ANALYSIS OF LOCAL DISCONTINUOUS GALERKIN METHODS
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Abstract. In this paper, we present the stability and error analysis of two fully discrete IMEX-
LDG schemes, combining local discontinuous Galerkin (LDG) spatial discretization with implicit-
explicit (IMEX) Runge-Kutta temporal discretization, for the linearized one-dimensional KdV equa-
tions. The energy stability analysis begins with a series of temporal differences about stage solutions.
Then by exploring the stability mechanism from the temporal differences, and by constructing the
semi-negative definite symmetric form related to the discretization of the dispersion term, and by
adopting the important relationships between the auxiliary variables with the prime variable to con-
trol the anti-dissipation terms, we derive the unconditional stability for a discrete energy involving
the prime variable and all the auxiliary variables, in the sense that the time step is bounded by a
constant that is independent of the spatial mesh size. We also propose a new projection technique
and adopt the technique of summation by parts in the time direction to achieve the optimal order of
accuracy. The new projection technique can serve as an analytical tool to be applied to general odd
order wave equations. Finally, numerical experiments are shown to test the stability and accuracy
of the considered schemes.
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1. Introduction. The Korteweg—de Vries (KdV) equations are important math-
ematical models that describe the propagation of nonlinear dispersive waves in many
engineering applications, such as aerology, geology, oceanography, plasma physics, etc.
In this paper, we consider the stability and error analysis of a kind of fully discrete
numerical schemes for solving the linearized one-dimensional KdV equation

(1.1) Ui+ aUy = Upsw, € Q= (x1,2,), te(0,T],

coupled with the periodic boundary condition and the initial condition U(z,0) =
Uo(z). Here aU, and cU,,, are called the convection term and the dispersion term,
respectively. Without loss of generality, we assume that both a and ¢ are positive
constants. The fully discrete schemes are defined by following the method-of-lines
framework, where the local discontinuous Galerkin (LDG) method [?] is applied in
space and the Runge-Kutta (RK) type implicit-explicit (IMEX) method [?] is adopted
in time. We call these fully discrete schemes as the IMEX-LDG schemes for short.
To motivate our effort, we first review some work in the literature. In [?], Yan
and Shu proposed a first LDG scheme for the KdV equations, by introducing the
first and the second order spatial derivatives of the prime variable (exact solution)
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as auxiliary variables, and they proved L? stability and sub-optimal error estimates
of the semidiscrete LDG scheme for the linearized KdV equation. The optimal error
estimates were later obtained by Xu and Shu in [?]. Superconvergent properties
of the LDG scheme for linearized and nonlinear KdV equations were also studied,
see for example [?, ?]. In the above works, upwind numerical flux is used for the
convection term and alternating/upwind numerical flux is used for the dispersion
term. Recently, Li et al. [?] presented the stability and optimal error analysis of
LDG schemes with generalized numerical fluxes for the linearized KdV equation.
Hybridizable discontinuous Galerkin (HDG) method for KdV equations were also
analyzed [?, ?]. In the above mentioned semidiscrete works, purely explicit or purely
implicit time discretization methods were adopted in numerical experiments.

As is well known, explicit time discretization methods often suffer from severe
time step restriction to ensure numerical stability, when they are used for solving time-
dependent partial differential equations (PDEs) with high order spatial derivatives.
Even though implicit time discretization methods can overcome the small time step
restriction, they always require solving nonlinear systems when there are nonlinear
terms in the PDEs. IMEX time discretization methods, treating the linear (or stiff)
part implicitly and the nonlinear (or non-stiff) part explicitly, can provide a good
balance of the computational efficiency and numerical stability. It has been shown that
such type of time discretization methods are efficient for dissipative equations, such as
convection-diffusion equations [?] and time-dependent fourth order PDEs [?], where
the time steps are allowed to be independent of the spatial mesh size. In fact, IMEX
time discretization methods are also efficient for KdV type equations, see for example
the numerical experiments and formal Fourier analysisin [?, 7, 7, 7, 7, 7, ?]. However,
there are rarely rigourous theoretical analysis of the fully discrete IMEX-LDG schemes
for solving KdV equations. The objective of this work is to attempt energy analysis on
the stability and error estimates of fully discrete IMEX-LDG schemes for the linearized
KdV equation. For equation (1.1), we discretize the convection term explicitly and
the dispersion term implicitly.

The energy analysis of IMEX-LDG schemes for dispersive equations is a challeng-
ing work. On one hand, it inherits the difficulty of energy analysis for semidiscrete
LDG methods. Namely, the dispersive equations lack coercivity, so the “stability”
coming from the implicit discretization for the dispersion term is too weak to control
the anti-dissipation coming from the explicit discretization for the convection term.
On the other hand, it is not trivial to establish suitable energy equations for the fully
discrete schemes. Totally different from the dissipative problems, the LDG operator
for the dispersive equations is not symmetric so that the useful energy equations are
not easily derived. We need to construct some “symmetric” forms about the LDG
discretization for the dispersion term, with the purpose of getting a non-positive defi-
nite quadratic form. However, this task is generally hard to fulfill, especially for high
order in time IMEX-LDG schemes.

To overcome the aforementioned difficulties, we first follow the idea of [?] and [?]
to introduce a series of temporal differences about stage solutions, then we follow the
practice in the semidiscrete analysis [?, ?] to establish energy equations for the prime
variable as well as the auxiliary variables. During the process of energy analysis,
we find out the stability mechanism from the temporal differences, meanwhile we
successfully construct semi-negative symmetric form related to the dispersion term.
In addition, we adopt the important relationships between auxiliary variables and
the prime variable (see Lemma 2.5) to estimate the anti-dissipation terms. Our main
conclusion is that, for the first and second order in time IMEX-LDG schemes we
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consider in this paper, the “discrete energy” that involves the prime variable and all
the auxiliary variables is unconditionally stable under the time step 7 < 79, where
Tp is a fixed constant depending on the coefficients of convection and dispersion but
independent of the mesh size h. The process of stability analysis is tedious, especially
for the second order in time IMEX-LDG methods. Till now we have not obtained
similar results for higher order schemes, due to intricate relationships between each
intermediate stages.

Regarding the error estimates, we would like to comment that it is a bit cum-
bersome to achieve optimal error estimates by directly adopting the commonly-used
Gauss-Radau (GR) projection [?]. Hence, we introduce a new projection technique,
by which we solve the interactive influences of errors at different intermediate stages,
and thus we achieve optimal error estimates in a much simpler way. It is worth
pointing out that, the new projection can also simplify the semidiscrete error analy-
sis greatly, compared with that obtained in [?] by the GR projection. As far as we
know, this is the first time that this kind of projection is used in the error analysis for
KdV type problems. Besides, we emphasize the extra difficulty for the second order
scheme, as there are some tricky terms that will prevent us from getting the optimal
error estimates if they are dealt with directly at each time level. We will adopt the
technique of summation by parts in the time direction to solve this problem.

This paper is organized as follows. In section 2 we present the semidiscrete LDG
scheme and some related properties. In section 3 we give the stability analysis for the
first order and the second order in time IMEX-LDG schemes. Section 4 is devoted
to the error analysis for the IMEX-LDG schemes. In section 5 we present numerical
results to test the stability and accuracy of the considered schemes. The conclusion
is given in section 6 and the proof of a technical lemma is put in the Appendix.

2. Semidiscrete LDG scheme and related properties. In this section, we
first define the semidiscrete LDG scheme for solving the linearized KdV equation
(1.1), and then present some related properties that will be used in this paper.

2.1. The semidiscrete LDG scheme. Let 7, = {I; = (2;_1/2,Z41/2) }}, be
a partition of {2, where z,/o = x; and x4 1/2 = 2. Denote by hj =110 —2;_1/2
the length of cell I;, for j = 1,..., N. Define h = max; h; as the mesh size. In this
paper, T}, is assumed to be quasi-uniform, namely, there exists a constant p > 0, such
that all hj/h > p as h goes to zero. Here we call p the mesh regularity parameter.

