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A Conservative Finite Element Method
for the Korteweg-de Vries Equation

By Ragnar Winther

Abstract. A finite element method for the 1-periodic Korteweg-de Vries equation
u,+ 2uuy, t+ Uyyer = 0

is analyzed. We consider first a semidiscrete method (i.e., discretization only in the

space variable), and then we analyze some unconditionally stable fully discrete methods.

In a special case, the fully discrete methods reduce to twelve point finite difference

schemes (three time levels) which have second order accuracy both in the space and
time variable.

1. Introduction. The purpose of this paper is to study a Galerkin-type method
for the 1-periodic Korteweg-de Vries equation

u, + 2uu, +u,, ., =0,

D u(x, 0) = uy(x),

for 0 <t < T, where T > 0 is a fixed real number. This equation arises for example
as a model equation for unidirectional long waves in nonlinear dispersive media. For a
discussion of this equation we refer the reader to Whitham [9] and references given
there.

We derive the numerical method by writing the equation (1.1) in the conserva-
tive form

(1.2) Uy —w, =0,
where the flux w is given by

(1.3) w=-u, —u

We insist that the conservation law (1.2) be satisfied pointwise, while the elliptic type
relation (1.3) will be approximated by a Galerkin method.

We note that if we differentiate the relation (1.3) with respect to time, (1.2)
and (1.3) imply the system

(1.4
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Our numerical method can be written either as an analog of the single equation (1.1)
or of the system (1.4). In the first case, we only compute an approximation of the
displacement u directly, while in the other case, the approximations of both # and w
are simultaneously computed.

In Section 4 we derive error estimates for a semidiscrete version of this method,
based on discretization in the space variable. If U and W denote the semidiscrete ap-
proximations of u and w, respectively, we prove estimates of the form ( = (0, 1))

lu—Ull , <ch,
L=)

and

ch"*l ifr>3,
w-wi , <
L )

ch?, ifr=2,

where ¢ is a constant depending on u, r = 2 is an integer and # > 0 is a small param-
eter indicating the space discretization. Here U and W are sought in a class of piece-
wise polynomials of degree less than r and » + 1, respectively.

In Section 5 we analyze some fully discrete schemes which have second order ac-
curacy in time. For each time step a linear system of equations has to be solved. For
one of the schemes considered, the coefficient matrix is a function of time, while an-
other scheme has a coefficient matrix independent of time. All the schemes considered
are unconditionally stable; i.e., no relation between # and the time step k need to be
satisfied. This should be compared to the stability relation kk ~3 < ¢, where c is a
constant independent of k and A, which is usually required for explicit schemes for the
equation (1.1) (see, for example, Fornberg and Whitham [5]).

The semidiscrete method is precisely formulated in Section 3 and in Section 6
we briefly discuss a closely related finite difference scheme.

Finally, we mention that a different semidiscrete method for the equation (1.1)
was discussed by Wahlbin [8] and some numerical results for certain fully discrete
versions of this scheme can be found in [2]. Spectral methods for the equation (1.1)
have been proposed by Tappert [6] and Fornberg and Whitham [5]. Numerical re-
sults for some finite difference schemes are discussed by Vliegenthart [7].

Throughout this paper, ¢ denotes a generic constant, not necessarily the same at
different occurrences.

2. Notation and Preliminaries. On the space L2(I) let (*, -) and |I'|| denote the
inner product and norm, respectively. For any integer m > 0, H™ denotes the Sobo-
lev space of 1-periodic functions on R with m derivatives in L .(R), where the asso-
ciated norm, ||[l,,,, is given by

o= (SN

If m < 0 is an integer, then H™ denotes the dual of H™™" with respect to the inner
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product (¢, -) with norm

i, = sup 29
perrom Iy,
p#0

For any integer m take H™ to be the subspace of H™ consisting of functions of mean
value zero; i.e.,

A™ = (v € H™|(v, 1) = 0}.
If v € C(0, T; H™), then let

Woll,,, = sup I,
0<t<T

Also, let ||, denote the norm in L=(I). All functions above are assumed to be real
valued. We recall that H' C L™(I') with continuous injection; see for example [1].
This implies that there is a constant ¢ such that

loell, < cllvllyllell, forv, o€ H;

and hence,
lvell_y <clivll_llgll, forvEH™, pEH.

We now recall that it was proved by Bona and Smith [3] that if the initial data
uy of (1.1) is in H™, m > 2, then there is a unique solution  of (1.1) and

j
<§—t) u € C, T, H™~3),

for each integer j = 0 such that m — 3j = 0. Furthermore, there is a constant c(llugll,,)
such that

I, <ot

3. The Semidiscrete Method. First, we introduce two classes of finite dimen-
sional function spaces. For any E C I let P,-(E )= {v:I—R| vl is a polynomial of
degree less than j}. Now let A be a family of partitions of 7; i.e., if § € A, then
8 = {x}¥,, where 0 = xy <x; <*+-<x, = 1. We shall use the notation I, =
(i1 %), h = B() = max; ;<pr0e; = x;_y) and & = R(8) = min; ¢; <prCe; — %;y)-
Throughout this paper we make the assumption that the family A is quasi-uniform in
the sense that there is a constant ¢, independent of §, such that

3.1 h<ch foralls € A.
For the rest of this paper we assume that 7 is a fixed integer = 2. We now de-
fine two families of function spaces {Ss}sc, and {Sg}seca by
S& = {“GHII“EPr(Ii);i= l’ 21 "'9M};
and

S} ={xEH*XEP, . (I);i=1,2,...,M}.



