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Abstract. Korteweg-de Vries equation is a nonlinear evolutionary partial differential
equation that is of third order in space. For the approximation to this equation with
the initial and boundary value conditions using the finite difference method, the
difficulty is how to construct matched finite difference schemes at all the inner grid
points. In this paper, two finite difference schemes are constructed for the problem.
The accuracy is second-order in time and first-order in space. The first scheme is a
two-level nonlinear implicit finite difference scheme and the second one is a three-
level linearized finite difference scheme. The Browder fixed point theorem is used
to prove the existence of the nonlinear implicit finite difference scheme. The con-
servation, boundedness, stability, convergence of these schemes are discussed and
analyzed by the energy method together with other techniques. The two-level non-
linear finite difference scheme is proved to be unconditionally convergent and the
three-level linearized one is proved to be conditionally convergent. Some numerical
examples illustrate the efficiency of the proposed finite difference schemes.
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1. Introduction

In recent years, with most complex phenomenon appearing, nonlinear evolutionary
equations [7, 23, 24] have become more and more important tool to describe them.
Especially, Korteweg-de Vries (KdV) type equation has been widely applied in physics,
mathematics, biophysics, which originated from modeling the shallow water surface
height of solitary dispersive waves. In 1877, Boussinesq firstly discovered the KdV
equation. After about twenty years, Korteweg and his PhD student Gustav de Vries
mathematically reintroduced the KdV equation [5, 14].
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The simplest form of KdV equation is as follows:
Ut + €UUg + PUgze = 0,

where €, u are given constants.

There are many works on KdV equation. Kamruzzaman used the Kudryashov
method to find the exact travelling wave solutions transmutable to the solitary wave
solutions of the ubiquitous unsteady Korteweg-de Vries equation and applied the
exp(—¢(&))-expansion method to construct the exact travelling wave solutions for non-
linear evolution equations [12, 13]. About the numerical approximation of the one-
dimensional simplified KdV equation, many researchers have obtained abundant results
by finite difference method, spectral method and finite volume method. For example,
Vliegenthart discussed some explicit finite difference schemes for solving the initial-
value problem of KdV equation and presented dissipative difference schemes which had
the effect of eliminating high wave number components. However, these schemes were
conditionally stable [22]. The authors of [15] proposed a Legendre pseudo-spectral
method for the KdV equation with nonperiodic boundary condition and analyzed the
convergence for linear-KdV equation. Pazoto got a one order fully-implicit numerical
scheme based on this asymptotic behavior of the solution of the generalized Korteweg-
de Vries equation (GKdV with p = 4) and got convergece in L4 norm [16]. Dougalis
constructed a fully discrete Galerkin method with high order of accuracy for the numer-
ical solution of the periodic initial-value problem for KdV equation. But they needed
certain mild restriction on the space mesh length and the time step [9]. Alisamii et
al. introduced a hybridized discontinuous Galerkin method to deal with nonlinear KdV
type equations. As for the time stepping, they used the backward difference formula.
However, there was no analysis of convergence in this research [2]. Yan proposed three
conservative finite volume element schemes based on the discrete variational deriva-
tive method [26], but there was no analysis of convergence. Winebery developed an
implicit-stepping scheme for KdV equation in temporal direction and spectral meth-
ods in space [25]. However, there was a restriction on the size of the time step when
they applied predictor-corrector method to retain the full accuracy of the scheme. In
addition, Bosco presented a finite difference method for the integration of the KdV
equation with periodic boundary conditions on irregular grid. The method is shown to
be superconvergent, which only took place on grids with an odd number of points per
period [10]. Zhu constructed a difference scheme with a higher-order discrete invari-
ant for the periodic KdV equation [27]. Djidjeli et al. proposed two numerical methods
for the solution of the third- and fifth-order KdV equations. The first method was de-
rived using central differences to replace the space derivative with predictor-corrector
time-stepping and the second method by linearizing the implicit corrector scheme in
which the solution was then found by solving a linear algebraic system at each time
step. They proved the stability of these schemes [8]. And Qu and Wang had presented
an alternating segment explicit-implicit difference scheme and proved the stability of
this scheme by the analysis of linearization procedure [17]. Nonetheless, there were
lack of the convergence analysis.
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To the best of our knowledge, the nonlinear term makes it difficult to study. Vliegen-
thart set up a difference scheme to solve the initial-value problem of KdV equation with-
out uz..(z,t) term and analyzed the period solution [22]. Recently, Atouani and Om-
rani [4] had designed two kinds of finite difference schemes of the Rosenau-Korteweg
de Vries equation in 2D with periodic boundary problem and proved existence, con-
servative, stability and convergence of these schemes. What’s more, Holden et al. [11]
had considered finite difference scheme of KdV equation with decaying case on the full
line and the periodic case. Furthermore, if the initial data u|,—o = wg is high regularity,
the solution of the scheme is convergent to a classical solution and if the regularity of
the initial data is less, then the scheme is convergent in some weak sense. Amorim and
Figueira [3] had studied the convergence of a semi-discrete finite difference method
for KdV equation by introducing a small term hA?u. It was known that the problem
will be simplified by introducing a small term or mixed derivative.

In this article, we construct a two-level nonlinear and a three-level linearized finite
difference scheme for the initial-boundary value problem of KdV equation:

Up + YUUg + Ugzr = 0, O<ax< L, 0<t<T, (1.1a)
u(z,0) = ¢(x), 0<z<L, (1.1b)
u(0,t) =0, wu(L,t) =0, wuy(L,t)=0, 0<t<T, (1.10)

where ¢(0) = p(L) = ¢/(L) = 0, 7 is a constant.

Our main novelty of this work lies in finding numerically and theoretically con-
vergent difference schemes for the non-periodic boundary value problem of the KdV
equation.

The rest of this paper is organized as follows. Some notations are introduced and
three auxiliary lemmas are presented in Section 2. The conservation of the solution of
the problem (1.1a)-(1.1c) is presented. A two-level nonlinear implicit finite difference
scheme is constructed and the existence, boundedness and unconditional convergence
are discussed in Section 3. A three-level linearized difference scheme is established and
the same properties as in section 3 are presented by energy method in Section 4. In the
section 5, we will give some numerical simulation using the finite difference schemes
above. The paper ends with a brief conclusion in Section 6.

