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UNIFORM STABILITY FOR LOCAL DISCONTINUOUS
GALERKIN METHODS WITH IMPLICIT-EXPLICIT
RUNGE-KUTTA TIME DISCRETIZATIONS FOR LINEAR
CONVECTION-DIFFUSION EQUATION

HAIJIN WANG, FENGYAN LI, CHI-WANG SHU, AND QIANG ZHANG

ABSTRACT. In this paper, we consider the linear convection-diffusion equation
in one dimension with periodic boundary conditions, and analyze the stability
of fully discrete methods that are defined with local discontinuous Galerkin
(LDG) methods in space and several implicit-explicit (IMEX) Runge-Kutta
methods in time. By using the forward temporal differences and backward
temporal differences, respectively, we establish two general frameworks of the
energy-method based stability analysis. From here, the fully discrete schemes
being considered are shown to have monotonicity stability, i.e. the L2 norm of
the numerical solution does not increase in time, under the time step condition
7 < F(h/e,d/c?), with the convection coefficient ¢, the diffusion coefficient d,
and the mesh size h. The function F depends on the specific IMEX tem-
poral method, the polynomial degree k of the discrete space, and the mesh
regularity parameter. Moreover, the time step condition becomes 7 < h/c
in the convection-dominated regime and it becomes 7 < d/c? in the diffusion-
dominated regime. The result is improved for a first order IMEX-LDG method.
To complement the theoretical analysis, numerical experiments are further car-
ried out, leading to slightly stricter time step conditions that can be used by
practitioners. Uniform stability with respect to the strength of the convection
and diffusion effects can especially be relevant to guide the choice of time step
sizes in practice, e.g. when the convection-diffusion equations are convection-
dominated in some sub-regions.

1. INTRODUCTION

As a fundamental mathematical model, convection-diffusion equations arise from
many science and engineering applications, such as fluid and gas dynamics, semi-
conductor device design, meteorology etc. Among the various established numer-
ical methods for such equations, one family is the IMEX-LDG methods, that is
defined by following the method-of-lines framework and first applying a local dis-
continuous Galerkin (LDG) method in space [5]. For the resulted ODE system, an
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implicit-explicit (IMEX) Runge-Kutta (RK) method is then employed [2, 7], with
the convection term treated explicitly and the diffusion term treated implicitly.
LDG (and DG) methods have many attractive properties, such as their easy design
for arbitrary accuracy, local conservation, flexibility in adaptive implementation,
and high parallel efficiency etc. IMEX temporal treatments ensure a good balance
of the computational efficiency and numerical stability, and avoid parabolic-type
time step restrictions that are often encountered by explicit time integrators for
stability due to the stiff diffusion term.

The objective of this paper is to advance the theoretical understanding of IMEX-
LDG methods for convection-diffusion equations. Particularly, we consider the one-
dimensional linear convection-diffusion equation

(1.1) Uy + cU, — dU,, = 0, z € Q= (ab), te(0,T),

with the initial condition U(z,0) = Up(x) and periodic boundary conditions. The
nonnegative constants ¢ and d, satisfying ¢ + d?> # 0, measure the strength of
the convection and the diffusion effects, respectively. In this work, we want to
investigate whether numerical stability results can be established uniformly with
respect to the model parameters ¢ and d for several IMEX-LDG methods solving
the equation (1.1).

To motivate our effort and make the objective more precise, we first review some
work in literature. In [11], energy-method based stability analysis was performed
for three IMEX-LDG methods applied to (1.1) when d # 0, where the temporal
accuracy ranges from first to third order. It shows that these methods are stable,
in the sense that the L? norm of the numerical solution does not increase in time
and hence the methods have monotonicity stability, provided that the time step
7 < d/c® t. Throughout this paper, the notation X <Y means X < CY, with C
being a positive constant independent of the spatial mesh size h and the term Y.
Similar analysis was established in [6, 8, 13] when other DG methods are applied as
spatial discretizations. This unconditional-stability type time step condition implies
excellent computational efficiency of the methods when d/c? is not too small, that
is, when the equation (1.1) is relatively in its diffusion-dominated regime.

In the case when d/c? is “small” with the convection effect dominating, the time
step condition 7 < d/c? obtained in [11] is too pessimistic. Intuitively, suitably
chosen implicit time discretizations of the diffusion term in the IMEX-LDG methods
should not worsen the stability of the methods when they are applied to the diffusion
free case with d = 0, namely when the explicit RK parts of the temporal schemes
are applied to the linear convection (or advection) equation U;+cU, = 0. Indeed, as
established in [17] under a general framework, explicit RK schemes combined with
the upwind(-biased) DG spatial discretizations (of certain accuracy) for the linear
convection equation have monotonicity stability under the standard hyperbolic CFL
condition, namely, 7 < h/c. With the analysis in [17, 11], it is reasonable to expect
that certain IMEX-LDG methods for the equation (1.1) have monotonicity stability
under a time step condition

(1.2) T < F(h/c,d/c?),

3With our assumption on ¢ and d in this paper, one shall interpret both d/c?|c=o and hc/d|g=o
as +o00.
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with some function F, that may depend on the specific IMEX RK method, the
polynomial degree for the discrete space, numerical fluxes, and the mesh regularity
parameter. It is reasonable to also expect the following two properties:

e Property 1: when ;/CCQ > 1 and the problem is convection-dominated, the

condition (1.2) becomes 7 < h/c;

e Property 2: when % < 1 and the problem is diffusion-dominated, the

condition (1.2) becomes 7 < d/c?.

Note that
he  h/c

(1.3) P, = i de
is the Péclet mesh number, an important dimensionless quantity for the convection-
diffusion equation (1.1). In this paper, we say an IMEX-LDG method for (1.1) has
uniform stability with respect to the model parameters ¢ and d, if it has mono-
tonicity stability under a time step condition as in (1.2) that satisfies Property 1
and Property 2 above. So far, such results are not generally available in theoretical
analysis. With our work here, we want to advance the mathematical understanding
in this direction by establishing uniform stability for several IMEX-LDG methods
for (1.1).

The main theoretical results are obtained through two general frameworks. We
first follow the idea of [17] where the explicit Runge-Kutta discontinuous Galerkin
(RKDG) methods are analyzed for the convection equation, and establish a gen-
eral framework of energy analysis starting with a series of forward temporal dif-
ferences. Energy equations can then be built by using the relationships between
these temporal differences and the matrix transferring technique proposed in [17],
with particular attention to the contribution of the numerical discretizations for the
diffusion term. In the second framework, the implicit parts of the overall schemes
are the focal point of the analysis. We derive energy equations by introducing a
series of backward temporal differences and utilizing the relationships between these
temporal differences. By combining the stability analysis from these frameworks,
the uniform stability results in the form of (1.2) with the two desired properties will
naturally follow. The time step condition is further improved for the first order in
space and time scheme by better exploring all stabilization mechanisms available.

Uniform stability result as we establish in this work can especially be relevant
and informative to guide the choice of time step sizes in practice, e.g. when the
convection-diffusion equations are convection-dominated in some sub-regions. Even
though the analysis in this paper is performed only for linear convection-diffusion
equations, similar stability results can be investigated for more general models, e.g.
for convection-diffusion equations with nonlinear convection effect ([12]).

The remainder of the paper is organized as follows. In Section 2, we formulate
the semi-discrete in space LDG method, the fully discrete IMEX-LDG schemes, and
state the main theoretical results. In Sections 3 and 4, two general frameworks of
stability analysis are presented, followed by the analysis for the specific IMEX-LDG
methods of our consideration. In Section 5, a more holistic energy-method based
stability analysis is performed to improve the result for the first order in space and
time scheme. In Section 6, we carry out numerical experiments to complement the
theoretical analysis, and this leads to slightly stricter time step conditions one can
use in practice. Concluding remarks follow in Section 7.
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2. NUMERICAL SCHEMES AND MAIN RESULTS

In this section, we will start with the semi-discrete LDG scheme in space and
review some properties of the spatial discretization. We then present several fully
discrete IMEX-LDG methods and state the main theoretical results on numerical
stability.

2.1. Semi-discrete in space LDG scheme. We begin with the spatial discretiza-
tion. Let Q = v/dU,, the model (1.1) can be rewritten into its first order form,

(2.1) Ui+ clUp —VdQ, =0, Q—VdU,=0, ze9Q, te(0,T)

Let 7, = {I; = ($j7%7$j+%)}§y=1 be the partition of ), where z1 = a and
Tyl = b are the boundary endpoints. Denote the cell length as h; = Tj1—x 1
for j =1,...,N, and define h = max; h;. We assume 7 is quasi-uniform in this
paper, that is, there exists a positive constant p, referred to as the mesh regularity
parameter, such that for all j there holds h;/h > p as h goes to zero.

Associated with this mesh, we define the discontinuous finite element space
(2.2) Vi=VE={veL*(Q) |, € Pu(l;),Vi=1,...,N},

where Py (I;) denotes the space of polynomials in I; of degree at most k£ > 0. Note
that the functions in this space are allowed to have discontinuities across element

interfaces. For any v € Vj, it has two traces at an element interface z;_ 1 namely

v;.[l =limeo+ v(z;_1 +6), vy = limeo- v(z;_1 +¢€), and we denote its jump
2 2
as [v];_1 = R

i=3 i3

The semi-discrete LDG scheme is the same as that defined in [11]. Let u(-,0) € V4
be an approximation for the initial data Up(x) (e.g. via a projection or interpo-
lation), then for any ¢ € (0,7, find u(-,¢),q(-,t) € V4, such that the following
variational forms hold in each cell I;:

(2.3a) (ut,v); =cH; (u,v) — \/&”H;'(q, v), Yov €V,
(2.3b) (¢,7); = — VdHj (u,r), Vr € V.
Here (v,r); = flj v(z)r(z)dz and

+ _ + — + +
(2.4) Hi (v,r) = (v,72)5 — Vit T

which can be also rewritten as

(2.5) Hj(v,r)=—(vg,7); — [v]jfér;r_ ) H;L(vm) = —(Vg,7); — [v]jJr%rj;%.

Nl=

In the semi-discrete LDG method (2.3), the upwind numerical flux is used for the

convective term cU,, while the alternating numerical flux pair [15] is used for the
N

diffusive terms vdU, and VdQ,. Just as in [11], we denote (-,-) = Z(-,-)j,

J=1

N
HE =) H; and
j=1

(2.6) H=cH", L=—VdH', and K=—-VdH .
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Adding up the variational formulations (2.3) over all cells, the semi-discrete LDG
scheme becomes: find u(-,t), ¢(-,t) € V3, such that

(2.7a) (ug,v) =H(u,v) + L(q,v), Yv &€ Vp,
(2.7b) (¢,7) =K(u,r), Vrew,.
When the model (1.1) is diffusion free with d = 0, the LDG scheme becomes

the upwind DG method in space for the linear convection (or advection) equation
Ut + cU, xr = 0.

