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Stabilization of the Korteweg-de Vries equation with

internal time-delay feedback

Julie Valein*

February 15, 2019

Abstract

The aim of this work is to study the exponential stability of the nonlinear Korteweg-de
Vries equation in the presence of a delayed internal feedback. We first consider the case
where the weight of the feedback with delay is smaller than the weight of the feedback
without delay and prove the local exponential stability result by two methods: the first
one by a Lyapunov method (which holds for restrictive length of the domain but allow to
have an estimation on the decay rate) and the second one by an observability inequality for
any length (without estimation of the decay rate). We also prove a semiglobal stabilization
result for any length. Secondly we study the case where the support of the feedback without
delay is not included in the feedback with delay and give a local exponential stability result
if the weight of the delayed feedback is small enough. Some numerical simulations are given

to illustrate these results.

Keyword: KdV equation, stabilization, delay

1 Introduction and main results

The Korteweg-de Vries equation (KdV) equation is the nonlinear dispersive partial differential
equation y; + ¥z + Yuzx + ¥y = 0, which models, in the absence of damping, the (unidirectional)
propagation of a water wave of small amplitude in a bounded channel. The domains of appli-
cations of this equation are various: collision of hydromagnetic waves, ion acoustic waves in a
plasma, acoustic waves on a crystal lattice or even subparts of the cardiovascular system... The

KdV equation has been the subject of intensive research (see for instance [BW83], [RZ09]....).

The first work concerning the exponential stabilization of the nonlinear KdV equation (without

delay) on a bounded domain is [Zha94], with a boundary damping and where the length of the
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spatial domain is L = 1. It is well-known that the length of the domain plays an important role
in the controllability or the stability questions of the KdV equation. For instance, if L = 2,
there exists a solution (y(x,t) = 1—cos ) of the linearized system around 0 which has a constant

energy. More generally, for a length belonging to the set of critical lengths

W2kl 12
N = {2m/+3+7 k,leN*},

we can construct an initial data whose the corresponding solution of the linear KdV equation
has a constant energy. Nevertheless, in the case of non critical length (i.e. L ¢ N), it is not
necessary (see [PMVZ02]) to introduce a boundary feedback law as in [Zha94] to have the local
exponential stability of the nonlinear KdV equation. Moreover, it is proved in [PMVZ02] and
[Paz05] that for any critical length, adding a localized damping in the nonlinear KdV equation
allows to have a local exponential stability result, and even a semi-global stability result by

working directly with the nonlinear system.

We also refer to [CCS15] and [TCSC16] in which the asymptotic stability for the nonlinear KdV
equation for the first critical lengths (2k7, k € N*) and a special second one (271'\/?) have been
proven without any feedback law. The rapid stabilization (or how to construct a feedback law
which stabilizes the system at a prescribed decay rate) has been studied in [KS08] and [CC13] by
the backstepping method, and in [CL14] by an integral transform. Finally a related interesting
question is the global stabilization of a nonlinear KdV equation with a saturating distributed

control studied recently in [MCPA17].

The main goal of this paper is to study the stabilization of the following nonlinear KdV equation

with an internal feedback delayed term

Ye(T, 1) + Ypwa (T, 8) + Yo (z, 1) + y(2, Oy (z,t) + a(x)y(z, t) + b(x)y(x,t —h) =0,
x € (0,L),t>0,

y(0,t) = y(L,t) =y (L,t) =0, t>0, (1.1)
y(gj’O) = yO(I)7 T € (O7L)7
y(z,t) = z0(x, t), z€(0,L),te (—h,0),

where h > 0 is the (constant) delay, L > 0 is the length of the spacial domain, y(z,t) is the
amplitude of the water wave at position z at time ¢, and a = a(x) and b = b(z) are nonnegative
functions belonging to L>(0,L). We will also assume that suppb = w, where suppb is the
support of the function b, and

b(x) > by >0 a.e. inw (1.2)

where w is an open, nonempty subset of (0, L).



In the case without delay (i.e. b = 0) it is well-known (see for instance [PMVZ02]) that for every
T >0, L>0andyy € L?(0, L), the system (1.1) is locally well-posed in

B:=C([0,T),L*(0,L)) N L*(0, T, H (0, L)).

We will give in Section 2 the proof of well-posedness for the case with delayed internal condition

(i.e. b#0).

The challenge on the specific topic of our contribution, beyond the difficulty of dealing with
a nonlinear equation, is to prove that under appropriate conditions, a delay in the internal
feedback of this equation will not destabilize the system [Dat88]. Very recently, the robustness
with respect to the delay of the boundary stability of the nonlinear KdV equation has been
study in [BCV18], where the boundary condition is y,(L,t) = ay.(0,t) + By.(0,t — h). The
authors obtain, under appropriate condition on the weights of the feedbacks with and without
delay (i.e. |a| +|8] < 1), the locally exponentially stability result for non critical length. Note
that no condition about the size of the delayed weight a with respect to the non delayed weight
[ is required. The aim of this present work is to extend these results to internal damping with

delay for any length and to study if we need a restrictive assumption on a and b.

We first assume that the coefficients a and b comply to the following limitation:
Jeo >0, b(x) + o < alzx) in w. (1.3)
Note that (1.2) and (1.3) imply that w = suppb C supp a and

a(x) > by +c¢op >0 in w. (1.4)

We define the Hilbert space of the initial and delayed data H := L?(0, L) x L?((0, L) x (—=h,0)),
endowed with the norm defined for all (y, z) € H by

L L 0
w25 = [ ot [ ] e s)dads,
0 o J-n
where £ is a nonnegative function in L°°(0, L) chosen such that supp £ = supp b = w and
b(x) + co < &(x) < 2a(xz) —b(x) — ¢p in w. (1.5)

Note that this choice of & is possible due to (1.3).

Let us now give the following definition of the energy of system (1.1), chosen because it corre-

sponds to the norm of (y(-,t),y(-,t + -)) on H:

L 1
E(t) :/0 y2(x,t)d:c + h//o 5(x)y2(:n,t — hp)dpdz, (1.6)



where £ € L*°(0, L) is defined by (1.5). The first part of the energy E corresponds to the natural
energy of the KdV equation, and the second part is classical when considering internal delayed

terms, as in [NP06] for the wave partial differential equations.

Note also that, in [NP06], dealing with the wave equation, there are some restrictions about the
weights of the feedbacks with or without delay similarly to (1.3), i.e. the weight of the feedback
with delay is smaller than the weight of the feedback without delay. Actually, it is also the case
for hyperbolic and parabolic partial differential equations in [NV10] and even for the Schrodinger
equation (which is a dispersive equation, just like KdV) in [NR11]. This kind of assumption
is necessary in these cases and if they are not satisfied, it can be shown that instabilities may
appear (see for instance [Dat88], [DLP86] with a = 0, or [NP06] in the more general case for
the wave equation). However it is not the case for the delayed boundary stabilization of the non

linear KdV equation (see [BCV18]).

Our first main result is obtained for a restricted assumption on the length L but yields local expo-

nential stability of the solution of system (1.1) with an estimation of the decay rate stated below.

Theorem 1. Assume that a and b are nonnegative functions belonging to L>(0, L) satisfying

(1.2) and (1.3), and assume that the length L fulfills
L <7V3. (1.7)
Then, there exists r > 0 sufficiently small, such that for every (yo,z0) € H satisfying

Il (vo, 20)ll4y < 7y

the energy of system (1.1), denoted E and defined by (1.6), decays exponentially. More precisely,

there exist two positive constants v and k such that

E(t) < kE(0)e 2", t>0,
where for py, pa sufficiently small

2 L2 _ 2L3/2 2
~v < min { (9m” — 3 rm)i /2 } , (1.8)

6L2(1+ L) " 2h(p2 + ||f||L<>°(07L))

k< (1 —i—maX{Lul, M}) .
bo

This theorem will be proved in a constructive manner, allowing an estimation of the decay rate ~.
The proof (similar to [BCV18] for a delayed boundary feedback) uses an appropriate Lyapunov
functional build with coefficients 11 and s and detailed in Section 3. Moreover, note that when

the delay h becomes larger, then the decay rate -y is smaller.



Remark 1. The coefficients p1 and ps depend on the Lyapunov functional we will use in the
proof of the stability result. Nevertheless, one can have an estimation of both v, uy and pe in

the proof of Theorem 1 below.

On the other hand, our second main result is obtained simply for any lengths (contrary to
[BCV18] which holds only for non critical lengths) and gives generic local exponential stability
of the solution of system (1.1).

Theorem 2. Assume that L > 0 and that a and b are nonnegative functions belonging to
L*>(0, L) satisfying (1.2) and (1.3). Then, there exists v > 0 such that for every (yo,z0) € H
satisfying

(40, 20) 13, < 7
the energy of system (1.1), denoted E and defined by (1.6), decays exponentially. More precisely,

there exist two positive constants v and k such that

E(t) < kE(0)e ", t > 0.

