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Abstract

In this paper, we develop and analyze a series of conservative and dissipative local discontin-
uous Galerkin (LDG) methods for the dispersive system of Korteweg—de Vries (KdV) type
equations. Based on a cardinal conservative quantity of this system, we design and discuss
two different types of numerical fluxes, including the conservative and dissipative ones for the
linear and nonlinear terms respectively. Thus, one conservative together with three dissipative
LDG schemes for the KdV-type system are developed in our paper. The invariant preserving
property for the conservative scheme and corresponding dissipative properties for the other
three dissipative schemes are all presented and proven in this paper. The error estimates for
two schemes are given, whose numerical fluxes for linear terms are chosen as the dissipative
type. Assuming that the discontinuous piecewise polynomials of degree less than or equal
to k are adopted, and conservative numerical fluxes are employed to discretize the nonlinear
terms, we obtain a suboptimal a priori bound of order k; yet in the case of dissipative fluxes,
we obtain a slightly better bound of order k£ + % Numerical experiments for this system
in different circumstances are provided, including accuracy tests for two kinds of traveling
waves, long-time simulations for solitary waves and interactions of multi-solitary waves, to
illustrate the accuracy and capability of these schemes.
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1 Introduction

In this paper, we introduce and analyze local discontinuous Galerkin methods (LDG) designed
to approximate solutions of the following system of Kortweg-de Vries (KdV) type equations,
which we call as the KdV-type system in short, taking the form

{ut+”xxx+R(ua V), =0, (1.1)

U + Vxxx + S(u, v)x =0,

The above two equations are coupled by the nonlinear terms R(u, v) and S(u, v), which are
taken to be homogeneous quadratic polynomials, namely

R = Au® + Buv + Cv%, S = Du®+ Euv + Fv?, (1.2)

where A, B, ..., F are given real coefficients and the variables u(x, #) and v(x, t) are time-
dependent real-valued functions.

Well-posedness and many important properties about the KdV-type system (1.1) are stud-
ied and presented in [1,4,6,11,12]. In [5], Bona et al. provide a thorough discussion of the
extant literature regarding the KdV-type system (1.1). We list several useful facts discussed
therein which are useful in the analysis to follow. Following the theories developed for the
single KdV equation, the KdV-type system (1.1) can be proven locally well-posed in the
Sobolev spaces H*(R) x H*(R) for any s > —%. For s > 0, the following quantity

H(u, v) =f (au? + buv + cv?) dx, (1.3)
R

is invariant in time, where the constants a, b, ¢ are any nontrivial solutions of the system

2B E—2A)b —4Dc =0,
{ a—+( ) c (L4)

4Ca+ 2F — B)b —2Ec =0.
Furthermore, when the quadratic form Y'(x, y) = ax® 4 bxy + cy? is positive-definite, i.e.,
4ac —b* > 0, (1.5)

the system (1.1) can be extended to be globally well-posed if s > 0. Although the well
posedness in H*(T) (T = R/Z is the one-dimensional torus) has not been dealt with, the
Bona—Smith argument in [6] with some a priori H 1(T)-bound deduces global well posedness
for s > 1 when 4ac — b% > 0, and such a conclusion on the one-dimensional torus for s > 1
is sufficient for our analysis in this paper. In addition, the system (1.1) admits some special
solitary-wave solutions, which are termed as the proportional solitary waves in [4], and we
will give detailed introductions about it in the future section of numerical experiments.

In our study, we will focus on the design and analysis of numerical schemes to solve the
system (1.1). Although methods of the KdV equation are abundant, the LDG framework in
this paper is mainly enlightened by the contributions towards (local) discontinuous Galerkin
(DG) methods, especially the work in [3,7,22,27,31]. The LDG methods for the KdV and other
equations with high order derivatives are initially introduced in [27] by Yan and Shu. And
the L2-error estimates for the semi-discrete LDG method to the KdV equation are presented
by Xu and Shu in [22], and one of our key error estimates in this paper is mainly guided
by their work. Then Cheng and Shu in [7] proposed a new DG method to time dependent
partial differential equations with higher order spatial derivatives. Besides, the conservative
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DG methods are presented in [3,31] to solve the generalized KdV (gKdV) equation
ur + (up+1)x + €uyer =0,

where p is nonnegative integer and € is a nonzero parameter, and their ideas of constructing
and analyzing the weak forms of nonlinear terms in the gKdV equation give us important
inspiration to design schemes for coupled nonlinear terms of system (1.1). And in [15,16], the
authors present some a posteriori error estimates for DG and LDG methods to the generalized
KdV equation. More recently, Bona and collaborators in [5] start to embark on numerical
approximations to this KdV-type system (1.1): they construct a continuous Galerkin scheme
which can preserve the invariant H and provide the error estimates with a suboptimal k-th
order of accuracy (k is the degree of polynomial). Enlightened by their contributions, we
set about studying the LDG method applied to this KdV-type system, and some strategies
and skills used in [5] to handle such delicate system are also adopted in our work. Other
than the work on DG/LDG methods, we also introduce some useful tools and concepts for
the symmetric/symmetrizable systems of conservation laws, such as the “E-fluxes” in [14]
and corresponding important properties studied in [29,30]. This is because there exists some
“hidden” symmetrizable property of the system (1.1) and it will be in detail explained in this
paper. By these useful tools, we could provide some higher accuracy with (k + %)th order for
two dissipative schemes, and these results are consistent with the accuracy order obtained in
[22] of the similar LDG scheme to the KdV equation.

The LDG method discussed in present paper is an extension of the discontinuous Galerkin
(DG) method to solve partial differential equations (PDEs) containing higher than first order
spatial derivatives, using discontinuous piecewise polynomials as numerical solutions and
test functions in the spacial variables. The LDG method was first constructed by Cockburn
and Shu [10] in solving nonlinear convection—diffusion equations, which was inspired by
the efficient numerical experiments of Bassi and Rebay [2] for simulating the compressible
Navier—Stokes equations. In the procedure of the LDG method, higher order derivatives are
rewritten into a first order system and applied with DG method subsequently. The cardinal
technique in the LDG method is the design of the so-called numerical fluxes. The literatures
on designing and analyzing the LDG schemes for different kinds of equations are quite plenty,
and we suggest that the readers consult [10,21,23-28,31] and the references therein. These
contributions about the LDG method could supply rich and efficient guidance for us when
encountering new equations or similar problems.

The extremely local, element based discretization in the DG method is effectively favorable
for parallel computing and retaining high-precision on unstructured meshes. Particularly, DG
methods are well suited for 2p-adaptation, which consists of local mesh refinement and the
adjustment of the polynomial order in individual elements. The LDG schemes for the KdV-
type system (1.1) in present paper keep all these good properties.

Our paper is organized as follows: in Sect. 2, notations and other preliminary materials,
such as the function spaces and their norms are first introduced. We also construct and analyze
a new kind of numerical fluxes with two variables, together with some operators and forms
for the linear and nonlinear terms for the KdV-type system. In Sect. 3, four different LDG
schemes are designed, including one conservative scheme and three dissipative ones. The
stability analysis with respect to the quantity H defined in (1.3) for these four schemes are
presented in Sect. 4. Section 5 comprises error estimates for two dissipative schemes with
different numerical fluxes chosen for the nonlinear terms. In Sect. 6, we implement these
numerical approaches to some examples for the KdV-type system to illustrate their accuracy
and capability. In particular, the long-time simulation of solitary-wave solutions and the
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interactions of multi-solitary waves are numerically validated. Concluding remarks are given
in Sect. 7.

2 Notations and Definitions

Based on the LDG method, we will design several different numerical schemes for the KdV-

type system (1.1). For the sake of concision, we present and list here some necessary notations,
definitions and corresponding preliminary materials which will be used throughout the paper.

2.1 Notations, Function Spaces and Norms
2.1.1 The Meshes

Let I = [0, 1] denote the spatial domain for the methods and the system (1.1), and 7j, be the

partition of I with the cells I; = [xj*%’xj+%] for j =1,..., N, where
O:x% <Xy <<y, = 1.
The center of the cell is x; = %(XF% +xj+%) and the mesh size is denoted by /h; =

Xjpl = X1 with h = max<j<y h; being the maximum cell size. The mesh is assumed
2 2 - N

to be regular, which means the ratio between the maximum and minimum mesh sizes keeps
bounded in the mesh refinements.

2.1.2 Function Spaces and Norms

We introduce the Sobolev spaces W57 = W*P(I) together with their usual norms, and
also use H® = H(I) to denote W*2. Besides, C(I) will denote the spaces of functions
which are continuous on /. In particular, we also introduce function spaces Cp,, (/) which
are continuous and periodic on [0, 1] with extra restrictions on x 1 and x,, +1 namely

Cper() = {u(x) € C(I) : ulxy) =ulxy, 1)}

In addition, we introduce the broken Sobolev spaces W*'?(7;,), which are finite Cartesian
products of the standard Sobolev spaces W*” (1) on all cells in 7. When p = 2, H*(7}) is
always used to denote W* 2(7). In particular, norms of W7 (7;,) with p = 2, co are given
by

2

N
2
Iz = lallaszy = DMl | o Nl (T) = max fulwssq,)-
j=1 ==

In the case s = O with the interval / being clear from context, we would like to use the norms
lull and [|u || to connote ||ul|;2(7;) and |[u]| L>(7;,) respectively. Furthermore, itis necessary
in our analysis to define the function space H,,,(7p) = Cper (Tp) () H* (1), where C per (71)
connotes the periodic and piecewise continuous functions with possible discontinuity on the
element interfaces.
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2.1.3 The Finite Element Spaces

Now we choose the following discontinuous piecewise polynomial space as the finite element
space

Vi = {v(x) cv(x) € PRI, forxel;, j= 1,...,N], @2.1)

where P*(1 ;) denotes the set of polynomials of the degree up to k in each cell /;. It transpires
that the functions belonging to V}, could be discontinuous on the element interfaces.

The solution of the numerical scheme is denoted by uj,, which belongs to the finite element
space Vj,. We denote the values of uj, at x jd by (u;,);,r+ ! and (uh);+ L from the right cell

I11 and the left cell I, respectively. The usual notations
g = i =],
and
[ _
oy = 5 )]
are also introduced to connote the jump and mean of the function u at x s respectively.