2.2. Properties of the LDG spatial discretization. In this subsection, we will
review some standard inverse inequalities for the discrete space V}, and summarize
some properties of the LDG spatial discretization. The following notations will be

used:
1/2 1/2
[vll; = (/ v2dﬂs> o vl = (/ v2dw> ,
I Q

([w], [v]) = Z[w]jf%[v]jf sl = (Rl D) = D2y

Jj=1 Jj=1

Nl

Lemma 2.1. (Inverse inequalities) There exists an inverse constant v = v(k), such
that for any v € Vj

(2.8) lvall < vhi vl < v(ph) ol

(2.9) mac {[o7 1,07, 1} < \Jvhy ol < Vuph) ol
In particular, v(0) = 1.

One can refer to [1, 10] for these standard inverse inequalities. In the next two
lemmas, we recall some properties of the bilinear form H* from [18, 11].

Lemma 2.2. For any w,v € V},, there hold the following equalities

(2.10a) H* (v, v) = i%I[v]F»
(2.10b) HE (w,v) + HE (v,w) = £([w], [v]),
(2.10c) H ™ (w,v) = —HT (v,w).

Lemma 2.3. For any w,v € Vy, there hold the following inequalities

(2.11a) 5w, )| < (el + v/oloh) T [w] ) o]

(2.11b) [#4(w,0)| < (loall + Voloh) [0 ) ol
(2.110) [ (w,0)] < Cpph™ ol o]

Here C,, , s a positive constant that is dependent of v and p, and hence dependent
of k and p.

From Lemmas 2.2 and 2.3, we can immediately get the following corollaries.
Corollary 2.4. Suppose u,q € V}, satisfy (2.7b), then
(2.12) L(r,u) =—(q,7), VreV,.
Particularly,
(2.13) £q,u) = —qll>
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Corollary 2.5. Suppose u, q € V}, satisfy (2.7b), then we have
(2.14) lgll < VdC, b~ ull,

where C,, is the same as that in Lemma 2.3.

The next lemma establishes an important relationship between the numerical
derivative ¢ and the derivative as well as the jump of the numerical solution u, and
it plays a vital role in obtaining the unconditional-stability type results as in [11].

Lemma 2.6. [11] Suppose u,q € V}, satisfy (2.7b) and d # 0, then there exists a

positive constant C,, ,, dependent of v and p, such that

(2.15) ol + V/o(pR) T < f};nqn.

Furthermore, the property in the following lemma gives some key insight into
the stability contribution of the spatial discretization for the convection term.

Lemma 2.7. [17] Let G be an index set and let G = {g;j}ijeg be a symmetric
positive semi-definite matriz. For any w;, w; € Vi with 1,5 € G, there holds

(2.16) >3 giH(wi,wy) < 0.
1€G jEG
2.3. Fully discrete IMEX(p,r, s)-LDG(k) scheme. For the semi-discrete in
space LDG method with the discrete space Vj, = Vh’“, denoted as LDG(k), we
further apply IMEX RK methods in time, denoted as IMEX(p, r, s), to obtain the
fully discrete methods. Here s stands for the accuracy order, while p, r are the
effective numbers of stages (i.e. the number of function evaluations) of the implicit
and explicit parts, respectively. Though there are many options in literature, in
this work, we will particularly focus on four methods, IMEX(1,1,1), IMEX(2,2,2),
IMEX(4,4,3) and IMEX(3,4,3), with
e the first three being ARS(1,1,1), ARS (2,2,2), ARS(4,4,3) proposed in [2]

with » = p, all being globally stiffly accurate [3] (i.e. with implicit parts

being stiffly accurate and explicit parts being FSAL, namely first same as

last),

e the fourth one proposed in [4] with » = p + 1, it is stiffly accurate in the

implicit part.
One feature shared by these IMEX RK methods is that, in their standard Butcher
tableau representations, the first row and the first column of the matrix for the
implicit part are zero. (Such IMEX RK methods are referred to as being of type
ARS in [3].) The general framework developed in this paper in Sections 3-4 can be
applied to investigate stability of other IMEX RK methods, possibly with additional
technical aspects to address for each individual method, as one will see in the
upcoming analysis.

With the specific IMEX RK methods mentioned above in mind, we are ready
to present our fully discrete methods. Let {t" = n7}M ; be a uniform mesh over
the time interval [0, 7], where 7 is the time step and T = t™. Let m = max{p,r}
and my; = max{p,r — 1}. Given the numerical solution u",¢q" € V}, at t", we
seek ™t ¢t € V), at "t by the fully discrete IMEX(p, r, s)-LDG(k) scheme as
follows:

(S.1) Set u™% = u", ¢"° = ¢™;
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(S.2) For £ =1,--- ,m, find u™*, ¢"* € V}, such that
(2.17a) (u™*,v) = (u"™,v) + TZ [ceiH(u™,v) + duL(g™",v)], Yo €V,
i=0

(2.17b) (™ r) =K(u™r), Vre Vi

(83) Set un-{—l — un,m’ qn+1 — qn,m.
We list the coefficients of ¢y; and dy; below, and one would want to pay attention
that the row index £ is from 1 to m, and the column index 7 is from 0 to my. Note
that the IMEX RK methods are presented in a slightly different form from the

standard ones [2, 4] in order for a more unified analysis. As an example, the final
integration step of IMEX(3,4,3) is included in (S.2) instead of (S.3).

IMEX(1,1,1)

Cei dy;
(2.18) 1 00 1
IMEX(2,2,2)
Ce; dy;
(2.19) v 0 0|0 ~ 0
6 1-96 010 1—v «
IMEX (4,4,3)
Cy; ‘ dh’
1/2 0 0 0 0|0 1/2 0 0 0
(2.20) 11/18 1/18 0 0 0|0 1/6 1/2 0 0
5/6 -5/6 1/2 0 0[0 -1/2 1/2 1/2 0
1/4  7/4 3/4 -7/4 0|0 3/2 -3/2 1/2 1/2
IMEX(3,4,3)
Cyi ‘ d@i
0 0 0O olo0 6 0 0
(2.21) $_a; an 0 00 52 0 0
0 l—as ar 0|0 By B2 0
0 b1 B2 0|0 pr B2 0

In (2.19),y=1- % and 6 = 1— % In (2.21), € is the middle root of 623 — 1822 +
92 —1 = 0, which is approximately equal to 0.435866521508459, 8; = —26%+46— 1

and [y = %02 — 50 + %, the parameter «; is chosen as *i in this paper and
_ 2-202-2B50:0
Q2 = 0(1—0)

2.4. Main stability results. To make our stability results more precise, we need
to specify several notions of numerical stability.
i.) Monotonicity stability. There holds ||u"!| < |Ju"| for any n > 0, which
implies [|u™| < [|u°].
ii.) Exponential-type stability. There holds |[u"™1]|? < (1 4+ K7)|u™||? for any
n > 0, where K is a positive constant independent of 7. This implies
[l |* < 5 [l
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The concept of the monotonicity stability follows [17], which corresponds to the
usual notion of strong stability. The next theorem states our main results.

Theorem 2.8. The schemes IMEX(1,1,1)-LDG(0), IMEX(2,2,2)-LDG (k) with
k=0,1, IMEX(/,4,3)-LDG(k) and IMEX(83,4,3)-LDG (k) with any integer k > 0
have monotonicity stability under the time step condition

h d
(2.22a) 7 < max {min {01, 02P:} 7932}
c’ e

, hje 1 h d
(2.22b) =max {mln {917 de//CQ} e QSCQ}

where 01, 02, 03 are positive constants independent of ¢,d and h, and they depend
on the specific IMEX RK method, the polynomial degree k of the discrete space,
and the mesh regularity parameter p. Furthermore, the condition (2.22) becomes
7 < o1h/c when d = 0, and it is T < 400 and gives unconditional stability when

c=0.

Remark 2.9. In Theorem 2.8, the time step condition for the monotonicity stabil-
ity can be expressed as 7 < F(h/c,d/c?), where the function F depends on the
specific IMEX RK scheme, the polynomial degree k of the discrete space, and the
mesh regularity parameter p. Moreover, in the convection-dominated regime with
P, = ;/CCQ > 1, the time step condition becomes 7 < h/c¢, while in the diffusion-
dominated regime with P, = :/—/Pcz < 1, the time step condition becomes 7 < d/c?.
Hence the stability result is uniform with respect to the convection and diffusion
coefficients. In the transitional or intermediate regime, the time step condition will
depend on both d/c? and h/c, as captured by the function F.

Remark 2.10. For the first order in space and time IMEX(1,1,1)-LDG(0) scheme,
the time step condition for the monotonicity stability can be further improved as
given in Theorem 5.1 by better exploring all stability mechanisms available.

Remark 2.11. Besides the main results in Theorem 2.8, our analysis also shows
that the schemes IMEX(1,1,1)-LDG(k) with k£ > 1 and IMEX(2,2,2)-LDG(k) with
k > 2 have monotonicity stability under the time step condition 7 < d/c?. When the
problem is convection-dominated with P, = % > 1, these methods are stable in
a weaker sense (i.e. with an exponential-type stability) under a more stringent time
step condition, see Remark 3.6. With the less desirable computational efficiency,
these would not be the methods of choice in practice in the convection-dominated
regime.

The next two sections will be devoted to the technical details of proving Theo-
rem 2.8, presented through two general frameworks and with the results given in
Theorem 3.5 and Theorem 4.3. The first one is based on the forward temporal
differences, with the explicit parts of the overall schemes as the focal point of the
analysis, while the second one is based on the backward temporal differences, with
the implicit parts of the overall schemes as the focal point of the analysis.

3. STABILITY ANALYSIS BASED ON FORWARD TEMPORAL DIFFERENCES

At the beginning of this section, we would like to define two CFL numbers
(3.1) Ae = cth™1, g = drh™2.
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Throughout this section, we assume ¢ # 0.

3.1. Energy equation: a general framework. In [17], a general stability anal-
ysis framework was established for explicit RKDG methods for the linear convec-
tion equation (i.e. (1.1) with d = 0), and it will be adapted here to analyze our
IMEX-LDG methods, with particular attention to deal with the contribution of the
numerical discretizations for the diffusion term.

