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PSEUDO-BACKSTEPPING AND ITS APPLICATION TO THE
CONTROL OF KORTEWEG-DE VRIES EQUATION FROM THE
RIGHT ENDPOINT ON A FINITE DOMAIN*
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Abstract. In this paper, we design Dirichlet—Neumann boundary feedback controllers for the
Korteweg—de Vries equation that act at the right endpoint of the domain. The length of the domain
is allowed to be critical. Constructing backstepping controllers that act at the right endpoint of
the domain is more challenging than its left endpoint counterpart. The standard application of the
backstepping method fails, because corresponding kernel models become overdetermined. In order to
deal with this difficulty, we introduce the pseudo-backstepping method, which uses a pseudo-kernel
that satisfies all but one desirable boundary condition. Moreover, various norms of the pseudo-kernel
can be controlled through a parameter in one of its boundary conditions. We prove that the boundary
controllers constructed via this pseudo-kernel still exponentially stabilize the system with the cost of
a low exponential rate of decay. We show that a single Dirichlet controller is sufficient for exponential
stabilization with a slower rate of decay. We also consider a second order feedback law acting at the
right Dirichlet boundary condition. We show that this approach works if the main equation includes
only the third order term, while the same problem remains open if the main equation involves the
first order and/or the nonlinear terms. At the end of the paper, we give numerical simulations to
illustrate the main result.
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1. Introduction. This article is devoted to the study of the boundary feedback

stabilization of the Korteweg—de Vries (KdV) equation on a bounded domain ) =
(0, L) C R. The linear version of the model under consideration is given by

Ut + Uy + Uggr =0 in O x Ry,
u(x,0) = ug(x) in Q,

whereas the nonlinear version of this model is written with the main equation in (1.1)
replaced with

(1.2) Up + Uy + Uppe + Uty = 0.

In (1.2), u = u(z,t) is a real valued function that can model the evolution of the
amplitude of a weakly nonlinear shallow dispersive wave in space and time [12]. The
inputs U(t) = U(u(t,-)) and V(¢) = V(u(t,-)) at the right endpoint of the boundary
are feedbacks. The goal is to choose these boundary feedbacks so that the solutions
of (1.1) and (1.2) decay to zero as t — oo, at an exponential rate in the mean-square
sense.
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Controlling the behavior of solutions of evolution equations is an important topic,
and many approaches have been proposed. One method is to use local or global inte-
rior controllers. Another method is to use external (boundary) controllers, especially
in those models where it is difficult to access the domain. Using feedback type con-
trols is a common tactic to stabilize the solutions. However, nonfeedback type controls
(open loop control systems) are also used for steering solutions to or near a desired
state. Exact, null, or approximate controllability models have been developed for
almost all well-known PDEs.

Exact boundary controllability of linear and nonlinear KdV equations with the
same type of boundary conditions as in (1.1) was studied by [21], [7], [25], [9], [3], [6],
[22], and [10]. In these papers, the boundary inputs are chosen in advance to steer
solutions to a desired final state at a given time. This results in an open loop model.
In contrast, the boundary inputs in our model depend on the solution itself, and (1.1)
is therefore closed loop.

Stabilization of solutions of the KdV equation with a localized interior damping
was achieved by [20], [17], [16], and [1]. There are also some results achieving stabi-
lization of the KdV equation by using predetermined local boundary feedbacks; see,
for instance, [15] and [11].

1.1. Motivation. Equations (1.1) and (1.2) with homogeneous boundary con-
ditions (U = V = 0) are both dissipative since %||u(t)||%2(m < 0. However, this
does not always guarantee exponential decay. It is well known that if L € N =

{274/ W, k,l € N} (so-called critical lengths for KdV), then the solution does

not need to decay to zero at all. For example, if L = 27w, uw = 1 — cos(x) is a (time
independent) solution of (1.1) on Q = (0,27), but its L?>-norm is constant in ¢. On the
other hand, if L is not critical, one can show the exponential stabilization of solutions
for (1.1) under homogeneous boundary conditions; see, for example, [20, Theorem
2.1].

Recently, [5] studied the boundary feedback stabilization of the KdV equation
with the boundary conditions

(1.3) w(0,8) = U(t), us (L, t) = 0,u(L,t) = 0

by using the backstepping technique (see, for example, [13]). Cerpa and Coron
[5] proved that given any r > 0, there corresponds a smooth kernel k£ = k(z,y)

such that the boundary feedback controller U(t) = Ul(u(t,-)) = fOL k0, y)u(y,t)dy
steers the solution of the linear KdV equation to zero with the decay rate estimate
lu(®)llz2) S lluollp2(ye™"". Moreover, the same result also holds true for the non-
linear KAV equation provided that ug is sufficiently small in the L2-sense. Here,
k = k(z,y) is an appropriately chosen kernel function satisfying a third order PDE
model on a triangular domain that involves three boundary conditions. In [5], the
control acts on the Dirichlet boundary condition at the left endpoint of the domain.
However, the situation is very different if the control acts at the right endpoint of
the domain, because then the kernel of the backstepping controller has to satisfy
an overdetermined PDE model whose solution may or may not exist. Therefore, the
problem of finding backstepping controllers acting at the right endpoint of the domain
is interesting.

Coron and Lii [8] studied this problem with a single controller acting from the
Neumann boundary condition on domains of uncritical lengths. They proved the
rapid exponential stabilization of solutions for the KdV equation under a smallness
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assumption on the initial datum. The method of [8] is based on using a rough kernel
function in the backstepping integral transformation. The construction of the rough
kernel relies on the exact controllability of the linear KAV equation by the Neumann
boundary control acting at the right endpoint of the domain. However, the exact
controllability was proved only for the domains of uncritical lengths. On the other
hand, the exponential decay of solutions for the linearized KdV equation holds even
without adding any control to the system when the length of the domain does not
belong to the set of critical lengths [20]. Therefore, the following remains as an
important problem.

PROBLEM 1.1. Let L > 0 (not necessarily uncritical). Can you find a kernel
k = k(z,y) such that the solution of (1.1) and (1.2) satisfies

(1.4) lu-, )]l z2@) = Oe™™)

for some r > 0 with boundary feedback controllers given by

L L
15 V0= [ Ly ad VO = [ k(L. 0dy?

A stronger version of the above problem is the following.

PROBLEM 1.2. Given r > 0, can you find a kernel k = k(x,y) such that the
solution of (1.1) and (1.2) satisfies the L*-decay estimate (1.4) with the boundary
feedback controllers given in (1.5)7

This paper and the proposed method address only Problem 1.1, and the latter
problem remains open for domains of critical length.

In order to understand the nature of the problem and the difficulty here, let us
consider the linearized KdV equation in (1.1). A backstepping controller for this linear
model is generally constructed by using a transformation given by

(1.6) w(z,t) = u(z,t) — /OI k(z,y)u(y,t)dy,

where the unknown kernel function k(z,y) is chosen in such a way that if u is a
solution of (1.1) with the boundary feedback controllers given in (1.5), then w is a
solution of the damped homogeneous initial boundary value problem (so-called target
system)

Wi + Wy + Wege + Aw =0 in QO x R4,
(1.7) w(0,t) = w(L,t) = wy(L,t) =0 in Ry,
w(x,0) = wo(z) = ug — fox k(x,y)uo(y)dy in Q.

The reason is that the solution of (1.7) satisfies ||w(t)||r2@) = O(e™*'), and if the
given transformation is invertible, one can hope to get a similar decay property for u.

The essence of the backstepping algorithm is to find an appropriate kernel function
k which serves the purpose. In order to do this, one simply assumes that u solves (1.1)
and plugs u(z, t)— [ k(z,y)u(y, t)dy into the main equation in (1.7) wherever one sees
w. This gives a set of sufficient conditions that the kernel has to satisfy. Note that w
satisfies the given homogeneous boundary conditions w(0,t) = w(L,t) = w,(L,t) =0
by the transformation in (1.6) and the choice of the feedback controllers in (1.5). In
order for the main equation in (1.7) to be satisfied, one can impose a few conditions
on k. Indeed, computing the derivative of w with respect to the temporal and spatial
derivatives and putting these together, we obtain the following:
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we (@, 1) + W (@, ) + Waga (x, 1) + Aw(z,t) = ky(x,0)u,(0,1)

—k(x,0)uy,(0,t) — ug(x,t) |ky(z,2) + ke (2, 2) + Q%k(x, x)}
+u(x, t) [/\ — kyo(z, ) + kyy(z, ) — %kl(x,m) — (Zﬁk(aﬂ,x)} .

