (1) is locally exactly
controllable in any time T > Tyi,. More precisely, there exists v > 0 sufficiently
small such that for any states yo € L*(R) and yr € L*(R) with

1Yol L2my <7 and  lyrllp2zy <7,

there exist N Neumann boundary controls h; € L?(0,T) such that the solution y to
(1) on the tree shaped network of N + 1 edges satisfies y(-,0) = yo and y(-,T) = yr
for T > Thin-

Remark 1. A same type of result can be obtained for a general tree with N + 1
external vertices, we get the controllability result with only N Neumann controls.
For a sake of clarity on the notations, we choose to write our result for a simplified
tree with only one internal vertex.
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Remark 2. An open problem is whether it is possible to reduce the number of
controls at the external vertices and still having a control result. What is clear is that
if we make zero one of our controls h;, then in that branch i the exact controllability
does not hold anymore. It is known that the single KdV equation controlled from
the left (here, through the couplings) is null controllable only [17]. Regarding other
similar systems, we can mention the well known result of controllability of the wave
equation on a network where we can reduce the number of control if the ratio of
the lengths is not rational (see for instance [14]). In our case the conclusion is not
easy to obtain.

In order to prove Theorem 1.1 we prove first the exact controllability result of the
KdV equation linearized around 0. Our proof is based on an observability inequality
for the linear backward adjoint system obtained by a multiplier approach. We recall
that the KdV equation linearized around 0 writes

yi,t(xat) + yi,fc(xat) +yi,rzz(x7t) = 07 Vi S {17 e aN + 1}7 T e Iia t> 07
yl(—ll,t) = 07 t> 0,
yi(li,t) =0,
Yiae(list) = hi(t), Vie{2,--- ,N+1},t>0,
yl(oat) = aiyi(ovt)a
N+1
y1.2(0,t) = Y Bigix(0,1), t>0,
N
yl,ﬂfﬁ?(oﬂt) = ZZ Eyl,$$(0at)7 t > 07
y(z,O) = yO(gj)a reR.

(4)
We then get the local exact controllability result of the nonlinear KdV equation
applying a fixed point argument. The drawback of this method is that we do not
obtain sharp conditions on the lengths [; and on the time of control Ty,;,. However,
we get an explicit constant of observability.

The paper is organized as follows. Section 2 is devoted to the necessary pre-
liminary step dealing with the well-posedness and regularity of the solutions of the
linear and nonlinear KdV equation. Section 3 will develop the proof of the local con-
trollability result stated in Theorem 1.1 with a first step concerning the linearized
KdV equation and a second step dealing with the original nonlinear system.

2. Well-posedness and regularity results. In this section, we follow [23] (see
also [2, 9, 11]). We first study the homogeneous linear system (without control),
then the linear KdV equation with regular initial data and controls, and by density
and the multiplier method, with less regularity on the data. Secondly, we consider
the case of the linear system with a source term in order to pass to the nonlinear
KdV equation by a fixed point argument.

2.1. Study of the linear equation. We begin by proving the well-posedness of
the linear KdV equation (4) with h; = 0 for any ¢ € {2,--- , N + 1}. We consider
the operator A defined by

A Y= (yla e 7yN+1) € D<A) C L2(R) — Yz — Yzaa S LQ(R)a



6 EDUARDO CERPA EMMANUELLE CRPEAU AND JULIE VALEIN

with domain
N+1
D(A) = {y e (H HS(L-)> nv
i=1

N+1
{yGHH2 Yy (—h) =yilly) =vie(li) =0 (i €{2,--- ,N+1}),

N+1

yl,zm(o) - Z aiyi,mm(o) }7

=2

where

N+1

51(0) = ai(0) (i€{2 N+1}), 41200 Zﬂzym )}

Then we can rewrite the homogeneous linear KdV equation (4) Wlth h; = 0 for any
ie{2,---,N+1} as
{ ye(t) = Ay(t), t>0, )
y(0) = yo € L*(R).
It is not difficult to show that the adjoint of A, denoted by A*, is defined by
A* iz = (21, ,2n41) €ED(A*) C LA(R) = 22 + Zows € L*(R),