The proof of this theorem relies on an observability inequality and the use of a contradiction

argument. Thus, the value of the decay rate can not be estimated precisely in this approach.

Moreover, contrary to [BCV18], we prove a semi-global stabilization result for any length, work-

ing directly with the nonlinear system (1.1), without passing by the linear system.

Theorem 3. Assume that a and b are nonnegative functions belonging to L*°(0, L) satisfying

(1.2) and (1.3). Let L >0 and R > 0. There ezists C = C(R) > 0 and p = u(R) > 0 such that
E(t) < CE(0)e ", t >0,
for any solution of (1.1) with ||(yo, 20)|l4 < R.

The semi-global character of this result comes from the fact that even if we are able to chose

any radius R for the initial data, the decay rate p depends on R.

Finally, we give a local stabilization result in the case where suppb ¢ suppa. To do that,
following Nicaise and Pignotti in [NP14], we consider a "close” auxiliary problem whose the

energy is decreasing and we use a classical perturbation result of Pazy [Paz12].

Theorem 4. Assume that a and b are nonnegative functions belonging to L>°(0, L) satisfying
(1.2) and assume that the length L fulfills (1.7). Let & > 1. Then there exist 6 > 0 (depending
on&, L, h) and r > 0 sufficiently small such that if

1Bl e 0,) < 0



for every (yo,20) € H satisfying
||(y0720)||?{ S r,

the energy of system (1.1), denoted E and defined by (1.6) with £(x) = &b(x), decays exponen-
tially.

It is interesting to note that we can take a = 0 in Theorem 4. Note also that Theorem 3 and

Theorem 4 are new with respect to [BCV18].

Section 2 is devoted to the preliminary step dealing with the well-posedness and regularity of
the solutions of our specific system coupling the KdV equation and a delayed internal feedback.
Section 3 will develop the proof of a first quantified exponential stabilization result stated in
Theorem 1 while the proof of our second stabilization result, stated in Theorem 2, will be detailed
in Section 4. The semi-global stabilization result stated in Theorem 3 is proved in Section 5.
The study of the case suppb ¢ suppa of Theorem 4 is done in Section 6. Some remarks and

numerical simulations are presented in Section 7.

2 Well-posedness and regularity results

2.1 Study of the linear equation

We begin by proving the well-posedness of the KAV equation linearized around 0, that writes

Ye(z, 1) + Yoz (2, t) + Yo (z, 1) + a(x)y(z, t) + b(2)y(z,t —h) =0, x€(0,L),¢>0,

y(0,t) = y(L,t) = y.(L,t) = 0, t>0, (2.9)
y(ﬂf,O) = yO(x)a T e (OaL)v
y(x,t) = Zo(x,t), M (O,L), te (*h,O)

Following Nicaise and Pignotti [NP06], we set 2(x, p,t) = yj., (z,t — ph) for any z € w, p € (0,1)
and t > 0. Then z satisfies the transport equation

hzi(z, p,t) + 2p(z,p,t) =0, z€w,pe(0,1),t>0,
2(x,0,t) =y, (z,1), T Ew, t>0, (2.10)
Z(x7p70) = 20w ($7 _ph)a TEeEw,pE (07 1)

We equipped the Hilbert space H = L?(0, L) x L?(w x (0, 1)) with the inner product

(0 ()i

for any (y,z2),(y,%) € H, where £ is a nonnegative function in L°°(0, L) such that suppé =

<

N3

suppb = w and (1.5) holds. We denote by ||-||; the associated norm and this new norm is

clearly equivalent to the usual norm on H since {(x) > b(x) > by > 0 on w (see (1.5)).



We then rewrite (2.9) and (2.10) as a first order system:

Ui(t) = AU(t), >0,

(2.11)
U(0)=U, € H,
Y Yo .
where U = , Up = , and where the operator A is defined by
z 20|w ('7 —h -
“Yzzx — Yz — Q 7b'§'al
- | Y Yo —ay — bZ(-, 1)

F 2
where Z(-,1) € L?(0, L) is the extension of z(-, 1) by zero outside w, with domain
D(A) = {(y,2) € H*(0, L)x L3 (w, H'(0,1)) | y(0) = y(L) = pa(L) = 0, 2(2,0) = yjo, (&) in w }.

Theorem 5. Assume that a and b are nonnegative functions belonging to L>°(0, L) satisfying
(1.2) and (1.3), and that Uy € H. Then there exists a unique mild solution U € C([0,+00), H)
for system (2.11). Moreover if Uy € D(A), then the solution is classical and satisfies

U € C([0,+00), D(A)) N C*([0, +00), H).
Proof. We first prove that the operator A is dissipative. Let U = (y, z) € D(A). Then we have
L L L
(AU, U) = —/ Yaozay AT —/ Yoy dx —/ a(x)y*dr — / b(x)z(z, 1)y(z)dx
0 0 0 w

= [ | @zto. o)zt e
LUJ

L
= [ ertede = el = 505 = [ o)t~ [ o)zt y@ae - 5 [ @b
1 2 g 2 1 2 1 2
= 502l = [ atende — [ W)@ ye)in =5 [ @@+ 3 [ €@
< —42(0) +/ (—a(x) + b(Tx) + 5(;)> y* (x)dx — /(0 o a(z)y? (z)da

+/w (b(;) — 5?) 22(z,1)dx.

If we take £ such that (1.5) holds (which is possible due to (1.3)), then —a(z) + @ + @ <0
and @ - L;) < 0inw, and —a(z) < 0in (0,L) \ w. Consequently (AU, U) < 0, which means

that the operator A is dissipative.

Secondly we show that the adjoint of A, denoted by A*, is also dissipative. It is not difficult to
prove that the adjoint is defined by

1 )
EZP z

AU =



with domain
D(A*) = {(yv Z) € HB(Ov L)XLz(w7Hl(0a 1))|y(0) = y(L) = yz(o) =0, Z(.’E, 1) = _L (m)yw (.’t) in w}'

Then for all U = (y, z) € D(A*), we have

L L L 1
W) = [Cveyio+ [ ydo = [ a@piie+ [ @s@op@in+ [ [ sz i,
1

_ _Lloon Yy2da x 1 i2x2x r— = )22 (z,0)dz
=~ qu - [t [ e@seonie s § [ G p@nea - ) [ e o
_1 2 — 2(x @ 2(z)dx — a(z)y?(z)dx
<30+ [ (~ate)+ gy @+ ) e [ e <o
since, due to (1.5), we have in w
()+m;)b@%+%?<—dw+bf”+%?gu

Finally, since A is a densely defined closed linear operator, and both A and A* are dissipative,
then A is the infinitesimal generator of a Cy semigroup of contractions on H (see for instance

[Paz12]), which finishes the proof. O

We denote by {S(t),t > 0} the semigroup of contractions associated with A. In the following,
by abusing the notation, we identify zg, and zp, and the real C is a positive constant that
can depend on T', h, [l zo (g 7y @and [0l oo 1) Let us now detail a few a priori estimates and

regularity estimates of the solutions of systems (2.9) and (2.10).
Proposition 1. Assume that (1.2) and (1.3) are satisfied. Then, the map
(Yo, 20(=h ) = S()(wo, 20(-, =h -)) (2.12)

is continuous from H to Bx C([0,T], L*(w x (0,1))), and for (yo,z0(-, —h -)) € H, the following

estimates hold

T
/ / (z,t d:rdt+/ /22(x,1,t)d:vdt
0 w

< C (Ioll3a0.) + 120Cs = Mooy )+ (213)
2 2 2 2
lvollz20,0) < € (Hy||L2(o,T,L2(o,L)) + 1192 (0, )20,y + Iz0(-, =R ')||L2(w><(0,1))) » (2.14)
2 2 1 2
120G, =P )2 0,1y < I2Cs s Dlz2x oy T3 1205 1 M2 wxomy) - (2.15)

Proof. e First of all, for any (yo,z0(-,—h -)) € H, Theorem 5 brings S(.)(yo, 20(:,—h *)) =
(y,2) € C([0,T], H) and as the operator A generates a Cj semigroup of contractions we get for
all t € [0, 7],

/OL ?(x, t)dz+h// §(x)2*(z, p, )da:dp</0 yo(x )d:c+h// ()23 (x, —ph)dzdp.