The above equation is the same as that of the target system (1.7) if k solves the
third order partial differential equation together with the set of boundary conditions
given by

kaaa + kyyy + ky + ke = — Ak,

(1.9) k(z,z) = k(z,0) = ky(z,0) =0,
ky(z,z) = %x,

where the PDE model is considered on the triangular spatial domain 7 = {(z,y) €
R?|z €[0,L],y € [0,z]} (see Figure 1).

Fia. 1. Triangular region T for L = 2.

In order to solve the problem (1.9), one generally first applies a change of variables.
Here, an appropriate choice would be to define t = y, s = x —y, and G(s,t) = k(x,y).
Then, G satisfies the boundary value problem given by

(1.10) Gt — 3Gt + 3Gast + Gy = —A\G,
(1.11) G(s,0) = Gy(5,0) = G(0,) = 0,
(1.12) Gs(0,t) = gt

on the triangular domain 7y = {(s,t) |t € [0, L],s € [0,L —t]} (see Figure 2).

Unfortunately, it is not easy to decide whether (1.10)—(1.12) has a solution. Note
that there is also a mismatch between the boundary conditions G¢(s,0) = 0 and
Gs(0,t) = %t in the sense that G45(0,0) = 0 # G4 (0,0) = % Hence, the standard
backstepping algorithm fails because it forces us to solve an overdetermined singular
PDE model. This issue does not arise if one tries to control the system from the left
endpoint of the domain as in [5].

The adverse effect of the nonhomogeneous boundary condition in the kernel PDE
model was eliminated by expanding the domain from a triangle into a rectangle in [8].
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F1c. 2. Triangular region Ty for L = 2m.

However, this approach brings a Dirac delta term to the right-hand side of the main
equation; see the kernel model in [8, section 1]. The cost of this is that the constructed
kernel cannot be expected to be very smooth. However, the higher regularity is crucial
to rigorously justify the calculations in (1.8) that show the equivalence of the original
plant and the exponentially stable target system. Therefore, we rely on a different idea
based on constructing an imperfect but smooth kernel. The details of this construction
are given below.

1.2. Pseudo-backstepping. We introduce a new backstepping technique which
eliminates the difficulties explained in the previous section. In the standard back-
stepping method, the plant model (1.1) is transformed into the most desirable (e.g.,
exponentially stable) target system with a transformation as in (1.6). This is called
forward transformation. The target system is then transformed back into the plant
model via an inverse transformation, generally in the form

(1.13) u(z,t) = w(x,t) + /Ow p(z, y)w(y, t)dy.

This is called backward transformation. A combination of these two steps allows one
to conclude that the plant is stable if and only if the target system is stable in the
same sense (see Figure 3).

kix.y)
Plant Target system

u(x,t) wix.)

p(x.y)

Fic. 3. Standard backstepping.

Unfortunately, applying this algorithm to our problem forces kernels p and k to
be solutions of overdetermined boundary value problems, and thus the method fails.

Our strategy uses a pseudo-kernel which is chosen as a solution of a corrected
version of the gain control PDE given by

(1.14) Girt — 3Gt + 3Gest + Gy = =G,
(1.15) G(s,0) = G(0,t) =0,
(1.16) G(0,1) = %t
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TABLE 1
Numerical experiments on a domain of critical length L = 2.

| [ a=a- BiRG02,
0.01 0.00954938
0.02 0.0167563
0.03 0.0181985
0.04 0.00844268
0.05 -0.0203987
0.10 -0.961935
1 -83925.8

fe(.y: A) -pseudo-kernel

Plant System | T———"""== [  Modified Target

u(xt) Sygtem
w(x, t)

Abstract inverse

Fi1c. 4. Pseudo-backstepping.

on the triangular domain 7g. Unlike in the previous model (1.10)—(1.12), here the
boundary condition Gy(s,0) = 0 is completely disregarded. One advantage of us-
ing this modified model is that we can solve it. Another is that, even though the
boundary condition ét(s, 0) = 0 is disregarded, we can control the size of this bound-
ary condition by choosing A sufficiently small. The cost of using a pseudo-kernel
is that the target system changes (see the modified target system in (2.16)), which
causes a slower rate of decay. Nevertheless, this new method (henceforth referred to
as pseudo-backstepping) allows us to obtain physically reasonable exponential decay
rates for some choice of A (see Table 1 for sample decay rates for some values of A on
a domain of length L = 27). See Figure 4.

Another aspect of our method is that instead of using a concrete backward trans-
formation as in (1.13), we rely on the existence of an abstract inverse transformation
that maps the solution of the modified target system back into the original plant.
The existence of such a transformation is proved via succession (see Lemma 2.2 be-
low). This type of backward transformation was previously used in the stabilization
of the heat equation with a localized source of instability [14]. We do not search for
an inverse of type (1.13) to avoid a highly overdetermined system that would result
from computing the temporal and spatial derivatives of the given transformation and
finding the conditions that p has to satisfy.

1.3. Main results. Applying the pseudo-backstepping method explained above
to the linearized and nonlinear KdV models given in (1.1) and (1.2), we are able to
prove the following well-posedness and stabilization theorems.

THEOREM 1.3 (well-posedness). Let T' > 0, ug € L*(), and

L~ L~
(1.17) Ut) = / R(L,y)uly, )y, V() = / o (Lo y)uly. t)dy,

where k is a smooth kernel given by (2.14). Then, (1.1) has a unique solution u €
C([0,T); L3(Q)) N L2(0, T; HY(Q)) satisfying also u, € C([0, L]; L*(0,T)). Moreover,
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the same result also holds true for the nonlinear KdV equation (1.2) if |uollz2() s
sufficiently small.

Remark 1.4. Indeed, our analysis in this paper also shows that if uy € H3(Q) and
satisfies the compatibility conditions

(118)  uo(0) = 0,uo(L) = / F(Ly)uo(y)dy, (L) = / o (L y)uo(y)dy,

then the solution of (1.1) or the local solution of (1.2) satisfies u € C([0, T]; H3(Q))N
L?(0,T; H*(Q)). One can also interpolate to get regularity in the fractional spaces.
For example, let ug € H S(Q) (s € [0, 3]) so that it satisfies the compatibility conditions
uo(0) = 0, u(L fo (L, y)uop(y)dy if s € [0,3/2] and the compatibility conditions
(1.18) if s € (3/2 3. Then the solution of (1.1) or the local solution of (1.2) satisfies
we C([0,T]; H5(2)) N LQ(O, T; HsT1(Q)).

THEOREM 1.5 (stabilization).  Let ug € L?(Q). _Then, for sufficiently small
A >0, one has o = X\ — %Hky('vo)”%?m) > 0, where k is given by (2.14), and the
corresponding solution of (1.1) with the boundary feedback controllers (1.17) satisfies
lu(®)llL2) S lluollL2)e™*". Moreover, the same decay property is also true for the
nonlinear KdV equation (1. 2) if [|uol| L2 () is sufficiently small.

Remark 1.6. The proof of Theorem 1.5 is given in the next section. Table 1 gives
some examples where exponential stabilization can be achieved. For example, when
A = 0.03, the decay rate is approximately of order O(e~%!%") on a domain of length
L = 27r. The exponential decay rate is substantially small (see Table 1) relative to the
decay rates one can get by controlling the equation from the left endpoint with the
same type of boundary conditions. Indeed, what matters is not where the controller
is located but rather the number of boundary conditions specified on the opposite
side of the boundary. For example, if one specified two boundary conditions at the
left and only one boundary condition at the right, then it would be easier to control
from the right and more difficult to control from the left, in contrast to the problem
studied in this paper.

2. Stabilization. In this section, we prove Theorem 1.5. First, we prove the
existence of the pseudo-kernel and the abstract inverse transformation. Second, by
using the multiplier method, we obtain the stabilization for suitable A\. The multiplier
method is applied only formally, but the calculations can be justified by a standard
density argument and the regularity results proved in the next section.