When the context is clear, the unadorned notations [u;,] and {u} will be used.

2.2 Preliminary Materials and Definitions

In design of the weak formulation of LDG schemes for the KdV-type system (1.1), differ-
ent kinds of numerical fluxes for nonlinear and linear terms will be discussed, thus in this
subsection, we beforehand present some concise forms and operators according to different
numerical fluxes together with some important properties.

2.2.1 Properties of Nonlinear Terms

Denote f(u, v) = uv, then nonlinear terms in (1.1) can be written as

R(u,v) = Af(u,u) + Bf (u,v) + Cf (v, v), 2.2)
S(u,v) =Df(u,u)+ Ef(u,v)+ Ff(v,v). 2.3)

According to the above nonlinear terms, two kinds of preliminary materials are designed and
analyzed in this part.

e Conservative-type notations and definitions. Assuming u and v are functions defined
in I, we construct a kind of conservative numerical flux for f(u, v) as

A 1
fu,v) = 8(2u+v++u+v7+u7v++2u7v7), 2.4)

herein the “hat” terms are the so-called numerical fluxes aforementioned. Then the numer-
ical fluxes for R and S can be described as

Re(u,v) = Af(u,u) + Bf(u,v)+ Cf(v,v), 2.5)
Se@u,v) = Df@u,u) + E f(u,v) + F f(v, ). (2.6)
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Lemma 2.1 (The properties of f ) The numerical flux f defined in (2.4) possesses the follow-
ing properties

L. Foru,v € Cper(I), f is consistent with f, i.e.,
fu,v) = uv. 2.7
2. Foru, v, w are functions defined in 1, there holds an identity
[wow] = f(u, v)[w] + f v, w)lul + f (w, w[v]. 2.8)

Proof 1. The consistence can be obviously obtained when u, v are both continuous and
periodic at each node of 7j,.
2. This equality is a direct result of the definition of f and some basic algebraic manipula-
tions.
O

Remark 2.2 When taking w = u in (2.8), we immediately obtain an obvious but important
relation

[?v] =2 (u, v)[u] + f(u, w)lv]. (2.9)
Remark 2.3 In a general sense, f (u, v) is a two-component extension of the conservative
flux for f(u) = u? presented in [3,31], namely
[F(u)]
[u]

where F(u) = fou s2ds and assume [u] # 0. This is a direct result when we choose v = u
in (2.4).

flu,u) = % (@ +utu™ +@)?) = , (2.10)

The definition of the conservative numerical flux f in (2.4) motivates the conservative
trilinear form N.: for u, v, p € Hl(’]},),

. @.11)

N
=1 i=2

N
Nela,vi p) = =" v, o)y, = Y (s wlpl)
j=1 j

where (-, -)1; denotes the L2-inner product over the interval I j- By virtue of the Riesz Rep-

resentation Theorem, we define the nonlinear operator N : H YT x HY(T) — V, as
follows

N

N
Nelat, v), p) == v, o)y, = D (s v)lol)
j=I

Jj=1

e forVp e Vp,, (2.12)
J=32

where the unadorned notation (-, -) denotes the L2-inner product over the domain [0, 1].

Lemma 2.4 (The properties of N) The trilinear form defined in (2.11) possesses the following
properties

1. N is consistent in the sense that,
Ne(u, v; p) = (uv)y, p), foru,v € HI(I) NCper(I), p € V. (2.13)
2. Foru,v,w € HY(Tp),
Ne(u, v; w) + Ne(w, w; v) + Ne(v, w; u) =0. (2.14)
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3. Foru,v € H\(Tp),
1
Ne(u, v;u) = —ENC(u,u; v). (2.15)

4. Foru € Hl(Th),
Ne(u, u; u) =0. (2.16)

Proof 1. For u,v € H'(I) N Cper (1), the conclusion (2.13) is easy to be obtained by
integration by parts, periodicity and continuity at each node

| = (wv)x. p).

=2

N
N, v; p) = (o) ) + Y (v = fu, v)lo])
j=I

2. Sinceu, v, w € H'(7), integration by parts, applying periodic boundary conditions and
(2.8), the desired equality (2.14) comes out obviously.

3. Property (2.15) follows by taking w = u in (2.14) and the symmetry of the first two
components of N.

4. Take v = u in (2.15), we get that

Ne(u, s u) = —%./\/c(u, u;u).
O

Remark 2.5 When we further define the nonlinear operators %, and ., based on the definition
of operator N\, as

(Ze(u,v), p) == AN(u, u; p) + BNc(u, v; p) + CN:(v, v; p),
(Fe(u, v), p) := DN(u, u; p) + EN:(u, v; p) + FN (v, v; p), (2.17)

for Vp € Vj,. Furthermore, the consistency of A, in (2.13) directly results in the consistency
of % and .7 foru, v € H'(I) N Cper(I) and Vp € Vj, ice.,

(%C(Lh U)7 10) = (R(uv U)Xﬂ 10)7
(‘%‘(”!v)! p) = (S(”’U)x’ 10) (218)

o Dissipative-type notations and definitions. We also introduce a dissipative-type numer-
ical flux for the nonlinear terms R and S defined in (2.2) and (2.3) as follows

~ e
Ra(u, v) = {R(u, v)} = S[ul, (2.19)

—~ e
Sa(u,v) = {S@, v)} = 5[], (2.20)

herein the positive parameter ¢ satisfies
(R, S)

> 2.21
S_Qo<a(u7v)>, 2.21)

and oo( %((ff))) is the spectral radius of the Jacobian matrix of (R, $)T over all u and v.

Furthermore, some additional conditions for € to ensure the stability of numerical scheme
will be discussed in subsequent study.
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We define the corresponding trilinear form Ny as follows: for u, v, p € H Lz,
N N
Na(u, v; p) = =3 (. po)y, = Y (uvllol);_y . (2.22)
j=1 j=1

In addition to the corresponding nonlinear operator Ny : H'(7;,) x H'(7;) — Vj, in the
sense of L2[0, 1]-inner product: for Vp € Vj,

N N
Na(u,v). p) = — ; wv. pr)y; = ; (uvllpl);_y - (223)
We list here some essential facts about this operator N;.
Lemma 2.6 (The properties of Ny) The trilinear form as defined in (2.22) satisfies
1. Ny is consistent in the sense that,
Na(u, v; p) = (Wv)y, p), foru,ve H' ()N Cper(I), p€Vy.  (224)
2. Foru,v € H\(Tp),

1 N
NaGut, ;) + 2Na(u v ) = =5 Z; (Lulfullv]);_y - (2.25)
J=
3. Foru e H'(Tp),

LN
Na(u, u; u) = % Z (L] (][] 1 - (2.26)
j=1

Proof 1. Foru,v e HY\(I)NC per (1), the conclusion (2.24) is obtained by integration by
parts, periodicity and continuity at each node.
2. Apply the periodic boundary condition and integration by parts to the definition of (2.22),
then we get
Na(u, u; v) +2Ng (u, v; u)
N N
== 2 (200w, + vy, ) = 30 (2 by + uadiol)_y )

j=1 j=1

J=2

N N
= Zl([”””] = 2uv}lu] — u[v);_y = Y Clul(u}v) — {uvh);
j=

j=1

1 N
= —3 2 (uliliv])_y -

j=l1

3. The result in (2.26) is a direct outcome when we replace v = u in (2.25) that

N
1
Nau s ) + 2Ng Gty s ) = == 3 (ullullael);_y -
j=1
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Remark 2.7 By some similar analysis, the consistency of Ny directly deduces the consistency
of the nonlinear terms: for u, v € H'(I) N Cper(I)and Vp € V),

(Za(u, v), p) = (R(u, v)x, p),
(Fau, v), p) = (S, v)x, p), (2.27)
here the bilinear operator %, and .7 are defined as
N
(4, v). p) = ANy, us p) + BNy, v: p) + CNa(v. v: p) + 5 Y (o)),

Jj=3’
Jj=1

N
(Fa(u, v), p)) = DNa(u, u; p) + ENg(u, v; p) + FNa(v, v; p) + % > (WlleD, s -
j=1
(2.28)

The extra jumps [¢] and [v] will vanish when u, v are periodic and continuous.
2.2.2 Properties to Linear Terms

Other than the notations and definitions for the nonlinear terms in the KdV-type system, in
the future LDG schemes, we would like to define the useful bilinear forms D : H!(7},) x
H'(7,) — R for linear terms: for w, p € H'(73),

N N
D(w, p) ==Y (w.p)y; = ) @lpD,_y . (2.29)
j=1 j=1

2

By the Riesz Representation Theorem, this bilinear form can be used to define the linear
operator D : H'(T;) — Vj, with the following L2[0, 1]-inner product: for Vp € Vj,

N N
(D). p) ==Y (w.pe)y; — ) (@lpD,_1. (2.30)
j=1 j=1

Furthermore, for different choices of the numerical flux of w, we use the specific notations
D™, DT and D* with ¥ taking w™, w and {w}, respectively. Some properties of D are
displayed in the following Lemma.

Lemma 2.8 (The properties of D) The bilinear form D defined in (2.30) satisfies
1. D is consistent in the sense that,
D, &) = (uy, &), forue H'(I)N Cper(I), &€V (2.31)
2. For&,r € H\(Tp),

DY)+ D7 (.6 =0, (2.32)
D*(5.5) +D*(5.8) = 0. (2.33)
3. For& € H\(Ty),
D*(§.§) =0, (2.34)
ARy
DHEE =~ (gsﬂ) o (2.35)
j=1 J=2
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N

1
D= <5[S]2> e (2.36)
J72

j=1

Proof 1. Foru,ve H'(I)NnC per (I), the consistency of D can be obtained by integration
by parts, periodicity and continuity at each node.
2. Apply integration by parts and periodicity to the definition of the linear form D, then
manipulate it as follows

DT, o—%D‘@ £)

=——§:<s g, — }; (£71¢1),_ §:<z £y, — };(c‘@]h_%
J J
N

N
=D €D 1~y (ETRI+¢TIE),
e

2
j=l1
=0.
The proof of the other equality is similar.