Associated with 7j,, we introduce the discontinuous finite element space

Vi= Vi ={¢eL?(Q):¢|;, € Pe(l;),Vj=1,....,N},

where Py (I;) denotes the space of polynomials in I; of degree less than or equal to k.
A main feature is that ¢ € Vj, may be discontinuous across the interfaces of elements.
As usual, the two traces along the left- and right-hand of the interface are denoted
by ¢~ and ¢, respectively, and the jump is denoted by [¢] = ¢T — ¢~

Following the framework of LDG methods, we introduce two auxiliary variables
Q = U, and P = @, and then rewrite (1.1) into the following equivalent form

(2.1a) U + alU, — cPy =0,
(2.1b) P—Q, =0,
(2.1¢) Q-U, =0.

The semidiscrete LDG scheme is then defined as follows: find the map
w(’v t) = (u('a t),p(', t)a Q('7 t)) : [O, T] - [Vh]37
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such that the following variational forms [?, ?]

(ug,v)j —a(u,vz); + Alj41/2V5 4 g — Ol 1/2”j+ 1/2
+e(p,ve)j — Cﬁj+1/2'v;+1/2 + ij—1/2vj,1/2 =0, VveW,
(p7 (b)_] + (q7 ¢w)j - qu+1/2¢]‘__~_1/2 + qufl/Q(b;__l/Q :Oa v¢ € Vh?
(:0); + (U the)j = Ujrryohy,y o + ﬂj—1/21/);-r_1/2 =0, Yy eV,
hold for any ¢ € (0,7] and j = 1,2,..., N. The definition of the numerical initial

solution w(-,0) will be given in subsection 4 2
In the above formulas, ( =/, w I x)dx and @, p, ¢, 4 are numerical fluxes.

In this paper we take

=g
I
IS

for the convection term and

p=p", Gd=q, d=u

for the dispersion term. Note that w1/2 = wN+1/2 1/2, due to the
periodic boundary condition. Based on the above choice of numerical fluxes, with the
following notation

+ _
and Wy 0 =

H;'t(w,v) = (w,vz); — +w;

wi ot
Wit1/2 J+1/2 j—1/2Y5-1/2>

we can rewrite the semidiscrete LDG scheme as

(2'23‘) (ut7 U)j = aH]_ (uﬂ U) - CH;_(pa U)a Y € Vh7
(2.20) (4,0); = — M5 (wv), Yo e Vi
ol

Furthermore, we denote (-,-) = >°°_,(+,+); and H* = Z;V 1 ’Hi By summing the
variational formulations (2.2) over all cells, we get the semldlscrete LDG scheme in

)
the global form: find w(-,t) € [V,]?, such that

(2.3a) (ug,v) =aH ™ (u,v) — cHT (p,v), Vv € Vi,
(2.3b) (p,¢) = —H (¢,9), Vo€ Vh,
(23C) (q,ﬂj) = - Hi(uﬂ){})’ VQ/) € Vh~

Remark 2.1. We would like to comment that the choices of numerical fluxes are
not unique. In this paper, we adopt the upwind numerical flux for the convection
term and alternating numerical flux between p and u related to the dispersion term.
Note that the choice of ¢ depends on the sign of ¢ (upwind for the dispersive wave).
If ¢ < 0 we should take § = g™ for the purpose of stability. The generalized numerical
fluxes (upwind/downwind-biased fluxes) as discussed in [?] can also be adopted to
ensure the stability of the scheme at the numerical level. But in the framework of our
present analysis for fully discrete IMEX-LDG schemes, we require that the choice of
numerical flux for the convection term # is the same as the one for the dispersion term
1, otherwise, the desired stability and optimal error estimates may not be ensured.
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Remark 2.2. The LDG scheme defined above is dissipative in L? norm [?]. If
taking central numerical flux for both u and ¢, then one can get an energy conservative
scheme [?]. To preserve the Hamiltonian, one may need to design LDG scheme in a
different way [?]. Recently, Chen et.al [?] designed a new conservative DG method by
introducing two stabilization parameters in the numerical fluxes as new unknowns,
which can conserve both energy and Hamiltonian. In this paper, our focus is on the
analysis of fully discrete LDG methods but not the design of conservative schemes.

2.2. Inverse inequality. Throughout this paper, the notation || - ||; is used to
represent the standard L? norm in cell I; and || - || means the L? norm in the whole
domain 2. As is well known, there holds the inverse inequality for any function v € Vj,:

(2.4) max {07y o, 107 ol b < 0B ol < V/uloh) ol
Here v is called the inverse constant, which solely depends on the degree of polynomial

space, one can refer to [?, ?] for more details.

2.3. Some properties. In the following we recall some properties with respect
to the bilinear forms H*. For convenience of notation, we denote

2

(el [o]) = > [wljrjolvljmaje. 0] = (o], [o])-

J=1

Some simple applications of integration by parts yield the following elementary
conclusions, which have been given in [?, ?].

LEMMA 2.3. For any w,v € V}, there holds the equalities

(2.5) HE(w,0) + HE (v, w) = £([w], [v]),
(2.6) HE (v, 0) = %y[v] 2
(2.7) H (w,v) + H (v,w) = 0.

By the Cauchy-Schwarz inequality and the inverse inequality (2.4), we easily get
the following boundedness properties [?, ?] of H*.

LEMMA 2.4. For any w,v € Vy, there holds the following inequalities
(2:8) HE (w,0)] < (ol + Voloh) ] ) 1ol
(2.9) HE (w,0)] < (Jloall + vVolph) T [e]) ]

The following compositions play important role in this paper. Letting m > 1
be an integer, we consider a group of triplets of functions (us,pi,q;) € [Viu]3, for

1=1,2,...,m, satisfying the kernel relationship
(210&) (pza(b) = _H_(qi7¢)7 v¢ € Vh’
(2.10b) (gi,9) = —H (ui,¥), Vi € V.

If m = 1 the subscripts will be dropped for simplicity. From Lemma 2.3 we can easily
obtain the following corollaries.
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COROLLARY 2.1. Let m = 2. For any two triplets of functions satisfying (2.10),
we have

(2.11) HE (p1, u2) + H (p2,u1) = ([a1]; [g2]),
(2.12) HE (pr,ur) = %|[q1]|2-

COROLLARY 2.2. Let A = {aij};’fj:l be a symmetric positive semi-definite matrix;
then for any triplets of functions satisfying (2.10) we have

(2.13) *(p, Au) Z Za” (pi,uj) >0,
=1 j=1
where p = (p1,...,0m) | and w = (U1, ..., Um) "
Proof. From (2.11) and (2.12) in Corollary 2.1, we get

ZZ p“uﬂ ZZ Qi ([l [[QJ

This is a quadratic form, and (2.13) can be directly derived since A is positive semi-
definite. O

The next lemma shows some important relationships between the numerical so-
lutions of the auxiliary variables and the prime variable, and it plays a key role in
obtaining the stability results and error estimates in this paper.

w\»—*

LEMMA 2.5. For any triplet of functions (u,p,q) satisfying (2.10), there exists a
positive constant C,, ,, solely dependent of v and p, such that

(2.14) [l + /v (ph) = [ul] < Cupllqll,
(2.15) lga | + /v (ph) =g < Cuplipll,

(2.16) lgll* < Cupllulllipll

Proof. One can refer to [?] for the proof of the first inequality, and the second
inequality can be obtained similarly. The third inequality is directly obtained by
taking ¢ = ¢ in (2.10b) and using (2.9) and (2.15). |