2. Preliminaries

In this section, we mainly introduce some notations and preparatory lemmas. Take
two positive integers m and n. Let h = L/m, x; = th (0 < ¢ < m), 7 = T/n,
tr :kT(OS kSn);Qh: {aﬂOSsz},QT = {tk|0§ kgn}.Let
U, = {ulu=(ug, - ,um)}, U, = {u|u €Uy, up=u, =0} be two grid function
spaces defined on 2. For any grid function u € U}, we introduce the following nota-
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tions:
1
517“1_% = E(Uz —ui—1), 1<i<m
1 .
5§u1:ﬁ(ui_1—2ui+ui+1), 1<:<m—1;
5§ui+% :(5§(5mui+%), 1<i<m-—2;
1 .
Ax“i:ﬁ( i1 — Ui—1), I<i<m-—1;
1
Y(v,u); = g[viAxui + Ax(vu)i], 1<i<m-—1.

For w = {w* |0 < k < n} defined on Q,, we introduce the following notations:

1
wh~2

1
§(wk + ), St =

wb = St 4 ob ), Ak = (M —wbTh), 1<k <n -1

N

For any u, v € Uy, the inner products and norms are defined by

m—1
1 1
(u7 ’U) = h<§u07}0 + ; U;v; + §umvm>7 (2.1a)
m—1
(6gu,6,v) = h (5xui+%)(5xvi+%), (2.1b)
=0

lull = V0w,w),  Juh = (G, Spu). (2.10)
Lemma 2.1 ([19]). Suppose v € Up, w € Z;{h. we have
(¢ (v, w), w) = 0. (2.2)
Lemma 2.2 ([20]). For any u € Z;{h, there is

VL

2
lulloo < *Sluls, fuly < = Jull

Lemma 2.3. Suppose w € U,. Then it holds that

m—2

1
h Z; (53;53010”%)11)@' + E(éxwm*% - 35$wm7%)wm_1
1 m—1 1 3
_ 32 2,82 | © 2, 92 2
=3h > (62wi)® + 5 (Gaws)? + 5 (Gaw,, 1) (2.3)

=1
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Proof. Set

’Umzo, Uizdxw Z:m—17m_2,’0

it+1o

Then

1
h Z_: (5351wi+%)w¢ + E(dmwm_% — 35xwm_%)wm_1

m—
=2 (0av;; 1) (wi — wig1) + (30,3 )Wm—1 + E('Um—Q — 3Um—1)Wm—1
i=0
m—2
=—h (5xvi+%)vi + E(Um—l — Um—2 T Un—2 — 3Um—1)wm—1
i=0
12 1 1 w w
-1 —
:5 (Ui+1 — Ui)2 + 5’[)8 — 51}7271—1 — 2Um71%
i=0
1 1 1
:5 ('UZ‘ — 'Ui_l)z + 5'1)(2] — 5”7277,71 + 2'07%171
i=1
1 1, 3
D) (v = vi—1)® + 5”3 + §U7271—1
i=1
1, 1 3
2 2,32 2 2
:§h Z(éxwz) + 5(57511)%) + 5(5xwm_%) :
1=
This completes the proof. O

Lemma 2.4. Suppose g(x) € C*(c — h,c+ 2h). Then we have
1
9"(c) = 5lg(c +2h) = 3g(c + h) +3g(c) — g(c = h)] = O(h).
Lemma 2.5. Suppose g(z) € C%(c — h, c). Then there exists at least a £ € (c — 2h, c) such

that

1 h
g(c) ~ 7lo(c) — gle— )] = 59"(€).
Lemma 2.6. Suppose g(z) € C3(c — 2h,c). Then there exists at least an n € (c — 2h, c)
such that

2
_hi "

q" (),
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or
2
§(0) {2 31oe) ~ glc— )] — 5 - tlole — ) — glc—2m)]} = g n).
If g(x) € C*(c — 2h, c). Then we have
g(0) {5 319(0) — e~ W) = 5 +lgle — ) - gle — 20)]}
_};2 ”/(C) +O(h3)-

To end this section, we recall that the solution of problem (1.1a)-(1.1c) has the
following conservation law.

Lemma 2.7. Let u(z,t) be the solution of problem (1.1a)-(1.1c). Denote

L t
E(t):/o uz(:r,t)d:r—l—/o u2(0, s)ds,

then we have
E(t)=E(0), 0<t<T. (2.4)

We call (2.4) the conservation of energy. By identity (2.4), we obviously know

L L
/ u?(z,t)de < / u?(z,0)dz, 0<t<T.
0 0

3. A two-level nonlinear finite difference scheme

In this section, we construct a two-level finite difference scheme and discuss its
existence, conservation, boundedness and convergence. We suppose that the problem
(1.1a)-(1.1c) has a solution u(x,t) € C3(0,T;C*(0, L)).

3.1. The derivation of the finite difference scheme

Define the grid function

UF = u(z, ty,), 0<i<m, 0<k<n. (3.1)

)

Considering Eq. (1.1a) at the points (x;,t, L1 ), we have
2

ut(xi,tH%)—i—fyu(xi,tﬂé)ur(xi,t“%)—i—umm(mi,%r%)
—0, 1<i<m-2  0<k<n-—1. (3.2)
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Using Lemma 2.4, we have

1 1 1
U+ (UM R UM + 25, 2) = P2,
2
1<i<m-—-2, 0<k<n-—1,
and there is a constant ¢y > 0 such that
k—i—% 2 .
|P; 2| < co(h+79), 1<i<m-2, 0<k<n-1

Now we consider the approximation of the boundary condition
up(L,t)=0, 0<t<T.

Using Lemma 2.5, we have

1 h
um($matk) = E(Urlz - U]@[—l) + §um(§§wtk)7 §7kn € ($m—1a Tm),

Omitting the small term, we easily obtain a one order approximation

1
E(U,’;-Ufjl_l)zo, 1<k<n.

259

(3.3)

3.4)

(3.5)

1<k <n.

Our aim is to get a third order approximation for (3.5). From (1.1a) and (1.1c), we

know
Ugza (Tm, t) =0, 0<t<T.