2.1. Linearized model. The sought-after solution of (1.14)—(1.16) can be con-
structed by applying the successive approximations technique to the integral equation

B )\ 1 t s w B ~ ~ -
(1) Gsn=Jsits / / / (= Crut + 3Gt — G — AG)(€, m)dEdwd.
0 0 0

Indeed, we have the following lemma.

LEMMA 2.1. There exists a C*°-function G such that G solves the integral equa-
tion (2.1) as well as the boundary value problem given in (1.14)—(1.16).
Proof. Let P be defined by

22)  (PH)(s.1) A / / —futt + 3futt — fo — M)(E, m)ddwdy.
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By (2.1), we need to solve the equation G(s,t) = %st + PG(s,t). Define G° = 0,
Gl(s,t) = %st, and G"T! = G' 4+ PG". Then for n > 1, G"*! - G™ = P(G" - G"71).
So if we define H%(s,t) = st and H"*! = PH", we get H" = 2 (G"1 —G™). Moreover,
for j > 1,
n=j—1 A n=j—1

~Nj o i ~n+l _ Fm 2 n
(2.3) G G_ga G_gz:;H.
Let || - [l denote the supremum norm of a function on the triangle Tp. It follows
from (2.3) that to prove G,, (and its partial derivatives) is Cauchy with respect to
the norm || - ||oo it is enough to show H™ (and its partial derivatives) is an absolutely
summable sequence with respect to the same norm.

To show H™’s are absolutely summable, let us first write P as the sum of four
operators P = P_o5 + P_1 + Py + Py, where

rar= [ [ [ -utenacatan pas= [ [ [ futeniasan
mi=g [ [ [ -nemicasin mr=5 [ [ ["-aremacastan

Then
4TL
(2.4) H"=P"H®=(P.y+P_1+ P+ P)"st =Y Rypst,

r=1

where R, := P; Pj ., ---Pj ,, jri € {—2,—1,0,1}. Observe that for positive

integers m and nonnegative integers k

(2.5) P_is™tF = c_1smTE " and Pis™ P = ;s T2 for i = —2,0, 1,
where
26) {0 if k<2,
. C_2 = k(k—1 .
773(%(1)(”3”) if k> 2,
.- 0 k<1,
. C_1 =
oty ifk> 1,
1
(28) Co = —

3(m+1)(m+2)’

A
3(m+ D)(m+2)(k+1)°

(29) Cl = —

Let 0 =o(n,r) = Y i, jri- From (2.5)—(2.9) one can easily see that for each n and r

0 ifo< -1
2.10 R, st = ’
(2.10) ’ {C’msﬁt"“ if o > —1,

where n +1 < 3 <2n+1 and C, , is a constant which only depends on n and 7.
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Let A = max{1, \}. We claim that for each n and r,

T

(n+D!(ec+ 1)

Taking m = 1, k = 1 in (2.5)—(2.9), one can check that the claim holds for n = 1.
Suppose it holds for n = £ — 1 and for all r € {1,2,...,4°"!}. Then for n = ¢
and 7* € {1,2,...,4"}, using (2.5) and (2.10), we obtain Ry st = PR, _1st =
Cri1PsPtot! = C’,nyg,lcl-sﬂ*t"*+1 forsomei € {—2,—1,0,1} and r € {1,2,...,471},
where (* is either 8+ 1 or 8+ 2, 0* = o + i. By the induction assumption

Ye—1

Croo1 < m Moreover (2.6)-(2.9) and the fact that 8 > ¢ imply |c;| < 9

(2.11) Crl <

£+1
fori=—1,-2, |co| < ej%l? and |¢q] < m. Hence for each ¢ € {—2,-1,0,1} we
Y4

get |Crx | = |Cr (p—1)cil which proves that the claim
holds for n = ¢ as well.

By (2.4), (2.10), (2.11) and the fact that 0 < s,¢ < L in the triangle Ty, we obtain

< X _ D
= (+1D)!(o+i+1)! e+ (o*+1)10

4m S\nL3n+2
(n+1)! 7’
which is summable. Moreover, since H” is a linear combination of 4™ monomials of
the form s%t°*! with 8 < 2n + 1 and o < n, any partial derivative OOV H™ of H™
will be absolutely less than
(QTL + 1)a(’ﬂ + 1)b4n5\nL3n+27a7b
(n+1)! ’

which is also summable. 0

(2.12) [H"[|oo <

(2.13)

Now, we define the pseudo-kernel by

(2.14) k(z,y) == G(z —y,y)

and consider the transformation given by

(2.15) w(z,t) = u(x,t) —/ E(z,y)u(y, t)dy.
0

See Figures 57 for a numerical illustration of the pseudo-kernel and the related control
effort at the right boundary conditions.

FIG. 5. Pseudo-kernel k when A = 0.01 (L = 2r).
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— A=0.01

A=0.02
— A=0.03
— A=0.04

- - - — A=0.02
005} — N\ . A=0.03

— A=0.03
— A=0.04

Fic. 7. Control effort at the Neumann boundary condition for different X\ (L = 27).

Note that we have i, (0,t) = w0, (0,t) by the boundary conditions of k. Using this
fact, we can rewrite the modified target system as

¢+ Wy + Wz + MO = ky(,0)10,.(0, 1) in Q xRy,
(2.16) @(0,) = (L, t) = Wy (L,t) =0 in Ry,
’LZ)(.’1770) = 1,?)0(!1)) = U — f()w k(xvy)UO(y>dy in Q.

Multiplying the above model by @w and integrating over (0, 1), using the Cauchy—
Schwarz inequality, we obtain

(2.17)

1d, . B 1, . L 5 5
§£|Iw(t)\\iz(m + A[@(1)]|F20) < —Qlwz(O,t)F +/O ky(z,0)w,(0,t)w(z, t)dz

< Lo + Lokt 4 L (/OL|1%y<xvo>||w<x,t>|dx) .

Since k is smooth on the compact set T, we have

1d, . 1 - -
(2.18) §£||w(t)||2m(n) + ()\ - 2||ky(-,0)|%2(9)) [ (t)[ 720y < 0.

It follows that

(2.19) lo(®)1Z2() < IlDoll72 @)™,

=2
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where o = A~ 1|k, (-, 0)2.

0) @ The graph of the function k y (-, 0) is depicted in Figure
8 on a domain of length L =

2
L2
L

ky(x,0

FiG. 8. Pseudo-kernel k when A = 0.03 (L = 2x).

By taking L?(Q2) norms of both sides of (2.15) (with ¢ = 0) and using the Cauchy—
Schwarz inequality, we get

(2.20) @ol| L2y < (1 + H/~f||L2(T)> l[wollz2 (o)

Let K Hl(Q) — HY() (I > 0) be the integral operator defined by (K)(x) :=
fo y)dy. It is not difficult to prove that the operator I — K is invertible from
HI(Q) — Hl(Q) (for I > 0) with a bounded inverse. This is proved in a general setting
in the lemma below.

LEMMA 2.2. I — K is invertible with a bounded inverse from H'(Q) — H'(Q)
(1>0).

Remark 2.3. The above lemma can be expressed in a sharper form. Indeed, the
proof below shows that ® is a bounded operator from L?(Q2) — H'(Q) (I = 0,1,2)
and it is a bounded operator from H!=2(Q) — HY(Q) (I > 2).

Proof. The above lemma can be proven by slightly modifying the proof of [14,
Lemma 2.4]. However, we will still give a brief proof here since we will need to refer to
some crucial details of the proof of this lemma later in the proofs of the stabilization
and well-posedness results.

To this end, let us first consider the case [ = 0 and let ¢p = (I — K)p for some
¢ € L%(Q). The idea is to first write ¢) = ¢ — v where v = K¢. Note that then,

b(z) = pla) - [Kel(@) = (b(z) + o()) - / "k, ) () + o)) dy.
This gives . .
o(z) = / Fe, ) y)dy + / Rz, y)o(y)dy.

