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A NOTE ON THE CONVERGENCE OF A CRANK-NICOLSON
SCHEME FOR THE KDV EQUATION

RAJIB DUTTA AND NILS HENRIK RISEBRO

Abstract. The aim of this paper is to establish the convergence of a fully discrete Crank-Nicolson
type Galerkin scheme for the Cauchy problem associated to the KdV equation. The convergence is

achieved for initial data in L2, and we show that the scheme converges strongly in L2(0, T} LIQDC(]R))

to a weak solution for some T > 0. Finally, the convergence is illustrated by a numerical example.
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1. Introduction

In this paper we analyze a fully discrete Crank-Nicolson second order accurate
scheme for the initial value problem associated to the KdV equation

ut+(%2)w+u;v:vw20a -TGRX(O,T)
U(JZ‘,O) ZUO(m)a € ER,

(1)

where T' > 0 is fixed, v : R x [0,7) — R is the unknown, and wug is the initial data.

This equation originally arose as a model for shallow water waves, but it has
later been used for models of varying phenomena, such as magneto-acoustic waves
in plasmas, lattice waves etc. It has also been widely studied from the purely
mathematical side, the delicate balance between nonlinear convection and disper-
sion allows for a rich family of explicit solutions called solitons. Solitons were
originally discovered by Zabusky and Kruskal using numerical methods [I7]. To
obtain explicit, but complicated, formulas for solitons, one can use the Backlund
transform. Solitons are localized, meaning that they tend rapidly to a constant for
large |z|, and they interact in a particle like manner.

Despite the fact that solitons were discovered using numerical methods, it is
quite difficult to approximate solutions to the KdV equations numerically. A nu-
merical method must take into account both the nonlinear convection coming from
the term wu, and the (hard to compute) dispersive waves originating from ;.
When approximating smooth solutions, to the best our knowledge, spectral meth-
ods [9, 3, [T] or discontinuous Galerkin methods [I6, 5, 8] most efficiently produce
accurate approximations. These methods are essentially semi-discrete, where the
time variable is kept as a continuous variable, and their fully discrete counterparts
are hard to analyze, see however [d] in which a very efficient fully discrete version
is presented.

Regarding fully discrete methods, a simple first order method (which is a dis-
cretization of the semi-discrete method used by Sjoberg to first give an existence
proof for the Cauchy problem for the KdV equation [I2]) is analyzed and shown
to converge to a solution [7]. However in practice this method requires a very
fine grid, and correspondingly large computational effort, to produce acceptable
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solutions. By using a higher order approximation in space and fully implicit time
stepping [5], the efficiency improves slightly, while the resulting scheme is shown
to converge for initial data in L?. The purpose of this note is to analyze a second-
order-in-time version of the scheme presented in [5], and to show that one still has
convergence for general L? initial data, while in practice the scheme is second order
accurate, and comparable with the second order discontinuous Galerkin scheme of
[B].

We shall now briefly and informally explain our strategy. Define, for the mo-
ment, a weak solution to the KdV equation to be a function wu(t,z) such that
u € C1([0,00); H?(R)) and that for all v € H?(R),

(2) (ug,v) + (vtig, v) + (Ug, Vgz) = 0,

where (-,-) denotes the usual L? inner product. We propose a Crank-Nicolson
discretization of this equation. Let At be some small positive number, and set

1
u” ~ u(nAt,-), u"t2 = (u" +u")/2. Given u®, we define u™ to be the solution
of

) 11 1
(3) (U’n+ 7’0) + At (un+2un+2Z7 U) + At (Un+2wavxz> = (unvv) )

for all v € H%(R) and n > 0. Assuming that this equation has a unique solution

u™ !, we can choose v = u" ! 4+ u” to get
+1 _ — 1,0
(4) [[u” ||L2(]R) = lw"llp2 @) = [ ||L2(]R)'
Furthermore, by using a clever trick taken from Kato [IT], we can get an & priori H'

bound on u™. Let R denote a positive constant, and introduce a smooth function
@ satisfying;
al<yp(z)<2R+2,
b ¢'(z) =1 for |z| < R,
c ¢(x)=0for |z|>R+1
d 0<¢(z) <1 for all z, and
e |<p(k) (z } < Cop(x) for all  and k = 1,2, 3, and some constant C' indepen-
dent of R.