(2.16)



Let p € C*°([0,1] x [0,T]), ¢ € C*([0, L] x [0,T]) and (y, z) € D(A). Then multiplying (2.10)
by pz and (2.9) by qy, and using some integrations by parts we get

T r1
// p(p, T)2*(z,p, T) — p(p, 0) 23 (x, —ph)) dwdﬂ—%/o/o /(hpt + pp) 2 dadpdt
T
+%/O /w(p(l,t)z2(x,1,t)fp(O,t)yZ(x,t))dxdt:O (2.17)

L T pL T pL
/ (4(e. T)y (2, T) — (e, 0)2()) da — / / (Gt + @b + Quon)y2dadt +3 / / qoyldodt
0 0 0

+/ (Otyx()tdtm// qyzdxdt+2// z)qy(z, t)y(z,t — h)dzdt = 0.
0

(2.18)

e Let us first choose p(p,t) = p in (2.17). Then we obtain

1 (T 1 1 /7
/ / (z,p,T) — 23 (z, —ph)) dxdp—f/ // szpdxdt—i—f/ /zQ(x,l,t)dxdt =0
h 0 w JO h 0 w

and thanks to (2.16) we get
T
| [ e oo < 0l .0+ loot = Mioncan ) (2.19)

Secondly, if we choose ¢(z,t) = 1 in (2.18), then we get,

/OL( (x,T) — Z/o( )) dx—i—/ yI(O t) dt+2/ / 2dxdt—|—2/ / b(x y(x, t—h)dzdt = 0,

which implies

// 2dmdt<||yo||p“+2/ / b Ly, )] [y(a, t — b)) dadt

Therefore, since

/ / x) ly(x, t)| ly(x,t — h)|dxdt <
/ / b(x)y*(x, t)dxdt
_h
0
// x)22 (2, p)dpda

I\D\’—‘

/ b(x xtdxdt
0

(z,t)dzdt +

INA
hh DO =
N

h
=
[\J\F—‘

we get, using (2.16), that

/ / Pt < C (1ol 0,0) + 200~ V2o )

that concludes the proof of (2.13).

T L 1 (T (L
/ b(x xtdwdt—i—f/ / b(x)y?(z,t — h)dxdt
40 4o 2 Jo Jo



e Taking now ¢(z,t) = = in (2.18), we can write

/0 z (v (2, T) — yg(x dx—// 2dzdt+3// 2 dxdt

+ 2/ / za(z)y dedt + 2/ / axb(x)y(z, t)y(z,t — h)daxdt =0
0 Jo 0 Jo
and we have

T /L T /L
3 [ ] et < Ll + 0420 Bliony) [ [ oot
0
T AT /h/ 22(x, t)dudt,
Using (2.16), we obtain that there exists C' > 0 such that

2 2 2
I 32 0:7,2200,9) < C (19013200, + 120Cs = Mo o1 )
that brings, together with (2.16), the continuity of the map (2.12).

e Choosing ¢(z,t) =T —t in (2.18) yields easily inequality (2.14) since it writes

—/0 Ty (x dm—i—/ / zdazdt—i—/ (T — t)y2(0,t)dt
+2/0 /O (Tt)a(x)y2dxdt+2/0T /OL(Tt)b(x)y(x,t)y(x,th)dzdt0,

and since we use the fact that

Q/OT /OL(T—t)b(sc)y(x,t)y(a:,t—h)dxdt < / / (2, O)dawdt
+T/ / b(2)y2(z,t — h)dadt
o7 / / b(2)y?(w, t)ddt

AT, L)/ /ZO 2, ) dadt.

e Finally, taking p(p,t) =1 in (2.17) brings inequality (2.15) since it writes

/ / (z,p,T) — 23 (x, —ph)) dzdp + — / / (z,1,t) — y*(z,t)) dzdt = 0.

By density of D(A) in H, the results extend to arbitrary (yo, zo(-, —h -)) € H. O

IN

2.2 KdV linear equation with a source term

Consider now the KdV linear equation with a right hand side:

Ye(2, 1) + Yoo (T, 1) + Yo (z, 1) + a(x)y(z,t) + b(x)y(x,t — h) = f(x,t), x € (0,L), t > 0,

y(07t) = y(Lvt) = ym(Lvt) =0, t>0,

y(xvo) = yO(x)’ MS (OvL)v

y(@,t) = zo(x, 1), z € (0,L),t € (—h,0).
(2.20)

10



Proposition 2. Assume that (1.2) and (1.3) hold. For any (yo,z0(-,—h +)) € H and f €
LY(0,T, L*(0, L)), there exists a unique mild solution (y,y(-,t—h -)) € BxC([0,T], L?(wx(0,1)))
to (2.20). Moreover, there exists C > 0 independent of T such that

1w 201, < € (Mwos 20¢, =k NI+ 1A s 12200 ) - (2.21)
e 220222000 < CO+T) (w0200 =k N5 + 10 mr200y) - (222)
Proof. The well-posedness of system (2.20) in C([0,T], H), when we rewrite it as a first order

system (see (2.11)) with source term (f(-,t),0), and the proof of (2.21), stem from A being the

infinitesimal generator of a Cp-semigroup of contractions on H (see [Paz12]).

The proof of (2.22) follows exactly the steps of the proof of Proposition 1 (see the third step).
One has to pay attention to the right hand side terms that are not homogeneous anymore (but

involve the source f) and to note that

T L
/ / fydxdt
o Jo

T T
< dt < t dt
= /0 ||fHL2(0,L) ||y||L2(0,L) = tgf&% lly( )HLz(o,L)/O ||fHL2(O,L)

1 2 12
S35 ax, ly®lz200,1) + 3 112 0,7,22(0,L) -

O

2.3 Global existence of the solution of the nonlinear system

We endow the space B with the norm

1/2

telo

T
2
lylls = ma% Hy(~vt)||L2(0,L) + (/0 Hy(wt)HH(}(o,L) dt)

To prove the well-posedness result of the nonlinear system (1.1), we exactly follow [PMVZ02]
(see also [CCO04], [Cer14]).

The first step is to show that the nonlinearity term yy, can be considered as a source term of

the linear equation (2.20):

Proposition 3. Lety € B. Then yy, € L'(0,T, L?*(0, L)) and the map
y € B yy, € L'(0,T, L*(0, L))

is continuous. In particular, there exists K > 0 such that, for any y,y € B, we have

T
/0 lyye = Gell 20,00 < KT (lylls + 13l5) 1y — 3lls -

11



Proof. The proof can be found in [PMVZ02], which is a variant of Proposition 4.1 of [Ros97]
(see also [Cerl4]). The proof is given here for the sake of completeness. Applying triangular

inequality and Cauchy-Schwarz inequality, we have

T T
e = el izomy < [ 0= Duallizony ot [ 10 = 52)illm
T
< / 1y = 3l 0.0 I 20 1
0 T
+ / e — Gall 1301 191 e 0.1
<

1y = 3l 20,7, 0,0)) 19l 220,711 0,2

+ly — ?7||L2(0,T,H1(0,L)) ”gHLQ(O}T,Lw(O,L)) .

1 1
Using Gagliardo-Niremberg'’s inequality ([[y]l e 1) < C'||y||]§2(0 L Hyszz(O 1y for every y €
H}(0,L)) and Cauchy-Schwarz inequality, we have

T T
~ ~112 ~ ~
||y||L2(0,T,L°°(0,L)) = (/0 Hy||L°°(O,L) dt) <C </0 ||y||L2(0,L) HymHm(o,L) dt)
1

T 3
C ||§||LW(O7T,L2(O7L)) </0 ||?;I||L2(O,L) dt)

11 -
T ||1/H12,oo(o,T,L2(o,L)) ||1/H12,2(0,T,H1(0,L)) :

1
2 2

Nl

IN

IN

Consequently, we have

~~ 1 U i
vy — yywHLl(o,T,L?(O,L)) < CTilly - i‘/HZoo(o,T}Lz(o,L)) ly — ?HEQ(O,T,Hl(O,L)) ||?{HL2(0,T,H1(0,L))
+CT% Iy = Gll 20,7, 110 0,)) 1912 oe 0.7,22(0,00) NFNE2 0.7, 20 0, 1))
which finishes the proof. O
Remark 2. Proposition 4.1 of [Ros97] states that if y € L*(0,T, H*(0,L)) =: L?>(H"), then

yy: € L1(0, T, L*(0, L)) and there exists K > 0 such that, for any y,§ € L*(H'), we have

T
/0 v = 530l 20,0y < K (Il zaqarny + 1l zaany ) 1 = Bl oy

We prove the following proposition:

Proposition 4. Let L > 0 and assume that (1.2) and (1.3) hold. Then for every (yo, zo(-, —h-)) €

H, there exists a unique y € B solution of system (1.1).

Proof. We closely follow [PMVZ02] (see also [Paz05]): we can obtain the global existence of mild
solution by proving the local (in time) existence and using the decay of the energy to obtain the

global existence of solution.

Indeed, if we prove the local (in time) existence and uniqueness of solution of (1.1), global

existence will then be an immediate consequence of the decay of the energy

E(tg) < E(tl) < E(O), VO <t < to,

12



provided by the facts that E(t) = HU(t)HiI and A generates a Cy semigroup of contractions on
H.

