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CONVERGENCE OF A FULLY DISCRETE FINITE
DIFFERENCE SCHEME FOR THE KORTEWEG-DE VRIES
EQUATION

HELGE HOLDEN, UJJWAL KOLEY, AND NILS HENRIK RISEBRO

ABSTRACT. We prove convergence of a fully discrete finite difference scheme
for the Korteweg—de Vries equation. Both the decaying case on the full line
and the periodic case are considered. If the initial data u|t=o = uo is of high
regularity, ug € H3(R), the scheme is shown to converge to a classical solution,
and if the regularity of the initial data is smaller, ug € L?(R), then the scheme
converges strongly in L2(0,7; L2 (R)) to a weak solution.

loc

1. INTRODUCTION
The Korteweg—de Vries (KdV among friends and foes) equation, which reads
(11) Ug + Uy + Ugze = 0,

has been studied extensively since its first analysis in 1895 by Korteweg and de Vries.
Apart from applications as a model for shallow water waves, the KdV equation
has maintained a pivotal role in several branches of mathematics. We here focus
on the derivation of convergent numerical methods for the initial value problem
where the equation is augmented by initial data u|;—¢9 = up. The problem of
analyzing convergent numerical schemes is of course intimately connected with the
mathematical properties of the Cauchy problem for the KdV equation, which has
undergone a tremendous development the last two decades, see, e.g., [I7, [14] and
the references therein. We will not be able to discuss this literature here, but only
refer to the parts that are pertinent to the current paper.
In this paper we analyze the implicit finite difference scheme

(1.2) wt =ul — Atw;Du} — At DY D_ujt, neNy, jeZ,

where u} ~ u(jAx,nAt), and Az, At are small discretization parameters. Further-
more, D and Dy denote symmetric and forward/backward (spatial) finite differ-
ences, respectively, and u denotes a spatial average. Two results are proven, both
for the full line and the periodic case: (1) In the case of initial data ug € H?(R),
we show (see T heorem and Remark that the approximation converges
uniformly as Az — 0 with At = O (Az?) in C(R x [0,T7]) for any positive T' to the
unique solution of the KdV equation. (2) When the initial data ug € L?(R), we
prove that (see Theorem that the approximation converges strongly as Az — 0
with At = O (Az?) in L*(0,T; L2 (R)) to a weak solution of the KAV equation.

loc

An interesting fact, and rarely referred to in the current literature, is that the first
mathematical proof of existence and uniqueness of solutions of the KdV equation,
was accomplished by Sjoberg [16] in 1970, using a finite difference approximation
very much in the spirit considered here. His proof is valid for initial data that are
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periodic and with square integrable third derivative, that is, ug(z + 1) = ug(x) for
x € [0,1] and uy’ € L?([0,1]). Sjoberg’s uniqueness proof still is the standard one,
using the Gronwall inequality. His approach is based on a semi-discrete approx-
imation where one discretizes the spatial variable, thereby reducing the equation
to a system of ordinary differential equations. However, we stress that for numer-
ical computations also this set of ordinary differential equations will have to be
discretized in order to be solved. Thus in order to have a completely satisfactory
numerical method, one seeks a fully discrete scheme that reduces the actual com-
putation to a solution of a finite set of algebraic equations. This is accomplished
in the present paper, both in the periodic case and on the full line.

There has been a number of papers involving the numerical computation of
solutions of the Cauchy problem, starting with the landmark paper by Zabusky and
Kruskal [20], where they discovered the permanence of solitons (the term “solitons”
being coined in the same paper) for the KdV equation using numerical techniques.
However, we will here focus on papers that discuss numerical methods per se.

A popular numerical approach has been the application of various spectral meth-
ods. Little is known rigorously about the convergence of these methods. For a sur-
vey and a comparison, see [I5]. See also [12]. Multisymplectic schemes have been
studied in [3] (see also references therein). There exist convergence proofs for finite
element methods for the KdV equation, see [19] [2, 4, [5]. However, the resulting
schemes tend to be quite different from finite difference schemes derived ab initio.

The numerical computation of solutions of the KdV equation is rather capricious.
Two competing effects are involved, namely the nonlinear convective term wuu,,
which in the context of the Burgers equation u; + uu, = 0 yields infinite gradients
in finite time even for smooth data, and the linear dispersive term gq,, which in
the Airy equation u; + Uz, = 0 produces hard-to-compute dispersive waves, and
these two effects combined makes it difficult to obtain accurate and fast numerical
methods. Indeed, any initial data for the Burgers equation that is decreasing in
a small neighborhood, will develop infinite gradients in finite time, while the Airy
equation preserves all Sobolov norms while creating many oscillatory waves. Most
finite difference schemes will consist of a sum of two terms, one discretizing the
convective term and one discretizing the dispersive term. These two effects will
have to balance each other, as it is known that the KdV equation itself keeps the
Sobolov norm H?® bounded; from [6] we know that if ug € H*(R), with s > 3, then
the solution satisfies |[u(t)|| :(r) < Cru, for t € [0,T]. This dichotomy between
these two effects is brought to the forefront in the method of operator splitting.
Here the two equations, the Burgers equations and the Airy equation, are solved
sequentially for a small time step. This procedure is iterated, and as the time
step converges to zero, the approximation converges to the actual solution. In the
KdV context operator splitting was introduced by Tappert [I§], a Lax—Wendroff
theorem was proved in [7], and convergence of the operator splitting technique
proved in [8 111 [9, [I0]. Our approach here is a finite difference method which can
also be viewed as an operator splitting method.

Recently, a semi-discrete scheme for the generalized KdV equation was shown
to converge in L2 _ for initial data in L? [I]. However, the scheme analyzed here,
which in contrast to the scheme in [I], does not involve an explicit fourth order
stabilizing term, and we show convergence for non-smooth initial data.

