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Abstract

In the last 40years the study of initial boundary value problem for the Korteweg—de
Vries equation has had the attention of researchers from various research fields. In
this note we present a review of the main results about this topic and also introduce
interesting open problems which still requires attention from the mathematical point
of view.
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Mathematics Subject Classification 35Q53 - 35Q35 - 53C35

1 Introduction

In 1834 John Scott Russell, a Scottish naval engineer, was observing the Union Canal
in Scotland when he unexpectedly witnessed a very special physical phenomenon
which he called a wave of translation [52]. He saw a particular wave traveling through
this channel without losing its shape or velocity, and was so captivated by this event
that he focused his attention on these waves for several years, not only built water
wave tanks at his home conducting practical and theoretical research into these types

B Roberto A. Capistrano-Filho
capistranofilho@dmat.ufpe.br

Shu-Ming Sun
sun@math.vt.edu

Bing-Yu Zhang

zhangb@ucmail.uc.edu

Departmento de Matemadtica, Universidade Federal de Pernambuco, Recife, PE 50740-545, Brazil
2 Department of Mathematics, Virginia Tech, Blacksburg, VA 24061, USA

3 Department of Mathematical Sciences, University of Cincinnati, Cincinnati, OH 45221-0025, USA

Published online: 06 March 2019 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40863-019-00120-z&domain=pdf
http://orcid.org/0000-0002-1608-1832

Sao Paulo Journal of Mathematical Sciences

of waves, but also challenged the mathematical community to prove theoretically the
existence of his solitary waves and to give an a priori demonstration a posteriori.

A number of researchers took up Russell’s challenge. Boussinesq was the first to
explain the existence of Scott Russell’s solitary wave mathematically. He employed a
variety of asymptotically equivalent equations to describe water waves in the small-
amplitude, long-wave regime. In fact, several works presented to the Paris Academy
of Sciences in 1871 and 1872, Boussinesq addressed the problem of the persistence of
solitary waves of permanent form on a fluid interface [11-14]. Itis important to mention
that in 1876, the English physicist Lord Rayleigh obtained a different result [48].

After Boussinesq theory, the Dutch mathematicians D. J. Korteweg and his student
G. de Vries [44] derived a nonlinear partial differential equation in 1895 that possesses
a solution describing the phenomenon discovered by Russell,

am 3 [gd (1, 3 1 3%
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in which 7 is the surface elevation above the equilibrium level, / is an arbitrary constant
related to the motion of the liquid, g is the gravitational constant, and 8 = % — Il ith

surface capillary tension 7" and density p. Equation (1.1) is called the Korteweg—de
Vries equation in the literature, often abbreviated as the KdV equation, although it had
appeared explicitly in Boussinesq’s massive 1877 Memoir [14], as equation (283bis)
in a footnote on page 360.!

Eliminating the physical constants by using the following change of variables

1 [g X 1 1
t—> - |/—t, x—>——, Uu—>—\|=-n+=-o
2V 1B B 2 3
one obtains the standard Korteweg—de Vries equation

up 4 6uny + Uy =0,

which is now commonly accepted as a mathematical model for the unidirectional
propagation of small-amplitude long waves in nonlinear dispersive systems.

This note is concerned with the main results already obtained for the initial-
boundary value problem (IBVP) of the KdV equation posed on a finite interval (0, L).
The first paper which treated this problem was given by Bubnov [15] when he consid-
ered the IBVP of the KdV equation on the finite interval (0, 1) with general boundary
conditions. After that, many authors worked on improving the existing results and
presenting new results in the last 30 years.

Our intention here is to present the main results on this field. Also, we give some
further comments and, at the end, discuss open problems related to the IBVP of the
KdV equation in a bounded domain.