We are then reduced to prove the local (in time) existence and uniqueness of solution of (1.1).
Let (yo,20(, —h+)) € H. Given y € B, we consider the map ® : B — B defined by ®(y) = ¢

where ¢ is solution of

gt(x7t) + gxlw(xat) + :tj,;(a:, t) + a(x)g](a;, t) + b(m);&(w, t— h) = —y(x,t)yga(x,t), T < (Oa L)’ t> 07
g(()?t) = g(L7t> = gm(Lvt) =0, t>0,
g(xvo) = yO(x)v T € (OVL)v

(x,t) = z0(x,t), x€(0,L), t e (—h,0).

<)

Clearly y € B is a solution of (1.1) if and only if y is a fixed point of the map .

From (2.21), (2.22) and Proposition 3, we get

T
le)ls = l7lls < CL+VT) <||(yo720('7 —h'))||H+/O ||yyw(t)||L2(0,L)dt>

< +VT) (o 200, =h )l + TH 9113
< C(1+VT)||(yo, 20(-, —h) | g +2CT7 |yl

with T < 1. Moreover, for the same reasons, we have

T
[2(y1) = 2(w2)lls < CO+ \/T)/ I=y191,0 + Y222l 120, 1) Bt
0
1
< COU+VDT (lyills + l1v2lls) llyr — valls-

We consider ® restricted to the closed ball {y € B, ||y||5 < R} with R > 0 to be chosen later.
Then

19W) ]l < CA+VT) [[(9o, 20(s —h)) |y +2CT TR and [|B(y1) — @(y2)lls < 2CA+VT)TIR g1 — w5

So if we take R = 2C'||(yo, 20(-, —h-))||; and T > 0 satisfying

1 : 1
\/T+8C2 ||(y0720('7_h'))HHT‘Z <1 and T<m1n{17(46’R)4},

then ||®(y)|lz < R and [|[®(y1) — ®(y2)|8 < Cilly1 — y2|/8, with C; < 1. Consequently, we can
apply the Banach fixed point theorem and the map ® has a unique fixed point. O

3 Lyapunov approach for a first local stabilization result

The goal of this section is to prove our first main result, presented in Theorem 1. We will
basically detail the proof of the exponential stability of the solution of system (1.1), which is
based on the appropriate choice of a candidate Lyapunov functional. A first step is the following

proposition concerning the energy of the system.

13



Proposition 5. Let (1.2) and (1.3) be satisfied. Then, for any regular solution of (1.1) the

energy E defined by (1.6) is non-increasing and there exists a positive constant Cy such that

i <
—E(t) < -0y

L
y2(0,1) —|—/0 a(x)y?(z, t)ds + / y2(x,t — h)dw} <0. (3.23)

Proof. Differentiating (1.6) and using (1.1), we obtain,

L L
i E( )= 2/ Y(2,t) Wowe + Yo + YYo + ay)(z,t)ds — 2/ b(z)y(x,t)y(z,t — h)dx

0
= / / o h0)Byy (@t — hp)dp

L
= —9%(0,t) - 2/0 a(x)y?(z, t)dx — 2/0 b(x)y(z, t)y(z,t — h)dx + / E(x)y? (x, t)dx

/f 2(z,t — h)dx

—y2(0,t) + / (—2a(z) + b(x) + &(z)) y? (z, t)dx — 2 /(0 . a(x)y*(z)dz

IN

+/ (b(z) — &(2)) y* (z,t — h)da.

As in the proof of Theorem 5, assumptions (1.4) and (1.5) (due to (1.2)-(1.3)) end the proof. O

This result on the energy of the system does not yield the exponential stability we are seeking.
Therefore, we choose now the following candidate Lyapunov functionnal (similar to that one of
[BCV18]):

V(t) = E(t) + mVi(t) + p2Val(t), (3.24)

where p1 and po are positive constants that will be fixed small enough later on, E is the energy

defined by (1.6), V1 is defined by

L
Vl(t):/o xy*(x, t)dz, (3.25)

and V5 is defined by
1
Vat) =t [ [ (1= 0P (ot~ hp)dad, (3.26)
w JO
for any regular solution of (1.1).

It is clear that the two energies E and V' are equivalent, in the sense that
E(t) <V(t) < (1 + max {Lm, ‘b”}) E(t) (3.27)
0

(see (1.2) and (1.5)).
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Proof of Theorem 1. Let y be a regular solution of (1.1) with (yo,z20(-,—h+)) € H satisfying

Il(yo, z0(-, =h-))|l;; < r. Differentiating (3.25) and using (1.1), we obtain by using several inte-
grations by parts

d L L
L (t) = —2/ zy(2, 1) Yaozz + Yo + YYz + ay)(z, t)dz — 2/ xb(x)y(z, t)y(z,t — h)dx
0 0

L L
=2 [yt + 2l O @) — [ R + [ 0]
0 0
L 9 (L L L
+ / v (x, t)dx + 5/ v (x,t)dx — 2/ za(x)y? (z, t)dr — 2/ xb(x)y(z, t)y(z,t — h)dx
0 0 0 0
L L 9 L
= —3/ y2(x,t)dx —I—/ y2(x,t)dx + g/ y®(x,t)dx
0 0 0

L
— 2/0 za(z)y?(z,t)dz — 2 /w axb(x)y(x, t)y(z,t — h)dx.

Moreover, differentiating (3.26), using an integration by parts, we obtain

d 1
GV =20 [ [ (= pytat =~ ho)dy(e.t ~ ho)dpdo

0
= —2/ /0 (1 —p)y(x,t — hp)0, (y(z,t — hp)) dpdx
= —/w [(1 = p)y?(2,t — hp)](l)d:c—/w/o v (z,t — hp)dpdz

1
:/yg(x,t)da:—// y*(x,t — hp)dpdz.
w wJO

Consequently, with the proof of Proposition 5, for any v > 0, we have

Vi) + v i) < / (~2a(z) + b(x) + £(x) + u Lb() + 12) v (z, t)de

w

- /(o,m\w (e e+ /w (b(z) — &(x) + p Lb(x)) y* (.t — h)da

L L
+ (1 + 2y + 2W1L)/ y* (2, t)de — 3 / Y3 (x, t)dx
0 0

L 1
t3m / y*(z, t)dx + / / (29€(@)h + 2yp2h — p2) y* (.t — hp)dpda.
0 wJO

Using Poincaré inequality, ([[y]lz20.L) < £[lyxllL2(0.2) for y € Hg(0, L)), we obtain that

Vi) + v < / (~2a(x) + () + £() + 11 Lb(x) + p1z) v (o

w

2
L 1
+3m / Y’ (z, t)dw + / / (29€(@)h + 2yp2h — p2) y* (x,t — hp)dpdz.
0 w JO
Using (1.5), it is sufficient to take p; and po sufficiently small to have —2a(x) 4 b(z) + &(x) +
w1 Lb(z) 4+ po < 0 and b(z) — &(x) + u1 Lb(z) < 0 for z € w. More precisely, we can take

o f2a(z) = b(x) = &(x) &(x) —b(x)
= 523{ Lb(z) " Lb(z) }

2 L
+ [ 0@) = €60 + L) (ot~ W) + (L o + 27+ Zyinl) —3u1> JRC
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pa < inf {20(x) — b(a) = §(a) — juLb(x)}

For instance, by (1.5), we can take

0<pu < 0 <po <co— L ||b||L°°(0,L) :

%
LBl < 0,1y

Moreover, using Cauchy-Schwarz inequality, Proposition 5 and since Hg(0,L) C L*(0, L), we

have:
L 9 L
| v < o0l [ ool
2
< L\/ZHyI('vt)HLZ(O,L)Hy(’vt)||L2(O,L)
2

< L) (yo, 20(s =h ) g N1y ()72 0.1
< LS/QTHyw(-at)Hi?(O,L)'

Consequently, we have

d 1
GVO =20V < Tl Olaes + [ [ @il +6@) =) 2@t — hp)dsdy

L2 (2y (14 L) + 2L3/%y
(27 ( 7Tzul) ”1)—3u1+ . Y
Since L satisfies the constraint (1.7), it is possible to choose r small enough to have r <
3(3m2 — L?)
2L3/272

where T =

. Then one can choose v > 0 such that (1.8) holds in order to obtain

d
ZVH+29V(1) S0, vt >0.

Integrating over (0,t¢) and using (3.27), we finally obtain that

E(t) < (1 + max {Lul, 'ZQ}> E(0)e™ 7, vt > 0.
0

By density of D(A) in H, the results extend to arbitrary (yo, z0(-, —h-)) € H. O

Remark 3. On the size of the delay. As one can deduce from (1.8), when the delay h

increases, the decay rate v decreases.

Remark 4. On the length of the spacial domain. The condition L < /3 is a technical
one and comes from the choice of the multiplier x in the expression of V1. To find a better

multiplier is an open problem as far as we know.

