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OF A CLASS OF INITIAL-BOUNDARY-VALUE PROBLEM OF
THE KORTEWEG-DE VRIES EQUATION ON A FINITE
DOMAIN

Ivonna Rivas
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Cincinnati, OH 45221-0025, USA

Muhammad Usman
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Bing-Yu Zhang
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ABSTRACT. In this paper, we study a class of initial boundary value prob-
lem (IBVP) of the Korteweg-de Vries equation posed on a finite interval with
nonhomogeneous boundary conditions. The IBVP is known to be locally well-
posed, but its global L2— a priori estimate is not available and therefore it
is not clear whether its solutions exist globally or blow up in finite time. It
is shown in this paper that the solutions exist globally as long as their ini-
tial value and the associated boundary data are small, and moreover, those
solutions decay exponentially if their boundary data decay exponentially

1. Introduction. Considered herein is an initial-boundary value problem (IBVP) for
the Korteweg-de Vries equation posed on a finite interval (0, L) with nonhomogeneous
boundary conditions, namely,

ut+ur+UT7‘r+UU7‘:O, IEE(O,L),t>O,

u(z,0) = ¢(), (1

w(0,t) = ha(t), uz(L,t) = h2(t), uee(L,t) = hs().
This IBVP was considered by Colin and Ghidaglia in 2001 [9] as a model for propagation
of surface water waves in the situation where a wave-maker is putting energy in a finite-
length channel from the left (x = 0) while the right end (x = L) of the channel is free
(corresponding the case of ho = hs = 0). In particular, they studied the IBVP (1) for its
well-posedness in the space H*(0, L) and obtained the following results.

2000 Mathematics Subject Classification. Primary: 35Q53; Secondary: 35Q53.
Key words and phrases. Global Well-posedness, Asymptotic Behavior, Korteweg-de Vries
Equation, Finite Domain.
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Theorem A:

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

we L®(0,T; H'(0,L)) N C([0,T]; L*(0, L)).

(ii) Assuming h1 = ha = hz = 0, then for any ¢ € L*(0,L), there ewists a T > 0
such that the IBVP (1) admits a unique weak solution u € C([0,T]; L*(0,L)) N
L2(0,T; H*(0,L)).

The result is temporally local in the sense that the solution u is only guaranteed to exist
on the time interval (0,7"), where T' depends on the size of the initial value ¢ and the
boundary data h;,j = 1,2, 3 in the space H'(0, L) (or L*(0, L)) and C{ (0, 00), respectively.
A problem arises naturally.

Problem B: Does the solution exist globally?

Usually, with the local well-posedness in hand, one needs to establish certain global a
priori estimate of the solutions to obtain the global well-posedness. However, this task
turns out to be surprisingly difficult and challenging since the L?—energy of the solution
u of the IBVP (1) is not conserved as in the situation of the KdV equation posed on
the whole line R or on a periodic domain T even in the case of homogeneous boundary
conditions (h; =0, j = 1,2,3). Indeed, for any smooth solution u of the IBVP (1) with
h; =0, j=1,2,3, it holds that
L

% ; u?(z, t)de = —%1;2(07 t) + %uB(L,t).
The lack of an effective means to deal with the term %ug’(L, t) makes it hard to establish
the needed global a priori estimate for the solutions of the IBVP (1) in the space L*(0, L).
Consequently, Problem B is open even for the homogeneous IBVP (1).
In [9], Colin and Ghidaglia provided a partial answer to Problem B by showing that
the solution u of the IBVP (1) 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 =1,2,3 are all small.
Recently, the IBVP (1) has been studied by Kramer and Zhang [24], and Kramer, Rivas
and Zhang [26] to address an open question of Colin and Ghidaglia [9] regarding some

well-posedness issues of the IBVP (1). They obtained the following well-posedness results
for the IBVP (1) [24, 20].

Theorem C: Let s > —% and T > 0 and r > 0 be given with

27 —1
875 .72 , .]:172737

There exists a T* > 0 such that for given s—compatible *
. s41 s s—1
o€ H°(0,L), hie H3® (0,T), he€ H3(0,T), hse€ H 3 (0,T)
satisfying

+ ||hs|| s <r,
H 3 (0,T)

@llsc0,2) + lhall o ot 1h2ll 5 o 7

5,
the IBVP (1) admits a unique solution
w e C([0,T*]; H*(0, L)) N L*(0, T*; H*"' (0, L)).

IThe reader is referred to [24] for the precise definition of s—compatibility for the IBVP (1).
One of the sufficient conditions for ¢, h1, ha, h3 to be s—compatible is ¢ € H§(0, L) and

st s s—1
h1 € H, 3 (0,7, he € H03 (0,7], hz € H, 3 (0,T).
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Moreover, the solution u depends Lipschitz continuously on ¢ and hj,j = 1,2,3 in the
corresponding spaces.

Remarks:

(1) The well-posedness presented in Theorem C is in its full strength; it includes unique-
ness, existence and (Lipschitz) continuous dependence as well as persistence (the
solution v forms a continuous flow in the space H*(0, L).

