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ASYMPTOTICALLY EXACT A POSTERIORI ERROR
ESTIMATES FOR THE LOCAL DISCONTINUOUS
GALERKIN METHOD FOR NONLINEAR KDV
EQUATIONS IN ONE SPACE DIMENSION

MAHBOUB BACCOUCH

Abstract. In this paper, we develop and analyze an implicit a posteriori error estimates
for the local discontinuous Galerkin (LDG) method for nonlinear third-order Korteweg-de
Vries (KdV) equations in one space dimension. First, we show that the LDG error on each
element can be split into two parts. The first part is proportional to the (p+1)-degree right
Radau polynomial and the second part converges with order p + % in the L?-norm, when
piecewise polynomials of degree at most p are used. These results allow us to construct
a posteriori LDG error estimates. The proposed error estimates are computationally
simple and are obtained by solving a local steady problem with no boundary conditions
on each element. Furthermore, we prove that, for smooth solutions, these a posteriori
error estimates converge at a fixed time to the exact spatial errors in the L?-norm under
mesh refinement. The order of convergence is proved to be p + % Finally, we prove that

the global effectivity index converges to unity at O(h%) rate. Several numerical examples
are provided to illustrate the global superconvergence results and the convergence of the
proposed error estimator.

Key words. Local discontinuous Galerkin method, nonlinear KdV equations, supercon-
vergence, a posteriori error estimation.

1. Introduction

KdV-type equations describe the propagation of waves in a variety of non-
linear, dispersive media and appear often in many physical applications; see
e.g. [27, 30] and the references therein. In this paper, we propose and ana-
lyze a residual-based a posteriori error estimator for the local discontinuous
Galerkin (LDG) method for one-dimensional nonlinear Korteweg-de Vries
(KdV) equations of the form

(la)  w+ (f(w)e + tlawe = g(2,t), @ €Q=la,b], 1 €[0,T],
subject to the initial condition
(1b) u(x,0) = ugp(z), =z € [a,b),

and periodic boundary conditions. Here, g(x,t), and ug(z) are some given
smooth functions. We assume that the nonlinear flux function f(u) is suf-
ficiently smooth with respect to the variable u and the exact solution is
also smooth on [a,b] x [0,T] for a fixed time T'. For the sake of simplicity,
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we only consider periodic boundary conditions. This assumption is not es-
sential and the LDG scheme can be easily designed for purely Dirichlet or
Mixed Dirichlet-Neumann boundary conditions; see [4, 7, 13, 19] for some
discussion.

The LDG method is a successful numerical technique for solving linear and
nonlinear partial differential equations (PDEs) containing higher than first-
order spatial derivatives. It was first introduced by Cockburn and Shu [29]
for solving convection-diffusion problems. Since then, several LDG schemes
have been developed and analyzed for various high order differential equa-
tions in one and multiple dimensions including two-point boundary-value
problems [20, 21, 22, 23, 24|, convection-diffusion problems [2, 4, 7, 13, 26,
29], second-order wave equations [3, 9, 10, 11, 14], the sine-Gordon equation
[15, 16, 17, 18, 25], KdV-type equations [12, 19, 31, 33, 34, 35, 36, 37], and the
fourth-order Euler-Bernoulli beam equation [5, 6, 8], just to mention a few.
The LDG method has many advantages over the classical numerical meth-
ods available in the literature such as the finite difference and finite element
methods. For instance, LDG methods are robust and high-order accurate,
can achieve stability without slope limiters, and are element-wise conser-
vative. Moreover, LDG methods are extremely flexible in the mesh-design,
they can easily handle meshes with hanging nodes, elements of various types
and shapes, and local spaces of different orders. As we shall see below, they
further exhibit global superconvergence properties that can be used to con-
struct asymptotically exact a posteriori error estimates by solving a local
residual problem on each element. More details about the LDG methods
for high order time dependent PDEs can be found in the review paper [35]
and the proceeding of Shu [32]. Furthermore, some LDG methods for solv-
ing high order PDEs were developed by Yan and Shu [38], which were high
order accurate and stable schemes.

In [12], we presented a posteriori error estimates for the LDG method for
the linearized KdV equation in one space dimension u; + oty + Bugz: = 0.
The proposed error estimates are computationally simple and are obtained
by solving a local steady problem with no boundary condition on each el-
ement. We proved that the significant parts of the spatial discretization
errors for the LDG solution and its spatial derivatives (up to second order)
are proportional to (p+ 1)-degree Radau polynomials. We used these results
to develop asymptotically exact a posteriori error estimates. We also proved
that, for smooth solutions, the proposed a posteriori LDG error estimates
for the solution and its spatial derivatives, at a fixed time ¢, converge to the
true errors at (’)(hm%) rate. The purpose of this paper is to extend these
results to nonlinear KdV equations of the form (1). In [19], we presented
and analyzed a superconvergent LDG scheme for solving (1). Optimal a pri-
ori error estimates for the LDG solution and for the two auxiliary variables
that approximate the first- and second-order derivatives are derived in the
L?-norm. The order of convergence is proved to be p + 1. We also proved
that the derivative of the LDG solution is superconvergent with order p + 1
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towards the derivative of a special projection of the exact solution. Finally,
we proved that the LDG solution is superconvergent with order p—i—% toward
a special Gauss-Radau projection of the exact solution. Our proofs are valid
for arbitrary regular meshes using PP polynomials with p > 1 and under the
condition that |f’(u)| possesses a uniform positive lower bound.

