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A system of N Korteweg-de Vries equations coupled by the boundary conditions is considered in this
paper. The configuration studied here is the one called star-shaped network, where the boundary inputs
can act on a central node and on the N external nodes. In the literature, there is a recent result proving
the exact controllability of this system by using (N + 1) controls. We succeed to remove the input acting
on the central node and consequently we obtain the exact controllability with N inputs.
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1. Introduction

Since the publication of the pioneer work Korteweg & de Vries (1895), the Korteweg-de Vries (KdV)
equation has appeared in different contexts to describe propagation phenomena. Thus, it has attracted
the interest of a number of researchers motivated by its applicability and by nice mathematical tools
introduced to deal with it.

Concerning the study of the control properties of this equation, the first results are in Russell &
Zhang (1993), Russell & Zhang (1993) and Sun (1996), all of them in the periodic domain framework.
After that, the important case of bounded domain was considered in Rosier (1997) and in a number of
other articles. See Cerpa (2014) and Rosier & Zhang (2009) for a complete bibliographical review.

After studying the control properties of a single KdV equation, it is very natural and physically mo-
tivated to consider systems of coupled KdV equations. This case is developed in Micu ef al. (2009),
Cerpa & Pazoto (2011), Capistrano-Filho ef al. (2016) and Capistrano-Filho et al. (2017) where con-
trollability is studied. Let us also mention Araruna et al. (2016) where the authors study a dispersive
system consisting in a KdV equation coupled to a Schrédinger equation. In all these papers the coupling
is given by internal terms but it is not the only interesting case. Indeed, the case of boundary couplings
can represent transmission conditions when an equation is posed on a network.
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There is a huge literature studying partial differential equations on networks from different view-
points. Let us mention some references on stability properties for networks: Chitour et al (2017) for
transport equations; Bastin et al (2007) and Suzuki et al (2013) for conservation laws; and Valein &
Zuazua (2009) and Gugat & Sigalotti (2010) for wave equations.

In the recent paper Ammari & Crépeau (2018), the authors obtained stabilization and controllability
results for a KdV system posed on a star-shaped network. They considered a system formed by N KdV
equations. Denoting u; each solution to the j-th equation posed on a bounded interval (0,/;), they study
the system

(8,uj+8xuj+uj8xuj+Bx3uj)(t,x) =0, j=1,--- N, x€ (O,Ij), >0,

uj(t,0) = ux(2,0), jk=1,---,N,t>0,

N

N

Y 9Z2u;j(t,0) = —owy (£,0) — 5(ul(z,O))2+fo(z), t>0, (1.1)

j=1

uj(talj)zoa axu](tvl]):gj(t)a jzla"'aN7t>07

uj(0,x) = uf(x), ji=1,-,N,x€(0,l;),
where o > N/2. The state of the system is (u1,u2,-- ,uy), the initial state is (u9,u9, -+ ,u3), and the
boundary controls are fy,gi,---,gn. We call fj the control on the central node and (g, --,gn) the

controls on the external nodes. The main topics under study in Ammari & Crépeau (2018) are the well-
posedness and the stabilization of (1.1). At the end they state the controllability results they are able to
prove. In particular, under some conditions on the lengths /; related to some critical phenomena (see for
example Rosier (1997)), they say that (1.1) is locally exactly controllable by using the (N + 1) controls
20,81, -+ ,&N. Their result is based on an observability inequality proven by using a compactness-
uniqueness argument.

In this paper we improve the controllability results in Ammari & Crépeau (2018) in two directions.
We prove that system (1.1) is exactly controllable with only N controls g;,---,gy and we are able to
consider the cases o > N/2 and not only & > N/2 as in Ammari & Crépeau (2018). The star-shaped
network is represented in Figure 1, with black nodes where we put control and white node where there
is no control.

More precisely, our main result is the following.

THEOREM 1.1 Let (/;)j=1,.. 5 € (0,+o)" and o > N/2. There exist Ly, Tmin > 0 such that if

L:= ‘rr}alej <Ly and T > Thin, (1.2)
j=1

then the nonlinear control system (1.1) is locally exactly controllable with gg = 0.

Our proof uses a multiplier approach in a direct way. That means, we avoid the use of a contradiction
argument. A drawback of this method is that we obtain non sharp conditions on the lengths /; and on
the time of control but we get an explicit constant of observability and thus en explicit characterization
of the controllability.