I The interested readers are referred to [35,47] for history and origins of the Korteweg—de Vries equation.
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2 Areview of IBVP for KdV
Consider the IBVP of the KdV equation posed on a finite interval (0, L)
U+ Uy +tyyy +uuy =0, ulx,0)=¢x), 0<x<L, t>0 2.1

with general non-homogeneous boundary conditions posed on the two ends of the
interval (0, L),

Biu=hi(t), Bou=ha(t), Byu=hs(t) t>0, 2.2)
where
2 . .
Bu=Y" (a,»,-a){u(o, 1)+ bi;ddu(L, t)) L i=1,2,3,
j=0

anda;j, b;j, j =0,1,2, i =1, 2, 3, arereal constants. The following natural question
arises:

Under what assumptions on the coefficients a;j, b;j in (2.2), is the IBVP (2.1)-(2.2)
well-posed in the classical Sobolev space H*(0, L)?

As mentioned before, Bubnov [15] studied the following IBVP of the KdV equation
on the finite interval (0, 1):

ul "Fuux "l‘uxxx = f? u(x9 0) = 0’ X € (0’ 1)7 t S (07 T)’
aluxx(o» t) + WZMx(O’ t) + a3u(07 t) = 07

2.3)
Bruxx (1, 1) + Poux (1, 1) + Bau(l, 1) =0,
Xlux(ls t) + qu(17 t) = 0
and obtained the following result.
Theorem A [15] Assume that
if a1fix1 #0, then F1 >0, F> >0,
if B #0,x1 #0,01 =0, thenay =0,F, >0, a3 #0,
if B1=0,x1 20,1 #0, then F1 >0, F3 #0, 2.4)

ifar=p1=0, x1 #0, then F3#0, oo =0, a3 #0,
if B =0, a1 #0, x1 =0, then F} >0, F3 #0,
ifar=B1=x1=0, thenar =0, a3 #0, F3 #0,

where

Fl:ﬂ_“_% 22@_&—)(—22 B3 =pax2 — Bix
o 20[1’ Bix1 B 2X1,
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For any given
f € H} (0,00, L*(0, 1)) with f(x,0) =0,
there exists a T > 0 such that (2.3) admits a unique solution
ue L0, T; H 0, 1)) withu; € L0, T; L*(0, 1)) N L*(0, T; H'(0, 1)).

The main tool used by Bubnov to prove his theorem is the following Kato type
smoothing property for solution u of the linear system associated to the IBVP (2.3),

U +upxx = f, ux,00=0, xe(@©,1), te(,7),
Aty (0, 1) + aouy (0, t) + a3u(0,¢) =0,

Biruxx (1, 1) + Paux (1, 1) + au(l, 1) =0,

xiux (1, 1) + xou(l, 1) = 0.

(2.5)

Under the assumptions (2.4):
feL*0,T; L*0,1) = ueL*0,T; H'(0,1)) N L>®(0, T; L?(0, 1))

and

lullz20,7: 11 0,1)) + 1l Loo0,7:2200,1)) = CNSF 20, 7:2200,7))

where C > 0 is a constant independent of f.

In the past 30years since the work of Bubnov, various boundary-value problems
of the KdV equation have been studied. In particular, the following three classes of
IBVPs of the KdV equation on the finite interval (0, L),

U +uy +uty + ey =0, ulx,0)=¢x), xe@,L), t>0, 2.6)
u(0,1) = hi(t), u(L,t)=ha(), ux(L,t)=h3(1), '
U+ uy +utty + gy =0, ulx,0)=¢x), xe(@,L), t>0, @7
M(O, t):hl(t)v M(Lvt) :h2(t)v MXX(L,I):I/Z};(t), .
and
U+ uy +uty +yx =0, ulx,0)=¢x), xe€(@,L), t>0, 2.8)
uxx(0,8) = h1(t), ux(L,t) =ha(t), wuxc(L,1)=h3(1), '

as well as the IBVPs of the KdV equation posed in a quarter plane have been intensively
studied in the past 20years (cf. [4,7,22,27,28,30,31,34,45,46,49] and the references
therein) following the rapid advances of the study of the pure initial value problem of
the KdV equation posed on the whole line R or on the periodic domain T (cf. [1,2,8—
10,25,27-29,38-43] and the references therein).
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The nonhomogeneous IBVP (2.6) was first studied by Faminskii [27,28] and was
shown to be well-posed in the spaces LZ(O, L)and H 3(0, L).