The rest of this paper is organized as follows: In Section [2| we present the nec-
essary notation and define the numerical scheme. In Section [3| we show the con-
vergence of the scheme for initial data in H3(R), while in Section [4| we show the
convergence to a weak solution if the initial data is in L?(R). In Section [5| we
exhibit some numerical experiments showing the convergence.
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2. THE SCHEME

We start by introducing the necessary notation. Derivatives will be approximated
by finite differences, and the basic quantities are as follows. For any function
p: R — R we set

Dip(z) = :I:L(p(x + Az) — p(z)), and D = % (D++D-)

Ax

for some (small) positive number Az. If we introduce the average
_ 1
p(z) = 5 (p(z + Az) +p(z — Az)),

we find the Leibniz rule as
D(pq) = pDq + qDp,
Da(pq) = STpDsq+gDip = STqDip+pDag.
Here we have defined the shift operator
SEp(x) = plz + Az).
We discretize the real axis using Az and set x; = jAzx for j € Z. For a given

function p we define p; = p(z;). We will consider functions in ¢? with the usual
inner product and norm

(p.q) = Az > pigj, lpl = @.p)"?  pgel’
JEL
In the periodic case with period J the sum over Z is replaced by a finite sum
7=0,...,J —1. Observe that

1
Pl = max pjl < e [pIl -
The various difference operators enjoy the following properties:
(p, D+q) = —(D%p,q), (p,Dq) = —(Dp,q),  p,gel®

Further useful properties include

1 1
(u, D3 D_u) = i(u, D_D%u) — i(u, D, D?u)
1
= 5 (u,(D-D} = Dy D2 )u)
(2.1) 1
= 5 (’U/7 D7D+(D, — D+)U)
Az
=9 HD+D—U||2
since (u, Dy D?u) = —(u, D_D3u) (because (u,v) = (v,u)) in the first line, and
D_ — D+ =—-Ax D+D_ = —-Ax D_D+.

We also need to discretize in the time direction. Introduce (a small) time step
At > 0, and use the notation

Dip(t) = é (p(t + At) = p(t)),

for any function p: [0,7] — R. Write ¢, = nAt for n € Ng = NU {0}. A fully
discrete grid function is a function ua,: AtNg — RZ%, and we write Uag(z),tn) =
u?. (A CFL condition will enforce a relationship between Az and At, and hence
we only use Az in the notation.)
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We propose the following implicit scheme to generate approximate solutions to
the KdV equation (1.1

(2.2) wt =uf — Atw}Du} — At DY D_ujt, neNy, je

For the initial data we have

ug =uo(z;), JjEZ.

Remark 2.1. This scheme can be reformulated as an operator splitting scheme as
follows. Set

n 1 At (1 2 1 2
= 5 (Wi +uj) — 5= (2 (ui1)” = 5 (wiy) ) :

i.e., u" T2 is solution operator of the Lax—Friedrichs scheme for Burgers’ equation,
applied to u™. Then
untl /2
At
i.e., u"t1 is the approzimate solution operator of a first-order implicit scheme for
Airy’s equation us + Ugrr = 0. If we write these two approzimate solution operators
as Sft, and Sﬁt, respectively, the update formula reads

u"tt = (Sﬁt o SABt) u”.
The convergence of this type of operator splitting using exact solution operators have
been shown in [8, 1], with severe restrictions on the initial data. The results in this
paper can be viewed as a convergence result for operator splitting using approximate

operators with less restrictions on the initial data, but with specified ratios between
the temporal and spatial discretizations (CFL-like conditions).

2 1
= -DiD_u"",

3. CONVERGENCE FOR SMOOTH INITIAL DATA

+1

To show that the implicit scheme can be solved with respect to u;’ , we proceed

as follows: Write the scheme as
(14 AtDD_)uj*' =u} — Atu} Duff
and hence
(14 AtD2D_)u w1ty = [[um* | + Al(D2 D_u unth)

= | + SAtAx DD
> [l

thus

[+ < 0+ AR Dy | = i — Ava D
The fundamental stability lemma reads as follows.

Lemma 3.1. Letu? be a solution of the difference scheme (2.2)). Then the following
estimate holds

(3.1)
a2 + Atazt/2 (AeA || D2 D_w |+ Az'/2 || Dy D_w | +§ |Du" )
< [lu)?,
provided the CFL condition
off (Lo 1yp,0 10
(3.2) Al (3+2>\Hu H)< . se),

holds where A = At/Az3/?.
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Proof. For the moment we drop the indices j and n from our notation, and use

the notation u for u} where j and n are fixed. We first study the “Burgers” term

AtuDu. Let u be a grid function and set
(3.3) w =1 — AtuDu.
If the timestep At satisfies ([3.2]) then we have the following “cell entropy” inequality

1 1— At Az?

4 “w? < Zu? — = Du? — 6= (Du)? 1).
(3.4) 5w < Su 5 Du 62(u),6€(0,)
To prove this we multiply (3.3) by @ to find

1 1 1 1
5’(1)2 = 5@2 — AtiﬂDuz + 5 (w — E)Q

1— 1 1 1 —
= Su? - AtiﬂDtﬂ + §At262 (Du)* + 3 (ﬂQ - u2> .

Now we have that

1 1 1
i(a-l-b) (a® —b%) = 3 (a® —b®) — E(a— b)3,

and
1 2 1,9 9 1 2
For a grid function, this implies
2 2A2°
aDu? = pud — 22F (Du)?,
3 3
@ —u? = —Az? (Du)?
Therefore
1 2 1 3 At 3 1 2_2 2 AtA(Ez 3 2 2
SW = U 3Du +2Atu(D) + 3 (Du) (Du)
1 At Az?®
=2 - Sipud - 62 (Du)?
2 3 2

1— At Ax?

< w2 — =D — 5= (Du)*
< gu 3 Du ) 5 (Du)
A 1 1-6
+ Az? (Du)® [ SAzY? )| + =AaX?w? — ——
3 oy 2
1— At Az?
< w2 — =D — 5= (Du)?
< Ju 3 Du ) 5 (Du)
A 1 1-6
2 2 (A 2 2 -0
+ 2 (D0 (5l + 32 Jul? - 25
A
1— At Az?
< 5“2 — ?DU? — (ST:I; (D’U,)2, o€ (0, 1),

where we have employed that A < 0 since A satisfies the CFL condition (3.2]).
Estimate (3.4) follows.
Summing (3.4]) over j we get

(3.5) lwl® + 622 | Dul® < [ful®.
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Next we study the full difference scheme by adding the “Airy term” At DiD,u}’“.
Thus the full difference scheme ([2.2]) can be written

v=w— At DiD,v.