In this paper, we present and analyze an implicit a posteriori LDG error
estimate for the nonlinear KdV equation (1). We use the results of the first
part of this work [19] to prove that the significant part of the spatial dis-
cretization error for the LDG solution is proportional to the (p + 1)-degree
right Radau polynomial, when piecewise polynomials of degree at most p
are used. We use this result to construct a residual-based a posterior:i error
estimate for the spatial error. The leading term of the discretization error
is estimated by solving a local steady problem with no boundary conditions
on each element. We further prove that the proposed LDG error estimate
converges to the true spatial error at O(hp+%) rate. Finally, we prove that

the global effectivity index in the L?-norm converges to unity at O(h%) rate.
In our analysis we proved these convergence results under mesh refinement
and at a fixed time ¢t and time discretization is assumed to be exact. Our
proofs are valid for any regular meshes and using piecewise polynomials of
degree p > 1. We would like to point out that the present LDG method has
several features over the standard numerical methods due to the following
nice properties: (i) the LDG method can be easily designed for any order of
accuracy (the order of accuracy can be locally determined in each cell, thus
allowing for efficient p-adaptivity), (ii) it can be used on arbitrary triangula-
tions, even those with hanging nodes, thus allowing for efficient h-adaptivity,
(iii) the LDG method provides optimal convergence properties for both the
solution and the auxiliary variables that approximate its derivatives, (iv)
the LDG method is extremely local in data communications (the evolution
of the solution in each cell needs to communicate only with the immedi-
ate neighbors, regardless of the order of accuracy, thus allowing for efficient
parallel implementations), and (iv) it achieves superconvergence properties,
which play a key role to construct asymptotically exact a posteriori error
estimators.

The rest of the paper is organized as follows: In section 2 we present
the semi-discrete LDG method for solving the nonlinear KdV equation (1).
We also recall some preliminary results from the first part of this work
[19], which will be needed in our error analysis. In section 3 we prove the
main superconvergence result towards the p-degree right Radau interpolat-
ing polynomial. This result will be used to prove that the LDG error can
be split into a significant part, which is proportional to the (p + 1)-degree
right Radau polynomial, and a less significant part, which converges to zero
in the L%-norm at O(thr%) rate. In section 4 we present and analyze our
a posteriori error estimation procedure. In section 5 we present numerical
results to illustrate the global superconvergence results and the convergence
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of the proposed error estimator. We conclude and discuss our results in
section 6.

2. The LDG scheme and preliminary results

2.1. The LDG scheme. Here, we recall the LDG scheme for solving (1)
[19]. The main idea of the LDG method is to rewrite (1) into a system of
first-order PDEs and then discretize it by the standard DG method. To do
this, we introduce two auxiliary variables ¢ = u, and r = ¢, to convert (1a)
into the first-order system

(2) ug + (f(u))e + 71z =g, r—qy =0, q—uz =0.

Next, we subdivide the domain Q = [a, b] into N intervals I; = [z;_1, 2], i =

1,2,...,N, where a = xg < x1 < --- < xny = b. The length of I; is denoted

by h; = x; —x;—1. Let h = 1I<H~EE§V h; be the length of the largest interval. In
1

our analysis, we assume that the mesh is quasi-regular in the sense that the
ratio between the maximum and the minimum mesh sizes stays bounded
during mesh refinements.

Let Uli be the value of the continuous function v at x = ;. For simplicity,
we use v ‘1 and vﬂi to denote the left limit and the right limit of v at the
discontinuity point x;, i.e.,

o=t = Sl_i:%l+ v(x; + s,t).

v | =w(z; ,t) = lim v(z; + s,1), v

‘Z s—0~

Multiplying the three equations in (2) by three different test functions v, w,
and z, respectively, integrating over the interval I;, and using integration by
parts, we get

(3a)
/Ii utvdx—/Ii(r+f(u))vxda:+(f(u)—|—7’)fu‘i—(f(u)—i—r)v‘i_l :/Iigvda;,

(3b) / rwdx + / quzdr — qu|, + qu|, | =0,
I; .
(3c) / qzdx + / UZpdT — uz’z + uz’i_l =0.
Ii Ii

We define the following discontinuous finite element space
VP ={v:v|, € PP(L;), i=1,2,...,N},

where PP(I;) is the space of polynomials of degree at most p on I; with
coeflicients as functions of t.
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The LDG scheme consists of finding uy, g, 75 € V}f), such that, Vv, w, z €
V,f andVi=1,2,..., N,

/I(Uh)tvdx - / (rn + f(un))vede

I;

i

(1a) HF 4| = (F ity = [ guaa,

K3

(4b) / rpwdr +/ qrwedr — Qhw_’i + Qhw—i_’ifl =0,

(4c) / qrzdx + / upzeds — Upz~ ‘Z + ﬂhzﬂi_l =0,
I; I;

where f , Uh, Gn, and 7y, are the so-called numerical fluxes, which are, respec-

tively, the discrete approximations to f(u), u, g, and r at the nodes. In this

paper, we take the following numerical fluxes [19]:

e The numerical flux f associated with the convection is taken as the
Godunov flux i.e., for e =0,1,..., N,

min  f(u), ifu, <uf,
u;§u§u+

_f - + _ h
P f(uh(xz at)auh(xi at)) - max f(u), if u}; > “Z

+ —
upy <uuy

A~

(4d) f

e The numerical fluxes 4y, ¢, and 7, can be taken as
N NS -
s Gl =ay Pul,=rf],,  i=0,1,...,N.

To complete the definition of the LDG scheme, we still need to define the
discrete initial condition wuy(x,0) € Vf . In this paper, we use a special
projection P, of the exact initial condition ug(z)

(5) up(z,0) = Ppu(z,0), z€l;, i=1,2,...,N.
The projection P, is needed to prove global superconvergence result toward

Gauss-Radau projections; see [19]. It is defined as follows: Suppose g, 7, €
VP are the unique solutions (with given Pyu) to

(4e)  dp|, = u;

7;7

(6a) /[ rawdz + /1 ghwedz — giw™|, + gfwt|,_ =0, YweV!,

7

(6b)
/ qnzdx —|—/ Pru zpdx — (Phu)fzf‘i + (Phu)72+}i_l =0, VzeVP
I; I;
then we require
(7a)
(P, u— ]P)hu)f}i = (Pq— qh)ﬂi —(Pfr—mrp)*t
(7b)

/ (P u—Pru)vdr = / (Pfa—an) — (Pfr—rp))vde, Vove PPH(L),

7:7
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where ¢ = u;, r = ¢, and P}fu are two Gauss-Radau projections of u onto
VP defined element-by-element by the following conditions

(8a) /I (Pyu—u)vdr =0, Yve PP L), and (P u-— u)_}Z =0,

i

(8b) /I (Pfu—wu)vdr =0, Yo e PPYL;), and (Pfu-— u)"'}iil =0.