26 RAGNAR WINTHER

It is easy to see that S5 C C(I), S¥ C C'(I) and dim Sy = dim Sy = M(r — 1). We
also observe that if x € S¥, then x,, € S;.
Note that by (3.1) there is a constant ¢ such that

(3.2 llully < ch ™ Miull  for u € S.

This property, which is usually referred to as an inverse property, follows easily by a
homogeneity argument. Finally, we observe that the spaces S5 and S5 have the ap-
proximation properties that for any ¢ € H™

l )
G-3) inf Y Wllp -l <ch™ligll,,, 1<m<r,
KESs j=0
and
2 Y
B4 inf > Wl —xl; <ch™lgl,,, 2<m<r+]1,

where c is a constant independent of & and .

Now let P: L*(I) — S, denote the L2-projection on Ss. For an arbitrary
@ EH™, m > 1, choose u € S, such that (3.3) is satisfied. Then we obtain from
(3.2) that

(3.5 llp = Poll; <llp—ully + llu = Poll, < ch™ i,
for 1 <m <r. In particular, it follows that
(3.6) IPoll, <cllgll, for p € H*,

where c is independent of 4 and ¢.
The semidiscrete method for (1.1) is now derived by seeking U: [0, T] — S;
and W: [0, T] — S} as approximations of u and w, respectively, such that

(3.7 U,-Ww,=0,
where U and W are related by
(3.8) Uyr i) = (U?, )= (W, u) for p €5.

Here (3.7) is a pointwise relation while (3.8) is a Galerkin approximation of the ellip-
tic type relation (1.3). We note that if x € S¥, then it follows from (3.7) and (3.8)
that

(Ut, X) = _(u/’ Xx) = _(Ux> Xxx) + (U2, Xx)'

Hence, U satisfies

39) WU, 0 = (U, %) + (Uy, X)) =0 for x €87,
' U(©) = U,,

where the initial data U, € S has to be specified.
Remark 3.1. We note that (3.9) is a nonlinear system of ordinary differential
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equations. We also observe that the coefficient matrix in front of the time-derivative
can be singular, since it can occur that P(S}") is strictly contained in Ss. However, in
order to analyze (3.9), we shall in Section 4 assume that P(S;*) = S, for all § € A.
This condition is for example always satisfied when » = 2 and & is a uniform partition
of 1, which partitions I into an odd number of subintervals. The assumption will be
removed in Section 5, where we consider an implicit time stepping scheme for (3.9).
Now note that if the initial value problem (3.9) is solved then, for any ¢ € [0, T],
W(t) € S can be determined from the facts that

W,=U, and (W, 1)=-(U%1).

However, if we are interested in approximations of the flux w, then the method above
can also be written as a semidiscrete analog of the system (1.4), where both the vari-
ables U and W are computed directly. In order to see this we differentiate (3.8) with
respect to time, and use (3.7) to obtain the system

U,-W, =0,
(3.10) W ) + 2(UW, , 1) = Wy, 1) =0 for p €85,
uo) = u,, w0) = wos

where U, € S5 and W,, € S§ have to be specified.

We remark that if U, W is any solution of (3.10), where U, and W, are chosen
such that (3.8) is satisfied, then U satisfies (3.9). However, in general, the equations
(3.9) and (3.10) are not equivalent. In fact, if U, W solves (3.10) for arbitrary U, and
W, then

(3'11) (Ut, X) - (U23 Xx) + (Ux’ Xxx) = (0> Xx) for X E S*>

where 6 € Sy is given by
(3.12) 0, 1) = (Ug)y > 1) = (Up)?, ) = (W, ) for p € S5.

We note particularly that the function 6 is independent of ¢.

The main difference between (3.9) and (3.11) is that (3.11) allows us to specify
initial values for both U and W. As we shall see in Section 4, this extra flexibility
gives the equation (3.11) certain advantages over (3.9).

4. Error Estimates for the Semidiscrete Method. In this section we derive error
estimates for the semidiscrete method (3.9). At the end of this section we also obtain
certain variants of these results for the method (3.11) (or equivalently (3.10)). In or-
der to avoid some technical difficulties we make the assumption throughout this section
that P(S3") = S5 for all § € A (cf. Remark 3.1). We remark that the need for this as-
sumption does not indicate limited application of the method, but it is an assumption
which simplifies the analysis of the semidiscrete method.

Define an operator A: L2(I) — H' by

Ap), =90 —=(p,1) and (Ay, 1) = (o, 1).
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We note that if 4 € S;, then Au € S and, if we letS"5 =S NA' and §§" =8 ﬂﬁz,
then A(S;) = S7.

Also let P,: H' — S be the H'-projection onto Sj; i.e.,

@-Pio, )+ (0, —~(Pr9)y, 1) =0 forp€s,.

We observe that it follows from (3.3) and standard theory for Galerkin methods for
elliptic equations (see for example [4]), that for any ¢ € H*
4.1 llo = Pygll_, <ch**Plgll,, -1<p<r-2,1<s<r,

where c is a constant independent of 4 and ¢.