This paper is structured as follows. In section 2 we state the well-posedness results we need for our
system of N coupled Korteweg-de Vries equations on a finite star-shaped network. Linear and nonlinear
cases are included. In section 3 we prove that both linear and nonlinear systems are exactly controllable
by using only N external inputs, under some conditions on the lengths of each interval and on the time
of control. The linear case is studied in section 3.1 by using a duality approach and proving the desired
observability inequality. The result for the nonlinear system is obtained in section 3.2 by applying a
fixed-point argument.
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FIG. 1. Star-Shaped Network for N =4

2. Well-posedness framework

In this section we state the regularity framework and the well-posedness results we need in this paper
for the linear system

(afu./'+axuj+a)?uj)(tax) :ff(tvx)7 ]: 17 aNa X € (Oal])a r> Oa
uj(t,O):uk(t,O), j,kzl,---,N,l>07
N
Y 9%uj(1,0) = —ouy (1,0)+ fo(t), >0, 2.1)
j=1
uj(talj):()a axu/(t?lj):gj(t)7 j:1,"',N,t>O,
uj(O,x):u?»(x), j=1,---,N,x€(0,0;),
and the nonlinear one
(8,uj+8xuj—l—ujaxuj—&—c?fuj)(t,x) =0, j=1,---,N,x€(0,;),t >0,
uj(t’o):uk(t70)7 jakzla"'aNat>07
N N
Y. %uj(1,0) = —aur (1,0) = 2 (wi (1,0))%, 1>0, 2.2)
j=1
uj(t,lj):O, 8xuj(t,lj):gj(t), j:1,~~~,N,t>0,
j(0,x) = uf(x), j=1,--,N,x€(0,l;).

REMARK 2.1 It is important to notice that in this paper we are not using fy in (2.1) as a control.
However, we have to consider it as a source term in well-posedness results for the linear system in order
to deal with the boundary nonlinearity in (2.2). The same role is played by the source terms f; in (2.1)
with j=1,---,N.

Let us define the spaces

Hﬂﬂ:ﬁﬁmm,vmﬁwwwzﬁvﬁnﬁmm%
j=1

J=1
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LX0,T;LX(T)) = ﬂLz(O,T;Lz(O,lj)),
j=1

H3(0,1;) = {v c Hf(o,l,»)/ Vi=D(1;) = 0 for any 1 <i < s},

N
H,(T) = {” = (u1,---,uy) € HHf(Oalj)/”j(O) =u(0),Vj, k=1, 7N}7

J=1
and

B:=C([0,T],L>(7)) NL*(0,T;HL(T)).

We also consider the spatial operator
A:D(A) CLX(T) —L*(T),
with
2 N - du;
D(A) = ue BTN 0.1)/ ¥ T3 (0) = —aum(0) ¢
Jj=1 J=1

and defined by
Au:=A(uy, - uy) = (faxul 783u1,~~~ ,faxuNfa)?uN).

The operator A and its adjoint A* are easily proven to be dissipative, see for example Proposition
2.1 in Ammari & Crépeau (2018). Therefore, by using semigroups theory, we see that the operator A
generates a strongly continuous semigroup of contractions on I.?(7"). Using this and a density argument,
the following result is obtained.

THEOREM 2.1 Let u® = (u0,---,u®) € LX(T), g = (g1, ,8n) € L*(0,T)", fo € L*(0,T) and f =
(fi, -, fv) €LY(0,T;IL2(T)). Then, there exists a unique mild solution u = (uy,--- ,uy) € B of system
(2.1). Furthermore, we obtain the existence of positive constants Cy,C>,C3 such that

Jul[g <Ci ( ||“0Hi2(7-) + Hg”iz(o,r)/v + ||f0||i2(oj) +1£117 (07T;L2(7))) )

194, 0) a0 7y < Ca (11612 + 18l oy + 1ol 22 0.7y + I s o ey )

and
[[u1 (-,0)|‘i2(o,r) <G ( ||“0||i2(7') + ||g||%2(0,T)N + HfOHiZ(oj) + ||f||il (O,T;ILZ(T))) .

REMARK 2.2 As we autorize in this work the case o = % we can not use directly the result Ammari &
Crépeau (2018) [Propositions 2.3] where the condition o > % was imposed.

