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Abstract Superconvergence of discontinuous Galerkin (DG) methods for hyperbolic con-
servation laws has been intensively studied in different settings in the past. For example,
the numerical solution by a semi-discrete DG scheme is superconvergent with order 2k + 1
in the negative-order norms, when the solution is globally smooth. Hence the accuracy of
the numerical solution can be enhanced to (2k + 1)th order accuracy by simply applying a
carefully designed post-processor (Cockburn et al. in Math Comput 72:577-606, 2003). In
this paper, we investigate superconvergence for the DG schemes coupled with Lax—Wendroff
(LW) time discretization (LWDG). Through numerical experiments, we find that the original
LWDG scheme developed in Qiu et al. (Comput Methods Appl Mech Eng 194:4528-4543,
2005) does not exhibit superconvergence properties mentioned above. In order to restore
superconvergence, we propose to use the techniques from the local DG scheme to recon-
struct high order spatial derivatives, while, in the original LWDG formulation, the high order
derivatives are obtained by direct differentiation of the numerical solution. A collection of
1-D and 2-D numerical experiments are presented to verify superconvergence properties of
the newly proposed LWDG scheme. We also perform Fourier analysis via symbolic compu-
tations to investigate the superconvergence of the proposed scheme.
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1 Introduction

The discontinuous Galerkin (DG) methods are a class of finite element methods, designed
for solving hyperbolic problems and many others [13]. A distinct feature of the DG methods
is to use piecewise polynomial spaces of degree k with discontinuities at cell boundaries as
trial and test function spaces. Due to many attractive properties of DG methods, such as the
ease of handling complicated geometries and boundary conditions, the compactness and the
flexility for unstructured meshes and so on, these methods are becoming increasingly popular
in many applications [10,11,27].

In this paper, we consider another distinguished property of the DG scheme, namely,
superconvergence. In particular, we are interested in two types of superconvergence behav-
iors. One is the accuracy enhancement by post-processing the numerical solution, the other
one is the long time behavior of numerical errors. It is showed in [9] that a semi-discrete
DG solution converges with (2k + 1)th order accuracy in the negative-order norm, when the
problem is linear and the solution is globally smooth. Based on the error estimate, the DG
solution on translation invariant grids can be post-processed via a kernel convolution with
B-spline functions. The post-processed solution is proved to converge with order 2k + 1
in the L2 norm [4,9]. A similar superconvergence result for the local DG (LDG) methods
solving convection—diffusion problems is provided in [18]. On the other hand, it is shown
in [6-8,30] that the semi-discrete DG or LDG solution is closer to the Radau projection of
the exact solution [(k + 2)th order] than the exact solution itself [(k + 1)th order]. More
recently, Cao et al. constructed another special projection of the exact solution, which is even
closer to the DG solution than the Radau projection [(2k + 1)th order], see [5]. Consequently,
the error of a DG solution will not significantly grow over a long time period. Some related
work of adopting Fourier analysis to investigate superconvergence properties for DG schemes
includes [2,3,16,17,25,26,31].

The semi-discrete DG scheme can be further combined with certain time integrators. For
example, one can choose the strong stability persevering (SSP) Runge—Kutta (RK) method
[14] to achieve high order accuracy in both space and time. As an alternative, the one-step one-
stage high order Lax—Wendroff (LW) type time discretization [21] attracts lots of attentions
due to its compactness and low-storage requirement [22,23]. The LW procedure is known as
the Cauchy—Kowalewski type time discretization in the literature, which relies on converting
each time derivative in a truncated temporal Taylor expansion (with expected accuracy) of
the solution into spatial derivatives by repeatedly using the underlying differential equation
and its differentiated forms. The original LWDG scheme is proposed by Qiu et. al in [22]
for the hyperbolic conservation laws and extended to Hamilton—Jacobi equations in [15]. In
this paper, we would like to investigate superconvergence properties of the LWDG scheme.
To the best of our knowledge, there is no superconvergence results reported in the literature
for the LWDG schemes. The numerical results documented in [6,9] indicates that the RKDG
scheme exhibits superconvergence properties if the spatial error dominates, whereas the
results reported in Sect. 2 below show that such superconvergence can not be observed
numerically for the original LWDG schemes in [22].

In order to restore superconvergence in the LWDG framework, we modify the original
scheme by borrowing techniques from the LDG scheme. In particular, the high order spatial
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derivatives in the LW procedure are reconstructed through a LDG formulation, while they are
obtained by direct differentiation of the numerical solution for the original LWDG scheme.
In addition, for the newly proposed LWDG scheme, flux terms appeared in the LDG frame-
work provide extra freedom to design appropriate numerical fluxes for numerical stability.
Numerical experiments demonstrate that the modified LWDG scheme is stable and high order
accurate. Moreover, it is observed that the proposed scheme displays similar superconver-
gence properties as a RKDG scheme. In order to theoretically reveal superconvergence of
the new LWDG scheme, we follow the analysis in [16] to study the eigen-structures of the
amplification matrix in the Fourier analysis framework. In [29], the dispersion and dissipation
error analysis for the original LWDG scheme is provided.

The paper is organized as follows. In Sect. 2, a review of DG and LDG methods is given.
In Sect. 3, we review superconvergence properties of DG schemes and perform a numerical
study to show that the original LWDG scheme does not exhibit superconvergence in terms
of accuracy enhancement by applying a post-processor (Sect. 3.1) and long time behavior
of errors (Sect. 3.2). In Sect. 4, we formulate a new LWDG scheme for the linear and non-
linear hyperbolic conservation laws and the Euler system. Some implementation details are
also discussed. In Sect. 5, we symbolically analyze the eigen-structures of the amplification
matrices of the proposed LWDG scheme as well as the original LWDG scheme when k =
1, 2.1In Sect. 6, numerical examples for scalar and system of equations in one and two spatial
dimensions are provided to verify superconvergence properties of the proposed scheme. Some
interesting observations are discussed based on our understanding. Conclusions are given in
Sect. 7.

2 Review: DG, LDG Methods and LW Time Discretization

In this section, we briefly review the DG and LDG methods for solving hyperbolic conser-
vation laws and diffusion equations, respectively. We only consider 1-D cases for simplicity.
The original LW time discretization coupled with DG methods will also be discussed.

2.1 DG Scheme

We first review the DG scheme for the following 1-D hyperbolic conservation laws problem
ur+ fw)y =0, xe€labl, t>0, 2.1

with suitable initial and boundary conditions.
Consider a partition of the computational domain [a, b] into N cells as follows:

a=xp<xj <-~-<xN+%:b.

[

1
Denote the cell by I; = [xj_%,xﬁ%] and the cell center by x; = 5 (xj+% +xj_%), for

j =1,..., N. The length of the cell is denoted by Ax; = Xjpl — X1 and the mesh size

8]

Ax = maxi<j<y Ax;. Define the approximation space as
vi={viol, e Prap: 12 =N, 22)

where P (I ;) denotes the set of polynomials of degree up to k on cell /;. The semi-discrete
DG method for solving (2.1) is defined as follows: find u;, € V;{‘ such that Vv € V,f‘, we have
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Il(uh)tvdx—/l' f(up)vx dx+]?j+%v],_+% —fiiwwt =0, j=1...,N. (23
J J

Here and below u;{ =up(xT), u;, = up(x~) denote the right and left limits of the function

uj, at a spatial location x, respectively. The monotone numerical flux f = f (uy, , uh+) as the
exact or approximate Riemann solver is defined at the cell interface. In the simulation, one
can choose a standard monotone flux such as the Lax—Friedrichs flux. It was shown in [20]
that the numerical solution u; by the semi-discrete DG scheme is L? stable, i.e.,

d b
T up dx <0, (2.4)
a

when the periodic boundary conditions are imposed.