(2) For the well-posedness of the IBVP (1) in the space H*(0, L), the regularity condi-
tions imposed on the boundary data hj;, j = 1,2,3 are optimal. In particular, when
s = 1, it is only required that hy € H%(O,T), ha € H%(O,T) and hs € L*(0,T)
instead of hi, ha, hs € Cbl (0,T) as in Theorem A.

Nevertheless, the well-posedness result presented in Theorem C is still temporal local. The
question whether the solution exists globally remains open. In this paper, we continue to
study the IBVP (1) but emphasizing on the issues of its global well-posedness in the space
H*(0,L) and the long time asymptotic behavior of those globally existed solutions. In
order to describe our results more precisely, we first introduce some notations.

For given s > 0, ¢t > 0 and T > 0, let hi= (h1, ha, h3),
Biyyiry=H 5 (tt+T) x HS(t,t+T) x H'5 (t,t+T)
and
Yiiory = C([t, t+T]; H* (0, L) NL*(¢,t+T; HT(0, L)),  X{oomy = H*(0, L) X By oo
In addition, let

B} = {f_i € Bii,t11) for anyt>0: sup ||E||Bs < oo}, X7 =H?%0,L)x Br,
’ >0 (t,¢+T)
and
Y7 ={u €Y 1m) for anyt=0: sup lullve ,, 7 < o0}
Both B7} and Y7 are Banach spaces equipped with the norms
I~ s, = Jup IPllse, 0
and
Jullvg = 5wl o

respectively. If s = 0, the superscript s will be omitted altogether, so that

B(t,t+T) = B?t,t+T)7 X(t,tJrT) = X?t,t+T)7 Y(t,t+T) = Y&HT)
and
Br = By, Xt = X7, Yr =Y.
Moreover, because of their frequent occurrence, it is convenient to abbreviate the norms
of w and h in the space H*(0,L) and H°(a,b), respectively, as
lulls = llullzso,Ly,  [hlsab) = IRl @)
and
lull = llullz2 o,z 1Bl (a,b) = 1Pl 22(a,0)-
The main results of this paper are summarized in the following two theorems. The first
one states that the small amplitude solutions exist globally.
Theorem 1.1 (Global well-posedness). Let s > 0 with

25 —1
s#A L=, =123

There exist positive constants § and T such that for any s—compatible (¢, H) € X7 with
(¢, h)llxs5 <6,
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the IBVP (1) admits a unique solution u € Yp.

The second one states that the small amplitude solutions decay exponentially as long as
their boundary data decay exponentially.

Theorem 1.2 (Asymptotic behavior). If, in addition to the assumptions of Theorem 1.1,
there exist y1 > 0, C1 > 0 and g € B} such that

IRl .,y < gD for t 20,
then there exists v with 0 < v <1 and C2 > 0 such that the corresponding solution u of
the IBVP(1) satisfies
lullyg, 7 < Call(@,h)llxze™™"  fort>0.
The study of the initial-boundary-value problems of the KdV equation posed on the finite
domain started as early as in 1979 by Bubnov [(] and has been intensively studied in the
past twenty years for its well-posedness following the advances of the study of the pure
initial value problems of the KdV equation posed either on the whole line R or on a torus

T. The interested readers are referred to [6, 7, 3, 5, 9, 15, 17, 20, 24, 26] and the references
therein for an overall review for the well-posedness of the IBVP of the KdV equation posed
a finite domain and [1, 4, 8, 12, 13, 14, 16, 20] for the IBVP of the KdV equation posed

on the half line R*.
The paper is organized as follows.

—- In section 2, we consider the associated linear problem
ut + (au)z + Ugze = 0, z € (0,L), t>0,

u(z,0) = ¢(z), (2)
w(0,t) = ha(t), ua(L,t) = ho(t), uea(L,t) = hs(t).

where a = a(z,t) is a given function. Attention will be first turned to the situation that
a =1 and all boundary data hi, h2 and hs are zero:

ut+uz+uzzz:07 xE(O,L),t>0,

u(z,0) = ¢(z), ®3)
w(0,t) =0, ug(L,t) =0, uzz(L,t) =0.

It will be shown that the linear KAV equation in (3) behaves like a heat equation;

(i) it possesses a remarkably strong smoothing property: for any ¢ € L*(0,L) , the
corresponding solution u(¢) belongs to the space H*°(0, L) for any ¢ > 0.

(ii) its solution u decays exponentially in the space H*(0,L) (for any given s > 0) as
t — oo.

These heat equation like properties of the IBVP (3) enable us to show that for any s > 0
there exists a 7' > 0 such that if @ € X7 and [la||xs is small enough, then for any

s—compatible (¢, h) € X3 with G(t) = ||HHB(: ) decays exponentially, the corresponding

solution u of (2) also decays exponentially in the space H*(0, L) as t — co.