3. IMEX-LDG schemes and stability analysis. For simplicity, let {t" =
n7}M ) be a uniform partition of the time interval [0, T], with 7 being the time step.
We would like to compute the numerical solutions w™ = (u™,p"™,¢"), at every time
level t" via the IMEXs-LDGE method, which adopts the s-th order RK type IMEX
time discretization and the LDG spatial discretization with piecewise polynomials of
degree at most k. In this paper, we mainly consider two schemes.

e The IMEX1-LDGk scheme is an IMEX Euler method. It is defined as follows:
for any n > 0 there holds

(3.1a)  (u"Th ) = (u",0) + atH " (u",v) — eTHT (" v), Vv € Vi,
and the auxiliary variables satisfy

(Slb) (pn7¢) = = H_(qn7¢)a V¢ € Vh,
(3.1¢) (¢",0) = —H (u",¢), V€ Vi
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e The IMEX2-LDGE scheme [?] is defined as follows: for any n > 0 there holds

(32a)  (u"'0) =(u",v) +yarH (u",v) = yerHT (p™,v),
(u" T ) = (u™,v) + SarH ™ (u™,v) + (1 — §)arH ™ (u™',v)

(3.2b) — (1 =yerHT (™, v) — yer”HT (p" T, v),
where y =1 — @ and 6 =1 — %, and the auxiliary variables satisfy
(3.2¢) (p™t ¢) = —H (¢™' ¢), £=0,1, Y€V,

(3.2d) (" 0) = —H- (™), £=0,1, Yo eV,

Here wn,O — (un,07pn,07qn,0) — wn’ and wn,l — (un,17pn,17qn,1) mean the
numerical solutions at the intermediate stage ¢! = " + ~7.
In the next two subsections, we are going to carry out the stability analysis for
the above two schemes. To that end, we define a “discrete energy” norm

(3.3) E" = [[u”[* + et lp"|* + arllg" |,

and present the conclusion in the next theorem.

THEOREM 3.1. There exist two constants 19 > 0 and C, > 1, independent of
n, h, T, such that for T < 19 the above two schemes satisfy

(3.4) E" < C,E°, Vi<n<M.

Note that C, depends on the final time T in general.

Remark 3.2. The stability result given in the above theorem is “sharp” to some
extent, as to be seen in the numerical experiments. We observe that the L? norm of
the numerical solution slightly increases with time under suitable time steps, which
implies that the bounding constant C, in the theorem can not be improved to be 1
in general. We also would like to mention that the constant C, = 1 seems to hold for
lower order polynomials if the time step is small enough (perhaps being proportional
to the mesh size), but this is not the direction that we pursue in this work. The
aim of the present work is to get the unconditional stability, namely, the time step is
independent of the mesh size.

The lines of proof for the two schemes are similar. Specially, we have to build
up suitable energy equations and then carry out the energy analysis for the prime
variable and the auxiliary variables. During this process, the temporal difference
technique plays an important role. In the following, the same notations with different
meanings will be used in different subsections. The notations are independent in each
subsection unless otherwise specified.

3.1. Proof for the IMEX1-LDG#k scheme. Following the notations in [?, 7],
we denote Dow™ = w™ and introduce the first order temporal difference Dyw™ =
wtl —w” for w = u, p,q. It is obvious that

(35) wnJrl = ]Dlw” + Dow".
Taking L? norm on both sides we get

(3.6) [ = [ = [D1w"||* + 2(Drw”, Dow™) = RHS (w").
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Note that this form of RHS(w™) is not very useful in deriving our desired stability
results, since the first term |D;w"||? is an anti-dissipation term. If we estimate it
directly then the mesh-size-dependent time step condition will be required. To obtain
the unconditional stability, we consider the equivalent form

(3.7) RHS(w") = — |[Dyw™|)? + 2||Dyw™||* + 2(Dyw™, Dow™) .
m(wn)
The benefits of expressing |Djw™|? = —||Dyw™||* + 2||[D;w"||? are twofold. On the

one hand, it provides an explicit stability description to control the anti-dissipation
hidden in other terms. On the other hand, the combination term 2 (w™) will lead to a
symmetric form about the spatial discretization of dispersion (see (3.11) below) that
can be further converted to a semi-negative form.

With the above temporal differences, we would like to rewrite the fully discrete
scheme as follows. From (3.1a) we get

(3.8a) (Dyu™,v) =atH~ (Dou™,v) — erH T (Dop™ + D1p™, v),

and by taking differences of (3.1b) and (3.1¢) at two successive time levels, we have
(3.8b) (Dep™, @) = — H™ (Deq™, ¢), for £=0,1,

(3.8¢) (Deg™, ) = — H™ (Deu",4), for £=0,1.

These formulations will be used many times below.

In what follows we are going to carry out the energy analysis by three energy
equations based on (3.6) and (3.7).

The first energy equation. By (3.8a), we can transfer R(u"™) into the infor-
mation of spatial discretization. Namely, it reads

R(u™) =2(D1u”, Dou™ + Dyu™)
=2a7H ™ (Dou", Dou™ + Dyu™) — 2c7HT (Dop™ + D1p™, Dou™ + Dyu™)
(3.9) =R, + R,

where R, and R. contain the informations related to the convection term and the
dispersion term, respectively. According to (2.6), we have

(3.10) R, = —ar|[Dou™]” + 2arH ™ (Dou™, D1u™) = Ry1 + Ras.

Owing to (3.5) and (2.12), we have

(3.11) R. = —2ctHT (p" Tt umth) = —CT|[q”+1]|2.

Therefore, we obtain the first energy equation from the above discussions that
(3.12) a2 = ) = =[Dyu |2 = ar[Dou"]” = er g™ '] + Raz-

The second energy equation. To establish a proper energy equation for ||p™||,
we start from two equivalent expressions of the term 2(ID;u™, Dy ¢™). Taking v = 2D1¢"
in (3.8a), we have

2(D1u", D1q"™) =2atH ™ (Dou™, D1¢") — 2c7HT (Dop™ + D1p™, D1q™)
=V, + V..
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By using formula (3.8¢c) and property (2.6), this term can also be expressed as

2(D1g", Dyu”) = —2H ™ (Dyu”, Dyu™) = [Dyu”]’.

Combining the above two equalities, we have the identity

[Dyu™]? = Vo + V..
Then from (3.8b), we can use property (2.7) and the identity (3.1) to get
cTR(p") = — 2c7H™ (D1¢", Dop™ + D1p™)
=2ctHT (Dop™ + D1p™, D1¢")
= — V.= —[Du"]? + V.
This implies the second energy equation
(3.13) er(llp 2 = lIp"|1?) = —er[Dip™ |2 — [Dru"] + V.
The third energy equation. From (3.6) we get the third energy equation
ar(¢" " I* = l¢"[I*) = a7[|D1g"[|* + 2a7(D1g", Dog")
(3.14) = ar||D1¢"|* — Va,

where (3.8c) was used in the last step.
Now we are ready to get the final estimate. Adding up the above three energy
equations, (3.12), (3.13) and (3.14), we can obtain

E"*! —E" +S =Ry + a7||D1¢"|* =R,
where the stability mechanism is explicitly expressed in the following terms
S = Dy |* + er[Dap™ > + erllg™ ] + ar[Dou)” + [Py

Exploiting Lemma 2.4 and Lemma 2.5, we get

R < 2a7(| (Do), | + v/2(ph) 1 [Dou™]) IDsu”]| + Cy par | Dyp" || Dru |

< Cypar(2[Dog" || + [D1p" [ Dru™ .