with domain

D(AY) =
N+1 N N+l +1
{Z € <H2 H3(11)> nv Zl,xaﬁ(o) = Z; ;izi,xw <Z 722 - > ) }a
where
N+1
= {Z S H H2 ‘Zl ll) = Zl(ll) = Z17$(—l1) =
1
21(0) = €70, 21.0(0) = 5 20004 € {2, N +1) }
Proposition 1. Assuming that
N4l N+1
Z@Sl and Y B <1, (6)
=2 =2
the operators A and A* are dissipative.
Proof. We first prove that the operator A is dissipative. Let y = (y1,- -+ ,yn+1) €

D(A). Then we have with Cauchy-Schwarz inequality

R

1N+ Nt X
e (Z o?” 1) ¥(0) ~1(0) (?ﬂvw(O) -2 aym@)) — 5ta(-1)

i=2 i=2
N+1 2 | Nt
(Zﬁzyzx > _722%93
1 (N 1 N+1 N+1
§2<Za21>yf(0)2yu (ZB21>Zym

=2
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If we take o; and B; such that (6) holds, then <Ay,y>L2(R) < 0, which means that
the operator A is dissipative.

We now prove that the adjoint operator A* is also dissipative.
Let z = (z1, -+ ,2n+1) € D(A*). Then we have

<A*27 Z>L2(’R) = /R(Zm + me)z dx

1 N+1 1 N+1 1 1N+1
3 <1 — Z oﬂ) 22(0) + 21(0) (ZIJ,.L(O) - Z aizi’w(o)> D) Z wa(lz)

o

<2/32—1> (0)
L (N | Nt N+1
2(2042—1>Z%(0)—22 <252—1> (0).

=2 ! =2

If we take c; and f; such that (6) holds, then (A*z,2) 2 ) < 0, which means that
the operator A* is dissipative. O

Consequently, A generates a strongly continuous semigroup of contractions S
on L?(R) (see [22]). We denote by {S(t), t > 0} the semigroup of contractions
associated with A. For any yo € L?(R) there exists a unique mild solution y =
S()yo € C([0,T],L*(R)) of (5). Moreover, if yo € D(A), then the solution of (5) is
classical and satisfies y € C([0,7],D(A)) N C1([0,T], L*(R)).

We now prove the well-posedness result for the linear equation (4) with reg-
ular initial data and controls. More precisely, we assume that the N boundary
controls h; belong to C2([0,T]) for any i € {2,---,N + 1} where C3([0,T]) =
{h e C?(0,T)) =0}.

Proposition 2. Assume that (6) holds. Let yo € D(A) and h; € C2([0,T]) for
any i € {2,--- ,N 4+ 1}. Then there ezists a unique solution y € C([0,T],D(A)) N
CH([0,T], L*(R)) of (4).

Proof. Let yo € D(A) and h; € CO([ ,T]) for any i € {2,--- , N + 1}. We first take

N + 1 functions ¢; € C2([0,T],C(I;)) (i € {1, , N + 1}) satisfying
¢1(=l,t) =0, t>0,
¢i(li,t) =0
¢Z$<l27t) h V’LG{2 N+1} t>0,
¢1(0,t) = az@ 0 t),
N+1
¢1x0t Zﬂzﬁbzxovt t>07
N1 1
01.00(0,1) = ; o Giaa(0,8), t>0.

This choice is possible by taking, for instance, for all i € {2,--- | N + 1}, the func-
tions ¢;(z,t) = M hi(¢).
Moreover, we can define the function ¢;(z,t) = a(t)z® + b(t)x? + c(t)z with

= pEE | b(t)l, — c(t)
_ Z Bihi(t), b(t) =Y ok hi(t), and a(t) = ——5—".