—- In Section 3, the nonlinear IBVP (1) will be the focus of our attention. The proofs will
be provided for both Theorem 1.1 and Theorem 1.2. As one can see from the proofs, the
results presented in Theorem 1.1 and Theorem 1.2 for the nonlinear IBVP (1) are more or
less small perturbation of the results presented in Section 2 for the linear IBVP (2) and
therefore are essentially linear results..

—- The paper is ended with concluding remarks given in Section 4. A comparison will be
made between the IBVP (1) and the following IBVP of the KdV equation posed on (0, L):

ut+uz+uuz+uzzz:0, .’IZE(O,L), t>0,
u(z,0) = ¢(), (4)
u(0,t) =0, u(L,t) =0, ug(L,t) =0.
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We will see that, although there is just a slight difference between the boundary conditions
of the IBVP (1) and the IBVP (4), there is a big difference between the global well-
posedness results for the IBVP (1) and the IBVP (4). While only small amplitude solutions
the IBVP (1) exist globally, all solutions of the IBVP (4), large or small, exist globally
instead.

In addition, the IBVP (1) will also be shown in this section, to possess a time periodic
solution u* if the boundary forcing h is time periodic with small amplitude. Moreover,
this time periodic solution u™* is locally exponentially stable.

2. Linear problems. In this section, consideration is first directed to the IBVP of linear
KdV equation with homogeneous boundary conditions
ut+uz+uzajz:0, 1’6(07L),t>0,
u(z,0) = é(x), (1)
u(0,t) = ug (L, t) = uga(L,t) = 0.
Its solution u can be written in the form
u(z,t) = W(t)o
where W (t) is the C°-semigroup in the space L*(0, L) generated by the operator

/

Ag:=—g" —yg
with domain
D(4) = {g € H*(0,L) : g(0) = ¢'(L) = ¢"(L) = 0}.
The following estimate can be found in [24].

Proposition 2.1. Let T' > 0 be given. There exists a constant C' > 0 depending only on
T such that for any ¢ € L*(0,L),

HUHY(O,T) < Crléll

Our main concern is its long time asymptotic behavior. As it holds that, for any smooth
solution u of the IBVP (1),

d

L
*/ u?(z, t)de = —u’(L,t) — u2(0, 1),
dt J,

one may wonder if its L2 —energy decays as t — oo. A detailed spectral analysis of the
operator A is needed for the investigation.

Note that both A and its adjoint operator A* are dissipative operator. Indeed, the adjoint
operator of A is given by

A*f: f/+f///
with the domain
D(A") ={f € H*(0,L) : f(0) = f'(0) =0, f(L) + f"(L) = 0}

A direct calculation shows that

L L
| 9@ = 5@ OF+a@?). [ @@ @ = -5
for any g € D(A) and f € D(A"). Thus both A and A™ are dissipative operators.

Lemma 2.2. The spectrum o(A) of A consists of all eigenvalues {Ar}7° with
Redi <0, k=1,2,3,--
and
8rik?

Ap = —
b T 3/3L8

+0(k*)  as k— oo 2)
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Proof. Since A is dissipative and the resolvent operator R(X, A) = (A — A)™* (X € p(A))
is compact,
o(A) = 0p(A) = {M}1”

with A\ — oo as kK — oo and

ReAr <0, k=1,2,3,---
We thus need to show that

Rel #0, k=1,2,3,---.
Suppose ip € op(A) for some real number p. There exists 0 # f € D(A) such that

—f"(@) = f'(x) = ipf(z), =€(0,L)
{f(o) = f'(L) = f"(L) =0.

Multiply both sides of the equation in (3) by f and integrate over (0, L). Integration by
parts leads to

®3)

in [ 1@)Pde = =317 OF = 3D

Consequently, either

/0 F@)fde =0, £(0)=f(L)=0.

Recall that f(0) = f/(L) = f”(L) = 0. Therefore, in either cases, we have f = 0. That is
a contradiction.

To show that (2), we may assume that Af = —f"’. The case of Af = —f"' — f' follows
from standard perturbation theory (cf. [21]).

Assuming that Re A < 0. By symmetry, we only need to consider the case that Im A < 0.
Denote the three cube roots of —X by w1, p2,us. These must have distinct real parts; let
u1 be the unique root such that 0 < arg(u1) < 7/6 and

27

po=e 3 g = puy,  pis =ppa.

The solution of
Ap(z) + ¢ (x) =0, =z € (0,L),

¢(L)=¢'(L) =¢"(L) =0
is then given by

() = C1e"” + Cae"?™ + Cse!'3”
with C1,C2 and Cs satisfying

Ci+Ca+Cs 0
,ulemLCl +M2€“2LC’2 +M3€“3LC3 = 0,
W' POy + p2et Oy + plett Oy 0

Setting the determinant of the coefficient matrix equal to zero,

eln2tns)L + e(#1+u2)L + e(#3+u1)L(

paps(ps — p2) papz(pe — ) p1 — pa)papr = 0.
By the assumptions, Re p1 > 0, Re u2 < 0 and Re puz < 0. Furthermore,
Rep1 — 400 and Reps - —00 as A — o0.