Then using Young’s inequality yields

R < i + S 24 m0q? P 4+ D7) < S + 262,02
as long as the time step is small enough such that

2c

(315) T< T0 = m
v,p

Consequently, it follows from (3.1) that

Ett —E" < 26’37pa27'2||q"||2 < 2Cs,paTE”,

which implies (3.4) with the bounding constant C, = exp(2C; ,aT) under the condi-
tion (3.15), by an application of the discrete Gronwall inequality. This completes the
proof of Theorem 3.1 for the IMEX1-LDGk scheme.
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3.2. Stability for the IMEX2-LDGFk scheme. Similarly as in the previous
subsection, we denote Dyw™ = w™ and define a series of temporal differences about
the stage solutions

1 2 2
(3.16) Diw™ = = (w™! —w"), Doyw™ = 2w" ™! — Zw™! 4 (= — 2)w",
Y Y

for w = u, p,q. It is easy to check that
(3.17) 20" = Dow™ + 2D1w" 4 2Dgw™,
and to get the trivial energy equation

AP ~ [ ?) = ID2w™ | + 4 D1w™ || + 4(D2w™, Dyw™)
—+ 4(D2w", ID)Ow”) —+ 8(]]])1w”, ]D)ow")
(3.18) =RHS(w™).
To find out some stability terms provided by the temporal differences and a semi-

negative definite symmetric form about the spatial discretization of the dispersion
term, we would like to rewrite RHS(w") in the form

(3.19) RHS(w™) = a||Dew™||> + B||D1w™||* + R(w™),

hoping that the undetermined parameters a and 8 are not larger than zero. Here

(3.20) Rw"™) = (D1w™, E;w") + (Dw™, Eqw™),
with

(3.21a) Eiw" =8Dgw"™ + (4 — B)D1w™ + (4 — 6)Daw™,
(3.21b) Ecw™ =4Dow™ + 0D1w™ + (1 — a)Daw™.

We remark that an additional parameter 6 is introduced here in order to accomplish
the purpose of constructing symmetric forms.

With the temporal differences, we have the following formulas for the considered
scheme. From (3.2a)-(3.2b), we have

(3.22a) (Deu™,v) =atH ™ (Dp_1u™,v) — eTHT (Fep™,v), £=1,2,
and from (3.2¢)-(3.2d) we get

(322b) (]D)an7 ¢) = - H_<qun7 ¢)7 L= 0,1,2,
(3.22¢) (Deg™, ) = — H™ (Deu™, ), £=0,1,2.

In the above formulas, we adopted the short notations
(3.23) Fiw"™ = yDiw™ + Dow™,  Fow™ = yDow™ 4 2y(1 — v)Dyw™.

Determine parameters. By (3.20) and (3.22a), we can express R(u") by the
spatial discretization for convection and dispersion, namely,

R(u") =R, + R,
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where

Re =ar[H™ (Dou™, Eju™) + 1~ (Dyu"™, Equ™)],
R.= —cr [7—[+(F1p”,E1u”) + ’H+(IF2p",IE2u")].
Let us skip the term R, and focus on how to ensure the term R, to be a semi-negative
definite symmetric form. Due to the linear structure of the bilinear form H7*(-,-), a
simple expansion yields
Rc = _CTﬂ+ (pn’ Aun)a
where the definition of £ (-,-) can be found in (2.13). Here

p" = (Dop™, D1p", Dop™) T,  u" = (Dou", Dyu", Dou™) ",

and
8 4- 8 40
A= (8y+8y(1—7v) v4-08)+27v(1 =70 ~(4—-0)+27(1—7)(1 - )
4y 70 (1 —a)

Due to Corollary 2.2, in order to ensure R, < 0 we demand the matrix A to be
symmetric positive semi-definite. To be symmetric, we require

4—B=28y+8y(1—1),
4—0 =4,

Y4 =0)+27(1 = 7)1 — o) =10
This system has the unique solution

(3.24) a=2/2-3, =0, 0=2V2,

which fortunately satisfies our purpose that o, < 0 and A is positive semi-definite,
since the eigenvalues of A are all non-negative. Moreover, there holds the equality

(3.25) 4—-0=1-—a =4y,

which will be used later.

In what follows, we are going to build up three energy (in)equalities based on
(3.18) with the above parameters a, 5 and 6; see (3.24).

The first energy inequality. Since R, < 0, we only need to give a good estimate
to R,. To do that, we use relationship (3.25) and split R, into two parts, namely

Ra = Ral + Ra2u
with

Ra1 = aT[SH_(ID)Ou”, Dou") +4H™ (]D)ou", Dlu") + 4H_(D1u", ]D)ou")
+ 0H™ (Dyu”, Dyu™)],
Rao =4varH™ (Dou™ + Dyu™, Dau'™).



12 H. J. WANG, Q. TAO, C-W. SHU, AND Q. ZHANG

By using (2.5) and (2.6), we get
Rai = — ar <4|[]D)ou”]|2 + 4([Dou"], [D1u"]) + Z}[Dw"]f)

- (Bol) ) ().

The involved matrix is denoted by B. It is easy to see that this matrix is symmetric
positive definite and has the smallest eigenvalue

(55

AN=24 Y2 _ 1 ~.3256.
+ 4 — e ~ 03256

Since B — Al is positive semi-definite, where I is the identity matrix, we have
2 2
Ra1 < — Xar([Dou™]” + [Dru”]”).

Skipping the estimate to R,2 and summing up the above discussions, we arrive at the
first energy inequality

(3.26) A" = [lu]1?) < al|Dou” | = Aar([Dou]” + [D1u™]) + Raz.

The second energy inequality. Similarly as the treatment in the first order
scheme, we start from two equivalent expressions of the term

(3.27) V(u";q") = (D1u™, Ezq™) + (Dou”™, Eyq™),
with two short notations for any w = u, p, g,
(328) Ezw" = 8D w™ + 4Dsw™, Ejw"™ = 4D w"™ + 4Dsw™.

On one hand, by using (3.22a) we can transfer this term into the information of
spatial discretization, i.e.,

V(u";q") = Va + Ve,
where

Va =ar [Hi (]D)Oun7 ]E3qn) +H" (]D)luna E4qn)] 3
Vc = —CT [H+ (Flpnv E3qn) + H+ (F2pna E4qn)} .

On the other hand, by making a new combination mode for (3.27) we get
V(u";q") = (D1g", Equ™) + (D2g", Equ™).
Then using formula (3.22¢) and applying the properties (2.5) and (2.6), we have
V(u™;¢") = —H (D1u™, Esu”) — H™ (Deu”, Equ™)
—4[Dyu"]? + 4([Dru"], [Dou”]) + 2[Dou]” > [Dou™]”.
As a consequence, we have

(3.29) Vo + Ve > [Dou™]”.
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Now we turn to set up the second energy inequality. By (3.20) and (3.22b) we
get

R(p") = —H (D1g", E1p”) — H ™ (D2q", Eap™).
Plugging the equivalent expressions (due to (3.25))
Eip™ = 8Dgp" 4+ 4D1p" + 4vDap™, Egp™ = 4Dgp™ + 4(1 — v)D1p" + 4yDop”

into the above formula, and making some expansion and combination manipulations,
we get a new formulation

R(p") = —H (E3q",F1p") — H™ (Eaq"™, F2p™),

where Egw™, Equw™ are defined in (3.28), and Fyw™,Faw™ are defined in (3.23). In
the above procedure, we have split some coeflicients by the following simple identities
(due to the value of )

4=8y+8y(1—7), 4(1-7)=47+8(1—7).
Then using (2.7) in Lemma 2.3, and noticing the definition of V., we get
(3.30) cTR(p") = - V..