We now define V: [0, T] — S5 by W(r) = (P,u)(t), and we let p(¢) =
u(?) — V(¢). We note that it follows from (2.1) and (4.1) that, for any integer j = 0,
there is a constant ¢ = c(llu,ll; . 3].) such that

oV
4.2) m<5—t> pm Sch®**P, -1<p<r-2,1<s<r
-»

Also, observe that ¥ satisfies the equation

(43) V0 - (X)) + (Ve %) = (@ + Vo + 0, %) = (045 %0,
for x € S
Now let e = u — U and n = V — U, where U is the solution of (3.9). Then

e = p t n, and we note that (4.2) implies that e can be estimated by estimating 7
which is a function in Sg. This will be done by comparing (3.9) with (4.3).

THEOREM 4.1. Let s be an integer such that 1 < s < r and assume that
ug EH** 6. Then there is a positive constant ¢ = c(luy|l, . ¢) such that, if | An(O)ll, < 1
and h < ¢, the initial value problem (3.9) has a unique solution U satisfying

“44) llell, < c{r*"P + lAn(O)ll,}, 1=>p=>max(-1,2~-7).

Furthermore, if uy € H*°, then there is a constant ¢ = c(|luy|l, , o) such that
“.5) llle,lll, < c{h*7P + |IAn(O)ll, + AR, Ol,}, 1=p=>max(-1,2-7).

Proof. We first prove the estimate (4.4). Observe that (3.9) is a system of or-
dinary differential equations which has a local solution for all initial values. Hence,
the existence of the solution U on [0, 77 is established if we can show an a priori
bound for [|Ulll;. Because of (2.1) it is, therefore, enough to show (4.4) under the
assumption that U exists on [0, T]. Also, note that it suffices to show (4.4) under
the assumption that there is a constant c, independent of 4, such that

1/2
(4.6) o Sup U@L < UG W02 <c.

Now let
0, ifr=2,

1, ifr>3.

q=
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We note that in order to show (4.4), it is enough to show that

@.7) iy, < e{r**9 + JAn(0)I, }.

Take £ = Ap, + p + (u + V)p. Then, since (p;, 1) = 0, it follows from (3.9) and
(4.3) that 7 satisfies the equation

4.8) (M, ) = ((V+U)n, x,) + (y, Xeer) = ( x,) for x € SF.

The equation (4.8) will now be used to obtain error estimates for n. Take first
X = An, in (4.8). Note that (n,, 1) = 0, which implies that (n;, An,) = 0. Therefore,
we obtain

1d
3 aimll® = & m) + (V + Uyn, my).
By integration in time we, therefore, have for any 7 € [0, T
Iy (DI = I O + 2 [ [ (& m) + (V + U)n, )b ae

Since (4.2) implies that ||(3/0¢Ypll_, < ch**9,j =0, 1, 2, we obtain by integration
by parts in time that

2[5 & myar =2l - 2f &, wyar.

1, - - 7
< 4 ln (DN + c3h2(s+q) + AR + lAn(DI? + fo ||An||§dt§.

In order to estimate the second term above, observe that

((V+ U)n, n,) = 2(Vn, n,) — (%, n,).
By (4.2), it follows that

T

T T
4 [, vn,nyde =20, )y =2 (v, nPyar

- - T
< I (DI? + A3 + IAn(EI? + [ ||n||2dt§.

Also, by (4.2) and (4.6) we have that

2 [y, mpde = 367, D) < Hin, (DI + e QiAnO)2 + 1an(ryIR)

Hence, we have shown that there is a constant ¢ such that, for any 7 € [0, T]

- — t
(“49)  lin (DI = cllAn(DI* < c;h“”q) +1ARO)IZ + | IAni2 dtf,
where ¢ is independent of /# and 7.

Next take x = APAn in (4.8). Then we have

(@.10) =3 SIPATI? = (7 + U)n, (APAT)) + (0., PAR),) = (& (APAT),).
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First note that by (3.5)
(1> (PAn),) = (n,, (P = I)An),) < chllAnll3.
By integrating (4.10) in time and using (3.6), (4.2), and (4.6) we, therefore, have

IPAn(T)II? <c;h2<s+q> + lAn(0)I1* + fo’uAnugdrg,

for 0 <7< T. But now we observe that
WPAR(EN? = IAn(DN? - I = P)An(D* > IAR(I? - ch4|Inx(?)II2;

and hence, we have

“.11) IAR(EI? ~ ch®lin, (D)2 <c;h2<”q> + lAR(O)Il + ﬂIIAnllidtg.

By comparing this with (4.9) we now obtain that for 4 sufficiently small and 0 <7 < T,

— T
[UEIERS c%h““q) + I1An(O)I3 + |, uAnn%dtg,
where c is independent of 4 and 7. Therefore, Gronwall’s lemma implies that

AR, < c{r**? + lIAn(O)Il,};

and this implies (4.7). Thus, (4.4) is established.
In order to prove (4.5), observe first that, in the same way as above, it is enough
to show (4.5) under the assumption that

(4.12) sup U (Dl <¢,

0<t<T

where c is independent of A.
First, differentiate (4.8) with respect to time. We then obtain

4.13) M0 ) —((V+ U0y, X)) + (g X)) = G X)) for x €85

Hence, if we take x = An,, and integrate (4.13) in time, then we have

I (NP = liny O + 2 [ (&, m,) + (V + U)m),, m, )b

By integration by parts in time, we obtain as above that

2 [ G mddr = 2ty = 2 [y mp)at

1 -
<l (DI + e

R2C+D + | An O)IF + IAn(DI® + fotIIAnII§dt§.