Neglecting the term e2#3)L o 115 (i3 — o), which is very small for large ), we arrive at

the equation

elrz—n3)L _ p+p2,
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or
eVImL _ g
Therefore,
(1+2k)m
Bk~ 7\/§L .
As M\, + ,u3 =0,

8mik?
3v/3L3

Ao = —plp = — ( + O(k2)) as k — oo.

O

Next lemma gives an asymptotic estimate of the resolvent operator R(\, A) on the pure
imaginary axis.

Lemma 2.3.

IR(iw, A)|| = O(w| %), as |w| = oc.

Proof. Letting X € p(A) and f € L?(0, L) and defining w = (AI — A)™*f. In other words,
w satisfies

Aw +w” +w' = f,
{ (5)

w(0) = w' (L) = w"(L) = 0.
Its solution is given by
L
w N = [ Gln& N
0
where G(y,&; M), the Green function of (5), solves

G"(y, &N + G (4,6 N) + AG(y, & A) = 0(y — €)
G(0,&N) =G (L, & 0) =G (L,&N) =0,

the prime notation representing %. With s;, 7 =1,2,3, being the solutions of
S +s+A=0,
G(y,&; \) has the form

3 3
G(y,§A) = Z c; etV L H(y —¢€) (Z éjesg'(y—f)>
j=1

Jj=1

with

i 1 ife>0,
@=30 ifz<o,

the coefficients ¢1, ¢ and ¢3 satisfying

¢Gi1+é2+¢é3 = 0,
6181 +6282 +é383 = 0,
618% —|—6283 —|—é38§ = 1
and the coefficients c1, c2, c3 solving
1 1 1 cre 18 0
s1e1t spet2l ggesl cze 2 | = | da (7)

sZestl gZesah gZessl cze %3¢ ds
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where
do = — (6181681(L_§) + éQSQGSQ(L_s) + 6353633(11_5)) , (8)

ds = — (élsfesl(L%) + bgs2e%2E9 4 égsgeSS(L%)) . 9)

A direct computation shows that

1 1 1
¢ = , (=————— and &=-——" """
P (s2—s)(ss—s1)) 0 (s1—s2)(ss — s2) ° 7 (51— s3)(s2 — 53)
and
JPWAN ot A JPWAN
c1=e 15X1, ca=e€ ZSKQ, c3=e¢€ ng’

where A is the determinant of the coefficients matrix A of system (7),
A = 682+838233(83 —82) + esl+3333sl(sl —83) + 651+528132(82 —51,)

and A; be the determinant of the matrix A with the j—column replacing by the vector
(0,ds,ds)T for j =1,2,3. Recall that s; ( j = 1,2,3) is the solution of

S +s+A=0.
If we let A = iw, then s; = iu; with p; solves
w—p—w=0

and therefore,
pmo=a+p, pe=patpB, ps=pa+p’p

with p = e%“,

1 1
w 3 w 3
a=(3+va)",  p=(3-Va)
where
w? 1
I=7 %
Thus, as Wi i=b— 00,
1. _ _
poo= b+gb 007,
_o 1 VB 11 VB -5
2 = (—§+7Z)b—§(§+71)b +O(b ),
_ 1 V3. 1.1 V3., -5
us = (—2— 2z)b—3(2— 21)1) +0(77)
As a result, as b — oo,
s1 = i/u:ib+0(b71),
. 1. 3 _
T e
. 1. 3 _
T e e
and, asymptotically, as b — oo,
dy ~ —8363653<L7§),
sg(L—§)

2 A
d3 ~ —s3Cze .
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It follows similarly, as b — oo,

A ~ s3s1(s1 — 53)6(81“3”7
0 1 1
Ay~ —szize B3O 1 0 0
S3 0 0
~0,
1 0 1
Ao = s1e°1t  —g385e3(L8)  ghessl
sttt _g2pge53(b—8)  G2essl
1 0 1
~  —egsze® 7Y 0 1 0
etlsi(s1 —s3) s3 0
~ 638381(81 _ 53)653(14*5)+517
1 1 0
Az = s1e51l gpe%2l 783&3683(1‘7&)
sTestl gZesrl _g2pgess(Em8)
1 1 0
~  —egsze® LY 0 0 1
s1e1f(sy —s3) 0 s3

Ss(L—E)SleS1L(

~ —(C383€ S1 — 83)-

Hence, as b — oo,

Cc1 ~~ 07 Co ~ 636(82_53)5, C3 ~ —(33.
Plugging these coeflicients in the definition of the Green’s function for IBVP (6) and

considering the case where y < €,
Gy, &iw) = c1e81W=8) | oo e2(u—8) +03633(y—§)
_ 636*53§+52y _ 63653(11*5)

~ g3t EV T PHEY) _ a (- (FH P,

. PPN —2
Therefore, since ¢é1,¢é2,63 ~ b

|Gy, &ib%)] <
< b My
<

for {e7338Fs2v 33—V < My for b > N. Now, considering the cases where y > £,

Gy, &iw) = 01651(1175) +02652<y7§) _~_C3653(y7§) +61651(y7§) _’_62652(1/7&) +63653(y*§)
~ 636—-93£+-92y +élesl(y_€) +62662(y—§)
~ 81O 280 +é3e*§b(§+y)
~ Mnb2

Since {esl(y*f),e”(y*g),eiéb(ﬁﬂ})} < My asb> N, so

|G(y,£,ib°)| < Mnb~? as b> N,
and we can conclude in general that V(y, &)

|G(y7£7 ’ng)‘ S MNb72 as b > N.
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Notice that if we select A = —iw, the computations are similar and we get the same
asymptotic behavior for the Green’s function (6).