2.2 LDG Scheme

In this subsection, we review the LDG scheme [12] for the following 1-D diffusion equation:
ur = (c(Wuy)y, x €la,bl, t>0, (2.5)

with suitable initial and boundary conditions. Here we assume c(u#) > 0. The domain dis-
cretization is same as the DG scheme (2.3). In order to define the LDG scheme, we rewrite
Eq. (2.5) into the following system by introducing an auxiliary variable p = /c(u)u,:
ur = (q'p)x, (2.6)
P = qx, 2.7)

where g (1) = f " J/c(s) ds. The semi-discrete LDG method for solving (2.6)—(2.7) is defined
as follows: find up,, pj € V}f such that Vv, w € Vf, we have

/ —a'pr - T +
/Ij(uh)zvdX-ir/(Ithx dx APhjyiVy TP LY, 1 =0, (28

I 72
—Gow 44wt =
/[_phwdx—i-/['qwx dx ‘IH%WH%"“IF%“’]»_% 0, (2.9)
J J
forj =1,...,N. c?p\h and ¢ are numerical fluxes that are carefully designed for semi-

discrete L? stability. For example, in [12], the following numerical fluxes were proposed,

—— gl _
py = , 2.10

[und Py ( )
G =quy). 2.11)

where
+ p—
[unl = U, —u,

denotes the jump of function u;, at a spatial location.
The following semi-discrete L? stability property is proved in [12],

d b b
E/ u,%dx+2/ pidx =0, (2.12)
a a

when the periodic boundary conditions are imposed.
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2.3 Time Discretization: LW Method

The LW time discretization, as an alternative to the method-of-line RK time discretization,
was proposed for the DG scheme in [22]. We consider the 1-D conservation law (2.1). The
formulation of LW type time discretization starts with a Taylor expansion in time for the
solution u. For example, for third order temporal discretization, we have

At? AL
M(x, t+ A[) ~ M(X, t) + A[ut(x, t) + Tu”(x, t) + ?M”[(X, t) (213)

The temporal derivatives in (2.13) are then converted into spatial derivatives via the original
differential equation (2.1) and its differentiated versions:

up = —f @, (2.14)
u = (') fy), (2.15)
i = — (") (f @)+ £/ @) (f @) f@)y),), - (2.16)

Substituting (2.14)—(2.16) into (2.13) gives
ulx,t+ Ar) 2 u(x,t)
At ’ /7 2 ’ /
— At (f(u) - 7f (u) f(u)x + (") (f ) + f'@) (f (u)f(u)x)x))
=u(x,t) — AtF(u, At)y, 2.17)

At?

where

At / Atz " 2 / /
F=f(u— 7f () fu)x + - (f"@) (f @) + f@) (f ) fax),)  (2.18)

is a new flux function. The LWDG formulation is defined based on (2.17) as follows: given

uj € V;{‘, find uZH c V;f such that Vv € V}f‘, we have

+1 B S
/1,- up T v dx =/Ij qudx—l—Atn(/[jF(uZ,Atn)vx dx—FH%ijr% +Fjévj_;)’
2.19)

forj=1,...,Nandn =0, 1,.... Here ”Z approximates the solution of (2.1) at time ",
and At, = "t — " The numerical flux ﬁj+% is defined as

g =5 ((F (0 an) + 7 (@) am)) = (@074~ 0))10))
(2.20)

where @« = max, | f'(u)| with the maximum taken in the computational domain [a, b].
Here f(u}), and ( flp) fu)) x)x in F (2.18) are obtained by direct differentiation of the
numerical solution, i.e.,

£ (i), = £ () ),
(F () £(h),), = £ ) (27 () )2+ 77 ) ()., ) -

Note that the numerical flux £ i+l is very similar to the Lax—Friedrichs flux.
2
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3 Superconvergence Properties and Numerical Evidences

In this section, we review superconvergence properties of DG schemes and assess the numer-
ical performance of the corresponding properties for the LWDG schemes proposed in [22].

3.1 Enhanced Accuracy by Post-processing

It has been proved in [9] that a semi-discrete DG solution for a linear hyperbolic equation is
superconvergent in the negative-order norms with order of 2k + 1 assuming that the solution
is globally smooth. Because of this, the order convergence can be enhanced from (k + 1)th
order to (2k + 1)th order by applying a post-processor [4], when the mesh is translation
invariant. Specifically, such better approximated solution u; is obtained by convolving the
numerical solution with a convolution kernel K}, that is a linear combination of B-splines
(4,91,

up = Kp » uy. 3.1

We refer to [4,9] for the details of construction and analysis of the kernel. Along this line, a
similar estimation of the LDG scheme for solving linear convection—diffusion equations was
givenin [18], and of the DG scheme for solving nonlinear scalar hyperbolic conservation laws
was provided in [19]. The numerical results reported in [9] show that the (2k + 1)th order of
convergence is achieved, when a high order SSP RK scheme is used for time discretization.
Note that the time step At is chosen small enough such that the spatial error dominates.

Now, we study the convergence property of the post-processed solutions for the LWDG
scheme (2.19) with numerical flux specified in Eq. (2.20) for the following linear advection
problem:

u; +uy =0, x€l0,2r],
u(x,t =0) =sinx, 3.2)

with the periodic boundary conditions. In particular, we use the LWDG scheme (2.19) to
solve the model problem and post-process the numerical solution at final time step. The
numerical mesh is set to be uniform. The numerical solution is computed up to time T=1
and we let At = CFLAx with CFL=0.01, thereby making the spatial error dominant.

In Table 1, we report the L and L errors and orders of accuracy, before and after applying
the post-processing procedure. It is observed that the magnitude of numerical errors is reduced
by applying the post-processor, however the order of accuracy remains k + 1.

3.2 Long Time Behavior of Errors

It is discovered that the DG errors do not significantly grow over a very long time period [6].
Such behavior of error could be explained by the superconvergence of the DG solution in
approximating the Radau projection of the exact solution [6,8,30]. In particular, numerical
analysis for solving the linear advection equation (3.2) in [30] shows that the Radau projection
of the exact solution Pu satisfies

IPu — upl| < Cy (14T Ax2.
It leads to the following error estimation:

lell < CoAx ™!+ C (1 + T?) Axk*2, (3.3)

@ Springer



J Sci Comput (2015) 65:299-326 305

Table 1 Linear advection. LWDG scheme in [22]

Mesh Before post-processing After post-processing
L2 error Order L° error Order L2 error Order L®° error Order

Pl

20 4.21E-03 - 1.34E—02 - 3.77E-04 - 5.37E—04 -
40 1.06E—03 1.99 3.45E—-03 1.96 4.49E—-05 3.07 6.27E—05 3.10
60 4.72E—04 2.00 1.54E—-03 1.98 1.38E—05 2.91 1.92E—-05 2.92
80 2.65E—04 2.00 8.71E—04 1.99 6.24E—06 2.76 8.63E—06 2.77
100 1.70E—04 2.00 5.58E—04 1.99 3.47E—-06 2.62 4.79E—06 2.64
P2