In order to estimate the second term above we note that
((V + U)”T)t = (V + U)T]t + 2th - MMy

By integration by parts in time, we have
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i+ vy myae =L + vy, @I -1 [T + v, @D,

.fot(Vt’ medt = (Vy, "mt)L: - fot{(Vtt’ m)+ (V,, (n,)*)}de,

and
t 1t 1 T 1t
Jo @ ndar =3 f @ @)de = 50, @), — 5 f, @), Da.
Therefore, by applying (4.2), (4.4), and (4.12), we obtain

7 L, -
2 [ @ + U, meddr < gl (DIP + ¢ {n26 0+ IAn(O)I + An,(O)I3

- T
+ AR (DI + | NAnl3 dt .
0

Hence, we have shown that there is a constant ¢, independent of 7 € [0, T] and 4,
such that

lIn, (EN? = clin(DI* < ¢

R+ + [[An()I12 + IAn,(O)I2 + fot"""’"%dtz'

If we now take x = APAn, in (4.13) and proceed exactly as we did when we derived
(4.11), then the inequality above leads to the fact that

(4.14) AR, < e{h*F2 + IAn(O)Il, + lIAn, (O, };

and hence, (4.2) implies (4.5). Finally, we note that since (3.9) has a local (in time)
unique solution, the estimate (4.4) implies the existence of a unique solution for
0<:<T O

Remark 4.1. Assume for a moment that we wanted to solve the equation (1.1)
on the interval /; = (0, L) instead of I A careful examination of the proof of The-
orem 4.1 would show, that in this case the constants in (4.4) and (4.5) are independent
of L. This is desirable if the periodic version of (1.1) on I, , with L large, is to be
used to approximate the pure initial value problem for (1.1).

Remark 4.2. A careful study of the proof above would also show that the regu-
larity assumptions stated in Theorem 4.1 can be weakened when r = 4. In this case
we only need, for example, u, € H* *5 in order to prove (4.4), and if we are inter-
ested only in the H'-part of (4.4), then u, € H*3 is sufficient.

Now let U be the solution of (3.9), and let W: [0, T] — S; be the correspond-
ing approximation of the flux w determined by (3.7) and (3.8). Then W is uniquely
determined by the fact that

W.=U, and (W,1)=-(U%1)

or
W= AU, - (U?1).
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Hence, at any time ¢ € [0, T'], W(¢) can be computed from U(?) and U(t). As above,
it also follows from (1.2) and (1.3) that

w=Au, - w?,1).
Therefore, if we let f = w — W, then we have
f=Ae,~ (@ + U)e, 1) = Ap, + An, = (@@ + U)e, 1);
and hence, it follows from (4.2), (4.4) and (4.14) that

(4.15) AN, < c{h"™t17P + 1AR(O)ll, + AR O)I}, 2> p > max(0, 3 - r),
where ¢ = c(llugll, ;)

If we at any time ¢ € [0, T] have computed W(¢) as above, then this can again
be used to obtain a higher-order approximation U, of u. For any ¢ € [0, T] define
U, (1) € S§ by
(4.16) Uy, %) + (U, ) =W+ U+ U? x) forx €Sy

Note that U, is uniquely determined by (4.16), and we have the following error
estimate.

THEOREM 4.2. Assume that uy € H"*°, let U be the solution of (3.9), and let
W be the corresponding approximation of the flux w. If U,: [0, T] — Sy is defined
by (4.16), then there is a constant ¢ = c(|lugll, , o) such that

lle = Ullly < e{h"*9 + IAn(O)ll, + lAn,O)ll,},
where
0 ifr=2,
q= .
1 ifr=3.
Proof. Note that (1.3) implies that « and w satisfy the relation
—u tu=wtutu

By comparing this with (4.16), and by using standard theory for Galerkin methods for
elliptic equations (see [4]), we obtain that

lle = Uyllly < c{h™t + lle + f+ (u+ Uell_,}

<c{n"™+ llell_, + WAN_y + U+ Ull el };

and hence, the desired result follows from (4.4) and (4.15). O
We note that if we choose U, = P u,, then Theorem 4.1 implies that

llelll,, <ch'™P, 1=2p>max(-1,2-7r).

However, if we are interested in the estimate for e, (or the estimates for f or u — U,),
then this choice of U, might not lead to a good estimate for ||An,(0)ll,. One way to
construct Uy, such that both ||An(0)Il, and [|An(0)Il, are small, is to first choose
Wy € Sg close to w(0) and then take U, € S5 to be a solution of (3.8) such that
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(Uy, 1) = (uq, 1). This leads to a nonlinear equation for U,. It can be shown, by a
contractive mapping argument, that this equation has a unique solution U, in a neigh-
borhood of uy, if |lugll, is sufficiently small. Furthermore, U, can be approximated
by a linearly convergent iterative process.

An alternative way of overcoming the problem of choosing initial values described
above, is to use the equation (3.11) instead of (3.9). In the rest of this section let U
denote the solution of (3.11) and as above let e = u — U.