O
The following estimate then follows from Lemma 2.2, Lemma 2.3 and [25].

Proposition 2.4. There exists a v > 0 such that for any ¢ € L*(0, L),
u(t) =W(@)p € H®(0,L) for anyt>0
and
lu@®)| < Ce ¢l for all t > 0.

Combining Propositions 2.1 and 2.4 gives us

Theorem 2.5. There exists a v > 0 such that for T > 0 there exists a constant C' =
Cr > 0 such that

lullve,oizy < Crliglle™" for all t > 0.

Now we turn to consider the IBVP of the KAV equation with the nonhomogeneous bound-
ary conditions.

ut+uw+uwzz :07 HANS (O7L)7
u(z,0) = o(z), (10)
U(O7 t) = h1, uz(L,t) = h27 UZI(L, t) = h3

Its solution can be written as

u(z,t) = W(t)p + Wy(t)h

where h = (h1, ha, hg) and W (t) is the boundary integral operator associated to the IBVP
(10) whose explicit representation formula can be found in [26]. The following estimate is
from [24, 20].

Proposition 2.6. Let T' > 0 be given. There exists a constant C = Cr depending only
on T such that for any h € Bor and ¢ € L*(0,L), then the IBVP (10) admits a unique
solution u € Y(o,1) and, moreover,

[ullvio.ry < Cr(lI@ll + IRl B, 1) (11)
Note that the estimate (11) can be written as
lallvi sy < Crllul, )l + CrllRll g oy for any ¢ >0
because of the semigroup property of the IBVP (10).
Attention now is turned to the IVP of a linearized KdV—equation with a variable coefficient

a = a(z,t), namely,

ur + (au)z + Uy + Ugza = 0, x € (0, L),
u(x, 0) = (]3(1‘), (12)
w(0,t) = hi(t), uz(L,t) = ha(t), uwa(L,t) = hs(t).

The following result is known [24].

Proposition 2.7. Let T > 0 be given. Assume that a € Yo ry. Then for any ¢ €
L?(0, L), he Bo,1), the IBVP (12) admits a unique solution u € Yo 1) satisfying

llvio,oy < #lalivio.ry) (191 + 1Rl 50, )

where 1 : RT — RY is a T—dependent continuous nondecreasing function independent of
¢ and h.
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The next theorem presents an asymptotic estimate for solutions of the IBVP (12), which
will play an important role in studying asymptotic behavior of the nonlinear IBVP in the
next section.

Theorem 2.8. There exists a T >0, r >0 and § > 0 such that if a € Yr with
lally: <6,
then for any ¢ € L*(0, L), he Br, the corresponding solution u of (12) satisfies
lull Y oymy < Cre” " 18]l + Callhl| 5y

for any t > 0 where C1 and C2 are constants independent of ¢ and h. Furthermore, if
1Bl B0iry < g(t)e™" for all t >0 (13)

with v > 0, g € Br and ||g||B; < 92, then there exist 0 < v < max{r,v} and C > 0 such
that
lullys,ipry < Cll(SDIxpe

for any t > 0.
The following two technical lemmas are needed for the proof of Theorem 2.8.
Lemma 2.9. Let T > 0 be given. There exists a constant C = Cr > 0 such that
(i) for any u, v € Y(o,1),
H(“U)z||L1(o,T;L2(0,L)) < CT”UHYO,THU”Y(c),T);

(ii) for f € L*(0,T;L?(0, L)), let

u= /Ot Wt —7)f(r)dr,

then
||U||Y(0,T) < CT||fHL1(o,T;L2(o,L))~
Lemma 2.10. Consider a sequence {yn}5° in a Banach space X generated by iteration
as follows:
Ynt1 = Ayn + F(yn), n=0,1,2,---. (14)
Here, the linear operator A is bounded from X to X with
[ Aynllx < vllynllx (15)

for some finite value v and all n > 0. The nonlinear function F mapping X to X is such
that there is constant B and a sequence {bn}n>0 for which

IF (yn)llx < Bllyalx + bn (16)

for alln > 0.
(i) If 0 < v < 1, then the sequence {yn}neo defined by (14) satisfies

*

lyn+1llx <" Hlyollx + T (17)
for any n > 1, where b* = sup,,»q bn.
(i) If, in addition,
bn+1 S 5ncn
with some finite value of 0 , then
lynrillx <" lyollx +nrc” (18)

for any n > 1, where r = max{vy, §} and ¢ = sup,,>¢ cxn-
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The proof of this Lemma 2.9 can be found in [24]. As for Lemma 2.10, its proof is similar
to that of Lemma 3.2 in [2] with just a minor modification.