At last, by combining (3.29) and (3.30), we can get from (3.18) and (3.19) the
second energy inequality

(3.31) der(|lp" M2 = [Ip"112) < aer|Dap™||? — [Dou”]” + Va.
The third energy equality. It follows from (3.18) that

dar(|lg"TH* = lg"11?) = ar||D2g™|I* + a7 [(Dog"™, Esq™) + (D1¢", E4q™)]
(3.32) =ar||Dyq"||* = Va,

where (3.22c¢) has been used in the last step.
Now we can prove the stability theorem for the second order scheme. Adding up
the above three conclusions, (3.26), (3.31) and (3.32), we then obtain

(3.33) 4(E" —E") +S <Rz + a7|D2g"|* =R,

where the stability mechanism is explicitly shown by

(3.34) S =—a|Dyu"|? — act||Dop” || + [Dau™]” + Aar([Dou”]” + [D1u™]).
Noting that Dou™ + Diu” = vt — %Dgu", we can derive

R =d4dyarH ™ (u", Dou™) — 2yarH ™ (Dou™, Dou™) 4 a7||Dag™||?

2
< dnar(u | + V/oloh) T [u* 1)) [Dau]| + yar Dy
+ Cy par [ Dap [ D2

n n n 2 n n
(3.35) < 4Gy patllg" | [D2u” || +var [Dau™]” + Gy par||Dap” ||| D2w™ |,
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where Lemma 2.4, (2.6) and Lemma 2.5 have been used. Then by Young’s inequality,
we obtain

8y2C? a2 C2? 42
R < — a|Dyu™|| + 7@T’[D2U7L]’2 + 27" + 77'/’;(1 72| Dap™ |1
8v2C2 a
< — o Dyu”||* + |[D2u"]|2 — act||Dop™||? + Ma72”q”+1”2
—a

8v2C2 a
(3.36) <S+ ——=ar’(lg" "7,

provided that 7 < 7§ = min{ L _Za%c } . Hence, from (3.33) and (3.36) we can get

y 02 a2
ya nypa

2,12 2,12
En+1 _ En S 27 CV;PaaTZHQn—i-l”Q S 2’7 CV’PaTEn-&-l'
- -
As a result, if
—
(3.37) T <70 'miH{T&}a
2.57v2C% a

we can get the conclusion (3.4) by using the discrete Gronwall inequality. This com-
pletes the proof for the IMEX2-LDGFk scheme.

4. Error estimates. In this section, we will obtain optimal error estimates of
the two IMEX-LDG schemes considered in the previous section for the linearized KdV
equation. In the standard analysis for finite element methods, we usually conduct
error estimates with the help of some suitable projections. The GR projection [?] or
the generalized GR (GGR) projection [?, ?] are commonly used in this topic. The
advantage of them is that they can simultaneously eliminate the projection errors in
the element interior and at the element interface, which is greatly helpful for obtaining
the optimal error order. In [?] and [?], GR/GGR projections were adopted to achieve
optimal error estimates of semidiscrete LDG methods for linearized KdV equations.
However, in this work it is difficult to get optimal error estimates by the GR projection,
due to the troubles caused by interactive influences of errors at different intermediate
stages. This motivates us to find a new projection technique.

4.1. Projection. Following the idea of proving optimal error estimates for the
fourth order PDEs [?, ?], we introduce the following projection for the KdV equation.

Let U(x) be a given function satisfying the periodic boundary condition, and de-
note W = (U, P, Q) with Q = U, and P = Q,. The projection W}, = (U, Pn,Qr) €
[Vi]? is defined by the following conditions:

(4.1a) HT(P,v) = HT(Py,v), Yv€ Vi,
(41b) (Pha (b) = _H_(Qh7 ¢)7 v¢ S Vh7
(4.1c) (Qn,¥) = —H (Un,¥), Vi €V,

where the bilinear forms H*(-, -) are the same as before. Moreover, to make Wy,
well-defined, we demand

LEMMA 4.1. The projection Wy, exists uniquely.
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Proof. We first point out that (4.1) forms a linear system with the same number
of unknowns and restriction conditions, because

HE (w,1) =0

holds automatically for any w € V. Hence, to prove the existence and uniqueness of
the projection, we only need to show W =0 for W = 0.
Taking ¢ = P, in (4.1b) and using the property (2.7), we get

1Pall* = —H ™ (Qu, Pr) = H* (Ph, Q) = HT (P, Qn) = 0,
which implies P, = 0. Taking ¢ = Qp, in (4.1b) and using the property (2.6) yield

|[Qh]|2 =0,

and hence @), is continuous across each element interface. Then taking ¢ = Uj in
(4.1b) and ¥ = Qp, in (4.1c), adding them together we have

1QnlI> = =H ™ (Qn, Un) — H™ (Un, Qn) = ([Qn], [Ux]) =0,
where the property (2.5) is used. Thus @, = 0. Lastly, from Lemma 2.5 we get

1(Un)zll + Vv (ph) HUn] < Cup|@ull = 0.

This implies that U is a constant. Due to (4.1d), we have (Up,1) = 0 and get
Un = 0. 0

Remark 4.2. The projection defined in (4.1) is similar to the elliptic projection
which is usually used in the error analysis for harmonic and bi-harmonic problems,
such as convection-diffusion equation [?], the time-dependent fourth order PDEs [?, 7],
the Swift-Hohenberg equation [?], and so on. However, such type of projection has
rarely been analyzed and adopted for the KAV type and other type of odd order wave
equations.

The main advantage of this projection lies in that, all the projection terms vanish
in the error equations with respect to the auxiliary variables, and this greatly sim-
plifies the error analysis. Similar to the elliptic projection, the optimal approximation
property of the projection defined in (4.1) can be obtained by the aid of the adjoint
problem. We present the optimal approximation property of this projection in the
following lemma, whose proof is put aside in the Appendix.

LEMMA 4.3. If U € H*3(Q) and W = (U, P,Q) satisfy the periodic boundary
condition, then the projection Wy, defined in (4.1) satisfies

(4.2) 1Un = Ul + [|1Pn = Pl + |Qn — QI < CR*,

if h is small enough. Here the bounding constant C depends on ||U|| gr+s(q-

4.2. Main conclusion. Before presenting the main result about the error esti-
mates, we would like to give the definition of the initial values, which are taken as the
projection of (Uy, Py, Qo) defined in (4.1), namely

(4'3) (UO’pO’ qO) = (Uf?7pi?’ Q?L)?

where Uy is the given initial condition, Qo = Uj and Py = U{J.
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Remark 4.4. Such choice for the initial condition is only for the purpose of error
analysis, in numerical experiments ©® € V}, can be taken as other projection such as
the L? projection of Uy.

The next theorem states the error estimates for the two IMEX-LDG schemes
proposed in subsection 3.1.

THEOREM 4.5. Let u™ be the numerical solution of the IMEXs-LDGk schemes
(3.1) and (3.2), respectively, with s = 1 and s = 2, where the numerical initial
solutions are given as (4.3). Let U(x,t) be the exact solution of (1.1) and denote
Ur =U(x,t"). Assume U(x,t) is sufficiently smooth; then we have the optimal error
estimate

(4.4) |U™ —u™|| < C(RFH +7%), VYn >0,

if the mesh size h is small enough and the time step T < 7. Here 11 is independent
of h, and C'" > 0 is the bounding constant independent of h and 7.

Next we will take the IMEX2-LDGFE scheme as an example to prove this theorem.
The proof for the IMEX1-LDGFE scheme is much simpler, so we omit it to save space.
Even though the proof line is similar to that of the stability analysis, we have to
overcome some troubles resulting from the projection errors. In what follows, the
notations follow from those in subsection 3.2, and we will carry out the proof of
Theorem 4.5 for the IMEX2-LDGE scheme in three steps.

Step 1: Error decomposition. For ¢ = 0,1, let W™! = (U™ Pt Q™) =
(U(z,t™"), P(x,t™*), Q(x,t™")) be the reference solution of (2.1) at time level ¢™*;
the corresponding errors are denoted by

en,[ — (e'ruL,Z, ez,f,eg,f) _ (Un,é . un,E, Pn,f o pn,f’ Qn,Z o qn,f) — Wn,l o wn,l.