3. The result for D*(&, &) can be easily obtained by (2.33). And for £ € H'(T3), via
integration by parts and periodicity, we have

N

DY €)= §j(sso, Yo (ET1E), s

j=1

Y1
(QIE DF%=—§<gﬂﬂ
J

j=1 j=1

N

Then equality (2.36) can be directly deduced by (2.32) and the above result.

3 LDG Schemes for the KdV-Type System

We devote this section to the design of different LDG schemes for the KdV-type system (1.1)
via choosing different numerical fluxes.
Rewrite the two equations in (1.1) into the following first-order systems

i+ (p“)x + R(u, v)x =0,
“—(q"): =0,
g™ —u, =0, (3.1

and

v+ (P + S, v), =0,
© =@ =0
g —v, =0. (3.2)
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3.1 The Weak Formulation

We use the LDG method to approximate (3.1) and (3.2) as follow: For each j, find uy, p,(l”),
q}(l"), Vh, p}(lv), q,&") € Vj, such that for all test functions py, &1, ¢1, p2, £, &2 € Vp,

(@n)e pO)1; — (P;(,u), (,Ol)x) + (ﬁq ‘o1~ ) ([’7}[“),01 ) .
1 j+3 J=2

— (R (p02); + (Ror7) 1y = (Rort) -y =0, (3.3)
(u) ~u) g — ~u) ¢ + _

(ri01), + (@ @), - @767) L, +(@"6%) =0 64

(qh 7§1> +(uh,(C1)x)1j—(ﬁhC17)<+; (@™ ) %20, (3.5)

and

@2, = (P o)+ (27) (i)*,,”)m*)j_

— (S, (P21, + (Sp2~ ),+ - (8m"),, (3.6)
(r&), + (4 @n), - (@ &-)H% - (qh”’sf)j% =0, (7

(617 22), + @n @0, = (a7 g + (@027)

2

.1 =0. (3.8)
/72

Here, the “hat” terms are numerical fluxes as described before, and(-, -) I denotes the L2
inner product over the cell /;.

3.2 The Numerical Fluxes

We remark that different choices of the numerical fluxes R, S, A(X), Z[}(IX) and yj, (here x can
be u or v) would result in different numerical LDG schemes for the KdV-type system (1.1).
Herein, we list the choices of the numerical fluxes as follows:

. The conservative fluxes for p(X) , q}(lx ) and

B =" G =10y =) (3.9)
2. The dissipative fluxes for p , q,(lX) and xy,
A(X) (p(X))+ zl‘l(l)() (q}(;X))+’ ih — Xh_' (3.10)

3. The conservative fluxes for R and S as described in (2.5) and (2.6)

Re(up, va) = A fup, up) + B f (un, vp) + C f(vp, vn).
Sewn, vp) = D f (un, un) + E f (un, vp) + F f (vn, vp). 3.11)
4. The dissipative fluxes for R and S as defined in (2.19) and (2.20)

Ra(up, vp) = (R(up, vp)} — g[uh],

SaCuun. vn) = (SCun. vi)} — %[vh]. (3.12)
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Table 1 Four LDG schemes for KdV-type system

Conservative (S¢, Re) in (3.11)  Dissipative (S;, Ry) in (3.12)

Conservative (ﬁ,( ,qh , Xh) in(39) C;-C, scheme C;-D,, scheme
Dissipative (1’7\,(1 s q}(lX), Xp) in (3.10) D;-C,, scheme D;-D,, scheme

The so-called “conservative” and “dissipative” labels in above statements will be specified
in the next section. These four choices lead to one conservative LDG scheme with numerical
fluxes (3.9) and (3.11), as well as three dissipative schemes for the KdV-type system. We
display all four schemes in Table 1.

Remark 3.1 We remark that the choices of numerical fluxes of p A(X ) and X in (3.9) and (3.10)

are not unique for they just need to follow some cardinal rule: p A(X) and xj must be taken

from opposite sides. And here we list a sequence of possible ch01ces of the numerical fluxes

A(X) {p(X)}_,’_o[ (X)]’
Xn = {xn} — 0lxnl.

where 0 is a constant in [— % %]‘ Particularly, 6 taking j:% leads to the alternating fluxes and
6 = 0 to the central fluxes. In this paper, we will only focus our work on the fluxes presented
in (3.9) and (3.10) and the analogous analysis about the other fluxes can be easy obtained by
results of these two particular cases.

4 Conservative Properties and Stability Analysis

In this section, we turn to discuss and analyze the stability of the LDG schemes presented in
previous section. According to the discrete version of energy H defined in (1.3), we say that
the H-stability holds when

H(up, vp) = /(au% + bupv, + cvﬁ)dx <0, foruy,vy € Vy,
I

in particular, if the equality holds, we called it as 7{-conservation. Besides, the corresponding
adjective expressions, such as “H-dissipative” and “H-conservative ”, are also used in this
paper. We will see in next subsection that when the conservative numerical fluxes (3.9) and
(3.11) are both taking, the H-conservation will hold; or else only the H-dissipative property
can be obtained.

4.1 Main Results About the Stability Analysis

Theorem 4.1 Assume that a, b, ¢ are solutions of the system (1.4) and satisfy condition (1.5).
Let up, vy € Vy, be the numerical solutions of the LDG schemes (3.3)—~(3.8) equipped with
numerical fluxes aforementioned in Table 1, then we have the following results.

e (C—C, scheme) The C;—C,, scheme is H-conservative,

d
77 n, va) = 0. (4.1)
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e (C;-D,, scheme) The C;—D,, scheme possesses the H-stability,

d

—H(up, vp) <0. 4.2

7 (tn, vn) 4.2)
e (D;-C,, D;-D, schemes) Further assume that the parameters in condition (1.5) are

nonnegative, i.e., a, b, ¢ > 0, then the other two dissipative schemes, D;—C,, and D;-D,,,
admit the H-stability

d
EH(uh, vp) =0, (4.3)

if the positive constant € in Ry and Sy satisfies

1 1 J(R, S
& > max (flAll, —|Azl, Qo( ¢ )>> “4.4)
o o da(u, v)

where o is some positive number generated by condition (1.5) such that
a(llul) + 1% < H(u, v) = au® + buv + cv?

and Ay, Ay denote
1
A1 = 3QaA+bD)|ulloo + QeD +bA) vlleo,
1
Az = 2(bC +2¢F)[vlloo + (2aC + bF) oo 4.5)

Remark 4.2 We remark that the H-stability of the D;—C,, scheme and D;-D,, scheme are
restricted by the values of a, b and c, since the stability analysis for linear terms hold with
a,b,c > 0. Such extra assumption indicates that only a part of H quantities are proven
stable by our method, yet it is not to say that the remaining quantities perform badly in these
LDG schemes. In the future section of numerical experiments, we choose some examples
which are not satisfied with condition a, b, ¢ > 0, but the numerical results still perform well
therein.

Remark 4.3 Taking into consideration of the condition (1.5), there exists a positive constant
« such that

1
o / W + vD)dx < Hup, i), (46)
0

and this indicates the global boundary for ||uy || and ||vp]|.

4.2 Proof of the Main Results

We first consider Egs. (3.3) and (3.6) in two systems. Sum over all cells and notice the periodic
condition, then (3.3) and (3.6) become

ZN: ()i, p1)g; — XN: ((p;(f')(p1)x>1_ + (ﬁ‘”[m]) , ,)

j=1 j=1 / s

N
= (R0, + (Ripn)_y ) =o0. ()

j=1
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N N
PCANSIEDS <(p,§”)(pz)x)1_ +(7"1021) )
=1 j=1 : o
N
= (S 020, + Sleal); 1) =0, (4.8)
J=2
j=1

here ﬁfl") s ﬁ}(lv) s R and S are generalized notations with different choices in different schemes
aforementioned. By virtue of the linear operator D and nonlinear operators % and ., we
can concisely rewrite (4.7) and (4.8) as follows

) + D(p™) + Z(up, vi) =0, (4.9)
()i +D(p”) + 7 (up, vi) = 0. (4.10)

Multiplying (4.9) and (4.10) by 2auy, + bvy, and buy, + 2cvy, respectively, then integrating
and summing up, we get the following important equation

iH(u o) + Ty vn: p, p) + Ty, vp) = 0 4.11)
i hs Uh hs Uhs Py s Py, hs vp) =0, .

where J (up, vp; p,(lu), p;(lv)) denotes
T, v py s p) = 2aD(py up) + bD(py”, va)
+D(py” un)) + 2¢D(py” vi). 4.12)
and Z (uy,, vp,) is defined as
T(up, vy) = (Zup, vy), 2aun, + bvy) + (7 (up, vy), buy + 2cvy) . (4.13)

In the following discussion, for different schemes, we will further denote 7. and 7, according
to D in (4.12) being D* and D™, respectively,

Teun, vis py s p) = 2aD* (p}), up) + b(D*(py", vn)
+D*(p”, un)) + 2¢D*(pS”, vi),

Ja(up, vn; P;(Lu), P;(f)) = 2aD+(P;,")» up) + b(DJ”(P;,"), Un)
+ D (p, un)) +2¢DF (py”, vn).

Similarly, we use 7 . and Z; to denote the different cases of (4.13) Aaccgrding to the nonlin-
ear fluxes pair (R, S) respectively taking the conservative case (R., S¢) in (3.11) and the
dissipative one (Ry, Sg) in (3.12), namely

Ze(up, vp) = (Ze(un, vi), 2aup + bvp) + (e (vp, vi), bup + 2cvy) ,
Za(up, vp) = (Za(up, vp), 2aup + bvp) + (Sa(up, vp), bup + 2cvp) .

We first give the following lemma for nonlinear quantity Z.

Lemma 4.4 (The properties of 7) Let a, b, ¢ be solutions of the system (1.4) and satisfy (1.5).
Then for uy, vy, € Vy, there hold the following facts for quantities Z. and Iy

o Tuke R=R., S =3S,, then the following equality holds
Ze(up, vp) = 0. (4.14)

@ Springer



Journal of Scientific Computing (2021) 86:4 Page 15 of 43 4

o Tuke R = k\d, S= §d, and further suppose the parameter € in I’Q\d and §d satisfies the
condition mentioned in (4.4), then there holds

Zg(up, vp) = 0. (4.15)
Proof The detailed proofs are given in Appendix A. O
Now we turn to analyze the quantities 7. and 7y in the following lemma.