12
=2 1
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We now define z = y — ¢, which satisfies

2¢(m,t) = ( — Zgwe + 9) (2, 1), xER,t>0,
( l1,t) = t >0,
zi(l;, 1) = O
zi 2 (L, t): Vie{2,---,N+1},t>0,
21(0,1) = ;2;(0, 1),
N+1 (7)
21.0(0,8) = Z@zm()t t>0,
N+1
21.02(0,1) ; o Zi 2 (0, 1), t>0,
z(x,0) = yo(x), T €R,

where g(x,t) = —¢y(2,t) — 2 (2, 1) — Prze(,1) € CH([0,T], L?(R)). We deduce from
classical results on semigroup theory (see [22]) and from the fact that A generates a
strongly continuous semigroup of contractions on L?(R) that there exists a unique
classical solution z € C([0,T],D(A))NCL([0,T], L>(R)) of (7). Consequently, there
exists a unique solution y € C([0,7],D(A4)) N C*([0,T], L3(R)) of (4). O

We now study the same system but with less regularity on the data, using a
density argument and the multiplier method.

Proposition 3. Assume that (6) holds. Let yo € L?*(R) and h; € L?(0,T) for
any i € {2,--- ,N +1}. Then, there exists a unique solution y € C([0,T], L*(R))N
L*(0,T,H}(R)) of (4). Moreover y1 .(—l1,-) € L*(0,T) and there exists C > 0
such that the following estimates hold:

N+1
2 2 2 2
lullco.r,c2my) T 19l2 07,53 (RY) < C <||Z/o||L2(7a) +> ||hi||Lz(o,T)> ;o (8)

N+1
2 2 2
ly1e (<1, a0y < 122y + 3 Mhill2ecory (9)

Proof. We first assume yo € D(A) and h; € C3([0,T)]) for i € {2,---,N +1}. By
Proposition 2, there exists a unique solution y € C([0,T], D(A4)) NC*([0,T], L*(R))
of (4). Let s € [0,T] and g € C*°(R x [0, s]). By multiplying y; + ¥z + Yzzz = 0 by
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qy and integrating by parts on R X [0, s], we get after some computations,

/ a(z, 8)*(z, )z — / a(z, 0)y? (z, 0)dr — / / (@0 + 0o + Quoa)yPdadt
R R 0 R
s N+1 s s
+3/ /qugdxdt: Z/ qi(li,t)hf(t)dt—/ a1 (=l )i L (—ly, t)dt
0o JR i—a YO 0

N+1

- [ w0008+ Y [ ao.000.0a0
0 = Jo

N+1

s s
0 j=2 Y0

s N+1 s
+ 2/ QI,x(O7t)yl(ovt)yl,w(oat)dt -2 Z / %,a;(oat)yi(ovt)yi,x(oat)dt
0 =2 Y0

N+1

+ [ 0.0 0,00 = 3 [ a0.022. 0,001
0 — /0

s N+1 s
—2/ ql(O,t)yl(O,t)yLm(O,t)dt+2Z/ 4i(0,8)y;(0, )i 2 (0, t)dt.  (10)
0 i=2 70

e Taking now ¢(z,t) = 1 in (10), we obtain
N+1
2 2
v (as)de — [ yiands =
S N+1 S S
- [ iondes 3 [T [ 0.0
0 — /o 0

N+1 N+1

S S S
- Z/ yix(o,t)dt—z/ y1(07t)y1’m(0,t)dt+22/ Yi (0, 1)y 22 (0, £)dt.
i=2 /0 0 i=2 /0

L/@wﬁ—/yﬂkhﬂﬁ
0 0

Using the boundary condition of (4) at the internal node 0, we have

N+1

/y2(x,s)dx+/ yigj(—ll,t)dt:/ V() da + Z/ B2 (t)dt
R 0 R = Jo

N+1 1 s s [N+1 2 N+1 .
+ (Z =z 1) / y1(0,t)dt +/ <Z 5z‘yi,m(07t)> dt — Z / Y7 (0, t)dt,
' 0 0 i=2 i=2 70

i=2 1t
which implies

N+1

/y2(x,s)dx+/ yim(—h,t)dtg/ y%(x)d:HZ/ hi (t)dt
R 0 R =9 J0

N+1 1 s N+1 N+1 s
+ (Z a2_1> / y3(0, t)dt + (z 5%—1) ) / y2, (0, 1)dt.
' 0 i=2 i—2 /0

=2 !
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Using (6), we obtain

N+1

Srerﬁ)}]/ %(, s)dw</ ye (x)dx + Z/ R (t) (11)

and
N+1

/0 y? . (—l, )dt</y0 dx—I—Z/ h2(t) (12)