Given a fixed v, one can solve this equation via succession (see [14, Lemma 2.4]
for the details of the succession argument). This implicitly defines a linear operator
® : 1 — v on L?(Q) with the property that ® is bounded, i.e., there exists Cy > 0
such that

(2.21) lvllz2) < Coll¥llL2 (o),
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where Cy depends only on HIEHLm(T). But then, ¢ is simply equal to (I + @), and
therefore (I — K)~! exists, equals I +®, and is bounded. By differentiating and using
the smoothness of k, (I — K)~! extends to a linear bounded operator also on Sobolev
spaces H'(Q) (1> 1). Indeed, since k(z,z) = 0, we have

(2.22) va() = / (@) (Wb(y) + o(y))dy,

which implies [[v,z2(0) < a2 (1%l 20) + [0ll2(0)) - Hence, using (2:21), we
have

(2.23) ol @) < CrllYllze o),

where C; depends on ||k, | 22(7) and Co. This shows that ® is bounded from L?(£2) into
H'(Q), a fortiori bounded from H'() into H*(2). Now for | = 2, using k,(z,z) =
3%, (030)(2) = 3 (@) +v(@)) + [; (93k) (2, y) (¥(y) + v(y))dy. Taking L*(2)-norms
of both sides and using the previous inequalities, we get ||v||g2q) < Cal[¥||lL2(0),
where Cy depends on ||83]~4HL2(7—), C1, and A. This shows that ® is bounded from
L?(Q2) into H?(Q), a fortiori bounded from H'(Q) or H?(2) into H?€)). Proceeding
in the same fashion, one can show that ||v||gsq) < C3|[¢)|| g1 (), where C3 is a fixed
constant depending on various norms of k. More generally, (vl gy < CillYll a2,

where [ > 2 and C; depends on various norms of k. Hence, for | > 2, ® is a bounded
operator from H'=2(Q) into H'(Q2) and a fortiori bounded from H!(Q) into H!(Q). O

Remark 2.4. Another important estimate that follows from (2.22) via (2.21) is
that

(2.24) [vallee (@) < CllYll L2
for some C > 0 that depends on k.

From the above lemma, it follows in particular that u(z,t) = [(I — K)~!@](x,t),
and moreover

(2.25) lu(®)] 20y < (I — K) Ml pre) - 100 L20),

where || - || gir2(q) is the operator norm of (I — K)~! from L?*(2) into L?(Q).
Combining (2.25) with (2.19) and (2.20), we conclude that

(226)  Jul®)lzz@) < (1+ IRllzaeny) 10 = K) ey luollz2@ye ™"

We can prove that the parameter « in the above estimate is positive if A is
sufficiently small. Indeed, we have the following lemma.

LEMMA 2.5. For a given L, there exists sufficiently small X\ such that « = \ —
3 llky (- 0)l|72 > 0.
2 17y U2

Proof. Taking the partial derivative of both sides of (2.3) with respect to ¢ and
takin% i = 0 we see that GJ(s,t) = %Zi;t H}(s,t). Passing to the limit we ob-
tain Gy(s,t) = %ZZOZO H}(s,t). Note that for A < 1, A = 1. Therefore by (2.12)
the summation term is absolutely less than some constant M that only depends
on L. Hence we get ||Gillc < 221, Since ky(z,0) = G4(s,0), in particular we have
ko O)[72 < Lliky (- 0)1% < LIGHZ < 2475, As avesult, o= A~ 5[k, (- 0)[7 >
N\ APMPL A2(L ML

18 % — “15°), Which is positive for sufficiently small \. d

The inequality (2.26) together with Lemma 2.5 proves the linear part of Theo-
rem 1.5.
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2.2. Nonlinear model. In this section, we consider the nonlinear KdV model
(1.2) with the feedback controllers given in (1.17). By using the transformation given
n (2.15), we obtain the following PDE from (1.1), noting that k(z,x) =0

(227) By + By + Daae + A0 = ky(,0)@2(0, ) — (I — K)[(@ +v) (@ +v,)]

with homogeneous boundary conditions

(2.28) @(0,6) =0, w(L,t) =0, and w,(L,t)=0,

where v(z,t) = [®w](x,t), with ® being the linear operator defined in section 2.1 in

the proof of Lemma 2.2. Multiplying (2.27) by w(z,t) and integrating over Q = (0, L),
we obtain

L L i i L i
(2.29) /0 w(m,t)wt(x7t)dm:/0 ky(x70)w$(0,t)w(x7t)dx—/0 W(x, t)Wy(x, t)dx
L L L L
— | w(x,t)Wege(x,t)dx— Wz, t)de— | 0%z, )by (z, t)de— | @ (x, t)ve(z, t)dx
[ ot ttneto)e=r [5G do= [ @)oo [ 6o, b)d
L L
—/ d}(m,t)wm(m,t)v(x,t)dx—/ w(z, t)v(x, t)v,(z, t)dx
0 0

+/L(/a}g( Y)W (y, t)wy (v, )dy) oz, t)dgs+/0L</I];3(x7y)ﬁ)(y’t){;y(%t)dy) B, t)d
/ (/k z,y)0(y, )y (y, )dy) w(z, t)da:+/ (/k z,y)o (y,t)ﬁy(y’ﬁ)dy> @z, t)dz.

We estimate the last four terms at the right-hand side of (2.29) as follows:
(2.30)

/OL (/Ow k(. )ﬁ’(yvt)@y(y,t)dy> W (x, t)dz

Yy
([ iz @20 0y) o )i

_ 1/L
=3
L T L x
- %A k(z,y)w* (y, t) Oﬁ)(az,t)dz—%/o (A ky (z, y)w? (y, )dy> @(z, t)dx
= gllk oo (20) 10D 1720

e [ ’ ( / " Fa )l ), (v, >dy) (, )da

:ﬁ/(x,t)dx — /OL (/OT l;y(sc,y)v(y,t) (y, )dy) w(z, t)dx

L T
_/0 (/0 k(z, y)vy (y, ) (y, )dy) W(x, t)dz < VL|kyl| L (o) 00 22 @) [0 ()12

+ 1Bl 22 (7o) 102 (Ol 2= 0 [0 (8) [ 72

L ~
:/0 k(z,y)v(y, t)w(y,t)
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[ (i wonfore

1
2
— % L y,t) Zzb(x,t)dx - ;/OL (/j ffy(x,y)vQ(y,t)dy> w(z,t)dr

VL .
5 Myl ) [0 (172 o) [19(2) | 22 (0)-

I /\

Now, estimating the other terms using integration by parts and the Cauchy—
Schwarz inequality, and combining these with (2.30)—(2.33), it follows that

(2.34)

1d 1, - _
5310 + (A= 31RO ) 10O

3 ~ B N
< (2 T 2||k|L2<TO>) () 2w () o+ 108 L2 06y 0 (6 e sy

VI, ) i )
22 o 1) gy + VENEy Lo i) 08 L2 100 32

VL - .
+ 5 Iyl ) ) 1 L2 o) 1D ()] 22 (-

Using (2.21) and (2.24), we deduce the following inequality:

3
2

(2.35) Yy + 20y — cyz <0,

where y(t) = ||u~;(t)||%2(m, and ¢ is a constant that depends on L and various norms
of k. Solving the inequality (2.35) and assuming |wollz2() < &, we get

- 1 1
(2:36)  [lo(®)]Z2(q) = y(t) < 5 <

5.
1 c at c ext
1 ¢ )e c __ex

|:<Hw0HL2(Q) 2“) + 20‘} {2““’0”0(9)]

Recall that [[wo| z2(0) S lluollz2(). Combining this with (2.25) and (2.36), we deduce

(2.37) ||u(t)HL2(Q) < HUOHLZ(Q)e_at for t > 0.

Hence, the proof of Theorem 1.5 for the nonlinear KAV equation is also complete. Note
that the smallness assumption on the initial datum wg implies a smallness assumption
on ug due to the fact that we also have [lugl|z2(q) < [[Wol|z2(0) thanks to Lemma 2.2.

3. Well-posedness. In this section, we prove the well-posedness of the PDE
models studied in the previous sections. For simplicity, we assume L = 1 throughout
this section. This assumption has no consequence as far as well-posedness is con-
cerned, and all results proved here are also true for any L > 0. Thanks to Lemma
2.1, it is enough to prove the well-posedness of the respective modified target systems
in order to obtain well-posedness of (1.1) and (1.2).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 04/07/19 to 128.111.121.42. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

CONTROL OF KORTEWEG-DE VRIES EQUATION 1269

3.1. Linearized model. Consider the following linear KdV equation with ho-
mogeneous boundary conditions:

Yt + Yz + Yoo + >\y = a(x)yz((L ) in Q x R+7
(3.1) y(0.) =y(L) =g (L) =0  mR,,
y(z,0) = yo € L*(Q) in Q.