Lemma 4.5 (The properties of J) Let a, b, ¢ be solutions of the system (1.4) and satisfy
condition (1.5). For the quantities J. and Jy generated by the linear terms in the system, we
have the following (in)equalities

e Take the numerical fluxes of the linear terms as in (3.9), then there holds the following

equality for J,
Te(un, vis pi, piy = 0. (4.16)

o Take the numerical fluxes of the linear terms as in (3.10) and further assume the parameter
b > 0, then there holds the following inequality for Jy

TaCun, v py”, pi) = 0. (4.17)
Proof The detailed proofs are given in Appendix B. O

We further apply the results of Lemmas 4.4 and 4.5 and finally obtain the desired results
as follows

e (C;—C,, scheme)

_4d LW ) _d
0= EH(’M, vp) + Jelun, vis py s ) + Ze(up, vp) = EH(Mh,UhI (4.18)

o (D;—C,, scheme)

d d
0= EH(Mh, vp) + Ja(up, vp; p;lu), p}(,v)) + Zo(up, vp) > EH(uh’ ). (4.19)

o (C;-D,, scheme)

_d LW ) d
0= E’H(”h, vp) + Jens v py s Py, ) + Za(up, vp) = EH(Z'”% vp).  (4.20)

e (D;-D,, scheme)

d d

0= —HGun. vn) + Taen. va: py” pi”) + Talan. vn) = —Hun. o). (4.21)
Now we have completed the proofs of the main results about the conservative and dissipative
properties for our designed schemes.

5 Error Estimates

In what follows, we derive error estimates for the D;—C,, scheme and D;-D,, scheme with
both taking the dissipative numerical fluxes for the linear terms in the KdV-type system (1.1).
For the LDG methods to nonlinear KdV equations, we know that there exists some obstacles

in handling the error estimates for the linear terms choosing @(,X) = {q;(lx )}. For example,
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authors in [16] say that they only obtain the best (k — %) order of accuracy after trying various
different approaches to derive a priori error estimates for the conservative LDG method to
the gKdV equation. For this reason, we just choose the dissipative flux 21\,(1)( - (q;(lX))"' in
this section and focus our attention on the performance of two different nonlinear numerical
fluxes, (3.11) and (3.12).

Our ideas of handling the error estimates for linear terms of the KdV system are guided
by the LDG method to nonlinear KdV equation in [22]; the strategies for nonlinear terms
are inspired by the continuous Galerkin method to the KdV-type system in [5] and the DG
method to symmetrizable systems of conservation laws in [30].

The framework of this section is designed as follows: we supplement some useful notations
and auxiliary tools for the following error estimates in Sect. 5.1; then we put forward the
main error estimate results for both two schemes in Sect. 5.2 in advance; after that we give
the analysis for the main results by separating the proof into 2 parts: Sect. 5.3 for generating
the error equation, and Sect. 5.4 about error estimate for each term of the error equation.

5.1 Notations and Auxiliary Results

In this part, we introduce some notations and assumptions to be used and some auxiliary
results to be cited later in this paper. Some projections are introduced and the corresponding
interpolation and inverse properties for the finite element spaces are presented.

5.1.1 Notations and Assumptions

We will denote by C and C, positive constants independent of 4 and N, which may depend
on the solutions of the KdV-type system considered in this paper. Especially, C, used to
emphasize the nonlinearity of fluxes F (u, v) and G (4, v) depends on the maximum of second
derivatives of F' and/or G. These constants may have a different value in each occurrence for
the sake of facility. In this part, the exact solutions of the problem to be considered are assumed
to be smooth equipped with the periodic or compactly supported boundary conditions. The
time evolution about the problem is also bounded as 0 < ¢t < T for a fixed T. As a result, the
exact solutions are bounded too.

5.1.2 E-flux and an Important Matrix Related to the Numerical Flux

e The E-flux. Let p = (u, nT. We say that a system with the nonlinear terms P (u, v) and

Q(u, v) is symmetric if B := (P, O)7T satisfies that the Jacobian matrix Jg = 33((1;’,%)
is a symmetric matrix. For a symmetric system of conservation laws, the numerical flux
B:= E(p_, p") has been considered as an E-flux in [14] and [30] (therein they called
it a generalized E-flux on account of handling their targeted symmetrizable system) if it

is Lipschitz continuous and the following inequality holds

Br) —Bp . p e -p) =0, i=123, (5.1
where r; =p~, {p} and p™.

Many numerical fluxes can be verified easily to be (generalized) E-fluxes: for example, the
Roe linearization flux function [19], with or without Harten’s entropy fix [13], and the global
(local) Lax—Friedrichs flux which has been shown to be in [14] and detailedly discussed in
[18].
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Last but not least, we must remark that our KdV-type system (1.1) with IC = (R, HT is
not a symmetric system since Jxc being not symmetric, yet we can use some extra conditions
to generate some symmetric form B = (P, Q)7 . Such discussion will be put in Sect. 5.4.

e Animportant matrix related to the numerical flux. The symmetric system along with
the E-flux property guides us to introduce an important matrix in measuring the amount
of numerical viscosity presented in [30]. Comparing to the original description about the
symmetrizable system in [30], we only list herein the simplified version for the symmetric
system in the following proposition.

Proposition 5.1 Assume that the numerical flux B = E(p‘,p"') satisfies the generalized
E-flux property (5.1) and consistent with the flux B(p). Define the matrix on each element
interface

1 2 1 .
By — AR oty | AL T 5A A if [P1#O, )
AB;p) = AB;p~.p7): {IJB({p})I, if [p] = 0. (5.2)
where
N T
Aiz(B(r’) B(p))lpl =123 5.3)

(p1"[p]

with r; = p~, {p},p™T as defined in (5.1). Then for any p € R?, the spectrum ofA(ﬁ;p) is
bounded and [p]T.A(B;p)[p] > 0; what’s more

1 ~
g[P]TU]B({P})HP] < [p1" AB; p)lp] + C.lp1IP, (5.4)

where the positive constant C, depends only on the nonlinearity of the flux B, and ||[p]|| is
the length of the vector [p].

In our following discussion, some convenient notations for A(B; p) will be adopted when
the intent is clear from the context, i.e.

N
Ap) = ;[p]j_%A(B; P);_1pl; 1.

5.1.3 Projections and Interpolation Properties
In the following, we will introduce the standard L?-projection of a continuous function w
with k + 1 order bounded derivatives into the finite element space V},, denoted by P; i.e., for

each j,

/ (Pw(x) —w(x))vx)dx =0, forVv e Pk(Ij), 5.5
1

and the special projection P* into Vj,, satisfying that: for each j and Vv € P¥~1(I i)

(Prw(x) — (x)v(x)dx =0, and P+a)(xj;l) =o(x;_1), (5.6)
Ij 2
/[j (P w(x) —wx))v(x)dx =0, and P_a)(xj_+%) = a)(xH%). 5.7
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For both projections mentioned above, authors in [29] generalized the following results
from [9] as follows

1
oIl + hllelloo + A2 oI, < CA*TT, (5.8

where @® = Pow — 0, v¢ = PTw — w or ®® = P~ w — . The positive constant C depends
only on w, namely it is independent of %. I'j, denotes the set of boundary points of all cells
I; belonging to the mesh grid, and the norm

1 N
lallr, = | 5 DMl -
=1

5.1.4 Inverse Properties

We show several inverse properties of space Vj, which will be utilized in the following error
estimates. For any w;, € Vj, there exists a positive constant C independent of wy, and £, such
that

1 1
() IVoull < ch™Monll, @) llonlr, < Ch™2llwnll, (i) [onllo < Ch™ 2 [lap|.
(5.9)

5.2 The Main Error Estimate Results

Theorem 5.2 Assume that a, b, ¢ are solutions of the system (1.4) satisfying condition (1.5).
Let u and v be the exact solutions of the KdV-type system (1.1) which are periodic and smooth
enough with bounded derivatives. Let uj,, vy, € V), be the numerical solutions of the semi-
discrete LDG schemes (3.3)—(3.8) equipped with numerical fluxes (3.10) for the linear terms
and (3.11) or (3.12) for the nonlinear terms. Denote the corresponding numerical errors by
ey, = u—uy and e, = v—vy,. Foraregular partition of I = [0, 1]with N cells, we assume the
finite element spaces Vj, defined in (2.1) with discontinuous, piecewise polynomials of degree
less than or equal to k. For sufficiently small h and assuming that ||uj, (0) —u(0)|| = O (hFt1
and ||v, (0) —v(0)] = O (h¥h, the following error estimates hold

o The numerical solutions uy and vy, of the D;—C,, scheme equipped with the numerical
fluxes (3.10) and (3.11) satisfy

lu — up | + llv — vpl|* < ch?*. (5.10)

e The numerical solutions uy and vy, of the D;-D,, scheme equipped with the numerical
fluxes (3.10) and (3.12) satisfy

llw — up|® + v — vy )|* < ch?F (5.11)

Here the constant C depends on the terminal time T, k, ||u|lco, |V]lcos |Ullk+1 and ||v|k+1-
The notation ||-||x+1 is the maximum over O < t < T of the broken Sobolev (k + 1) norm in
space.

5.3 The Error Equations and Energy Equality

We choose the projections as follows

sO =5 =P x. nW=x-Px,
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w® = p}(LX) —pp0, ) = pX) _pplo,

y(X) — qng) _ 'PC](X), )/(X) — q(X) _ 7)‘1()()7 (5.12)
where x can be u or v. Let u, v, p(”), p(”), q(“) and q(”) be periodic and sufficiently smooth
solutions of the systems (3.1) and (3.2), and take account of the consistency of %, ., D in

(2.18), (2.27) and (2.31), then these exact solutions also satisfy the LDG schemes (3.3)—(3.5)
and (3.6)—(3.8). We obtain the error equations in the distributional sense

s@ 4 DT W) + Z(up, vp) = 0™ +DTOW) + B(u, v), (5.13)
w® —pt(y®Wy =W _ pt(,®)y, (5.14)
3 _ D (5) = 5@ _ p (@), (5.15)

and
s LD W®) + F(up, vp) = 0 + DO + .S, v), (5.16)
w® — DT (yW) =W — D), (5.17)
y(v) —D (™) = J/(v) — D~ (™), (5.18)

here % can be %, or #Z; and .¥ can be .¥, or .%y.

