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1 Introduction

There has been a particular interest in the theory of Korteweg-de Vries (KdV) equation
due to its significance in nonlinear dispersive wave theory. Many different real-world
nonlinear physical problems are modeled by this well-known equation [1-4]. For exam-
ple, this equation has many direct physical applications to solids, liquids, gases, plasma,
the FPU problem, rotating flow in tube [2,5], and so on. We refer the readers to Jeffrey
and Kakutani [6] and Miura [7] for more applications.

Due to physical reasons, Kato [8-10], Bona and Smith [11], Goldstein [12], Bourgain
[13], Colliander et al. [14] among others, considered one-dimensional initial-value pro-
blem of KdV equation, i.e., initial-value problem posed on the entire real line has been
extensively studied in the last decades.

On the other hand, it has widely been argued and accepted [15,16] that for various
reasons, time delay should be taken into consideration in modeling. Zhao and Xu
[17,18] has considered solitary wave solutions of the KdV equation with delays, yet the
initial-value problem of the delay KdV equation has not been dealt with. Therefore, we
want to incorporate a single discrete time delay 7 > 0 into KdV equation and consider
the delay KdV-type equation’s initial-value problem.

The aim of this article is to establish the existence and uniqueness for the initial-
value problem of KdV-type equation with time delay. We may take the form as

3

9
x_ﬁ,’ =g(xu(x,t—1)), t=0xeR. (1.1)

u ou
T
+u(x )8x+ 5

9
ot
where g is a linear or nonlinear scalar-valued function, 7 is a positive number. In our
development, the second nonlinear term and the third derivative term in (1.1) will cor-
respond to a negative generator of strongly continuous semigroup 7,(t) of quasi-linear
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operators on a Banach space. Accordingly, our approach will rely primarily on semi-
group methods and (1.1) will be treated as an abstract quasi-linear functional differen-
tial equation in a Banach space.

The rest of this article is organized as follows. Section 2 is devoted to some prelimin-
ary discussion. We establish results on evolution system U,(t, s) of the operator A(v) =
D? + uD where D = d/dx, such knowledge is needed for the main results. In Section 3,
we reduce the existence of delay KdV-type equation (1.1) to the local existence of mild
solution of abstract integral equation. In Section 4, we will investigate the classical
solution of (1.1) and some remarks.

2 Preliminary
Before proceeding we shall set forth some notations and terminologies that will be used
throughout the article. X will denote a Banach space over a real or complex field. Let C
= C([-7, 0]; X) denote the Banach space of continuous X-valued functions on [-7, 0] with
the supremum norm | - ||c, where 7 > 0. For any real numbers a < b, t € [a, b] and any
continuous functions u: [a - 7, b] > X, u, denotes the element of C given by u,(6) = u(t
+ 0) for O € [-7, 0]. For a linear or nonlinear operator A from X to X, let Dom(A) denote
its domain. A linear operator A : Dom(A) € X — X, the resolvent set p(A) of A is the set
of all complex numbers A € C such that (AI- A): Dom(A) — X is bijective. B(X, X) will
denote the space of bounded linear operators from X to X and if A € B(X, X), then "A ||
is the norm of A. If A is linear and A € p(A), then R(A; A) is (A - A" € B(X, X).
Definition 2.1. [16] A strongly continuous semigroup {T(t)}, » o of continuous opera-
tors on X is a family of continuous mappings 7(¢) : X — X, ¢ = 0, satisfying

(i) T(0)x = x, for all x € X;
(ii) T(t + s)= T()T(s), for all s, £t > 0;
(iii) For x € X fixed, T(-)x : [0, ) — X is continuous.

The infinitesimal generator Ar of 7(¢), ¢ = O, is the function from X to X defined by

Arx = lim T(t)x —x
t—0* t
with Dom(A7) all x for which this limit exists.
Definition 2.2. (Chap. 5 of [19]) A two-parameter family of bounded linear opera-
tors U(t, 5), 0 < s <t < T, on Xis called an evolution system if the following two condi-
tions are satisfied:

(1) Us,s) = L U, nU(r,s) = U(t,s) for0<s<r<t< T

(ii) (¢, s) > ULz, s) is strong continuous for 0 < s <t < T.