In the next section we will prove a stabilization result for any lengths but without any bound

on the decay rate.
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4 Second local stabilization result - Observability approach

This section aims at proving our second main result, stated in Theorem 2, which is obtained
simply for any lengths and gives generic exponential stability of the solution of system (1.1).
The proof relies on an observability inequality and the use of a contradiction argument. It will

need several steps in order to handle the nonlinearity of the KdV equation under consideration.

4.1 Proof of the stability of the linear equation

We first prove the following observability result.

Theorem 6. Assume that (1.2) and (1.3) are satisfied. Let L > 0 and T > h. Then there
exists C > 0 such that for all (yo,z0(-, —h -)) € H, we have the observability inequality

/OL g (z)dz + h/w/1 £(x)22 (x, —hp)dxdp
gc(/o y2(0,t) dt+/ / (z,t) d:cdtJr/OT/wz?(x,l,t)dxdt) (4.28)

where (y,z) = S(.)(yo, 20(-s =h ).

Proof. We proceed by contradiction as in [Ros97] (see also [BCV18]). Let us suppose that (4.28)
is false. Then there exists a sequence ((y({, 25 (-, —h ))) C H such that

n

L 1
/0 (v6)? (z)dx + h/w/o £(x)(28)2 (z, —hp)dzdp = 1
and

T
/ (y™)?2(0,t)dt —|—/ / (x,t)dxdt —|—/ /(z”)g(x, 1,t)dzdt — 0 as n — +o0,
0 0 w
(4.29)

where (y™, z") = S(yy, 20 (-, —h -)). Thanks to Proposition 1, (y™), is a bounded sequence in
L?(0,T, H'(0, L)), and then y}* = —y?—y", . —ay"—bz"(-, 1,-) is bounded in L?(0,T, H=2(0, L)).
Due to a result of Simon [Sim87], the set {y™}, is relatively compact in L?(0,7, L?(0, L)) and
we may assume that (y"),, is convergent in L?(0,T, L(0, L)).

We now prove that if T > h, (28(-, —h -)), is a Cauchy sequence in L?(w x (0,1)). Indeed, since
2"(z,p,T) = yﬁd (z,T — ph), if T > h, we have

/w/( "(x,p,T))*dzdp = // "(z, T — ph)) dmdpﬁli/w/oT(y"(x,t))thdx.

Using (2.15), for T > h we have

/w/ (20)* (2, —hp)dpdz < — / / (z,1,t)dwdt + ;/(U/OT(y")Q(%t)dxdt.
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Thus (28(-,—h -)), is a Cauchy sequence in L?(w x (0,1)) using also (4.29) and (1.4). Thanks
to (2.14) and (4.29), we deduce that (y3), is a Cauchy sequence in L%(0, L).

Let (yo, 20(- —h -)) = lim (yg, 25 (- —h -)) in H and (y,2) = S()(40,20(-, =h -)). By using

n—
Proposition 1,

A /0 (z t)dxdt—i—/T/b(x)( ™2(z, 1, t)dadt
_>/ / (.t dxd“r/OTLb(x)zQ(x,l,t)dxdt.

Thus we have that fo yg(x)dz +h [ fo x)23(z, —hp)drdp = 1 and fOT fOL a(z)y?(x, t)dxdt +
fo [, b(2)2*(x, 1,t)dedt = 0. As z(z,1,t) = y(x,t —h) = 0 in w x (0,T) we deduce that zy = 0
and z = 0. Moreover y = 0 on w x (0,7T) (see (1.4)). Consequently y is solution of the linear
equation

Ye(2,) + Youa (2, 1) + Y (2, 1) = 0, z € (0, L), £ >0,

y(0,t) = y(L,t) = ya(L,t) = 0, t>0,

y(2,0) = yo(x), z € (0,L),
with y = 0 in w x (0,T), where we recall that w is a nonempty open subset of (0, L). Therefore,

by the Holmgrem’s uniqueness theorem, y = 0 in (0, L) x (0,7).

Then we obtain a contradiction, which ends the proof of Theorem 6. O

From observability inequality (4.28), one can deduce the exponential stability of the KdV linear
system (2.9), stated here:

Theorem 7. Let L > 0. Assume that (1.2) and (1.3) are satisfied. Then, for every (yo, zo(+, —h -)) €
H, the energy of system (2.9), denoted by E and defined by (1.6), decays exponentially. More
precisely, there exist two positive constants v and k such that E(t) < kE(0)e™"t, for all t > 0.

Proof. We follow the same kind of proof as in [NP06]. Let (yo,20(-,—h -)) € D(A). Integrating
(3.23) between 0 and T' > h, we have

E(T) - E(0) < —Cy </O Y2 0tdt+/ / a:tdxdt—l—/oT/wf(x,t—h)dxdt),

which is equivalent to

/0 y2(0,t dt+/ / (z,t da:dt—i—/OT/wa(x,t—h)dmdt< Cil(E(o)—E(T)). (4.30)

As the energy is non-increasing, we have, using the observability inequality (4.28) and (4.30),
C

E(T)<EW0)<C ythdt—i— 2(x, t)dzdt + (2, t — h)dazdt C’ (E(0)— E(T)),
0 1
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which implies that

E(T) < vE(0), with 7= - f <1. (4.31)

Using this argument on [(m — 1)T,mT] for m = 1,2, ... (which is valid because the system is
invariant by translation in time), we will get
B(mT) < 7E((m - 1)T) < -+ < 4" E(0).

Therefore, we have E(mT) < e *™TE(0) with v = £ ln% =+4In(1+ %) > 0. For an arbitrary
positive ¢, there exists m € N* such that (m—1)T < ¢t < mT, and by the non-increasing property

of the energy, we conclude that

E(t) < B((m = )T) < ™" UTE(0) < Ze ().

=~

By density of D(A) in H, we deduce that the exponential decay of the energy F holds for any
initial data in H. O

4.2 Stability of the nonlinear equation

We consider in this section the more general case than in Theorem 1 for any L > 0, and prove

the exponential decay of small amplitude solutions of the nonlinear KdV equation (1.1):

Proof of Theorem 2. The proof follows [Cer14] for the stabilization of the nonlinear KdV equa-
tion with internal feedback without delay. Consider initial data ||(yo,zo(-, —h-))||; < r with r

chosen later. The solution y of (1.1) can be written as y = y! + y? where 3! is solution of

Y (@,) + Yguo (2, 1) +yp (2, 8) + al2)y' (2, 1) + b(2)y' (v,t —h) =0, z € (0,L), >0,
y'(0,1) = y'(L,t) = y,(L,t) = 0, t>0,
yl(a:,O) :yO(x)7 T e (O7L)7
yt(z,t) = 20(x,t), x € (0,L),t € (—h,0),
and y? is solution of
Yi (@) + Yaae (2, 1) + Y2 (2, t) + a(2)y?(z,t) + b(2)y*(2,t — h) = —y(z,t)y.(2,t), 2 € (0,L),t>0,
yQ(Oat):yQ(Lvt) :yi(Lvt) 207 t>07
y2(xa0) =0, S (O,L),
y*(x,t) =0, z € (0,L), t € (—h,0).

More precisely, 3! is solution of (2.9) with initial data (yo, 20(-, —h -)) € H and y? is solution of
(2.20) with initial data (0,0) and right-hand side f = —yy, € L'(0,T, L?(0,L)). Using (4.31),
Proposition 2 and Remark 2, we have

I(T), 2Dl < ([T, 2Ty + ([P, 22 (D)) ||

<7 I(yo, z0(s =h Nl g +C ||yyﬂcHL1(0,T,L2(O,L)) (4.32)

2
<o, 20, =h Nl + Clyllz20.0,81 0,09
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with 0 < v < 1. The aim is now to deal with the last term of the previous inequality. For that,
we multiply the first equation of (1.1) by zy and integrate to obtain

/ /ythda:dt—k/ zy? dex+2/ / 2(z,t)dxdt
/ / xtdxdt—i—/ zyg (x)dr— 2/ / x)xy(x, t)y(x, t—h)dt+= / / 3(x, t)dxdt.

Consequently, by the fact that E is non increasing (see (3.23)), we have

T oL
T+ L
//yi(z,t)d:z:dtg +
o Jo
2L

3
22 vt - wiasas 2 [ [ .o pasa

As H'(0, L) embeds into C([0, L]) and using Cauchy-Schwarz inequality and (3.23), we have

T (L T L
|| P tdsde < [ ol [ oG tdade
0 0 0 0

T L
SVE [ ol [ 920z
0 0

T
2
< \/leyHLOO(O,T,L2(O,L))/O Hy”Hl(O,L) dt

Ve 2
< VLT (o, z0(-, =)y ||y||L2(o,T,H1(o,L)) :

Moreover, using again (3.23), we have

H(y(); ZO('? 7h))||§{

bll, T T
/ / ) ly(x, y(z,t — h)|dadt < ”|L2(O’L) (/ /yg(:c,t)dwdt—i—/ /y%x,t—h)dmdt)
0 w 0 w
< Wl [ [ st
b||; 0
+|| Iz ((J,L)/ /zg(x,t)dmdt
2 —hlw

< Dbllmony (T3 ) NooszaC, =B

Consequently, we have

T L

Thr | Ll OT+1)
I y§<x,t>dxdts( Ly Tmen 5o 20 ~h ) I
0 0

3
2\/ LT

2
T Il (v, 20(+, — ))HH ||yHL2(o,T,H1(o,L)) :

Using Young’s inequality, there exists C' > 0 such that

T L
| [ s tede < € (2o =h i+ oo 2ol =mIE) - (@39

Therefore, gathering (4.32) and (4.33), there exists C' > 0 so that
1y(T), 2(T)ll e < 11905 20(-, —h'))llH(’V + Cll(wo, 200 =)l i + C Ml (w0, 20 —h-))||§,)
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which implies
1y(T), (TNl i < [1(yos 20(-s =h)) | g (v + Cr 4 Cr?) .