1
Assuming that u” and u™*! are in H?(R), "2y is an admissible test function in
(B), testing with this function yields

1 1 1 1
6) 2 0Bl + A <un+2un+zw,un+w)

1 1 1
+5 +3 2
+ At (u“ 24, (u" 2@) ) =5 4"Vl amy -
rT
: 41
To save space, we write w = u"™" 2, then
1 1 1
<un+2un+2m7un+2¢> - _

w? (wyp),, dx

w3, d.

s

Wl = N =
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Also, by using the Poincaré’s and Cauchy-Schwartz inequalities,

sup |wy/¢oz] < \/5(/]R (wy/z) (W\/Pz), dz>1/2

1/2 1/2
< \/i(/ [wwe e | dm) + (/ w? ¢zl dm)
R R

< \/5(/R WP, dx)1/4 (/R w?p, dm)1/4 + (/R W? |ael dm)l/Q.
Therefore,

/11)3903c dxgsup|w./<px|/w2,/g0xd:v
R R

<[ wtoe o) " ([ wgue) " ([ v

* (/RWQx/@dw) (/]Rw2 |aal dx)l/Q.

4
Next, we use Young’s inequality ab < %a‘l + %bg, to get

%‘/Rw?’gaxdx‘ < f/ﬂewiwm dx—i—f(/szgaxdxy/s(/RwQ\/@dx)m
) [ i )

< 1 Rwigowdw—i—cuo,

for some constant C,o depending only on HuOH L2(R)" For the third term on the
right hand side of (H) we use the equality

1 1 1
(u"+2m, (u"+2cp> ) = §/wi¢x do — 7/1024,0951;z dx.

Using this and (B), the identity (B) gives

1, . 36-2v2 [P/ 1\’
I P o M GO I

N —

This yields the estimates
m 2 2
™ Velzemy < ([0 Vell L2 + CuomAt

and

Ry 24 0 12

Ay [ (wtE) drs g (2160 VBl gy + Cuomart).
n=0""
1
This means that if the initial data u® are in L2, then v"*2 is is in £2([0, mAt]; H' (R)).
1

This is enough, see Section B, to prove the compactness of the sequence u”+2}

via the Simon-Aubin compactness lemma. Also it turns out that any limit (as
At — 0) of this sequence solves the KAV equation with initial data u°.
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Furthermore, the local truncation error of the Crank-Nicolson method is of third
order, so that for sufficiently regular solutions the global error is of order At

In order to define a fully discrete method, we propose a finite element discretiza-
tion of (B) using test functions of the form (v, where v is in some finite element
space. This has the advantage that (H) will hold automatically, and thus hopefully
lead to a H' type bound on the finite element approximation. The downside of
this is that we no longer have an & priori L? estimate, and consequentially must
assume a relation between the space discretization and At in order to bound the
approximations in L2.

Standard Galerkin type approximations, using smooth splines on a uniform mesh,
to periodic solutions of KdV equation are analyzed in [0, B, 0] . All these works
aimed at deriving optimal rate of convergence estimate for Galerkin approximations.
The discontinuous Galerkin method has been used to approximate the solution of
() and rate of convergence analysis has been presented for both periodic and full
line case in |18, B]. Also a comprehensive analysis of discontinuous Galerkin methods
for generalized KdV equations is given in [B].

All the above mentioned references use the well posedness theory for the KdV
equation to prove convergence, and convergence rates. Therefore, by themselves,
they do not yield the existence of a solution by furnishing constructive existence
proofs.

There are however a few results regarding proof of convergence of numerical
methods for the KAV equation, which also give a direct and constructive existence
theorem. Indeed, the first proof of existence and uniqueness of solutions to the
KdV equation for initial data in H3(R/Z) is based on a semi-discrete difference
approximation [I2]. The corresponding fully discrete scheme, which incidentally
coincides with a fully discrete splitting scheme, was analyzed in [7], and it was
shown that the scheme converges to the classical solution if the initial data is in
H3(R), and to the weak solution if the initial data lies in L?(R).

Regarding the constructive existence proof for the KdV equation, in [5], we
have established the convergence of a higher order finite element Galerkin type
scheme for (M). The corresponding approximation is generated by an implicit Eu-
ler discretization of a Galerkin scheme. In this paper, we also consider a similar
Galerkin type discretization, but for the time variable we use Crank-Nicolson type
discretization instead of implicit Euler discretization used in [5]. The advantage of
using Crank-Nicolson type discretization is that it provides an approximate solu-
tion which is second order in time. But, using implicit Euler for time discretization
yields an approximate solution which is first order in time. Thus, the results of this
paper can be seen as a generalization of the work [6] in the context of higher order
approximation methods in time.