Writing this as w = v + At DiD_v, we square it and sum over j to get
lw]* = [lv]|* + 2At(v, D2 D_v) + At* | D2 D_ov|*
= [[v||* + AtAz | D_Dyv|* + At* | D2 D_v|

using the identity (2.1)).
For the function u™ this means that
n+l H2

(3.6)

2
)

]| = J|u
(3.7) + AtAzY? (AeA||D3D_wm 1 |* 4 Aat/? | Dy D_w )
< [|lu"|* = 6A2* || Dul?,
using (3.5). This implies
(3.8)  |lumtY® + AtAz"2(AxA ||D2 D_u |
+ 822 Dy Do+ T IDu ) < .
O

Next, we consider what corresponds to the finite difference scheme satisfied by
the time derivative of the original scheme.

Lemma 3.2. Let u} be a solution of the difference scheme (2.2)). Then the following
estimate holds

D |+ A 2D DY

(3.9) —|—AtAx||D+D_D3_u"||2_|_SA$2 ||DDz_un71H2
< ||D4un P (14 3AE | DU ),

provided At is chosen such that

1-6 .
(3.10) 6 luoll® A* + [luol| A < —— e (01
Proof. Introduce
1
Al
Using (2.2) we see that this grid function satisfies
o't =a@" — At (@"Du" + 1" 'D o) + At*a"Da" — AtDID_a"t!

a" =Dlu"! = u" —u"h), neN.

(3.11) =a" — AtD(u"a") + At*@"Da™ — AtD?D_a"t!, neN.
Introduce

_ A,
(3.12) B =a— At D(ua) + TDa ,

which means that (3.11]) can be written as
(3.13) o™t =B — AtD3 D_a"t!.
We proceed as before and square (3.12)) to find

1., 1 A At L\
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2
— At (waDa + @ Du) + At*a*Da — AT"T (Da)?.

We have that

1 At 5\ 2 A2e2 2
3 D(ua)—?Da < (D(ua))” + At“a” (Da)
gzﬁwpaf+aa2uhg?+Aﬁ&%Daf,
@?Da = D t%(Da) ,
ﬂaDaJraQDu:%D( )Jrla?DquTx(Da) Du.
Using this
1, 1— At 2At At AtAz? 2
—p*<-a?—-—D(ua®—-"=a*) - =@a’D Da)* D
2ﬁ_20¢ 5 (ua 3a) 5 O u + (Da)” Du
2 [ 92 2 =2 2 22 s Az 3
(3.14) + At® [ 2u” (Da)” + 2a° (Du)” + At“a” (Da) —T(Da)
A
—é?ﬂh).

Now we must balance the positive terms with Az*(Da)?. To this end we estimate
Az?(Da)? < a2,
AT (Du)? < AAzY? At ||u™||, o2 | Du™|,
APa? < 2|u"|2, + 2|jum 2,

Using these in (3.14)) we find

152 < lﬁ— %D (ua2 - 2Ata3> + (g + g)@\Dm + 2At2 @2 (Du)?

1
AAz!/?

2 -2 3 2 2
n n 1 n n—
+ \2Az* (Da) (2u o+ 2 + i (1 + 1|yoo))
2
1— At 2At —
A2 2 _ 2= 3 1/2 n 2 n
§2 2D<ua 3 a>+At(1—|—)\AJc || ||oo)a | Du'|
2 2 2 ny 2 n—112 Am1/2 n n—1
+X280% (Da)* (282 (2 " 2 + 0" 2, ) + o= (e + w70
2
-5 oy
< 37— 50D (ua? = 250 ) 4 At(1 4 Aunl)a? D

2 1-96 ~Az?
+A\?Az? (Day)? <6||U0|| + o ||U0|| 2)\2>—52(D@)2

— At 20t 0 —
(ua2 -5« 3) + AtT a? | Du"|
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1-60\ <Az’
+ Ax® (Da)? (6 o l|® A% + [|uol| A — 2) - 579” (Da)*, 6€(0,1).
Here we have enforced the CFL condition (3.10]), which in particular implies that

luoll X < (1—4)/2. To simplify the numerical expressions, we have employed 2<1
Now we multiply with Az and sum over j to obtain

1 2 ~A.132 2 1 2 3—5 n 2
(315) 5 IBIF + 55 Dal? < 5 ol + 252 At Dy .

Writing equation as
ﬂQ _ (an-l-l + AtDiD,O/H_l)Z’

we find

A1 = o+ 28000, D2 D_ar) + |02 D

= [|a"*!||* + AtAz | Dy D_a™|* + A2 | D2 D_a” 7.
Combining this with we find
(3.16) Ha”“”2 + AtAz ||D+D_a"+1||2 A2 HDiD—anHHQ
+ SAxQ HDanHQ < (1 + 3At ||Dun||oo) ||anH2 .
O

At this point we recall the inequality (cf. Lemma [A.1]):
(3.17) |Dull,, < | D2 D_uf| + C() lull.

where ¢ is any constant, and C(g) is another constant depending on e.
The definition of u", , can be rewritten

1
(3.18) "t =Dty = 5 D+ Dw" =" Du” — DID_u™tt,
1

where p = At/Az? = \/Az/?. Therefore (using Lemma in the second esti-
mate)

1D2D_um*|| < am+|| + [[a" Du” | + i 1D, D_u"|

1
< o 19 ol + 5 ( [P0+ CCe) )
< o+ ol e 108 Do + e )

1 1
+ 5,2 DD+ 5-C(E) o

A 1/2
< Hoﬂl+1H =+ (81 HUOH + g}\€> HD_%_D_UTLH

A.’El/2
2
Aler,e)

+ C(e1) Juol” +

C(e) [[uol

< ||oz"+1H + % ||DiD,u"H + A (choosing €1 and ¢ such that this holds)
= [l + 5 DD~ (u — Atan )] + A