We will omit the superscript £ if £ = 0. Based on the projection (4.1), we divide the
errors in the form e™* = ¢™f — pt, with

é-n,f _ W”’e o wn,[ T’n,l _ Wﬂ,f o Wn,f
- h ’ - h :

From Lemma 4.3 and the linearity of the projection Wy, it can be derived that

(4.5a) i+ g |+ linp 1| < CR*,
(4.5b) Do |l + Doz || <CRE*7, £=1,2,
4.5¢ W =2 T < ORFTL

7771. nu 77'(1, — )

where the constant C' > 0 depends on [|U|| oo (grx+3), Ut || oo (rrr+3y and [|[Use| poo (rrr+3),

n+1

respectively. In addition, since w —w" =Djw™ + %]D)gw”, we also have

(4.5d) st =+ llg ™ = mg || < CR* 7

The remaining work is to estimate &, which lies in the finite element space. To
do that, we need to set up the corresponding error equations.

Step 2: Error equations. Since the exact solution is assumed to be smooth
enough, it is easy to see that W™ satisfies the following variational forms:

(4.6a)  (DU™v) =atH (D U™, 0) — cTHT (FeP",v) + (koes™,v), £ =1,2,
(4.6b)  (DeP", ) = =H (DQ", ), £=0,1,2,
(4.6c) (DQ", %) = —H (DU", ), £=0,1,2,
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for any v,¢,1¢ € V;. Here ko1 = 0, koo = 1, and ¢" is the local truncation error
satisfying

(4.7a) Is"[| < C72,

(4.7b) "t — ¢ < Crt,

where the constant C' > 0 depends on ||Uy¢|| o (r2y and [|Usses | o (12), respectively.
From the definition of the projection W, and the variational forms (4.6b), (4.6c),
we can easily get

(4.8)  0=HT (D, v), (Deny,d) = —H ™ (Deg, ), (Deng, &) = —H™ (Denyy, ).
So subtracting (3.2) from (4.6), we get the following error equations

(D&}, v) =atH ™ (Dp_1&y,0) — eTHT (Fiy,v)

(4.9a) + (Do, + Kaes™,v) —atH ™ (Dy_1ny,v), £=1,2,
(49b) (ngga dj) = - Hf(ngga dj)v = Oa la 27
(49C) (ngg, 7/1) = - Hi(ngga 1;/}), l= 0,1,2.

Step 3: Energy estimates for £&. Along the same procedure as in the stability
analysis in subsection 3.2, we establish three energy (in)equalities for &, £ and &',
which are similar to the energy (in)equalities for u”,p" and ¢", with some extra
projection related terms. Then we can obtain the energy estimate

(4.10) A(EPT —ER)+S¢ <R¢+Ry +R: +RI, +RI

where E, S¢, Re are defined similarly as E™, S, R that appeared in subsection 3.2. The
only change is replacing (u,p, ¢) with (&,,&p,&,). In detail,

E¢ =01 + erllgy11? + ar i€ 1%,
Se = — al[Da& |2 — acr||Dagy |2 + [D261]° + Aar([Dogz]” + [D162]°),
Re =4yart™ (Do + D&y, Daky) + ar Doty ||,
and the projection related terms
Ry = D1y, E1&y) + (Dany + <" Ea&y),
Ry.s = —at[H™ (Domy,, E1&y) + H™ (Diny, E2y,)]
=at([(Dony, E1&) + (Ding, B2,
R = D1y, Bs&y) + (Dang + <™, Ea&y),
R s = —at[H (Dony, Es&y) + H™ (Dimy,, Ealy))]
=at[(Dong, Es&y) + (D1ng, E4&y)],

where E,w™, for i = 1,...,4, have been defined in (3.21) and (3.28). Note that the
third equation in (4.8) is also used to deal with R} . and R{ ..

First we estimate R}, + R} ;. Since the stability term S¢ provides a good con-
trol only for the terms relating to Ds&;!, we have to carefully deal with those terms
involving D1£7. To do that, we use the relationship Djw” = w1 —w™ — %Dgw" to
rewrite E1& and E&; in the form

Er&l =48 + 460 + (2 — 0)Dagy,
Eoll = (4 — 0)& + 0601 + (1 — a — §)Dogy).
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Then by using the Cauchy-Schwarz inequality, the properties (4.5a), (4.5b), (4.7a)
and Young’s inequality, we can obtain (note that o < 0)

Rye+ Ry SCE T+ ) (0] + et | + D€ 1)
o
(4.11) <eor (&1 + ll€a 1) — D282 |1* + C(h* 27 + 7%);
here and below ¢( is an arbitrary positive constant.
Next we estimate R‘fm + R? ;. Similarly as in the above argument, we must

carefully deal with those terms involving D;§;. By the identity 2Djw™ + Dow™ =
2(w™tt —w"), we can rewrite Es¢] and E4&] in the form

Es&y = 8(&5 =€), Eaf) =4(60H — €7) + 2Do¢
After some expansion manipulations, we can get the following formulas
Ry = (2D + Damy + 6", 4(65™ = 69)) + (Danfy + 6", 2D287)
=8(ny ™ =, & = &) H AT T = &) + 2(Danyy + <", Dagy),

RS, =8ar(Dony, &4 — &) + dar(Duny, 84 — €0) + 2a7 (D)), Dog))).

With a new combination we have

(4.12) Ry 4+ Rl =V"+ A",

where
V= 2D+ 6" Dogy) + dar (D, £~ €7) + 2a7 (D, Dagy),
A" =8yt =, €0 = ) + 4™, T — € + Bar (Dony, 57 — €1).

By using the Cauchy-Schwarz inequality, properties (4.5b), (4.7a) and Young’s in-
equality, we can easily get the estimate for the first term

Ve SO+ 72) Doy || + CRE 2 ([l |+ llgg ™D
<eoar? (€5 1 + €5 71%) + ar|IDag |I* + C(R*F 21 + 7).

I

Then applying (2.16) and Young’s inequality to estimate a7||D2£7 %, we get

o C? a?
V™ <egar? (€717 + 11€1%) — Z||]D>2§{j||2 - %7‘2HD2§;H2

(4.13) + C(R* 27 +7°).

However, it is not easy to achieve a good estimate for the second term A™. With the
direct application of the Cauchy-Schwarz inequality and Young’s inequality, the best
result that we can get is A < 72(|[£]|2 + [|€7 T ||?) + C(h** 2 4-7%), and the expected
factor 7 is missing in the last term. This rough estimate prevents us from getting the
optimal error order. Hence we suspend the estimate to A™ at this moment and will
control their sum as a whole item before adopting the discrete Gronwall inequality.
The estimate for R¢ is similar to that for R in subsection 3.2 (see (3.35)), namely

n n ni2 n n
Re <47Cy pat & THIID2ER | +var [D2£l]” + Cupar D2 || D261 |

1672C'3,pa2 C2 a?

e} v,p& 2
(414) < - |27 - gt — 7 Doty |* + yar [Dagl]
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Combining (4.10)-(4.14) we obtain

A(EPT — ER) + Se <eoTER + CTEFT + A" + C (W27 4 7°)
202 a? 2
= al[Dagy||* — =72 [Dagp | + yar[Dag7]

16~2 C

where C = ¢y — . Thus,

(4.15) AEF — Ef) < eoTEL 4+ CTELT + A + C(WF 27 4+ 7°), Vi,

. . 2
as long as 7 < 7] = mm{&%a, ﬁ}
v.p

Summing (4.15) from i = 0 to i = n we get

(4.16) AEPT —EY) <eor Y Ec+Cr > EF' 4D AT+ C(RFT 417,
i=0 i=0 i=0
Next we will adopt the technique of summation by parts in time direction to
estimate the term Y., A’. Specifically, Y " A" = A; + Ay + A3, where

n

Ay =80 =, &) =8 (i —2nl 4l L) — 8(ny — 1, €9),
i=1

A2 :4(§n7£g+1) - 4Z(§l - giilagé) - 4(§07£(q))3

i=1
A3 —8a7-(77qa n+1 8(17'2 77q 7§q - 8(17'(7’](1,6(1)