G(X, M, B) denotes the set of all linear operators A in X such that -A generates a
strongly continuous semigroup 7(¢) with || T(t) " < Mé™.
For every real s, we introduce a Hilbert space H*(R) as follow. Let u L*(R) and set

- (/ (1 fz)slﬁ(snzds)m
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where 7i denotes the Fourier transform of u, [ is the integral over all of R. The linear
space of functions u € L*(R) for which ||u||s is finite is a pre-Hilbert space with the

scalar product
()= [ (1 £Yi(E)0(E)ek

The completion of this space with respect to the norm || - ||; is a Hilbert space which
we denote by H*(R). It is clear that H°(R) = L*(R). Obviously for ¢ > 5, H*(R) > H' (R)
and ||u||t > |lull for u e H* (R) (see, e.g., Chap. 8 of [19]).

Let X = L*(R) = H°(R) and Y = H*(R) with s > 3, thus ¥ € X. We define an operator
Ao by Dom(Ay) = H*(R) and Agu = D’u for u € Dom(Ao) where D = d/dx. For every v
e Y= H'(R), s = 3, an operator A;(v) is defined by Dom(A;(v)) = HYR) and for u
Dom(A,(v)), Ai(v)u = vDu. Let A(v) = Ay + A;(v), we then have:

Lemma 2.1. [19]For every v € Y, the operator A(v) € G(X, 1, o) with o = wy(v) =
o "V" v, Where ¢y > 0 is a constant independent of v € Y.

Let B, be the ball of radius r > 0 in Y centered at the origin. By the special form of
the family A(v) € G(X, 1, w), v € B,, we get

Lemma 2.2. [8]If v L C([0, T); X) has values in B, then there exists a unique evolution
system U,(t, s), 0 < s <t < T,in X satisfying

(E1) " U,(t, s) || < et S),for 0<s<t<T,

(E2) 5, Uy(t, s)w|_ = —A(w(s))wforwe Y,0<s<t<T,

(E3) aas U,(t, s)w = Uy(t, s)A(v(s))wforwe Y, 0<s<t<T.

The operators A(v) € G(X, 1, w), v € B, also have the following property.

Lemma 2.3. [19]There is a constant c such that for every u,v € C([0, T]; X) with
values in B, and every w € Y, we have

|Ua(t, s)w — Uy (t, s)w]], < cllwlly / |u(z) = v(z) | dr.

3 The existence of local mild solution
In this section, we will consider the local existence of mild solution for the initial-value
problem of the KdV-type equation with delay
u u 3u
5 (x,t) +u(xt) ax (x, 1) + o153 (x,t) =g(x u(x)), t>=0xeR (3.1)
u(x,s) =¢(x,s), —-t<s<0, xeR,

where the initial data ¢ : R x [-7, 0] — R are continuous, u,(x) € C([-7, 0];R), i.e., u,
(x)(s) = ulx, t +5), - 7 <5 <0. We will also assume g is globally Lipschitz in C := C([-,
0; X) uniformly in x € R, that is, there exists L > 0 such that

8(x,¢) — 8(x,9)| < Lllg — @lic forall ¢, ¢ €C.

We prove our main existence theorem in an integrated form using a method derived
from the fundamental results of Pazy [19], Travis and Webb [20], and Wu [16].

Motivated by Wu [16], we define the mild solution as following.

Definition 3.1. Let A(v) € G(X, 1, w), ve B, and U,(t, s), 0 < s <t < T be the evolu-
tion system given by Lemma 2.2. For every function v € C([0, 7]; X) with values in B,

and ¢ € C, a continuous solution u of the integral equation
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t

u(t) = U,(t,0)¢p + / u,(t, r)f(r,u(r — v))dr

0

will be called a mild solution of the initial-value problem

{ ;tu(x, t)=A()u+f(tuxt—r1)), 0<t<T xeR,

u(x,s) =¢(x,s), —-1t<s5<0, xeR,

Define F : C — X by F(¢)(x) := g(x, ¢(x, -)), x € R. Then F is globally Lipschitz in C,
that is, |F(g0) — F((ﬁ)”X <Llg —@llc for ¢,¢ € C. For any given v € C([0, T], X)
with the value in B,, we have

Theorem 3.1. Let F: [0,7] x C — X be continuous and satisfy a Lipschitz condition

|F(t,0) — F(t,@)|x < Lle — llc, tel0,T] ¢,¢€C, (3.2)

where L is a positive constant. Then for a given ¢ € C, there exists a unique continu-
ous function u : [-1, T] — X which solves the following initial value problem of abstract
integral equation

u(t) = Up(t,0)6(0) + | Un(t, )F(s,u)ds, 0 <t =T,
0
u0=¢.