Following the idea proposed in [17], we define a series of forward temporal dif-
ferences in the form

(3.2) D.,w™ = Z ow™t, 1<k<m, and Dyw" =w",
0<t<k

where w = u, ¢, such that Z o =0, and

0<t<k
mq
(3.3) (Dpu™,v) = TH(Dx_1u",v) + TZ SpeL(Deg™, v), Yo € Vj,.
=0

The coefficients {0} and {s.¢} can be calculated straightforwardly by linear com-
bination of stage evolution in (2.17a) and (3.3). Indeed the calculation process
can be conveniently expressed in matrix-vector forms and is summarized as Algo-
rithms 1 and 2. The detail derivation of these algorithms will be put in Appendix
Al

Algorithm 1. Algorithm for calculating {o,}:
Step 1. Let ogo =1, ogp =01if £ > 1.
Denote matrix A = {cg; }rnxm, with £=1,....mand i=0,...,m — 1.
Step 2. For k =1,...,m, let o,y = 0 if £ > k. Calculate o,y for £ = 1...x from
Okl Ok—1,0
Al =
Okk Ok—1,k—1
where A, is the k-th order leading principal submatrix of A.
Step 3. Let 0,9 = — Z ore, for k =1,...,m.

1<0<m

Algorithm 2. Algorithm for calculating {s,}:
Step 1. Denote matrix B = {0y }( (ma+1)x (ma+1)3 with £,i=0,...,m1.
Step 2. For k =1,...,m, denote 1, = min{m1, Kk}, let s,¢ = O 1f £ > 1,
Calculate s,y for {=0,...,m, from
Sk0 P dZO

T . o .
By, 11 : = E :Uﬁf : )

Sk, - d@,ﬁm
where By, +1 is the (17, + 1)-th order leading principal submatrix of B.

Both Algorithm 1 and Algorithm 2 work for the four IMEX schemes (2.18)-
(2.21) considered in this paper. It can be verified that, all the leading principal
submatrices of A are invertible, and this ensures the existence and uniqueness of
the coefficients o,¢ in Algorithm 1. Particularly, we can obtain that o, , # 0 (see
Subsection 3.3). In addition, all the leading principal submatrices of B are invertible
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given B being lower triangular, and this ensures the existence and uniqueness of
the coefficients s,y in Algorithm 2.

Furthermore, the numerical solution u”*! can be expressed in terms of the for-
ward temporal differences, namely

(34) wou”+1 = ZWZDgUn,
£=0

where wy is a positive constant, which can be taken as 1 by a proper scaling. Taking
L?-norm on both sides of (3.4), we get

(3.5) W2 = ) = ) wi(Diu”, Deu™) = RHS,

0<if<m

where wpp = 0 and w;y = wwe if i + ¢ > 0. Note that equation (3.5) alone is
not very useful for the stability analysis, because the information of the spatial
discretization hence its contribution is not reflected. Similar as in [17], we next will
perform a transferring process to convert the inner products of temporal differences
in (3.5) into terms of spatial discretizations. This will be accomplished based on
the relation (3.3).

To make the idea conveyed more clearly, we first consider the case when d = 0.
In this case, by using (3.3), we can recursively rewrite RHS in equation (3.5) as
(3.6)

RHS =RHS(x) = > wi (D, Deu) +7 Y i H(Dw", Deu™),

0<if<m 0<i,f<m

where the coefficients wgg” ) and 1/)1(; ) are obtained by following the matrix transfer-

ring procedure introduced in [17] and as outlined below.

For notational convenience, we let A(*) = {wgf)} and B(®) = {wgf)} be symmetric
matrices of order m + 1, with the initial setting A(®) = {wz(g)} = {wi¢} and BO =
Osyt1, and the indices i,¢ € {0,1,--- ,m}. Here and below, we denote by O, the
zero matrix of order p, and 0, the zero column vector of dimension p.

With x > 0, the (k 4 1)-th step of the transferring procedure starts from A,
with

R U 0,

OF G wl Wl Wi
(3.7) AR = | 0] ‘ wﬁj}l,ﬂ | wé?l,nﬂ wé’fl,m
(O Wi W Wi,

Note that those zeros at the left and the top are null for A(®). We proceed with
two scenarios.
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i) If w() = 0, then we get the lower-triangular part of A%+ and B-+D by
the following formula

0, ( =k,
(%) (k) .
(3.8) w(n+1) _ wi; — 2wij_1’€_1, i=k+landfl=Kk-+1,
. il wg?_w&)LFp k+2<i<m-—land{=x+1,
wz(; ) ) otherwise,
and
(3.9) P 2w, K<i<m-—1land!=r,
" %(; ) ) otherwise,

which are the same as that given in [17]. In addition, the symmetric prop-
erty of matrices A"t1) and B(**t1 is preserved in the transferring process.
In (3.8), wz(i)l,ffl = 0 if the index i + 1 is greater than m.
ii.) If w,ﬁ? # 0, we stop the transferring process and define the termination
index as ¢ = k. With w(()g) = wpo = 0, there always holds ¢ > 1.
Noting the fact that the first ¢ rows and columns of A(©) are zero, and the last
row and column of B(©) are zero, we have at the termination step
RHS=RHS() = Y. wif @D+ > o (Dpru™, Deu)
(<if<m 0<i,f<m—1

(3.10) = Ry + Ry,

where the term 7H(D;u™, Dou™) on the right hand side of (3.6) with x = { is written
back to (D;1u™, Deu™), due to (3.3). Moreover, since the above transferring process
is independent of the detailed information of spatial discretization [16], it is easy
to see that (3.10) also holds for d # 0.

The term R, can be represented by the matrix A = A(©). With the help of the
relation (3.3), we express the inner products in Ry in terms of the discrete spatial
operators and get

m1
R2 =T Z ¢l(§) H(Dzu", ]D)[Un) + Z SZ‘+1,§L(ngn, ]D)gu")
<=0

0<i,t<m—1
m—1 my
=7 Y P HDU D) — 7YY ber(Deg™ Deq”)
0<i,f<m—1 =0 <=0
(3.11) = Ro1 + Raa,
where we have used (2.12) in the second step with
m—1
(3.12) b = Z ¢§§)Si+1,<'
i=0

The term Ry; can be represented by the matrix B = B(©). It is beneficial to represent
the term Ros in a quadratic form. For this, we define my = max{m — 1,m;}, and
with zero padding we set ¢op = 0 if m; < ¢ <mg or m—1 < ¢ < my. Furthermore,
we define

+
(3'13) Pt = Pt = wa
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and a symmetric matrix C = {p} of order my + 1, with indices ¢, ¢ from 0 to mao,
then

(3.14) Roy = 77/ q"'Cq"dx,
Q

where q" = (Doq", -+ ,Dpnyq™) .
Now we have the energy equation

(3.15) Wi (lu™FHJ* = [lu™[|*) = Ry + Ror + Roa,

with three matrices A;B and C at the termination step. It is important to keep in
mind that these matrices only depend on a given IMEX RK method, and particu-
larly A and B only depend on the explicit part of the temporal discretization.

3.2. Discussions and general estimate. Now we carry out a general estimate
for the terms R, Rs; and Ras, before we turn to more concrete analysis for each
fully discrete method in next subsection.

The matrix A reflects the stability or anti-stability inherited from the temporal
discretization, strongly depending on the sign of wé?. If wé? < 0, it implies that

there is a stability term —||D¢u™||?. Otherwise, if wé? > 0, it means that there

are terms such as ||Dcu”||? with a negative impact on the stability. In either case,
using the Cauchy-Schwarz inequality, we have

m
(3.16) R < (wig +e)lDeu|* +C1 Y D,
i=C+1
where ¢ is an arbitrary positive constant, C] is a positive constant depending on ¢
and A.

The matrix B and C reflect the contribution of spatial discretizations of the
convection part and the diffusion part, respectively. To further investigate such
contribution, we follow the idea of [17] to define two contribution indices p. and pg.
Specifically, we first define

(3.17) B={k: detByi; <0, and 0 <k < —1},
(3.18) C={k: detCxy; <0, and 0 < kK < Mo},

where B, 1 = {’t/)l(g)}ogi’gg,{ and C,. 41 = {@ieto<ie<s are the (k+1)-th order lead-
ing principal submatrix of B and C, respectively. Then we define

a9 po{ ntesies) iB20
and
(320 = {1 e

From the discussions in [16], we know that p. > 1. Define two sets
(321)  m={0L,p—1},  Ta={pepet 1, m—1}.
Then we separate Rs; into
(3.22) Ry = Z Ten,

&n=1,2
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where
(3.23) T@] =T Z wz(g)’H(]Dlu", ]D)gu").
PETe ,ZEﬂ'n
Obviously, the submatrix B, is positive definite by the definition of (3.19). Thus,

B,, —eol,, is positive semi-definite, where g > 0 is the smallest eigenvalue of B,,_.
Here and below, we denote by I, the identity matrix of order p. As a consequence,

5
(3.24) Ty < —5%7 Z [D;u™]?,

1€
by Lemma 2.7 and (2.10a). Note that T15 = T = Ths = 0 when m = (). we next
consider the general case. With the cardinality of m; as card(m;), it is easy to see
card(my)card(my) < m?/4. Using (2.10b), Cauchy-Schwarz inequality, the Young’s
inequality and the inverse inequality (2.9), we get

T+ To=—cr Y (D", [Deu™))

i€m LETY

<er max {lwS} Y [Dw"][Deun)

i€m,LETS X
€T LET2

d d (C) 2
< ecger Z Da? + crcard(my )card(ma) max{|v,,;’[*} Z [Deu™]?

1ETL 4650 LETS
erm? max{[¢y [ }v(ph) !
< Dz n 2 il Dou” 2
<egper Z [D;u™]* + Seco Z [Deu™||
1ETY Lemy
(3.25) <eeger Z [D;u™]? + C2C, pAc Z Deu™||?,
1€ML lems

where ¢ € (0, %] is a small positive constant, C,, , is a positive constant depending
on v and p, and Cj is a positive constant depending on €,y and the entries of B,
which may have different values in each occurrence. Similarly,

(326) Ty < C2Cu,p>\c Z ”D@un”2
LETS
With all above, we have
(3.27)
pe—1 m—1
—(3 = @eoct 3o [Du"]? + CoCuphe 30 [IDiw(?,  if 2 # 0,
Ry < =0 =pe

pe—1
-t CE: [D;u"]?, otherwise.
i=0

If pg = mg+1, the matrix C is positive definite and hence the term Ray in (3.14)
is nonpositive. This unfortunately is not the case for any IMEX RK scheme in this
work, and hence we can not get the stability of the diffusion discretization without
any time step restriction in the present analysis framework, as to be seen in next
subsection.