The benefit of such treatment lies in that, we can transfer the temporal difference of
£t — £l to the corresponding temporal differences of njt —2n!, +n4~", n} —n,~" and
¢ — ¢! which will provide an extra factor 7 compared with the direct treatment
as illustrated before, so it helps us to get the optimal error estimates. Owing to the
choice of the initial values, we have 52 = 0. So by the Cauchy-Schwarz and Young’s
inequalities, and applying the properties (4.5¢)-(4.5d) to the term A, applying (4.7)
to Az, applying (4.5a) and (4.5d) to Az, we arrive at

DA SCHEF I )G+ Y CE I g

i=0 =1
n
<eoar? [ + coar® 3 €)1 + OB+ 4 74)
i=1
As a result, plugging the above estimate into (4.16) yields

n+1
AP —ED) < (C+2e0)7 Y EL + C(RFF2 4 7%).
=0

2 ~2
. v C, ,a .
Taking g = —%£—, we obtain

202 n+1

%% )
En+1 _ EO < v,p Et C h2k+2 4 .
¢ ' — T; e+ 0( +77)



20 H. J. WANG, Q. TAO, C-W. SHU, AND Q. ZHANG

As a consequence, if

.. ' -« 1
7 <7 =minq Ty, 7107202 a = —Tp,
v,p

where 79 is given in (3.37), then by the Gronwall inequality and Eg =0, we get
Ey <C(h* 2 4+ 7).

Therefore, [|£7]| < C(h*+! 4 72), combined ||n?|| < Ch¥*?! leads to (4.4). The proof
of Theorem 4.5 is complete.

Remark 4.6. Even though similar results for IMEX3-LDGFE schemes are not avail-
able at present, we believe that the methodology in analysing the stability and optimal
error estimates for the IMEX1-LDGk and IMEX2-LDGFK schemes is also applicable.
For the IMEX3-LDGFK scheme, the relationships between each intermediate stages are
more involved, so the analysis is predictably more complicated. Both the definition of
temporal differences and the construction of semi-negative symmetric form related to
the dispersion term become more complicated. Besides, we may need to explore the
subtle relationships between the temporal differences to obtain good estimates. We
are carrying out the relating study and hope to solve this problem in a forthcoming
work.

Remark 4.7. We comment that it’s not easy to extend the analysis of this work to
the classical KdV equations with nonlinear convection term, since the present analy-
sis relies on the special structure of the LDG spatial discretization, i.e, the numerical
fluxes for w and 4 are the same, which provides convenience in establishing energy
equations as well as in controlling the projection error of the convection term by the
projection error of the auxiliary variables. For KdV equations with nonlinear convec-
tion, we don’t have such structure, so the technique of this work is not applicable and
we need to find new techniques.

5. Numerical experiments. In this section, we present some numerical exper-
iments to verify the stability results and error estimates of the fully discrete IMEX-
LDG schemes considered in this paper. In all the tests, we take numerical initial
solution as the L? projection of the initial condition Up(z).

EXAMPLE 5.1. Consider the model equation (1.1) in the interval [0,2w]. The
ingtial condition is Up(x) = sin(x) and the exact solution is U(x,t) = sin(z — (a+c)t).

First we observe the stability performances. We take a = 2,¢ = 1 and uniform
mesh with mesh number N = 640. Since the behavior of the energy norm E™ is
similar to that of the L? norm of u™, we only present the results of the latter. The
behavior of log(||u™||/||u°]|) versus time for different schemes are displayed in Figure 1
and Figure 2, respectively. From these figures, we see that, for the IMEX1-LDG1 and
IMEX2-LDG2 schemes, the L? norm of u™ increases with time, even under very
small time step (here 7 = 0.0001 is about h?). These show that the result given in
Theorem 3.1 is sharp in the sense that the bounding constant can not be improved
to C, = 1.

For the IMEX1-LDGO and IMEX2-LDG1 scheme, the L? norm of u™ also increases
with time for large time steps; see Figure 1-(a) and Figure 2-(a),(b). However, it
decreases with time if the time step is smaller; see Figure 1-(b),(c),(d) and Figure 2-
(c),(d). It seems that there holds the strong stability |u"| < [|u°|| when the time
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step is small in the order of 7 = O(h). The rigorous proof will be provided in a
forthcoming work.
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Next we test the accuracy order of the considered two fully-discrete schemes.
Besides, we also test two higher order IMEX-LDG schemes, where the 3rd and 4th
order IMEX-RK schemes [?, ?] are used.

We take ¢ = 1 and a = 0,1, 3, 5, respectively. The computing time is T = 2 and
the time step is taken as 7 = 0.5h. The L? errors and orders of accuracy for the four
schemes are listed in Table 1, from which we clearly observe the optimal accuracy for
all the experiments. We also find that the convection term affects the magnitude of
the error for the schemes, it implies that the magnitude of the error is larger if the
coefficient of convection is larger.

EXAMPLE 5.2. We also consider the nonlinear KdV equation

U+ (3U%)s 4 Usaa = 0,
with the exact solution U(x,t) = %Sech2 (3(z—1)).

The computational domain is taken as [—25,25]. The final computing time is
T = 2 and the time step is 7 = 0.1h. In this example, we take central numerical flux
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for the convection term. The L? errors and orders of accuracy for the four schemes are
listed in Table 2, and we can also observe the optimal accuracy for all these schemes.

6. Conclusion. We studied the stability analysis and error estimates of first
and second order in time fully discrete IMEX-LDG methods for the linearized one-
dimensional KdV equations. Utilizing the temporal difference technique, we establish
proper energy equations and explore the stability mechanism of the schemes. By
constructing semi-negative symmetric forms about the spatial discretization of the
dispersion, and by the aid of the stability provided by the temporal differences, we
obtain the energy stability analysis for a “discrete energy”, which is unconditionally
stable under the time step restriction 7 < 7p, with 7y independent of the spatial mesh
size h. Besides, a new projection technique and a technique of summation by parts
in the time direction are successfully utilized to obtain the optimal order accuracy
for the considered schemes. Our next goal is to investigate the stability and optimal
error analysis of higher order in time IMEX-LDG schemes for the KdV equations and
other odd order wave equations.

Appendix: Proof of Lemma 4.3. In this appendix we prove Lemma 4.3 by
the aid of two GR projections [?], which are denoted by ﬂ;f and 7, . For simplicity
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TABLE 1
Ezample 5.1: The L? errors and orders of accuracy for IMEXs-LDGk schemes, for equation
(1.1) with ¢ =1 and different values of a. T =2, 7 = 0.5h, uniform mesh.

scheme N a=0 a=1 a=3 a=25
L? error order | L? error order | L? error order | L? error  order
40 5.34E-01 - 6.82E-01 1.73E-01 - 3.64E+00 -

IMEX1 80 | 2.84E-01 0.91 3.68E-01  0.89 | 6.59E-02 1.40 1.49E4-00 1.29
-LDGO | 160 | 1.46E-01 0.96 1.91E-01  0.94 | 2.96E-02 1.15 6.64E-01 1.17
320 | 7.41E-02  0.98 | 9.76E-02  0.97 1.44E-02 1.04 3.13E-01 1.08
640 | 3.73E-02 0.99 | 4.93E-02 0.99 7.12E-03 1.01 1.52E-01 1.04
40 | 3.96E-03 - 1.08E-02 - 1.94E-01 - 8.24E-01 -