20 1.02E—04 - 3.50E—04 - 4.25E—-06 - 6.03E—06 -
40 1.28E—05 3.00 4.41E-05 2.99 2.67E-07 3.99 3.78E—-07 4.00
60 3.79E—06 3.00 1.31E—-05 3.00 7.06E—08 3.28 9.99E—08 3.28
80 1.60E—06 3.00 5.51E-06 3.00 2.89E—-08 3.11 4.09E—08 3.11
100 8.18E—07 3.00 2.82E—-06 3.00 1.46E—08 3.05 2.07E—08 3.05
P3

20 2.12E—06 - 4.81E—06 - 8.76E—08 - 1.20E—-07 -
40 1.32E-07 4.00 3.48E—07 3.82 2.74E—-09 5.00 3.52E—09 5.09
60 2.59E—-08 4.02 6.74E—08 4.02 5.36E—10 4.02 6.88E—10 4.03
80 8.22E—09 3.99 2.13E—-08 4.02 1.70E—10 4.00 2.18E—10 4.00

100 3.37E-09 4.00 8.75E—09 3.99 6.96E—11 3.99 8.93E—11 3.99

T=1, CFL=0.01

where Cp and C are positive constant. Note that the first term, which is independent of
time, will dominate the error until T = O(1/ VAx). In [16], an optimal error estimation
was obtained via Fourier analysis. If the mesh is assumed to be uniform and the boundary
condition is periodic, the numerical error by a DG scheme (when k = 1, 2, 3) for the linear
advection equation (3.2) can be decomposed into three parts:

CT
lell < CoAx ™!+ TCi AxP*H! + Cyexp (_E) AxKFL (3.4)

where Cp, C1, C2 and C are positive constant. The claim indicates that the error does not
significantly grow until T = O(1/Axk).

We use the model problem (3.2) to compare the LWDG schemes with the RKDG schemes
in the context of the long time behavior of numerical errors. We use P2 as the approximation
space and let N = 50, CFL=0.01. Note that both schemes are third order accurate in space
and time. We compute the numerical solutions using the two types of DG schemes up to time
T =500, and plot the time evolution history of the L? errors in Fig. 1. It is observed that the
numerical error by the RKDG scheme does not significantly grow for a long time simulation.
In fact, the magnitude of error at T = 500 is comparable to that at the very beginning of the
simulation. Contrarily, the error by the LWDG scheme begins to noticeably grow around
T=20, and the growth rate is observed to be linear after some time.

In [16], the following error is defined and studied for the DG scheme:

e =up(t =27) — up(t = 4m). (3.5)
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Fig.1 Long time behavior of errors. 1-D linear advection. The RKDG P2 scheme versus the original LWDG
P2 scheme. CFL = 0.01

Table 2 Linear advection

Mesh p! P? P’

L2 error Order L2 error Order L2 error Order
20 1.94E—03 - 1.32E—05 - 2.74E—07 -
40 2.57TE—04 2.91 1.48E—06 3.16 1.71E—08 4.00
60 8.24E—05 2.81 4.29E—-07 3.05 3.39E—09 4.00
80 3.80E—05 2.69 1.79E—-07 3.03 1.07E—09 3.99
100 2.14E—05 2.57 9.15E—08 3.02 4.36E—10 4.05

Original LWDG scheme in [22]. The L2 norms of error ¢ and the order of accuracy. CFL=0.01

It is proved in [16] that the error e by a RKDG scheme (when k = 1, 2, 3) is in the
order of 2k + 1 for spatial accuracy. Here, we check the error e for the LWDG scheme when
solving the model equation (3.2). In Table 2, we report the L2 norms of error & and orders of
accuracy. Only (k 4 1)th order of accuracy is observed for the LWDG scheme.

In summary, several superconvergence properties of a semi-discrete DG scheme, including
accuracy enhancement by post-processing the numerical solution and long time behaviors
of errors, are maintained by the a discrete RKDG scheme, whereas they are not numerically
observed when the original LW temporal discretization [22] is used. In the next section, we
propose anew LWDG scheme, which aims to restore superconvergence properties mentioned
above.

4 A New LWDG with LDG for High Order Spatial Derivatives

In the section, we formulate anew LWDG scheme for solving linear and non-linear hyperbolic
conservation laws. Some stability issues will be discussed.
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4.1 Linear Advection Equations

In this subsection, we still consider the linear advection equation (3.2). As the original LWDG
scheme, we start with the Taylor expansion of the solution in time as in Eq. (2.13) for achieving
third order temporal accuracy. By repeatedly using the underlying differential equation and
its differentiation versions, we obtain

At? AL
u(t + At) ~ u(t) — Atu, + Tu” — Tu”x' “4.1)

Note that the original LWDG formulation uses direct differentiation of the solution to obtain
high order spatial derivatives. However, in the new formulation, we propose to use the LDG
techniques to reconstruct high order derivatives instead. To illustrate the idea of using an
LW time discretization procedure in the LDG framework, we consider solving the following
partial differential equation (PDE) by an LDG scheme:

Uy = €1y + €2Uyxx + €3Uxxx, 4.2)
where €] < 0, €2 > 0, and €3 < 0 are constant. Two auxiliary variables are introduced,

p=Ux, {4 = Px-

The corresponding semi-discrete LDG scheme is to find uj, pn, gn € V;f such that
Yv, w, s € V}f‘,we have

/ (up)v dx = —/ (e1up + e2pp + €3gn)vx dx + (e1(itp) j112
I; I;

+e2(Pn)j+172 +€3Gn)j 12V 410

—(e1(lp) j—12 + €2(Pn)j—12 + 63(¢?h)j71/2)1);r,1/2,

/ prw dx = —/ upwy dx + (@p) j4+12W 14 o — (fih)jfl/2w;1/2’
I I;

Jj

/ qps dx = —/ PhSx dx 4+ (Pn)j+1/28 410 — (ﬁh)j—1/2Sf_]/2, 4.3)
1 1

forj =1,..., N.Hereuy, py and g, approximate the solution, and its first and second order
spatial derivatives of (4.2), respectively. iy, iy, pr, pn, and gy, are numerical fluxes chosen
according to stability consideration as in [12,28]:

ip=u,, ph=p), dn=u,, Gp=q;. Prn=p;. 4.4

Similar to the semi-discrete LDG scheme for solving the convection—diffusion equations [12]
and KdV-type equations [28], we have the following proposition:

Proposition 4.1 The semi-discrete LDG scheme (4.3) equipped with the alternating numer-
ical fluxes (4.4) is L? stable.

Proof The proof is similar to that in [28], thus omitted for brevity.
Based on the semi-discrete LDG scheme (4.3) for Eq. (4.2), we define the new LWDG
formulation as follows: given u} € V}f, find pj, gy, u’,frl € V}f such that Vv, w, s € V}f‘,

we have
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t 2

A At
/I. uerlvdx /1 qudx + At (/[(MZ — sz + qurzl)vxdx

J J

. At
_(( n),+1/2 o (PZ)]+1/2+ (an J+1/2) Vit1/2

N Ar
+(( n)j 127 o (PZ)] 1/2+ Qh j— 1/2)v 1/2)7 4.5)
+
]

/1 ppwdx = _/1 Uy Wadx + (ﬁZ)jJ,-]/Z j+172 ( )J 1/2 1/2° (4.6)
j j
~ - ~ +
/I qysdx = _/1 PpSxdx + (pZ)j+1/2 Sit12 — (pZ)j—l/Z Si—1/2 G
J J
forj=1,...,Nandn =0, 1,.... Here uj, p; and g; approximate the solution, and its

first and second order spatial derivatives of (2.1) at time ¢", respectively. i}, i}, py, pj,, and
gy, are the numerical fluxes chosen as in (4.4).
Note that the proposed LWDG scheme (4.5) is formulated by applying the forward Euler

time discretization to the semi-discrete LDG scheme (4.3) with €; = —1, ¢, = 2 , and
2
€3 = —ATt.