(3.3)

Proof. For any given v € C([0, T], X) with the values in B,, there exists a unique evo-
lution system U, (¢ s), 0 < s <t < T in X satistying " U, (¢, s) || < e®® "9 for t > 0, where
o is a fixed constant. For any continuous function w : [-7, T] — X, U, (¢, s)E(s, wy) is
continuous in s € [0, ] by virtue of the continuity of F, the continuity of wy as a func-
tion in s from [0, ] to C and the continuity of U,(¢, s), 0 < s < ¢ < T. Define

#(1), tel[-7,0]
u(o) = {Uv(t, 0)$(0), e [0,T].

In general, for each positive integer 7, define

o(t), te[-r1,0],
W0 =) Uy, 006(0) + [ Un(t, JF(G - )ds, £ [0,7].
0

Since F is continuous, there exists N such that |F(s,ul)|, <N for 0 < s < T. Then

for 0 < s < T, we have
lu' (1) = u®(1) | < e”'N,

and, in general,

t?‘l
-1 —1 _noT
[u"(t) —u" ' (1), < NL* et "
Thus, for any natural number m and ¢ € [-7, T],
m m k=1 kT (k
NL* e ¢ N oT
k k—1 Te
t) — Nl < < ke
;H”() " ()HX_Z R T L

k=1
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By Weierstrass test, the function series
0 1 0 n n—1
w (O + [ () —u (O] + -+ [ —u" (O] + -

is uniformly convergent on [-z, T], that is, the limitu(t) := lim u"(f) exists uni-

n—oo
formly on [-7, 7] and u(¢) is continuous on [-7, T].
To establish that u(z) satisfies (3.3), we observe that

t

lu(t) — U,(1, 0)(0) — / Uy(t,5)F(s, us)dsll

0

t
< u(t) — u"(®)llx + | f U,(t,s)[E(s,us) — F(s,u"™")]  <2N Z Lk’lek‘“Tw.
0 k=n+1 ’

Finally, to verify the uniqueness assertion, we suppose u*(f) satisfies (3.3), that is,

t

u*(t) = Uy(t, 0)p(0) + f U,(t,s)F(s,uy)ds, 0 <t

0

Thus,
u(t) —u*(t) = / U,(t,s)|E(s, us) — F(s, uy)]ds. (3.4)
0

Let K = max |[us —u} |, then (3.4) yields

0<s<T
u(t) — u*(t <K*e“Tt, K*=LK forte0,T].
(1) (llx

Substituting above inequality into (3.4), we get

2

Ju(t) — u* ()], < K*ez“’T; forte[0,T].
Then
k
Ju)) —w ()] < KT, k=12,

Let k — oo, we have ||u(t) - u*(2) "x = 0. Therefore, u(t) = u*(t) for t € [-7, T] and the
proof is complete.

For every given function ¢ € C and v € C([0, T]; X) with values in B,, the initial-
value problem

d
dt; =A(Wu+F, for0<t<T,
Uy = @,

where A(v) = vD + D>, possesses a unique mild solution.
We note that (E2) and (E3) of Lemma 2.2 imply the following conditions, respec-
tively (Chap. 5 of [19]):
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(E4) For every u € C([0, T'] : X) where 0 < T < T, satisfying u(¢f) € B, for0 <t < T,
we have

Uu(t,s)Y CY, forO<s<t<T,

and U, (¢, s) is strongly continuous in Y for 0 < s <¢< T

(E5) Closed convex bounded subset of Y are also closed in X.

It is not difficult to obtain the following result.

Corollary 3.2. If F with values in Y satisfies the conditions of Theorem 3.1, then for
every ge C([-t, T1;Y) and v e C([0, T), X) with the value in B,, the integral equation

w(t) = g(t) + { Uy,(t,s)F(s,ws)ds, 0 <t <T,

g(t), T=<t=0,

has a unique solution w € C([0, T';Y).