Given € > 0 small enough such that v +¢ < 1, we can take r small enough such that r +r3 < &

in order to have
[(y(T), 2(T) g < (v+€) [I(yos 20(-, =)l g »

with v 4+ € < 1. The end of the proof follows the same lines as in the linear case (see after

(4.31)). O

5 Semi-global stabilization result

The goal of this section is to prove Theorem 3 using directly the nonlinear system (1.1). The two
main difficulties to the semi-global stabilization result are the pass to the limit in the nonlinear
term and the fact that this nonlinear term do not allow to use Holmgrem’s theorem. Instead
we will use the following unique continuation property for the nonlinear system due to Saut and

Scheurer [SS87]:
Theorem 8. Let u € L?(0,T, H3(0,L)) be a solution of
Up + Uy + Uggy + Uty =0
such that
u(z,t) =0, Vt € (t1,t2), V2 € w,

where w is an open nonempty subset of (0, L). Then

u(z,t) =0, vt € (t1,t2), Vo € (0, L).

To prove Theorem 3, in order to use Theorem 8, we have to show that the limit solution in the

contradiction argument is in L2(0,7, H3(0, L)).

Proof of Theorem 3. We follow [Paz05] (see also [Cer14]). Let y be the solution of (1.1). We
note that, using (3.23), (4.30) holds. Consequently, if we succeed to prove the observability
inequality (4.28) for the nonlinear system (1.1), then we will obtain the exponential decay of
the energy FE for the solution of the nonlinear system as in the proof of Theorem 7.

We are then reduced to prove the observability inequality (4.28) for the nonlinear system (1.1).

First, since fOL y2ydr = %[yd]g = 0, we can obtain, similarly to (2.18) with ¢ = 1,

/OLyQ(x,t)dx—/L (z )da:+/ y2(0, 5)ds

+ 2/ / (z,s)dxds + 2/t/0L b(x)y(z, s)y(z,s — h)dxds = 0.

0
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By integrating this last equation between 0 and 7', we have

L T L T
T/ ye(x)dx S/ / yQ(x,t)dmdt—i—T/ y2(0,t)dt
0 0 0

T L
+ 2T/ / (x,t)dxdt + 2T/ / b(x)y(z, t)y(z,t — h)dxdt.
0

0
Using the fact that

/OT/OL b(x)y(x, t)y(z,t — h)dxdt

1l e o,y [T [ e 2
< — y-(x, t)dxdt + 5 b(x)y~(z,t — h)dxdt,
0 Jw 0 Jw

and (1.4), there exists C' > 0 such that

L T
2
T/O yi(z)dw < |yl|7 (O,L)X(O,TNT/O y2(0,1)dt

+C/ / xtdxdt—l—C’/ /b (z,t — h)dxdt. (5.34)

Moreover, integrating (2.15) between 0 and T', we have,

/ /Zo (z, —hp)dpdzx </ / / (z, p, t)dzdpdt —l——/ / (z,t — h)dzdt,

with, if 7" > h, using (1.2) and (1.4),

T 1 1 T t
/ / / (z,p, t)dxdpdt = / /yQ(x,t—ph)dxdpdt: f/ / /yQ(:c,u)d:rdudt
0 0 Jw h 0 t—h Jw

S—

T T
< */ /yQ(x,u)da:du
b .
T - T
= */ /yQ(l‘,U)dxduﬁ-*/ /y2(x,u)dmdu
h —k w h Jr—nJo
T
< E/ /(yQ(x t)+y*(z,t — h)) dadt
OT WL
< C’/ / a(x)y? xtdmdt—i—C’/ / y*(x,t — h)dxdt.
o Jo

Gathering these estimates with (5.34), we see that it suffices, in order to prove the observability
inequality (4.28) for the nonlinear system (1.1), to prove that for any T, R > 0 there exists
K > 0 (which depends on R and T') such that

KHy”i%(o,L)x(o,T)) < /o y2(0,t dt+/ / (x,t dxdt—l—/oT/wb(m)y2(x,t— h)dxzdt
(5.35)
for the solutions of the nonlinear system (1.1) with ||(yo, 20(-, —h-))||; < R. We do that by a
contradiction argument. We assume that (5.35) does not hold and we built a sequence (y™), C B

solution of (1.1) with ||(y, 28 (-, —h-))||; < R such that

n 2
lim ly ||L2((0,L)x(o,T)) = +o0.

n o n 2 T L n|2 T n 2
Ty (0,920, + Jo o alymdudt+ [ [, bly"(zt = h)|” dadt
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We define \,, = ||yn||L2((07L)><(O7T)) and v, = % Then, v™ satisfies

v (z,t) + ol (2, ) + ol (z, 1) + A" (x, )l (x, t) + a(z)v™(x, t)
+b(z)v™(z,t —h) =0, (5.36)
0(0,8) = v (L, 1) = 02(L.1) = 0,
||U”||L2((0,L)x(0,T)) =1 (5.37)

and

T L T
va(o,-)uiz(O,Lﬁ/ / a|v”|2dxdt+/ /b(x) o™ (2, t — h)|? dzdt —s 100 0. (5.38)
0 0 0 w

Using the fact that
T L
/ / (T — t)(v™)*vdxdt = 0,
o Jo

we have, as for the linear case (see (2.14)) that

n 2 n| 2 n 2 n 2
[0 (Ol 220,0) < C (HU I z200,7,0200,0)) + 102 (0, 720, + [0 *h')||L2(wx(o71))) )

with, if 7" > h and since (1.2) holds,

0
n 2 n 2
o7 o= xioy = [ [ 1o o

T—h T
< h/ /Iv”(x,t)Idedt < h/ /b(x) o™ (x,t — h)|? dadt.
—h w 0 w

Gathering this with (5.37) and (5.38), we see that (v"(-,0)),, is bounded in L2(0, L). Moreover,
we note that (\,), is bounded in R since, due to (3.23),

A = 19" 220,y x 0,1y < T 16 26 (-, k)l < TR.

Consequently, using the same inequality as (4.33) for (5.36), (v™),, is bounded in L2(0,T, H*(0, L)).
We also notice that (v ™), is a subset of L2(0, T, L*(0, L)), since by Cauchy-Schwarz inequality,
we have
||an;LHL2(O,T,L1(O,L)) < ||Un||C([0,T],L2((),L)) ||Un||L2(o,T,H1(o,L)) :

All these are used to show that v} = — (v, + V7 + A" 0] + av™ 4+ ™ (t — h)) is bounded in
L*(0,T, H=2(0, L)) and consequently using a result of Simon [Sim87], the set {v™}  is relatively
compact in L?(0,T, L?(0,L)) and a subsequence of (v"),, also denoted by (v"),, converges
strongly in L?(0,T, L?(0, L)) to a limit v verifying [vllr2(0,7,22(0,2)) = 1- Furthermore, by weak

lower semicontinuity, we have
T L T
||vz(0,-)\|iz(0,L)+/ / a|v\2d;vdt+/ /b<x)\v(x,t—h)|2dxdt
o Jo 0 Jw

T /L T
<1iminf(nvs(ow)nizmw / / alo”|? dd + / / b(@v”(x,t—h)ﬁdxdt):o
n—roo ’ o Jo 0 Jw
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and therefore

v(z,t) =0 inwx(=hT) and v,(0,£)=0 in (0,7).