4.2 Nonlinear Scalar Conservation Laws

Now, we consider a 1-D nonlinear scalar hyperbolic conservation law (2.1). Similar to the
linear case, we start with the second order Taylor expansion of the solution. Again, in order
to formulate a new LWDG scheme, we first consider the following PDE:

up =€ f ) +e (') f)y), (4.8)
where €; < 0 and €, > 0 are constant. By introducing the auxiliary variable
p = fu)y,

we define the corresponding semi-discrete LDG scheme for Eq. (4.8): find uj;, pn € V]f
such that Vv, w € V,f, we have

/ (up)vdx = —/ (€1 (up) + €2 f"(un) pn) vadx + (Elfj+1/2 + ézf’P.,‘+1/2) Vi1
1

1

- (elfj—l/z + Ezf’Pj_l/z) Uj+—1/2’

/ prwdx = _/ Sun)wyax + ];j+l/2w;+1/2 - fN‘j—l/Zw;—_l/za 4.9)
I 1j
for j = 1,..., N. Here J?j+l/2vﬁj+l/2 and fj+1/2 are the numerical fluxes, which are

carefully chosen for the stability consideration as follows:

fj+1 /2 . standard monotone numerical flux,

Lf@mlj+12
[eenllj+1/2

Fierp = F(@)71 ) (4.10)

f Pj+12 = )/+1/2’
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The resulting semi-discrete scheme features a similar stability property as the linear case. In
particular, we have the following proposition.

Proposition 4.2 The semi-discrete LDG scheme (4.9) with the numerical fluxes (4.10) is L?
stable.

Proof Overcell I}, letv = u, and w = py, in scheme (4.9), we can derive the following cell
entropy inequality,
1d

5ar f u%dx-i—éz/ p%dx:ﬁjJrl/z—I:Ij,l/z-i-(*‘)j,l/z, 4.11)
; )

I]

where H i+1,2 is the numerical entropy flux defined by

I:Ij+1/2 = —€] (F ((uh);+1/2) - (“h);Jrl/zfjJrl/Z)
[f@mlljt12

€Q———

+ —
Munllj+1/2 Py (172

with F(u) = [* f(s)ds, and
Oj_12 =€ ([[F(uh)]]j—uz - fj—l/z[[bth]]j—l/z) <0

because of the monotonicity of the numerical flux fande; < 0. The L2 stability follows by
summing up (4.11) over j. O

Similar to the linear case, one can formulate a LWDG scheme for solving (2.1) based on
the semi-discrete scheme (4.9) with second order accuracy in time: find p}., MZ-H € V}f‘ such

that, Vv, w € V}f‘ , we have

At
/uerlvdx:/ u;l'vdx—i—At(/ (f(”Z)_Tf/(“Z)pZ)UX dx
1 I; I;

J J
n At —— A At ——
- +
- (fj+1/2—7f’PZjH/2) vj+l/2+(fjfl/z—jf/PZj,l/z) Ujfl/Z)’

/I ppw dx = —/ f (MZ) wy dx + fj+1/2w;+1/2 — fj_l/zw;r_l/z, (4.12)

J 1

forj =1,...,Nand n = 0, 1,.... The numerical fluxes fj+1/2,7’;j+1/2, and J;j+1/2
are chosen as (4.10). Again, note that the new LWDG scheme (4.12) is defined by the semi-
discrete LDG scheme (4.9) coupled with the forward Euler time discretization with €] = —1
and €) = —%.

The higher temporal order accuracy can be attained by incorporating more time derivatives
in the Taylor expansion. For example, the third order temporal derivative can be added to
achieve third order accuracy. However, we find it difficult to formulate a semi-discrete LDG

scheme, for which the L2 stability can be proved, when solving the following PDE,

= €1 f W+ e (f/a)f ), +es (£ (Fa? + £/ (f/@)fy),), -
(4.13)

Here, € < 0, €2 > 0, and €3 < 0 are constant. On the other hand, we can mimic the
procedure of the linear case by introducing another auxiliary variable
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q=(f'wp), .

and obtain

£ (f0? + f/@) (f@) f ), = f@p? + f/wyg.

Similar to the scheme (4.12), we can develop a LWDG scheme with third order accuracy
in time. The simple alternating fluxes are chosen for the third order terms in simulations
[27,28]. From our extensive numerical tests, the proposed third order scheme appears to be
stable.

Remark 4.3 The proposed scheme can be directly extended to high dimensional problems
as the original LWDG scheme. However, much more auxiliary variables are needed. From
this point of view, the proposed scheme is much more involved in implementation than the
original LWDG scheme when solving high dimensional problems.

4.3 Hyperbolic System: Euler System

The proposed scheme can be extended for solving hyperbolic systems. To illustrate the idea,
we consider the 1-D Euler system

0 M
M| +| vM+P =0, 4.14)
EJ, v(E + P)

where p is density, v is velocity, M = pv is momentum, E is total energy and P is pressure
given by the equation of state P = (y — 1)(E — %UM) with y = 1.4. Below, we consider
a second order accurate LW procedure by repeatedly using the Euler equation (4.14) and its
differentiation versions, we have
Ar?
p(t+ At) = p(t) + Atpr + Tl)tt
Ar?
= p(t) — AtM, + T(UM + P)yx,

2

At
M(t+ Aty ~ M(0) + AtM; + —— My,
2

— M() — AtM + P), + % ((y — DO(E + PY)s

-3
+ 3= y)wM + P), + VTU"‘MX) ,
X

Atr?
E(t + At) = E(t) + AtE, + TE”

A2 ((3 E
=E@) — At(v(E+ P))y + —— ((*(V -1 +V*) (VM + P),
2 2 P
+ ((y — l)v3 — nyv) My + yv(v(E + P))x) . (4.15)

X

Similar to the scalar case, define the following three auxiliary variables

p=M:, q=OM+P), r=@E-+P);. (4.16)
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Plugging (4.16) into (4.15), we obtain

Ar?
p(t+ At) = p(t) — AtM, + qu

At [y =3
M(t + At) ~ M(1) — At(uM + P)y + T(y 5 p+G—yg+(y — 1)r>

X

Ar? 3 YVE
E(t+ At) =~ E(t) — At(v(E+ P))x + N (((y — v’ — T) )4

+(§(y—1)+y£)q+yvr) . 4.17)
2 P N

Then, a second order LWDG method can be formulated based on (4.16) and (4.17). Again,
higher order accuracy can be obtained by incorporating more derivatives in the truncated
Taylor expansion (4.15) and introducing the corresponding auxiliary variables. In the sim-
ulation, we adopt the Godunov flux for the first order spatial derivative and the alternating
fluxes for the high order derivatives in the LDG framework. The details of the formulation
are omitted for brevity.