Using Lemma 2.6, (1.1a) and (3.6), we get

e (T ?) :{% - %[u(mm,t) (g — ho )] — % - %[u(ajm Cht) — u(wn
+ i?um(xm,t) + O(h?)
:{% . %[u(xm,t) — wam — 1)) % - %[u(:ﬁm —ht) — u(zm
+ h;um(xm,t) + O(h3)
:{% . %[u(mm,t) —u(Xy, — hyt)] — % . %[u(mm — h,t) — u(zm,
+ h;um(xm — h,t) + O(h%)
{2 Ll 1) — ulam — B, 0)] — 5+ [ulam — by t) — (o
h2

) [ut(:nm — h,t) + v (wuz) (T — h, t)] + O(R?).

(3.6)

- 2h,t)}}
2k, t)}}

- 2h,t)}}

— 2h, )] }
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Letting ¢t = ¢} and ¢ = t;41 in the above equality and averaging the results, we obtain

1
§(uz($m7 tr) + um(xmv tk+1))

11 1 1
st - L) < vt uwrth vt
2 m—5 2 m—3
+0m%+o@%#+7»:u 0<k<n-—1. (3.7)

That means that
3 1 1 h?
L~@UH%— -@U“gyanwM”+ V(R U, A]QO
2 m—3 5 2

is a third order approximation of

1
5 (e (@ te) + vz (@m, thy1)) = 0.

Multiplying (3.7) by (- 2), we have

&UM@+’MU“2U“)m1+h(6U —36,U""2)
2
P g<k<n-t, (3.8)
and there is a constant ¢; > 0 such that
k+
P, 2]<cl(h+7) 0<k<n-1. (3.9

Noticing the initial-boundary value conditions (1.1b)-(1.1c), we have

U? = p(x), 1<i<m-—1, (3.10a)
ur=o0, UrF=0, 0<k<n. (3.10Db)

m

Omitting the small terms in (3.3) and (3.8), denoting by u/ the numerical approxima-
tion of UF, we obtain a two-level nonlinear difference scheme

Sl () 4 826l ) = 0,
1§i<m—2 0<k<n-—1, (3.11a)
N R U R R (R L T D
0<k<n-—1, (3.11b)
ud = o(x;), 1<i<m-—1, (3.11¢)
ut =0, uF =0, 0<k<n. (3.11d)
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Denote
k+3 k+1 k+
Um 2 =0, v, *= 5zui+

Rewriting (3.11a)-(3.11d), we obtain

k41 1 1 k4l ]
Sy 2 4y (uF T w4620, 2 =0, 1<i<m-—2
k+3 1 1 1, kt+d k+1
Seu,, 4+ 'YT/}(u’“rg ubta Ym—1+ ﬁ(vm_% —3v,,_3)
0 .
u; = (i), 1<i<m-—1,
u§:07 u]fn:(), 0<k<n,
]'H”l k+l k+l .
Um 2 =0, v; 2:5xui+f, i=m—1,m-—2---,0,
2

Remark 3.1. Noticing that
2 e § = [1
3ua:mc Lm—1, “n2lh

0<k<n-—1,

0<k<n-1,

0<k<n-—1.

- (u(:cm — h,t) — u(zy, — 2h, t))
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1
, i=m—-1m-2,---,0, 0<k<n-1 (3.12)
2

(3.13a)

(3.13b)

(3.130)
(3.13d)

(3.13e)

-3 1 (u(xm,t) — u(Xpy — h,t)) + 2ux(xm,t)} + O(h),

h

we can regard (3.8) as a disretization of the equality

Ut($m—17 tk+%) + ’YU(«TCm—h tk+%)ux(xm—17 tk;_t'_%)

=0(h), 0<k<n-1,

with the truncation of an order of O(h + 72).

(me_1,tk+%)

Remark 3.2. Suppose that g(z) € CO)[x,, 1 zpmy1], Where 2, 1 = Ty — b, a1 =

Zm + h. Applying the Taylor expansion, we have
1 h?

4
S 9m41) — gm0 = o () + ) +15900),

E € (xmfla merl)-

If the problem (1.1a)-(1.1c) can be extended to be defined in the domain [0, L + h] x

[0, 7] and also has a smooth solution, then

R A h? h
%(Uerl - Umfl) :Ux(l’m, tk) + Fuxl‘x(l‘my tk) + 7uxxxxx(§ka tk)
L erea(0t2) = O
—120uzmx:r:r kylk) = 5
which follows that
1 1 1
ﬁ(U:;ﬁ —Uty Zomt),  0<k<n-—1L

&k € (-fmfl? xm+1)a

In addition, (3.3) is also valid for i = m — 1. Using these two equalities to remove the

fictitious values {UTIZ 41}, we can obtain (3.8) and (3.9) straightforwardly.
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3.2. Existence, boundedness and uniqueness of the numerical solution
First, we recall the Browder fixed-point theorem.

Theorem 3.1 ([1,6]). Suppose (H,(-,-)) is a finite dimensional inner space, || - || is the
induced norm, I1 : H — H is a continuous operator on (H, (-,-)). If there exists a constant
a>0,Vz € H, ||z|]| = «, (II(z),2) > 0, then there exists a z* € H, ||z*|| < « such that
II(z*) = 0.

Theorem 3.2. There is a solution of the finite difference scheme (3.11a)-(3.11d).

Proof. According to (3.11c)-(3.11d), we get u’. Suppose that the solution «* at the
k-th time level is known. Let

wi = (W b2, 0<i<m.

It can be seen from finite difference scheme (3.11a)-(3.11b) and (3.11d) that

2

- (wi - Uf) + 7w, w); + 592@(5wwi+l) =0, l<ism-—2, (3.14a)
T 2

2 1

;(wm,l — uﬁl_l) + v (w, w)m—1 + ﬁ(éwwmfg — 351wm7%) =0, (3.14b)
wo = 0, Wy, = 0. (3.140)

If we have determined w, then

k+1:2wi—uf, 0<i<m.

U;

For w € U, define the operator

2
= (wi = uf) +p(w,w)i + (0w 1), 1<i<m=2,

-
2
(w); = ;(wm,l —uf ) Fyh(w, w) ;g (3.15)
1 ,
+ﬁ(5xwmf% —35xwm7%), t=m— 1.