We have the following result.

ProrosITION 3.1.

(i) Let T" > 0 be arbitrary and yo,a € L*(). Then, there exists T € (0,T")
independent of the size of yo such that (3.1) has a unique local solution
y € C([0,T); L3(Q)) N L2(0,T; H*(Q)) satisfying also y,. € C([0,1]; L?(0,T)).
Moreover, if a € L*>(Q)), then y extends as a global solution. In other words,
T can be taken as T'.

(ii) Leta € HY(Q) and let yo € H3(Y) satisfy the compatibility conditions yo(0) =
yo(1) = y4(1) = 0. Then, the (local/global) solution in part (i) enjoys the extra
regularity y € C([0,T]; H3(Q)) N L*(0,T; H4()).

Proof. Step 1: Local well-posedness. Let us define the linear operator A : D(A) C
L2(Q) — L2() by Ap := —¢' — ¢", where D(A) := {p € H3(Q) : p(0) = p(1) =
¢'(1) = 0}. Then, the initial boundary value problem (3.1) can be rewritten in the
abstract operator theoretic form

)= Ay + F
(3.2) y=Aay+ 1y,
y(o) = Yo,
where Fip := —\p + a(-)7p. Here, 1? is the first order trace operator at the left

endpoint, i.e., 7)o := ¢’(0). This operator is well-defined for ¢ € H2¢(Q) D D(A).
It is not difficult to see that the adjoint of A is defined by A*p := ¢’ + ¢ with
D(A%) = {p € H3(9) : 9(0) = p(1) = ¢/(0) = O},
A is a densely defined closed operator, and moreover, A and A* are dissipative
[21, Proposition 3.1]. Therefore, A generates a strongly continuous semigroup of
contractions {S(¢)}+>0 on L?(2) [19, Corollary 1.4.4]. Now we construct the operator

(33) = 83100 = S0+ [ (1 — s)Pa(s)ds.

Let us define the space (see, e.g., [2])
(34)  Yr:={z€C([0,T};L*(Q))NL*(0,T; H'(Q)) | z, € C([0,1]; L*(0,T))}
equipped with the norm

W=

2lve = (N=Wo0.m1szzc@n + 2lEe moars ey + 12 o0 )

Then, for z € Yr, by using the semigroup estimates [2, Propositions 2.1, 2.4, 2.16,
2.17], we have

t
(3.5) ||yYT—H\PznyTs||s<t>yo||yT+H | st=sp=(sas
0

Yr
1 1
<co(T+T1)2lyollrz) +er(L+T)2 Az + aza(0, ) 11 0,7.22(0))

< co(1+T)% |lyoll z2() + er(L+ T)EVT(L + [|al| 20 |2l v -
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where ¢y and ¢; are positive constants which do not depend on the varying parameters.
It follows that ¥ maps Yr into itself. Now, let 21,20 € Y and y; = Uzq, yo = Vzs.
By using similar arguments, we have

1 = yallve = @21 — Czallyy < e1(1+T)EVT (L + [lall z2a) 21 — 2ollve-

Let T € (0,7”) be such that 0 < (1 4+ T)2v/T < (m) Then, ¥ is a

contraction on Y7, and this gives us a unique local solution y € Y. Here, the size of

T is independent of the size of the initial datum. This contrasts with the corresponding

nonlinear model in which the size of T is related to the size of the initial datum.
Step 2: Global well-posedness. Let Tyax < T’ be the maximal time of existence

for the local solution found in Step 1 in the sense that y € Yp for all T < Tiax. In
order to prove that y is global and deduce that T can be taken as 1", it is enough to
show that limp_, - [|ylly; < co. This will be proved via multipliers, which will be
done only formally, but the calculations can always be justified by a density argument
which relies on the regularity result in part (ii) of this proposition. To this end, we
multiply (3.1) by y and integrate over € to obtain

1d

(3.6) 3

1
lyOlZ20) + 5 Iyz(O 1 + My®)ll72) = /0 a(2)yz (0, t)y(z, t)dz.

Using e-Young’s inequality with € = i, we have

1d 1
(37) 5l iz + Zlym(O,th +AyON172 () < la@)llF o lyOliz)

Integrating the above inequality over (0,t), we get
(3.8)

(11720 +/ 142 (0, 8)*dt+ < 2|lyol|72(0) + 4(la(@) |7 o) — / Iy (81172 () ds-

Let Eo(t) := [[y(t)[72q) + fo |y(0,¢)|?dt. Then, from (3.8), we get

t
Bo(®) < 2ol + 4]l = A| [ Eo(s)ds
0
Now, thanks to the Gronwall’s lemma, we have
(3.9)

t
a(x 200—
Eo(t) = lly(®)|22(q + / 192 (0, 8) 2dt < 2lyol|22 (g e 12@E= e ¢ € [0, Tha).
0

We in particular deduce that

2| la(@)l7 00 =A|T

(3.10) . m  ([ylleqorsze@) < V2[ollzz o) mar < oo,
By using (3.9), we also deduce that

1 a(@)|| 7o — mazx
(3.11) im lyl[z20,1;02(0)) < V QTmaxHy0||L2(Q)62|” QUL

> L max

Secondly, we multiply (3.1) by zy and integrate over Q x (0,t) and get
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1 t t o1
(3.12) / :cyz(m,s)dx—i—?)/ / yi(m,s)dwds—kk/ / xy?(z, s)dxds
0 0o Jo o Jo
1 t 1 t 1
:/ xyg(x)dm—i—/ / yQ(x,s)dxds—F/ / xay, (0, 8)y(x, s)dxds.
0 0o Jo o Jo

From the above identity, it follows that

1 1 lallie@ ¢
(3.13) 192172 (0,6:22(2)) < §||y0||%2(9) + (2 + T() /0 Eo(s)ds.

Combining the above inequality with (3.10), we deduce that

(3.14)
Hm  (|yellz20,7:22(0)
T—Tmax
< iHyOHLZ’(Q) + (1 + ”a|L°°(Q)> /oT s (”yo||L2(Q)62|Ha(z)\lioo—,\|Tmaz) .
RVE] V2 3v2
Using (3.11) and (3.14), we deduce that
(3.15)
hﬂ{ ||yHL2(O,T;H1(Q))
_> max
1 1 ||a||L°°(Q)> ) s
S = + ]. + e + _— 2Tmax e |Ha(I)HLOC ‘TNLQIL‘ < 0.
\/§||y0\|L2(Q) ( 7 5v2 )V (IIyollem) )
Since y is the fixed point in (3.3), we have
t
(3.16) y = S(t)yo + / S(t — s)Fy(s)ds.
0
Using [2, Propositions 2.16, 2.17], we know that the semigroup enjoys the properties
(3.17) sup 10215 )yl ()l L2 0,7y < c2llyollL2(e)
x
and
t T
318 swlo. | [ st-9ryen] @] < [CIFACOw
z€Q 0 L2(0,T) 0

for some cs,c3 > 0. From the definition of F'y we have

IEYIC Dl @) < AllyCB)llz2 @) + llallzz @]y (0, )]

Therefore, by (3.9) and the Cauchy—Schwarz inequality, we have the estimate

T T
(3.19) / IFY) )l 2 dE < A / VEo(t)dt + ||al| 2oy VT VEo(T)
0 0
< ()\Tmax + |lall 2 (o) Tmax) ﬁHyO||L2(Q)62|”a(z)ui°°7A|T"““”-

Now, it follows from (3.17)—(3.19) that
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lim z \L2
phm Iy llc(0,17:2(0,1))

2 —_
< eallyollz2() + c3 ()\Tmax +llall (@) Tmax) \@Hyo||L2(Q)€2|HG(I)HL°° ATmas < oo,

Step 3: Regularity. Regarding the regular solutions, assume that yo € D(A) and
consider the following problem:

qt + Gz + Quaa + )‘q - a()%((l ) in Q x (O,T),
(320) Q<Ovt) = q(lvt) = qm(lat) =0 in (O,T),
q(x,0) = g0 = —yo(x) — y5'(x) — Ayo(x) + yp(0)a(x)  in Q.