The rest of the paper is organized as follows: In Section B, we present the nec-
essary notation and define the fully-discrete finite element Galerkin type numerical
scheme. Since the fully-discrete scheme is implicit in nature, the solvability of the
scheme cannot be taken for granted and this is addressed in Section EZ3. In Sec-
tion B, we show the convergence to a weak solution if the initial data is in L?(R) and
finally in Section B, we exhibit a numerical experiment illustrating the convergence.

2. Numerical scheme

In this section, we define the finite element Crank-Nicolson-Galerkin type numer-
ical scheme for the KdV equation. We start by introducing the necessary notations.
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2.1. Notation. Let At and Az denote the approximation parameters correspond-
ing to time and space discretization respectively. For j € Z, we set x; = jAz, and
forn=20,1,---,N, where (N + %)At = T for some fixed time horizon T' > 0, we
set t, = nAt and byt = (tn +tn+1)/2. Furthermore, we introduce the spatial grid
cells Ij = [a:j_l,xj].

Moreover given R > 0, we define the cut off function ¢ as ¢(z) = p*w(z) where
P(xz) = max{l,min {1+ 2+ R,1+2R}} and w is a symmetric positive function
with integral one and support in [—1,1]. Let Cg be defined as

®)  Cn=max {llpll e - Ioelpoqay [0l gy [0l ogry | -
We define the weighted L? inner product as

(u, v)p = (u,vp)
where (-,-) denotes the usual L? inner product, and the associated weighted norm

2
by ||u||2#, = (U, u) .

2.2. Finite element scheme. Our proposed scheme is a finite element approx-
imation to (B). We start with the description of finite dimensional space of test
functions. Assume that r is a fixed integer > 2 and let P,.(I) denote the space of
polynomials on the interval I of degree < r. We seek an approximation u”* to the
solution of (M) such that for each t € [0,T], uAx belongs to the finite dimensional
space
Spaz={veH*R) | veP.(I;) forall j}.

Define P to be the L? orthogonal projection onto Sa,. Let the sequence {u,}
be define by the following: Given u%r = Puyg, find uzzl € Sz such that

neN

9) (il )—At(MW( >>+At(("*5) (0)ar ) = (Wi 90)
Upg » PV 9 » (PV)z Ung ma‘PU T UAz> PV)

for all v € Sa, and for n =0,1,..., N. Recall that
ntg ’LLZI +UZJQF:1
Az f

Observe that, (8) is an implicit scheme, and in order to calculate uzzl given u}
one must solve a non-linear equation.

2.3. Solvability for one time step. In order to show the existence of u, we
define the following iteration scheme:

(10)
u w’ 2 uX. e wit! n
(wé+17(pv) - %At <<A12+) ) ((,O'U)m> + At ((AI)%? (‘pv)mz) = (U‘Axvgov)a
w? = UR

this is to hold for all test functions v € Sa,. The following lemma guarantee the
solvability of the implicit scheme (8).

Lemma 2.1. Choose a constant L such that 0 < L <1 and set

7T-L
K=-—"2>1
T
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We consider the iteration (IQ) with w° = uR,, and assume that the following CFL
condition holds

(1) =

A< )
VOR2V2K [}, |, ,

where Cr is defined by (B) and X is given by

At?
12 A=
(12) Ax®

Then there exists a function v 1 which solves (8), and limy_,oo w’ = 1. Fur-
Ax ’ £—00 Ax

thermore
(13) R s, < K luAslla,

Proof. First note that the scheme (I0) can be written as

At At
by () (@) - T et)
At
+ o (wiJrlv (‘Pv)rr) = F(up,, pv)

for all v € Sa,, with

Fluhar0) = (ks 0) + 20 (a2 (90)2) = 5 (koo (00)ee).
From (@) we have
(15)
(wé'|r1 —wt, <pv) —i—% ((uzx(we — we_l))m gov) + % (wzwfj — we_lwi_l, gm))
B (@ w), (o)) =01
We choose v = w'*! —w’ =: w in (I3)
(16) (w,pw) + 5 (e, (o))
=T (e (=), ) - 5wl — el )
Al Az