It is easy to get

m—2
(M (w), w) Zg [Hlwll? = (u*, w)] + 5w, w),w) +h Y (53(Faw;, 1) Jwi

i=1
1
+ E(dxwm_% — 3(5wwm_%)wm_1. (3.16)
By Lemma 2.3 and Lemma 2.1, we have
2 >k 2 k
(M(w), w) = =[[lw]* = (", w)] = =fel|(flw]| = [u"])- (3.17)
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When |jw|| = ||u*||, (II(w),w) > 0. By Browder Theorem 3.1, there is a w* € U, and
lw*]| < [[u*|| satisfying

II(w*) = 0.
The proof of this theorem is finished. O

Theorem 3.3. Suppose {uf|0 < i < m, 0 < k < n} is the solution of finite difference
scheme (3.11a)-(3.11d). Denote

k—1 m—1
I+ I+ I+3
o RN A R TN LA
1=0 2 2 i=1
we have

EF = E°, 1<k<n. (3.18)

1

1 1
Proof. Multiplying (3.11a) and (3.11b) by huf+2 and hufr:r_ﬁ respectively, then
summing up the results, we obtain
(02, uFT3) 4 ((uf 2, ), D)

m—2
k+i  k+l 1 1 1
—%hE:Oﬁ%quﬁ” 2+;#@ﬂm_%—3¢wm_gum4;=a (3.19)
i=1

Using Lemma 2.1 and Lemma 2.3, we get

m—1

1 k+12 k|2 Lo 2 ktgio 1 kt3y2 , 3 k+3 42
%Nu+\—W!)+jL;;%%2)+5%%2)+2@Wm?
=0, 0<k<n-1. (3.20)
Replacing k by [ and summing / from 0 to k, we get
k+1))2 : I+512 I+5 12 2m—1 2 l+3.\2
RN [ R TN WY
1=0 2 2 i=1
=[lu’)?,  0<k<n-1, (3.21)
that is
B = B 0<k<n-—1.
This completes the proof of the theorem. O
Noticing

up(L,t) =0, 0<t<T,
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the E(t) in Lemma 2.7 can be written as

E(t) = /OL u(x, t)d + /Ot [ui(o,s) + 3u§(L,t)]ds.

The E* in Theorem 3.3 can be written as

|\uk|12+fz [ (5zu:i)2] thord [h (5§uﬁ+%)2]

In addition, the last term in the above expression is a small quantity with order of
O(h). It is obvious that E* is a discrete version of E(t},). It follows from Theorem 3.3
that ||w|| < e.

Theorem 3.4. Denote ¢ = [[u°|. If c|y|v/L75 < 1, then the solution of finite difference
scheme (3.14a)-(3.14c¢) is unique.

Proof. Observing the proof of Theorem 3.2, it can be seen that we only need to
prove the solution of difference scheme (3.14a)-(3.14c) is unique. Suppose that the
difference scheme (3.14a)-(3.14c) has an another solution {v; |0 < i < m}, namely,
{vi |0 < i < m} satisfies

2
(vz—u ) + (v, v); —|—5§((5xvi+;) =0, 1<i<m-—2, (3.22a)
T 2
2 1
Z(me1 — U, ) (0, 0) o1 + 75 (02, _3 — 36zv,,_1) =0, (3.22b)
T h 2 2
vy = 0, U, = 0. (3.22¢)
Denote
Zi = W; — Vj, 0<i<m.
Subtracting (3.22a)-(3.22¢) from (3.14a)-(3.14c), it follows
2
a by b(ww) - o))+ 82(0z,y) =0, 1<i<m-2 (323)
-
2 1
—2m-1+ 7 [Y(W, W)m-1 — (0, 0)m-1] + 55 (0z2,,_3 — 3022,,_1) =0, (3.23b)
T h 2 2
zo =0, zm = 0. (3.23¢0)

Multiplying (3.23a) by hz; and (3.23b) and hz,,_1, respectively, then summing up the
results, we get

m—2

%MP+7W@MW—¢@W%@+h§:@%MHQ%

=1

(—3622,, 1 +5mzm_%)zm_1 = 0. (3.24)

?\*—‘
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Notice

Y(w,w); — (v, v);
=(w,w); — P(w — z,w — 2);
=(z,w); + Y (w, z); — Y(z, 2);. (3.25)

Using Lemma 2.1, we have

(w(wvw> - w(vﬂj)v Z) = (¢(Z7w) + w(wa Z) - w(za z): z) = (¢(Za w): z) . (3.26)

Using Lemma 2.3, we have
m—2 1
h ; (026,2,, i (28002, 1+ 002y 3)2mo1 2 0, (3.27)

Substituting (3.26) and (3.27) into (3.24) and noticing Lemma 2.2, we obtain

~2
>
3

2 ell2 <~ Az w). 2) = S [y + A (o)

@
Il
—_

m—1
vh Y
=3 D [wida(2]) + (2w)iAz] < _| |(2H locllwll - |21 + 1z [[oclwl] - |2]1)

2f

VI
=llwll - |zllo - [2]1 < C|7’7|Z|1 <

When ||V L 7z < 1, we have ||z|| = 0. The proof of this theorem is completed. O

3.3. Convergence

Next, we strictly prove the convergence of the finite difference scheme.

Theorem 3.5. Suppose u(z,t) € C3(0,T; C*(0, L)) be the solution of (1.1a)-(1.1c) and
{uf]0 <i<m, 0<k<n} be the solution of (3.11a)-(3.11d). Denote

m—1
J ’6’“”“72[5 €1 ") (fhel,? )’ +h22<6§ef+é>2], 0<k<n

=1

Then there exists a constant co > 0 such that

FF<eh+13), 0<k<n. (3.28)
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Proof. Subtracting (3.11a)-(3.11d) from (3.3), (3.8), (3.10a)-(3.10b), we obtain
the error equations

k+1 1 1 3 3 ks
5te»+2 + ’Y[T/J(UH;?UH;% - WUH%’“H;)Z‘] + 59205$6i++f
2

)

P 1<i<m-2 O0<k<n-1, (3.292)
S+ U U U — g ) ] + Bl 30T

P o<k<n-1, (3.29b)
ed =0, 1<i<m-1, (3.29¢)
=0, =0 0<kE<n. (3.29d)