Theorem B [27,28] Let T > 0 be given. For any ¢ € L2(O, L) andh = (hy, ho, h3)
belonging of

W30, T) N LOT€(0, T) N HE (0, T) x WitS1(0, T) N H3 (0, T) x L0, T),
the IBVP (2.6) admits a unique solution
u e C([0,T1; L*(0, L)) N L*(0, T; H'(0, L)).

Moreover, the solution map is continuous in the corresponding spaces. In addition, if
¢ € H30,L), h, € W30, T) N LE(0, T) N Hs(0, T), hyy € Ws+<1(0, T) N
H3(0, T) and hl; € L*(0, T) with

¢(0) = h1(0), ¢(L) =h2(0), ¢'(L) =h3(0),

then the solution u € C1([0, T1; H3(0, L)) N L2(0, T; H*(0, L)).
Bona et al. [4] showed that the IBVP (2.6) is locally well-posed in the space
H*(0, L) for any s > O:

Theorem C [4] Lets > 0,r > 0and T > 0 be given. There existsa T* € (0, T such
that for any s-compatible ¢ € H*(0, L) and

- s+l s+l s
h =i, ho,h3) e H3 (0,T)x H3 (0,T) x H3(0,T)
satisfying

<

—
&l aso.L) + 1l A IIH% sql <r,

O.T)xH 5 (0.T)xH3 (0,T)

the IBVP (2.6) admits a unique solution
u € C([0, T*]; H*(0, L)) N L*(0, T*; H*T'(0, L)).

Moreover, the corresponding solution map is analytic in the corresponding spaces.

Holmer [34] proved that IBVP (2.6) is locally well-posed in the space H*(0, L) for
any —% <s < %, and Bona et al. [7] showed that the IBVP (2.6) is locally well-posed
H*(, L) for any s > —1.

As for the IBVP (2.7), its study began with the work of Colin and Ghidalia in late
1990s [22-24]. They obtained in [24] the following results.

(i) Givenh; € Cl([0,00)), j =1,2,3and ¢ € H'(0, L) satisfying h1(0) = ¢(0),
there exists a T > 0 such that the IBVP (2.7) admits a solution (in the sense of
distribution)

ue L®0,T; H'(0, L)) N C([0, T]; L*(0, L)).
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(ii) The solution u of the IBVP (2.7) exists globally in H' (0, L) if the size of its initial
value ¢ € H! (0, L) and its boundary values h; € c! ([0,00)), j=1,2,3are
all small.

In addition, they showed that the associate linear IBVP

W+ uy e =0, u(x,0) =¢(x) xe(,L), teR" 29
M(O, t)ZO, MX(L’-X) :Ov uxx(Lst)ZO .
possesses a strong smoothing property:
For any ¢ € L?(0, L), the linear IBVP (2.9) admits a unique solution

ue CRY; L0, L)NLY (RT; HY(0, L)).

Aided by this smoothing property, Colin and Ghidaglia showed that the homogeneous
IBVP (2.7) is locally well-posed in the space L>(0, L).
Theorem D [24] Assuming h1 = ho = h3 = 0, then for any given ¢ € L*(0, L),
there exists a T > 0 such that the IBVP (2.7) admits a unique weak solution u €
C([0,T]; L*(0, L)) N L*(0, T5 H' (0, L)).

Returning the attention to the IBVP (2.7), Rivas et al. [49] showed that the solutions

exist globally as long as their initial values and the associated boundary data are small,
they proved the following result:

TheoremE [49] Lets > Owiths # %, Jj = 1,2,3 ... Thereexist positive constants
8 and T such that for any s-compatible

¢ € H*(0, L) andZ) = (hy, ha, h3) on the class
Bl gy = HS (1 4+T)x HS (1,0 +T) x H'S (1,1 +T)

— —
with ||¢llaso,L) + I b |l gs < §, and sup,5¢ |l 1 || g < 00, the IBVP (2.9)

tt+T) — (SI,H»T)

admits a unique solution
we¥y, p=C(>t.t+ T H O L)NLt.t +T; H'V' (0, L))

—
such that for any t > 0, sup, || V ”Y(Xt,t+T) < Q.