Let C([-7, 0];Y) denote the Banach space of continuous Y-valued function on [-z, 0]
with supremum norm ||-|l¢,. Next, we consider the following initial value problem of

integral equation

u(t) = Uy(t, 0)(0) + f Uu(t, )F(s,u)ds, 0<t<T,
0
Ug = ¢

(3.5)

Theorem 3.3. If F: [0, T] x C — X with values in Y and satisfy a Lipschitz condition
|F(t.9) = F(t.9)|y <Ll¢ =Gl t€l0.T], ¢,¢eC, (3.6

¢ € C([-7,0];Y),¢(0) e Br

where L is a positive constant and 5 Then there is a T,

0 < T’ < T such that the initial-value problem of integral equation (3.5) has a unique
solution u € C([-t, T']; X) with u(t) € B, for 0 < t < T". Moreover, the mapping ¢ — u
is Lipschitz continuous from C into C([-1, T]; X).

We note that (3.6) implies (3.2). Therefore, the initial value problem (3.3) possesses a
unique solution u € C([0, T]; X). That is for every given v € C([0, T], X) with the
values in B,, (3.3) defines a mapping v — u = G(v), that is, G: C([0, T]; X) —» C([0, T7;
X) such that

t
u(t) = Gu(t) := Uy,(t, 0)¢(0) + / U,(t,s)F(s,us)ds, 0<t<T.
0

The fixed points of this mapping are defined to be solutions of (3.5).
Proof. We note first that from the construction of U,(z s) and (E4) it follows that

Just,s)|, <y for 0<s<t<T (3.7)
where v € C([0, T], X) with the values in B,. If "w" y <rand v € B, then
lA@)uly < (1+n)luly. (3.8)

Since F is continuous, there exists N* such that ||F(s, o) || y < N* || 0(0) " »se [0, T],

Page 6 of 12
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where ¢ € C([-7,0];Y), l¢llc, < max{li¢llc,. 7}
Let N := max{L, N*}, and choose

. r 1 1 2N In(w + 3L) — In(3L)
T = min{T, 2ey(1+ r+N)||¢||Cy' yL' N (‘/1 * cr 1) ' 10} b (3.9)

where ¢ is the constant appearing in Lemma 2.3. We consider the subset Q of C([0,
T']; X) defined by

Q={u:uecC(0,T];X),u(0) = ¢o,

.
u(t) — ¢of, < 2forO <t<T]}

where @, := ¢ (0). By our assumptions and Lemma 2.2, it is clear that Q < B,, G is
defined on Q. From (E5) it follows that Q is a closed subset of C([0, T"]; X). Next we
consider the mapping

t

u(t) = Gu(t) = Uy(t, 0)¢po + f U, (t, s)E(s, us)ds.

0

Clearly for any v e Q, u(0) = Gv(0) = @, let u = ¢ on [-7, 0]. It is clear that G’s
range is in C([0, T']; X). We claim that G : Q — Q. From (E4) it follows that G(v(£)) €
Yfor 0 <t < T By (3.7) and (3.8), we have

””(t) - ¢0||Y = ” Gu(t) — o ”y

t t
< [U,(t,0)g0 — o], + / Ut $)F(s, 1) — E(s, 8) ] ds + / |U(t $)F(s, 6)], ds
0 0
t t
< / Ut )AW)o ], ds+ f 1U(t 9], | FGs 1) — F(s, 8)] ds
0 0
t
+/ Ut s)F(s, )|, ds
0
t
<y(1+0)llgoly T + yL/ s — @ llods + ¥ Nllgolly T
0
From the last inequality it follows that
t
e = dlle, < T’ (1+7+N) gl + yL/ s — Bl ds.
0

By Gronwall’s inequality and (3.9), we get

r
lue — ¢llc, < yT'(1 +7+ N)Igll gy < 5

Obviously, ||u(t) — ¢o|, < 5. Therefore G : Q — Q.
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Moreover, if vi, v, € Q and u; = G(v1), up = G(v,), then by Lemma 2.3, we get