1 41
Multiplying (3.29a) and (3.29b) by he?+2 and he 21 respectively and summing up
the results, we get

m—2
k+L, k+1
(05, MF3) £y (UM UM E) — (e ) ) 4 0 Y (26,0 2)e;
i=1 2

41 1 1
(—30, e At 5mek+23)efn+ ) = (Pk+2 ekts 2), 0<k<n-1 (3.30)
2

b\H

For the second term on the left hand of (3.30), using Lemma 2.1, we have

(w(UF3, UM 2) — g3, ub3), 43
= (V(UFTE URE) = g(UME — e Uk e, )

(

— ¢(€k 3 U’” )_i_w(Uk—l—%’ek-‘r%)_w(ek—&-%’ek—i—%)’ek—f—%
E )
1
3

m—1 m—1
1 k3., k+l 1 k+3 k+i k+i\ k+i
:gh D (AU ) e )+ 6 > < Cit1 UH—l - z‘—12Ui—12) e
i=1
S S SO [ o S T S
WY (AU ) (e *) 4 ch D e fe "0U Y (3.31)
J i=1

Denote

= t)].
@ = 0<a:<r£a8{<t<T|ux(x’ )



Convergence of Finite Difference Schemes for KdV Equations 267

Then we have

1 ol k+i.o 1 ml k+1 g+l 1 keli2
2 2 2 5
<z [h Z(ei ) +§hZ| Tl |] < Seallet 32 (3.32)
i=1 =1
Using Lemma 2.3, we have
hm 2(525 ;) k1 (6,65 — 35,6578 ket
1 i+3 T m—3 T 201 )fm—1
1=
1 m—1 1 3 1
—1p2 N (52 (5Ie’j+2 )24 25,22 (3.33)
2 o 2 207 mm

Substituting (3.33) and (3.32) in (3.30), we get

1 k412 k|2 1 Qm_l 9 k+io 1 ktio 3 k+1 o
5 (1512 = 1e12) + 3h2 D (026 7202 4+ S (0e) )2 + S (Be, %)
=1

D=

ol k41 k+1 k41
<reslettE P 4 | PR et

k+1 k k+1 k
By e e o
2 2 2
Consequently, we have
1 2 2
= ((FF12 _ (pF )
o= (1) = (7%)
Fk+1 Fk Fk+1 Fk
<<M037+ + HPH%H)7+, 0<k<n-—1. (3.35)
2 2 2
Crossing out & (F*™! + F*) from both sides, we have
1 1 Fk-l—l Fk
~(FF - FF) < §|’Y|Cg+ + PRz, 0<k<n-—1 (3.36)
u

Noticing (3.4) and (3.9), we have
17]cs k+1
(1 A T)F

g(1+%T)F’w,/L(Cgﬂ%)T(hM?), 0<k<n-—1. (3.37)

If v = 0, it is easy to obtain

M < L@+ T (h+7%), 0<k<n-—1
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When v # 0 and |”’LC3 < 1, it follows

Fr1 < (1 n ?”ZL‘CST)F’“ n g L+ &) r(h+7Y), 0<k<n—1.  (3.38)

By Gronwall inequality, we obtain

Fk+1 3\7|C3T2m ) 0<k<n-1. (339)

’7\03

This completes the proof. O

Remark 3.3. From the convergence result in Theorem 3.5, we know that the E* de-
fined in Theorem 3.3 is a simulation of the energy F(t;) defined in Lemma 2.7.

4. A three-level linearized finite difference scheme

In this section, we first present a three-level linearized finite difference scheme
for (1.1a)-(1.1c) and then prove its existence, boundeness and convergence of the
proposed scheme.

4.1. The derivation of the finite difference scheme

Considering (1.1a) at point (z;, ty) and noticing initial value conditions, we have

Ut(xia tO) = - ’}/U(SUZ', tO)ux (-731'7 tO) — Ugzx (xiv tO)
= —yp(z)@ (x:) — " (xi),  0<i<m. (4.1)
Set -
o= p(x;) + 5[—7&(&)@’@0 —¢"(x)], 0<i<m.

Considering Eq. (1.1a) at the points (x;,t %), and using the Lemma 2.3, Lemma 2.4,
Lemma 2.1 and (3.6), we have

1
S U2 + y(t, U2); + 626, UZ‘+1 Q% 1<i<m-2, (4.2a)
1 1 1
5tU2 AUy + 72 (0 Ups —36xU;L_%) =Q° .. (4.2b)

Considering Eq. (1.1a) at the points (z;, t;) and using the Taylor expansion, we get
AUF + yp(U* URY; + 626, U+1 =QF, 1<i<m-2, 1<k<n-—1, (43a)
AU+ p(UF, UF) oy + — = (5 Uk 5 - 35in7%)

=QF 4, 1<k<n-1 (4.3b)
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There exists a constant ¢4 > 0 such that

IQF| < es(h+7%), 1<i<m-1, 0<k<n-1. (4.4)
Noticing the initial and boundary value conditions (1.1b)-(1.1c)

U = o(z), 1<i<m-—1, (4.5a)
UF =0, Uk =o, 0<k<n, (4.5b)

m

and omitting the small terms in (4.2a)-(4.2b) and (4.3a)-(4.3b), we construct a lin-
earized finite difference scheme for the problem (1.1a)-(1.1c) as follows:

1 1
dyuf + (i, ut )i + 02(0pu?, 1) =0, 1<i<m-—2, (4.6a)
2
1 o 1 1 1
Seul, 1+ (U, u2)pm—1 + 2 <5xu;_§ — 35wufn_§> =0, (4.6b)
Atuf—i—’yw(uk,ul_“)i+5§(5muf+l):0, 1<i<m-2, 1<k<n-1, (4.60)
2
_ 1 — _
Aty + 7P 0 )1 + 7 (0auf 5 —30u" 1)=0, 1<k<n-—1, (4.6d)
2 2
ud = (), 1<i<m-—1, (4.6¢)
uk =0, uk =0, 0<k<n. (4.61)

4.2. Existence and boundedness of the difference solution
Theorem 4.1. The finite difference scheme (4.6a)-(4.6f) has a unique solution.