< o+ + 5 [ D30 4 S AL |DE Do 4 A
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< [l 4 5 (13 D+ 5 " (1 3¢ D)% 4 4
< [l 4+ 3 DD+ 5 o™ (0 + 3 ol 2 + 4,

where we have used to estimate At HD?FD_(J&"—H H Hence

(3.19) HD%FD,u”'HH <c+a Ha”“” + e ||,

for some constants cg, ¢; and ¢y that are independent of Az. Exploiting this and

the inequality (cf. Lemma[A.1)) in (3.16)), we get
n 2 n |2 n n ni2
™™™ < lle™* + At ( | DI D_u™|| + C(e) u™]) l™|
n|2 n n— n 2
< [la™[” + CAt (e (co + 1 [la” | + ez [[a" ) + C(e) [luoll) [l ||
Since [|u™|| is bounded by ||ug]|,
n 2 n| 2 ni2 ni3 n| 2 n—
(320) [ < " + At (d o |* + da (o I* + o) "))
for constants d; and dy which only depend on |jug|| and A. Set a,, = [|a”|?, so that
1 < an + At (dlan + ds (ai/2 + ana}/fl)) .

Now let A = A(t) be the solution of the differential equation

% =d1 A+ 2dy A%/, A1) = a1 > 0.

This solution has blow-up time
2 dy
Tooztl—l—ln(l-i- )
d1 dgw/ao
Furthermore, for t < T, A is a convex function of ¢ (since the second derivative

clearly is non-negative). We now claim that for ¢,, < T°°, we have

an < A(tn), nelN

This holds for n = 1 by construction. Assuming that the claim holds for natural
numbers up to n, we get

tni1 < A(tn)
+ At(dlA(tn)
+dy (A (tn)*? + A(tn) A (tn—l)l/Q) )
< A(ty) + At (dlA (tn) + 2ds A (tn)g/Q)

< A(tn-‘rl)

The last inequality follows from

Altnir) — A(tn) = / " 4 (s)ds

n

_ [ (d 4 3/2
- LA (5) + 2d2 A (s) )ds
t

n

tn+1
2/ Alty) + At (dlA(tn)+2d2A(tn)3/2> ds
t

n

using the monotonicity. Hence, for t < T = T>/2, ||[a"| < C for some constant
independent of Ax.
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Therefore, we can follow Sjoberg [16] to prove convergence of the scheme for
t < T. We reason as follows: Let ua,(x,t) be the piecewise bilinear continuous
interpolation
upz(r,t) = uj + (x — x5) Dyuj + (t —tn) Dﬁ_u;’

(3.21) S
+ (x — ;) (t — tn) DL Dyu
for (z,t) € [z, 2j41) X [tn,tnt+1). Observe that

uAm(xj7tn):uj, jE€Z, neNp.

Note that ua, is continuous everywhere and differentiable almost everywhere.
The function ua, satisfies the bounds

(3.22) luaz(- ,t)HLz(R) < Hu0||L2(R) )
(3.23) [0suna(- ) 2@y < C,
(3.24) [0vune(- D)l L2 < C,
(3.25) [10zaauna (s )l L2@) < C,

for t < T and for a constant C' which is independent of Az. The first three bounds
have already been shown, to show the last bound notice that

D2 D_u|| < || D + @™l | Du™|| < C.

The inequality follows readily from this.

The bound on d;ua, also implies that ua, € Lip([0, T]; L%(R)). Then an applica-
tion of the Arzela-Ascoli theorem using shows that the set {uaz}p - IS se-
quentially compact in C([0,T]; L?(R)), such that there exist a sequence {uAIj }jEN
which converges uniformly in C([0,T]; L>(R)) to some function u. Then we can
apply the Lax—Wendroff like result from [7] to conclude that w is a weak solution.

The bounds , , and means that u is actually a strong solution
such that holds as an L? identity. Thus the limit u is the unique solution to
the KdV equation taking the initial data ug.

Summing up, we have proved the following theorem:

Theorem 3.3. Assume that ug € H3(R). Then there exists a finite time T, de-
pending only on |[uo| sy, such that for t < T, the difference approzimations
defined by converge uniformly in C(R x [0,T]) to the unique solution of the
KdV equation as Ax — 0 with At = O (AxQ).

Remark 3.4. We can now proceed as in [16] to conclude the ezistence of a solution
for all time: We know that the size of the interval of existence [0,T] only depends
on the H® norm of the initial data ug. But the exact solution of the KdV equation
preserves this norm, thus we can define the approrimations in an interval [T, 2T],
starting from the initial value

1

0 .
. = — 1

u; . /I,- A;lcmouAm(x’ T)dz,

This can be repeated to conclude that there exists a solution for all t > 0.

Remark 3.5. To keep the presentation fairly short we have only provided details
in the full line case. However, we note that the same proofs apply mutatis mutan-
dis also in the periodic case. In particular, the Sobolev estimates provided in the
appendiz are based on summation by parts where the decay at infinity is replaced by
the periodicity, yielding the same results.
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4. CONVERGENCE WITH L? INITIAL DATA

In this section we show that the same difference approximation defined by
converges to a solution of the KAV equation in the case of initial data ug € L*(R).
Clearly we cannot use previous estimates, since those estimates depend on the
smoothness of initial data. However in [13], Kato showed that the solution of the
KdV equation possesses an inherent smoothing effect due to its dispersive char-
acter. In particular, such an effect cannot be present in solutions of hyperbolic
equations. More precisely, Kato proved that the solution of satisfies the fol-
lowing inequality:

T R 5 1/2
(/ / it | dxdt) <C(T,R), T,R>0,
-TJ-R

which is the main ingredient in the proof of existence of weak solutions of KdV
equation with initial data ug € L2?(R). Indeed we prove that the approximate
solution ua, lies in