THEOREM 4.3. Let s be an integer such that 1 <s <rand assume that uy € H*°.
Furthermore, let Uy = Pyu, and Wy = AP,w_(0). Then there is a positive constant
¢ = clluglly 1 ¢) such that, if h < c~', the equation (3.11) has a unique solution U
satisfying

“4.17) IIIelllp <ch*P, 1=2p>max(-1,2-r).
Also, if ug € HS*®, then there is a constant ¢ = c(llugl , o) such that
(4.18) lle M, <ch®™P, 12>p>max(-1,2-r).

Proof. First note that since the equation (3.11) is independent of the mean
value of 6, it is enough to show the results above for W, = AP;w,(0) + (w(0), 1).
In this case, the right-hand side 6 of (3.11) is determined by

(4.19) (6, w) = (p(0), w) + ((ug + V(0)p(0), p) + (AU = P)w,(0), ),
for u € S5. We also note that (3.6) implies that there is a constant ¢ such that

Wil_;, <c sup (CAY) for any ¢ € ;.

WES lull
k#0
Hence, it follows from (4.1) and (4.19) that
sta 0 ifr=2,
0 < ch where g =
o1y TN itr>s.

The estimate (4.17) follows now by a trivial modification of the argument that led to
(4.4), by considering 6 as an extra error term. The estimate (4.18) follows exactly in
the same way as (4.5), since 6, = 0. O

We finally note that the estimates in Theorem 4.3 again can be used to prove
estimates analogous to (4.15) and Theorem 4.2.

5. A Second Order Discretization in Time. The purpose of this section is to
analyze examples of fully discrete versions of the semidiscrete methods discussed in
Section 4. We shall consider two implicit methods which have second order accuracy
in time. First, we consider a method where the associated system of linear equations
has a coefficient matrix which is independent of time; and then, at the end of this
section, we consider a method where a new matrix has to be inverted for each time
step. The first method is of course desirable; but unfortunately, we need some extra
regularity assumptions on the initial data in order to establish the convergence of this
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method. For the second method, however, we prove convergence with essentially the
same assumptions as in Theorem 4.1. Also, recall that in this section we do not assume
that P(Sg') = S;.

Let N be a positive integer, and let k = T/N. Fort =0, k, ..., Nk, we seek an
approximation of u in the space S5. In order to formulate the method, we first intro-
duce some notation. For any v defined at ¢ = 0, k, ..., Nk, we let v = v(nk) and

N2 =30 + o), n=0,1,...,N—1,
=% "+, n=12,...,N-1,

(D+v)"=llc(v"“—v"), n=0,1,...,N—1,

D) = @) 2=t - Y2k, n=1,2,...,N-1
We first consider the following fully discrete analog of (3.9):

(@UY", %) — (U, %) + (U, xx) =0 for X €S,
5.1
ut=u,, U°=U,,

where {U"}f:’=0 C 85 and where the initial values U, and U, have to be specified.
We observe that {U™} is uniquely determined by (5.1).

Now let V: [0, T] — S, be as in Section 4; i.., V(£) = Pyu(?), and let o) =
u(f) — V(). We note that it follows from (2.1) and (4.1) that for any j >0,

2 MDLp)N_, <ch**P, -1<p<r-2,1<s<r,
snsiN—j

where ¢ = c(llugll 4 35)-
Also note that {V"}J,Y —o satisfies the equation

(DoY), %) = (V2 x) + (V7 X))

(5.3) 5
= (@™ + V™)p" + 7" + F ()", %) — (Dop)" + F,)", x) for x €Sy,

where F,(u)" = (u‘{)" - @?)" and F,(u)" = ul' = (Dyu)".

In analogy with Section 4, let e” = u" — U™ and ¢ = V" — U". The following
theorem will be derived by using arguments which are closely related to the ones given
in the proof of Theorem 4.1. The main difference is that we here simultaneously prove
error estimates for {e”} and {(D e)"}.

THEOREM 5.1. Let s be an integer such that 1 < s <r and assume that
ug € H™3x(6+6.10) " Then there are positive constants ¢ = c(lluglly 4 ¢) and ho =
ho(luglly o) such that, if 1A Ny, AR Iy, IAD )l IAD 1) ll; < 1 and h < hg,
the solution U of (5.1) satisfies

(54) max [lle"ll, < c{k® + h*7P + |An°1l, + AR N}, 1 2>p >max(-1,2 7).
o0<n<N
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Furthermore, if ug € H +9, then there is a constant ¢ = c(IIuolls +9) such that

max D, e)? <C'k2+ s—p 4 0 + 1
o<Pax D e, <c{k” +h IA°1l, + AR,

(5.5 +1IAD  0)°ll, + IAD,m)',},
12p>max(-1,2 -7r).