Proof By (4.6e) and (4.6f), v is given. Using (4.6a)-(4.6b), we solve a linear
system of algebraic equations about «'. Consider its homogenous equations

1 1 1
—ul + i'yw(ﬂ, ub); + §5§5xu}+l =0, 1<i<m-—2, (4.7a)
2
Lo ol s Lo lsut 364 )=
Tumfl + 2’}/1/)(71,11, Jm—1+ 5 12 (6zum7% 35mum,%) =0, (4.7b)
uy =0, ul = 0. (4.7¢)
Multiplying (4.7a) and (4.7b) by hu} and hul, _,, and summing up the results, we have
1 1
; ”ul ||2 + 57(1/}(@7 u1)> ul)

1] & 1
+ 3 h Z (5§5mu11+%)u11 + E(émui’l_% — 35muin_%)u,1n_1 =0.
i=1

Owing to Lemma 2.3 and Lemma 2.1, we have

w2 <o.
|
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Therefore ! is uniquely determined. Suppose u*~! and u* have been determined.

Then we can obtain the linear system of algebraic equations about u**! from (4.6¢),
(4.6d) and (4.6f). Consider its homogeneous equations

1 1 1
—uf T Sy (b W), - 262 <(5xul.“+11> =0, 1<i<m-—2, (4.82)
2T 2 2 i+3
iuk+1 +1'Y'(/J(Uk uk-‘rl) +1i(5 uk+1 - 35 uk+1 ):0 (48b)
2r m-1 T 9 ’ R P R T '
up™ =0, ukbtt =0, (4.8¢0)
Multiplying (4.8a) and (4.8b) by ZthH and 2hu,  and summing up the results, we
get
m—1
1
i e A RV B W C - Ry
T i=2 :
1
+ f(6xuk+13 — 38,ut )uk+1 0. (4.9

h m—3 m—3 m—1—
Using Lemma 2.3 and Lemma 2.1, we have
”uk+1||2 < 0.

This means that (4.6¢), (4.6d) and (4.6f) determine «**! uniquely. This completes the
proof. O

Theorem 4.2. Suppose {ui’C |0 < i <m, 0 <k < n} be the solution of the three-level
linearized finite difference scheme (4.6a)-(4.6f). Denote

=1
T 1 1 2 ml 1\ 2
+o|Geud)?+3(Gu> ) +B*) 0 (62u?) | (4.10)
2 2 "2 i=1 '
Then
EF = %%, 0<k<n-1. (4.11)

1 1
Proof. Multiplying (4.6a)-(4.6b) by hu? and hu?,_,, and summing up the results,
we get

1 m—2

(2 = (u2) + (e ud),ub) + b S (020,07, Ju?
27_ ) ) ‘ x’r 'L+% 7

1 1 1
+ (5mufn_% — 35$ufn_l)ufn_1 =0. (4.12)

Sl
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Since (¢ (4 u%) u%) = 0 and using Lemma 2.3, we have
m—1
Lo1y2 02y, 1,2 2 5\2 , 1 32, 3 32
o7 U117 = [l7I1%) + Sh ;(%Uf) + 5 Gaui) + 5 (uy, )7 =0, (4.13)

or

1 172 02 T2 2. 342 312 3 2 012
S (a2 4 1O)%) + 5 |22 (03u2)? + (6.u3)? + 3(5,u> )% = [u°]?.  (4.14)
2 2 5 m—3

i=1

Multiplying (4.6¢) and (4.6d) by huf’ and huﬁl_l and summing up the results, we get

m—2
1 _ — — —
E(HukﬂHz — P ) + (@, aF), ) + 1Y (020, 1)u ;
i—1
1 — — —
+ 5(51%’;_; —30,uf _Juk, =0, 1<k<n-1 (4.15)
2 2
Applying Lemma 2.3 and noticing (1(u*, u¥), u*) = 0, we get
1 m—1 B
k412 k-1 2 2, k2
(™7 = ™) + S Z(éxuz)
=1
1 7 3 Z
+ 5(5xuli)2 + 5(&0“5”_;)2 =0, 1<k<n-1, (4.16)
2 2

and replacing & by /[ and summing up for [ from 1 to k, then multiplying 27 on both
sides in (4.16) and adding with (4.14), we obtain

m—1
} k+1)2 k|2 l‘ ] 2 2 2. 1\2
5 ("2 + )+TZ ok 2430, )7 +h2 Y (02uh)

1 m—1 1 2
+ % [(5zu )2+ 3(0,u2 )P+ <5§u5> } = [lu®))2. (4.17)

=1

[SIER NI

This completes this proof. O

4.3. The convergence of the finite difference scheme

Theorem 4.3. Assume that u(x,t) € C3(0,7;C*(0, L)) is the solution of the problem
(1.1a)-(1.1c) and {uf |0 <i<m, 0<k <n}is the solution of finite difference scheme
(4.6a)-(4.61), respectively. Denote

= max lu(x,t)], A= hier
0<z<L, 0<t<L 3 h’

ek = Uk — b 0<17<m, 0<k<n,

K3 K3 (2

(o
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and
1 k B B m—1 ~
P (1R 1) + 73 (e 2+ 300,y 02 3 (626D
=1 =1

1 2 m—1 1\ 2
F+3<@g;1)44322<ﬁ4>}, 0<k<n-1 (4.18)
2

T
+ 5 |:((5z6 2

[SIEASIES

Then, if A < 1, there exists a positive constant cs such that
FF<es(h+72)2  0<k<n-1. (4.19)

Proof. Let

= t)|.
<6 ogzgrg,aéigtgr'ut(x’ )

Subtracting (4.6a)-(4.6f) from (4.2a)-(4.3b) and (4.5a)-(4.5b), we obtain error equa-
tions

1 1

drel + y(u, e%)i + 62 <5$6i2+1> =Y, 1<i<m-—2, (4.20a)
2

3 , 1 1 3 3 0
5t€m—1 + ’ﬂ/}(uv €2 )m—l + ﬁ(ére _% - 3ézem_%) = m—1 (4.20b)
Aﬁ§+~ymekJ7%i—@muhuk%]+5§(@¢ﬁ%>
=QF, 1<i<m-2, 1<k<n-1, (4.20¢)

— 1 — —

k k rrk k k k
At@mfl + V[QZJ(U ,U )m_l - w(u , U )m_l] + ﬁ (6x€m7% - 35$€m7%>
=Qr 1, 1<k<n-1, (4.20d)
ed =0, 1<i<m-—1, (4.20e)
elg =0, efn =0, 0<k<n. (4.201)

get

m—2 1
(0re%,€) + (b (i,ed), e8) + b Y (02052, )e?
=1
1 1 1 1 0 1
+ E(&Befn_g —30ze’ 1)eqm 1| =(Q",e2). (4.21)
2 2