Proof.  In a first time, we suppose that u° € D(A), (g,fo) € C3([0,T])N*!, where C3([0,T]) :=
{p € C*([0,T]), (0) =0} and f = 0. We can prove as in Ammari & Crépeau (2018) [Propositions
2.2] that there exists a unique solution u € C([0,T],D(A)) N C'([0,T],L>(T)) of system (2.1). Let
q=(q1, - ,qn) € C=([0,T] x [0,1;};R)", such that ¢;(.,0) = gk(.,0). Then by multiplying each first
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equation of system (2.1) by ¢;u;, integrating on [0,s] x [0,/;] with s € [0, 7] and using some integrations
by parts, we obtain the following equation,

N 1 s N
Y [l Pasisxdr— Y (e, 0)P02q;e,0)dr
j=170 0 j=1
: 2 Sxn [l 3 2
+a=N) a0 0.00Fdr = |3, [T @y + g + 3l
—3/ / 10vit;[2dqdxdt — /Z (g1t 2 + 20, u;0;) (1, 0)dr

N
+ L [ 0 00Pg; 0.0+ [ Z|g, (0Paj(e.)dr+2 [ (0.0 (1.0 o). 23)
=1
By choosing first ¢(¢,x) = 1, and integrating (2.3) in time on [0, 7’|, we obtain

Hu||22(07T’]]_‘2(7')) + [ dwu(.,0) ”12}(01)
T
T2 [ 1olln0)ldr+ (g1, ey + 16 Bz ). @4

Then we choose s = T and g;(t,x) = XQZ/;X) for j=1,...,N. We see that:
i

1. ¢;(.,0)=0,
2. Y(t,x) €0,T] x [0,1;], 0 < g;(t,x) < 1,
3. Y(t,x) € [0,T] x [0,1;], 0 < dxq;(t,x) < 2,

J

4. Y(t,x) € [0,T] x [0,1;], IZq;(1,x) = — 3.
J

Then (2.3) gives us

AP
< 2 2 a O 2 2 012 L2 T 2d 25
X 7||MHL2(O,T.]L2(T))+” ou(., )HLZ(OVT)—’_H(g17"'gN)||L2(07T)N+Hu ||[L2(7')+ﬁ b lfo(t)|"dt, (2.5)

where L = max -, n/j and / = min;—; y!/;. Using this with (2.4) we get for some C > 0 that

T
‘|“1(-;0)||1%2(07T) < C(/O | fo(2)]|ur(2,0)[dt + || (g1, - - - ,gN)\|12‘z(07T)N + ||”0||i2(7) + HfOHI%Z(oyT)) 2.6)

< C (U8l 0 gy + o2 g 1y + 11122 )

By the density of D(A) in L?(7) and of C3([0,T]) in L?(0,T) we easily obtain the desired three
estimates in the case f = 0.
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When we have a source term, f € L'(0,T,1L.>(7)), by using the previous results, we can suppose
that u’ = 0, fo = 0 and g = 0. Then by using standard semi-group theory see Pazy (2012), we get that
if f € L1(0,T,1L2(T)) then u € C([0,T],1L.*(T")) and verifies [[ul|c(0.7112¢7)) < Cllf L1 0,712(7)- Thus
we easily get the three desired estimates.

O

For the nonlinear system we can use the previous linear result and a fixed point argument similarly
as in Ammari & Crépeau (2018) where the case with no control was studied. Thus, we obtain the
following.

THEOREM 2.2 There exist € > 0 and C > 0 such that for u® = (u(l), e ,u?,) €L?>(T)and (g1,---,gn) €
L2(0,T)N with
6 l2¢) + (815 @)l 2o <€

there exists a unique solution u = (u1,--- ,ux) € B of the nonlinear system (2.2) which satisfies

lulls < € (Il + 111+ eml 20

3. Controllability results

Since now the control in the central node f; is turn off, what means that fi = 0. This section is split into
two subsections. The first one deals with the exact controllability of the linear system (2.1) by using a
duality argument and the multiplier method in order to prove the observability inequality giving the re-
sult. In the second subsection, the nonlinear system (2.2) is considered and the local exact controllability
is obtained by means of a fixed point theorem.