As discussed in [19, 31|, P, is only needed for technical purposes in the
proof of superconvergence results. In our numerical examples we used the
projection P~ and observed similar conclusions.

2.2. Preliminary results. In this subsection, we recall some results from
[19] which will be needed in our error analysis. First, we introduce some
notation and definitions. The L?-norm of wu(x,t) over I; is denoted by

1
lullg s, = <f[ (z,t) dm) . Let H%(I;), s = 0,1,... be the standard Sobolev
space

H(I;) = {u : / |0%u(x,t)|2dr < 0o, 0 < k < s} .
The H*(I;)-norm is defined as
1

s = (X fotucol], )

The norm on the whole computational domain €2 is defined as
1

N 2
2
lulls.0 = (Z !uHs,L)
i=1

We remark that if u € H*((2), then [[ul|,  is the standard Sobolev norm

1
(ZZ:O ||6£“H§Q) :
For simplicity, we use [[ul| and ||ul[, to denote [lully o and [Jull, o, respec-
tively. Finally, use ||« (0)]| to denote ||u(-,t = 0)]|.
Let e, = u — up, e = ¢ — g, and e, = r — 1}, denote the errors between
the exact solutions of (2) and the LDG solutions defined in (4). We note
that the actual errors can be decomposed into two parts as

(9) ey =€, + €y, eq=¢+€E, e =é +Eép,

where ¢, = u — P, u, ¢ = q — P}jq and €, = 1 — P}jr are the projection
errors and €, = P, u — up, €4 = h+q —qp and €, = P}jr — 7}, are the errors
between the LDG solutions and the projection of the exact solutions.

Throughout the paper, the letter C' (with or without subscript) will denote
a generic positive constant that is independent of the mesh size h, but it
may depend upon the exact smooth solution u of (1a). Note that C is not
necessarily the same at each occurrence.
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Now, we are ready to state several error estimates from [19]. These esti-
mates will be needed in our error analysis.

Theorem 2.1. Let p > 1. Let (u,q = ug,r = qz) and (up,qp,rn) be the
exact and LDG solutions of (2) and (4), where up(x,0) is defined in (5). We
assume that u € HP3(Q) and u, € HPY(Q). Also, we assume that the flux
function f(u) € C3(R), where C*(D) is the set of real m-times continuously
differentiable functions which are bounded together with their derivatives up
to the mth order. Then, there exists a positive constant C' independent of h
such that, ¥V t € [0, T],

(10a) lewll + legll + I (eu)ell + lleall < CHPFL,
(10b) @l < CHP*L,
(10c) leull < ChP*E.

Proof. All proofs can be found in [19]. More precisely, the estimate (10a)
can be found in its Theorem 3.1. The superconvergence result (10b) can be
found in its Theorem 4.1. Finally, the estimate (10c) is given in its Theorem
4.4. O

3. Superconvergence towards the right Radau interpolating poly-
nomial

In this section, we prove an important superconvergence result towards
the p-degree right Radau interpolating polynomial. This result will be used
to prove that the LDG error e, can be split into a significant part, which
is proportional to the (p 4+ 1)-degree right Radau polynomial, and a less

significant part, which converges to zero in the L?-norm at O(thr%) rate.

Before we state the main superconvergence result, we need some prop-
erties of the Legendre of Radau polynomials. Let ip(g) be the Legendre
polynomial of degree p on the reference interval [—1,1]. It can be defined
by the Rodrigues formula [1]

(11a) Lp(€) = o (€2 = 1)), —1<e<1
The Legendre polynomial satisfies the properties L,(1) = 1, L,(—1) =
(—=1)P, and the orthogonality relation

1 ~ ~
(1) | L@yt = 5,

where 6, is the Kronecker symbol.
From (11a), we can easily deduce that

Lpt1(8) (%+wggﬂ+%@7WMm%€W@4M%

~ 2 [(p 1 1)]]
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which gives

~ 2 2)!
(11¢) R e

The (p + 1)-degree right Radau polynomial on [—1, 1] is defined by

(11d) Ry41(€) = Lyps1(§) — Ly(€), —-1<€<1.

We note that R, 1(€) has p+ 1 real distinct roots —1 < & < -~ < &, = 1.
Mapping the physical element I; into the reference element [—1, 1] by the
standard affine mapping

T;+ X1 h;
11 et e St T
(11e) T 5 + 5 &,

we get the p-degree shifted Legendre and right Radau polynomials on I;
= (2 —x; —xi_ - (2x —x;— x4
Lpi(z) =Ly <$th611> , Rpi(z) =Ry <xxh%1> , € 1.
7 1

Using the mapping (11e) and the orthogonality relation (11b), we obtain

hi 2
220+1 2p+1

hi [
(W) WEuill, = [ Bhatalde = [ Eiente -

Throughout this paper the roots of Ryi1(x), x € I; are denoted by

T+ Ti—1

h;
—&; ) =0,1,...,p.
2 +2§]7 ] 9 7p

(11g) T =

We note that the (p+1)-degree right Radau polynomial on I; can be written
as

(11h) Rpi1,i(r) = }% 11)(33 - T;5)-

In the next lemma, we prove some properties of R,41,; which will be needed
in our a posteriori error analysis.

Lemma 3.1. The (p + 1)-degree right Radau polynomial on I; satisfies the
following properties

4p+1)
(2p+1)(2p+3)’

(12) HRp+1,iH§,,i = cph;, where ¢, =

I;
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Proof. In order to prove (12), we use the orthogonality relation (11b) to
write

2
P A

_ __Al+D)
where ¢, = (SR
Next, we show (13). Using the definition of R,11; and the orthogonality

relation (11b), we get

/IR;H,in,idx:/j (Lpt1i — L) Lp,idl‘:/I Ly Ly idz,

since L‘fm is a polynomial of degree p — 1 on I;.
Using integration by parts and the orthogonality relation (11b), we obtain

/
/I p+1,iLP7’idx

=Lpt1,i(xi) Lpi(wi) — Lpt1,i(wi-1)Lpi(zi-1) — / Lpy1iL, de

=Lpi1(2i) Lpi(25) — Lpy1,i(2i—1)Lpi(zi-1).