To estimate the terms in the above expression we need the following identity

1
(17) /wm (pW) gy dx = §/wigpz dx — f/wzgozm dx.
R 2 Jr 2 Jr

We also use the following inverse inequality

C C
(18) 122l Lo (ry < AP 22l 2Ry < A 121l L2y -

where the constant C is independent of z and Az. Now, using the above identities,
we turn to estimate the terms A, Ay of (IH). We proceed as follows: Applying
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Cauchy-Schwartz inequality repeatedly, we get

At
Ay = /(wzwe — w Mt Y pw dx
1
<—/ whwt — w 1wﬁfl)2<pda:+§/g0w2da:
R

1
(w® —w* 1)w£—&-wé_l(we—we_l)gj)zgodw—i—g/apwzdx
R

<88 A
2
s%t (' — ') () o de
R
2
+ 50 [ - et ede 5 [ putds
4 R 8 R
AP 2 / 1
<= - d
=" waHLoo(JR) R(w w'™) pdz
2
+—A4t ||w£—w£’1Him(R)/ (wz’l)zgodx—ké/gouﬂdx
R R
CAt? 2 )
<o [ ey [ (0 =) o

2
’ —1)2 0—1)\2 1 9
+ Az H’LU —w HLz(]R)/R(w ) <pd$+§/R<pw dz.

In the last step we have used the inverse inequality (I¥). Now, using the definition
of A\, we conclude

1
As < g/waQdac—i-C’RAQmax{HwZH;W

w5 [ @ =) e
Next we estimate A; as follows
A = %/ (uzm(we_l — wé))m pw dx
R

2
< A—t ((uzm(we*1 fwe)) )2g0d:c+1/w2gadx.
8 Jr z 8 Jr

Thus, using the inverse inequality (I¥), we obtain

1
s g [t des onn il [ (0f -0t ) s
R R

Combining above two estimates

1
A1—|—A2§7/w24pdaz
4 R

+ CraZmax {||w|[; s w5, ka5, ) /R (w' —w ") pda,

For the second term before the equality sign in (I0), we use the identity (7). Since
@z > 0, from (I7) we obtain

At (wy, (wp),,) > —CrAL [w][72g) > —CrAE [w],
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where the constant C'r depends on the ¢,.,. Collecting these bounds, and assuming
At small enough that we have for £ > 1
(19) 2

[t =),

< 20RA? max { w3y »

2 112 _ 2
T PO [ [ |

For w?, setting ¢ = 0 in (I), we obtain

n 1
(wl - “va‘ﬁv) + At ((UAI; - ) ,(QDU)M>

=20 ()%, (o)) = AL (W, (A, ) p0).

n 1
Setting v = u“;w yields,

1 n + 1 n + 1
5/ ((wl)2 - (uzr)g) d:U+At/ (uAIQ v ) <cpqu2 e ) dx
R R T T

n 1
= —At/}Ruzx(uZm)x%apdm

For the term in right hand side we use Cauchy-Schwartz inequality and the inverse
inequality (I8) and, for the term before the equality sign we use the identity (IC2)
and estimate as before to conclude

1 CgrAt 1 1 CgrAt W2 CrMN . 4
(3-9%) [wred s (5+ 7+ 50 ) Iuall, + S5 i,

2
We can always assume that i — CRQAt > %. Thus, finally, we derive
2 2
(20) [t ode <8 (1+0nx® a3, a3,

Then we claim that the following holds for ¢ > 1

(21a) Hweﬂ _wéHQSD SLHwZ_wZ_lHZsa’

(21b) ||’UJ€||2)¢ <K ||UZZ‘||2,LP7

(210) 0., < 5kl

for £ =1,2,3,.... To prove these claims, we argue by induction. From (E0) and

(D), we obtain

'l , < (2v2+2V2V/CrA 6k, z,, ) 4R o,

L n n n
< (224 ) Wbl < 5l < K el
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This proves the claim (21d) and (EIH) for [ = 1. Next, Setting ¢ = 1 in (M) and
using () gives

lw? =, < V2Cr Amasc { ' , kel o } lo! = kel

< (5v/2Cr Mually,p ) 1o = we .,

5L

I /\

n 1 n
oc 0! = ukally, < Lllw' —uikell,, -

This shows that (EId) holds for £ = 1. Next assume that (21d) and (E1H) hold for
{=1,...,m, then

m

l ]y < D Jwh = wll, , + 0]l
(=0

m
< ot =wlly, 3 L+ [l
£=0

1
<6 Huer”Z@ ﬁ + ”uZmHZga
7T—L
17 Hqu”Qap K”uZmHZ,go

Hence, (E1H) holds for all ¢. Using (I9), this implies that (2Id) holds as well. Using
(), one can show that {w’} is Cauchy, hence {w’} converges. This completes the
proof of Lemma 1. O

3. Convergence

As we mentioned earlier, the convergence analysis exploits the fact that the
solution operator of the KdV equation possesses an inherent smoothing effect. In
particular, we shall use the H}\ .(R) estimate of the approximate solution generated
by the scheme (8). We proceed with the following Lemma.