Since (A,)n is bounded, we can also extract a subsequence, still denoted by (A,)n, which con-

verges to A > 0. Consequently, the limit v satisfies

(2, 1) + Vg (2, t) + vz (2, t) + Av(x, t)v, (2, t) =0, x € (0,L),te (0,T),
v(0,t) = v(L,t) = vy, (L,t) =0, te(0,7),

v(zx,t) =0, xE€w, te(0,T),

ve(0,8) =0,  te(0,7),

ol 20,7, L2(0,2)) = 1-

We then distinguish two cases:

e First case: A = 0. Then the system satisfied by v is linear and we can apply Holmgrem’s

theorem to get that the solution v is trivial, which contradicts [|v]| 2o 7, 12(0,1.)) = 1-

e Second case: A > 0. We then prove that in fact v € L?(0,T, H3(0,L)). For that, we

consider u = v;. Then u satisfies

U (2, 1) + Upge (2, 1) + ug(x,t) + Au(, t)vg(x, t) + Av(z, t)ug(z, ) = 0, z € (0,L),te(0,T),
u(0,t) = u(L,t) = uy(L,t) =0, te (0,7,

u(z,t) =0, r€ew, te(0,T),

u.(0,¢t) =0, t e (0,7),

u(z,0) = —v'(z,0) — "' (z,0) — Mv(z,0)v'(x,0) € H3(0, L).

Using Lemma A.2 of [Cerl4], we get that the initial data u(-,0) € L?(0,L) and so u =
vy € B. We deduce that vy, = —v; — v, — Mv, € L2(0,T,L*(0,L)) and then that
v € L?(0,T,H3(0,L)). Applying Theorem 8, we obtain that the solution v is trivial,

which contradicts [|v]| 2. 7 12(0,r)) = 1 and ends the proof.

6 Third local stabilization result

In this section, we prove the exponential stability of (1.1) in the case where w = supp b ¢ supp a.

In this case, the derivative of the energy E defined by (1.6) satisfies

iE( t) = —yi(O t) — 2/suppaa(x)y2(x,t)dx — 2/wb($)y(x7t)y(x,t — h)dz + / f(x)yQ(%t)dx

/f 2(2,t — h)dx ’

C2(0,1) 2 / ale)y? (z, t)do + / (b(z) + (@) (z, )z + / (b(z) — £())y (.t — h)da,

IN
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and so the energy is not decreasing in general due to the term b(z) + &(x) > 0 on w.

Following [NP14], we consider the next auxiliary problem, which is "close” to (1.1) but whose

the energy is decreasing:

Ye (2, 1) + Yoo (T, 1) + yu (2, 1) + y(2, )y (v, 1) + a(z)y(z, 1)
+b(z)y(z,t — h) + Eb(x)y(z,t) =0, z € (0,L),t>0,
y(0,t) = y(L,t) = y.(L,t) =0, t >0, (6.39)
y(z,0) = yo(x), z € (0,L),
y(x,t) = zo(z, t), x € (0,L),t € (—h,0),

where ¢ is a positive constant. Then we consider the energy defined by (1.6) with &(x) = £b(z),
ie.
E(¥) :/ (z,t)dz + hf/ / (z,t — hp)dpdz. (6.40)
0
Then the derivative of this energy F satisfies

iE(t) = yx(O t) — / a(x)y®(z,t)dx — /b(x)y(x,t)y(:c,t — h)dz — 25/ b(x)y?(z,t)dx

dt i
—|—§/ :Etd:z:—g/ y2(x,t — h)da

—42(0,1) —2/ a(z)y* (x,t)d:c+/( (x) — &b(x))y?(z, t)dzx

+/(b($) — &b(z))y*(x,t — h)dx <0

IN

taking £ > 1, for any regular solution.

We would like to use the classical perturbation result of Pazy [Paz12]:

Theorem 9. Let X be a Banach space and let A be the infinitesimal generator of a Cy semigroup
T(t) on X satisfying |T(t)|| < Me*t. If B is a bounded linear operator on X, then A+ B is
the infinitesimal generator of a Cy semigroup S(t) on X satisfying ||S(t)| < Me(@+MIBIDt,

The strategy to treat the case supp b ¢ supp a is then the following: we first prove the exponential
stability for (6.39) linearized around 0 by the Lyapunov approach for all L < /37 (allowing
to have an estimation of the decay rate), then we show the exponential stability of (2.9) using
Theorem 9 for all L < /37 and for [0l o< (0,7, small enough. Finally we obtain the local
exponential stability of the nonlinear system (1.1) for all L < /37 and for ||b|| Leo(o,r) Small

enough using the same proof as in Section 4.2.
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6.1 Exponential stability for a linear auxiliary system by the Lyapunov

approach

We first consider the system (6.39) linearized around O:

Y£(@,1) + Yoz (2, 1) + Yo (2, 1) + a(x)y(z,t) + b(x)y(z,t — h) + Eb(x)y(@, t) =0,
z € (0,L),t>0,
y(0,t) = y(L,t) =y (L, 1) = 0, t>0, (6.41)
y(z,0) = yo(z), x e (0,L),
y(z,t) = zo(w, 1), z € (0,L),t e (—h,0).

As in Section 2, setting z(z, p,t) =y, (x,t — ph) for any x € w, p € (0,1) and t > 0, z satisfies
the transport equation (2.10). We equipped the Hilbert space H = L?(0,L) x L?(w x (0,1))
with the inner product

< Z 7 >—/OLygdth/w/olb(x)z%dpdx,

for any (y, 2), (9, %) € H and where £ > 1.

A

I3

We then rewrite (6.41) as a first order system:

U(t) = AoU(t), t >0,

U(O) =Uy € H, (642)

where U = Y , Ug = yo , and where the operator Aq is defined by

z 20|w ('7_h )

T Jrzx — Jr T _b_b~'71
AU — Y Yo — ay — §by — bZ(, 1) ’

L.
h*p
with domain
D(Ap) = {(y,z) € H3(0,L)xL*(w, H*(0,1)) |y(0) =y(L) =y (L) =0, 2(,0) =y, (z) in w }

Theorem 10. Assume that a and b are nonnegative functions in L>(0, L) satisfying (1.2) and
that Uy € H. Let £ > 1. Then there exists a unique mild solution U € C([0,+00), H) for system
(6.42). Moreover if Uy € D(Ay), then the solution is classical and satisfies

U € C([0,400), D(Ap)) N C*([0,400), H).

Proof. We follow the proof of Theorem 5. We first prove that the operator Aq is dissipative.
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Let U = (y,z) € D(Ap). Then we have

L
(AU, Uy = %[ 2L _ A a(w)ydz — / £b(a)y2dz — / b(x)z(x,l)y(az)dz—g / b(x)22(2,1)do
+5 [ vy
< —yg(o)—/ o(z) dm+%/b (x)da:—i—%/b(x) (1- &) 22(z, 1)da.

If we take £ > 1, then (AgU,U) < 0, which means that the operator Ay is dissipative.

Secondly we show that the adjoint of 4¢, denoted by Aj, is also dissipative. It is not difficult
to prove that the adjoint is defined by

rzx + r*afb‘kbg’vo
Y y ylﬁyﬁ() R € D(A).
z

h 2P

AU =

with domain

D(AE) = {(y,z) € Hg(ovL)XLz(w7Hl(0a 1))|y(0) = y(L) = yz(o) = O,Z(.’E, 1) = _1

¢ Yo (x) in w}.

Then for all U = (y, 2) € D(A}),

L
<A3U,U>:—§[ym} / a(z)y?d / ()P + / £b(z)2(z, 0)y(x)da

/ b(x dr — 2 / b(x
<L) - / e + / bo) (-g b5 ) v

and, since £ > 1, we have —% + 715 < 0.

Finally, the facts that A is a densely defined closed linear operator, and both 4y and Aj are
dissipative, imply that Ag is the infinitesimal generator of a Cy semigroup of contractions on

H, which finishes the proof. O

We denote by {T'(t),t > 0} the semigroup of contractions associated with Ag.

To prove the exponential stability of (6.41), we closely follow Section 3. More precisely, we

choose the following candidate Lyapunov functionnal:
V(t) = E(t) + paVi(t) + paVa(t), (6.43)

where p1 and po are positive constants that will be fixed small enough later on, F is the energy
defined by (6.40), V1 is defined by (3.25) and V% is defined by

vat) = b [ [ (1= pbla)s?a.t ~ ho)dad. (6.44)

for any regular solution of (6.41).
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It is clear that the two energies E and V' are equivalent, in the sense that

E(t)<V(t) < (1 + max {Lm, ’?}) E(t). (6.45)

Proposition 6. Assume that a and b are nonnegative functions in L>°(0,L) satisfying (1.2)
and that the length L fulfills (1.7). Let & > 1. Then, for every (yo,zo(-, —h-)) € H, the energy
of system (6.41), denoted E and defined by (6.40), decays exponentially. More precisely, there

exist two positive constants a and 8 such that

E(t) < BE(0)e 2, t>0,

where, for ui, po sufficiently small,

(6.46)

2 7L2
a< min{ 2 pa (37 ) }

2h(§ + p2) " 2L7(1 + pa L)

b= (1 —|—max{Lu1, '12_2 }) .