Since Lp—l—l,i(xi) = Lp,i(l'i) = 1, Lp,i(xi_l) = (—1)p, and Lp+17z~(3:i_1) =
(=1)P*1) we have

[ Byt = 000~ P =

which completes the proof of the lemma. O

Next, we define two interpolating polynomials mu and 7u as follows:

(1) The interpolating polynomial 7u is defined element-by-element as
follows: For any function u, wu‘ I, € PP(I;) and interpolates u at
xij,j =0,1,...,p (the p+ 1 roots of Rpi1,).

(2) The interpolating polynomial 7u is also defined element-by-element
as follows: For any function w, fru‘ I € PPTL(T;) and interpolates
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uw at x;;,7 = 0,1,...,p, and at an additional point Z; in I; with
Zfi#l‘i’j,j:o,l,...,p.

Remark 3.1. The operator 7 is needed for technical reasons in the proof
of the error estimates. We would like to mention that the interpolating
polynomial 7u depends on the additional point Z;. For clarity of presen-
tation, we simply choose Z; = x;—1 (left-end point of I;). We note that
Ty # x5, =0,1,...,p. Moreover, we can easily verify the following

(14) Tu = 7mu+ Cz’(t)Rerl’i(.%),

since both R,11i(z) vanish at the Radau points z; 5, £ =0,1,...,p. Using
(14) and the fact that Tu(z;—1,t) = u(z;—1,t), we find

ci(t) =

w(xi—1,t) — mu(x;—1,1t)
Rpy1,i(Ti-1) ‘

We note that
Ryi1,i(xi-1) = Lps1,i(@io1) — Lypi(xio1) = (1P — (=1)P = 2(=1)PT £ 0.

In the next lemma, we state and prove some properties of P,~ and , which
play important roles in our a posteriori error analysis. In particular, we
prove that the interpolation error u — mu can be divided into a significant
and a less significant parts.

Lemma 3.2. Let P,” and 7 be the Gauss-Radau and interpolating operators.
Then

(15) =P, v, YwvePP(L).

Moreover, if w € HPT2(I;), t € [0,T)] fized, then the interpolation error
u — mwu can be split as:

(16)  w—mu=¢;+7, ¢ =ait)Rpr1i(z), vi=u—7u, onl,

where o;(t) is the coefficient of Lyy1, in the (p + 1)-degree polynomial 7tu
and

(17a) il
2—k
(17b) Wille, < CRYZ P llullyeny,, 0<k<p+1.

—k
CR g, O<k<p,

IN

Finally, we have the following superconvergence result
_ 2
(18) |mu — Py uHo,Ii <Ot [l 2, -
Proof. First we show (15). Let v € PPT1(I;). Then v can be split as v(z) =
v1(2) + dpt1Lpy1,i(x), where vy € PP(I;) and dpy1 is a constant. Applying

the operators m and P, and using the fact that vy = P vy = v, Vo1 €
PP(I;), we get

™ = V1 + dp+17T(Lp+17Z‘), Ph_v =+ dp—‘rlPh_(Lp—i-l,i)'
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Thus,

(19)

v=1v = dpi1 (Lpt1i — 7(Lpt14)) s v=Py v =dpr1 (Lps1i — By (Lpt1,)) -
Using the standard interpolation error formula, the chain rule, (11c), and

(11h), there exists y € I; such that the interpolation error Lyy1; —m(Lpy1,i)
is

L(p+11 P
-+ z
Lpi1i — m(Lpt1,) = I;H_ 1! H — ;)
(2p + 2)! u
hp—i-l p + 1 1;[ - xl] P+17i7
: (p+1) _ 2vF! 7(p+1) _ _ (2p+2)!
sice Lp+1 i = hf+1 Lp+1 = m Thus
(20) v —1v =dpr1Rpi1,i(2).
On the other hand, since P, (L,11,:) € PP(I;), it can be written as
P
(21) Py (Lp+1,i(x)) = ) bjLj(x).
j=0

Multiplying (21) by Ly ;(z), k = 0,1,...,p — 1, integrating over I;, using
the orthogonality property of the projection P, and applying the relation
(11f), we obtain, for k =0,3,...,p — 1,

P

> b / Lyi(z)L;i(z)dx

i—0 I;

by, / L%J(x)d:p
].

[

OI/ILk"L( )P (Lerlz

.

hi

22 = .

(22) T
Consequently by =0 for k =0,1,...,p— 1 so that

(23) Py (Lpt1,i(x)) = bpLyp,i(x).
By the property of the projection P, P, v(x;) = v(x;), we have
(24) 1= Lpy1i(wi) = Py (Lp+1,i(wi)) = bpLip,i(w:) = bp.
Thus, we get

(25) Py (Lpy1i(x)) = Lypi(x).
Combining (19) and (25), we obtain

(26) v—PFyv=dpyi (Lpy1i — Lpi) = dpr1Bpir-

From (20) and (26), we establish that
™= P, v, YwvePPtIL).
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2
Next, we prove (16). Adding and subtracting V' = wu = > aply,; +
k=0
ailpi1; € PPH(IZ-) we split the interpolation error as
u—mu=(u—-V)+(V—mu) = ¢ + v,
where
¢pi=V —mu, vi=u—V=u—7u

We note that, by (14), 7u = 7(7u) = 7V. Thus, by (25), we get

p P
¢i=V -—nV = Z agLly; + ailpp1; —m (Z agLy; + Oéin+1,i>
k=0 k=0

@i (Lpt1,; — 7(Lpt14))
= aiRp+1,i-

P
Multiplying 7u = > apLi; + o;iLpy1i by Lpi1, integrating over I;, and
k=0
using the orthogonality relation (11f), we obtain

p
h‘
~ 2
/Ii Lp+17i7ru dr = kEO ag /[ Lp+17iLk’7;d.%’ + o /[l Lerl’idJJ = Ozirpj_ ,

k3

which gives
2p+3
o = P+ /Lpﬂﬂ;fruda:.
hi Ji,

Thus, we completed the proof of (16).
Next, we will prove (17). By the standard interpolation error estimates
we have