W ={we L*(0,T;H'(-Q,Q)) | w € LY*(0,T; H *(-Q,Q))}

which suffices to get compactness in L?(0,T; L*(—Q, Q)) using the Aubin—Simon
compactness lemma, Lemma [4.4]
Let the function p be defined as p = p x w, where

p(z) =max{l,min{(1 +x+ R,1+ 2R)}},

and w is a symmetric positive function with integral one and support in [—1,1]. We
are interested in this function for arbitrary and large values of R. All derivatives
of p are bounded. We shall also use that

d R
< — e . < 1.
0< dxp(x) /_R w(z —y)dy <1

Since p is positive we can define the weighted inner product and corresponding
norms by

2
(u,0)p = (u,pv) = Az Y pjujuje ull, = (u,u)p,
J

where p; = p(z;). Note that ||u||}27 < (14 2R) |Jul®.
Using summation by parts (recall that (SFu); = u;41), we have
(D_Diu,u)p = (D_Diu, up)
=— (Df_u,pD+u + S+uD+p)
= — (D+ (DJ,,U) D+u,p) — (Diu, S+UD+p)

= _% <D+ (D+u)2 ,p) + % ((Diu)2 ,p) — (Diu,5’+uD+p)
= ((D+u)2,D_p) + % ((Diu)2 ,p) + (D+u, D_ (S+uD+p))

Ax
2
1
(Dyu)?, oD-p+ D+p> +

Az

- ((P2w)’.p) + (wDyu, D_Dp)

Il
P e N

1 A 1
(Diu)?, sD-p+ D+p) + Tx ((DiU)2 ,p) +3 (Dyu?,D_D,p)

((Dsw)?,Dp) + =5 ((D2w)®p) + (Dyu, D_S*uDyp+uD_D.p)
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1 1
_ ((D+u)2 D_p+ 2D+p> + Az ((Diu)2 ,p) — 5 (u%.D4D%p).

So we have
1
) (D-D2u,u), = ((Dsw)?,D-p) + 5 ((D+w)* , Dyp)
1
Ax 2 1
+ 5 [|Pul, = 5 (v*, Dy D2p).

Lemma 4.1. Let u} be a solution of the difference scheme (2.2). Let N be such
that NAt =T, and assume that the CFL condition (3.2)) holds. Then

N-1
HUNHIQj +2AtAx Z Z (D+u?+1)2
(4.2) n=0 |jAz|<R—1

2 2 2
< [y +4p ([l |*+ [je]*) +

where p = At/AmQ = )\/Aasl/Q and the constant C depends only on T and ug. In
particular, for any finite number R, we have that

N-1
(4.3) Ataz Y ST (Dyud)? < Cp,

n=0 |jAz|<R-1
where Cr = C(R, ||uol| ,T).

Remark 4.2. We shall see that this CFL condition is not sufficient to conclude
convergence of the scheme. For that we need At = O (AxQ).

Proof. As before we set
w=u— AtuDu.
Set A = At/Axz*?. If the timestep At satisfies the following CFL condition (3.2)

then we can multiply (3.4) by p to get the “cell entropy” inequality
1 1 — At Az?
(4.4) ipr < §pu2 - ?pDu3 - 6Txp (Du)*, §€(0,1).
Summing (4.4) over j we get
1 2 AJ}Q 2 1
(45) Il + 65 Dul < 5

P=2
By (A.5]) we have
JuDspll < 21D (@Dyp)| + C (&) [uDsp]
<e([DyuDypll+ [uD-Dypl)) + C(e) [[uDypl ,

At Az?
||uHi - ?(IL DUS) + T (U2,D+D,p) .

and similarly
luD-pl. << (IDyuD-pll+ | S*uD_Dypl) +C(e) [uD_p].
We use this to estimate
|(p, Du®)| = |(Dp, u?)|

2
[uDp| o [ull
1

IN

IA

2
(luD4pllo + l[uD-pllo) [ul

IN

3
1

5 (¢ (ID+uD_pll + [luD_Dsp|| + | DuD-p| + || 5*uD_D-p)
C(e)

T3

(D pll + [uD-pll)) ull®
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< se(|D+uD-p| + | DuDypl]) [[u]®

N

1
+ 5 (lull 1D-Dspll + || S*ul| 1D-D1p..

C(e
O (1019l + Il 1D-p) )

<& (IDyuDp|* + |DyuD_p|*) + Az, |lul)
<e (((D:w?, Dap) + ((Dyw)?, Dop) ) + Ale, uol)

where the locally bounded function A now depends on the first and second deriva-
tives of p. Recall that ||u|| < ||ugl|, cf. (3.1). Hence,

+

Az?
2 2 2
lwll, + 06—~ IDull, < llull, + Ale, [[uol) At

(4.6) +eat (((Dyw)’ Dap) + ((Dyw)*, D_p))

A 2
+ = (. DyD_p).

Next we study the full difference scheme by adding the “Airy term” At DiD_u?H.
Thus the full difference scheme (2.2)) can be written

v=w— At DiD,v.

Writing this as w = v + At DiD,v7 we square it, multiply by p and sum over j to
get

lwl; = lloll; +2A¢ (v, D2 D_v), + A# | D D_vl]}
= |[vl} + A | D3 D ||}
+ 2At ((D+v)2 , D_p) + At ((D+v)2 , D+p)
+ AtAz | D2o|)” - At (v?, Dy D?p) .
Combining this with we get
loll} + At ((Dy0)*, Dyp) + 24t ((D1v)*, D-p)
+ AR DED_of2 + 555 | Dul? + Atae | D2l

< l[ull2 + At ((Dyw)*, D_p) + it (D2w)?, Dyp)
+ AtA(Ev ||U’OH) + At (’1)2, D+D2—p) .