Proof of Theorem 2.8: Rewrite (12) in its integral form
t
u(t) = W(t)p + Wi(t)h — / W(t — 7)(au)z(7)dr.
0

Thus, for any T' > 0, using Proposition 2.4 and Proposition 2.6,

T
lu( D) < Ce Tl + Crllhll B +/ [[(aw)z||(7)dT
0
< Ce—BTH(bH + CTHEHB((),T) + CTHaHY(o,T) HUHY(Q,T)
< CToll + Crllfl gz, + Crllalo il ) (101 + Cr il )

< Ce gl + Crllallyyy 2 lllall v I8l + Cr (L + llallvig r #lallvio o DRl e 2 -
Note that in the above estimate, the constant C' is independent of T'. Let
yn = u(-,nT) forn=0,1,2,---
and let v be the solution of the IBVP
Ve + Vg + (V) g + Vgze = 0, v(z,0) = yn(x),

(19)
v(0,t) = h1(t + nT), ve(L,t) = ha(t + nT), Uz (L, t) = ha(t + nT)

Thus yn+1(xz) = v(z,T) by the semigroup property of the system (12). Consequently, we
have the following estimate for y,41 :

_BT
[ynt1l] < Ce 7 ||ynH+CTHa||Y(nT,(n+1)T),“(||G'HY(nT,(n+1)T))”ynH

+ Cr(U+llaller nm 2l g1y m DIRIB G sy
forn=0,1,2,---. Choose T and ¢ such that
Ce T =<1, v+ Crép(d) :=r < 1.
Then,
[yn+1ll < vllyall + bn
for all n > 0 if ||al|y,; < & where

b, = CT(l + ||aHY(nT,(n+1)T)M(|‘a“5’(n7~,(n+1)7‘)))HhHB(nT,(nJr1)T)'

It follows from Lemma 2.10 that

*

1—r

llynt1ll < rllynll +
or
lyns1ll < 7llynll +né™c”

with § = ™ for any n > 0 depending if (13) holds where b* = Sup,,>qbn and ¢* =
Sup,,>o ¢n- These inequalities imply the conclusion of Theorem 2.8. [J
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3. Nonlinear problems. In this section we consider the IBVP of the nonlinear KdV
equation posed on the finite domain (0, L):

Ut + Uy +um+uzzz:07 CCG(O,L)7
u(z,0) = ¢(x), (1)
w(0,t) = ha(t), ue(L,t) = ha(t), uea(L,t) = hs(t).

According to Theorem B, for given (¢, l_i) € Xo,1y, there exists a T € (0,T] such that the
IBVP (1) admits a unique solution u € Yo r~). This well-posedness result is temporally
local in the sense that the solution u is only guaranteed to exist on the time interval
(0, T*), where T™ depends on the norm of (¢, ﬁ) in the space X(o,7y. The next proposition

presents an alternative view of local well-posedness for the IBVP (1). If the norm of (¢, i)
in X(o,1) is not too large, then the corresponding solution is guaranteed to exist over the
entire time interval (0,7).

Proposition 3.1. Let T' > 0 be given. There exists 6 > 0 such that if ||(¢, E)HX(O,T) <4,

then the solution u of the IBVP (1) belongs to the space Yo 1y and, moveover, there exists
a constat C' > 0 depending only on T and § such that

lullvio,zy < Cll(d Ml x 0,1, -
Proof. For (¢,h) € X(o,1), define a map T : Y(o,7y = Y(o,1) by

t
T(v) = W(t)p(x) + We(t)h — / Wt —71) (vvg) (7)dr.
0
By Lemma 2.9 and Proposition 2.6, for any v, v1, v2 € Y(0,1),

7 2
1D 0.2y < Crll( W) l1x0.z) + CallolF )
and
IT(v1) = T(w2)llvi 1y < Call(v1 + v2(lvio 1 lv1 = v2llv(q 1
where C1 and C5 are constants depending only on T'. Choose

1

0= 8C1Cy’

M = 2C44.

Let
Su ={v € Yo,r), [llvor <M}

—

Assume that ||(¢, h) < 4. Then, for any v, v1, va € M,

HX((),T)

o 3
IP@) I5i0.1) < Cull(6,8x 0.0, + Collolyy 5, < C16+4CoCH6* < SCa5 < M

and

1
IT(v1) = D(w2)llvo,r) < 2C2M|[o1 = v2llyo,7y < Sllvr = v2llvo 1y

Thus I' is a contraction in the ball Sis and its fixed point u € Y{o,r) is the desired solution
of the the IBVP (1) which, moreover, satisfies

3 o
”uHY(o,T) < 101 H(¢7 h)HX(o,T) :
O
Next we show that if the initial value ¢ and boundary value h are small, then the corre-

sponding solution u exists for any time ¢ > 0 and, moreover, its norm in the space L2(0, L)
is uniformly bounded.
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Proposition 3.2. There exist positive constants T, d;, j = 1,2 and r such that if (¢, }_i) IS
X1 satisfying

el <61, lhller <62 2
then the corresponding solution u of (1) is globally defined and belongs to the space Yr.
Moreover,

[u(-, )]l < Cre™ (|9l + Col|hll 5y
for any t > 0 and

-

HUHYT < C3H(¢7 h)HXT7
where C1, Ca and Cs are constants depending only on T, 61 and d2.