IMEX2 | 80 | 9.91E-04  2.00 | 2.74E-03 1.98 | 4.88E-02 1.99 2.01E-01 2.03
-LDG1 | 160 | 2.48E-04 2.00 | 6.84E-04  2.00 1.22E-02  2.00 5.01E-02 2.01
320 | 6.20E-05  2.00 1.71E-04  2.00 | 3.05E-03  2.00 1.25E-02 2.00
640 | 1.55E-05 2.00 | 4.28E-05 2.00 | 7.63E-04  2.00 3.13E-03 2.00
40 | 6.88E-05 - 4.66E-04 - 1.54E-02 - 1.07E-01 -

IMEX3 | 80 | 8.65E-06 299 | 5.91E-05  2.98 1.96E-03  2.97 1.38E-02 2.95
-LDG2 | 160 | 1.08E-06  3.00 | 7.39E-06  3.00 | 2.46E-04  3.00 1.73E-03 3.00
320 | 1.35E-07  3.00 | 9.27E-07  3.00 | 3.08E-05  3.00 2.17E-04 3.00
640 | 1.69E-08  3.00 1.23E-07 291 3.86E-06  3.00 2.71E-05 3.00
40 | 4.84E-07 - 1.08E-05 - 1.10E-03 - 1.12E-02 -

IMEX4 | 80 | 3.03E-08 4.00 | 6.83E-07 3.98 | 6.97TE-05  3.98 7.05E-04 3.99
-LDG3 | 160 | 1.90E-09  4.00 | 4.28E-08  4.00 | 4.36E-06  4.00 4.41E-05 4.00
320 | 1.18E-10  4.00 | 2.68E-09  4.00 | 2.73E-07  4.00 2.76E-06 4.00
640 | 7.41E-12  4.00 1.67E-10  4.00 1.71E-08  4.00 1.73E-07 4.00

TABLE 2
Ezample 5.2: The L2 errors and orders of accuracy for IMEXs-LDGEk schemes. T = 2,
7 = 0.1h, uniform mesh.

scheme IMEX1-LDGO IMEX2-LDG1 IMEX3-LDG2 IMEX4-LDG3
N L? error  order | L? error order | LZ? error order | L2 error  order
40 2.55E-01 - 4.91E-02 - 5.91E-03 - 8.94E-04 -
80 1.48E-01 0.79 1.13E-02 2.12 7.37TE-04 3.00 4.16E-05 4.43
160 8.34E-02 0.83 2.69E-03 2.07 9.42E-05 2.97 2.55E-06 4.03
320 4.48E-02 0.90 6.63E-04 2.02 1.19E-05 2.98 1.57E-07 4.02
640 2.33E-02 0.94 1.65E-04 2.01 1.50E-06 2.99 9.79E-09 4.00

of statement, we would like to only present the proof for £k > 1. The proof for k£ =0
can be obtained by a minor modification and is omitted to save space.
For any function w € H™(Q) with m > 1, the GR projections ﬂ'ffw € V; are
respectively defined as follows: for j = 1,--- , N, there hold
(A1)
{ (m, w —w,v); =0, Vv € Pr_1(I;), { (mfw —w,v); =0, Yo € Pp_1(I;),
+

== + =
(7, w)j+1/2 =Wit1/2 (7, w)j—l/Q =Wi_1/2
The projections exist uniquely and satisfy the optimal approximation property [?]
(A.2) lw = mifw]| e,y < CA™MM L™ "y gy, Vi, 0<L<m,
where the bounding constant C' > 0 is independent of h and j.

Denote 0, = Up, — U, np, = P, — P and 1y = Qp — Q. Rewrite them by the aid of
the GR projections (m, U, ;" P, Q), namely

N =7, U—=U + 7, N, np:WZ_P*PJFﬂ'Z_npa Ng =7, Q@ —Q+ 7, ng.
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From the definition of the GR projections, we can easily get
(A.3) H™ (m, w —w,v) =H (7w —w,v) =0, Yo eV,

Thus, we can derive from (4.8) that

(A.da) 0= H+(7T;Lr77p7 v),
(A4b) (W;Wpﬁﬁ) :(P_W;Pa ¢) _H_(W;nqa@»
(A4C) (71'}777(17 1/’) = (Q - ﬂ.}:Qa 17[}) - Hi(ﬂ'}:nua QZ})
Estimate |7} 7,||. Taking v = —;, 1, and ¢ = m; 7, in (A.4), using the proper-

ties (2.5) and (A.2) we get

Il = (P = mf Poiny) < ORS it
and hence
(A5) It mpll < O,

Estimate |7, 7,||. Taking ¢ = 7, 0, — 7, 1g and ¢ = 7, ng — 7, 0y in (A.4), and
using the properties (2.5) and (2.6) we get
1705 1all® = (73, Mgy T3 1) — (8 s T3 M — 707, 1)
+ (P =7y Py = w3 q) +(Q = 7y Q1 = T

- (3l = tmnmn) + gl

Then using the Cauchy-Schwarz inequality, (A.5), (A.2) and Young’s inequality we
obtain

Iyl < il gl OO+l + i) = i —
= %”WﬁqHQ + gHﬂ;nuH? + OR2k+2,
Consequently,
(4.6) |7, gl < C (|7, null + hr+1).

Estimate |7, 7,||. Motivated by the idea of [?, 7], we will estimate ||7, 1,/ by
the aid of the adjoint problem. For any given (periodic) function z € V}, satisfying
fQ zdx = 0, we introduce the following adjoint problem

(A'7) Oz =w, Wy=¢, (=2,

where o,w and ( are periodic and continuous functions satisfying the uniqueness
condition

(A5) [ oto= [ wir= [ caz=o.

The solution of this adjoint problem exists uniquely, due to the following discus-
sion.  Specifically, letting z;(z) = 2(z)|r,, we get ((z)|r, = Y02 [, zi(x)dz +

1=
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f; s zj(y)dy + (o, where the constant (y can be uniquely determined by the con-
-

dition fQ (dx = 0. After that, w and o exist uniquely by the existence theorem for
primitive functions and the condition (A.8).

According to the aforementioned argument, we also easily have the following
regularity

(A.9) ICla ()5 Wl a2 (@05 lo]m3(00) < 1121 22(02),

N
where | - [gm(,) = /> =1 |- |?{m(1j)‘

Along similar arguments to Lemma A.1 in [?], we can obtain the following con-
clusion: for any z € V}, satisfying fQ zdx = 0, we have

(ﬂ'}:nuaz) = - (Qiﬁ;Qa<77TZC)+(W;HWC*W}TC)+(Q77T}7Q7(w77r2_w)$)
+ (P -7 Pw—mfw)—(mnp,w — mfw) — (P =7} P, (0 — 7, 0)a).

Using the Cauchy-Schwarz inequality and the property (A.2), we get

(7 1y 2)| < CRFTHQ s K™ (¢ 4wl pr2) + Oy, mg R ¢ g
+ ChFHY P g BPE2Y (|0| o + [0 s ) +C || ) mp || R+ 12H ) 4y

Then by (A.5), (A.6) and (A.9), we obtain

(75, 0y 2)| < CRMHE R 4 pl ) 2]
<CEF R )] 2]

Now we take z = m, 1, € V. Remark that [, 7, nude = [nude = [o(Un —
U)dx = 0, so this action is reasonable. Then we can get from the previous inequal-
ity that ||}, nu|| < C(h**2 + A7, ny|]). Thus, if h is small enough we can obtain
|77, null < ChE2, and the estimate for ||7,|| can be obtained by a simple use of the
triangle inequality as well as the approximation property of the GR projection. Fi-
nally, noticing (A.5) and (A.6) we get the estimates for ||n,]|, ||74]| and complete the
proof of Lemma 4.3.
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