Rearranging and dropping some terms “with the right sign” we obtain
lol}} + At = 2) ((D+0)*, D-p) + At(1 - 2) ((D+v)”, Dyp)
< |jull} + 2t ((Dsw)? = (Dyv)*, Dp)
+ 8¢ (ACeJuol) + 5 ool + 3 1002 )
Next, observe that

((D+v)2 , Dip> > Az Z (D+vj)2 > 0.
ljiAz|<R-1
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Define the locally bounded function B by B(e,z) = A(e, z) + 322 + ||D+D%p||2.
We choose € = 1/2 and recall that v = u"*! and u = u™. Then we get

Hu"“”i +2AtAx Z (D+u?+1)2

(4.7) liAz|<R—1

< Jju I} + At (Dyu™)? = (D), Dp) + ALB(e, Juo)-
This is a telescoping sum, and we choose N such that NAt =T to find

2 = 2
||uNHp +AtAx Z Z (D+u?+1)

(4.8) n=0 |jAz|<R—1

< |[u]2 + At ((D+u0)2 — (D) ,Dp) FTB(e, o).
From this we can easily conclude the proof of the lemma. O

Theorem 4.3. Let {u?} be a sequence defined by the numerical scheme (2.2)), and

assume that there is a constant K such that At = KAx?. Assume furthermore that
uoll 2wy 15 finite, then there eist constants C1, Ca, and Cs such that

(4.9) ||UAIHL°°(O,T;L2(—Q7Q)) = (1,
(4.10) luaell 20,0 (-0.q)) < C2
(4.11) 10cwasll passo.r-2(~0.0)) < Css

where Q = R—1 and ua, is defined by bilinear interpolation from {u?}, cf. (3.21)).
Moreover, there exists a sequence of {ij};il with lim; Az; = 0, and a function
u € L?(0,T; L*(—Q,Q)) such that

(4.12) UAz; — U strongly in L*(0,T; L*(—Q,Q)),
as j goes to infinity. The function u is a weak solution of (|1.1)).

Proof. We first observe that ||ua.|| < ||ugll so that (4.9) holds. To that end we first
recall (3.1) which in particular implies that Hu’”l” < |lu™||. Write now
T — T
uae = wj + ——(wip —wy), (@) € [25,2541) X [tns tnga)

where w; = uf} + (t — t,,) D} u}. This implies

9 Tj41
/|qu| dr = Z/
j Y%

1
= sz (wj2 + g(wj+l - wj)2 + wj(ij - wj))
J

2
r— T

wj + Hwjr —wy)| de

2 2 Az
=3 [[w]| T3 _ Wi+1;
J
2
< lwll
2
< ™"

The conclusion follows.
To show (4.10) we calculate that for (z,t) € [zj,zj41) X [tn,tnt1)

Opungs = Dyuff + (t —tn) DY Dyuf
= an(t)Dyupr + (1 — an(t)) D+u}‘+1,
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where a, (t) = (t — t,)/At € [0,1). Using this, we find

T
2 2
Iorusalizonanaon = | 1Dl o

1 tnt1
<22Am > D+u§)2A—t2/t (t —t,)2dt

jAel<Q
+ (D)L " s — 02t
+ ] AtQ : n+1

SGAT A S (D)’ (DY)
[iAz|<Q
< Cg,

by Lemma This, and the fact that [[uaz(-,?)|l12(_g,q) < lluoll, proves (4.10).
Next, observe that in each cell [z, 2j41) X [tn, tnt1)
(4.13) yune = Diuf + (x — ;) Dy DY uf,

and from the scheme we have
2

A
(4.14) Diwj = T-Dy D @} Du} — D_Diuj*".

We claim that for all sufficiently small Az (actually for Az < 1/3):
(a) For all n € Ny,
2, n n
|D-Diu HH,S(_Q,Q) < C Dyl g2 _q.q) -
(b) For all n € Ny,
ID+D-u"|g->_q,q) < ClID+u"lL2—g.0) -
(c) The piecewise constant function af Du} satisfies

laDull pa/a 0,7, 12(—q.q)) < C

for some constant which only depends on @, T and uyg.
To prove the first part of the claim, let ¢ € H3(—Q, Q) be any test function

‘/Z(D_Diu) yda| =| Y p-D? /IJrlz;S(x)dx’

l7Az|<Q

:‘ > D+u?/:]+1D+D_¢(x)dx’

liAz|<@Q I

< 2 |D+“"\/

liAz|<Q

+ > |D+u"]/ D D_¢(z) — ¢ (x)| dz.

[jAz|<Q

IT
We start by estimating I/, to that end

Tjt1 1 Tjp1 z+Ax z T
/ DL D_d(x) - ¢"(2)] de < / / / 167(6)] d6 dr d= da
T; Az x; T z—Azx Jzx
1 Tj41 z+Az z
—2/ / / \/fo||¢"’||L2(w,T) dr dzdx
Az

T Az T; T z—
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4 3/2 "
S gAl’ ||¢ ||L2($j71,zj+2) :
Thus

1/2

/
UgAg;( > 3Am|D+u§?|2)12< > ||¢"'||2Lz(w,-,1,xj+2)>

liAz|<Q liAz|<Q

< 3Az [ Dsullp2—q,0) 19" 12— q.0) -

As to I, we calculate

I= > |Dyu} |/ )| dz
liAz|<Q

< Z ’D+un’ \/7||¢”HL2(:DJ,IJ+1
liAz|<Q
2\ /2 9 1/2
S ( Z A.’,E ’D+U] | ) ( Z ‘|¢//||L2(wj,l‘j+1))
171<Q l7Az|<Q

= ID1u™ 2 q.0) 19”12~ @.0) -

Therefore (a) follows. Claim (b) is proved similarly.
To prove (c) we first define the cut-off function 7 as

1 lz| < Q,
_Jo lz] > Q +1,
n(x) = r+Q+1 ze[—(Q+1),-Q),
Q+1—-z z€[Q,Q+1],

and set 7; = n(x;). Then we have that

N-1 2/3 N-1 43 9\ 2/3
At Z (Z |n] uy Dul ) < At Z lnu™(]L Z (Du?) )
n=0  j n=0 liAz|<R

13(AtA:cN§:l 3 (Du;-‘)Q)Z/g

N—-1
< (At Y Il
n=0 n=0 |jAz|<R

(
)

(Ath::lnu”H )1/ (AtAxZ 3 (Diul) )
L) "e

2/3

IN

n=0 |jAz|<R
< (at Z e

by Lemma To proceed we use the inequality

1/4

e <2(ar 3 02) (ae Y 0a?)"