Note that (11) and (12) mean that y € C([0,7], L*(R)) and y.(—l1,-) € L?(0,T)
(it is a hidden regularity property) provided that yo € L?(R) and h; € L?(0,T) for
any i € {2,---,N + 1}. Moreover, (11) implies that

/OT/Ryz(gg,t)dxdt§T</ ye(x d:c—i—NZH/ h2(t dt) (13)

e Picking s =T, q1(x,t) = z and ¢;(x,t) = a;f;x, for i =2,... N + 1 in (10), we
obtain

/q(m,T)yQ(x,T)dx / q(z,0)y2 (z)dx — / /qmy dmdt—f—?)/ /qmymdxdt
R

N+1
—szz/ R (1) dt+zl/ W1, )dt+2/ 10, 0)y1.2(0,0)dt
i—2 0 0

N+1

-2 Z/ azﬁzyz 0, t yz m(o t)d

Using again the boundary condition of (4) at the central node 0, we have

/ /quzdxdt / (m,O)yg(x)dx—/Rq(x,T)y2(x,T)dx+/T/ qey dadt

N+1

+Z/ o Bilih3 (t dt+/ Lyi o (—ly,t)dt.  (14)

We then deduce from (12), (13) and (14) that
(T+3L) max (1,0:0;) N+1

i=2, . N+1" 2
<
// 2dxdt T ) (/yo dx+§ / hi( )
i=2,...N+1

(15)
which means that y € L?(0,T, Hi(R)) provided that yo € L?(R) and h; € L?(0,T)
for any i € {2,--- , N + 1}.

Consequently, by density of D(A) in L?*(R) and of CZ([0,7]) in L?(0,T) and
using (11) and (15), we can extend the notion of solution for less regular data
Yo € L*(R) and h; € L?(0,T) for any i € {2,--- ,N + 1} and we obtain a solution
in the space C([0,7], L2(R)) N L?(0,T, H}(R)) and the estimates (8) and (9). O

EEREE)

2.2. KdV linear equation with a source term. In order to prove the well-
posedness result for the nonlinear KdV equation (1), we use a well-posedness and
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regularity result for the linear KdV equation with a source term:

(yi,t+yi,m+yi,zrx)(xat):fi(mat)7 VZE{]., aN+1}7x€Ii7t>Oa
yl(—ll,t) = 07 t> 0,
yz(l’ut) = 07
Yiw(lis t) = hi(t), Vie{2,--- ,N+1},t>0,
yl(oat) = aiyi(07t)a
yl,r(oat) = Z 51‘%,_@(0775), t> 03
N
T Oat = — Yixx 0,t7 t 0,
nas0.0= 3 1 a0 >
y(x,0) = yo(z), reR,

where f = (f1, f2, -, fne1) € LY0, T, L3(R)), yo € L*(R) and h; € L?(0,T) for
any i € {2,--- ,N +1}.

Proposition 4. Assume that (6) holds. Let yo € L*(R), f = (f1, -+, fn+1) €
LY(0,T,L*(R)) and h; € L*(0,T) for anyi € {2,---,N +1}. Then, there exists
a unique solution y € C([0,T], L*(R)) N L*(0,T, H(R)) of (16). Moreover, there
exists C' > 0 such that the following estimate holds:

2 2
Iyl o.y,2my) + 192 0,1, 113(R)

N+1
2 2 2
<C <||y0L2(R) 1 f 0.7 p2m)) Z ||hi||L2(o,T)> - (17)

i=2
Proof. Using Proposition 3, it suffices to consider the case yo = 0 and h; = 0
for any ¢ € {2,--- , N + 1}. Since A generates a strongly continuous semigroup of
contractions on L%*(R), if f € L1(0,T,L?(R)), there exists a unique mild solution
y € C([0,T], L*(R)) (see [22]) given by the Duhamel’s formula

t
o(t) =St + [ St 9)f(s)ds. t>0
0
and there exists C' > 0 such that

2 2
lylleqo,m,L2my) < Clf I 07,L2R)) -
It remains to prove that y € L*(0,T, Hi(R)) and that