To deal with Rs2, we would like in this paper to add a properly chosen positive
number ¢g to its diagonal elements ¢;; with pg < i < mo, so that

(3.28) C'=C+Hc Opy
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is positive definite. Furthermore, we take a positive constant ¢; that is not bigger
than both ¢y and the smallest (positive) eigenvalue of C’, and define

(3.29) C"=C -cilp,41 =C+ {_pd+ —————————————————————— } .
The resulting matrix C” is positive semi-definite. Similar technique was previously

used in [11, 6, 13]. Note that the choices of ¢y and ¢; are not unique.
With the help of C”, we have

pa—1 mao
Roy = — T/ q"'C'g Az — 17 Y |Dig" | + (co — ex)T Y [Dig"
Q2 i=0 i=pa
pa—1 ma
(330) < —am Y IDig"|? + (co — e))C2 A Y [Dau”||?,
i=0 i:pd

where Corollary 2.5 was used in the last step, along with the relation (D;q,r) =
K(D;u,r) for any r € V.

Finally, we want to make some remarks on R; in (3.16), Ra; in (3.27), and R
in (3.30). In all these equations, the first term on the right hand side provides
stabilization, with the one in (3.16) due to the explicit time discretization if wé? is
negative, the one in (3.27) due to the upwind discretization of the convection term,
and the one in (3.30) due to the dissipation of the diffusion term. And the remaining
terms are in the form of multiples of higher order temporal differences of u, with
the coefficients at most depending on C, ,, Ac, A4, and they can be potentially
controlled by the stabilization terms in these equations under suitable time step
condition. We want to point out that the stabilization mechanism provided by
the implicit treatment of the diffusion term is not fully utilized in the current
framework, and this will be further explored in Section 4.

3.3. Four specific applications. We are now ready to apply the general analysis
built so far to examine the stability of specific IMEX-LDG schemes, including
IMEX(1,1,1)-LDG(k), IMEX(2,2,2)-LDG(k), IMEX(4,4,3)-LDG(k), IMEX(3,4,3)-
LDG(k), with k as any nonnegative integer.

3.3.1. IMEX(1,1,1)-LDG(k). For the first order in time IMEX(1,1,1)-LDG(k) scheme
in (2.17)-(2.18), m = m; = mg = 1. It is easy to see that Dju™ = u"! — u",
s10 = s11 = 1, and u" T = Dou™ + Dyu”. Thus

o[ ] w0

By the matrix transferring formulas (3.8) and (3.9), we have

Note that wﬁ) = 1 > 0, the transferring process is terminated here, with { = 1,
A =AM and B =BW. Moreover, we have

(3.31) c{f H
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One can check that the contribution indices p. = pq = 1. Taking ¢ =2,¢1 =1 in
(3.29), we get

(3.32) RHS < —cr[Dou™)* — 7|[Dog” || + (1 + C2 ,Aa) [[Drw”||.

The estimate for [|Dyu™|? is given in the next lemma, whose proof is put in Ap-
pendix A.2.

Lemma 3.1. When k > 1, we have

(3.33) IDyu"? < €2, A2Dou”|* + 5 [Dog"

For the special case k =0, we have
-
(3.34) ID1u™|[? < erCy,pAc[Dou™]? + §||Doq"||2-

The stability of the IMEX(1,1,1)-LDG(k) scheme can be stated as two cases:

Case 1: k > 1. Substituting (3.33) into (3.32), we can get the exponential-
type stability if

1(1+0C2 M) <1
(3.35) { 22( S a) =1, . A
Cy,Ac < C1,  for any positive constant C,
namely
Cr 1
2
(3.36) AL < o7 A < o7
v,p v,p
This, with d = ch/P,, is equivalent to the following time step condition
1 (K% . h? 1 ) h . h?
(337) Tg%mln{d,CCQ}:%mIH{PeC,Cé}.
Case 2: k = 0. Substituting (3.34) into (3.32), we can get the monotonicity
stability if
1 2 <
(3.38) T(1+C2 M) <1,
Oy,p)\c S 2
namely,
1
3.39 Ae < D VS .
(8:39) =20, M-z,
This is equivalent to the following time step condition
1 P. 1 h
4 <min{ —— —.
(3.40) T_mln{zcy’p,cap} .

3.3.2. IMEX(2,2,2)-LDG(k). For the second order in time IMEX(2,2,2)-LDG(k)
scheme in (2.17) and (2.19), m = my; = mg = 2. By Algorithm 1 and Algorithm 2,
we can get

Dou™ 1 u™
(3.41) Dyu™| = *% % u™l |
Dyu™ 2_9 2 9l |ynt?
5 Bt
sio=1, s11 =1, 512 =0,

3.42
(3-42) 520 =0, s21=27y(1—7), s22=1.
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It is easy to check that

(3.43) 2u" = 2Dgu™ + 2Dy u™ + Dou”.
Hence, the initial energy equation can be expressed by the matrices
0 4 2
AO =14 4 2|, B9 =0,
2 21

which are the same as that given in [17] for the second order RKDG scheme. The
matrix transferring procedure is also the same as that in [17], leading to

SRS R 8140
AWM = 0 2 B =|470 0|,
1201 0:0 0
0 | 8 4.0
(3.44) AP =1 0 |, BP=1]4 4:0
b1 0 0:0
Since wg) =1 > 0, we stop the transferring and get ¢ = 2. Therefore, A = A
and B = B(?). Moreover, from (3.12) and (3.13), one can obtain
8 2+ 8y —49% 2y
(3.45) C=| 2+8y—49> 12v—-8y?> 2y
2y 2y 0
We can check that the contribution indices p. = pg = 2. Taking ¢g = 1,¢; = % in

(3.29), we can get
(3.46)

€ T C2 Ad n
RHS < —20cT<|uD>ou”1|2+|[D1u"]|2>—2<||Doq”||2+|1D>1q"|2>+(1 + ;) Do 2

where g9 = 6 — 21/5. The estimate for ||Dou™||? is given in the next lemma, whose
proof is put in Appendix A.3.

Lemma 3.2. When k > 2, we have
2 12

Cy; AT " N
(3.47) Dau™|* < G AL Dou™||* + #HDOCI 1> +y7|Dg™ .

For the case k < 1, we have
IDau™||? <4er[(Crpre)* [Dou™]? + Cu pAe[Dru”]?]
(3.48) +4C, N7 (V[D1g"[|* + [Dog™[1*) + 47 D1g" (|-

v,p”\c

Remark 3.3. For the case k < 1, ||Dyu™|| can be bounded by the “good terms”
provided by all the stabilization mechanisms, i.e. due to the upwind spatial dis-
cretization of the convection part and the implicit temporal discretization of the
diffusion part. This is an improvement over that for the case k > 2, and thus
monotonicity stability can be obtained under the time step condition 7 < h/ec, as
to be shown next.

Similar comment goes to the case £ = 0 in the previous subsection. Indeed,
such improved performance of the first and second order in time methods with
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lower degree polynomials in space is an important property of fully discrete DG
methods, as previously shown for the pure convection equation (with d = 0) in [17].

In what follows we present the stability results for the IMEX(2,2,2)-LDG(k)
scheme as two cases:

Case 1: k > 2. Substituting (3.47) into (3.46), we get

cy
(3.49) RHS < (1 + 2"))\(1) Cf7p)\§||un”2,
if
C? C2 \? 1
3.50 14+ —=L) P <=
o (e
which can be fulfilled by letting
V2y 1—2y
3.51 A < and A\g < .
(3.51) c,, < e
To further control (3.49), we impose
(3.52) Cy < Cr,

with any given positive constant C. Under the above conditions we will
have exponential-type stability. Noting that d = ch/P,, then the conditions
(3.51)-(3.52) altogether require

Voyh (L=29)P.h €'/ (h)““}

’ 2 P VER W
Cvpc’ CZ, c ol \c

(3.53) 7 < min {

Case 2: k < 1. Substituting (3.48) into (3.46), we can get monotonicity
stability if

2
550 4 (1 + C;ud) max {(CypAe), Cuphe} < 22,
. CZ
(14 %52 20) max {4CL N2Aa, 4CE N2Aay + 9} < 5,
where g9 = 6 — 2v/5. This condition can be fulfilled by letting
i 1 eoy
(3.55) e mind ol e )

1-3y

3 v 1=y
Ad < min | gr—5ezs 507,

Noting that d = ch/P,, then condition (3.55) becomes

[ 6=2v5)y VP h
(3.56) TS min { 4(1—-7)C,, " 4(1 = 7)CZ, } <

3.3.3. IMEX(4,4,3)-LDG(k). For the third order in time IMEX(4,4,3)-LDG(k) scheme
in (2.17) and (2.20), m = m; = mg = 4. We have

Dou™ 1 u™
Dyu™ —2 2 u™!
(3.57) Dou™| = | 12 —48 36 u™?
Dsu™ 72 —360 216 72 u™3
Du” 4896 23616 15552 3456 288 | |, n+l

7 7 7 7 7
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The coefficients sy; are given as

' “lo 1 2 3 4
1 1 L 0 o0 o0
. 2
(3.58) Sei ¢ > [0 3 1 0 o0
3 /0 24 1 35 0
1584 72 2 1
4 |0 &= F -7 3
It can be verified that
4
(3.59) "t =" ng]]])gu",
=1
where
1 1 7
3.60 =1 == = - =——.
( ) w1 ) w2 2 9 w3 6’ Wy 288

Hence, the initial energy equation can be expressed by the matrices

0 1 1 1 __7
1 11 O
288
AO _ | 1 1 7 i % | po_gq
A T R S
I T T
288 288 576 1728 82944
Since wég) = 0, we carry out the transferring process and get
r ; ; 1 7
U S R I 2 21 3 —mm 0
0 3 3% s 1700 0 0
A® = | 3 % L —% , BW=| L t0o0 o0 o0
| 1 7
13 % S
L ! 7288 576 1728 82944 0 10 0 0 0
Noting that wﬁ) = 0, so we continue the transferring and get
r ; ; 7
0 : 2 Lo r% -1z 0
0 ! 1 : iih o~ 0
AG) — [T S L R LT B® — [T ﬁ o T 0 0
= erE 288 576 g = 3, 143 |
BT A V] “ta a0 0 0
L | 5% 178 s294d 0 0 0 0 0
Since wg) < 0, we stop the transferring and get ¢ = 2. Therefore, A = A® and

B = B(®). In addition, we can calculate those coefficients ., from (3.12) and (3.13)
and yield

o1 19 7
i % ! 5% 288 5;6
_ | B 2T
(3-61) C= 3 ? ! 28§ " 576 0
19 5 0 0 0
28 283 ' T 576
— == 0 0 0
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One can check that p. = pg = 2. Taking ¢y = 10,¢; = %o in (3.29), we can get

T 19
_ Dag™ 2 D a™ 2y _ Dou™ 2
= (IBog” |+ [D1q ) = (17 — =) IDau”

+ C1(|[Dsu”[? + [[Dau”||?) + CoCy pAc(|[Dau”]|* + [[Dau™|?)