ljAz|<R jAz|<R
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which holds for any grid function v such that v; = 0 for [jAz| > R. This can be
shown as follows:

Jj—1 j—1
V41 — Vg
,sz_ = Z (Vip, —vp) = Az Z (v Jrka)Tx
k=—oc0 k=—o0
i1 1/2 i1 1/2
< (Am Z (vk—l-vk_l)Q) (Aa: Z (D+vk)2>
k=—o0 k=—o0
2 2,\1/2
< V2([lol* + [lol” )7 1Dy
< 2|jo[l | D4vll,
which implies that
1/2 1/2
[olloe < 210121 D0] 2.
We shall use this for v = nu'™, to that end observe
Ar 7 (nu)” < fu?,
liAz|<R
Az Z (D+njuj) < 2Azx Z ((u] D+77j) + (Wj+1D+uj) )
[jAz|<R ljAz|<R
<2l +280 Y (Dypul)”.
liAz|<R
Hence
n 4 n 2 n 2 n 2
co — + Y5 .
I3 < Clla | (Jul + a0 3 (Dy})?)
liAz|<R
Thus
N-1 2\ 2/3 2/3
Aty (A Y farpuf?) gAtZ(AwZ’m rouy )
n=0 iAe|<Q

< Cr (Atz ) () + Az (Dw?)z))l/g

lidz|<R
<C,

for a constant C' depending only on |jug||, R, and T'. This proves (c).
Now (a), (b) and Lemma [4.1| mean that

N
n14/3 n||4/3
|D-D3u a0 s qan = 3 2 1P-Diu 15 g0
n=0

s N - 2/3
<CT (AtZIID+u ||L2(7Q,Q)>

n=0
<C,
and that
nn4/3
||D—D+u ||L/4/3(OTH 3(-Q,Q)) = <C.
Similarly, @"Du" € L*3(0,T,L*(-Q,Q)) c L*3(0,T,H*
by {14), DY u? € LY3(0, T, H*(—Q, Q)). Next, let

1

E Z(w - xj)X[Ij,Ij+l)(x)'

J

(—Q,Q)). Therefore,

a(r) =
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Then reads
duaz = aDiu™ + (1 — a) DY STu™.
Therefore
10vunall zarsorm-3-0.0) < lallLem) HDi“nHL4/3(0,T,H*3(—Q,Q))
+ 1=l ooy ||Dz-S+unHL4/3(O,T,H*3(7Q7Q))
<2 HDf‘run||L4/3(07T7H—3(*Q7Q)) <G

which is (4.11)).

Using , (4.10), and we can apply the Aubin—-Simon compactness
lemma (see Lemma [4.4) to conclude that ua, has a subsequence which conver-
gences strongly in L?(0,7; L?(—-Q, Q)), i.e., holds.

Note that this is enough to pass to the limit in the nonlinearity. This means we
can apply the Lax—Wendroff like result of [7] to conclude that the limit is a weak
solution. O

Lemma 4.4 (Aubin-Simon). Let X, B,Y are three Banach spaces such that X C B
with compact embedding and B C 'Y with continuous embedding. Let T > 0 and
{un tnen be a sequence such that {uy }nen is bounded in LP(0,T; X) and {Oun Fnen
is bounded in L9(0,T;Y), for any 1 < p, ¢ < co. Then there exists u € LP(0,T; B)
such that, up to a subsequence,

u, —u in LP(0,T;B).

5. NUMERICAL EXAMPLES

We have tested the scheme for two examples where the solution is known explic-
itly, and for one example where the solution is not known, but the initial data has
a singularity, and is in L?2.

5.1. A one-soliton solution. The KdV equation (|1.1]) has an exact solution given
by

(5.1) wi (1) =9 (1 ~ tanh? ( 3/2(x — 3t))) .

This represents a single bump moving to the right with speed 3. We have tested
our scheme with initial data ug(z) = wi(xz,—1) in order to check how fast this
scheme converges. In Figure (1| we show the exact solution at ¢t = 2 as well as the
numerical solution computed using 1000 grid points in the interval [—10,10], i.e.,
Az = 20/1000. We have also computed numerically the error for a range of Ax,
where the relative error is defined by

N
>j=t lwi(@), 1) — uaq (2, 2)|
- .
Zj:l wi(z;,1)

Recall that we are using w;(x, —1) as initial data, so that w;(z,1) represents the
solution at ¢+ = 2. In Table [I] we show the relative errors as well as the numerical
convergence rates for this example. The numerical convergence rate indicates that,
as expected, the scheme is of first order. Note also that we have to use a rather
small Az in order to get a reasonably small error. Computing soliton solutions
is quite hard, since these solutions are close to zero outside a bounded interval,
and the speed of the soliton is proportional to its height. Therefore, if a numerical
method (due to, e.g., numerical diffusion) does not have the correct height, it will
also have a wrong speed. Thus after some time, it will be in the wrong place and
the error is close to 100%.

E =100
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9 T T N

— - — - Initial data \
Numerical solution | \ i
— — — Exact solution \ \

FIGURE 1. Initial data, and the exact and numerical solutions at
t = 2 with initial data w;(x, —1) with N = 1000 grid points.

N E  rate
500 | 51.2
1000 | 31.4 8;?
2000 | 17.6 0.91
4000 9.4 0.95
8000 4.9 0.96
16000 | 2.5

TABLE 1. Relative errors for the one-soliton solution.

5.2. A two-soliton solution. Another exact solution of (|1.1]) is the so-called two-
soliton,
(5.2)

besch? (\/19/7(:5 - th)) + asech? ( a/2(x — 2at)>
(ﬁtanh (\/LW(Z‘ - 2at)) — v/bceoth ( b/2(x — 21)2&)))27

for any real numbers a and b. We have used ¢ = 0.5 and b = 1. This solution
represents two waves that “collide” at t = 0 and separate for ¢t > 0. For large [t],
wa( -, t) is close to a sum of two one-solitons at different locations.
Computationally, this is a much harder problem than the one-soliton solution.
As initial data we have used ug(z) = wa(z, —10). In Figure[2]we show the exact and
numerical solutions at ¢ = 20. Although we have used 4000 grid points, the error
is a staggering 140%! We see that the qualitative features are “right”, in the sense
that the larger soliton has overtaken the slower one, but neither their heights nor
their positions are correct. For sufficiently small Az, the numerical solution will

wa(z,t) = 6(b— a)
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— - — - Initial data I

| Numerical solution [
— — — Exact solution

10 20 30

Sor

FIGURE 2. Initial data, and the exact and numerical solutions at
t = 20 with initial data wq(x, —10) with N = 4000 grid points.

be close to the exact also in this case, but it is impractical to calculate numerical
convergence rates since the computations would take too much time.