By Lemma 2.1 and Lemma 2.3, we obtain

m—1
1 1 1 1
(Bie?,e2) + 5 [h? (02e2)? + (0pe?)? + 3<5xe:n_1>2} = (Q"€2).
i—1 2 2
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Noticing (4.20e) and (4.20f), we get
1 1212m712%2 312 32
oo lletl®+ 5 (A% > (07e?)” + (dued)® + 3(due? 1)

i=1 2

1. 0 1 L2 | TyA0p2
== < = Z
which follows that

T
° < ZIQV? < SLA(h+ ) < S LA (h + )2 4.22)
Multiplying (4.20c) by he , multiplying (4.20d) by he*
have

~ 1, summing up the results, we

(Aseh, k) + 7 ((UF, UF) — p(uP, uF), eF)

m—2
— — 1 —
+ [h > (820uef, 3 )ef + 5 (3uek, s — 35,k ;)efn_l]
i=1
=(Q% "), 1<k<n-—1. (4.23)
It is easy to know that
_ 1 B
(Ace, k) = (JleF 2 = 1)
1 k4112 k|2 k|2 k=112
L (IR R eI+ et (424
2T 2 2
Using Lemma 2.3, we have
m—2 B B 1 B B B
h ;(5%5566;1%)6? + E(éxeﬁ%% — 351;61727%)651_1
1, o 1. 7w, 3, 2
2 2 _k\2 k2 ko2
_! N2 4 (5, 26, , 2
Sh ;@el) + 5 (02€1)” + S (duey, 1) (4.25)

By Lemma 2.3, we have

(WU, UF) — p(uP,uF), eF) = ((U*, eF) + (e, UR) — p(eh, eb), eb)
1

m

_ _ 1 — _ _
=(p(e*, UF), k) = gh Z [eFALUF + Ay(ePUF);] ef
i=1
1 m—1 B B 1 m—1 B
_ kN k Kk k _k k
—gh ;(Ain Jeie; — gh Z Ujei Aze;
m—1

R (ALUF)ekel + = Z ek ek —Ufeker )
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1 m—1 1 m—2 B
k; k k ke k k
:§hZ(AU el +6 - U/) z+1€ + = ZU Zz —e;€eii)
=1 =1
1 m—1
=3h > (A UF)ekel + iz}j 517k Jeb, eF
i=1
1 m—2 B
Er/ k+1 Kk k k k k k-1 k
+ I U; [(ezﬂ €iy1 — € ez—tll) (€5 €i+11 e ! eit1)]
=1
1 m—2 o 1 m—2 1
5/ k+1l K k k 1 3 1 k-1 _k
:E[ UZ 2( 7,+ €Z+1 - 67, elj_l Z Ul 2 ei Z+1):|
i=1 i=1
1 m—1
+5h D (A UF)ekel + h§: 0aUF 1 )ekyyef
i=1
1 m—2 B k—i—
k k+1,k k k
+ E (Uz - Uz )(ez i €i+1 — 6 624—:11)
=1
1~ ke Ry (ekoh—1 _ b1k
+ I (U; * =Ui)(eieir — e €iy1)- (4.26)
i=1
Denote
m—2 et
k 5/ k+1 _k k
G :—TZUZ. 2(efttel, — € eii)
i=1

1 A .
—[(Fk—i—Gk) _ (Fk:—l_‘_Gk—l)}
2T
1= 1
k k k
S—’y{thl(AU ek +6h25U z+16
1 m—2
k—1 k k+1 k: k_k+1
+12§_;(Uz _Ui )( €; z+1_€zez+1>

] 2 .
+§ (Uf _Uz‘kﬂ)(ekekﬂl e? ! f+1)} +(QF,eM

.
I
—

1 i 1 1 2
<il (eallefl - 191 + Geop Ik 16720+ Sead ekl - b1 ) + - e

1 win Ry o Lo T (NP e el + flet |
<- Z —
_yﬂ%WHkH+6M%h< 5 + 5

1 _
+§OWﬂP+WWﬁ, 1<k<n-1. (4.27)
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It is easy to know

k |’Y’Co7' k+1 k k k
Gh < hZ (leF*tekal + lefelf)

Ll lle _
- 3 h 2 2
On the other hand, denote

’““!!2 + eI _ e + et

H* = FF 4 G,
we have
PRy TN Caral e L PPN
and
P L L

2

By (4.27) and (4.29), there exists a constant c7
1
2T

Hence, we can obtain

(1—cm)H <A+ err)H '+ 7)1QF?,  1<k<n—1.

When ¢;7 < %

3
HF <(1+ 3C7T)Hk_1 + 57'||Qk||2

3
§(1+SC77)H’“*1+§Tc§L(h+72)2, 1<k<n-1

By Gronwall inequality, we have

2
H* < e3erkm | g0 4 2 (h+ )}, 0<k<n-1.
Ccr

Noticing (4.22) and G° = 0, we have
o_po_ T, o 2,2
H® = F° < S LA (h+72)2,
Consequently;,

T 2L
Hk §€3C7k‘7' |:§Lci(h+7‘2)2 + 0247(h+7'2)2
7

2
o (Lo + Sy 2 0<k<n-1,
2 2¢7

1 1
(HF — g 1) < 5@7(}1’“ + H ) 4 5HQ’fH?, 1<k<n-—1

275

(4.28)

(4.29)

(4.30)
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and thus, according to (4.28), we have

2

. 1 1 ’1

This completes the proof of the theorem. O

Remark 4.1. From the convergence result in Theorem 4.3, we know that the F* de-
fined in Theorem 4.2 is a simulation of the energy 3 (E(t,)+E(t+1)) defined in Lemma
2.7.

5. Numerical examples

Both difference schemes (3.11a)-(3.11d) and (4.6a)-(4.6f) have the second order
accuracy in time. At each time level, a system of nonlinear equations must be solved
for the first two-level one scheme, however, only a system of linear equations is needed
to be solved for the second three-level one.