More recently, Kramer et al. [46] showed that the IBVP (2.7) is locally well-
posedness in the classical Sobolev space H*(0, L), for s > —3, which provides a
positive answer to one of the open questions of Colin and Ghidalia [24].

Kramer and Zhang [45] studied the following non-homogeneous boundary value
problem,

Uy +uy +uxey =0, ux,0=¢kx), xe€@©,1), te,T),
Uy (0, 1) + opux (0, 1) + a3u(0, 1) = hy(2),

Bruxx(1,1) + Poux (1, 1) + Bau(l, 1) = ho (1),

xiux (1, 1) + xou(l, 1) = h3(t).

(2.10)
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They showed that the IBVP (2.10) is locally well-posed in the space H* (0, 1) for any
s > 0 under the assumption (2.4).

TheoremF [45] Let s > 0 and T > 0 be given and assume (2.4) holds. For any
r > 0, there exists a T* € (0, T] such that for any s-compatible ¢ € H*(0, 1),
hj e H'S(0,T), j =1,2,3 with

s h s h s h s < )
I lso.ny Wl sr o WAl s sl e <

the IBVP (2.10) admits a unique solution
u € C([0, T*]; H*(0, 1)) N L*(0, T*; H**'(0, 1)).

Moreover, the solution u depends continuously on its initial data ¢ and the boundary
values hj, j = 1,2, 3 in the respective spaces.

Recently, Capistrano—Filho et al. [16] studied the IBVP (2.8). The authors proved
the local well-posedness for this system. More precisely:

Theorem G [16] Let T > 0 and s > 0. There exists a T* € (0, T such that for any
—
(@, h) € X7, where

Xr = H0,L) x H7(0,T) x H3(0,T) x H'T (0, T)
the IBVP (2.8) admits a unique solution
u € C([0, T1; H*(0, L)) N L*(0, T; H*T'(0, L))
In addition, the solution u possesses the hidden regularities

s+1-1

8lu e L0, L; H 3 (0,T%) for 1=0,1,2.

and, moreover; the corresponding solution map is Lipschitz continuous.

Finally, in a recently work, Capistrano—Filho et al. [17] studied the well-posedness
of IBVP (2.1)—(2.2). The authors proposed the following hypotheses on those coeffi-
cients a;;, b;j, j,i =0,1,2,3:

(Al) app=a11 =0, ajo #0, b1z =b11 =b1p=0;
(A2) a;p #0, b2 =0;
(B1) by = b1 =0, by #0, ax = az = ax =0;
(B2) b2y #0, axn =0;

(C) b32 =0, b31 #0, ax, =az =0.

For s > 0, consider the set
HSO, L) :={¢p(x) € H*(0, L) : p®(0) = p® (L) = 0}
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withk =0,1,2,...,[s] and
HS(0,T1:= {h(t) € H*(0, T) : h'/(0) = 0},

for j =0,1,...,,[s]. In addition, letting

s+l
3

A0, T) = Hy® (0,T] % H, %(o T]xHO(O 1,

s+

JE50,T) = Hy* (0,T] XH%(O T x HJ 0.7
S50.T) = Hy? (0.T] x H%(O T1x Hy (0. T1,
S0, T) = %(0 T]x H, %(o T]x Hy (0, T]
and
WO, T) = (0 Ty x HF (o Ty x H3(0, T),
”//(OT)—H (0T)><H (OT)><H3(OT)
WO, T) = H (0 T)x HF (0 Ty x H3(0, T),
W0, T) = HT (0.T) x H'T(0,T) x H3 (0, T),

they proved the following well-posedness results for the IBVP (2.1)-(2.2):

TheoremH [17] Let s > 0 with s # 2/ ,] =1,2,3...,and T > 0 be given. If
one of the assumptions below is sansﬁed

(i) (Al), (BI) and (C) hold,
(i) (Al), (B2) and (C) hold,
(iii) (A2), (B1)and (C) hold,
(iv) (A2), (B2) and (C) hold,

then, for any r > 0, there exists a T* € (0, T such that for any
— ! .
(¢, h) e Hy(O,L) x #7(0,T)
satisfying || (¢, 7) ||L2(0,L)x%”10(0,T) <r, the IBVP (2.1)—(2.2) admits a solution
u € C([0, T*]; H*(0, L)) N L*(0, T*; H**'(0, L))

possessing the hidden regularity (the sharp Kato smoothing properties)