5.3. Initial data in L2. We have also tried our scheme on an example where the
initial data is in L2, but not in any Sobolev space with positive index. Furthermore,
note that all the conclusions in Section @] remain valid if we restrict ourselves to the
periodic case. Therefore we have chosen initial data

0 <0,
(5.3) up(z) =Lz~ 3 0<ax<l,
0 r>1,

if x is in [—5, 5], and extended it periodically outside this interval. In this case we
have no exact solution available. Therefore we can only determine the convergence
by viewing solutions with different Az. In Figure [3| we have plotted the numerical
solutions at ¢ = 0.5 using 3750, 7500, 15000 and 30000 grid cells in the interval
[-5,5]. From this figure we can observe that the numerical solutions seem to
converge nicely to a (smooth) function. The coarser features are already resolved
using 3750 grid cells, and only the finer structures become more apparent for smaller

Ax.
APPENDIX A. SOBOLEV INEQUALITIES

For the convenience of the reader we include proofs of the discrete Sobolev in-
equalities, that are frequently used, but rarely proved.

Lemma A.1. Given my, mo, m3,ni,ny € Ng, we define m = my + mo + mg and
n = ny + ng. Assume m < n. Consider u € (2(R). Given a positive . The
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0.8 N=3750 4
— - —N=7500
— — — N=15000
N=30000

FIGURE 3. The numerical solution uaz(z,0.5) with initial data

(5.3)) for various Ax.

following estimates hold

(A.1) | D D™ D2 < e || D D22 + C(e) ||ull2,

(A2) |D D™ D2 < e || D D2 ulf + C(e) ull;,

oo

for some function C(g).

The same estimates hold in the periodic case where u € (>°(R) is such that there
exists a period J € N such that uji; = u; for all j € Z, and the norms are taken
over the period.

Proof. We here treat the case of the full line only. Assume first that mz = 0. The
proof follows by induction. Let m = 1 and n = 2. Then we have

|Dull} = —(u. Dy D_u)
2 2
<el|DyD-ullz +C(e) [Jull;-
Since ||DyD_u|, = ||D_2._u||2 = ||D?u||,, we have shown (A1) in the case with
m = 1 and n = 2. Assume now that (A.l)) holds for all cases with m < N for

some fixed but arbitrary N, and all n = m 4+ 1. Given mq,mso,n1,no such that
m=mi+mg=N+1and n=ny; +ny =m-+ 1. We then find

[ D2 = (D Do, D= pra )y
< ¢ || Dy D[, + O(e) || D5 "= D
< e | D D22 + Ce) (a1 || DT D™2ulf + Cler) Jlull? ).
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using the induction hypothesis since m —ny + m —ny = m+ (m —n) = N and
m = N + 1. We can rewrite this as

(1 C(e)er) | DT D™2ulf2 < || D D™ w2 + C(e)Cler) [Jull3 -

Given € we choose €1 such that C(e)e; < %, which proves the case with m = N +1
and n = m + 1. By induction we have shown in all cases where n = m + 1.

Next we show how to extend this result to n = m+2 for arbitrary m. The general
case of n > m follows similarly. Let now ni,ny be such that n =n; + ny = m + 2.
We now have

| D7D} < & || D Dl + C(e) full;
<eler | DDl + Cler) [lul3) + C(e) [lull3
— ey | DT D™ |2 + (eC(e1) + C(e)) [lul?,

using first that n; —1+mny =n—1 =m+ 1. This proves (A.1)) in the general case
with mg = 0.
For an arbitrary ms € N we observe that

ms
(A.3) D pmepms = 9ma § (";3) itk pma-tma—k
k=0

using D = %(DJr + D_), which reduces this case to that with mgz = 0.

Consider now the inequality (A.2). Observe that

j—1 Jj—1
u; = Az Z Diui = Az Z (ug + upy1) Dy ug
k=—o00 k=—o0

which implies that
lull = [((w+ S u), Dyu)| < e[| Dyull; + Ce) |[ull; = & | Dxull; + C(e) [full -
2

| DDzl < e | Do (DY D)5 + Cle) | DY D

<e(ey |}D11D7_l2u)||§ +C(e1) |lull3)
+Ce)(er | DD a2 + Cley) [|ul?)
< (e +C(e))er | D D2l + (e + C(e))Cler) |lull -
(In the rare case that n; = mj + 1 and ny = mg we do not change the first term.)
Given & we choose ¢1 such that (64 C(e))e; < e. This completes the proof of (A.2).

The proof of (A.2)) requires some modifications in the periodic case. Let m be
such that |u,,| = min;—._. j—1 |u;|. For j > m we have

j—1 j—1
u? =u? + Az Z Diui =u? + Az Z (ug + ugt1) Dy ug.
k=m k=m

Thus
macx | < minug[* + [((u +u*), Dyu)|

1 2 2 = 2
< 7 llullz +el[Dsully + C(e) ull;
2 2
< el[Dyull; + C(e) [lull; -
Here we have used that
J—1
J A minfu;” < Az Y i = Jul}.
k=0
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which implies

1
. 2 2
mjmlug'l <7 [lull3 5

where L = JAz remains finite and nonzero as Az — 0. O

Remark A.2. We could equally well have written the inequalities , as
(A4) | D D™ D™ |, < e || D D2 ul|, 4+ C(e) ull, ,
(A.5) HDTlDTQDm?’uHOO <e HDfﬁlD’f"uH2 +C(e) [July -
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