RUS < — (5 — )eo([Dou") + [Dr1u"]?)

(3.62)

99 n n n
+ 1o CrpralIDou”[* + IDsu | + [Dgu™ ),

for any positive ¢ and e, where g = 4_3V 13 ¢, and Cj are positive constants

depending on ¢ and ¢, respectively. Taking e = L and ¢ =

3 we have

4
144>

144
(3.63) + (C1 4 C2Cy pAc + 10C2 Aa) (D™ |[* + | Dau™ ).

15 T
RHS < (= gy + CaCuphe +10C2 2a ) [P = (1o I + [Paa" )

Lemma 3.4. The forward temporal differences Dyu™ and Dyu™ defined in (3.57)
satisfy

(3.64) [Deu™|? < Qo1||Dou™||? + Qeat||D1g"||?, for £ =34,
where

Q31 = 203,,;)‘3 + 453203,,))‘(21; Qu = (203,,))\3 + 652303,;))‘(21)931 + 65421203,;;/\(21;
Qs = 4s§103’p>\d; Qus = (202 N2 + 68421303,p)\c21)g32 + 683103,0)“17

v,p”\c
with the coefficients sg; given in (3.58).

The proof of this lemma is put in Appendix A.4. Owing to Lemma 3.4, we have

15 T
< _ = ny2 _ 0 ni2 ni2
RHS < — T IDou” |2 = S5(IDog” | + [D1g” %)

(3.65) + Q1(Aes Aa) | Dou™[|* + Qa(Ac, Aa)T[|D1g" (%,
where

Q1(Ae; M) = (C1 4+ C2Cy pAe + 10C7 ) 2a)(Q31 + Qu1) + (C2Cy pAe + 10C7 JNa),
Qa(Ae; Aa) = (C1 + C2Cy pAc + 10C7 Xa)(Qs32 + Qua).

Hence, if

(3.66) Q1(Ac; Aa) < % and  Qa(Ac, Aa) < %,
then we can get the monotonicity stability.

The conditions in (3.66) can be fulfilled by letting A, and A\gq be smaller than
01 and g9, respectively, with o7 and g2 as positive constants depending on Cy, Co
and C,,, and hence on k and p. This, in combination with d = ch/P,, leads to the
following time step restriction for stability

h
(3.67) 7 < min{or, 02Pe}
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3.3.4. IMEX(3,4,3)-LDG (k). The analysis for the third order in time IMEX(3,4,3)-
LDG(k) scheme in (2.17) and (2.21) is similar to that for the IMEX(4,4,3)-LDG(k)
scheme. So we will mainly highlight the differences. For the IMEX(3,4,3)-LDG(k)
scheme, m = 4, m1 = mo = 3. With the definition

]D)ou" go0 u”
]D)lu” Jg10 011 Un’l
(368) ]D)gu” = | 020 021 022 ’U,n72 s
Dsu™ 030 031 032 033 u"™?
Dyu™ 040 Oa41 Oaz Oa3 Ogq| |u™H

where the coefficients o are listed in Appendix A.5, and the relationship (3.59)
holds with

1 1
w3 = 67

Similar as for the IMEX(4,4,3)-LDG(k) scheme, we carry out the transferring pro-
cedure and obtain,

Wy = 01104292.

(3.69) wi =1, wy=

0 |
,,,,,, O
A(Z) = 1 20&10&292 - % % - a1a202 10410[202 5
i T12 a1a29 % *04101202
1 1, 92 1 92 2,204
' 2 1002 60&10&2 a1a2
2 1 ! 1 2010260% 0
2 L1 3
P A iaT2med’ 2manf® 0
B = L 1 20[10&292 | 0 0 0
3 I
2&10&20 20[10[292 | 0 0 0
0 0 1 0 0 0
We can verify that wg) = 2070002 — % < 0if ay € (—0.27,0.35). Our specific
choice a; = —i falls into this range, hence the transferring is terminated with

¢=2,A=A® and B =B®. In addition, we can calculate those coefficients ¢,
from (3.12) and (3.13), and yield

2 % % %03
1 5.

(3.70) C= |-qo-d. P12 218 4
3 P12 1+ P22 P23

Yoz 131 p23 0O

where @g3 = gg;"jf) with s, = 1810 — 60a10% + 15010 + 12602 — 2, @15 =

sy (18010 = 30016° 4 2701607 — Tanf + dan — 20 + 2), pyy = 2CgaH)e

—0.01121648833

5 0.1137923368 0.01574825186
0.07226180987 —0.004634401251

0.01574825186 0

P22 = % - ?(lgejsfja P23 = g‘(leai‘;) With a3 = fi, we have approximately
2 1 1 % 0.07226180987
C~ 1 % 1 —0.01121648833 —0.004634401251
~N |ttt 1 T T T T T T S AT o1 A 0090 : ”””””””””””””””””””””””
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One can check that p, = pg = 2. Taking ¢ = 1,¢1 = % in (3.29), we can get

RHS < — (5 — ©)o([Dou"]* + [Dru"]?) (IDog"||* + ID1q™ 1)

T
10

1
+[201020% — 2t e[ D2u||* + Cr(IDsu™ || + [Dgu™ %)

90?2
(3.71) + (Csz,p/\c + 10’p >\d> (IDgu™|* + [ID3u™]?),

, C1 and Cy are positive constants

for any positive € and e, where gy = 4_3V 13

depending on ¢ and e, respectively. Taking € = % and € = & — a102602%, we have

24
1 T

RHUS < (b — ﬁ)llﬂ%unll2 - TO(IUDOCJ”H2 + [Dig™[1?)

(3.72)  + Ci(Dsu™ || + [Dau™|*) + (Co2CupAe + C2 Aa) (IDou™]* + 3w ().

Furthermore, the estimates for |Dzu™| and ||D4u™]|| are the same as that stated in
Lemma 3.4, with different coefficients sy; which are listed in Appendix A.6. As a
consequence, we can get the same type conclusion regarding numerical stability as
for the IMEX(4,4,3)-LDG(k) scheme except with different constants ¢; and gy in
(3.67).

From the above analysis, we summarize the main conclusions in the following
theorem.

Theorem 3.5. The schemes IMEX(1,1,1)-LDG(0), IMEX(2,2,2)-LDG (k) with
k=0,1, IMEX({,4,3)-LDG(k) and IMEX(83,4,3)-LDG (k) with any integer k > 0
have monotonicity stability under the time step condition

h hjc 1 h
3.73 < mi ,09P.} — =mi L 02— ¢ —,
( ) 7 < min {01, 02 }c mln{@l QQd/CQ}C
where the positive constants o1, p2 are independent of ¢, d and h, and they depend on
each specific IMEX RK method, the polynomial degree k, and the mesh regularity
parameter p. Particularly, when d = 0, we have P, = 400 and the time step
condition becomes 7 < g1h/c.

Remark 3.6. For the IMEX(1,1,1)-LDG(k) scheme with & > 1 and the IMEX(2,2,2)-
LDG(k) scheme with k& > 2, the exponential-type stability is achieved under more
stringent conditions 7 < (h/c)? and 7 < (h/c)*/3, respectively, in the convection-

dominated regime with P, = dh/% > 1. The results are consistent to and generalize

the stability analysis in [19, 17] when these schemes are applied to the linear con-
vection equation (i.e. (1.1) when d = 0).

4. STABILITY ANALYSIS BASED ON BACKWARD TEMPORAL DIFFERENCES

The stability results established in [11] indicate that the fully discrete schemes
defined in Subsection 2.3 have monotonicity stability if the time step 7 satisfies
7 < d/c?. This result shows that the methods are especially efficient by allowing
large time step sizes when d/c? is not too small and the problem is relatively
in the diffusion-dominated regime. The stability analysis in [11], however, was
obtained case by case for each family of the IMEX-LDG(k) method by choosing
suitable test functions (also see [6]). In this section, we want to propose a general
framework to re-establish the results as in [11], by using a new concept, namely,
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backward temporal differences. With some technical details to be the same as those
n [11], our presentation will be brief, with the emphasis mainly on the framework.
Throughout this section, we assume d # 0.

We begin with introducing a series of backward temporal differences {ID, w™}}* ),
defined as

(4.1) Dyw" =wmm L —mm=t ] <0< m, and Dyw" =w™™ = w"

for w = u, q. Note that
(4.2) w™t =Dy w" — Z]D);w", fori=0,---,m

Setting co; = do; = 0, denoting ag; = ¢yn—r41,i — Cm—r; and by; = dpm—e41,i — dm—e,
then from (2.17) and (4.2) we have for 1 < ¢ < m that

(D, u",v —TZ arH U™ v) + be L(g™",v)]

(4.3a) :Tz[aem(mgu Z]D)_ " v) 4 buL(Dy ¢ — ZD q", )]
=0

(4.3b)
(D, ¢",r) =KD, u",7).

By taking L2-norm on both sides of (4.2) with w = u and i = 0, we get the energy
equation

(44)  Jurt P = 24 S =2 (Dyut Dyut) —2 Y (Dju",Dju"),
=1 1<j<t<m
where
(4.5) S=Y_|IDyur|?
=1

is the stabilization provided by the time discretization, which plays an important
role in this case. Furthermore, the right hand side of (4.4) can be rewritten as the
sum of R, and Ry by using (4.3a), where

(4.6a)
m mi m—1i

Re=27 > > apHDyu™— > Dou®Dyu™) - > Zah’H(]D) u — Z]D) u™, Dy "
£=11i=0 k=1 1<j<t<m i=0

(4.6b)

]

m mi m—1i my m—1
Ry =2r [Zzbaﬁ(ﬂ%q" =2 Dig"Dgut) = Y D bulDya" Y an”,mju“)} :
k=1

¢=1i=0 r=1 1<j<t<m i=0

and R, is related to the convection while R, is related to the diffusion. Using
Corollary 2.4, Ry can be expressed as a quadratic form

(4.7) Ry = —7'/ q" " Sq"dz,
Q

with some properly defined g™ and a symmetric matrix S. Noting that the coeffi-
cients dgg = 0 in the IMEX schemes presented in Subsection 2.3, so by = 0, hence
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we can define

q" =Dy q¢", Dy g, D _1q")T

in general. The definition of g™ is different for the IMEX(3,4,3) scheme, as to be
seen in the proof of Theorem 4.3. The matrix S is determined by the respective
IMEX scheme. Depending on the property of S, our analysis can proceed generally
as two cases below, with more details given in the proof of Theorem 4.3 for each
family of methods.