Proof. For given ¢ € L*(0, L) and h € Br, rewrite the IBVP (1) in its integral form
t
u(t) = W(©6+ Wi — [ Wt = m)uue) ()i
0

For any given T > 0, there exist ¢; > 0 independent of T" and ¢z, c3 depending only on T’
such that for any 0 <t < T,

lu, )l < cre™ (18]l 120, + e2llull .z + csllhllBo,r- 3)
By Proposition 3.1, there exists a > 0 and a constant ¢4 > 0 such that if

(¢, )l x o,z <6, (4)
then
llullvio,ry < call(@: Mlixo.z) -

Thus, if (4) holds and (3) is evaluated at t =T,

lu(, DI < ere™ ol +es(1011” + ol By 7)) + eslihlle

with ¢5 = czci. Since c¢; is independent of T', one can choose T' > 0 so that c; e T = v < %
Then choose §; and d2 such that
01+ 02 <6
and
1 2 2
551 +e5(07 + 03) + 382 < 0.
For such values of §; and 2, we have that
[[u(, T < 61,
and, in addition, by the assumption,
Hh”B(T,zT) < da.
Hence repeating the argument, we have that
sup ||u(7t)|| <oy, HUHY(T,2T) < cad.
<t<2T
Continuing inductively, it is adduced that
sup [lu(-,t)[| < év, [Jullvy < cad.
t>0
Let yn = u(-,nT) for n =1,2,---. Using the semigroup property of (1), one obtains

1
lyn+1ll < §Hyn” + 62||yn||2 + CS||h||B(nT,(n+1}T)
for any n > 0 provide ||yo|| < 61 and
ig% HhHB(nT,(nJrl)T) < 2.

By Lemma 2.10, there exists 0 < v < 1, 67 > 0 and 65 > 0 such that if
”yOH <61, ba= C3||h||B(nT,(n+1)T) <02 <4,
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for all n > 0, then

b*
1—v
for all n > 1, where b* = max,{b.}. This leads by standard arguments to the conclusion
of Proposition 3.2. O

n+1

[yn+ll < v" lyoll +

Proposition 3.3. Under the assumptions of Proposition 3.2, if
||ﬁ||3(tyt+T) <gt)e ™" forallt>0

with v > 0 and g € Br and ||g||By < 02, then there exist a 0 < v < max{r,v} and C > 0
such that

[ull Y oyry < CIS R Ixpe™ ™
for any t > 0.

Proof. Setting a = %u, the equation in (1) becomes
Ut + Uz + ((J/LL)Z + Ugze = 0.

Proposition 3.3 follows from Proposition 3.2 and Theorem 2.8 as a corollary. O

Now we are at the stage to present the proofs of Theorem 1.1 and Theorem 1.2.

Proof of Theorem 1.1: We only consider the case of 0 < s < 3. The proof for the case
of s > 3 is similar. Note first the theorem is Proposition 3.2 when s = 0. For s = 3, let
v = ut. Then v solves

Vt 4 Vz + Vaazz + (u0)g = 0, z € (0,L), t >0,
’U(xa 0) = ¢*($)7 (5)
v(0,t) = h1(t), ua(L,t) = ho(t), vea(L,t) = h3(t)
with ¢*(z) = —¢'(z) — ¢(x)d' (x) — ¢"'(z). Note that
[ullyz < Cll(¢-h)llxr-
Thus, invoking Theorem 2.8 yields that v € Yr and
[vllyz < Cli(¢", 1) llxz-
Then, it follows from the equation
Ugze = —Ut — UUg — Uz = —V — UUg — Uz
that u € Y3 and
lullys < Cll(o, B s,

for some constat C' > 0 Thus, Theorem 1.1 holds for s = 3. The case of 0 < s < 3 then
follows by using the nonlinear interpolation theory of Tartar [30, 1]. O

Proof of Theorem 1.2: For any r > 0, define the space
X3(r) = {(¢,h) € X7| " (¢, h) € X3}

and
Yi(r) = {u € Y| ¢""u € Y3}
Equipped with the norms

(6, M)l xsr) = 11(6s €™ R)llxs,
and
lullys @ = lle™ullyg,
respectively, both X7 (r) and Y7 (r) are Banach spaces. Theorem 1.2 can then be restated
as
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For given s > 0 and v > 0 with