5 Fourier Analysis

In this section, we apply the classical Fourier analysis to the newly proposed LWDG scheme
to study its superconvergence properties. In particular, we follow the approach in [16] to
analyze the eigen-structure of the amplification matrix for the LWDG schemes via symbolic
computations.

Under the assumption of uniform meshes and periodic boundary conditions, Fourier analy-
sis for the 1-D linear advection equation (3.2) is performed by assuming the initial condition
to be a plane wave

u(x,0) =exp(iox), 5.1

where w is the wave number. The numerical solution for a DG scheme can be represented as
k

W) =D uf i), x €l (52)
=0

where u?j are the degrees of freedom and ¢y ;(x) are the basis functions of V}f‘ over cell /;.
We adopt the scaled Legendre orthogonal polynomial basis in the following discussion, i.e.,

X —Xj () X —Xxj 2 1
, i(x) = - —, ...
Ax 2 Ax 12

We first note that a fully discrete DG scheme can be written in a matrix form

$oj(x) =1, ¢1,;(x) =

mi
Wit = > A, (5.3)

m=—my

where u’]’ = (up e uj j)T, and (j —my, ..., j+my) is the stencil. For example, denote

by 8 = %, we have
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2
wt = p+28 §+,32 ui_ |+ 1_5_4'32 _g_% u”
! —68— 68> —38-382) ' 68 —682 1-38—1282) "

2 B
" ( e Wit
1282 —3p2) "’

for the proposed LWDG scheme of P! DG spatial discretization combined with a second
order LW procedure.
Assume

uj = u'"exp(iox;), (5.4)

substituting which into the DG scheme (5.3) provides the following iterative equation for the
coefficient vector 0",

a"t = Ga", (5.5)

where G is the amplification matrix, given by

mi

G= D Apexp(imf), &=owAx. (5.6)

m=—mo

It is observed from the symbolic computations that G is diagonalizable. Denote the k + 1
eigenvalues as Aq, . . ., Ag. The linear stability requires [A;| < 1, [ =0, ..., k. Note that there
is only one physically relevant eigenvalue, denoted by 1o, which approximates the analytical
eigenvalue exp(—iwAt). Under certain CFL time step restriction, the other k non-physical
eigenvalues will be damped exponentially fast as one evolves the numerical solution in time.

Below, we will analyze the dispersion and dissipation errors for the physically relevant
eigenvalue Ao via symbolic computations. Note that such analysis of RKDG schemes and
original LWDG schemes are given in [16] and [29], respectively. The comparison between the
two LWDG schemes will be drown based on the dispersion and dissipation errors analysis,
which can partially explain why the new LWDG scheme exhibits superconvergence but the
original one does not.

We perform symbolic computations on Mathematica. Below is a summary for the two
LWDG schemes when k = 1, 2. Note that, when k = 3, the symbolic computation becomes
prohibitively complicated for the LWDG schemes. Moreover, it is even more difficult to
deal with the case of k >= 4 in the current Fourier analysis framework, where an algebraic
equation with degree greater than 4 needs to be solved symbolically. We assume 0 < 8 <1
and wAx < 1 in the asymptotic expansions.

o New LWDG scheme

— P! case

. o it 3 4

M =1—iwAt — — At — — AtAx” + O(AtAx")

2 72
- P2 case
ho= 1 —iwAr — CaR 4 1@ ap 1 5 5 4 O(A1AXS)
=1—iwAt — — — At — —— X X
0 2 6 7200
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e Original LWDG scheme [29]

- P!l case
- 0 e, 3
Aozl—zwm—jm — EAt Ax + O(AtAx7)
— P2 case
ao = 1 —iwm—w—zmz+ﬁm3
0= 2 6
(208 + 5)Ar* —2A3 Ax — A2 Ax?
_o (205 tS) a ) + oararh)
120 1+8

The normalized dispersion and dissipation error of the physically relevant eigenvalue Ao
is defined as

1
ey = E(Ao —exp(—iwAt)). 5.7

In [16], the error eq is analyzed for the RKDG schemes. It is found that eg is (2k + 1)th
order accurate in space and pth order accurate in time with the approximation space V,f and
a pth order SSP RK method. Such extra high order accuracy of ¢ in space contributes to the
superconvergence for RKDG. Below, we analyze the error e for the two LWDG schemes.
We only consider P! and P? cases, and adopt a LW time discretization procedure such that
the resulting LWDG scheme has the same order of accuracy in space and time. Denote e(l)v
and eoo as the normalized dispersion and dissipation errors (5.7) for the new (N) and original
(O) LWDG scheme, respectively.

By a simple Taylor expansion of Eq. (5.7) with 1o computed above, we have the following.

o P!l case
4 -3
el = _%Ax3 - %Aﬂ +O(Ax* + AP, (5.8)
-3 -3
ef = —-AtAx - %Atz +O(Ax + A1), (5.9)
o PZcase
N = i Ax® — w—4At3 + O(AX® + At (5.10)
0 7200 24 ’ '
4
0 2 GB+2), 5 1 5 1 2 3 4
- 2P INS — APAx — — ALA O(Ax® + ArY).
% ,3+1( 24 g0 AT T AT ) OB ALY

(5.11)

Discussion First we note that the order of the leading term in e(l)v as shown in (5.8) is the same
as that from the RKDG scheme, which is (2k 4 1)th order in space and (k + 1)th order in time
for both P! and P? cases. With the similar argument in [16], it is implied that the numerical
error by the new LWDG scheme does not significantly grow if the spatial error dominates.
In fact, we only need to choose sufficiently small CFL number to reduce the temporal error.
In the simulation, we let CFL=0.01 and the superconvergent (2k + 1)th order accuracy can
be numerically observed when the mesh is relatively coarse, e.g. see Table 3. Also note that
the (2k 4 1)th order superconvergence only occurs in space, while the temporal accuracy for
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Table 3 1-D linear advection

Mesh Before post-processing After post-processing
L? error order L° error Order L2 error Order L®° error Order
Pl
20 4.22E—03 - 1.37E—02 - 3.73E—-04 - 541E—-04 -
40 1.06E—03 1.99 3.51E-03 1.96 4.25E—-05 3.14 6.09E—05 3.15
60 4.72E—04 2.00 1.57E—03 1.98 1.22E-05 3.09 1.74E—-05 3.09
80 2.65E—04 2.00 8.85E—04 1.99 5.04E—06 3.06 7.18E—06 3.07
100 1.70E—04 2.00 5.68E—04 1.99 2.55E—06 3.05 3.63E—06 3.06
P2
20 1.07E—04 - 3.66E—04 - 2.52E-06 - 3.59E—-06 -
40 1.34E—-05 3.00 4.62E—05 2.99 4.47E—-08 5.82 6.36E—08 5.82
60 3.96E—06 3.00 1.37E—-05 3.00 4.37E—-09 5.74 6.21E—09 5.74
80 1.67E—06 3.00 5.78E—06 3.00 8.60E—10 5.65 1.22E—09 5.65
100 8.56E—07 3.00 2.96E—06 3.00 2.48E—10 5.57 3.53E—-10 5.57
P3
20 2.07E—06 - 5.44E—06 - 6.89E—08 - 9.75E—08 -
40 1.30E—-07 3.95 3.85E-07 3.82 2.76E—10 7.97 3.90E—-10 7.96
60 2.55E—-08 4.03 7.55E—08 4.02 1.08E—11 7.98 1.53E—11 7.98
80 8.07E—09 4.00 2.37E—-08 4.02 1.09E—12 7.98 1.54E—12 7.98

100 3.31E-09 4.00 9.74E—09 3.99 1.85E—13 7.96 2.61E—13 7.96

New LWDG scheme. T=1, CFL = 0.01

eév is still k£ 4 1. On the other hand, under the assumption 8 < 1, error eOO by the original
LWDG scheme is dominated by

ef = O(ArAxb),

rather than an extra high order term O(Ax*+1) as in the new LWDG scheme.