3.1 Linear System

Due to the linearity of system (2.1) we can consider the case of null initial data, that means taking
u? =...= u?\, =01in (2.1). It can be easily seen that the exact controllability of (2.1) is equivalent to the

surjectivity of the operator
A (gla' o agN) € LZ(OaT)N = (M](T7'),~ : 'MN(T7')) € LZ(T)a

where u = (u1,--- ,uy) is the solution of (2.1) when controls (gj,---,gn) are chosen. From the well-
posedness results we know that this operator is linear and continuous. It is known (see Brezis (1999)
[Théoreme I1.19]) that the surjectivity of this operator is equivalent to an observability inequality for the
adjoint operator of A, which is given by

A" (] o) ELA(T) — (951 (1), -+, dsw (-, Iy)) € L*(0,T). 3.1)
where @ = (@1,---, @y) is the solution of the backward adjoint system

(09 + 0, +330;)(t,x) =0, j=1,---,N,x€(0,1;),1>0,
(pj(t,O):(Pk(t,O), jvkzlv"'7N7t>0a
ax(Pj(t,O):O, jil,"',N,l>0,
" (3.2)
Zaxz(pj(tvo):(a_N)(pl(taO)v t>07 '
j=1
(pj(t’lj):O7 j:1,"',N7l‘>07
(Pj(Tvx):(p]T(x% j:l,---,N7x€(O,lj).
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The desired observability inequality giving the exact controllability of the linear system is stated and
proven in the following theorem.

THEOREM 3.1 Let (/;)j=1... x € (0,+c0)" and ot > N /2. There exist Lo, Tryin > 0 such that if

L= n}axl <Ly and T > Tyin, 3.3)
=

then we have

N
||§0TH]%2(7') <C Z Hax(Pj([’lﬂH%Z(o,T)a Vo' € LZ(T)a (3.4)
Jj=1

where @ = (@y,---,@y) is the solution of (3.2) with final condition ¢” = (¢ ,---,¢}) and C is a
positive constant.

Proof. By multiplying each equation of (3.2) by ¢;¢; and integrating by parts on [s,T] x [0,/;] with
s €[0,T], we get after some computations

N [j ) N lj 5
Y [ loir 0P Txdn= Y [10j(5.0Pas(s.2)dx =
j=170 =170
TN [l 3 5 TN 1l 5
L)) @ar+dar+aialePaar=3 [ 3 [ ioco;F dasa
/Z|(p,t0 282q,t0dt+/ Z|(pjt0|qj(t0)
/ Z|8x(pjtl q;(t,1; dt+2/ Zq,(t,O)af<p,(t,0)<p,(t,0)dt. (3.5)
=1
By choosing ¢;(f,x) =t and s = 0, we obtain
Nl TN
Y [ TieiroPdx= [ Y [Vlg.x)Pdsai
i=iJo 0 i=Jo
T N T N
+ [ L rlongyedPar2 [ Y 1029,(1,0)9;(1.0)ds
j=1 j=1

/Zt\<p,t0 )[Pdt, (3.6)

from where we deduce with the boundary condition in (3.2)

Nl , TN ,
Y [ TieiroPax< [ Y [Mlg.0) s
=10 0 i=Jo

T
+T/ Z|8x(pjtl )2t +T (20 — N/ |1 (£,0)|%dt.  (3.7)
0
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By choosing ¢;(f,x) = 1, we get that

N lj N lj T N
Y [MloioPds= Y [MloisoPdx= [ Y longy0.0))Par
j=170 j=170 s j=1
T
+(2a—N)/ 01 (1,0)%dr,  (3.8)

from where we obtain

TNl N ol
/ Z/ |(pj(t,x)\2dxdt<TZ/ |9;(T,)|2dx. (3.9)
0 j=1 0 j=1 0

(2[j7x) (ljfx)

> which satisfy
J

By picking s = 01in (3.5) and ¢ (¢,x) =
1. 0<gj(t,x) <1, forall (r,x) € [0,T] x [0,1}],
2. 2;5 < Ohg(t.x) < 57 L for all (¢,x) € [0,T] x [0,1;],

3. d2q(t,x) = [iz > 0, for all (r,x) € [0,T] x [0,/;],
J

we obtain

e 1 2 2
| X 5low0) dt+/ .51 / 19 (1,) Palxde
j=1%
Z/ |@;(T,x)| dx+/ 21 / |@;(,x)|2dxdt

f(ZafN)/O @1 (,0)>dt.  (3.10)