+1—k 42—k
@7 N iller, < OB WV g Iiller, < Coh7 " Nl -

Finally, we find a bound of [[V|,,;; by adding and subtracting u and
applying the triangle inequality as

HVHp-i-l,Ii <|v- U’Hp—‘,—l,li + ”UHpH,Ii = |fu— “Hp+1,1i + ||U||p+1,11-
(Chi + 1) [[ull 4y 7,

Cllullpy,r, »

<
<

which complete the proofs of (17).
In order to prove (18) we note that 7u € PPT1(I;), thus by (15) and (14),
we have

(28) P, u = m(ftu) = mu,
and by the standard interpolation error we have
. +2
(29) lw = Fullo,r, < CvAg™ [ullpya,z, -

Applying P, to u = u — 7u + 7u and using (28), we obtain
Py u= P, (u—7u)+ P, (Tu) = P, (u— 7Tu) + mu,
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which, in turn, yields
(30) Pru—mu= P, (u—7u).

Now, we show that HP{UHO 1. < Covllg g, by writing

1By vllor, = [Bro—vtolloy, < [1Bv=oly, +lvllos,
CHE [0l g, + 0],

<
< Calwlloy, -

(31)

Taking the L? norm of (30) and applying the estimate (31) with v = u — #u,
we obtain

(32) HPh_u — WUHO,Q = HPh_(u — ﬁu)Ho,Ii < Cy|lu— 7Aru||07[i.

Combining (32) and the standard interpolation estimates (29) we establish
(18). O

Now, we are ready to prove our main superconvergence result towards the
right Radau interpolating polynomial. Furthermore, we show that the sig-
nificant part of the discretization error for the LDG solution is proportional
to the (p + 1)-degree right Radau polynomial.

Theorem 3.1. Under the assumptions of Theorem 2.1, there exists a con-
stant C' such that

(33) lup, — mul| < CHP*2,
and the actual error can be split as
(34a) ew(z,t) = ai(t)Rpt1i(z) + wi(z,t), onl;

where w; = 7v; + mu — up, and

N
(346) >
1=1

Proof. Adding and subtracting P, u to uj, — wu, we have

2
Oiw; S CR2P=R+3 k=01, Vtelo,T]

up, — mu = (up — P u) 4+ (P, u — mu) = —€, + P, u — mu.
Taking the L?-norm and using the triangle inequality, we get
llup — mul| < |leu]| + HPh_u — 7TUH .

Using the estimates (10c) and (18), we establish (33).
Next, we add and subtract 7u to e, and we use (16) to obtain

(35) Cy =U—TU+ TU — Uy, = @; + Vi + TU— up, = ¢ + Wi,

where w; = v; + Tu — uy,.
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Applying the Cauchy-Schwarz inequality and the inequality ab < %(a2 +
b?), we get

H%‘H(Q),Ii = H’Yi”g,li + 2/ Yi(ru — up)dz + [[7u — up, 0

0,1;
2
O,Ii °

Summing over all elements and applying (17) and (33) yields

i

<2 (Il 1, + llme = un

N
Z Hwng,Ii < Clh2p+4 + 02h2p+3 < Ch2p+3,
i=1
which completes the proof of (34b) for £ = 0. Next, we use the Cauchy-
Schwarz inequality and the inequality ab < %(a2 +b?) to get
o)
0,17; °

Using the inverse inequality [|(mu — up)zllg 7, < Ch™t||mu — upl|g,7,» we ob-
tain the estimate

2 2 — 2
l@i)allSr, < € (1)l r, + B2 lmu = unl} ) -

Summing over all elements and applying (33) and the standard error esti-
mate (17), we establish (34b) for k£ = 1. O

el s, = [ (O + =) da < 2 (1 u0el g, + s = wn)

Remark 3.2. In Theorem 2.1, we proved that the LDG solution up con-
3

verges to P, u at O(hP*2) rate while numerically the rate is observed of

order O(hPT2). We used the estimate (10c) to prove that uy converges to

U at O(hp+%) rate. We would like to point out that the superconvergence
estimate of the error between uy and P, u is not optimal. However, if one
can prove the optimal estimate Huh — P,;uH = O(hP*2), then the order of
convergence of uy to wu can be improved to be ||uj, — wul| = O(RP*?) since,
by (18), ||P, u — mu|| = O(hPT2). It remains an open problem to investi-
gate the optimal superconvergence estimates for this problem. In [28], the
authors proved superconvergence results for the LDG method for the linear
wave equation. Their theoretical analysis in not trivial to extend to the non-
linear case. In the linear case, it is easy to construct a correction function,
which can be used to correct the error between the LDG solution and the
Gauss-Radau projection of the eract solution P, u. This problem is still
open for the nonlinear case. Thus, proving optimal superconvergence results
is still an open problem for the LDG method for nonlinear KdV equations.

4. A posteriori error estimation

In this section, we construct a residual-based a posteriori error estimator
for the LDG method for nonlinear KdV problems. The proposed estimator
is obtained by solving a local steady problem with no boundary conditions
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on each element. We further show that the LDG error estimate converges
to the exact spatial error as h — 0.

To obtain a procedure for computing the a posteriori error estimate, we
replace u by up + e, and ¢ by g + €4 in the third equation of (2) i.e.,
q — uy = 0 to obtain

(36) (ew)z = qn — (up)z + eq, T €I
Multiplying (36) by a test function v and integrating over I;, we get

(37) A@mwmzjk%—mmfmawm

I;

Substituting (34a) into the left-hand side of (37) and choosing v = L, ;(x)
yields

39) o /I Ry Lyade = /l (gn — (un)e + € — (wi)a) Lpada.

Using (13), we obtain

1
3wl =5 [ 0 et = (@) Ly
Our error estimate procedure consists of approximating the true error e, on
each element I; by the leading term as

(40) ew(z,t) = Ey(x,t) = a;i(t)Rpy1,i(x), z €1,

where the coefficient of the leading term of the error at fixed time ¢, a;(t),
is obtained from the coefficient «;(¢) defined in (39) by neglecting the terms
w; and eg, i.e.,

1

(41) ()= [ (@ = (o) Lyda.