Proof. We first note that it is enough to prove the estimates above under the
assumption that

0<n<N-1

0<n<N
for some constant ¢, independent of k and 4. Now let
0 ifr=2,
1 ifr=>3.
Observe that in order to show (5.4), it is enough to show that
(5.7 gmax In"lly Sc{k® +h**9 + |Anll, + A0t}

sn

q:

We also observe that it follows from (5.1) and (5.3) that {n"*} satisfies the difference
equation

(58 (Do), ) = (V" + UM, x,) = (W2, xxx) = (£", x,;) for x € S¥,

where £ = A((Dyp)" + F,()") + " + V™)p" + 5" + F,(u)".
In order to simplify the writing we now introduce the following notation:

a” = %A ? + |An™ +1)2),
(5.9) B = %(Im2I* + I +1)12),
v = BAARMS + A" 112,

Now take x = A(Dyn)”" in (5.8). We observe that (5.8) implies that (Dn)*, 1)=0
and, hence, ((Dyn)", A(Dyn)") = 0. We, therefore, obtain

1 -
2 U P12 = nE~H2) = (&, @em)™) + (V" + U™, (Dn)™);
and hence, by summing fromn=1ton=m (1 <m <N - 1),
m
B™ = 6% =2k 3° {(F", Dom)™) + (V™ + U™, (Dyn)™)}.

n=1

By summation by parts we now have

% 3@ Qo) = @) @) - @) - (1)

Sk'S (@), ).
n=2
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Therefore, we obtain from (5.2) and Taylor’s Theorem that

m m-—2
2% 3 @, Dgn)) 5B + ek HCFD 490 L am 4k Y Y
n=1 n=2

Similarly, we also obtain from (5.6) that

XS (V" + UDT, D)) = 3 (V" + UM, i =)

n=1 n=1
= (V™ + U™), " g™y — (V! + UY), n'n°)

KT @0+ O )

n=1

1
<_m
46 +c

m-—2
YO+ o™+ k > .

n=2
(Note that we here particularly have used that |(D, U)"|,, is uniformly bounded.) The
estimates above imply that there is a constant ¢, independent of k, A, and m, such that

2
K 4+ 12610 440 4+ > 7"$ for0<Sm<N-1.

n=2

(5.10) p™ —ca™ <c

Now observe that if we take x = PAPT" in (5.8), then an argument analogous to
the one that led to (4.11) implies that for 0 <m <N -1,

K+ n26FD 440 4 g z—:2 7n§.

n=2

o™ —ch*pm < ¢

Therefore, we obtain from (5.10) that, for 4 sufficiently small,

Y <c

-2
K 4+ p26TD 440 4 kmz 7"2,

n=2
where c is independent of k, 4, and m (0 <m < N — 1). Hence, by the discrete ver-
sion of Gronwall’s Lemma we have

max Y™ <c{k*+ p2G+) 4,0}
0<n<N-1

or

(5.11) max [An"ll, <c{k* + m T + [|[An°ll, + lIAn 1, };

0<n<N

and this implies (5.7). Thus, (5.4) is established.

In order to show (5.5), we note that if we apply the difference operator D, to
Eq. (5.8), then we have

Gy @Dl = (@7~ U ) + (@ T Xe)

=D&, Xy) for x € SE.
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In analogy with the notation above, we now let o, 87, and 7' be defined by an ana-
log of (5.9), where " is replaced by (D, n)". We also note that

(@, 7", @Dy = (D, M1 = 1D,y 12).

Therefore, if we take x = A(DyD,n)" in (5.12) and sum fromn = 1ton =m
(1 <m <N -2), then we have

(5.13) B -pY =2k f (@ " + @L(V? = U)", (DyD )"}
n=1

By summation by parts we now obtain in the same way as above that

2k i (D8, DyDLM)")

n=1
1 4 4 32(s+ 0 m2
SV AR A AR P R D IR T
n=2
In order to estimate the second term above we use the identity

(D+(V2 _ U2))n - (Vn+1/2 + U"+1/2)(D+17)n

+ 2(D+ V)n,nn +1/2 _ nn +1 /2(D+17)n.
By summation by parts we now have
m
2k 3 (VPR Un YD )", (DD n)")
n=1

= (Vm +1/2 + Um +1/2’ (D+n)m +1(D+n)m)

- (V3/2 + U3/2, (D+TI)1(D+TI)O)

- 2% i (Do (V + U)Y, @ )" Dym)" ™).

n=2
Similarly, we also have

2% f ((D+ V)n,nn+1/2’ (D0D+n)")

n=1

= (@, VY "R Dy ) + (DL VYT, (D n)™)
— (D, V)2, D, 0)°) = (D, V)02, (D))
&S @D, VY 4, VY Dyt

n=2

+ D, VY HDyn)", (D0)").
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Finally, we have
% ,.Zr::l @ 12D )", (DD 1))
="t @m0 - @, 0.m)° 0"
s n}i (@on)', @y~ Dy,

Therefore, it follows from (5.2), (5.6) and (5.11) that

2%k fj (DL (V? =U)", (DeD 1))
n=1

<%ﬁ’,"+c

m-—2
K+ n26+) 490 440 4o 4 i )3 7;"2.

n=2

Hence, we obtain from (5.13) that there is a constant ¢, independent of &, 4, and m, such
that

(5.19) B —cat <c

k4+h2(s+q)+ 0+ 0_|_km._2 n
7+ >

n=2
for0O<m<N-2.