Let us recall
L= max [; and [= min [;.
Jj=1,.,N Jj=1..N

Thanks to (3.10) and 3.9 we have

Nl 2
(Za N)+ E? / |@1(2,0)] dt+/ 2l/|8x(p]tx)| dxdt

T N
1+3— /|<p,Tx)|dx G.11)
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From Poincaré’s inequality (with uniform constant L/7) and equation (3.7), we can write

Z/ T|;(T,x)|*dx < = (2L LT Z/ |0;(T,x)|dx

(1+ )(200—N)
T Z/ @, ( Tx|2dx+T/ Z|8x(p]tl )|t
(ZafN)+Zl—2
J=1%j
and then
12 /2L LT\ TO+3)2a—N) N
{T—E( 3 +— ] ) 2 N }H‘P(T X)HIZ‘Z(T)<TZ,l||ax(P./'<t>lj)H12‘2(o7T)-
2a-N)+Y — =
AT
Thus, we are led to study the sign of the constant
2L LT\ T(1+35)(2a-N)
=T ’
w2 \3 l Nl
(2a—N)+ Z—z
=ty
that can be written as
T(l L’ 200—N ) (20t N) 213
In? N 1)_ 1 3n2
(20 — N)+Zf2 (200 — N+Zl2
J=17

The previous expression can be seen as a quadratic equation in variable 7. Thus, in order to force
this expression to be positive we have to impose that

3 - 2 32a—N 3
A:(l_i_ 2a—N 4 51( ) (£>
Im? Qa—N)+ N 20— N) N 3n?
o — o —
Z ]2 ( + Z 12
is positive. This holds if and only if

L3 20 — 2 _ 3
(1_7_ o—N ) o4 (2a—N) (L7>

1”2 N 1 N 1 ln-z

(20-N)+}. 5 2a— N+le

j=1%j

Note that the previous inequality is true for L sufficiently small. In consequence, we obtain the observ-
ability inequality (3.4) with this direct proof if L is small enough and Tyin < 7 < Tax Where Tii, and
Tmax are the roots

(1 L} 20—N )( 2(200—N) )inl/Z( 2(200—N) )71.

Tm? N N N
g (2a—N) le (2a—N)+ le (2a—N)+ le
=L =k =k
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Once we have proved the observability inequality for 7 < Tpax, we observe that the inequality still
holds for T > Tihax. This ends the proof of this theorem.
d

REMARK 3.1 In the limit case o = J,

then we obtain the simpler observability inequality

L\ 2r? ) N )
{T(1-175) =35 Mol < T L1000 ) iz

under the conditions

3 213
= _ 3
s <1 and T > AR

In?

As by duality a direct consequence of the observability inequality is the controllability of the linear
system see Lions (1988) and Theorem 2.42 in Coron (2007).

THEOREM 3.2 Let (I})j=1,... v € (0,400)" and o > N /2. There exist Ly, Tyin > 0 such that if

L= n}alej <Ly and T > Tyn, 3.12)
j=1..,
then the linear control system (2.1) is exactly controllable. This means that for any states u” = (u(l), N u?v) €
LX(T) and u” = (uT,--- uk) € L>(T), there exists some controls g = (g1,---,gn) € L*(0,T)" such
that the solution u = (uy,---,uy) € B of (2.1) satisfies
Ml(Tf):M{v MZ(TV):”%) ""MN(TV):”I{/'

3.2 Nonlinear System

We study in this section the local exact controllability for the nonlinear system (2.2) which we rewrite
here:

(8,uj+8Xuj+uj8xuj+8)§uj)(t,x) =0, j=1,---,N,x€(0,l;),1>0,
Mj([,()):uk([70), jvkzla"'aN7t>07

il N

Y 9Zu;(t,0) = —owy (1,0) — g(ul(t,O))27 >0, (3.13)
j=1

uj(l,lj):(), Bxuj(t,lj):gj(t), j:1,~",N,[>0,

uj(O,x):u?(x), j=1,---,N,x€(0,l;).

We have already mentioned in the introduction but let us be more precise in the statement of our
main result.