2 2
l9llz20,mm2m)) < C U0, L2R)) -

To prove this we follow exactly the steps of the proof of Proposition 3 paying
attention to the fact that the right hand side terms are not homogeneous anymore
but involve the source f. O

2.3. Well-posedness result of the nonlinear equation. We endow the space
B=C([0,T],L*(R)) N L?(0, T, H}(R)) with the norm

T
2
Iolls = oo [.1)lar, + ( | 10l dt)

To prove the well-posedness result of the nonlinear system (1), we follow [12] (see
also [9]). The first step is to show that the nonlinear term yy, can be considered as
a source term of the linear equation (16).

1/2
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Proposition 5. Let T > 0,1 > 0 and y € L*(0,T,H'(0,1)) := L?>(H'). Then,
yy. € L1(0,T,L%(0,1)) and the map

ye L*(H") — yy, € L'(0,T, L*(0,1))

is continuous. In particular, there exists K > 0 such that, for any y,5 € L*(H"Y),
we have

T
/0 e = 33l 200y < K (Il c2qar, + 1302y ) 19 = Tz -
Proof. The proof can be found in [23] or [9]. O

Let yo € L?>(R) and h; € L%(0,T) (for any i € {2,--- , N + 1}) such that
N+1
1yoll2m) + Z 1hill 2o,y S 7

=2

where » > 0 is chosen small enough later. Given y € B, we consider the map
® : B — B defined by ®(y) = § where § is the solution of

'gt(.’f7t) + gm($7t) + gmzz(‘rat> = _y($7t)yx(x7t)7 HARS R7 t > 07
gl(_llat):07 t>07
gi(liat) =0,
Gia(list) = hi(t), Vie {2, ,N+1},t>0,
71(0,t) = a;3:(0, 1),
N+1
J1.0(0,8) = > Bifix(0,1), >0,
Nr1
U1,22(0,t) = *~imz07ta t>0,
a0 = 3 L Tiee(00)
g(l’,O) = yO(x)v Tz eR.

Clearly y € B is a solution of (1) if and only if y is a fixed point of the map P.
From (17) and Proposition 5, we get

N+1 T
le@)lls = l3lls < C <||y0||L2(R) + 3 Wil | |yyw<t>||Lz<R>dt>
0

=2
N+1
2
<C <|y0||L2(R) + Z 1hill 20,7 + ||y||13> .
i=2

Moreover, for the same reasons, we have

T
[®(y1) — @(y2)llg < C/ I=1191.0 + Y212, 12 (g) dt
0

< C(||y1HB + ||92HB) llyr — y2||B'

We consider @ restricted to the closed ball B(0,R) = {y € B,||y||zg < R} with
R > 0 to be chosen later. Then ||®(y)|z < C (r+ R?) and [|[®(y1) — ®(y2)|z <

2CR ||ly1 — y2||z so that if we take R and r satisfying

1 R
R<% and r<%,
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then ||®(y)|lz < R and [|®(y1) — P(y2)|l5 < 2C’R~Hy1 — yo||B, with 2CR < 1. Then
®(B(0,R)) C B(0,R) and [[2(y1) — ®(y2)|lz8 < Cllyr — y2||s, with C' < 1. Conse-
quently, we can apply the Banach fixed point theorem and the map ® has a unique
fixed point. We have then shown the following proposition.

Proposition 6. Let T > 0, I; > 0 and assume that (6) holds. Then, there exist
r > 0 and C > 0 such that for every yo € L*(R) and h; € L*(0,T) (for any
i€{2,---, N+ 1}) verifying
N+1
lyoll p2(r) + Z 1hill 20,0y < 7

=2

there exists a unique y € B solution of system (1) which satisfies

N+1
lyllg <C <y0||L2(R) + Z |hi||L2(0,T)> :

=2

3. Controllability results. We first prove the exact controllability result of the
linear system (4) by using a duality argument and the multiplier method in order
to prove the observability inequality. Then, we obtain the local exact controllability
result of the nonlinear system (1) by a fixed point theorem.