Finally, we briefly address the efficiency of the proposed method in terms of the CFL time
step restrictions obtained from linear stability. In the Fourier analysis framework, the upper
bound of CFL numbers can be derived. Such a technique is adopted in [22] to obtain the CFL
upper bounds for the original LWDG schemes, which are approximately 0.22 for the P! case
and 0.12 for the P2 case. We perform the same analysis for the proposed LWDG schemes to
derive the upper bound of CFL numbers. They are approximately 0.20 and 0.11 for the P!
and P? cases, which are slightly smaller than those for the original LWDG schemes.

6 Numerical Examples

In this section, we provide a collection of 1-D and 2-D numerical examples to investigate
the superconvergence properties of the newly proposed LWDG schemes in different settings.
In the simulations, we choose relatively small CFL numbers, e.g., CFL=0.01, such that the
spatial error dominates. We remark that if a large CFL number is taken, the relatively low
order temporal accuracy may pollute the superconvergent (2k + 1)th order of accuracy in
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8E-05 - Original LWDG P?
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Fig.2 Longtime behavior of errors. 1-D linear advection. Original LWDG P2 versus new LWDG P2 scheme.
CFL = 0.01

space. Thus only the low order temporal accuracy can be numerically observed. This is also
true for the RKDG schemes, see [9].

6.1 1-D Linear Advection Equation

Consider the linear advection problem:
u; +u, =0, xel0,2r], 6.1)
with the initial condition
u(x,0) = sin(x), (6.2)

and the periodic boundary conditions. In the simulation, we choose At = CFLAx with
CFL = 0.01. In Table 3, we report the L2 and the L errors and the orders of accuracy
before and after the post-processing procedure for the proposed LWDG scheme. Unlike the
original LWDG scheme, it is clearly observed that the magnitude of numerical errors by the
new LWDG schemes is greatly reduced through the post-processing procedure and the orders
of accuracy are also enhanced from k + 1 to 2k 4 1. The observation indicates that numerical
error of the new LWDG scheme is order of 2k + 1 in space in terms of negative-order norms.
A rigorous proof of the claim is subject to future investigation.

Then we test the long time behavior of the L? errors by the proposed LWDG scheme in
comparison to that by the original LWDG scheme. In Fig. 2, we report the time evolution of
numerical errors by the two types of LWDG P2 schemes with N = 50 up to time T=500. It
is observed that the error by the new LWDG scheme does not significantly grow over a long
period of time, which is very similar to the result by the RKDG P? scheme shown in Fig. 1.
Also note that the error by the original LWDG scheme grows linearly with respect to time.

In [16], the following error is defined and studied for RKDG schemes:

e=uy(t =2m) —up(t =4m). (6.3)
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Table 4 1-D linear advection

Mesh p! p2 p3

L2 error Order L2 error Order L2 error Order
20 1.89E—03 - 1.88E—06 - 1.40E—09 -
40 2.39E—04 2.99 5.96E—08 4.98 7.42E—12 7.56
60 7.08E—05 3.00 7.98E—09 4.96 4.36E—13 6.99
80 2.99E—05 3.00 1.93E—09 4.93 5.96E—14 6.92
100 1.53E—05 3.00 6.50E—10 4.88 1.34E—14 6.68

New LWDG scheme. The L2 norms of error & and the orders of accuracy. CFL = 0.01

For a RKDG scheme, the error e is in the order of 2k + 1 in space, which indicates that the
numerical error will not significantly grow for a long time period. Here, we also check the
error ¢ for the proposed LWDG scheme. In Table 4, we report the L? norms of error ¢ and
orders of accuracy. Similar to the RKDG scheme, (2k + 1)th order of accuracy is observed,
which implies that the numerical error by the new LWDG scheme does not significantly grow
for a long time period. The observation is consistent with the results given in Fig. 2. Also
note that the original LWDG scheme does not enjoy such superconvergence property.

In Fig. 3, we plot the errors of the numerical solutions before and after post-processing,
and errors € in absolute value and in logarithmic scale for the new LWDG P2 scheme and
the original LWDG P2 scheme. It is observed that, for both schemes, the post-processed
errors and errors e are much less oscillatory and also much smaller in magnitude than the
pre-processed errors. Moreover, note that the magnitude of post-processed errors and errors e
by the new LWDG scheme is smaller than that by the original LWDG scheme, as the former
ones are fifth order accurate in space, but the latter ones are only third order.

Atlast, we would like to report the convergence behavior for the proposed LWDG schemes
at the right-shifted Radau points as well as for the cell averages. Denote the [*° error at the
right-shifted Radau points by

er(®) = max lup(x 1) = ula .0l
=J=
0<i<k

where x; j,[ =0, ..., k are the k + 1 right-shifted Radau points on cell /;, and denote the
12 error for the cell average by

1 N 1 2 %
eq(t) = sz:<ij/1'uh(x,t)—u(x,t)dx) .

=1

For a semi-discrete DG scheme, it has been shown in [5,30] that the error e (t) and the error
e4 (t) converge with order of k + 2 and 2k + 1, respectively. The numerical results reported
in [30,31] also indicate that the fully-discrete RKDG scheme exhibits the same supercon-
vergence when the spatial error dominates. In Tables 5 and 6, we report the errors eg and
e, respectively, and the associated orders of accuracy at time T=1. Similar to the RKDG
schemes, (k 4 2)th order accuracy for eg and (2k + 1)th order accuracy for e4 are observed.
We remark that the chosen alternating fluxes in (4.4) are crucial for observing the supercon-
vergence numerically at the shifted Radau points. In particular, for stability consideration,
we can also take i), = u; and pj = p;, in (4.4), and the numerical performance of such
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Fig. 3 Linear advection. The new LWDG P2 scheme (left column). The original LWDG P2 scheme (right
column). Before post-processing (fop). After post-processing (middle). Error e (bottom). CFL = 0.01. T = 47
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Table 5 1-D linear advection

Mesh p! P2 P3

[®° error Order [®° error Order [%° error Order
20 9.18E—-04 - 1.06E—05 - 5.42E—-07 -
40 1.17E-04 2.97 6.84E—07 3.96 6.18E—09 6.45
60 3.49E-05 2.99 1.36E—-07 3.98 7.27E—10 5.28
80 1.47E-05 2.99 4.32E—08 3.99 1.51E-10 5.46
100 7.5TE—06 2.99 1.77E—-08 3.99 4.48E—11 5.46

New LWDG scheme. The [*° norms of error eg and the orders of accuracy. CFL = 0.01