THEOREM 3.3 Let (I;)j—1.. N € (0,+o0)" and o > N/2. There exist Lo, Tynin > O such that if

L= ,n}alej <Ly and T > Tyin, (3.14)
j=l..,

then the nonlinear control system (3.13) is locally exactly controllable. This means that there exists
€ > 0 such that for any states u® = (u,--- ,u%) € L*(T) and u” = (u!,--- ,uk) € L*(T) with

0 T
[z <& and  [lu” a0 <
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there exists some controls g = (g1,---,gn) € L*(0,T)N such that the solution u = (uy,--- ,uy) € B of
(3.13) satisfies
w(T,)=ul, wy(T,)=ub, - uy(T,) = uk.
Proof. Let u®,u” € IL>(T) such that ||“0||]L2(T) < € and HuT||]Lz(T> < ¢ for some € > 0 to be chosen
later.
We consider the map
M:veB—u' +u*+u’eB,

where u',u?, > are the solutions of

(O + Oty + AJuf) (1,x) =0, j=1,---,N, x€(0,;), 1 >0,

uj(2,0) = w (1,0, jk=1,--- N, t>0,
N
2ul(1,0) = —aul(r,0), >0,

jzl xu](7 ) ul( ) (315)
u}(t’l): j:17”'aN7t>07
Oyt ( ):0 j=1,---,N,t>0,
u}(o x) = uf(x), j=1,---,N,x€(0,1;),

(8,14 —i-au + 93 2)(t x) = —vjovj, j=1,---,N,xe(0,;), 1t >0,

(t O)—uk(t 0), k=1, N, t>0,
N
9213 (1,0) = —aud (1,0) — = (v1(1,0))%, >0,

Z 2(0,0) = —aui(1,0)— 5 (11,02, 516

uw5(1,1;) =0, j=1,--,N,t>0,

Oui5(1,17) =0, j=1,---,N,t>0,

u5(0,x) =0, j=1,,N,x€(0,l;),

and
(e} + 0wt} + 90) (1,x) =0, j=1,---,N, x€(0,1;), 1 >0,
3(t O)—uk(t 0), jok=1,---,N,t>0,
N
00w (1,0) = —owi (t,0),  1>0,
]; (,0) = —au;(t,0) (3.17)
u?(tvlj):(l j:1,"',N,I>O,
axu;’(t7lj):gj(t)7 jzla"'aN7t>07
u;(oax):(L jzla"'aN7xe(O7lj)a
where g = (g1, ,gn) € L*(0,T)" is a control such that

M3(T,‘) = uT _ul (Tv') _Mz(Tv')'

This control exists thanks to Theorem 3.2. It is important to notice that the control operator (mapping a
final state to the respective control driving the linear system to that final state) is continuous. In this part
we use the assumptions on L and T to guarantee the controllability of the linear system.

It is easy to see that this proof ends if we are able to find a fixed point # € B of the operator II. To
do that, we will apply the Banach fixed point theorem. Let R > 0 and define

B(O,R) = {ue 20,7 HN(T)) / Jull 20 rasscry) <R}
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By using the estimates in Theorem 2.1 and the continuity of the control operator, we obtain

1T s < e +c2(vvx||u o+ |v1<.,o>||Lz<o.T>) FC e,
< Clllagry + GV ooz + Ol ey

Thus for v € B(0,R), we have
ITT(v)|s < (C1+C3)e+CHR?

with R and & small enough so that (C; +C3)e + C5R* < R, we get that
I1(B(0,R)) C B(O,R)
Furthermore, Vu,v € B(0,R),

11 () = IT(v) | < Calllustx — vl o, r27) + 1 (5,0) =i (0l 20,1))
< CyR||u =l 20 70 (7))

and then for R, € small enough, CQR € (0,1). Thus, we obtain that IT is a contraction in B(0,R) C B,
which ends the proof of Theorem 3.3.
O

4. Concluding remarks

Applying duality and a multiplier approach we proved the controllability of a Korteweg-de Vries equa-
tion on a star-shaped network by means of inputs acting on the external nodes. Thus, we improved a
previous result by Ammari & Crépeau (2018) where the use of an additional input acting on the cen-
tral node was crucial. Moreover, unlike Ammari & Crépeau (2018) we are able to deal with the case
o = N /2 which represents a system conserving the energy. Our approach imposes conditions on the
lengths of the intervals involved and on the time of control. Future research should be directed to get
more general results.
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