The main results of this section are stated in the following theorem. In par-
ticular, we will show that the error estimate F, converges to the true error
ey in the L?-norm as h — 0. Furthermore, we will prove the convergence to
unity of the global effectivity index ©,,(¢) under mesh refinement.

Theorem 4.1. Suppose that the assumptions of Theorem 2.1 are satis-
fied. If o and a; are given by (39) and (41), respectively, and E,(x,t) =
a;(t)Rp41,i(z), then there exists a constant C independent of h such that
(42) lew — EJJ| < ChP*2,

3
(43) lleull = 1Bl < C1hPTe.

Finally, if there exists a constant ¢ = c¢(u) > 0 independent of h with
(44) lewll > CRPT,
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then, at a fized time t, the global effectivity index in the L? converges to
1

unity at O(h?) rate i.e.,

[ Eu

lew]

(45) Ou(t) = =1+ O(h2).

Proof. First, we will prove (42). Since e, = o Rp41,i+w;, and By, = a;Rpi1,
we have

lew — Eu ”01 = |[(o — ai)Rpy1,i +wzH0[
< 2( — ai)” | Rpyally 1, + 2 llwillg o,

+b)% < 2a%2+2b?. Summing over all elements

where we used the inequality (a
(34b) with k = 0 yields

and applying the estimate

lew — Eul? leeu E”OI<QZ i — ai)” | Rpsralls g, +2ZH%HOI

=1

(46) < 22 — a;)? | Rpyailly ;. + C1h**2.,

N

Next, we will estimate Y (o; — a;)? |]Rp+17i|]§ ;.- Subtracting (41) from (39)
Z:l st

and applying the triangle inequality, we get

1 1
|O‘i - ai| = )2/ (eq — (wi)z) Lypidx| < 2/ (‘eq‘ + ‘(WZ)xD }Lp,i‘dx‘
Iz‘ Ii
Using the inequality (a + b)2 < 2(a? + b?) yields

oot < 3 | ([ fllilas) ([ Nlgastas) |

Applying the Cauchy-Schwarz inequality and the estimate (11f), we obtain

”Lp,ng I; 2 2
(0 = a0)? < =200 (eI, + N @iel )
hi 2 2
(47) < 53p 1) Ueallor, + 1 @els, )
Multiplying by ||Rp+1,i||3 7, and using (12) yields

2
hi ||Rp+1,i||o,]i

2 2 2 2
(Oéi - Clz') HRp-i-l,iHO’[i S m (HG‘IHO,IZ- + H(wi)v’UHO,Ii)
2
= Cyph? (lleally 1, + N
Cp 2(p+1) 4(p+1)

oy
where O = 5554y = GpinyzEprs) SINCC & = @prl)2prd)-
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Finally, summing over all elements and using the fact that h = max. hi,
<i<

we conclude that
N

N
> (@i —a)? | Rysiillg p, < Cph? (Heqll2 + II(wi)xII3,1i> :

i=1 i=1
Applying the estimates (10a) and (34b) with k& = 1, we establish
N
(48) Z (ai o (IZ')2 HRp+1,iH(2)JZ_ < Cph2(01h2p+2 + 02h2p+1) < Ch2p+3‘
i=1
Now, combining (46) with (48) yields
lew — Eu||> < CLA?PT3 4+ Coh® 3 < On?P+3,

which completes the proof of (42).
In order to prove (43), we use the reverse triangle inequality to have
(49) |1Bull = llewll | < 1Bu — eull-

Combining (49) and (42) completes the proof of (43).
In order to prove (45), we divide the inequality in (49) by ||ey|| and we
use the estimate (42) and the assumption (44) to obtain

3
[ Bl By —eu]| _ C1hP*2 1
_ < < Chz.
el ~ 1= lleal = OB =TT
Therefore, Ihi’:"" =1+ O(h%), which completes the proof of (45). O

In the previous theorem, we proved that the residual-based a posteriori
error estimate F, converges to the true spatial error e, in the L?-norm at

O(hp+%) rate. We also proved that the global effectivity index in the L2-

norm converges to unity at (’)(h%) rate. We note that E, is a computable
quantity since it only depends on the LDG solutions uy and g;. Additionally,
(45) indicates that the computable quantity || E, || provides an asymptotically
exact a posteriori estimator on the actual error |le,||. We remark that || E,||
is computationally efficient since

N N N
2 2 2
1Eull* =Y N Eullor, = D lail 1Rpsvillg y, = ¢ Y lailhi,
i=1 i=1 i=1

where ¢, = % and a; is given by (41). Finally, we would like

to mention that the computable quantity u; + E, converges to the exact

solution u at O(thr%) rate since
3
lu— (un + Eu)|| = |lew — Eu| < ChP*z.

We emphasize that this accuracy enhancement is achieved by adding the
error estimate F,, to the LDG solution uy only once at the end of the com-
putation i.e., at t =T
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An accepted efficiency measure of a posteriori error estimate is the effec-
_ lEd]

 lewll”

Ideally, the global effectivity index should stay close to one and should con-
verge to one under mesh refinement.

tivity index. In this paper, we use the global effectivity index ©,(t)

Remark 4.1. The assumption in (44) imply that the term of order O(hP+1)
is present in the error e,. Even though the proof of (45) is valid under the
assumption (44), our computational results given in the next section suggest
that the global effectivity index ©, in the L?>-norm converges to unity with at
least O(h) rate. Thus, the proposed a posteriori error estimation technique
is an excellent measure of the error and (45) indicates that our a posteriori
error estimator is asymptotically exact.

5. Numerical examples

In this section, we numerically validate our superconvergence results and
the global convergence of the proposed residual-based a posteriori error es-
timates. The initial condition is determined by wuy(x,0) = Ppu(x,0). We
also used up(z,0) = P, u(x,0) and observed similar results. Temporal inte-
gration is performed by the fourth-order Runge-Kutta method. A time step
At is chosen so that temporal errors are small relative to spatial errors. We
do not discuss the effect of the time discretization error in this paper.