The general L?-projection P have the property such that 8 and y ) are orthogonal to
V., and the special projection P~ makes X) locally orthogonal to all polynomials of degree
up to k — 1. We list such useful facts as follows

e ForVe €V,

N
Yo (©09.9), =0 Y (%e) =0 (5.19)
j=1 ! j=1 !
e For the bilinear form D and V¢ € Vj,,
N N
D0 9) = =3 (1% 0x), =2 (@*)7191) =0, (520
j=1 e :
N N
DY) = =3 (6%, 0:), = 2 (0H191) == (@97 I91)
i—1 J =1 2 =1 2
' ’ / (5.21)
N N
DW= =3 (¥%.0), =2 (00H91) == (0 H9) -
— it 2 —1 2
' ' ' (5.22)

Now multiplying (5.13) by 2as™ + bs® and integrating, similarly (5.16) with bs™ +
2¢sW) | then summing up, we obtain

%H(s(”), sy 4+ (2aD+(w(”), sy 4+ DT W™ sy 4 pDT (W, sy + 2¢DF (W™, s(“)))
N
_ Z (2(1 (n[(u)’ S(u)) b (77/(”)’ s(v)) +b (nt(u)’ S(u)) +2¢ (n[(v)’s(v)) )

; 1 1 1 1j

j=1
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_ (2a'D+(0(M)’ S(u)) + be+(9(M)7 s(v)) + b’D+(6(U), s(u)) + ZC'D+(0(U), S(U))>
+ ((%(u, v) — Z(up, vp), 2as" + bs™) + (L (u, v) — S (up, vp), bs™ + 2cs<">)) . (5.23)

It is easy to see that the second term in RHS of above equality can be simplified by (5.21).
Next we handle the second term in LHS of (5.23). Multiply (5.14) and (5.15) with test
functions y® and —w®) respectively and integrate

N N
3 (w(m, y(u))[- — Dy, y @) =3 (9(,4)7 y<u>>[ _DrW, YWy (5.24)
J .

J

j=l j=l
N N

_ Z <y(u)7 w(u))l. $D (s, Wy = — Z (V(”)7 w(u))l. +D (™, w). (5.25)
=1 ! =1 !

After applying the equalities in (2.35), (5.19), (5.20) and (5.21), adding (5.24) and (5.25)
together, then we have

N
D_(S(”), w(u)) - _ Z <;[y(u) > + Z <(y(”))+ (”)]) L (5.26)
j-% T2

J=1

The analogous result for the Eq. (5.17) and (5.18) with test functions y® and —w® is as
follow
N

1 N
Df(s(v), w(u)) _ Z (E[y(l])]2> 1 + Z ((y(v))Jr[y(v)])j - (5.27)
J=3  j=1 o2

j=1
Taking the test functions in four Eqgs. (5.14), (5.15), (5.17) and (5.18) as y®, —w® y@
and —w®, respectively, and performing similar operations yields
D*(S(u) w(v)) +D7(S(U) w(u))
N N
:_Z( @1 (v)) +Z( (@Y F[ (v)) +Z( (y ) F[y®)] ); .,

Jj=1 j=1 2

(5.28)
By virtue of the results in (5.26), (5.27) and (5.28), we add
2aD~ (s, w®) + b(D™ (s, w®) + D™ (sV, w®)) +2¢D (s, W)
to the second term in the LHS of (5.23) and then get the following important energy equality

%H(s“‘), s®) + i (a ([y(“)]z)ji% +b ([y(”)][y(“’])jié +e ([y(”)]z) A 1>

J=2

)

5 <2a (1) (e I e )

j=1 2

[N

+2c ((y(”))+[y(”)]) , 1)

)

N
=2 <2a (nf"), s(”)) +b (n,("), s(”)) +b (nt("), s(“>> +2¢ ( @ <“)) )
1 1j 1 1j

j=1
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N
- 2a (™) T[s7)
X (2 (0

+2¢ ((Q(U))+[S(v)])i 1 >
)

+ ((%(u, v) — R(up, vp), 2as™ 4 bs™) + (S, v) — .S (up, vp), bs™

(O 0) s ))

2

Nl—=

j7

+2es)), (5.29)
and we write the above equality as follow for convenience
Hi + 09+ 01 =04+ 03+ 0O,, (5.30)
where
N
Op=Y" (a ([y(”)]z) o +b ([y“”][y“”]) ot ([y(”)]z) _ ,> : (5.31)
=1 J—3 J—3 J—3
N
o =-3" (2a (G @) +b (0 1+ O )
; ) J=2
j=1
+2¢ ((y(v))Jr[y(v)]) | l) ’ (5.32)
)
N
_ () () () () ) () A, (V)
©2 _Z}(Za (77; 8 )Ij +b(nt - )1/- +b(n’ - )Ij t2 (”‘ - )1,-)’
]:
(5.33)
N
— _ W)yt () W) y+() W)+
0 = ; (2a (@ 1) +6 (@ T+ E M)
+2¢ ((9(”))+[s<”’]), 1), (5.34)
)
On = (Z(u, v) — R(up, vp), 2as" + bs™) + (S (u, v) — S (up, vi), bs™ + 2cs™).
(5.35)

5.4 Proof of the Main Results

We now turn to give the proof of the conclusions presented in previous subsection by virtue
of analyzing every term appeared in the energy equality (5.29).

e Proof of error estimates for the linear parts Oy, O1, O and Os3. In the energy equality,
both D;—C,, and D;-D,, schemes share the same linear terms Og, O, O, and O3, thus
we in advance give the error estimates for these terms.

Firstly, we consider the terms Qg and O;. Referring to statement in Remark 4.3, condition
(1.5) allows a positive real number « such that

Orzay (([y“‘)]z)j_l +(r)
j=I

2

> . (5.36)

1
2
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Applying the Young’s inequality £¢ < €£% + ﬁ{z with the positive parameter
B o
"~ 2max(|2a + b|, |b + 2c|)

and interpolation properties to Op, we have

N
o
O >—= (072 2 — ch2kHL, 537
1z /EZI (([y P+ (00r) (5.37)
As a consequence,
a
b 02 72 2kl
Oy + O > > E (([y ])j_%+([y ]),_%> Ch™ T, (5.38)

j=1
Thus we get the following inequality

H, — Ch* ! < H, + Zﬁ: (([y<u)]2> . <[y<v)] ) 1) _ op2kt

]=l 2 2

< H;+ O+ Oy. (5.39)

Now we turn to the RHS of the energy equality (5.29). Since the time derivative commutes
with the projection P~, we have the following estimate for O,

1021 < Ch*F2 (s + s 11%). (5.40)

Moreover, O3 can be estimated by the inverse inequalities (5.9) and interpolation properties
(5.8) as

03] < Clls™ 112 + lIs“11%) + ch*, (5:41)
or additively by the Young’s inequality
|03 < € Z ( [s“ +1 (”)]2) o FCn (5.42)
/72

here the positive parameter € can be chosen small enough according to our need. We remark
that these two different versions listed here will be used in two different schemes.

e Proof of error estimates for D;—C,, scheme. In this part, inspired by the work in [5],
we analyze the nonlinear term O, with conservative numerical fluxes (3.11) and then
complete the error estimates for the D;—C,, scheme.

Denote
7@ =Pu, 7V =P (5.43)
for concision and rewrite O, into
O =— ((%’c(uh, vp) — Be(@ @, 1), 245 4 psV)
+ (Se(up, vp) — Fo(@W, 7 W), bs® + 20s(”))>

n ((%C(u, V) = Ze(@®@, 7®) 205 4 ps®)y
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T (Lo, v) — Lo (0@, 7O, ps® 4 2cs<v>)>
=04 + Os, (5.44)

here we have chosen # = %, and . = .¥, in O,, in the D;—C,, scheme.
Recall the form %, and .7, namely,

Re(up, vp) — Be (@™, 7™y = AW (up, up) — No (@™, 7))

+ B\, vp) — Ne(r®@, ™))

+ CWNe(vp, vp) — Ne(®, ™)) (5.45)
Fe(up,vp) — Le@ 7y = DWe(un, up) = Ne(@™, 7™))

+ EWN(up, vp) — Ne(@™, 7))

+ F(Ne(un, vp) = Ne(@®™, ™). (5.46)

Apply up, = s + 7@ and v, = s 4+ 7 in the bilinear operator A, then we have
following relations

NG, un) = Ne(@r®, 7y = Ne(s™,s) + 2N (s ™),
Ne@n, vi) = Ne(@®, 7 @) = Ne(s@, s@) + 20", ™),
Ne@n, vp) = Ne@@ ™, W) = Ne(s™, s@) + N5, 7™) + Ne(s™, 7 ™). (5.47)
Substituting the above transformations into (5.45) and (5.46), we obtain
O4 = — T(s® sV
— ((4Aa +2Db)No (™, s sy 1 2Bb + EL)N,. (7, s®); s®)
+ (Bb 4+ 2EON.(x ™, s©; s 4 2Ch + 4FN.(x ™, sV, s<”>))
— (@Ba+ EDNx™, s s9) + 2Ab +4DN (™, 5@; )
+ (4Ca+2FDN(x ), s 5) + (Bb + 2EN.(x ), s; 50))
= —To(s™, sV 4 041 + Oy (5.48)

According to Lemma 4.4, we know Z, (s, s()) = 0. Then applying the property of A, in
(2.15), the general form N (9, 00 ¢(0) of the nonlinear terms in 04,1, where ¢ and x
can be u or v, is bounded by