Lemma 3.1. Let K and L be as in Lemma B2 and let uX, be the solution of the
scheme (). Assume At is such that
e b

VOR2V2K \/yr

for some yr which depends only on |[uol| )
Then there exists a positive time T and a constant C, both depending only on
||u0||L2(R)7 such that for all n satisfying nAt < T, the following estimate holds

(23) kel oy < € (ol oy ) -

Furthermore, the approzimation u,, satisfies the H' estimate
(24)

a3 (),

(n+3)At<T

(22)

0
der) (2 )+ for ()00 < T,

where the constant C' depends only on R and |luo|| ;2 (g -

IThe number yr, is given by y(T'), where y is defined in (E3).
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Proof. Starting with (8), it follows that (8) holds, and consequently
/R (uxth)® pde + (72_242\/5)&4 (uz—;%)i o dz
< o s 2 () ) ([ (7 Vo)
S () o) ([ (o2 el o)’

n+% 2
+ At (qu ) |powe| dz.
R

When we considered the fully-discrete scheme (8) we had an 4 priori L? bound on

uR, to proceed. Now we shall instead use this estimate to obtain such a bound.
As ¢, > 0 we ignore the second term in (23). The derivatives p*)(2) < ¢(z)

for j =1,2,3.... Thus, applying Young’s inequality yields

(26)

/R(“Zil)zwdmﬁ /]R(uZz)ZQDd’JJJFAtCR[(/R (ug%)2¢dx>%

(f (uxt) )+ ( / (x4 g aa)].

1
n+z

(25)

Setting an = [3(uR,)?¢dr and a, 1 = [;(up,?)*pda gives
(27) An+41 S an, + At f(an—&-%)

where the function f is given by
fla) =Cr [a% +a? —l—a} .

It is easy to see that a, 1 < (an + ant1)/2. Therefore, {a,} solves the Crank-
Nicolson method for the following differential inequality

da
< fa)
Thus we consider the following ordinary differential equation
dy (—K2“ ) t>0
(28) { dt f 5 Y )
y(O) = agp.

Since the function f is locally Lipschitz continuous for positive arguments, this
differential equation has a unique solution which blows up at some finite time, say
at t = T°°. We choose T' = T /2. Also, note that the solution y(t) of the above
differential equation is strictly-increasing and convex. Next we compare the solution
of this ODE with () under the assumption that (22) holds.

Next we claim that a, < y(t,) for all n > 0. We argue by induction. Since
y(0) = ag, the claim follows for n = 0. We assume that the claim holds for
n=0,1,2,...m. As 0 < a,, < y(7T), (E2) implies that A satisfies the CFL condition
(D). So, from Lemma 270, we have a,,;1 < K?a,,. Thus

K?+1
am+é§(am+am+1)/2§( ) )am.
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Then, using the convexity of f we have

2
Am+1 S Am + Atf (K 2+ 1am>
K?+1
< (tw) + 2tf (5540

<yl )+At* lime, S Y(tmsn).

This proves the claim. Therefore, as ¢ > 1, we have the required L2-stability

estimate
lurellp2@ < Vy(T) <C (H“OA:rHLz(R) ’R) :
Therefore, summing (23) over n, we obtain
n+ 2
a0 S [ [ e < O ol e
nAt<T

This proves (E4) and completes the proof of Lemma B O

3.1. Bounds on temporal derivative. In this section, we obtain the bounds on
time derivative of the approximate solution given by the scheme (8). Following [5],
we obtain the estimate on the temporal derivative stated as follows:

Lemma 3.2. Let {uk,} be the solution of the scheme (H). We also assume that
the hypothesis of Lemma B hold. Then the following estimate holds

29) 107 3oy = Clluallogey 8 (| (ak22) [ 0 +1).

where DZ’uZw is the forward time difference given by
uttt —
Dty = Ax Ax .
Upg = At
Proof. See the proof of Lemma 3.3 in [5]. O
Before stating the theorem of convergence, we define the weak solution of the
Cauchy problem for (M) as follows.