Note that go € L?(€2), and we can solve (3.20) in Y7 as before. Now, we set y(z,t) :=
yo(x) + fg q(x,s)ds. Then,

(3.21) Ye(z, 1) + Yo (2, t) + Yoo (z, 1) + My(z,t) — a(x)y.(0, 1)
= q(z,t) + yo(2) + yg' (x) + Ayo — yp(0)a(z)

+ / (o (zy8) + Quaa(x, 8) + Mgz, t) — a(x)q.(0,8)) ds = 0,
0

and moreover y(x,0) = yo and y(0,t) = y(1,t) = yx(1,£) = 0. Therefore, y solves
(3.1). Writing

yzwz(xat) = _q(x’ t) - yl‘(xvt) - /\y(xvt) + a’(x)yw(07 t)

and taking L?()-norms of both sides we get

102y ()220 < la®)llz2() + 10:y®)llz2() + Mly®)llz2() + 1920, O)lllall 2 ()

Recall that we have the Gargliardo—Nirenberg inequalities

2 1 1 2
10Ol z2( S Nl E2() 19211 gy and 1025(0) 122y S N9l Ee o 100 2

and the trace inequality (remember that y,(1,¢) = 0): |y,(0,¢)| < |02yl r2(0)-

Using these estimates, we get [93y(t) 220y S la(llz2@) + Iy(®)z2). By
taking the sup norm with respect to the temporal variable, we deduce that y &
C([0, T); H3(2)).

Similarly, writing out 92y(z,t) = —q.(2,t) — Yuu(z,t) — Ayu (2, ) + a’(2)y.(0, 1),
using the Gagliardo-Nirenberg and trace inequality, we get [|03y(t)llr2¢) < |lga
) L2() + ly2(®)| L2()- Taking L?(0,T) norms of both sides we deduce that y €
L?(0,T; H*(Q)). O
Global well-posedness of the linearized model (2.16) now follows from Proposition 3.1,
which we have just proved.

Remark 3.2. One can interpolate between part (i) and part (ii) of the above
proposition with respect to the smoothness of initial data and get the corresponding
well-posedness and regularity result in fractional spaces. For example, let yo € H*(Q2)
(s € [0,3]) so that it satisfies the compatibility conditions yo(0) = yo(1) = 0 if
s €0,3/2] and the compatibility conditions yo(0) = yo(1) = y((1) =0 if s € (3/2,3].
Then, with a = a(x) sufficiently smooth, one has

y €Yy = { € C([0,T); H(Q)) N L*(0,T; H(Q)) | ¢, € C([0,1]; L*(0,T))}.
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The arguments in Step 3 of the proof of the above proposition can be easily extended
to the nonhomogeneous equation y; + ¥ + Yowx + Ay = a(2)y,(0,-) + f. One can
first study this equation with s = 0, f € L'(0,T; L*()), and second with s = 3,
f € WH(0,T; L*(Q)). Then, by interpolation, for s € (0,3), one can get y € Y3 if
f € Ws/310,T; L*(Q)). Moreover, the following estimates are true:

(3.22) Illvz S lvollers ) + [ fllwers.i0,102(0))
and for s = 3,
(3.23) lyellve < Nyollas @) + 1 fllwrao,r2)-

3.2. Nonlinear model. Consider the following nonlinear KdV equation with
homogeneous boundary conditions:

(3.24)
Yt + Yo + Yzaz + Ay = a(x)yz(O, ) - (I - K)[(y + U) (yw + 1}1)] in © x Ry,
y(Ovt) :y(Lt) :Z/x(Lt) =0 in R+7
y(x,0) = yo € L*(Q) in Q,

where v = ®(y), ® being the linear operator defined in section 2.1 in the proof of
Lemma 2.2.

ProPOSITION 3.3.

(i) Let T" > 0 be arbitrary and yo,a € L?(). Then, there exists T € (0,T")
depending on the size of yo such that (3.24) has a unique local solution
y € C([0,T); L2(2)) N L2(0,T; HY(Q)) satisfying also y, € C([0,1]; L2(0,T)).
Moreover, if a € L>(Q) and ||yollz2(q) is sufficiently small, then y extends
as a global solution. In other words, T can be taken as T".

(i) Let a € HY(Q) and let yo € H>(Q) satisfy the computability conditions
yo(0) = yo(1) = y,(1) = 0. Then, the local solution in part (i) enjoys the
extra reqularity y € C([0,T]; H3(Q)) N L?(0,T; H*(Q)).

Proof. Step 1: Local well-posedness. At first, we set a nonlinear operator Y as

follows:

(3.25) y=[Yz](t) .= S{)yo + /0 S(t — s)Fz(s)ds,

where Fz := =Xz + a(-)z,(0,-) — (I — K)[(z 4+ v) (22 + v;)] with v = ®(2). Here, we
consider T on a set given by St := {z € Yp, ||2]ly, < r}, where Y7 is as in (3.4).
The parameters 7', > 0 will be determined later. St is a complete metric subspace
of Yp with respect to the metric induced by the norm of Yp. Since v = @z, due to
(2.21) we have

(3.26) [vlleqoryz2) < Collz(®) oL @)-

Similarly, using (2.23) we deduce

(3.27) vl 20,751 (@) < Cillz(t)|lL20,7):02 () -

Finally,
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(3.28)

T T
loe@ s = [ | [ Foten)z(o.0ay

from which it follows that

2 1
dt < (/0 Ikz($7y)2d?/> ||Z||%2(O,T);L2(Q))’

1

1 2

(3.29) sup ||'Uw($)||L2(O,T)SHZHL?(O,T);LQ(Q)) sup </ kw(x’y)|2dy) .
z€(0,1) z€(0,1) 0

Combining (3.26), (3.27), and (3.29), we have
(3.30) [ollve < epllzllve s

where ¢z > 0 is a constant which only depends on various finite norms of k. Taking
the Y7 norm of both sides of (3.25), using the same semigroup estimates on Y and
the boundedness of I — K, we obtain

(3.31)

T
I2llve < collvollve +er / NF2)(8)l] o s
T
< collyollys + e / Ja(-)2 (0, 5) = A — (I = K)[(2 + ) (2% + 02)] | (e ds

T
< collyollyr + 61/0 [||a(-)zz(0,s) - )‘ZHLQ(Q)
ezl ooy + Nvell oy + 0%l 2oy + I00all (g | ds
< collwollyz + e [(1+ TIIVT( + flal @)z v
+(@F +18) (1213, + 2lzlve ol + 11012, )]
< collyollve +ex [(L+ DIV + fallza) + (1 +3e0)(TF + T9)|zllvy | 12l

where the fourth inequality follows from [2, Lemma 3.1]. Let us set r = 2c¢o||yollvy
and choose T' > 0 to be small enough that

1 1 1 1
c1 {(1 + Tﬁﬁ(l + llallz2(q)) + (1 + 3¢ (T2 —|—T§)r} < 3

With such choice of (r,T'), we get | Yz|y, < r for all z € St ,. Therefore, T is a map
from St into St,.