L), 500 500y = %U\/C(s(x),s(x); EN

% }i((“m)z’”ﬁ),,h’i(ﬂs(”’su))[’f@)]% 1
j=1 =l 2

2

IA

< I oo + 7 N o) 15112, (5.49)

here the last inequality is deduced from the fact [7(9)] = [¢ — 7S] = ['9)]. Applying
the interpolation property of the projection P~ and the smoothness of # and v, we can get a

constant boundary for ||71;§) lloo + 217 || 0o. Thus we get the estimate for Oy

10411 < CUls™% + Is@)1?). (5.50)
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Next we turn to O4 2. Regarding to condition (1.4), i.e.,
2Ea + Eb =2Ab +4Dc,
4Ca +2Fb = Bb + 2Ec,
symmetry of NV.(-, -; £) and (2.14), O4 > can be simplified as follow
Q42 = —Q2Ba + EDWNe(@®, s 5" + No@®, s s))
— (4Ca+2FD)WNe (™, s 5) + Ne(@® 5450
= —(2Ba+ Eb)(Ne(@™, s 50 4+ Ne(s", 2™ 50)
— (4Ca+2Fb)N (™, sV s) + Ne(s™, 7@ sV)
= 2Ba+ Eb)N.(s™, s™; 1) + (4Ca + 2Fb)N (s, s™; V).
We can reuse the similar technical skills in (5.49) and then obtain the estimate for O4 2
042 < C(lis“ 11> + Is™11%). (5.51)
Combining (5.50) and (5.51), we then get
041 < c(lls“1% + lIs“1%). (5.52)

It remains to show the estimate for the last term Os. Apply 7™ = u — n® and 7 =
v — ™ to N, in Os, we get

N, u) — No(r ™, 79y = 20 (™, @) — No(™, ™),
Ne(, v) = No(@®, 7@y = 20, (n™, V) — Ne(p™, ™),
Ne(u, v) = Ne (@, 7@y = Ne™, 7 @) + N (n™, 79y — Ne(n™, n™). (5.53)

Substituting the above relations into Os, then Os5 becomes a sum of two types of nonlinear
forms, N (0, n(9; s®y and N, (), n'S); s¢)), here the constants are ignored before them
and x, ¢, k can be u or v. For these two forms, we use the inverse inequalities (5.9) and the
interpolation properties (5.8) aforementioned and get

=z

N N
G0 ,(9). k) 00 ,(6) () £ () k)
N1 31 (10 50) 14+ 21 (Fa @) |
j=1 j=1
<l lsolln &N + ™ losolln M L2¢7) 1s® M L2073,
< ChZH sy (5.54)

The fact that || x ||co 1s bounded for smooth solution x leads to

|
i=1

N N
We(x, 0 5@ < Z | (Xn(g),sik))l_ |+ ZI (f(x, n(g))[s(")]>
j=1 =l

<l NsEN + cln N 2oz 1“2
< chf|Is®@. (5.55)
Applying (5.54) and (5.55) in Os, we get the estimate for it
05| < CR*(Is“ | + [1s@ ). (5.56)
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Finally, combining the estimates for all terms (5.39), (5.40), (5.41), (5.52) and (5.56)
together

d

dt

Recalling condition (1.5), there exists a positive number « such that a(ls“)2 + Is@)1?) <
H(s(“), s(“)),

H(s™, s@y < c(Is@% + Is@)1?) + chk. (5.57)

H, < CH + Ch*. (5.58)
Then the Gronwall’s inequality implies
H(s™, sy < ch?k. (5.59)
Finally, the desired error estimate (5.10) follows the similar discussion in (4.6).

Proof of error estimates for D;—D,, scheme. In this part, we turn to complete the error
estimates for the D;—D,, scheme for the KdV-type system.

Denote IC = (S, R)T, then we rewrite the dissipative numerical fluxes defined in (3.12) into
following vector form

(o~ ICpt) — ep™ KKp~) +ep
K(p ,p+)={x}_§[p]: (p )2 e’ K )2 ep

=K+ () + K_(p7), (5.60)

with the parameter ¢ satisfying

¢ = 00(Jx). (5.61)

A(R,S)
d(u,v)

where 0o (Jx) is the maximum spectral radius of the Jacobian matrix
parts }C (p) and KC_(p) satisfy that

W) _ o K@)
p op
Here > 0 (< 0) means each eigenvalue is larger (or less) or equal to 0.

. The split two

> 0. (5.62)

Recall the matrix M = (2; 2bc> then further define the fluxes
_(Pw,v)\ _(2a b R(u,v)
B= <Q(u, v)) - <b 2c> <S(u, v)) ’ (5.63)
with the corresponding numerical fluxes
= (Pw,v)\ _(2a b\ (R(,v)
B= <Q(u, v)) - <b 2c> <S(u, v) /)’ (5.64)

Condition (1.5) guarantees that property (5.62) for B still holds, i.c.,
B _ B

p Ip
BB (o

>0, (5.65)

since B = MJC and the Jacobian matrix ‘ma%) keeps its eigenvalues being non-
negative (or non-positive) when multiplied by a positive definitive matrix M. Furthermore,
the transformation in (5.63) leads to some desired symmetric property of B, i.e.,

B _ (0,P 9,P\ _ (2a b 2Au + Bv Bu +2Cv
Bp_ 9,0 3,0)  \ b 2¢)\2Du+ Ev Eu +2Fv
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_ ((4aA +2bD)u + (2aB + bE)v (2aB + bE)u + (2bF 4 4aC)v (5.66)
" \(2bA +4cD)u+ (bB +2cE)v (bB +2cE)u+ 2bC +4cF)v )’ ’
On account of the fact that a, b and c¢ satisfy condition (1.4), we have

bA+4cD)u+ (bB +2cE)v = 2aB + bE)u + 2bF + 4aC)v, (5.67)

which means that the Jacobian matrix Jg is symmetric. Therefore B is an E-flux since B is
symmetric and the property (5.65) holds.

In addition, we would like to use the a priori technique below. To deal with the nonlinearity
of B, we assume a priori that for & sufficiently small then there holds

lp—pull <h. (5.68)

This is obviously true for# = 0 by p, (x, 0) = Pp,(x), where P is the standard L2-projection
to Vj, as defined before. We will verify the correctness of this assumption later. Furthermore,
the inverse inequalities (5.9) and the approximation properties (5.8), imply that

lelloo < Ch2 and [|Qp — pylloo < ChZ, (5.69)

wheree =p—p,and Q=Por Q = P* is the projection operator.
Referring to the strategies in handling the E-flux in [30], it is time for us to estimate the
nonlinear terms O, in the energy equality (5.29) by taking # = %, and .7 = .%;

(z@d(u V) — By (up, vp), 2as™ + bs®) 4+ (S, v) — FLy(up, vp), bs™ + 2cs@)
SN 24 b\ (R v) — Ry, vp) p
I (v> b 2¢) \ S, v) = Sy, vp) ) ¢
J
% [s()] r 2a b R(u,v) — ﬁ(uh vp)
* A1), (b 2¢) \sw 0 = Sawnon) )y
Jj= J

_ i/ s (P(uyv)—P(Mthh)>dx+§: ([s(”)]>r (P(u,v) ,ef>
~ 2 ) ew v = 0w u) T 2\ s0) ow v - 0rer) ;s
j=1"4 j=1 ) 2

+ i ([S<u)]>T <Pref - E(ulw Uh))
4 [S(v)] ]7% Qref — O(up, vp) j—%

N N
=> / L (B®) ~Boy)dx + 3 (1s)' BE) ~Brep))
j=1 |

Bl —

I
—_
N\'—

J
= I11 + I + I3, (5.70)

where we denote s = (s%, s@)T and Brer = (Prey, Qref)T = %B(p’) + %B({p}) +
%B(p’“) is a reference vector defined on the element interfaces. Referring to the work in
[30], denoting e = p — p;, = (¢, e™)T and n = (n™, n™)T, we give estimates for the
three terms in (5.70) as follows

Iy + o < (s % + s %) + (C + Callelloo) B, (5.71)
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1 _
My < =2 A(p) + Cah el (s“ 1% + 1s@ %) + ch® !, (5.72)

here the notation A(p) = le\/:] [p]; 1 A(E; p) i1 [p] -1 > 0. Take the parameter € in
; -1 . :

(5.42) small enough such that the term e([s“1% + [s™1?2) can be eliminated by %A(p),

combine the above results with the estimates (5.39), (5.40) and (5.42), then we have

d 1

TG5O < =2 AP + €+ T elg) (s ™17 + 15 17) + (€ + Cullelloo)n™ .
(5.73)

Applying the property A(p) > 0 and the a priori assumption (5.69), we finally obtain
d
E'H(S(u), sy < s + 5% + ch (5.74)

The desired error estimate (5.11) for the D;—D,, scheme of the KdV-type system eventually
comes out by applying the positive definite condition (1.5) along with the same strategy used
in last part for the D;—C,, scheme.

Remark 5.3 To complete the proof, we turn to justify the verification of the a priori assumption
(5.68). For k > 1, we can assume & sufficiently small such that chf < %h with constant C
determined by the final time 7. Then, denote t* = sup{t : ||p(t) — p,(®)|| < h}, we would
have ||p(t*) — p, (t*)|| = h for continuity if #* is finite. On the other hand, the proof tells us

that (5.11) holds for# < 7* and then ||p(+*) —p, (t")|| < Ch”% < %h This is a contradiction
if t* < T. Therefore t* > T and the a priori assumption (5.68) is verified.

6 Numerical Experiments

In what follows, referring to the exhaustive work in [5], we apply the LDG schemes proposed
in our paper to several numerical examples of the KdV-type system. Accuracy tests for two
kinds of traveling waves, long-time simulations for solitary wave solutions, and interactions
of multi-solitary waves are successively presented and compared for different numerical
schemes.

The well-known additive Runge—Kutta (ARK) method in [8,20] are used as the temporal
discretization in following experiments. In [8], the implicit-explicit additive Runge—Kutta
(ARK) methods from third- to fifth-order are presented in which the stiff terms are integrated
by an L-stable, stiffly-accurate, singly diagonally implicit Runge—Kutta method while the
non-stiff terms are integrated with a traditional explicit Runge—Kutta method. And in [20],
we can see the very good qualification of the ARK methods when applied to the LDG methods
in simulating (non)linear KdV equations. Therefore, the ARK methods are introduced into
our experiments as the temporal discretization of the LDG methods to system (1.1), and
it will be numerically verified qualified and efficient in the accuracy tests and long-time
interactions simulation of multi-solitary waves. In addition, the time step size will be taken
as At = 0.1Ax in this paper.