-8 [ | =-@-=p=1, slope =2.8945 =~
—-#-—p=2, slope =4.1958

p=3, slope =5.1921
—-B-=p=4, slope =6.0911

—-8--p=1, slope =2.1262
F| —-#-=p=2, slope =2.9836

p=3, slope =3.9896
—-B-—p=4, slope =4.9916

1010 L
8 10 10

F1GUuRE 1. Log-log plots of ||u — up|| (left) and |jup — wull
(right) versus mesh sizes h for Example 5.1 on uniform

meshes having N = 8, 12, 16, 20 elements using PP, p =
1, 2, 3, 4.

Example 5.1. In this example, we apply the LDG method to the following
nonlinear KdV problem subject to the periodic boundary condition

{

ug + (U + )y + Uger = g(z,t), € [0,27], t €[0,1],

(50) u(z,0) =sin(z), = € [0,27].
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FIGURE 2. Log-log plots of ||eu|| — [|Eull| (left) and

llew — Eyl| (right) versus mesh sizes h for Example 5.1 on
uniform meshes having N = 8, 12, 16, 20 elements using PP,
p=1,23, 4.

We select the source term g(z,t) such that the exact solution is u(z,t) =
sin(z+t). We note that f’(u) = 3u2+1 > 0 so the numerical flux f is simply
the upwind flux f!l = f(u,:)|Z We solve (50) using the LDG method on
uniform meshes obtained by partitioning the computational domain [0, 27]
into N subintervals with N = 8, 12, 16, 20 and using the finite element
spaces PP with p =1, 2, 3, 4. Figure 1 shows the actual L? errors ||e,| =
|u — up|| and the L? errors between the LDG solution uy, and the p-degree
interpolating right Radau polynomial 7u at ¢t = 1 with log-log scale as well
as their orders of convergence. The L? errors are presented in log scale just
for easy visualization. For each PP space, we fit, in a least-squares sense, the
data sets with a linear function and then determine from the fitting result
the slopes of the fitting lines. The slopes of the fitting lines are shown on the
graph for p =1, 2, 3, 4. These results indicate that ||ju — up|| converges at
O(hP*1) rate whereas ||uj, — mul| converges at O(hP*2) rate. Thus, the LDG
solution wy, is superconvergent with order p+ 2 to the p-degree interpolating
right Radau polynomial 7wu. Although the superconvergence rate is proved
to be of order p + %, our computational results indicate that the observed
numerical convergence rate is higher than the theoretical rate. In Figure 2 we
present the global errors | [|ey||—[|Ey|| | and |le, — E,| at t = 1. These results
indicate that ’ llew]|— || Eull ‘ = O(hP*25) and ||e, — E,|| = O(hP*2). We note
that the observed numerical convergence rates are higher than the theoretical
rates established in Theorem 4.1. The results shown in Table 1 indicate that
the global effectivity indices converge to unity under h-refinement. The
numerical convergence rates at t = 1 for }@u — 1| are also shown in Table 1,
which suggest that the convergence rate is higher than the theoretical rate
established in Theorem 4.1. The global effectivity index ©,(t), ¢t € [0,1] is
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shown in Figures 3 and 4 using (p, N) = (3,12), (4,12), (3,20), (4,20) . We
observe that the effectivity index remains constant as we refine the mesh.

1.005 T T T T T T T T T 1.003

1.002

1 1.001

1

0.995 0.999

0.998

0.99 0.997

FIGURE 3. Global effectivity index ©,(t), t € [0,1] ver-
sus time for Example 5.1 using (p, N) = (3,12) (left) and
(b, N) = (4,12) (right).
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0.999

0.998 0.9995
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0.996
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0.995

0.994 0.998
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FIGURE 4. Global effectivity index ©,(t), t € [0,1] ver-
sus time for Example 5.1 using (p, N) = (3,20) (left) and

(p, N) = (4,20) (right).

Example 5.2. In this example, we consider the following nonlinear KdV
equation

(51) { ur + (3u?)z + Ugzr = g(x,t), x €[0,27], t €[0,1],

u(z,0) =sin(z), =z € ]0,27].

with periodic boundary conditions. Here, g is chosen so that the exact
solution is u(z,t) = sin(x + t) on the domain (x,t) € [0,27] x [0,1]. We
note that f'(u) = w changes sign in the computational domain. In this
case, we use the Godunov flux (4d). We solve this problem using the LDG
method on uniform meshes having N = 8, 12, 16, 20 elements and using
PP polynomials with p = 1, 2, 3, 4. The L? LDG errors |u — up| and
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TABLE 1. ©, and the errors ‘@u — 1‘ with their orders of
convergence at ¢ = 1 for Example 5.1 on uniform meshes
having N = 4, 8, 12, 16, 20 elements using PP, p = 1, 2, 3,

4.
N p=1 p=2
O, ‘@u - 1| Order O, ‘@u - 1| Order
4 10.70236 | 2.9764e-01 - 0.95223 | 4.7774e-02 -

8 | 0.83708 | 1.6292¢-01 | 0.8694 | 0.99909 | 9.0992¢-04 | 5.7143
121 0.91148 | 8.8519¢-02 | 1.5045 | 0.99978 | 2.2393e-04 | 3.4578
16 | 0.94601 | 5.3987e-02 | 1.7188 | 0.99992 | 7.6255e-05 | 3.7446
20 | 0.96407 | 3.5930e-02 | 1.8247 | 0.99997 | 3.2214e-05 | 3.8616

N p=3 p=4
O, ‘@u - 1| Order O, ’@u - 1| Order
4 10.96977 | 3.0235e-02 - 0.99854 | 1.4566e-03 —