3.1. Linear system. Due to the linearity of the system (4), we can consider the
case of a null initial data, i.e. by taking yo = 0 on R. It can be easily seen that the
exact controllability of (4) is equivalent to the surjectivity of the operator

A (th' o 7hN+1) € LQ(OvT)N = (yl('ﬂT)7y2('7T)7' o 7yN+1('7T)) € LQ(R)ﬂ

where y = (y1,¥y2, - ,yn+1) is the solution of (4) when controls (hg,- -, hny1)
are chosen.

It is known that the surjectivity of this operator is equivalent to an observability
inequality for the adjoint operator of A, which is given by

A" pr = (80{;90%1, T 790%-‘4-1) € LQ(R)
— (802@(127 ')7 e y@N—i—l,fc(lN-&-la )) S Lz(OaT)Na

where ¢ = (p1,92, *+ ,pn+1) s the solution of the backward adjoint system

or(x,t) + @ (x,t) + Qraa(z,t) = 0, xrER,t>0,

SOI(_llat) = 07 t> 0,

901@(_[17-6) = 07 t> 07
pi(liyt) =0,
#1(0,) = O‘ifi(o’t)’ Vie{2,-- ,N+1},t>0, (18)
Sol,x(oa t) = E 901',:6(07 t)a

N+1 ' N+

Z OT (pl,zx(ovt) = SOI,EI(Oat) + <1 - Z O[2> @1(0775)7 t> 07

i=2 " =2

o(z,T) = or(x), z € R.

The first step is to prove an observability inequality for the backward adjoint
system (18), stated below and obtained by a multiplier method.
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Theorem 3.1. Let l; > 0 for any i € {1,---,N + 1} satisfying (2) and assume
that (3) holds. There exists a positive constant Tynin such that if T > Ty, then we
have the following observability inequality

N+1
lerliz <C Y leiallin)io0ry.  Vor € LP(R), (19)

=2

where © = (p1,02, - ,PN+1) 1S the solution of (18) with final condition pr =
(o193, ,ohyi1) € LA(R) and C is a positive constant.

Proof. Let s € [0,T] and g € C*®°(R X [s,T]). By multiplying ¢; + ¢z + @zze = 0
by g and integrating by parts on R X [s,T], we get after some computations

T
/ q(x,T)goQ(J:, T)dx — / q(z, s)?(x, s)dx = / / (@t + o + ooz ) dadt
R R s JR

N+1

T T T
3 / / GoipRdudt — / 01(0,8)62(0, 0t + 3 / 4:(0,£) (0, £)dt
s R i=2 Vs

T N+1 .7
s i=2

T N+1 7
2 [ 000010001008 -2 [ 400001006100,
S 7172 S

N+1

T T
- / 41,02 (0,630, )t + / Go.2 (0. 1) (0, 1)t
s i—o Vs

T N+1 . N+1 .
+ / 01(0,0)¢3 (0, t)dt+ ) / qi(Li 1)o7, (L )t = / 4:(0, )7 . (0, t)dt.
s i=2 v i=2 v

(20)

e Let us first choose ¢(z,t) =t and s = 0 in (20). Then we obtain

T T N+1 T
T/ <p2(x,T)dx:/ /(pzdmdt—/ tp2(0,t)dt + Z/ tp2(0,t)dt
R 0 JR 0 — /0
T N+1 .7
—2/ t©1(0,£)@1,22 (0, £)dt + 2 Z/ t0i(0,)@; 22 (0, £)dt
0 5 /0
N+1 N+1

T T T
+ / to} (0, )dt + > / t? (L, t)dt — / te? (0, t)dt,
0 i=2 /0 i=2 70

and using the boundary condition of (18) at the internal node 0, we have

N+1

T T
T/ @Q(x,T)d:c:/ / o*dxdt + Z/ tw?’m(li,t)dt
R 0 JR i—2 J0
N+1 1 T N+1 T
+ (1 -3 a2> / to2(0, t)dt + (1 -y ﬁf) / te? (0, t)dt.  (21)
1 0 0

=2 ! =2
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By using Poincaré inequality and the estimation of the trace of the function, we
have,