(4.10)

Case 1. If the matrix S is positive definite, then
Ry < —eo7@"|%,

where ||q"||? = fQ q" " q"dxz, and ey denotes the smallest eigenvalue of S.
We define 4™ in the same fashion as g™ and define

n -, n -, n -, n\T
U :(]D)lu 7]D)2u 7"',Dmu ) .

Note that the entries of u] come from the stabilization term S, and in
m  mi

general u” and u} are not the same. One can check that ZZ(M =1,
(=1 i=0
and using this, R, can be further rewritten as

R, =21H(Dyu", Dy u™) + 7(u", u) )y,
where

W' ulu= Y lchHu)+c,Hw,u)],

uceu veEUY

with some coefficients ¢}, and ¢, depending on the respective temporal
scheme. By writing v € ', we mean u is any entry of u”. Now using
(2.10a), Lemma 2.3, Lemma 2.6, and Young’s inequality, we have

Re< —erDguP+Cer Y (lluall+v/vloh) "lul) o]

ueEu™" veEUY

~cT
SCCV,pﬁ > il

qeEqT ,vEUT
2C2,
<eorllq"||* + Tg’pj )

where C'is a positive constant depending on those coefficients c},,, and cj,,
defined in (4.9), and S is defined in (4.5). Thus we can bound the term R,
using the stability terms g¢7|/g"||? and S, by imposing a time step condition
T <d/cP.
m—1
Case 2. If the matrix S is not positive definite, then we add Z ce|| Dy u™|?
=1
with ¢, > —1 to both sides of the energy equation (4.4) and get

[ U2 = u"|* + 8" =R + Ry,
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m—1
where 8’ = S + Z co|| Dy u™||? and
=1

m—1 mi m—1
R,=Rc+7» ¢y awHDyu"—> Diu",Dyu),
(=1 i=0 k=1
m—1 mi m—i
Ry=Rg+7Y e bul(Dyq" —> Dg", D, u")
{=1 =0 k=1

m—1 miy m—i
- / ¢ TSq"dr— Y Y bu(Dyq" — 3 Do, Dy ")
@ =1 =0 k=1
= —7'/ q"'S'q"dz,
Q

due to (4.3a) and Corollary 2.4. Choosing suitable ¢, (if exists) such that
S’ is positive definite, we can then get similar results as Case 1.

Remark 4.1. In the framework outlined above, we establish the energy equation
directly by using the relationship between the backward temporal differences. This
proof line is different from the previous work such as in [11, 6, 8, 13], where energy
equation was established by intuitively choosing suitable test functions.

Remark 4.2. The approach of modifying the matrix S to a positive definite matrix is
m—1

not unique, and our adopted approach, namely by adding the term Z ce|| D
=1

was also used in [6, 14]. The reason of not adding ||D,,u"||? is that D;,¢" is not

in the quadratic form (4.7). Indeed, if we add ||D;,u"||?, this will give arise terms

involving D ¢™ that can not be estimated.

We would also like to point out that ¢, may not always exist. As an example,
for the forth order IMEX(5,6,4) scheme proposed in [4], we can not find ¢, such
that the modified matrix is positive definite, hence for this case alternative methods
would be needed. Nevertheless, the general framework in this section works well
for all the schemes considered in this paper.

1%,

Now we present the theorem by the above proof line for the four specific schemes.

Theorem 4.3. All schemes in Subsection 2.3, namely, IMEX(1,1,1)-LDG(k),
IMEX(2,2,2)-LDG(k), IMEX(4,4,3)-LDG(k) and IMEX(3,4,3)-LDG (k) with any
integer k > 0 have monotonicity stability under the time step condition T < p3d/c?,
where the positive constant g3 is independent of c,d and h, and it depends on each
specific IMEX RK method, the polynomial degree k, and the mesh reqularity param-
eter p.

Proof. For the IMEX(1,1,1)-LDG(k) scheme, we define {D, u™};_, and {D; ¢"};_,.
In this case q" = Dy ¢" and S = [2]. For the IMEX(2,2,2)-LDG(k) scheme, we
define {D, u"}?_, and {D; ¢"}2_,. Now ¢" = (Dy ¢",D;¢")" and S = {_21 ;ﬂ
The matrix S in each of the first and second order in time schemes is positive
definite, therefore we can get the stability results directly.
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For the IMEX(4,4,3)-LDG(k) scheme, we define {D, u"}}_, and {D, ¢"}}_,, and
then set ¢" = (D, ¢", D7 ¢, ng",ng”)T. It can be calculated that

2 -1 -2 -2

-1 1 2 0
(4.11) S=1_2 2 1 2/,

83 3 3 3
2 0 2 1
3
which is not positive definite. So we add Z c¢||D; u™||* to both sides of the energy
=1

equation, expanding the right hand side leads to R}, = —7 [, q" 'S ¢"dz, with

O
I~
&)
N
o)
oo

0

. 4 612 12 .
& 0 L2 —c £3
I 4 2 1712
(4.12) S'=8S+ e e & o ca
12 12 3 3 1
@ o & C2 _ c c3
12 1712 73 12 3

To make S’ positive definite, we require the leading principal minors are all positive.
Particularly we require ¢; € (4 — 42,4 + 4\/5) to ensure the 2nd order leading
principal minor is positive. Taking ¢; = 0 for simplicity, we further require ¢y €
(40 — 24+/3,40 + 24\/5) to ensure the 3rd order leading principal minor is positive.
Taking cp = 0 for simplicity, we further require c3 € (24 —8v/2,24 +8+/2) to ensure
detS’ > 0. In fact, with c3 = 22, the smallest eigenvalue of S’ is about 0.0424.
Moreover, R/, can be also written in the form of (4.8). Hence, we can also get the
desired stability result.

For the IMEX(3,4,3)-LDG(k) scheme, we define {D, u"};_, and {D; ¢"}}_,. In
this case we set ¢" = (D ¢" — D7 ¢",D; ¢", D5 ¢") T, due to that the last two stages
of the implicit part of the IMEX(3,4,3) in (2.21) are the same. Now

2 B
(4.13) S=| -%¢ 1+6 |,
—p1—0 20

which is not positive definite. We then add cs||D5 u™||*>+c3|/D3 u™||? to both sides of
the energy equation, expanding the right hand side leads to R, = —7 fQ q" 'S q"dx,
with

0 F(1-0) F(1L-0)
(4.14)  §'=8S+|F(1-0) 762(% )(1-0) A C
G —0) =%+ —cz i

To make S’ positive definite, we require ¢y € (—1.74455,35.39030). For simplicity,
we take ¢ = 0, and with this, we further require c3 € (2.22239,21.16935) to ensure
S’ to be positive definite. We now take c3 = 4, and this will result in S’ with its
smallest eigenvalue being about 0.11523. Moreover, we can calculate that

(4.15) L =27H(Dyu" — Dy u", Dyu”™ — Dy u™) + 7(u", ul)n,

where (u™,u”)y has the same form as that defined in (4.9). Hence, we can also
get the desired stability result. [
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5. IMPROVED RESULT FOR IMEX(1,1,1)-LDG(0) SCHEME

Following the two frameworks of analysis in Sections 3-4, some underlying sta-
bilization mechanisms of the IMEX-LDG methods are not fully explored, e.g. the
stabilization due to the implicit treatment of the diffusion term within the first
framework, or the stabilization associated with the upwind discretization of the
convection term within the second framework. Ideally one would want to simul-
taneously utilize all stabilization mechanisms available to find better time step
conditions for stability. Such holistic energy-method based stability analysis how-
ever is challenging in general, yet can be carried out for the first order in space and
time IMEX(1,1,1)-LDG(0) scheme. This will be shown and discussed next.

We will start with assuming ¢, d # 0 and revisiting the analysis for the IMEX(1,1,1)-

LDG(0) scheme. In this case, (¢,7); = Vd[u] r;.r_l. Taking r = 1, we get
2

(5.1) Vidul;_y = (,1); < V/hylal;-

Thus we have

h d
(5.2) [l < Zllal®, or lal® > 5wl

From the analysis in Section 4, we have the following energy equation for the
IMEX(1,1,1)-LDG(0) scheme

(5.3) [ 2 — [l + IDy w™|? = =27 Dy ¢"|* — er[Dy u"]? + R,
where

N
(5.4) R= —27H(Dyu", Dyu") = —QCTZ(D;U");%[D(;U”]F%.

j=1

In what follows we present three different ways to derive stability.

e Using the stability terms |D]u"||? and 27|D;¢"||>. By using the
inverse inequality (2.9) and the relationship (5.1) we have

N
—1/2 — n h; _ 2c — n —n
(65 R<2erd by IRty DG s < JorIDTa DG
j=1

Thus we get the monotonicity stability if the quadratic form %THD; u™ ||| Dy ¢" || —
DT u™||? — 27||Dy ¢"||* stays nonnegative, and this can be ensured by
e <97 e

2d
(5.6) T<T1 = =

e Using the stability terms ||Dju"|> and cr[Dyu"]?. By using the
inverse inequality (2.9) we obtain

(5.7) R <2ery/(ph) =Dy u"[|[Dg "]

027'2

Thus, we can get the monotonicity stability if o

<cr, i.e.

_ph
o

<T2
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e Using all the stability terms ||D] v"||?, |Dy ¢"||* and cr[Dg u™]?. With
the help of (5.2) and (5.7) we have

(5.9)
_ 2d\ o, T
212 = a2 < — Dy ]| — <c+ h) 7Dy u™)? + 2e7v/(ph) 1Dy u™ | [Dg u"].-

Monotonicity stability follows by requiring ¢272/(ph) < (¢ + 2d/h)T, i.e.

h 2d
(5.10) T§7’3=p<c—|—62).
One can easily see that (5.6), (5.8), (5.10) also hold when one of the model
parameters d and c is zero. From these results, we can reach the following theorem.

Theorem 5.1. The IMEX(1,1,1)-LDG(0) scheme has monotonicity stability under
the time step condition

(5.11) T < max{7y, 72, 73} = max{r, 73} = max (2;i7p(h 23)) .
c c c
The time step condition (5.11) is an improvement over that in Theorem 2.8
especially in the intermediate regime with moderate P, = %, as the analysis in
Section 3 alone will lead to 7 < 7o, while the analysis in Section 4 alone will lead
to 7 < 71, therefore the condition in (2.22) will be 7 < max(ph/c,2d/c?). This
observation indicates that the time step condition (2.22) in Theorem 2.8, especially

in the intermediate regime, is not sharp.