Proof. Let y be a regular solution of (6.41). Differentiating (3.25) and using (6.41), we obtain

by using several integrations by parts and as in the proof of Theorem 1

L L
4 Vi(t) = —3/ y2(z,t)dx —|—/ y*(z, t)dx — 2/ za(z)y?(z,t)dx
dt 0 supp a

- 2/ Exb(a)y (z,t)dx — /xb(x)y(m,t)y(w,t — h)dz.
Moreover, differentiating (6.44), using an integration by parts, we obtain

—Vg /b xtdx—//b 2(2,t — hp)dpda.

Consequently, for any o > 0, we have
d g 2 2
pn V() +2aV(Et) < -2 [ alx)(1+ pmz)y’(x,t)dz + [ b(z) (1 — &+ pe + p1 L) y*(z, t)dx
0 w
L
+ / b(z) (1 — &+ L) y*(x,t — h)dx + (p1 + 20 + 20, L) / y*(z,t)dx
0

—3,u1/ y2(z,t) d$+// ) (20€h + 20 pah — pi2) y* (2, t — hp)dpda.

Using Poincaré inequality, we obtain that

d

V() +2aV (1) < / ba) (1 — & + s + L) v (x, t)da

2

L L
+/ b(x) (1 — &+ L) y*(x, t — h)dx + <71-2 (1 + 2+ 20p1 L) — 3u1> /0 v (x, t)da

/ / ) (20€h + 20 pu0h — pig) y*(z,t — hp)dpda.
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Then, we choose p1 > 0, pe > 0 and a > 0 such that

-1 3r? — L?
M1<£77 o <&—1—Lp; and a<min{ £2 (3 )}

L 2h(§ + p2) " 2L2(1 + i L)
This is possible by (1.7). Therefore we obtain
d
ZV(H)+2aV(t) <0, vt >0.

Integrating over (0,¢) and using (6.45), we finally obtain that

E(t) < (1 + max {Lul, ﬂ;}) E(0)e™21, vt > 0.

By density of D(A) in H, the results extend to arbitrary (yo,z0(-, —h-)) € H. O

6.2 Exponential stability for the linear system using a perturbation

argument

We consider now the linear system (2.9) in the case where suppb = w ¢ suppa that we can

rewrite as the first system order (2.11). It is clear that the corresponding operator A satisfy
A=A+ B,
with domain D(A) = D(Ap) and where the bounded operator B is defined by

b
pu=| ™) uv-(Y)enm
z

0
Proposition 7. Assume that a and b are nonnegative functions in L*°(0, L) satisfying (1.2)
and assume that (1.7) holds. Let & > 1. Then for every Uy € H, there exists a unique mild
solution U € C([0,+00), H) for system (2.9), and for every Uy € D(A), the solution is classical
and satisfies U € C([0,+00), D(A)) N C([0,+00), H). Moreover there exists § > 0 (depending
on &, L, h) such that if
10l L= 0,y <95
then, for every (yo, z0(-, —h-)) € H the energy of system (2.9), denoted E and defined by (6.40),
decays exponentially. More precisely, there exist two positive constants v and B (defined in

Proposition 6) such that
E(t) < BE(0)e™2", t > 0.

Proof. 1t suffices to apply Theorem 9 and to note that, using Proposition 6 and the fact that
HB” = g ||b||Loo(O,L), we have
o
—a+ V/BEN] 0.0y < 0 [1Bll pe 0.0y < o5
O

Remark 5. Note that if h is large, the choice of b is such that ||b||L°°(o,L) s small, due to
(6.46).
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6.3 Local exponential stability for the nonlinear system (1.1)

We finally obtain the local exponential stability result enounced in Theorem 4 by considering

the nonlinear KdV equation (1.1) in the case where suppb = w ¢ supp a.

Proof of Theorem 4. It suffices to adapt the proofs of Sections 2.3 and 4.2. O

Remark 6. In order to apply Theorem 9, we need to have an estimation of the decay rate a of
the linear auziliary system (6.41). That is why we use a Lyapunov method and we assume that
(1.7) holds. If we prove an observability inequality as in Section 4 (which holds without restriction
on the length of the domain), we do not have an estimation of the observability constant C in
(4.28) since we use a contradiction arqument. The decay rate of the linear auziliary system
is then given by a = %ln (1 + %) (see the proof of Theorem 7) and we should verify that
—a+ VB¢ Hb”Loo(O’L) < 0. But the observability constant C' may depend on ||bHLOQ(O,L) and
so this assumption is difficult to verify. To remove the assumption (1.7) in the case where

suppb = w ¢ suppa is, to our knowledge, an open question.

7 Conclusion and remarks

In this paper, we studied the robustness with respect to the delay of the stabilization of the
nonlinear KdV equation with internal feedbacks. We first considered the case of the support
of the weight of the internal feedback with delay b is included in the support of the weight of
the internal feedback without delay a and when b is strictly smaller than a. We proved the
local exponential stability result by two methods: the first one by a Lyapunov approach giving
an estimation of the decay rate but with a technical limitation on the length of the domain
(i.e. L < +/37) and a second one by an observability inequality which holds for any length
(but without information on the exponential decay rate). We also obtained the semiglobal
stabilization result for all length. Secondly we considered the case where the support of the
weight of the internal feedback with delay b is not included in the support of the weight of the
internal feedback without delay a. In this case, if b is small enough (and even if a = 0), we

showed that the nonlinear system is locally exponentially stable when L < /3.

To illustrate these results, we present now some numerical simulations. Adapting the numerical
scheme of [CGO1] (see also [BCV18]), and using the parameters T' = 10, L = 3, h = 2 and initial
conditions yo(z) = 1 — cos(2mz) and zo(z, p) = (1 — cos(2mx)) cos(2mph) with suppa = suppb =
(0,L/5) and where a and b are constant on their support, we obtain the following figure, that
represents t — In(FE(t)) for different values of @ and b. We can see that when there is no feedback
(a =b=0), the energy is exponentially decreasing, and if the feedback without delay increases

(a =1 and b = 0), the energy is quickly exponentially decreasing. Moreover if the coefficient of
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delay b increases, then the energy is not exponentially decreasing, except if b is very small (for
instance b = 0.1) or if b is smaller than a (a = 4, b = 1). More precisely, with a = 0, b = 10
or a = b = 10, before that the delay acts (¢ < 2), the energy decays exponentially, which is not

longer the case when b is effective (¢t > 2). Consequently Figure 1 illustrates Theorems 1 and 4.

-10
-15
-20
-25

-30

-35

-40

-45

=50 T T T T T T T T T 1

Figure 1: Representation of ¢t — In(E(¢)) for different values of a and b.

We finish this paper by considered the cases of mixed internal and boundary dampings with

delay.

The most simple case is the case where we have an internal feedback without delay and a

boundary feedback with delay, i.e.

Ye (2, 1) + Yowa (2, 1) + yu (2, 1) + y(2, )ys (2, ) + a(x)y(z,t) = 0, x € (0,L), t >0,
y(0,t) = y(L,t) =0, t>0,
Y (L, t) = Byz(0,t — h), t>0,
y(z,0) = yo(z), z €(0,L),
Y2(0,1) = 20(%), t € (=h,0),

where |8] < 1 (see [BCV18] for an explanation of this assumption), and where a is a nonnegative
function in L*°(0, L) such that a(z) > ap > 0 a.e. in w an open nonempty subset of (0,L). In
this case, it is sufficient to combine [Paz05] and [BCV18] to obtain the local exponential stability

result for every non critical length (i.e. L ¢ L = {2771 / W, k,le N*})

If we consider now the case of an internal feedback with delay and a boundary feedback without
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delay, i.e.

Y (2, 1) + Yowa (2, 1) + yu (2, t) + y(z, O)ya(2, 1) + b(z)y(2,t — h) =0,
z € (0,L),t>0,
y(0,t) = y(L,t) =0, t>0, (7.47)
Yo (L, t) = ay.(0,t), t>0,
y({,C,O) = yO(x)a T e (OaL)a
y(z,t) = 20(z, t), z € (0,L),t e (—h,0),

where |a| < 1 (see [Zha94]), and where b is a nonnegative function in L*°(0, L) such that
b(z) = by > 0 a.e. in suppb = w an open nonempty subset of (0,L) and where [[b]| (o 1) is
small enough. Then we can follow Section 6 to obtain the local exponential stability result for

every L < /3m. For that, we introduce the following auxiliary exponentially stable system

Ye (2, 1) + Yoo (2, 1) + yu (2, 1) + y(z, 1)y (2, ) + b(2)y(z, t — h) + Eb(2)y (2, t) =0,
xz € (0,L),t>0,

y(0,t) = y(L,t) =0, t>0,

Yo (L, t) = ay.(0,1), t>0,

y(z,0) = yo(z), z€(0,L),

y(x,t) = zo(x, 1), z e (0,L),te(—h,0),

with the energy defined by (6.40) and £ > 1. Note that we can take a = 0 here.

An interesting question to investigate is to remove the technical assumption (1.7) in Theorem 4
or for (7.47). An other subject of future research could be the study of the stability of the KdV

equation with a delay in the nonlinear term.
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