T T
/ / Yrddt < —/ / ©2drdt  and / ©2(0,t)dt < L/ / p2dxdt.
0 0o JR

As we can not estimate the trace of ¢, (0,t), we need to use the strong hypothesis
N+1

, Le. Zﬂzfl

Then, from (21) we get

T/ ©*(x, T)dx
R

L2 N+1
- (WQ+ <1 )TL> / [ s 7
2 i

=

N+1
Z / 02, (L, tdt.  (22)
e Taking now ¢(z,t) =1 and s = 0 in (20), we obtain

N+1

/cp%x,T)dx—/ @2(x70)dx=—/ o3( Otdt—i—Z/ ©?(0,t)d
R R 0

N+1

T
- 2/ L)01<O t)@l wz(o t dt+2 Z/ 901 O t)(Pz ww(o t)d

N+1 N+1
+/ wletdt+Z/ gO,le,tdt*Z/ CP?rOt
0
Using again the boundary condition of (18) at the internal node 0, we have

N+1

_ 2
Z/ i o (list)dt = / *(z,T)dx /Rw (z,0)dz
N+1 1 N+1 T
+ (Z Og_1>/0 ©1(0, t)dt + (Z 52—1>/0 ©7 (0, t)dt,

=2

which implies by (3) that

N+1

Z/ 22 (1t) dt+/ (x,())dxg/ncp%(x)da:. (23)

e Picking s =0, ¢1(z,?) = = and ¢;(z,t) = 5 @ in (20), we obtain

/Rq(x,T)<p2(sc,T)dx—/ q(z,0)0%(x de—/ /qz@ dxdt

73/ / ngoxda:dtJrZ/ ©1(0,t)p1 (0, t)dt

N+1 N+1

—22/ NB %Ot<pw0tdt+2/

L, bt
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Using again the boundary condition of (18) at the internal node 0, we have

3/0T/qugaidxdt: /R (z,0)0?(z, ())dx—/ q(z, T)p?(z, T)dx

N+1

/ /qx<p2dxdt+2/ Nﬁ L tydt. (24)

Then, from (24) we get, with Poincaré inequality and the fact that the operator
A* is dissipative,

. Q;
<3m1n (1, N/Bi) — max ( Nﬁz) ) / / 2 dxdt
‘ N+1
< 2max (1, ;&Z) L/ (2, T)dz + max (1 ) L Z / 07 (L, t)dt.  (25)

Gathering (22) and (25), we have

<T251T>/ P2 (2)de < <T+5T>

where we used the notation

2 N1 o,
S = (772 + <1 -3 aQ) TL) Lmax <1W)

=2

(67
NBi

N+1

§j/'%mu¢m (26)

and

I' = 3min (1, 1\?&1) — ﬁmax (1, ]\(;%z)
Note that I' > 0 under the condition

. . 1/2
min(1, &
L<¢%<(gﬁ)

max(1, N—él)

which is weaker than the hypothesis (2).

In order to have the observability inequality (19) from (26), we have to impose
261
T> —
F )

that leads us to

3
2max( , [3 )L

72 [T = 2max (1, 85 ) L2 (1—1\5;2)}

i=2 !

This condition on time 7" makes also appear other condition on L:

N+1 1
F—Qmax(l NG >L2< ZM) >0,

1=2
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which is equivalent to

that is exactly hypothesis (2). This finishes the proof of Theorem 3.1 where the
existence of time T, is given by condition (27) and the observability constant is

TT + o7

CZTP—Q(ST'

O

Remark 3. From previous proof we can deduce that if we have the condition

N+
Z — = 1, then we have to ask
i=2 0

(623

max(1, 375-)

min(1, %) 1/2
L < Vir (Nﬁ) |

Moreover, if o; = /N and §; = ﬁ, then we have to ask L < /3.

Once the observability inequality is established as in Theorem 3.1, then the exact
controllability result of the linear system (4) is obtained by duality and the Hilbert
Uniqueness Method (HUM). Thus, the following is true.