6. NUMERICAL EXPERIMENTS

In this section, we want to perform some numerical experiments to complement
the theoretical analysis. Ideally, we would want to numerically obtain the values of
0j,7 =1,2,3, in Theorem 2.8, so the condition (2.22) can guide the choice of time
step in practice. Yet our improved result for the IMEX(1,1,1)-LDG(0) scheme in
Section 5 indicates that the time step condition in (2.22) has not fully captured the
time step allowed for monotonicity stability of the methods of our consideration,
especially in the intermediate regime. In other words, even though our energy based
analysis shows that the time step condition for the monotonicity stability can be
expressed as 7 < F(h/c,d/c?), the result in (2.22) does not seem to provide the
right form of the function F in the intermediate regime in general. It is therefore
not wise to numerically fit all the parameters g;,j = 1,2,3 in (2.22). Instead in
this section, we will present some numerical study to obtain a slightly stricter time
step condition in the form of

hod
(6.1) TSmaX{mC,Q:sCQ},

that ensures monotonicity stability and can be used by practitioners. One can
interpret that g1 = o1 or ¢; = min(p1, 02), 03 = 03, yet this is not crucial.

To proceed, we will first present Fourier analysis in Section 6.1, which will provide
necessary conditions for monotonicity stability when the meshes are uniform, and
particularly suggest the time step condition of the form (6.1) with specific values
01 and g3 for each method. In Section 6.2, we will implement each method through
two sets of numerical tests and provide evidence to support the time step condition
n (6.1) found in Section 6.1.
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6.1. Fourier analysis. To carry out Fourier analysis, we need to assume the mesh
is uniform. For a given IMEX(p, r, s)-LDG(k) scheme, we locally expand the nu-
merical solution u™ with respect to the scaled Legendre basis functions, namely

k
(6.2) u"(x) = Zu?ﬂ)é(x% for ze€lj,
=0

where ¢ (z) = ¢¢(2(x—x;)/h) and {¢;}%_, are the standard Legendre polynomials
defined on [—1, 1], satisfying ||¢; ()| 2(—1,1) = 1. Denote u} = (ufjo, uffy,--- ,uly)7,
take the ansatz u = a"e!®iM where I = /—1 and 7 is the wave number, then

(6.3) "t = G\, \a; €)a",

where G(A¢, \q; €) is the amplification matrix and & = nh. We will adopt a principle
similar to that in [9] to define the stability region: For a pair of A. and Aq, if the
eigenvalues A\;(€),1 =0k, of G(Ac, Ag; &) satisfy max;{|\;(§)|} < 1,V € [—m, 7],
we regard the pair, A\ and Mg, fall in the stability region. Such principle is easy
to check numerically, yet does not take into account the eigenvectors of G and the
algebraic multiplicity of those eigenvalues of modulus 1, hence it only provides a
necessary condition for monotonicity stability in general.

A special case is IMEX(1,1,1)-LDG(0) scheme, for which Fourier analysis will
result in a 1 x 1 amplification matrix G, and leads to a sufficient and necessary
condition on the time step when the meshes are uniform. In fact this condition
can be given analytically as 7 < h/c + 2d/c?, and it is identical to what we have
obtained by energy based stability in Theorem 5.1, given by (5.11) with p =1 for
uniform meshes.

For general cases, we will numerically calculate the stability region. With a
similar argument as in [9], one can show that G(A, Aq; €) is similar to some matrix
G(AC, A2 /Ag; €), indicating that the stability region equivalently only depends on
Ae = erh™! and A2/\q = 7c¢*d~!. This is consistent to the results in Theorem
2.8. Next we visualize the stability region in terms of A\, and A\?/\q, following the
principle mentioned above. The stability region is computed numerically for each
scheme by taking 200 uniform samples of ¢ from [—7, 7], with A\, and A2 /\q sampled
with a spacing 0.01 over the range [0,10] and [0, 20], respectively. The results are
reported in Figure 1 for the IMEX(1,1,1)-LDG(0) scheme, the IMEX(2,2,2)-LDG(k)
scheme with k£ = 0, 1, the IMEX(4,4,3)-LDG(k) and IMEX(3,4,3)-LDG(k) schemes
with k = 1,2, 3. In all subfigures, the stability regions are always to the left of and
below the stability curves. For each scheme, the vertical line within the stability
region with the largest z-intercept (see the green line in each subfigure) corresponds
to the time step condition 7 < g1h/c in the convection-dominated regime, with the
associated x-intercept as g1; and the horizontal line within the stability region with
the largest y-intercept (see the blue line in each subfigure) corresponds to the time
step condition 7 < g3d/c? in the diffusion-dominated regime, with the associated y-
intercept as 93. The values of 91 and g3 are numerically extracted for each method
and reported in Table 1.

Finally, we conjecture that for each scheme of our consideration, a time step
condition as in (6.1) with g1 and g3 in Table 1 provides a sufficient condition for
monotonicity stability. This will be further supported numerically in next subsec-
tion.
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(a) IMEX(1,1,1)-LDG(0)

(b) IMEX(2,2,2)-LDG(0)

20p 203 20
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16 16 16
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(d) IMEX(4,4,3)-LDG(1)

(e) IMEX(4,4,3)-LDG(2)

(f) IMEX(4,4,3)-LDG(3)

(g) IMEX(3,4,3)-LDG(1)

(h) IMEX(3,4,3)-LDG(2)

(i) IMEX(3,4,3)-LDG(3)

FIGURE 1. Stability curve (red) in terms of A. vs. A2/A\q, by
Fourier analysis with the stability region to the left and below

the curve.

6.2. Further numerical validation. In this subsection, we will provide numer-
ical evidence that the time step condition (6.1) with g, and g3 in Table 1 can
ensure monotonicity stability and provide a sufficient condition. To this end, we
consider the model (1.1) with the exact solution U(x,t) = e~ % sin(z — ct) on the
domain (—7, 7). As the first group of tests, we implement the methods on uniform
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TABLE 1. Values of ¢; and g3 in condition (6.1)

o1 03

k 0 1 2 3 0 1 2 3
IMEX(1,1,1)-LDG(k) | 1 * * % 2 ¥ % N
IMEX(2,2,2)-LDG(k) | 1 0333 =« x| 1295 1.350 *

(

(
IMEX(4,4,3)-LDG(k) | 1.071 0.344 0.176 0.109 | 3.925 3.893 3.893 3.893
IMEX(3,4,3)-LDG(k) | 1.525 0.508 0.257 0.159 | 1.815 1.150 1.045 0.985

meshes with the mesh number N = 640, with ¢ = 1 and d ranges from 107° to
10, and thus the Péclet mesh number P, ranges from 10® to 1072. In Figure 2,
we present the time history of the L? norm of the numerical solution of u by the
schemes of IMEX(1,1,1)-LDG(0), IMEX(2,2,2)-LDG(1), IMEX(4,4,3)-LDG(2) and
IMEX(3,4,3)-LDG(2), using the largest time step allowed by (6.1) with g, and g5 in
Table 1 for each method. One can observe that the L? norm of numerical solutions
does not increase in time.

As the second group of tests, we numerically compute the maximal value of
time step 7y to ensure the monotonicity stability for each scheme, and compare it
with the formula (6.1) with ¢; and g5 in Table 1. For these tests, we consider the
model (1.1) with ¢ = 1 and different values of d, the final time is 7" = 100, and
the number of uniform mesh elements, N, ranges from 10 to 1440. The value 74 in
each case for a given method is obtained numerically by a bisection search. That
is, we start with an initial interval (7,72) = (0,1). In the first iteration, we set
the time step as 7 = (71 + 72)/2 and implement the method. If the L2-norm of the
numerical solution of u deceases in time, in the sense that |[u"*!|| — ||u"| < 10724
(the simulation is carried out in double precision), then we set 71 = 7; otherwise,
we set 7o = 7; We repeat the iterations until |7, — 72| < tol, we then set 79 = 7.

The results are presented in Figures 3-6. Here tol = 107° is used in the stoping
criterion. In Figure 3-(a), we present the maximal value of the time step 7y numer-
ically computed for the IMEX(1,1,1)-LDG(0), while in Figure 3-(b), the time step
is the largest based on the Fourier analysis, namely, 7o = h/c + d/c*. These two
sets of results are indistinguishable for the first order IMEX(1,1,1)-LDG(0) scheme.
Figures 4-6 are for the schemes IMEX(2,2,2)-LDG(1), IMEX(4,4,3)-LDG(2), and
IMEX(3,4,3)-LDG(2), respectively. In each figure, the result in subfigure (a) is ob-
tained numerically, and the result in subfigure (b) is determined by the condition
(6.1) with 9 and g3 given in Table 1. The main observation is that the numeri-
cally obtained 79 is no smaller than that predicted by (6.1), evidencing that (6.1)
provides a sufficient condition for the monotonicity stability.

7. CONCLUSIONS

Convection-diffusion equations provide mathematical description for many phys-
ical applications involving both convection and diffusion effects. Depending on
the applications, the model can be relatively diffusion-dominated or convection-
dominated, and it can also be convection-dominated only in some sub-regions.
When designing numerical methods, it is important that they can work well uni-
formly with both effects. In this paper, we perform numerical analysis and establish
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FIGURE 2. The L? norm of numerical solution u for each scheme,
where (I)-(IV) correspond to the schemes IMEX(1,1,1)-LDG(0),
IMEX(2,2,2)-LDG(1), IMEX(4,4,3)-LDG(2) and IMEX(3,4,3)-
LDG(2), respectively.

uniform stability for several IMEX-LDG methods solving the linear convection-
diffusion equation in one dimension with periodic boundary conditions. Particu-
larly, following the energy-method based analysis in two general frameworks, we
show that the schemes being considered have monotonicity stability under the time
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3 n ) n L) 3 n TR | n )
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(a) numerical (b) theoretical

FIGURE 3. The maximal value of time step to ensure monotonic-
ity stability for scheme IMEX(1,1,1)-LDG(0). (a) numerical; (b)
theoretically obtained in Theorem 5.1 and also by Fourier analysis.
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FIGURE 4. The maximal value of time step to ensure monotonic-
ity stability for scheme IMEX(2,2,2)-LDG(1). (a) numerical; (b)
theoretical by Fourier analysis.

step conditions 7 = F(h/c,d/c?), which become known time step conditions in the
diffusion-dominated and convection-dominated regimes, respectively. By exploring
all stabilization mechanisms available, an improved time step condition is obtained
for the first order IMEX(1,1,1)-LDG(0) scheme. Similar holistic energy-based sta-
bility analysis seems to be challenging for the IMEX-LDG methods of higher than
first order temporal accuracy, and this will be left for our future exploration. We
would also like to investigate uniform stability for numerical methods solving other
PDE models, e.g. the Navier—Stokes equations.
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(a) numerical (b) theoretical
FIGURE 5. The maximal value of time step to ensure monotonic-
ity stability for scheme IMEX(4,4,3)-LDG(2). (a) numerical; (b)
theoretical by Fourier analysis.
10" 3 d=0 10" 3 d=0
+ d=0.001 I d=0.001
[ [ d=0.0025
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d=0.01

—_—
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—=—— d=0.0025
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(a) numerical

(b) theoretical

FIGURE 6. The maximal value of time step to ensure monotonic-
ity stability for scheme IMEX(3,4,3)-LDG(2). (a) numerical; (b)

theoretical by Fourier analysis.