Definition 3.1. Let Q be a given positive number. Then u € L*(0,T; H*(—Q, Q))
is said to be a weak solution of (W) in the region [0,T) X (—Q, Q) if

(30) / / ¢tu+gz5x %Ux) dwdt + [ O; (2, 0)uo(x) dz = 0.
forall g € C* ((—Q,Q) x [0,T)).

Next we define the approximate solution u? by the following interpolation for-
mula
(31)

1 1
up 2 (x) + (t—t 1)D4up,2(z), fortelt 1t 1) withn > 1
uA"’”(t,x) _ 1 2 2 2

2 — w8 (z
u%ﬁm)—f—%% forte[to,t%).

Then we have the following theorem of convergence.
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Theorem 3.1. Let {u}, }nen be a sequence of functions defined by the scheme (H),
and assume that |[uol| 2 is finite. Assume furthermore that At = O(Az?), then
there ezists a a positive time T and a constant C, depending only on T, R and
luwoll 12 gy such that

(32) H“MHLoo(o,T;Lz([—R,R])) < C(R, Jluoll p2(r) )
(33) HuArHL2(O,T;H1([7R,R])) < C(R, Juollp2(gy):
(34) ||8t(“m50)||L2(0,T;H—2([—R,R])) < C(R, |luoll 12 (r))
where u® is given by (B1). Moreover, there exists a sequence {Az;}32, and a

function u € L*(0,T; L*([-R, R])) such that
(35) ut% — u strongly in L?(0,T; L*([-R, R)])),

as j — oo. The function u is a weak solution of the Cauchy problem for (W), that
is, it satisfies (BO) with @ = R — 1.

Proof. For the simplicity we assume that T' = (N + %)At for some natural number

N. We write the approximation u>® as, for ¢ 1 <t< tn+;,

n—

uB(2,8) = (1 — () ulhy ? () + an(t)us? (),

where a,(t) = (t — t,,)/At € [0,1]. Therefore, using (E3), for n = 1,2,..., N we

have
n+i
02| 2 gy < 11— an ()] +lln(0) o o

_1
n—3
Az

L2(R) L2(R)

1/, . _ n
< 3 (HuAac||L2(R) + HUZ:ClHLQ(R) + HuAﬂc”L“’(R) - HUZ?HLQ(R))
< C(lluoll L2 gy s B,

and for t € [0, 5),

1
10 gy < 11— 26/ ([0 ey + 126/ [,

< C(lluoll L2 gy » B)-

Thus, collecting the above bounds we conclude that (82) holds.
Next we derive the estimate on spatial derivative

T A2
R P

by 2t \? 1
<28y [ (17 R7) 2 ko)

ARV [ 00
A CON M R

2 n+3
< At () oy 2“2 [CAS ),
n=0

L2(®)

d

L2([-R,R

2

L2(-R,R))
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Now applying inverse inequality (I8) and using (24), we conclude the proof of (B3).
Note that
e D}uZ;% for (t,z) € R x [t,,_1,t,41),
' AxTtBe for (t,x) € R x [0,t1)),
2 n—rtnti)s

t t,m—1
Dyunas+tDyun,” for (t,z) e R x [t,,_1
Dy, for (t,z) € R x [0,21/2).

Thus, using (E9), it is easy to see that (84) holds.
Since ¢ is a positive and bounded smooth function, using (82), (83) we have

(363“) HSOUAIHLoo(())T;L2([,R’R])) S C(HUOHL2(R) 7R)a
(36b) H‘PUAx|‘L2(07T;H1([_R7R])) < C(||u0||L2(R) ’R)'

Based on the bounds (B8) and (B2), applying Aubin-Simon compactness lemma (see
[i7]) to the set {u?® }Az>0, we conclude that there exists a sequence {Az;}, such
that Az; — 0, and a function % such that

(37) uBTip — 0 strongly in L?(0,T; L*([-R, R])),

as j goes to infinity. As ¢ > 1, (B2) implies that there exists a u such that (B3)
holds.

This strong convergence allows passage to the limit in nonlinearity. However, it
remains to prove that u is a weak solution of (I). In what follows, we will consider
the standard L2-projection of a function v with k 4+ 1 continuous derivatives into
space Sa., denoted by P, i.e.,

/R (Py(z) — $(x) v(z) =0, Vo€ Sas.