!
o.u € s 1

Moreover, the corresponding solution map is analytically continuous.
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3 Further comments

Before presenting the main ideas to prove Theorem G, let us introduce the following
boundary operators %y, k =1,2,3,4 as By = Bk,o + PBr.1 with

:@I,OU = (U(Oa t)’ 'U(L, t)’ vx(L» t))a %2,01) = (v(07 t)’ vX(La t)’ vXX(La t))v
%S,OU = (Uxx(ov t)s U(L’ t)? UX(La t))’ <%4,01} = (Uxx(os t)v U)C(Lr t)’ UXX(L’ t))

and

Hi1v:=(0, 0, 0),
P10 :=(0, byov(L, 1), azivx(0,¢t) + byv(L,1)),
B340 = (a1ov(0, 1) + a11vx (0, 1), 0, azpv(0,1)),

1
Bav = Zalja){U(Ov 1)+ biov(L, 1), azov(0,t)
=0

1
+b3ov(L, 1), Y a2;div(0, 1) + baov(L, 1)
j=0

Thus, the assumptions imposed on the boundary conditions in Theorem G can be

reformulated as follows:

1) (A1), (B1),(C)) & Hiv = Z
(i) ((A1), (C),(B2)) & Hrv = ﬁ)
(iii) ((A2),(B1),(C)) & H3v = ﬁ)
(iv) ((A2),(C),(B2)) & Pav= h.

In [17], to prove Theorem G, the authors first studied the linear IBVP

Ur+uyxx +6u=f, xe€(@O,L), t>0
u(x, 0) =il>)(X), 3.1
Brou= h,

for k = 1,2, 3,4, to establish all the linear estimates needed for dealing with the
nonlinear IBVP (2.1)—(2.2). Here 6y = 0fork =1,2,3 and §4 = 1.
After that, they considered the nonlinear map I" defined by the following IBVP:

Up 4+ Uyxx + gt = —vy — VU +8v, x € (0,L), t>0
u(x, 0) =ii>>(x), (3.2)
e%}C,ou =h —e%k,lv’

showing thus that I" is a contraction in an appropriate space whose fixed point will

be the desired solution of the nonlinear IBVP (2.1)—(2.2) by using the sharp Kato
smoothing property of the solution of the IBVP (3.1).
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The main point here is to demonstrate the smoothing properties for solutions of the
IBVP (3.1). In order to overcome this difficulty, Capistrano—Filho et al. [17] needed
to study the following IBVP

Uy +Uyxy +8u =0, xe(,L), t>0,
u(x,0) =0, (3.3)
B ou = 7

The corresponding solution map 7 — u will be called the boundary integral oper-
ator denoted by V/b(;r) . An explicit representation formula is given for this boundary
integral operator that plays an important role in showing the solution of the IBVP (3.3)
possesses the smoothing properties. The needed smoothing properties for solutions
of the IBVP (3.1) will then follow from the smoothing properties for solutions of the
IBVP (3.3) and the well-known sharp Kato smoothing properties for solutions of the
Cauchy problem

Uy +tyxx +6ku =0, ulx,0) =v¢v(x), x,tekR.

Finally, the following comments are now given in order:

Remark 1 The temporal regularity conditions imposed on the boundary values 7 on
Theorem G are optimal (cf. [3,5,6]).

Remark 2 As a comparison, note that the assumptions of Theorem A are equivalent
to one of the following boundary conditions imposed on the equation in (2.3):

a)

M(O,I)ZO, M(I,I)ZO, ux(l,t):()a

b)
Uxy(0,8) +au(0,1) +bu(0,1) =0, u,(1,t) =0, u(l,t)=0
with
a > b2/2; 3.4)
V)
u0,1) =0, wuy(1,1)+au,(1,t)+bu(l,t) =0, wu,(1,t)+cu(l,t) =0,
with
ac >b—c?/2; (3.5)
d)

Uy (0, 1) + ajuy (0, 1) + apu(0,t) =0,
uyx(1,t) +brux(l,t) + bou(l, t) =0,
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and
uy(l,t) +cu(l,t) =0,
with
ay > at/2, bic> by —c?)2. (3.6)

It follows from Theorem G that conditions (3.4), (3.5) and (3.6) for Theorem A
can be removed.