Table 6 1-D linear advection

Mesh P! P2 P3

12 error Order 12 error Order 12 error Order
20 4.15E—04 - 6.60E—07 - 7.96E—09 -
40 5.32E—05 2.96 2.09E—08 4.98 9.66E—11 6.36
60 1.59E—05 2.98 2.77E—09 4.99 4.27E—12 7.69
80 6.73E—06 2.98 6.61E—10 4.98 1.64E—13 11.33
100 3.46E—06 2.98 2.18E—10 4.97 2.01E—14 9.41

New LWDG scheme. The /2 norms of error e 4 and the orders of accuracy. CFL = 0.01

a choice is quick similar to the original one (4.4), including the accuracy enhancement by
postprocessing the numerical solution and the long time behavior of errors. However, the
superconvergence results at the right-shifted Radau points are lost. Such a phenomenon can
be explained as follows. When solving the 1-D linear diffusion equation (2.5) with c(u#) = 1
by the LDG method (2.8)—(2.9), it has been pointed out in [7] that the superconvergence at the
Radau points depends on the choice of alternating fluxes (2.10)—(2.11). Specifically, taking
4§ =ut and c?p\h = p,, will lead to superconvergence at the left-shifted Radau points, while

taking ¢ = u~ and ﬁ = p;[ will lead to superconvergence at the right-shifted Radau
points, see [1,6]. Now consider the LDG scheme (4.3) for solving (4.2). For the first order
term, one can only take i, = u~ for stability issue, which results in the superconvergence
at the right-shifted Radau points. For the second order term, taking p, = p,‘f and accord-
ingly i1, = u;, will also lead to superconvergence at the right-shifted Radau points, which is
consistent with the first order term. Consequently, the superconvergence at the right-shifted
Radau points are preserved. On the other hand, if p, = p, and i, = u;{ are taken, then
inconsistency occurs, and hence the superconvergence at the right-shfited Radau points is
destroyed. We also remark that the superconvergence at the shifted Radau points and for the
cell averages can not be numerically observed for the original LWDG schemes.

6.2 1-D Nonlinear Burgers’ Equation

Consider 1-D nonlinear Burgers’ equation:

M2
u + (—) =0, xel0,27], (6.4)
2 X
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Table 7 Burgers’ equation (6.4)

Mesh Before post-processing After post-processing
New LWDG Original LWDG New LWDG Original LWDG
L2 error Order L2 error Order L2 error Order L2 error Order
p!
20 4.46E—03 - 4.44E—-03 - 3.44E—-04 - 3.25E-04 -

40 1.13E-03 1.98 1.13E-03 1.97 3.48E—-05 3.30 3.58E—-05 3.18
60 5.05E—04 1.99 5.05E-04 1.99 9.39E—-06 3.23 1.16E—05 2.77
80 2.85E—04 1.99 2.85E—04 1.99 3.74E—06 3.20 5.74E—06 2.45
100 1.83E—04 1.99 1.83E—04 1.99 1.84E—06 3.18 3.47E—-06 2.26
P2

20 1.37E—04 - 1.28E—04 - 3.35E-05 - 3.41E-05 -

40 1.75E—05 2.97 1.62E—05 2.98 6.42E—07 5.70 8.02E—-07 5.41
60 5.23E-06 2.98 4.81E—06 2.99 5.90E—08 5.89 1.31E-07 4.47
80 2.22E—06 2.99 2.04E—06 2.98 1.06E—08 5.96 4.69E—08 3.58
100 1.14E—06 2.99 1.05E—06 2.99 2.77E—09 6.03 2.28E—08 3.24

T=0.2, CFL = 0.01

with the initial condition
u(x,0) =sin(x) + 2, (6.5)

and the periodic boundary conditions. The time step is simply chosen as At = CFLAx with
CFL = 0.01. In Table 7, we report the L? errors and the orders of accuracy before and after
the post-processing procedure for both the proposed LWDG scheme and the original LWDG
scheme. The superconvergent results are clearly observed for the new scheme. However, sim-
ilar to the linear case, the post-processed error is only order of k + 1 by the original LWDG
scheme. We remark that using a upwind flux, e.g., the Godunov flux, for the first order deriv-
ative term is crucial to obtain superconvergent results in the proposed LWDG formulation.
If a general monotone numerical flux such as the Lax—Friedrichs flux is used, the (2k + 1)th
order superconvergence result may not be observed. In Fig. 4, we plot errors of the numerical
solution before and after post-processing in absolute value and in logarithmic scale for both
LWDG P2 schemes. The highly oscillatory nature of the pre-processed errors is observed
for both schemes. The post-processed errors do not oscillate much and the magnitude is also
much smaller. Again the magnitude of the post-processed errors by the new LWDG scheme
is much smaller than that by the original LWDG scheme.

In order to study error e for the Burgers’ equation, we add a source term to Eq. (6.4) such
that sin(x + ) + 2 is the exact solution. A similar strategy is used in [16]. We consider the
following Burgers’ equation with a source term:

2
ur + (%) = (sin(x + 1) +3)cos(x + 1), x €[0,2n], (6.6)

with the initial condition

u(x,0) =sin(x) + 2,
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Fig. 4 Burgers’ equation (6.4). New LWDG scheme (left column). Original LWDG scheme (right column).
P? is used. Before post-processing (top). After post-processing (bottom). CFL = 0.01, T = 0.2

and the periodic boundary condition. We report the L? norms of error ¢ and the orders
of accuracy in Table 8 for the proposed LWDG scheme and the original LWDG scheme.
(2k + 1)th order of accuracy is clearly observed for the new LWDG scheme. Again, such
superconvergence result is not observed for the original LWDG scheme. In Fig. 5, we plot
numerical errors and errors & in absolute value and in logarithmic scale for both LWDG P2
schemes. Note that, the error e is much less oscillatory and smaller in magnitude than the
pre-processed error for the two schemes, however, the magnitude of the error e by the new
LWDG scheme is much smaller than that by the original LWDG scheme.

6.3 1-D Euler System
Consider 1-D Euler system (4.14). Let the initial condition to be
p(x,0)=14+02sin(7rx), v(x,0)=1 and P(x,0) =1,

subject to 2-periodic boundary conditions. The exact solution is p(x, #) = 1+ 0.2 sin(7 (x —
1)), v(x,t) = land P(x,t) = 1. We compute the numerical solution up to T=2. In Table 9,
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Table 8 Burgers’ equation (6.6)
Mesh New LWDG Original LWDG

L2 error Order L2 error Order L2 error Order L? error Order
20 5.25E-04 - 8.44E—-07 - 6.06E—04 - 4.91E—-05 -
40 7.21E—-05 2.86 2.67E—-08 4.98 9.47E—-05 2.68 6.18E—06 2.99
60 2.16E—05 2.97 3.54E—09 4.99 3.34E-05 2.57 1.83E—06 3.00
80 9.14E—06 2.99 8.42E—10 4.99 1.66E—05 2.42 7.74E—07 3.00
100 4.69E—06 3.00 2.77E—-10 4.98 9.91E-06 2.31 3.96E—-07 3.00
The L2 norms of error & and the orders of accuracy. CFL = 0.01
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Fig. 5 Burgers’ equation (6.6). New LWDG P2 scheme (left column). Original LWDG P2 scheme (right
column). Before post-processing (fop). Error e (bottom). CFL = 0.01. T = 4x

we report the L2 and L> errors and the orders of accuracy for density p before and after apply-
ing the post-processing procedure for the new LWDG scheme. Similar superconvergence
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Table 9 1-D Euler system