Theorem 3.2. Let l; > 0 satisfying (2) and assume that (3) holds. There exists a
positive constant Tiin such that the linear system (4) is exactly controllable in time
T > Tmin- More precisely, for any states yo € L?>(R) and yr € L?*(R), there exist
N Neumann boundary controls h; € L?(0,T) such that the solution y to (4) on the
tree-shaped network of N + 1 edges satisfies y(-,0) = yo and y(-,T) = yr.

3.2. Nonlinear system. We now prove the main result of this paper, i.e., Theorem
1.1. We do it by a fixed point argument, following for instance [9].

Proof of Theorem 1.1. Let yo € L?(R) and yr € L?(R) such that
||y0||L2(R) <r and ||3JT||L2(R) <
with r > 0 chosen later. We consider the map

U:zeB—y +92+9°,
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where ¢!, y2, y3 are the solutions of

AND JULIE VALEIN

Y (2, t) + yp (2, 8) + Ypu(,1) =0, T ER, >0,
yi(—l,t) =0, t>0,
Yo (list) =0, Vie{2,- ,N+1},t>0,
y} (O’ t) = aiyil (07 t)a
N+1 (28)
1. (0,) =Y Byt . (0,), t>0,
N1
Naa(0,8) = Y —4i4,(0.1), t>0,
i=2
yH(x,0) = yo(x), r €R,
th(xvt) + yg(th) + ygm(m,t) = —z(z,t)2(2,t), T €R, t >0,
y%(_lht) - Oa t > 0,
yiQ(l’L'a t) - 07
yim(l“t):o’ ViE{Z,"',N+1}7t>O,
y%(()? t) = a’by?(oa t)a
i (29)
yix(oat) = Z ﬁiyz?,x(O?t)’ t>0,
N
y% zz(oat) - Z 7:%2,;1(0’75)7 t>0,
i=2 "
y2($,0)—0, .TER,
and
y?(w,t)erg(x,t)+ymm(:r,t):0, rE€R,1>0,
y%(_lht) =0, t>0,
N+1 (30)
Yl (0,6) = > Biyt,(0,1), t>0,
N
3 3
0,t) = 0,t t>0
yl,zz( ’ ) FZQ a; yz,mz( ’ )7 >0,
y3($,0>:0, reR.

We see that y' is the solution of the homogeneous linear equation (4) (without
control, without source term but with non null initial data), y? is the solution of
the linear equation (4) with null initial data, right hand side f = —zz, and without
control, and y? is the solution of the linear equation (4) with null initial data,
without source term and with N controls h;. We take the N controls h; € L*(0,T)

(i€ {2,---,N+1}) such that

v T)=yr —y' (. T) = (. T).
These controls exist thanks to Theorem 3.2, assuming (2) and (3). Note also that
the control operator yr +— (hg, -+ ,hny1) mapping the final state to the control

driving the linear system to that state is continuous.

We will prove that the map ¥ has a fixed point, using the Banach fixed point
theorem. To do that, we consider ¥ restricted to the closed ball
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B(0,R) = {y € B,||yllg < R} with R > 0 to be chosen later. To apply the Banach

fixed point theorem, it suffices to show that ¥(B(0,R)) C B(0, R) and for any z,
Z2eB, ||¥(z) —¥(2)|z < Cllz—Z||g with C < 1. First, using (17), Proposition 5
and the continuity of the control operator, we have

19@ls < vl + llvlls + 15”5
T N+1
< O {Iollaimy* | N2 Ollsimydt+ 3 Wil
=2
< i ol + o Jurll ey + Cs 213
< (C1+02)7"+CS ;

and we get the first condition (C; + Co)r + C3R? < R. Second, we have, using the
same arguments,

1(z) = (@)l < [lv* =75 + Iv* = 7°[| 5

< /szac ) — 22 (V)] L2 L2(0T)

< OR (Izlls + 120 12 = Zlls + CallPC T — D o
< CE(|lzlls + [I12]5) [I2 —~Z|\B+C4Hy -7 ||B

< Gs(llzllg +12ll) 1z — 2l

< 205R ||z —Z||g,

that impose the second condition 2C5R < 1. These conditions are satisfied for
instance if we choose r and R such that

R < min 1 1 r< L
2C5 2C5 2(C1+ Cy)’

that ends the proof of Theorem 1.1. O
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