We remark that in following experiments, the linear terms with third order derivatives
in (1.1) are multiplied by a small parameter € to adapt the KdV-type system to the interval
I = [0, 1], and such change does not affect the conclusions proposed in our paper. The

parameters A, B, ..., F are chosen as same as in [5]
1 1 1 1 9
A=-, B=—-, C=—, D=—-, E=1, F=——,
8 8 32 8 32
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and these choices result in the following settings

118 28
a=— =—— =
17

, , C s

177
which solve the system (1.4) and satisfy that 4ac — b = % > (. We remark that the
parameter b is especially chosen negative to verify the capacity of C;-D,, or D;-D,, scheme,

and the discussion about a, b, c¢ is declared in Remark 4.2 detailedly.
Example 6.1 Accuracy tests for proportional traveling wave solutions.

The authors in [4] have introduced and analyzed a kind of so-called proportional solitary
waves of the form (u, v) = (u, 2u) for the KdV-type system (1.1). In some sense, this special
setting simplifies the system with the coupled nonlinear terms into the classical nonlinear
KdV equation. Thus we will always display the numerical results for the variable u yet omit
the other one for v = 2u. Herein, we introduce two kinds of periodic exact solutions with
period 1 to the system and give the accuracy tests for our numerical schemes.

o The cnoidal-wave solution. We first take the well known cnoidal-wave solution of the
KdV equation

u(x,t) = )»cnz((4K(m)(x — wt — xg) :m), 6.1)

where cn(z : m) is the Jacobi elliptic function with modulus m € (0, 1) and the function
K = K (m) is the complete elliptic integral of the first kind.
The parameters are set as

1
€=rgzc, m=09, i= 192emK (m)?, o = 64¢(2m — 1)K (m)*, xo =0.5.
(6.2)
e The solitary-wave solution. We also introduce the proportional solitary-wave solution
with
u(x, 1) = Asech’(K (x — ot — xq)), (6.3)
where
A 1 1 /A
A=1, w=—, e=——, K=—-,/—, xo=0.5. (6.4)
3 5760 2V 3e

Referring to the discussion in [5], the above solitary-wave solution can be regarded as an
exact solution of the system owing to the symmetry of the initial profile about its crest
(x = xo) and the exponential decay away from its crest.

For these two kinds of traveling wave solutions, we test the accuracy of four semi-discrete
LDG schemes presented in this paper equipped with the ARK temporal discretization. The
L? errors ||u — uy|| and relevant orders of accuracy for all schemes simulating the cnoidal-
wave solution (6.1) and the solitary-wave solution (6.3) at time ¢ = 1 are showed in Table 2
and Table 3, respectively. The periodic boundary conditions and piecewise polynomials of
degree less than or equal to k on uniform meshes with N cells are used our methods.

The numerical results show optimal convergence rates for even k and sub-optimal con-
vergence rates for odd & in the C;—C,, and C;-D,, schemes. This kind of phenomenon also
appeared in [16,31] when the LDG method is used to solve the generalized KdV equation
equipped with the same numerical fluxes as (3.9) for linear terms. Yet convergence rates for
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k being odd are optimal in D;—C,, and D;-D,, schemes when the numerical fluxes (3.11)
for linear terms are chosen. Therefore, the principal difference among the four schemes is
affected mainly by the choice of numerical fluxes for linear terms D.

Besides, the computational efficiency study of the four different schemes is applied to
the cnoidal-wave solution by taking the evolution time ¢ = 10, and the settings of the other
parameters are the same as (6.2). The information of the device used in this experiment is as
follow

e processor : 2.3 GHz Quad-Core Intel Core i5,
e memory: 8 GB 2133 MHz LPDDR3.

As shown in Table 4, the time-consuming of the four schemes are almost the same. And
compared with the degree of polynomials, the scale of the mesh grid playes a dominant role
in the computational efficiency of all four LDG schemes.

Example 6.2 Long-time simulations of the solitary-wave solution.

In this experiment, we study the long-time behaviors of our proposed LDG schemes in
simulating the proportional solitary-wave solutions (u, v) = (u, 2u). The parameters are set
the same as in (6.4). Example 6.1 seems to suggest that the choice of numerical fluxes for
linear terms D plays an essential role in the performance of all four schemes, therefore we
just center on two representative schemes, the C;—C,, and D;-D,, schemes, in current and
future examples.

We use three experiments, in Figs. 1, 2 and 3, to study the performance and comparison
about the C;—C,, and D;—D,, schemes in long-time simulations with varying the values of k
and N. The profiles of the solitary-wave solutions of u and u, (data for v = 2u are ignored for
concision) at ¢t = 250, 500, 750, 1000 (especially in Fig. 3, at t+ = 500, 1000, 3000, 5000)
in addition to the quantities |H (up, v;) — H(u, v)| and the phase errors for the numerical
traveling wave solutions are depicted in three figures. And we remark that the phase error of
the numerical scheme is a quantity which manifests the lag between locations of the crest of
the exact solution u and its approximation u,. For more detailed discussion about the phase
error, we refer readers to [5].

The P2 polynomial element, an uniform mesh with N = 80 cells and the third-order ARK
method are used in the first test with results in Fig. 1. In the long-time evolution, we find
that the conservative scheme performs better than the dissipative one for it simulating the
exact solution more accurate, preserving the invariant H with less dissipation and generating
smaller phase errors. Furthermore, the dissipative method suffers a loss of amplitude of the
solitary wave in a long time. In Fig. 2, we double the number of cells N = 160 and remain
other settings to study the improvement leaded by mesh refinement. It is clear to see that the
behaviors of both schemes get some progress especially in the D;—D,, scheme overcoming
the loss of amplitude and reducing the phase errors tremendously. As a consequence, the
invariant H is preserved better here than the coarse mesh. In Fig. 3, we alternatively keep the
mesh with N = 80 whereas improve the accuracy of schemes by utilizing P* polynomial and
corresponding fifth-order ARK method and enlarge the end time to 7 = 5000. In the first four
profiles, the differences between the numerical solutions and the exact solution are invisible to
the naked eyes. And the last two subfigures show that |H (uy, v,) — H (1, v)| of two schemes
are restricted in 1077 ~ 107> and the phase errors are nearly eliminated. This choice of
mesh and polynomials resolves the solitary-wave solution well in the sufficiently long-time
simulation. We conclude that the mesh refinement and high accuracy both play important
roles in C;—C,, and D;-D,, schemes applied to long-time simulations of the solitary-wave
solution.
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Table 4 Computational efficiency test

C;-C,; scheme

C;-D;, scheme

D;-C,, scheme D;-D,, scheme

3 min 5s 2 min

5min 6s 5min

18min 365 18 min

58s
9s
18s

57s
46s
16s

52s
40s
54s

2min 2min

4 min 4 min

17 min 16 min

T=250.0

1.0 1 —— conservative
dissipative
—— exact
0.81
0.6
s
0.44
0.24
0.0
0. .

0.0 0.2 0.4 0.6

T=750.0

0.0

0.0 02 04 06 0.
x

8 1.0
1.04 —— conservative
dissipative
— exact
0.84
0.6
s
0.44
)
i /
o
8 1.0

|H(un, va) = Hol|

107!
—— conservative
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Fig. 1 The solitary-wave solution (6.3) of (x, ) € [0, 1] x [0, 1000]. P2 elements and uniform mesh with

N = 80 cells. Third-order ARK method
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Fig. 2 The solitary-wave solution (6.3) of (x, ) € [0, 1] x [0, 1000]. P? elements and uniform mesh with
N = 160 cells. Third-order ARK method

In [17], the authors designed an experiment to investigate the phase error about conserva-
tive and dissipative LDG methods to the Benjamin—-Bona—Mahony (BBM) equation, and we
follow their idea to revisit this issue in the KdV-type system. Comparing to the results in Fig. 1
att = 250, 500, 750, which are placed in the left column of Fig. 4, the right column of Fig. 4
provide the numerical results with a half time step size while keeping all the other parameters.
After reducing At, the phase error about the C;—C,, scheme decreases more significiently
than the D;—D,, scheme. As a consequence, the large phase error of the conservative scheme
is mainly caused by the temporal discretization error.

Example 6.3 Interactions of multi-solitary waves.
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Fig. 3 The solitary-wave solution (6.3) of (x, ) € [0, 1] x [0, 5000]. P* elements and uniform mesh with
N = 80 cells. Fifth-order ARK method

In this experiment, we turn to study the interactions of multi-solitary waves, which are the
well known phenomena of KdV-type equations. According to the proportional solitary-wave
solution (6.3), we enlarge the periodic domain [0, 1] to [0, 10] to capture the delicate details
and put M (2 or 3) solitary waves (still the proportional type solution (u, v) = (u, 2u) for
each solitary wave) with different transport speeds and locations
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Fig. 4 The comparison of the solitary-wave of C;—C; and D;-D,, schemes at different times t = 250 (top),

t = 500 (middle), t = 750 (bottom) with time step At

1/800 (left column) and At = 1/1600 (right

column). P2 elements and uniform mesh with N = 80 cells. Third-order ARK method

Take € = 1/576 and set the other parameters for two-solitary wave (M = 2) as

A =2

9 a)l - 3 9
As
9 a)z - 3 9

1 /A
2V 3¢’
1 [Ap

A\ A :35
2V 3e 2

x1 =1,

(6.6)
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Fig.5 The interactions of two-solitary wave (6.5) with parameters (6.6), (x, 7) € [0, 10]x [0, 40]. P* elements
and uniform mesh with N = 400 cells. Fifth-order ARK method. a—e depict the first interaction; f~=h depict
the second interaction; i shows the 7{-energy evolution in the semilog coordinate

and for three-solitary wave (M = 3) as

Ay =3 _AL e LA |
1=3, o1=— Ki=g5/52 =1
A»> 1 /A
Ar=2, wr=—2, Ky=—=2, x=3,
2 P2= 3 RT3
A3 1 /A3
A3z =1, =—, K3=—,—, =4, 6.7
3 3 3 3 2\/ EPRRE (6.7)

In the two experiments, the P* piecewise polynomials equipped with the corresponding
fifth-order ARK temporal discretization methods are applied. Besides, we utilize the meshes
with N = 400 (cell size h = 1/40) for the two- and three-solitary waves. In Figs. 5 and 6,
we show the movements and interactions for these multi-solitary waves in ¢ € [0, 40]. The
first and second interactions of the two solitons, on account of its periodicity, are depicted in
Fig.5. Analogously in Fig. 6, we show the interactions about three solitons at# = 0 and depict
the subsequent behaviors in a relatively long time. It transpires that the solitons simulated
by our numerical schemes can efficiently separate from each other after the interactions, and
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Fig. 6 The interactions of three-solitary wave (6.5) with parameters (6.7), (x,) € [0, 10] x [0, 40]. p*
elements and uniform mesh with N = 400 cells. Fifth-order ARK method. a—d depict the first series of
interactions; e—h depict interactions in a long time; i shows the H-energy evolution in the semilog coordinate

this is an important property of interaction of multi-solitary waves which is consistent with
the KdV equations. The information, such as amplitudes and shapes, about the separated
solitons can be maintained well after each interaction in our methods, and this indicates the
capability of schemes toward computing approximations of such solutions.