For the projection mentioned above we have that (for a proof, see the monograph
of Ciarlet [d])

() — P¢($)||Hk(R) < CAz ||7/’||Hk+1(R) )
where C is a constant independent of Ax.
We also need the following inequality:

1
n+sz

(39) |t

< C(R) ‘

L [—R+1,R—1]

where C'g is some positive constant depends only on R.
From (8), we have, for n > 1

n+%

(Diuzz,gm;) - (W, (Sﬁv)z> + ((UZ—;%)I ) (gm})m> =0,

1

t, n—1 (up,’)? n—3
(D+qu 790”) - Tv (‘Pv)w + ((uA:z )x ) (‘pv)zx) = 0.
Taking the average of the above two relations gives, for n > 1

(39) Fn(pv) =0,
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where
L[ (uah?)? + (uy, )2
_ t Azx Az
]:n(SOU) = (D qu a‘PU) 9 ( 9 7(90”)1
(40) un-i—% +un—%
+ <<M2Ar> ’(W)m)
We first show that
T (qu)2
(41) / / ubT v — 5 (00)g + (UA%) 4 (V) ge da dt = O(Az),
0o JR

for any test function v € C° ((-R+1,R — 1) x [0,T)), where ¢ is specified in the
beginning of Section D.
We proceed as follows

/ / v - I)z(w’)w+(UA””)x(sov)mdxdt
— /tl/z/uf%pv_ A$)2(g0v)z n (UAI)I(QO'U)II du dt

* Z/ "+2 / I) (P0)2 + (U)o (P0)ae da dt

=:I+1II.

Let v2% = Pu, then from the definition of ua, (c.f. (BI)), we write IT as follows.

N t o1
II:Z/t t% VA7) dt—l—Z/ / “Am (U—v ) dtdx
n=1""n-3

—0by (39) e
N . n+2 ”*% 2
+ Z/ R / 00" (py - v87)), dtda
Epw
N pto1 (uZJr%) +(UZ_%)
ntd ) x T €T
+ Z/ / 2 (p(v=v29),, dtde
n=1 t"7% R
SAJ;
N ,,L_;’_l n—=%
Y Al 1[0 MO U P
t R 2 2 )
n=1 n*%
SA(E

1
n—3

N to1 nt+i .
e S
n=1 tn—% R 2

ga
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Similarly I can be written as

t1/2 1, 1 1
= [ [0t - Ged ) + (h el | drds

=0by (9)

t1/2 t1/2 1
/ /DiuAm v—v? dtdaz+/ / (ul,)? U—UAx))z dt dzx

t1/2 |
/ / ul )z (v —v2%)) dtdx

Ax
CS

- /0“/2 /R% {(“M)Q - (Uim)Q] (pv), dt dx
/tl/z/ 87— (u},) } (p0),, dtdz.

Ax
CS

Using the similar argument as in the proof of (Theorem 3.1, [§]), one can show
that, for j=1,...,5

€571

C]-A”’| — 0, as Az | 0.

Thus, we conclude that (1) holds. Furthermore, passing limit as Az — 0, we
conclude that

T 2
(42) / / Uppv — %(gpv)x + Uy (V) g dz dt = 0,
0o Jr

for any test function v € C°([-R+1, R — 1] x [0,T)). Finally, we choose v = ¢/¢
in (A2) with ¢ € C*([-R+ 1,R — 1] x [0,T)) and integrate-by-parts to conclude
that (B0) holds, i.e. that

T 00 u2 o)
0 —00 — 00
This finishes the proof of the Theorem BT O

4. Numerical experiments

The fully-discrete scheme given by (H) has been tested on two numerical experi-
ments in order to investigate how well this method works in practice.

We let Sa, consist of piecewise cubic splines defined as follows: Let f and g be
the functions

fly) =149 2]yl -3),

July+1)? y <o,
o) = {y(y —1)? y>0,
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and we define f(y) = g(y) =0 for |y| > 1. For j € Z we define

(o) =7 (5) . = (T2

where ; = jAxz. The space spanned by {v; }]]Vi_ 18 a 4M + 2 dimensional sub-

space of H?(R). In our numerical examples, we used periodic boundary conditions.
In the two-soliton example, the exact solution, as well as the numerical approxima-
tions, are all very close to zero at the boundary. Regarding the weight function,
we chose this to be ¢(z) = 50 + z in the intervals under consideration in both
our examples. In the Newton iteration to obtain "1, (I0), we terminated the
iteration if ||w™ — weHL2 < 0.002Az ||u™|| 2, something which typically required
3-5 iterations. Furthermore, we observed that setting At = O (Ax), as opposed
to At = O (AxQ) as warranted by the theory, did not effect the quality of the
approximate solutions. In our computations, we therefore use At = 0.5Ax.