8 1 0.99877 | 1.2302e-03 | 4.6193 | 0.99957 | 4.3036e-04 | 1.759
121 0.99960 | 3.9834e-04 | 2.7811 | 0.99973 | 2.6642¢-04 | 1.1827
16 | 0.99980 | 2.0163e-04 | 2.3668 | 0.99984 | 1.5837e-04 | 1.808
20 [ 0.99988 | 1.2276e-04 | 2.2237 | 0.99990 | 1.0388e-04 | 1.8898

|lup, — mu|| at time ¢ = 1 shown in Figure 5. As before, we observe that
|u —up|| = ORPTY) but |Juy, — mul| = O(hPF2). Consequently, the LDG
solution wy, is superconvergent with order p+ 2 to the p-degree interpolating
right Radau polynomial mu. Again the computational results indicate that
the numerical convergence rate is higher than the theoretical rate, which is
proved to be of order p+ 3. In Figure 6 we present the errors | [|e, || — | Eu|l |,
|lew — Eul|, and their order of convergence at ¢ = 1. Clearly both errors
converge with order higher than the theoretical rate, which is proved to be
p+ % under mesh refinement. Table 2 lists the global effectivity indices and
the errors |@u — 1} with their order of convergence at t = 1. These results
indicate that the proposed a posteriori LDG error estimate is asymptotically
exact under mesh refinement. The convergence rate at ¢t = 1 for |@u — 1‘ is
higher than O(h). Even though the assumption f’(u) > 0 does not always
hold true, the same results are observed.

Example 5.3. In this example, we consider the following nonlinear KdV
equation with flux function f(u) = e*

(52) ur + (€%) g + Uger = g(x,t), x € (0,27, t €[0,1],

u(z,0) =sin(z), = € [0,27].

with periodic boundary conditions. We select g so that the exact solution
is u(x,t) = sin(z + t) on the domain (z,t) € [0,27] x [0,1]. We solve this
problem using the LDG method on uniform meshes having N = 8, 12, 16,
20, 24 elements and using PP polynomials with p =1, 2, 3. In Figure 7 we
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report the L? LDG errors ||u — up|| and ||up — 7ul| at time t = 1. Again,

we observe that ||u —wup| = O(RPTY) and ||Jup — wul| = O(RPF?).

the LDG solution uy is superconvergent with order p 4+ 2 to the p-degree
interpolating right Radau polynomial 7u. In Figure 8 we present the errors
H|eu|| — |Eull |, llew — Eul|, and their order of convergence at t = 1. We
observe that these errors converge with order higher than the theoretical

rate, which is proved to be p + % under mesh refinement.
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TABLE 2. O, and the errors ‘@u — 1‘ with their orders of

convergence at ¢ = 1 for Example 5.2 on uniform meshes
having N = 4, 8, 12, 16, 20 elements using PP, p = 1, 2, 3,

4.
N p=1 p=2
O, |®u - 1| Order O. |®u - 1| Order
4 10.36379 | 6.3621e-01 - 0.33641 | 6.6359¢-01 -

8 10.72464 | 2.7536e-01 | 1.2082 | 0.68769 | 3.1231e-01 | 1.0873
121 0.87373 | 1.2627¢-01 | 1.9229 | 0.91684 | 8.3160e-02 | 3.2635
16 | 0.93320 | 6.6801e-02 | 2.2132 | 0.97471 | 2.5290e-02 | 4.1378
20 1 0.95367 | 4.6333e-02 | 1.6396 | 0.97814 | 2.1859e-02 | 0.65337

N p=3 p=4
O, |@u - 1| Order O. |®u - 1| Order
4 10.23828 | 7.6172e-01 - 0.29851 | 7.0149e-01 —

8 | 0.88436 | 1.1564e-01 | 2.7196 | 0.59125 | 4.0875e-01 | 0.7792
121 0.96815 | 3.1849¢-02 | 3.1802 | 0.85875 | 1.4125¢-01 | 2.6206
16 | 0.99249 | 7.5059¢-03 | 5.0240 | 0.95571 | 4.4286¢-02 | 4.0318
20 1 0.99650 | 3.4971e-03 | 3.4227 | 0.98343 | 1.6565e-02 | 4.4069

p=1, slope =2.379 6L |—-©==p=1, slope =2.8752
- p=2, slope =3.3934 —-#-—p=2, slope =4.435
p=3, slope =4.18 p=3, slope =6.6471

8 10 12 14 6 18 20 22 2 8 10 12 14 6 18 20 22 24
N N

FIGURE 7. Log-log plots of ||u — up|| (left) and |jup — wull
(right) versus mesh sizes h for Example 5.3 on uniform

meshes having N = 8, 12, 16, 20, 24 elements using PP,
p=1,2 3,4

6. Concluding remarks

In this paper, we proposed and analyzed a posteriori error estimator
for the LDG method applied to nonlinear third-order KdV equations. We
proved that the significant part of the discretization error for the p-degree
LDG solution is proportional to a (p + 1)-degree right Radau polynomial.
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FIGURE 8. Log-log plots of ||eu|| — [|Eull| (left) and

llew — Eyl| (right) versus mesh sizes h for Example 5.3 on
uniform meshes having N = 8, 12, 16, 20, 24 elements using
PP p=1,2 3, 4.

We used these results to construct asymptotically exact a posteriori error
estimates. The a posteriori error estimator is computationally simple, ef-
ficient, and asymptotically exact. This estimator is obtained by solving a
local residual problem on each element. The proposed a posteriori error
estimate is shown to converge to the actual error in the L?-norm under
mesh refinement. The order of convergence is proved to be p + %, when
piecewise polynomials of degree p > 1 are used. Our numerical experiments
demonstrate that the results in this paper hold true for nonlinear problems
with general flux functions, indicating that the restriction on f(u) is arti-
ficial. The generalization of our proofs to nonlinear equations with general
flux functions involves several technical difficulties and will be investigated
in the future. We are currently investigating the superconvergence proper-
ties and the asymptotic exactness of a posteriori error estimates for LDG
methods applied to two-dimensional KdV problems and wave equations on
rectangular and triangular meshes. Our future work will focus on extending
our a posteriori error analysis to problems on tetrahedral meshes. Also,
because we observed superconvergence of order p 4+ 2 in our numerical ex-
amples, future work will include investigating how to improve our proofs to
obtain optimal superconvergence results. We expect that a similar special
projection of the initial conditions of Yang and Shu [39] and a new technique
will be needed to obtain the optimal rate of superconvergence.
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