By taking x = APA(D,7)" in (5.12) we obtain in the same way as above that

m-—2
ot = ch*pl <c3k4 +R2EHD 440 10+ S 7;'€.

n=2

By comparing this with (5.14) we have that, for 4 sufficiently small,

-2
K+ R26HD 440 440 4 g 5 7;'2.

n=2

W <c

Therefore, the discrete version of Gronwall’s Lemma again implies that
max vl <c{k* + h26TD 440 4 40}
0<n<N-2

or

max  ADn)"ll, <c{k* +h*+ + ||An°ll, + |IAn!
(5.15) o<n<N-1 Dn)'lly < e n-ll, + A0 I,

+ 1A 0l + IAD )},

where ¢ is a constant independent of k and A. Since (5.2) and (5.15) imply (5.5),
this completes the proof of the theorem. [
In the same way as in the semidiscrete case we can now use the computed ap-

proximation {U"}Y.

n—o Of the displacement u, in order to obtain an approximation of
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the flux w. Define {W"}V-1 C §¥ by

WP =(D,U)Y" and (W", 1)=-(U?",1)
or

W" = AD,UY* = (UH", 1).
Since it follows from (1.2) and (1.3) that w" = Au} — (@?)", 1), we immediately ob-
tain from (5.2), (5.4), (5.15) and Taylor’s Theorem that
Jnax NF™M = c{k* + " *17P + | An°ll, + llAn*,}
(5.16) 1<n<N-1
+IAD 1)l + IAD 1) 1l
for 2 > p > max(0, 3 —r), where f = w" = W" and ¢ = c(lluyll, ;o)
If we for any n, 1 <n < N — 1, define U} € S by
(U x) + U, )= (W" + U™ + (U?)", x) for x €SS,
then it also follows, in the same way as we proved Theorem 4.2, that (with ¢ =
cllugll, +0)
lu™ = Ul < c{k? + A" + (|An°ll, + IIAR* 1, + IAD )0l + IAD, )y},
where
0 ifr=2,

1 ifr=3.

We shall now discuss how to choose the initial values U, and U, in (5.1). Note
that even if we are interested only in the estimate (5.4), Theorem 5.1 applies only if
U, and U, are chosen such that ||A(D +n)°||2 and [|A(D +17)1||2 are uniformly bounded
for all § € A. In the same way as it was indicated in Section 4, such initial values can
be found by an iterative process if |lu,ll, is sufficiently small. Here we shall instead
consider an analog of Theorem 4.3; i.e., we shall consider a fully discrete version of
(3.11).

First let, for any € > 0, w(e) = w(0) + ew,(0). Now define W, € S5 by W, =
AP, W, (k) and Uy, U, € S5 by U, = P uy and U, = P,u, + kP, w_(k/2). Further-
more, let § € S be given by the following analog of (3.12):

(5.17) (0, 1) = ((Up)y + kW) r 1) = (U, 1) — (W, 1) for u €Sy
We shall consider the following fully discrete analog of (3.11):

@oU)", %0 = (U, %) + (U7, xex) = (0, %) for x € SF,
(5.18)

vt=vu,, U°=U,.

We note that (5.17) and (5.18) imply that (DyU)' = (W,),; and therefore,
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I@emll; = IP,(Dg)! — W, (k)
< IDou)! = uB)ll; + Iwy (k) — W (R)Il, < ck?.

Similarly, since (D, U X =pr W, (k/2), we also obtain
1D m)°ll; < ck?;
and therefore, there is a constant ¢, independent of k and &, such that

IAD . 0)°ll,, IAD ) I, < ck?.
Note also that n° = 0 and n' = P, {f¥w,(s)ds — kW, (k/2)}; and hence,

(5.19) IAR°1l,, IAR* I, < ck?.

Finally, we observe that, if 1 <s <7, then it follows in the same way as the corre-
sponding result proved in Theorem 4.3 that

0 ifr=2,

oll_, <c{k® +hn**t9}, where q =
1 ifr=3.

Therefore, the following theorem follows by a simple modification of the proof of
Theorem S.1.

THEOREM 5.2. Let s be an integer such that 1 < s <r, and assume that
uy € H™3x6+6.10) " Fyrthermore, let W, = AP, W (k), Uy = P uy and U, =
Piuy + kP, w (k[2). Then there are positive constants ¢ = c(llu,lly , ¢) and hy =
ho(lluglly o) such that, if h < hy, the solution U of (5.18) satisfies

max lle”ll, <c{k® + hSP}, 1>p>max(-1,2-7r).
o<n<N

Also, ifuy € HS*®, then there is a constant ¢ = c(lluglly 4 o) such that

max (D e)"ll, <c{k®+hsP}, 1=>p>max(-1,2-7).
0<n<N-1

Finally, we consider a modification of the method (5.1), where a new matrix
has to be inverted for each time step. In this case, the error estimate for {e"} can be
obtained with the same regularity assumptions as in Theorem 4.1. The reason for this
improved result is that the error estimate for {e"} can be proven directly without
using results for {(D e)"}.

We consider the following method:

l 2 ~ ~
(@oUY", %) - <§(U2)" + 5300, xx> + (U, X)) =0 for x €55,
(5.20)

uvt=u, U°=U,,

where {U"}ﬁ,\':O C Ss. In the same way as above let e” =u” —U" and 0" = V" - U".
We then have the following convergence result.
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THEOREM 5.3. Let s be an integer such that 1 < s < r, and assume that
u, € HS*®. Then there is a positive constant ¢ = c(llugllg 4 ¢) such that, if IIAn°||2,
lAn'll, < 1and k, h < c™%, the equation (5.20) has a unique solution such that
max _le”ll, < c{k* + 1P + |An°l, + AR}, 12>p>max(-1,2-7).

sSns

Proof. As in the proof of Theorem 4.1, it is enough to show the estimate under
the assumption that

ma Ut <
(5.21) o éN' le <e¢,

where c is independent of k and . It is also easy to see that (5.21) implies that the
linear equations which define (5.20) have a unique solution for k sufficiently small.
By comparing (5.20) with Eq. (1.1), we now obtain the following difference equation
for {n"*}:

2 > ~
(Dom)*, x) + (V" + Vn™ + V0", x,)
— 1 2\n +Z no~n + (T — (&n
3O+ 30" % ) (0 Xex) = (7 X

for x € S§. Here £ depends only on u and V. As in the proof of Theorem 5.1, we
now obtain estimates for {n"} by energy methods. The only difference from the
proof of the estimate (5.4) is that the term

m
€3 (3ery + 2w ogr), 1<m<n-1,

n=1

can be estimated without using results for {(D,_n)"}. This follows since

(( 2)n n+1 + (772)"+1 n (n2)n -1 n (n2)nnn—l, 1)
1

I
O\ | =
Mz

n

((nz)"' ML+ Py g™ 1)—6((71 o0t + @*)'n°, 1).

Therefore, we obtain from (5.21) that
“ 1. 2 n 2 n>~n n 1 0
k22 (3@ + 300", Don)") < 78" +c{y® + ™},
n=1

where ¢ is independent of k, 4, and m and where we have adopted the notation from
the proof of Theorem 5.1. The desired result now follows by simple modifications of
the arguments given in that proof. O

We note that if we take U, = P u, and U; = P,u, + kP, w_(k/2), then it fol-
lows from (5.19) and Theorem 5.3 that

max _[le”ll, Sc{k®>+nP}, 1=>p>max(—-1,2-r).
o<n<N
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6. Finite Difference Methods. In this section we shall briefly discuss some finite
difference methods for the equation (1.1), closely related to the method (5.1). Through-
out this section we shall consider (5.1) when r = 2 and when § is a uniform partition
of I;ie., 6 = {x; }/ 0> Where x; = jh and A = 1/M. In this case we let U" = U"(jh),
where {U"} o is the solutlon of (5.1). In analogy with the notation in Sectlon S,
we also let

73T UPTY) ad DY = SO - U,
We observe that since U” is a piecewise linear function, U” is determined by the nodal
values U,-",j= 1,2,...,.M

The method (5.1) can be shown to be equivalent to the following finite difference

scheme:

1 11 11 1
24D0Uisa ¥ 34 DoUf 1 + 33 DoUf + 22 Do UL
6.1) 2 Ui Uiy - UPU7 L1 U U8 — UPUE,
' 2 h 3 o)

U+2U;+2 an—1an—1 n an+2 _3U/+1 + 3Un B Un
3h h3

L=,

where Ul-l, U]‘.’, J=1,2,..., M, have to be specified and where U" is extended peri-
odically forj & {1, 2, ..., M}.

It now follows directly from Theorem 5.1, that the solution {U]'} of (6.1)
satisfies the convergence estimate

1/2

(62 <h 2 lu(jn, hk) - U"12> <c(k®+h?), 0<nk<T,

i=1

if the initial approximations are sufficiently accurate in the sense of Theorem 5.1.

By a finite difference argument, it can also be shown that the estimate (6.2)
holds for the following slightly simpler difference scheme:

U, ) - (UM? A (“j;'+2 -3U7, +307 -0, .

Fufe + DU + = E

Acknowledgement. The author thanks J. L. Bona, J. Douglas, Jr., and T. Dupont
for many useful conversations concerning the content of this paper.

Department of Mathematics
@stfold Distriktshggskole
Os Alle 11, 1750 Halden, Norway

1. S. AGMON, Lectures on Elliptic Boundary Value Problems, Van Nostrand, New York,
1965.

2. M. E. ALEXANDER & J. L. MORRIS, ““Galerkin methods applied to some model equa-
tions for non-linear dispersive waves,” J. Computational Phys. (To appear.)



FINITE ELEMENT METHOD FOR THE KORTEWEG-DE VRIES EQUATION 43

3. J. L. BONA & R. SMITH, “The initial-value problem for the Korteweg-de Vries equa-
tion,” Philos. Trans. Roy. Soc. London Ser. A, v. 278, 1975, pp. 555—604.

4. J. H. BRAMBLE & J. E. OSBORN, ‘“Rate of convergence estimates for nonselfadjoint
eigenvalue approximations,” Math. Comp., v. 27, 1973, pp. 525—-549.

5. B. FORNBERG & G. B. WHITHAM, “A numerical and theoretical study of certain non-
linear wave phenomena,” Philos. Trans. Roy. Soc. London Ser. A, v. 289, 1978, pp. 373—404.

6. F. TAPPERT, Numerical Solutions of the Korteweg-de Vries Equation and Its Generali-
zations by the Split-Step Fourier Method, Lectures in Appl. Math., vol. 15, Amer. Math. Soc.,
Providence, R. I., 1974, pp. 215-216.

7. A. C. VLIEGENTHART, ‘“Finite-difference methods for the Korteweg-de Vries equa-
tion,”” J. Engrg. Math., v. 5, 1971, pp. 137—155.

8. L. B. WAHLBIN, ‘A dissipative Galerkin method for the numerical solution of first order
hyperbolic equations,” Mathematical Aspects of Finite Elements in Partial Differential Equations
(C. de Boor, Ed.), Academic Press, New York, 1974, pp. 147—169.

9. G. B. WHITHAM, Linear and Nonlinear Waves, Wiley, New York, 1974.