2 —1

P

# 7

there exist positive constants T, v, 6 and C such that for s—compatible (¢, fL) € Xr(v)
with

j:172737"'7

-

(&, W)l x50y <9,
the corresponding solution w of the IBVP(3.2) belongs to the space Y7 () and

lullveey < Cll@ M lxs0)-

Its proof is similar to that of Theorem 1.1. [J

4. Concluding remarks. The focus of our discussion has been the well-posedness of the
initial value problem of the KdV equation posed on the finite interval (0, L):

Ut + Uz + Ugaw + Uz =0, z € (0,L), t >0,

u(z,0) = ¢(z), (1)

w(0,t) = hi(t), ug(L,t) = ha(t), ues(L,t) = hs(t).
It is considered with the initial data ¢ € H*(0, L) and the boundary data h= (h1, h2, h3)
belongs to the space B, 7y = o (0,T) x H5(0,T) x HS;s‘l(O7 T) with s > 0. Although
the IBVP is known to be locally (in time) well-posed, whether solutions exist globally
is still an open question because even the simplest global a priori L?— estimate is not
available for solutions of the IBVP (1). As a partial answer to this open problem of the
global well-posedness, we have shown in this article that the solutions exist globally (in
time) in the space H*(0, L) for any s > 0 as long as its auxiliary data (¢, k) is small in the
space X 7, which is an improvement of Colin and Ghidaglia’s early work [9]. In addition, we
have studied the long time behavior of those globally existed solutions and have shown that
those small amplitude solutions decay exponentially if their boundary value l_i(t) decays
exponentially. In particular, those solutions satisfying homogenous boundary conditions
decay exponentially in the space H*(0, L) if their initial values are small in H°(0, L).

It is interesting to compare the IBVP (1) with another well-studied IBVP of the KdV
equation posed on the finite interval (0, L):

Ut + Uy + Upze + UUg = 0, z € (0,L), t>0,

u(z,0) = ¢(z), (2)

u(07 t) = hl(t)7 u(Lat) = h2(t)7 uﬂ?(L7t) = h3(t)’
While the well-posedness results as described by Theorem C, Theorem 1.1 and Theorem
1.2 for the IBVP (1) are all true for the IBVP (2), the IBVP (2) is globally well-posed in
the space H*(0, L) for any s > 0 [3, 17]:

s*+1 s*+1

for given s—compatible (¢,h) € H*(0,L) x H 5 (0,T) x H 5 (0,T) x H%(O,T), the
IBVP (2) admits a unique solution u € Y . Here s* = sTif0<s<3ands* =sif
s> 3.

The reason for the IBVP (2) to be globally well-posedness is simply that global a priori

L? estimate holds for solution u of the IBVP (2) with homogeneous boundary conditions;
d L
dt Jo

Thus whether solutions of the IBVP (1) exist globally or blow up in finite time becomes

really interesting. If it does not blow up in finite time, then how to establish its global
well-posedness without knowing if its simplest global L? a priori estimate holds or not?

w?(z,t)dz 4+ u2(0,t) =0  for any t > 0.
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As Archimedes said, “Give me a place to stand and with a lever I will move the whole
world.” For the IBVP (1), if there are no global a priori estimates available, how to prove
its global well-posedness? On the other hand, if some solutions of the IBVP (1) do blow
up in finite time, that would be also very interesting since the blow up would be mainly
caused by the boundary conditions rather than the nonlinearity of the equation. We are
not aware of any such kind of results existed in the literature.

Finally we point out that, started by the work of Ghidaglia [18] in 1988, the KdV equation
posed on a finite domain has also been studied intensively from dynamics point of views
[2, 18, 19, 29, 34, 33, 35, 36, 37]. One of the questions people are interested is whether the
equation admits a time periodic solution if the external forcing functions are time periodic.
Such a time periodic solution, if exists, is called forced oscillation, which can be viewed as
a limit cycle from dynamics point of view. A further question to study for this limit cycle
is: what is its stability? In [33], Usman and Zhang has obtained the following result for
the following system associate to the IBVP (2):

{ut—kux—&—umx—kuum—(), z € (0,L), t>0, 3)

u(0,t) = hi(t), u(L,t) =0, ug(L,t) =0.

1

Theorem D: There exists a § > 0 such that if hy € HP (RT) is a time -periodic function
of period T satisfying ||h1HH%(0 : < 4, then (3) admits a time periodic solution

u* € Cy(0,00; L*(0, L)) N Liye(0,00; H(0, L)),
which s locally exponentially stable.

The same result holds for following system associated to the IBVP (1):

{Ut+uw+uzwz+uuz:07 z € (0,L), t>0, )

w(0,t) = hi(t), uz(L,t) = ha(t), uea(L,t) = hs(t).

In fact, using the same approach as that in [33] with a slight modification, we have the
following theorem for the system (4).

Theorem 4.1. There exists a T > 0 and § > 0 such that if h € Br is a time -pertodic
function of period T satisfying
[hllBr <9,
then system (4) admits a admits a time periodic solution
u" e Yr,

which is locally exponentially stable.
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