Now, we claim that T is indeed a contraction on St if T is sufficiently small. In
order to see this, let z, 2" € Sp,.. Then, similar to (3.31), we have

(3.32)

T
e =Ty S er [P~ B8] gy s
0
T
<o / () (2 (0, 8) = 240, 8)) = Az — )|z gy s

T
to [ [l = ey + e = 2 e
+ vz = 0/l gy + l0ve = V0 s g | ds

<a(L+T)EVT(+ llall 2@z = 2 llve + et (TF+T3)(|l2llye + 112 ll7) 12 = 2 lva
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1

1 l
+ (T2 + T3)([|1Z by lv = V'llyr + lWlizllz = 2'llv2)
l
+ 01(T2 + T3) (I 2llvellv = v'llyr + lvllyz |12 = 2llvz)
+ (T2 +T3)([vllye + [V llve) v = o v

Now, using (3.30), for the same r as before, but choosing T smaller if necessary,
we obtain
1Tz = T2 |lyy < pllz = 2'llvr

for some p € (0,1). Then, by the Banach contraction theorem, we get the existence
and uniqueness of a local solution in Sz .
Step 2: Regularity. Let yo € D(A). We define the closed space

Br, :={(,9) € Y3 x Yr [ € C([0,T]; L*(2))
NL2(0,T; HY(Q)), = v, [¥llyz + lellve <7}

Now, given (z,2) € Br, let ¢ be a solution of

(3.33)
qt + Qo + Guza + Aq
= a(x)q.(0,") — (I — K)[(Z+0)(22 + vz) — (2 + ) (Zx + 0z)] in Q x (0,7),
q(0,t) = q(1,t) = ¢z (1,t) = 0 in (0,7),

q(z,0) = qo := —yp — ¥y’ — Ayo + a(x)yp(0) — (yo +vo)(yy +vp) in &,

where v = ®(z2), vg = ®(yo), 0 = P(Z2). Set y = yo 4—f(;t gds. Then, y; = g and y solves

(3.34)
Yt + Yo + Yoaa + Ay = a(2)y2(0,) — (I = K)[(2 + 0) (22 +vz)]  in Qx(0,7),
y(0,t) =y(1,t) = y2(1,2) =0 in (0,7),
y(z,0) = yo in Q.

We set an operator © : (z,2) — (y,q) associated with the system of equations given
by (3.33)-(3.34). One can show that for suitable r and small T', the operator © maps
Bt onto itself in a contractive manner. This can be done by obtaining the same
type of estimates given in Step 1 for the solution of both (3.33) and (3.34). Therefore,
it has a unique fixed point whose first component is the regular local solution we are
looking for.

Step 3: Global solutions. Global well-posedness in Y with small initial datum
follows directly from the stabilization estimate proved in section 2.2. ]

Global well-posedness of the nonlinear modified target system (2.27) now follows
from Proposition 3.3, which we just proved.

4. Using a single controller.

4.1. Smaller decay rate. Although we studied the model (1.1) with two con-
trols at the right-hand side, it is also possible to use only one control. For example, [8]
proves exponential stability with the control acting only from the Neumann bound-
ary condition when L is not of critical length. When L is not restricted to uncritical
lengths, we can still obtain exponential stability with a single Dirichlet control rather
than a Neumann control by using the pseudo-backstepping method above. However,
this causes a smaller rate of decay. Consider, for instance, the plant
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U + Uy + Uggy = 0 in O x Ry,
(4.1) w(0,t) = 0,u(L,t) =U(t),us(L,t) =0 in Ry,
u(z,0) = up(x) in Q.

Then the backstepping transformation (2.15) gives the following target system:

t+wm+wzm+)\w7k( 0)w, (0, ) in QxR
(4.2) w(0,t) = w(L,t) = 0,w, (L, t = *fo y,t)dy in Ry,
w(z,0) = wo(z) = up — fo (z,y)uo(y )dy in Q.

If we multiply the above system by @, integrate over (0, L), and use integration by
parts, the Cauchy—-Schwarz inequality, and boundary conditions we obtain

()
(0 e

1.~ 1,- ~ y
+ (3= 3ROy = e LM BllE = K)o ) 18Ol <O

Comparing (4.3) and (2.18) we see that we still achieve (2.19) where o = A\ —
Lk (-, 0)||%2(Q) is replaced by

1~ 1, - _
5= (A= 1ROy — 5L M0 - K) e ) -

Recall that in Lemma 2.5 we showed ||l~€y(-,0)|\Lz(Q) ~ X. One can also get ||k,
(L, )2y ~ A by using similar arguments. Moreover, using the calculations in
[14] we deduce that ||(I — K)~!{|pire(a) ~ 1 + Ae“?, where C > 0 depends only on
L. Hence positivity of 5 is guaranteed for a sufficiently small choice of A\. As a result,
the decay rate decreases while the exponential stability still holds.

Remark 4.1. Glass and Guerrero [10] proved that (4.1) is exactly controllable if
and only if L does not belong to a set of critical lengths O, defined by them, which
is different from A. They showed that if L € O, then the following problem has a
nontrivial solution:

"+ "= Ao in (0, L),
©(0) = (L) = ¢'(0) = ¢"(L) = 0.

Moreover, it was found that for any uy € L*(Q2) and control input U € L?(0,T), the
function

(4.4)

L
(4.5) ef/\t/O u(x, t; U)p(x)dx

remains constant in time, where u = u(z, t; U) is the corresponding trajectory for (4.1)
with control input U. Regarding the same KdV system, we construct a boundary
feedback which yields stabilizability with a certain decay rate for all L > 0 including
L € O. This shows that for a certain control input U, the integral fOL u(z, t; U)p(x)dx
decays in time because \fOL u(z, t; U)p(x)dr| < [|u(t; U)ll 2@ llellp2 ), where [lu(t;
U)l||12(n) decays exponentially. Therefore, since (4.5) is invariant in time, it follows
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that |e~*| must increase, which is only possible if Re()\) < 0. However, if Re()\) < 0,
then |e*| — oco. Since (4.5) is valid for all control inputs, we conclude in partic-
ular that fOL u(z,t;0)(x)de — 0 (U(t) = 0). This shows that any uncontrollable
trajectory corresponding to some initial state ug with no feedback is attracted to the
orthogonal complement of the span of the set consisting of the real and imaginary
parts of the nontrivial solutions of (4.4).

Remark 4.2. Regarding the nonlinear KdV equation with same boundary condi-
tions, Glass and Guerrero [10] obtained the exact controllability given that the domain
is of uncritical length and the initial and final states are small. This was not an if
and only if statement unlike the linear problem. Therefore, we do not know whether
the exact controllability on domains of critical lengths is true with the control acting
at the right Dirichlet boundary conditions. On the other hand, our feedback control
design can be easily extended to the nonlinear system for small data as in section
2.2. The nonlinear case is quite interesting because maybe the nonlinear term wu,
is creating a further stability effect on the solutions, which might drive them to zero
by themselves. As far as we know, the exact controllability for the (nonlinear) KdV
equation as well as the decay of solutions to zero by themselves in the presence of
the nonlinear term wu, remain as open problems on critical length domains; see, for
instance, Cerpa [4].

4.2. A second order feedback law. In this section, we check whether it is
possible to stabilize the solutions of the KdV equation by using the feedback law
u(L,t) = U(t) with the input U(t) = ugy(L,t). In order to gain some intuition
regarding this problem, let us consider the linearized model (4.1) with the input
U(t) = uge(L,t). Multiplying the main equation in (4.1) by u and integrating over
by using the given boundary conditions, one obtains

d 3 1
(46) 0y = — (L) = Sha(0, D) <0

The inequality (4.6) shows that ||u(t)]|12(q) is nonincreasing, but it is not clear whether
it decays to zero. In order to better understand the behavior of the solution, one gen-
erally must study the spectral properties of the corresponding evolution. Regarding
(4.1), one can study the operator

Au= —u" -, D(A) ={uc H*Q)|u(0) =u'(L) =u(L) — v’ (L) = 0}.

However, it is quite difficult to analyze the eigenvalues of this operator. This is
because the characteristic equation corresponding to the eigenvalue problem Au = Au
takes the form 73 4+ 7 4+ X\ = 0, which is not easy to study. Therefore, we will consider
this problem on the rather simplified model given below, neglecting the first order
term wuy:

Ut + Upzr = 0 in Q@ x R4,
(4.7) w(0,t) = 0,u(L, t) = uge (L, t),u:(L,t) =0 in Ry,
u(z,0) = up(x) in €,

where the inequality (4.6) takes the form

d 1
(4.8) %Hu(t)HQLQ(Q) = —|u(L,t)]* - 5\%(0’t)|2 <0.
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Spectral properties. The operator which generates the evolution corresponding
to (4.7) is a third order dissipative differential operator given by

Au= —u", D(A) = {uec H*(Q)|u(0) = (L) =u(L) —u"(L) =0},

which has compact resolvent and spectrum involving countably many eigenvalues
{ Ak }rez satisfying ReA < 0. Moreover, these eigenvalues satisfy the properties given
in the lemma below, whose proof uses the approach presented in [23, Proposition 2.2]
and [24, Proposition 3.1].