4 Open problems

While the results reported in this paper gave a significant improvement in the theory
of initial boundary value problems of the KdV equation on a finite interval, there are
still many questions to be addressed for the following IBVP:

U + Uy +tyyy +uuy =0, 0<x <L, t>0,
u(x,0) i¢(x)’ 4.1
PBru= h.

Here we list a few of them which are most interesting to us.

e s the IBVP (4.1) globally well-posed in the space H*(0, L) for some s > 0
or equivalently, does any solution of the IBVP (4.1) blow up in the some space
H?*(0, L) in finite time?

It is not clear if the IBVP (4.1) is globally well-posed or not even in the case of

7 = 0. It follows Theorem G (see [17]) that a solution u of the IBVP (4.1) blows up
in the space H*(0, L) for some s > 0 at a finite time 7 > 0 if and only if

lim lu(, 0)ll2¢,1) = +00.
t—>T~

Consequently, it suffices to establish a global a priori L2(0, L) estimate

sup lu(-, Dliz20,1y < +00, 4.2)

0<t<oo

for solutions of the IBVP (4.1) in order to obtain the global well-posedness of the
IBVP (4.1) in the space H*(0, L) for any s > 0. However, estimate (4.2) is known to
be held only in one case

Uy +uy +uuy +upx=f, O<x<L, t>0
u(x,0) = ¢(x)
u,t) =hi(t), u(L,t)=ho(t), u,(L,t)=h3(t).
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e [s the IBVP well-posed in the space H® (0, L) for some s < —1 7

Theorem G ensures that the IBVP (4.1) is locally well-posed in the space H* (0, L)
for any s > 0. Theorem G can also be extended to the case of —1 < s < 0 using the
same approach developed in [7]. For the pure initial value problems (IVP) of the KdV
equation posed on the whole line R or on torus T,

U +uuy +upy =0, ux,0 =¢x), x,teR “4.3)

and
U +uy +uyey =0, u(x,0)=0¢x), xeT, tek, “4.4)

it is well-known that the IVP (4.3) is well-posed in the space H*(R) for any s > —%
and is (conditionally) ill-posed in the space H®(R) for any s < —% in the sense the
corresponding solution map cannot be uniformly continuous. As for the IVP (4.4), it
is well-posed in the space H*(T) for any s > —1. The solution map corresponding
to the IVP (4.4) is real analytic when s > —%, but only continuous (not even locally
uniformly continuous) when —1 < 5 < —%. Whether the IVP (4.3) is well-posed in
the space H*(R) for any s < —% or the IVP (4.4) is well-posed in the space H*(T)
for any s < —1 is still an open question. On the other hand, by contrast, the IVP of

the KdV-Burgers equation
U +utty +tyxx —Uxy =0, u(x,0)=¢x), xeR, t>0

is known to be well-posed in the space H*(R) for any s > —1, but is known to be
ill-posed for any s < —1. We conjecture that the IBVP (4.1) is ill-posed in the space
H*(, L) forany s < —1.

Finally, still concerning with well-posedness problem, while the approach devel-
oped recently in [17] studies the nonhomogeneous boundary value problems of the
KdV equation on (0, L) with quite general boundary conditions, there are still some
boundary value problems of the KdV equation that the approach do not work, for
example

U +utly + iy =0, x€(0,L)
ulx,0) =aox), 4.5)
u,1) =u(L,t), uy0,t) =u,(L,t), uxx(0,1) =uy(L,1)

and
U +uuy +uyy =0, xe€(0,L),
u(x,0) = ¢(x), (4.6)
M(Oa t):O, M(L,I)ZO, “x(o’ t)ZMX(Lvt)

A common feature for these two boundary value problems is that the L?-norm of their
solutions are conserved:

L L
/ uz(x, Hdx = / ¢2(x)dx forany r € R.
0 0
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The IBVP (4.5) is equivalent to the IVP (4.4) which was shown by Kato [36,37] to

be well-posed in the space H*(T) when s > % as early as in the late 1970s. Its well-
3

posedness in the space H*(T) when s < 5 , however, was established 24 years later
in the celebrated work of Bourgain [8,9]. As for the IBVP (4.6), its associated linear
problem

ur+uyxx =0, x€(0,L),

u(x,0)=¢(x), u,1)=0,

u(L,t) =0, ux(0,1) =uy(L,t)

has been shown by Cerpa (see, for instance, [19]) to be well-posed in the space
H*(0, L) forward and backward in time. However, the following problem is still
unknown:

e [s the nonlinear IBVP (4.6) well-posed in the space H* (0, L) for some s ?

4.1 Control theory

Control theory for KdV equation has been extensively studied in the past 2 decades
and the interested reader is referred to [19] for an overall view of the subject. As it is
possible to see in the paper above, several authors have addressed the study of control
theory of the IBVP (see, e.g, [16,21,50]), who worked on the following four problems
related to the IBVP (4.1):

u@,1) =hy 1), =0, u(0,1) = h12(t), >0,
PBrov:=u(L,t) =hy1(t), t>0, PBoov:i=quy(L,t)=hyn(@), t>0,
uy(L,t) =h3 (1), t=>0, uxy(L,1) = h32(t), t >0,
upx (0, 1) =h13@) =0, uxx(0,1) = hy4(1), t>0,
B ou = qu(L,t) =ha3(t), t>0, Baou:= yux(L,1)=hys(t), >0,
ux(L,t) =h33(1), t>0 uxy(L,1) =h34(t), t>0

The first class of problem (4.1)-% ov was studied by Rosier [50] considering only
the control input A3 (i.e. by, = h21 = 0). It was shown in [50] that the exact
controllability of the linearized system holds in L2(0, L) if and only if, L does not
belong to the following countable set of critical lengths

27
N = {—\/k2+kl+12 ck, eN*}.
V3

The analysis developed in [50] shows that when the linearized system is controllable,
the same is true for the nonlinear case. Note that the converse is false, as it was proved
in [18,20,26], that is, the (nonlinear) KdV equation is controllable even when L is a
critical length but the linearized system is non controllable.

The existence of a discrete set of critical lengths for which the exact controllability
of the linearized equation fails was also noticed by Glass and Guerrero [33] when /2 |
is taken as control input (i.e. h1,; = h3;; = 0). Finally, it is worth mentioning the
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result by Rosier [51] and Glass and Guerrero [32] for which A1 ; is taken as control
input (i.e. h2,1 = h3,; = 0). They proved that system (4.1) with boundary conditions
Z1.,0v is then null controllable, but not exactly controllable, because of the strong
smoothing effect.

Recently, Cerpaetal. [21] proved similar results to those obtained by Rosier [50] for
the system (4.1) with boundary conditions %, ov. More precisely, the authors consider
the system with one, two or three controls. In addition, using the well-posedness
properties proved by Kramer et al. [46], they also proved that the controls 4; 7, i =
1, 2, 3 belong to sharp spaces and the locally exact controllability of the linear system
associated to (4.1) holds if, and only if, L does not belong to the following countable
set of critical lengths

= {LeR+:L2=—(a2+ab+b2)witha,be<c

e eb g—(a+b)

fvine - = & < | A
satisfying 2 R @tb? 4.7

Moreover, they showed that the nonlinear system (4.1) with boundary conditions
P .0v is locally exactly controllable via the contraction mapping principle.

Finally, more recently, Caicedo et al. [16] proved the controllability results for the
system (2.8), that is, system (4.1) with boundary conditions %4 gv. Naturally, they
used the same approaches that have worked effectively for system (4.1) with boundary
condition % ov and %, gv. In particular, if only /15 4(¢) is used, they showed that the
system (4.1) with boundary conditions % ov is locally exactly controllable as long
as

L¢R:=NUlkn:keN}. 4.8)

Thus, with respect of the control issue, a natural and interesting open problem arises
here:

e [sthe IBVP (4.1), with general boundary condition, controllable?
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