For t = nAt, we set ua.(x,t) = u"(x,t) = ijvi_M ulv;(z). We measured the
percentage L? error, defined as

[ = unqll 2

E =100
[l 2

)

where the norms were computed using the trapezoid rule on the points x;. The
map taking initial data to the solution of the KdV equation at a time ¢ > 0 is
known to preserve an infinite number of integrals, the first two of which are fR udx
and fR u?dz. It has been observed that numerical methods which preserve dis-
crete variants of some of these integrals, generate more accurate approximations
than methods which preserve fewer. We therefore computed how well the two first
integral were preserved, measured by

~ Juagdx
- Jupdx

_ Nuasllge

I = .
[uoll 2

and I

uaz(z, 20)

FIGURE 1. The exact and numerical solutions at ¢ = 20 with initial
data we(x, —10) with M = 128.
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TABLE 1. Relative percentage L? errors, and I; and I, for the
two-soliton solution measured at t = 20.

M E rate Ih I
64 | 83.62 1.6 0.99 1.09
128 | 27.70 1:8 1.00 1.02
256 7.91 20 1.00 1.02
512 1.91 2.0 1.00 1.00
1024 | 0.47 2.0 1.00 1.00
2048 | 0.12 2.0 1.00 1.00
4096 | 0.03 1.00 1.00

A two-soliton solution. We tested the method on the so-called two-soliton solu-
tion. This is a family of exact solutions given by the formula
(43)

b esch? (\/b/72(x - 2bt)) + asech? ( a/2(x — 2at)>
(Vatanh (v/a/2(e — 2a1)) ~ Vbeoth (/b72(x - 2bt)))2’

for any real numbers a and b. We have used a = 0.5 and b = 1, and set ug(z) =
ws(x, —10). This solution represents two waves that “collide” at ¢ = 10 and separate
for ¢t > 10. Computationally, this is a challenging problem. We computed the
approximate solution at ¢ = 20, and the exact solution in this case is wa(z, 10). In
Figure @ we show the exact and numerical solutions at ¢t = 20.

The computed solution in Figure M looks “right”, in the sense that the two bumps
in the solution have separated well and passed through each other. Nevertheless, the
error is about 30%. This is due to an error in the position of the larger bump, which
again is due to a much smaller error in the height of the bump. This error causes
the speed of the wave to be slightly smaller than the speed of the corresponding
wave in the exact solution. Since the wave is quite narrow, this causes the L? error
to be large. In Table I we show the percentage errors for the two-soliton simulation.

What is notable here is that once we are in the asymptotic regime, the errors
here are much smaller than the errors found using a fully implicit method, reported
in [5], and that the rate seems to converge to 2.

wa(z,t) = 6(b—a)

TABLE 2. Relative percentage L? errors at ¢t = 0.1, with initial
data given by (£4).

logy(M) | E  rate
11 48
12 48 8(2)
13 41 0:0
14 41 0.2
15 37T 9
16 33

Irregular initial data. Since the theory states that the method converges for
initial data in L2, we tested the scheme for an example with initial data in L? but
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N = 65536

04 1 1 1 1 1 1 1 1 1
-10 8 6 4 -2 0 2 4 6 8 10

FIGURE 2. Approximate solutions at t = 0.1 using initial data
given by (B4) with N = 1024,...,65536 grid points in the interval
[—10,10].

not in H'. For this test case we used

(44) u(xz,0) = 2@+l fal <1,
’ 0 otherwise,

for € [—10,10] and periodically extended outside this interval. In this case we
do not have a reliable reference solution, so we considered the self-convergence of
the scheme. In Figure B we show the computed solution using 210,21, ... 216 grid
points in the interval [—10, 10].

This solution looks much more complicated than the two-soliton solution, and
it is perhaps not apparent from the figure whether the approximations converge.
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Table B we show the relative L? errors using the approximate solution with 2'¢

grid points as a reference solution.

This indicates that the convergence rate, if indeed there is such a rate, is small.

This is similar to numerical results [[@] where the numerical convergence rate for a
different example with L? initial data was found to be small. It is not surprising
that less regular initial data gives a lower convergence rate.
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