In this section, we present two numerical examples. The first scheme is solved by
Gauss-Seidel-like method with 10~ as tolerance error and the second scheme is solved
by double sweep method. The numerical results illustrate the efficiency of the two
finite difference schemes. Suppose {u¥(h,7)|0 < i < m, 0 < k < n} is the solution of
the difference scheme (3.11a)-(3.11d) or the solution of the finite difference scheme
(4.6a)-(4.6f). Denote the posterior error by

E(h,7) llgl?é(n{\th( (h,7) —ug(g T>>2},
o (. 3)]

When 7 is sufficiently small, the spatial convergence order is defined by

F(h,7) =

E(h,T)).

E(3,7)

Th = logy (
)

When # is sufficiently small, the temporal convergence order is defined by

e (502,

' 2

Example 5.1. In (1.1a)-(1.1¢), take T =1, L = 1, v = 1, p(z) = x(x — 1)3.

The finite difference schemes (3.11a)-(3.11d) and (4.6a)-(4.6f) will be employed
to numerically solve this example. The numerical accuracy of these two difference
schemes in space and in time will be verified respectively.
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Figure 1: The energy conservation of Example 5.1.

06 07 08 09

Difference schemes (4.6a)-(4.6f)

1

277

Taking varying step size h with the sufficiently small step size 7, the numerical
errors and convergence orders in space for schemes (3.11a)-(3.11d) and (4.6a)-(4.6f)
are listed in Table 1. Then taking varying step size T with the sufficiently small step size
h, the numerical errors and convergence orders in time for schemes (3.11a)-(3.11d)
and (4.6a)-(4.6f) are listed in Table 2.

From these tables, we know that the numerical convergence orders of (3.11a)-
(3.11d) and (4.6a)-(4.6f) can achieve O(h + 72), which are in a good agreement with
Theorem 3.5 and Theorem 4.3. Fig. 1 indicates that the energy of the schemes (3.11a)-
(3.11d) and (4.6a)-(4.6f) is conserved for Example 5.1.

Table 1: Errors and convergence orders in space of Example 5.1.

Difference scheme | (3.11a)-(3.11d) (4.6a)-(4.6f)

T h E(h,T) Th E(h,T) Th
214 2-5 3.213e-04 0.97 | 3.213e-04 0.97
2-14 2-6 1.640e-04 0.98 | 1.640e-04 0.98
2-14 2-7 8.298e-05 0.99 | 8.299e-05 0.99
214 2-8 4.175e-05 4.176e-05
92— 14 2—9

Table 2: Errors and convergence orders in time of Example 5.1.

Difference scheme | (3.11a)-(3.11d) (4.6a)-(4.61)

h T F(h,71) Ty F(h,71) Ty
2-18 2-° 4.720e-04 2.50 | 1.343e-03 1.51
2-18 2-6 8.337e-05 2.51 | 4.716e-04 2.49
218 2-7 1.467e-05 2.02 | 8.390e-05 2.54
218 28 3.605e-06 1.443e-05
2718 279
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Example 5.2. In (1.1a)-(1.1c),take T =1, L =1,y =1, p(x) = (z — 1) sin(7x).

The numerical accuracy of the finite difference schemes (3.11a)-(3.11d) and (4.6a)-
(4.6f) will be examined. Numerical results of these schemes under different step sizes
in space and time will be calculated. And the numerical errors, as well as the conver-
gence orders will be recorded in Tables 3-4. From these tables, we can find that the
numerical results are in accord with the expected ones. Fig. 2 shows that the energy is
also conserved for Example 5.2.

From the tables, we know that the numerical convergence order of (3.11a)-(3.11d)
and (4.6a)-(4.6f) can achieve O(h + 72), which are in a good agreement with Theorem
3.5 and Theorem 4.3. From the last columns at Tables 1-4, we see that the finite differ-

0.1413363708 T T T T 0.1413363708

0.1413363706 - q 0.1413363706 [

0.1413363704 [ q 0.1413363704

Conservation line Conservation line
M=100,N=60 014133637021 M=100,N=60
O M=200,N=80 O M=200,N=80
0.14133637 M=300,N=100 1 0.14133637 M=300,N=100
W T
0.1413363698 - 1 0.1413363698 -

0.1413363702 -

0.1413363696 [ q 0.1413363696

0.1413363694 - q 0.1413363694

0.1413363692 [ q 0.1413363692

0.141336369 0.141336369
0 0

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

k &

Difference schemes (3.11a)-(3.11d) Difference schemes (4.6a)-(4.6f)

Figure 2: The energy conservation of Example 5.2.

Table 3: Error and convergence order in space of Example 5.2.

Difference scheme | (3.11a)-(3.11d) (4.6a)-(4.6f)

T h E(h,T) rh E(h,T) Th
214 2-5 7.476e-03 0.98 | 7.476e-03 0.98
2-14 276 3.791e-03 0.99 | 3.791e-03 0.99
2-14 2-7 1.911e-03 0.99 | 1.911e-03 0.99
g~ 14 2-8 9.597e-04 9.597e-04
92— 14 2—9

Table 4: Error and convergence order in time of Example 5.2.

Difference scheme | (3.11a)-(3.11d) (4.6a)-(4.61)

h T F(h,T) Ty F(h,71) Tr
2-18 2-° 1.341e-02 2.59 | 6.842e-02 2.35
2-18 2-6 2.226e-03 1.98 | 1.339e-02 2.61
2-18 2-7 5.645e-04 2.13 | 2.198e-03 1.96
218 28 1.285e-04 5.661e-04
2718 279
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ence scheme (4.6a)-(4.6f) is also convergent not only when 7 = 275,276 277 278 279
but also only when 7 = 2° 26,27 28 29 This tells us that the condition A < 1 in The-
orem 4.3 may be unnecessary. We conjecture that this condition may be removed for
the convergence of the three-level difference scheme (4.6a)-(4.6f). At present, our
analytical technique is limited.

6. Conclusions

Korteweg-de Vries equation is a spatial third order nonlinear equations. The solu-
tion of initial and boundary problem (1.1a)-(1.1c) satisfies energy conservation (2.4).
In this paper, we construct two effective finite difference schemes for nonlinear KdV
equations. The existence of the both schemes are proved with the different methods.
The conservation and convergence of the finite difference schemes are shown by the
energy method. The convergence orders are O(h + 72) in discrete Ly norm. In the
future, we will try to establish spatial second order finite difference schemes for the
problem (1.1a)-(1.1c). We have found this kind difference scheme. The difficulty is
how to prove the global convergence of the difference scheme.
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