”ul(t) —uy(t) ”X

t

< || U1 (t, 0)po — U, (t, 0)eo ||X +/ HU,,l(t, S)E(s, u1s) — U (t, s)E(s, qu)“de
0

t t
< cllgolly / llv1 — vallxdz + / (U (t5) — Una(t,5)) F(s, us) | ds
0 0
t
+/ H U, (t,s)(F(s, uis) — F(s, uzs))”de
0
t s
<cllgollyT'llvi — 12 1lao +c/ ||F(s,u15)||yf 1 (r) — vz(r)HXdrds
0 0

t
+L/ ” Uv2 (t,S)“ [luys — u25”CdS
0

2
L ’
T
< cTligollyllvi = v2lloo + clidollyN 5 I = valleo + » (6‘” - 1) lur — uallo

1 1
< vt —valloo +  lluy — usll
2 [o¢] 3 oor

where ""'x, is the usual supremum norm in C([0, T']; X). From the last inequality, it
follows readily that

3
IG(v) — G(Uz)”oo < 4||1/1 — 2 ls0-

So G is a contraction. From the contraction mapping theorem it follows that G has a
unique fixed point z € Q which is the desired solution of (3.5).
The Lipschitz continuity of the map ¢ — u is the consequence of the following argu-
ment. Let # be a solution of (3.5) on [0, 7”] with the initial value ¢ . Then
Ju() —a@)]

t

Ua(t, 0)$(0) — Ua(t, 0)$(0) HX + f U, $)E(s, us) — Ua(t, s)F(s, i) | s

0

< [ U(1,0)9(0) — Us(t,0)(0) | +

|

Ua(t,0)(0) — Ua(t, 0)$(0) |

+/ [ U, $)F(s, us) — Uz (t, s)F(s, us) | ds

+/ || U (t, s)E(s, us) — Uy (t, $)F(s, ﬁs)Hde

< ewt

#(0) =)+ lo@, [ o) - ()]s
0

t t s
oL / 9 |u, — i ds + ¢ / 1EGs )], / u(s) — (s) | dds
0 0 0

< ewl

8(0) =3O +l#(0)l, [ Iu(s - a9l
0

[ 09— i s+ N 9(0)] T O/ Jus) = ii(s) s

0
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By the fact that @ > 0, for 0 < ¢ < T", we get

Hut - ﬂt”c
¢ ¢
5 - 9 o v ~
o8+t [ ilor TN [ -l
0 0

< ea)t

t

t
¢—$HC+L¢”/eﬂ”Wg—ﬁJC+Zfl+NT)/eM“”wk—ﬁﬁc$
0 0

f ea)t

which implies, by Gronwall’s inequality, that

J = ] < 20N g -

C

and therefore

cr ,
(a)+L+ 2 (1+NT)

Vo4

Ju—if,=e
C

which yields the Lipschitz continuity of the map ¢ — u and the proof is complete.

Summarizing the above theorems, we proved the following.

Theorem 3.4. Let F : [0, T] x C — X with values in Y be continuous and satisfy

|E(t ¢) — E(t, §)|, <Llp — @llc, te[0.T], ¢.¢€C,

where L is a positive constant. If ¢ € C([-7,0Y), #(0) € B;, then there is a T’, 0

< T’ < T such that the initial value problem (3.1) has a unique mild solution u € C
([-7, T');Y) with u(t) € B, for 0 < t < T. Moreover, the mapping ¢ — u is Lipschitz con-
tinuous from C into C([0, T"; X).

4 The classical solution
In this section, we give the result on existence of local classical solution for (3.1),
moreover, some remarks about the extension.

From (E4), it follows that for any v € Y, U,(¢ s)v is continuous in Y for 0 < s < ¢ <
T". We have by (E2) of Lemma 2.2 that

U, (t+h,s)v—U,(t, s)v
h
U,(t+ht)—1

a* .
U

= lim

h—0 Uu(t, s)v = —A(u)Uy(t, s)v.

The right-hand side of the last equality is continuous in X since t — U, (¢, s)v is con-
tinuous in the Y-norm. Therefore, the right-derivative of U,(¢, s)v is continuous in X
and as a consequence U,(t, s)v is continuously differentiable in X and

a
8tUu(t'S)v = —A)U,(t,s)v fors<t<T.

Theorem 4.1. Assume that F : [0, T] x C — Y is continuously differentiable, then for
every @ € C, 9(6) € B for 6 € [-1, 0] such that ¢ € Cand ¢~ + A(u)¢(0) = F, the

initial value problem (3.1) possesses a unique classical solution u given by (3.5) and u

Page 9 of 12
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e C([0, T'};Y) n CY([0, T'], X). Moreover, the mapping ¢ — u is Lipschitz continuous
from C into cl([o, TJ; X).