8r®
3v/3L3

LEMMA 4.3. A\, = — |k|? as |k| — oo. Moreover, 3n < 0 s.t. Relp < 7

for all k € Z.
Proof. Let A be an eigenvalue of A. Then, ReA <0, and we can assume without
loss of generality that ImA < 0 since A is also an eigenvalue of A. Let us first see that

Re) cannot be equal to zero. To this end, let i€ be an eigenvalue with £ € R and u
be the corresponding eigenvector. Then, we note that

1 :
Re(Au,u)r2(0) = —|u(L)]* ~ QIU'(O)I2 = Re(i€]|ull7(q)) = 0.

We get u(L) = «/(0) = 0, which implies together with other boundary conditions
u = 0. This contradicts the fact that u was an eigenvector. Hence, ReA < 0.

Let r; (i = 0,1,2) be the three roots of the characteristic equation r® + X\ = 0
corresponding to the ordinary differential equation

(4.9) Au = u,

with 71 being the root in the first quadrant. Note that we have r; = a'r, a =

2mi . . . .
e”s . The solution of (4.9) is u(x) = Z?:o cie"® where {¢;,i = 0,1,2}, due to given
boundary conditions, satisfy the system of equations

Z?:o ¢ =0,
Z?:o ciriemil =0,
Yipei(l —rfent) =0,

which has a nontrivial solution if

2
Zaijm(l - rjz-)e(ri“j)L =0,

i=0
where a12 = a0 = ap1 = 1 and as; = age = a19 = —1. Multiplying the above equation
by e~"oL and neglecting the relatively small terms which involve e("1t72=70)L e get

(1+a)(1 +a®rd)el + (14 ar)emt = 0.

T2L TlL

Now, we see that we can further neglect the terms (1 4+ a)e and e since they
are much smaller than (1 + a)a?rge™? and arie™¥, respectively. Therefore, asymp-
totically, we get

(14 a)ae™t el = 0.

Observe that (1 4+ o) = —1. Therefore, the asymptotic relation is reduced to

6(7"277”1)[/ — 1’
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from which, together with the definition of o, r1, and rs, it follows that A\, = —7“8’ k=

— 3\8/%23 |k|?> asymptotically. This property combined with the fact that Rely < 0

proves the second part of the lemma. 0

It is easy to see that A* is defined by
A*w =w", D(A*) ={w e H}(Q)|w(0) = w'(0) = w(L) +w"(L) = 0}.

Now, the following result follows classically from the spectral properties of A above.

LEMMA 4.4 (see [23, Propositions 2.1, 2.2], [24, Proposition 3.2]). A is a discrete
spectral operator, and all but a finite number of eigenvalues of A correspond to one-
dimensional projections E(X\;T). Both A and A* have complete sets of eigenvectors,

{dr}rez and {;}jez, respectively, satisfying (¢r,V;)r2(Q) = Orj and forming dual
Riesz bases for L*(Q).

A special multiplier and stabilization. We set Y := ), Y, where Y, is
defined by

Yi(u) = (u, Y1) L2 () Yk

Then Y is bounded and positive definite by the uniform ¢? convergence property
of {¢r}trez and {¥;};ez. Second, we define the symmetric, bounded, nonnegative

operator X = >, &Yy, where &, = —ﬁ, which satisfies the additional property

A X+ XA+Y =0.

Using Xu as a multiplier, we compute

dt dt
= (XAU, U)Lz(Q) + (Xu, AU)LZ(Q) = —(Yu, U)LZ(Q).

d d
(4.10) —(Xu,u)p2 ) = (Xu,u) + (Xu, ut) 12(0)
L2 (Q)

Equation (4.10) together with (4.8) implies that

d
(4.11) o+ X)u,w)r2i0) < =(Yu, u)r2(0)-
Now, integrating in time and using the positive definiteness of (I+X) and Y, applying
Gronwall’s inequality, we obtain the exponential decay of solutions in L?(2), and the
following theorem follows.

THEOREM 4.5. Let u be a solution of the linearized KdV equation in (4.7). Then,
there exists some v > 0 independent of uy such that

Ju(t)| 2y S lluollL2@ye™ "

fort>0.

Remark 4.6. Note that Theorem 4.5 was proved for the simplified linearized
model (4.7). The situation is more challenging for more general models involving
other terms such as u, and/or the nonlinear term uu,. Moreover, the approaches of
[23] and [24] do not seem to directly apply to these more general problems under the
boundary conditions u(0) = w/(L) = w(L) — «”(L) = 0. This is due to the fact that
the eigenvalue analysis gets much more challenging with a more complicated third
order characteristic equation. In order to simplify the eigenvalue analysis, one can
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still use the simpler operator Au = —u'" treating —u, and/or uu, as source terms.
But then, one needs the adjoint operator A* to satisfy very desirable boundary condi-
tions so that the trace terms are canceled out when one applies the special multiplier.
However, this does not become the case with the given boundary conditions in the
model. This issue is not present with the boundary conditions used in [23] and [24].
Therefore, the case of more general equations with the first order term w, and/or the
nonlinear term wu, remain interesting open problems.

5. Numerical simulations. We modify the finite difference scheme given in [18]
to fit it into the present situation, where we have first order trace terms in the main
equations of the target systems and inhomogeneous boundary inputs of feedback type
in the original plant. We numerically solve the KdV equation in both the controlled
and uncontrolled cases. We are also able to verify our main result numerically. First,
we simulate an uncontrolled solution of the KdV equation and then we simulate the
controlled solution. From our simulations, one can see that the boundary controllers
constructed using a pseudo-kernel effectively stabilize the solutions with a suitable
choice of A\. The calculations are performed in Wolfram Mathematica 11.

For simplicity, we consider only the linearized problem. The nonlinear problem
can be treated in a similar way by including an additional fixed point argument to
the algorithm we describe here. We use the notation given in [18]. To this end, we
set the discrete space

X = {w = (g, Wr,...,0y) € R7 @y = w1 = by =0}

and the difference operators (Dtw); = =% (D=q); = WUl for j =
1,....,J—1,and D = %(D"r +D7). We Wlll call the space and time steps dx and (5t
for j=0,...,J,and n=0,1,..., N, respectively. Using this notation, the numerical
approximation of the linearized target system (2.16) takes the form

’LZ)?+1 B w;l ~n+1 ~n+1 7. ’LDT’ .
(5.2) Wy =wy_1=wy =0,
mj#»i
(5.3) Wy = wo(x)de, j=1,...,J -1,

where z;-1 = (j F 1)z, z; = jéx. The (J — 1) x (J — 1) matrix A approximates
Wy + Weae and is defined by A := DTDTD~ 4+ D. Let us set C:= (14 §t\)I + otA.
Then, from the main equation, we obtain w;”“l = C~H(w} tk y(xj,0)w7) for j =
1,...,J—1.

In order to approximate the solution of the original plant (1.1) with feedback
controllers, we use the succession idea in the proof of Lemma 2.2. Note that given
W, v is the fixed point of the equation v = K(w + v). For numerical purposes let m
denote the number of iterations in the succession and set v° = K, v* := K (w0 +vF1)
for 1 < k < m, where K is the numerical approximation of the mtegral in the definition
of K. Then, v™ is an approximation of v = ®(w), and one gets an approximation of
the original plant by setting u(z;,t,) = @(x;, tn) + v (z},tn).

On a domain of critical length, one can find time-independent solutions, as we
mentioned in the introduction. Figure 9 shows such a solution on a domain of length
L = 27 whose L?-norm is preserved in time.
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F1G. 9. Uncontrolled solution with initial datum ug = 1 — cos(z) on a domain of length 2.

If one applies the boundary controllers constructed with the same initial profile
that the uncontrolled solution has in Figure 9, then the new solution will decay to
zero as we illustrate in Figure 10.

F1G. 10. Controlled solution with initial datum uo = 1 — cos(z), A = 0.03, with a controller
using the pseudo-kernel k on a domain of length 2x.

Figure 11 shows the controller behavior on the Dirichlet boundary condition at
the right endpoint. As one can see, less control is needed as the wave gets supressed.

u(L,ty

0.10

0.05

I I I I I I I Il I I I I Il t
5 10 %0

F1G. 11. Dirichlet controller at the right endpoint (A = 0.03).
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