7 Conclusion

In this paper, we have developed several conservative and dissipative schemes for the KdV-
type system (1.1). The stability analysis for the 7{-conservative scheme and H-stable schemes
have been analyzed and the error estimates for two dissipative schemes with nonlinear terms
taking different numerical fluxes are also given. Several numerical examples exhibiting vari-
ous circumstances were shown to illustrate the accuracy and capability of these LDG schemes.
Besides, these LDG schemes inherit the nice properties of DG methods on the flexibility for
general geometry meshes, the hp-adaptivity and excellent parallel efficiency. Indeed, the the-
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ory and supporting experiments presented herein strongly highlight the suitability of LDG
techniques for approximating solutions of dispersive equations.

Appendices
A Proof of Lemma 4.4

Proof We separate the following proof into two parts according to the conservative and
dissipative cases for Z.

e (The conservative case for Z.)

Ze(un, vp)
= QaAN(up, up; up) + bDN(up, up; up) + bCNe (v, vps vp) + 2¢FNe(vp, vp; vp))
+ (AN (up, up; vp) + 2¢ DN (up, up; vi) 4+ 2a BN (up, vps up) + bEN(up, vis up))
+ RaCN(vp, vi; up) + bFNe(vp, v up) + bBN(up, v vp) + 2¢ENe(up, vp; vn))
= Ze) + Zep) + e 3). (A.1)
With the conservative property N, (u, u; u) = 0 given in (2.16), the first term (Z. 1) = 0.
By virtue of relations (2.14) and (2.15), and the conditions in (1.4), i.e.
2Ba+ (E —2A)b —4Dc =0,
4Ca+ 2F — B)b —2Ec =0,

the left two terms, (Z. 2) and (Z.3), satisfy
1
Ze2) = E(ZbA +4cD —2aB — bE)N:(up, up; vp) =0,

1
(Zc3) = 5(4aC +2bF — bB — 2cE)N.(vp, vp; up) = 0.
e (The dissipative case for Z,)

Ly (un, vi)
= (2a AN (up, up: up) + DNy (up, ups up) +bCNg(p, vp; vi) + 2 FNg (vn, vis vp))
+ (bANG (up, ups vp) + 2¢DNgQup, ups vp) + 2a BNy gy, vis up) + bENg (up, v up))
+ QaCNy vy, vi; up) + bFNy (v, v up) + bBNy(up, vp; vp) + 2¢ENg(up, vp; vp))

i (2alunT® + 2blunlval + 2c[vh]2)j_ |
j=1
= Za) + Za2) + Za3) + Zaa). (A2)
Applying the properties of ANy in (2.25) and (2.26) and the conditions of a, b, ¢ in (1.4),
2Ba + (E —2A)b —4Dc =0,
4Ca+ 2F — B)b —2Ec =0,
hence (Z;1), (Z42) and (Z;43) become

1 N
(Ta1) = = (2aA +bD) Zl ([ulul);_y — >
J= =

J’_

NS

(]

N
(bC +2¢F) Y (IP[v]),_s

2

AN =
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N N

>~ 2ah +bD)lul >0,y - L0C +26F) ol X (),
"~ " (A.3)
1 N N
(Ta2) = = (2cD + bA) Zl (Plv]); ) = —@eD +bA) vl Zl (1), _y -
" " (A4)
and
1 N N
(Ta3) = =5 (2aC + bF) ; (Pl);_y = —QaC +bF)ulo Zl (P?),_y -
" " (AS5)
Combining the above three inequalities together, we have
(Za) + Za2) + Za3)
- (%(ZaA +bD)ulloo + (2¢D + bA>||v||oo> i ([ul?) ;s
1 jv_
- (3(bc+ch)||v||oo+<zac+bF>||u||oo>; -1
N 5 N "
= —A ; (lul?);_y = A2 ; oy (A.6)

Now we take into consideration of (Z4) with the positive definite condition (1.5) which
means there is a positive number « such that a(E2+72) < a&? + bEr + ¢Z?, in detail

N
(Id4)_52 vl +eclv]); 1 = Z -

Comparing (A.6) with (A.7), applying the additional conditions for the parameter ¢ that

(A7)

I\)
Nl—=

1
&> amaX(lAll, |A2]), (A.8)

then we obtain the following inequality

N\
MZ
=
)
_l’_
=
~
v
o

N N
Za(up, vp) = — Ay Z ([M]z)j,l A Z

j=1 j=1 j=1

B Proof of Lemma 4.5

Proof We separate the following proofs into two parts according to the conservative and
dissipative cases for 7.
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(The conservative case for 7). Take account of the Egs. (3.4), (3.5) by choosing the test
functions as follows

f=q". a=-p" (B.1)

Combine (3.4) and (3.5) together, sum up over j and take into consideration of the
periodic condition, then we have

N N N
Z( ;lu), }(lu))l _}_Z(qllu)’(q(u) ) +Z( ”)[q(“)>_ ]

j=1 j=l1 j=l1 2

+Z( @ _ (u)) +£<uh’( Py ))X) é(u [— p(”) )-_1 =0. (B.2)

=1 :

N

Noticing that the first term can eliminate the forth term, and recalling the choice of the

numerical flux g A(“) {q(”)} with the property D* (q;l“), qh")) 01in (2.34), namely
N
> ((q},”% @), + (1ai"11,"1), ) —o0, (B3)
j=1 J 2

then we can simplify the Eq. (B.2) into

D ) = -3 (1 (2112), -y (tpi1) =0 B

j=1 j=1

.
N\

Herein we use the form D* defined in (2.29) introduced for the reason of concision. The
same procedure can also be applied in (3.7) and (3.8) with taking test functions as

H=q", =-p", (B.5)

then we get

D* (un, p%——i(vh,(p,i”))x) i({vh} "), =0 B

Jj=1 o=l

Next we retake the test functions in (3.4), (3.5), (3.7) and (3.8) as

s=q", t=-p", £=4¢", =-p", (B.7)

then combine four equations together

N N N
Z <p}(lu), q}(lv)> + Z ( (u)’ (v)) + Z (p}(lv)’ }(lu)) + Z < (v), (u)>1

J

Jj=1 Jj=1 Jj=1
N N
W () ) ( ® W )
+Z(q,, @), + 2 (4 @),
Jj=1 Jj=1
N

+

-

(ZI\;(,M)[‘I;(;])D .
1 j=1

+ Z <A(v)[q(u) ) ]

=3

N

J
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(un (o >)x)[j—i(m[ph ). i(vh (")),

j=1 j=1

'MZ

~
I
-

1

N

'MZ

Il
-

, =X (™), =o. (B.8)

Obviously, the first four terms cancel out immediately. With definitions of 'q\}(l”) and ?i;(lv)

and the equality D* (q,(l“), qhv)) +D*(g ,(1”), qh")) = 0, the second four terms also vanish,
ie.

N N
> (a0, (q;(l”))x) + > (@14} ")])ji1

j=1 j=1 2

+ i (4. @ ”))x) + i (@19 “)])ji1 =0, (B.9)
= )

Jj=1 ?

[N

[N

Thus it leads to another identity

D*(up, py”) + D*(vn, )
3 (i),

- Z (uh (py” )
j=1 T
N

= 2 (™) = 3 (wnel)

j=1 j=1
=0. (B.10)

N

N\—

In summary, by virtue of the definition of D*, equalities in (B.4), (B.6) and (B.10) can
be rewritten into the following concise forms

D*(uy, py”) =0,
D*(us. p,”) =0,
D*(up, p”) + D*(vp, p) = 0, (B.11)
Now, on account of the property of D*(&, ¢), namely
D*(.0)+ D', §) =0,

and adding 2aD* (uy,, p(”)) + b(D*(uy, p(v)) + D*(vy, p(”))) + 2¢D*(vy, p(v)) =0to
Je, then we have

TeCun, vps pi, piy =0

e (The dissipative case for [7;) Using the similar strategies as in the last conservative case,
the different choices of numerical fluxes

A(x) (x))+ ~(x)

a, (q(X))+

= (p, Xh = X »

directly result in some inequalities comparing to the equalities in (B.11)

D™ (up, pi*) <0,

@ Springer



4

Page 42 of 43 Journal of Scientific Computing (2021) 86:4

D™ (vy, p”) <0,
D™ (up, p\”) + D (up, pi) < 0. (B.12)

On account of the property, D™ (£, ¢) + DT (¢, €) = 0, and the conditions a,c > 0
together with the extra assumption b > 0, then we have

Taun, vi; py, o)
=2aD (P, up) + bD* (), vi) + D (P, un)) + 2¢DF (p, va)
= —(2aD" (up, p) + bD " (up, pi”) + D~ (vp, pi)) + 2¢D~ (v, p)) > 0.

m}
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