Proof. We note first that the continuous differentiability of F from [0, 7] x C into Y
implies that F is continuous in ¢ and Lipschitz continuous in ¢, uniformly in ¢ on [0,
T]. Therefore, the initial-value problem (3.1) possesses a unique mild solution « on [0,
T'] by Theorem 3.4. Next we show that this mild solution is continuously differentiable

d
on [0, T']. To this end we set B(s) = 8<pF(S' ¢) and

t
U, (t, 0)F(0, ¢o) — A(w)Uy(t, 0)go + [ Uu(t, s) 9 F(s,u)ds, 0<t<T,
HOER N 0 as
¢, —T1<t=<0.

From our assumption, it follows that g € C([-7, T'];Y) and that the function A(¢t, ¢) =
B(t)¢ is continuous in ¢ from [0, T°] into Y and uniformly Lipschitz continuous in ¢
since s — B(s) is continuous from [0, T’] into Y. Let w be the solution of the integral

equation

t
8(t) + [ Uu(t, s)B(s)wsds, 0 <t < T,
0

w(t) = (4.1)

g(t), —-t<t<o.

The existence and uniqueness of w € C([-7, T'];Y) follows from Corollary 3.2. More-
over, from our assumptions and the definition of u#, we have

F(s, tusen) — F(s,us) = B(5) (Ugsn — us) + €1(s, h) (4.2)
and
d
F(s+h, tsen) — F (s, tige) = asF(s, Ugp) - h+&x(s, ) (4.3)
where h'lll € "x — 0 as & — 0 uniformly on [0, T’] for i = 1,2. If
wy(t) =} [u(t+h) — u(t)] — w(t), then from the definition of u, (4.1), (4.2), and (4.3),
we obtain

wy(t) = { ; [Un(t +h, 0)po — Un(t, 0)ho ]| + A(u)U(t, 0)¢0}

+ ; / Uy(t,5) (1(s, h) + e2(s, h)) ds
0

t

) ad
+ / u,(t,s) [8sF(S' Useh) — 8SF(s, us)] ds
0
h

+ ;11 / U, (£ + h, $)F(s, us)ds — Uy(t, 0)F(0, ¢o)

0
t

+ / U, (t, s)B(s)wn(s)ds.

0
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It is not difficult to see that the norm of each one of the four first terms on the
right-hand side of above equation tends to zero as # — 0. Therefore, we have

||wh(t) ||X <e(h)+M */ Hwh(s) ||Xd5 (4.4)
0

where M* = max{ || u,(t, s) " ||B(s) ”x :0<s<t<T}and ¢(h) — 0as k7 — 0. From
(4.4) it follows by Gronwall’s inequality that ||wh(t) ”x < e(h)e™" and therefore ||wh
(t) " x — 0 as & — 0. This implies that u(¢) is differentiable on [0, 77] and that its deri-
vative is w(t). Since w € C([-7, T';Y), u is continuously differentiable on [-7, T"].

Finally, we note that from the continuous differentiability of # and the assumptions
on the differentiability of F it follows that s — F(s, u,) is continuously differentiable on
[0, T"]. By [19], u(?) is the classical solution of initial-value problem (3.1). The unique-
ness of u and the Lipschitz continuity of the map ¢ — u are obvious and the proof is
complete.

Remark 4.2. The argument given above shows clearly that for some s > 3, the classi-
cal solution u of initial-value problem (3.1) is obtained in the class

ueC ([0, T']; H*(R)) ﬂ C([o, T']; H'(R)), (4.5)

where 7” depends not only [l¢ollz3, but also the function F. Kato [9] obtained that
for s> 3, ¢ € H*, the KdV equation

3u

913 (x,t)=0, t>0,x€eR,

21: (%, ) + u(x ) 22 (x,1) +
u(x, 0) = ¢(x).

has a unique solution in the class (4.5). For (3.1), s may be less than 3, but it is diffi-
cult to discuss.

Remark 4.3. Kato [9] also proved that a global solution exists whenever ¢ € H* with
s > 2 and stays in H°. The extension of (3.1) is also difficult. We cannot discuss it like

[16] since the initial-value should satisfy the condition |#(0)], < }.
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