APPENDIX

A.1: The detail derivation of Algorithms 1 and 2. Multiplying o, on both
sides of (2.17a) and adding up from ¢ =1 to £ = k, we can get

( Z opou™t — Z oreu™,v) =TH( Z Orp Z c&-um,v)

1<<k 1<0<k 1<(<k

(A.1)

0<i<é—1

0<i<e

HTLOY . one Y dug™v),

1<t<k
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since ¢g; = 0 for ¢ > ¢ and dy; = 0 for © > £. So letting 0,9 = — Z Oxe, We have
1<0<k
(A.2)
(Du™,v) =7H( Z Ot Z cou™?, v) +7L( Z Ot Z d&-qm,v).
1<0<k 0<i<é—1 1<0<k 0<i<e

On the other hand, by the relationship (3.3), we have

(A3)  (Deu™,v) =7H( Z Or1u™ ) + 7L( Z Skt Z oiq™", ).

0<i<n—1 0<0<m, 0<i<t

By matching the first term on the right hand sides of (A.2) and (A.3), we get

(A.4) Z OweCli = Ox—1,, for 0<i<k—1,

1<t<k

which leads to Algorithm 1.
In addition, given that s, = 0 when £ > m,, = min{m, k}, and oy; = dg; = 0 for
i > ¢, we know that the second term on the right hand side of (A.2) and (A.3) can

be written as 7.L( Z Orr Z deiq™*,v) and 7L( Z Skt Z a0iq™",v),

1<U<k  0<i<rn, 0<t<rh,,  0<i<m,
respectively, thus by matching these two terms, we get
(A.5) Z Ske0p; = Z Oredps, for 0<i <y,
0<£<rm, 1<0<k

which leads to Algorithm 2.

A.2: The proof for Lemma 3.1. Case 1: for k > 1. Taking v = Dyu™ in (3.3)
with k = 1, we get

[D1u™||* = 7H(Dou", Dyu™) + 7L(Dog", Dyu™) + 7L(D1¢", Dyu™)

< Cupe|Dou[|Drw”|| = 7(Dog™, D1g") — 7| D1g"|®
1 Cl% A(2: n T n
(A.6) < SIDru™|? + === [Dou”||* + 7 [Dog" 1%,
2 2 4
where (2.11¢) and Corollary 2.4 are used in the second step and the Young’s in-
equality is used in the last step. Then we can get (3.33) directly.
Case 2: for k£ = 0. Similarly as above, we have

2

Dy ||* = — CTZ[Doun]j—l(Dlun);l% —7(Dog", D1g") — 7||D1q" |
j

Cu A T
(A7) < I + C22 er Do + T Dog™ P,

N |

where the inverse inequality (2.9) and the Young’s inequality are used in the last
step. Thus we can get (3.34).

A.3: The proof for Lemma 3.2. Case 1: for k > 2. Taking v = Dyu™ in (3.3)
with x = 2 and {s.¢} in (3.42), and following a similar argument as for (A.6), we
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can get
IDou”||* = 7H(Dru", Dau™) + 2y(1 = 7)7L(D1g", Dou™) + 7L (D2g", Dou’)
< Cupe|D1u|[|Dou”|| = 29(1 = 7)7(D1g", D2g™) — 7| D2g™|?

1 n|2 Cl%,p/\g ni2 2 n|2
(A8) <D+ Dt (1~ )7 Dag
As a result,
(A.9)

IDau™ [ < CF A2 Dru™ || + 29(1 = 7)*7[D1g"[|* = CF ,AZID1u[|* + 7] D1g" ||,

since 2y(1 — )% = 7.
Similarly, taking v = Dyu™ in (3.3) with x = 1 and {s.,¢} in (3.42), we get
[Dyu"]|? = TH(Dou™, Dyu™) + y7L(D1g™, Diu™) + 7L(Dog™, Dyu™)
< Cupe|Dou|[|IDra”|| = A7 D1g"™||* — 7(D1g", Dog™)

A].O < 1 D ni2 CE,P)\E D ni|2 T D ni|2
(A.10) _§H 1| +TH ou"|| JFEH 0q" |7,
Thus,

n n T n
(A.11) [Dyu™|* < C2 A2 Dou ||2+%H1Doq [

Substituting (A.11) into (A.9), we get (3.47).
Case 2: for k < 1. Following the technique used in [19], we define w"™ = Dyu" —

Du™, where ]D)lu"|1j = —hl_ fI' Diu"dz. Then we have (w™,vg) = 0, for any piece-
J J
wise constant vg. So

(A.12) [w]|? = (W™, w") = (Dyu" — Dyu™, w™) = (Dyu™, w").
Taking v = w™ in (3.3) with kK = 1, we get
[ :TH(Dou" w") +7L(D1g", w") + TL[Dog", w")

= — CTZ ( (Dou") g, w™); + [Dou"]j_%(w")j_%> +7L(D1¢", w™) + TLDog"™ , w™)

= —cr Z[Dou”]jfé(w");% +7L(D1q", w") + 7L(Doqg", w"™).

By the inverse inequality (2.9) and (2.11c¢), we have

(A14)  Jw" | < 7ley/v(ph)~HDou"] + VdC, ,h ™" (v[D1g" || + [Dog" )] ]lw" |l
Hence
(A.15) [w™[| < 7lev/v(ph) = Dou"] + VdCy,h~ (7D1g" | + [Dog™||)]-
In addition, by the inverse inequality (2.8), we have
[(D1u")e |l = [l(w ") | < v(ph)™Hlw"||
(A.16) <7v(ph) " ev/v(ph) 1 [Dou"] + VdC, ,h ™ (7] D1g" || + [[Dog™|])]-
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Then a slight modification with (A.8) leads to

[Dou™||? = TH(Dyu™, Dou™) + 27(1 — 7)7L(D1¢", Dou™) + y7L(Dagq", Dyu™)
<er(|(Dru™)al| + /o (ph) T Dru"]) Do || + (1 — 7)*7(|D1g"||?
<Ver|(Cuphe) 2 [Dou] + (Cophe) ? [Dru™]])[Dou|

+ C2 AAGVTID1g" | + [Dog” ) IDau™ || + +(1 — 7)r||Drg" |
< S22 + 267((Cy 2 o™ + Co A Pru" P
(A.17) +2C8 N2Aam(vD1g™ | + Dog™||?) + (1 — 7)*7|Dig" ||

v,p”'c

Hence we can arrive at (3.48) in the case k < 1.

A.4: The proof for Lemma 3.4. Taking v = D3u” in (3.3) with x = 3 and {s,¢}
in (3.58), we get

3
Dsu”||* = TH(Dou", Dsu™) + 7 _ s30L(Deg", Dsu™)
(=1
2
n n — n n 1 n
< CypAelDou([[Dau”|| + VAC,, ,mh™" Y~ |sael [Deg™ ||| Dau I = 57IDsg [
=1
2
IDsu™|* + CZ A2 [Dou™ | + 2C2 AT D s30IDeg™ |

< v
{=1

N |

(A.18)

< 5 IDsu™ | + CF A2IIDau || + 255, C ,Aa7 [D1g"|* + 285,C, , AG|IDou” ||,

v,p”'c

N | =

where (2.11c) and (2.13) are used in the second step, the Young’s inequality and
Corollary 2.5 are used in the third and the last step, respectively. As a result, we
have

(A.19) IDsu™(|* < (2C7 A2 + 453,C ,A3) IDou™||* + 455, C2 ,Aa7|D1g" |,

v,p”'c
Similarly, we can get

(A.20)
[Dau™||? < (2C7 A2 + 653505 , A3 [Dsu”||* + 655, Cp A3 [Dou”||* + 655,07 a7 |Dig" |12,

Substituting (A.19) into (A.20) we get (3.64).
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A.5: The coefficients of {0} in (3.2) for IMEX(3,4,3)-LDG (k) scheme.

1 1+6 1
011 ==, O =———=, O9p=—
=g 21 20,02 22 a0
a292+4a19—292 — g — 20 ol — g — 20 1
031 = — 039 = ———————, 033 = ———
31 datan3 v U8 2030602 3B a0
1
41 = —3724(4a1a293 + a%@g + 804%0429 — 80@529 + 404162492 — a§92 — dan0?
8o 30
— 120100 + 41 P20 — 80(192 - a%& + 403 + Ot% + 4dopf + 492),
4oy anb? + a20? — S8aanl + 4ay ol — 2030 — 4anh? + a2 + 4anl + 462
042 = 130203 '
a5l
20&162 70[204’0524’20 1
O43 = — Oy = ———=
@ 2020362 UM T alanh?’
000:1, Ok — — ZUKZ;KZ]-"'LL
1<e<r

Noted that we have used the relation gy =1 — 0 — 35 to simplify 049, -, 044.

A.6: The coefficients of {s./} in (3.3) for IMEX(3,4,3)-LDG (k) scheme.

sijo=1, s11=10

1-6
s20 =0, 821 = Yo 529 =0
(€3]
2a1 820 + 4&192 + 04292 — 2189 — 4a10 — 2006 — 202 + a9 + 20
s30 =0, s31=— 5 )
dafanl
S32= =, s =0
Q2
s40 =0,
S41 = 73722(40{%0[2620 + 80&%01292 — 4C|{%ﬂ§0 - 80&%[3292 + 20&10[2ﬂ292
8ajasl
+ 8aq b + 04593 — 404%04252 — 804%0429 + 404%5% + 804%[329 — 4o B
— 200[10(292 — 8(1193 — 30[%92 — 4(1293 + 2a1 a9 B + 12ai1 s
+ 80102 + 3020 + 8p0? + 46° — a2 — danb — 46?)
2a1 iy — 20&16% — a%& + 2a 820 + 2042(92 + Oz% — 20085 — 206 — 2550
S =
2 201026
20(10(2 - 204162 + Oé2(9 — Qg — 20
543 =
20[10&2
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