Mesh Before post-processing After post-processing
L2 error Order L®° error Order L2 error Order L®° error Order
Pl
20 8.61E—04 - 2.53E-03 - 2.04E—-04 - 2.92E—04 -
40 2.13E-04 2.01 6.77E—04 1.90 2.48E—-05 3.04 3.52E-05 3.05
60 9.45E—-05 2.00 3.07E—-04 1.95 7.26E—06 3.03 1.03E—05 3.03
80 5.31E-05 2.00 1.74E—04 1.97 3.05E—-06 3.02 4.32E-06 3.02
100 3.40E—-05 2.00 1.12E-04 1.98 1.55E—-06 3.02 2.20E—06 3.02
P2
20 2.14E—-05 - 7.35E—-05 - 6.33E—07 - 8.98E—07 -
40 2.67E—06 3.00 9.24E—-06 2.99 1.30E—08 5.60 1.85E—08 5.60
60 7.92E—-07 3.00 2.74E—06 3.00 1.42E—09 5.47 2.01E-09 5.47
80 3.34E-07 3.00 1.16E—06 3.00 3.04E—10 5.36 4.31E—10 5.36

100 1.71E-07 3.00 5.92E-07 3.00 9.40E—11 5.26 1.33E—-10 5.26

New LWDG scheme. L2 and L™ errors of density p. T=2, CFL = 0.01

Table 10 1-D Euler system

Mesh p! p?
L2 error Order L2 error Order
20 3.79E—-04 - 3.77E-07 -
40 4.77E—05 2.99 1.19E-08 4.98
New LWDG scheme. The L2 60 1.42E-05 3.00 1.60E—09 4.96
norms of error ¢ and the orders of 80 5.98E—06 3.00 3.87E—10 4.93
accuracy of density p. 100 3.06E—06 3.00 1.30E—10 4.88

CFL = 0.01

property is observed as the scalar cases. In the simulation, the Godunov flux is used for the
first order derivatives in order to obtain the superconvergence result.
Then we check the error e which is defined as

¢=pn(t =2) — pult = 4),

since the period of the solution in time is 2. The L? norms of error & and orders of accuracy
are reported in Table 10 for P! and P2. (2k + 1)th order accuracy is observed.

We also use the following benchmark Lax problem, for which discontinuous solution
structures will be developed, to test the performance of the proposed LWDG scheme. Consider
the Riemann initial condition:

(p,v, P) =(0.455,0.689,3.528) x <0; (p,v,P)=1(0.5,0,0.571) x > 0. (6.7)

A robust WENO limiting procedure with the TVB limiter as a troubled cell indicator is used
to suppress the spurious oscillations [24]. In Figs. 6 and 7, we plot the numerical solutions
of density p at T=1.3 with different TVB constant M. Comparable numerical results by the
proposed LWDG scheme are observed to those by the original LWDG scheme [22].
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6.4 2-D Linear Advection Equation

Consider the following 2-D linear advection equation
ur+ux +uy =0, xxyel0,2x]x[0,2r],
with the initial condition
u(x,y,0) =sin(x +y),
and the periodic boundary conditions. The time step is chosen as

CFL
At= ———

1 1’
ax tay

(6.8)

(6.9)

where we set CFL=0.01 to make the spatial error dominant in the simulation. In Table 11,
we report the L? and L™ errors and the orders of accuracy before and after applying the
post-processor for the proposed LWDG scheme. Similar to the results for the 1-D advection
problem, (k + 1)th order of accuracy is observed for the pre-processed errors in both L2 and
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Table 11 2-D linear advection

Mesh Before post-processing After post-processing
L2 error Order L error Order  LZ error Order L error Order
pl
20 x 20 5S40E-02 - 428E-02 - 1.61IE-02 - 3.65E-03 -

40 x 40 1.32E-02  2.03 1.L13E-02  1.92 1.97E-03  3.03 4.46E—-04  3.03
60 x 60 5.86E—-03  2.01 5.11E-03  1.96 5.80E—-04  3.02 1.31E-04  3.02
80 x 80 329E-03 2.01 2.80E-03 198 243E-04  3.02 549E-05 3.02
100 x 100 2.10E-03  2.00 1.86E—03  1.98 1.24E-04  3.01 2.80E-05  3.02
p2

20 x 20 299E-03 - 3.40E-03 - 8.14E-05 - 1.83E-05 -
40 x 40 3.74E-04  3.00 4.25E-04  3.00 2.13E-06  5.25 4.80E-07  5.26
60 x 60 1.11IE-04  3.00 1.26E—-04  2.99 2.62E—-07  5.17 5.90E-08 5.17
80 x 80 4.68E—-05  3.00 5.33E-05 3.00 6.00E—-08 5.13 1.35E-08  5.12
100 x 100 2.39E—05  3.00 2.73E-05  3.00 1.92E-08  5.10 433E-09 5.10

New LWDG scheme. T=1, CFL = 0.01

Table 12 Long time behavior of errors

Scheme T=1 T =20 T =50 T =100 T =200
New LWDG P2 1.92E—04 1.92E—04 1.94E—-04 1.99E—04 2.21E-04
Original LWDG P2 1.91E-04 1.95E-04 2.16E—04 2.77E—04 4.46E—04

2-D linear advection. LWDG P2 schemes. The L2 errors at T = 1, 20, 50, 100, and 200. Ny x Ny = 50 x 50,
CFL=0.01

L®° norms. Moreover, post-processed numerical solutions are superconvergent with the order
of 2k + 1, which implies that numerical error is also order of 2k + 1 in space in negative-order
norms for the 2-D case.

Then, we would like to test the long time behavior of the numerical errors. We set the
mesh size as Ny x Ny = 50 x 50 and report the numerical errors for the two LWDG P?
scheme at time 7 = 1, 20, 50, 100, 200 in Table 12. We observe that the numerical error by
the new LWDG scheme does not significantly grow for a long time period, which indicates, as
the RKDG scheme shown in [6], the new LWDG scheme features similar superconvergence
property for the 2-D linear advection problem. However, as the 1-D case, the error by the
original LWDG scheme is observed to noticeably grow at the beginning of the simulation.

Finally, we study the error e which is defined as

e=uy(t =m)—up(t =2m).

As the results reported in [16], error e by the RKDG scheme is order of 2k + 1 in space for
solving the 2-D linear advection problem. In Table 13, we report the L norms of error &
and orders of accuracy. The (2k + 1)th order of accuracy is observed. Such superconvergent
behavior of error e implies that the numerical error by the proposed LWDG scheme solving
the 2-D linear advection problem does not significantly grow for a long time simulation. At
last, we want to point out that, similar to the 1-D cases, the original LWDG scheme for the
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Table 13 2-D linear advection

Mesh P! P2
L2 error Order L2 error Order
20 x 20 4.61E—02 - 1.67E—04 -
40 x 40 5.96E—03 2.95 5.30E—06 4.98
60 x 60 1.77E—03 2.99 5.30E—06 4.99
New LWDG scheme. The L2 80 x 80 7.50E—04 2.99 1.66E—07 4.99
norms of ¢ and the orders of 100 x 100 3.84E—04 3.00 5.47E—08 4.99

accuracy. CFL = 0.01

2-D advection problem does not exhibit any superconvergence discussed above. We omit the
numerical results from the original LWDG schemes for brevity.

7 Conclusion

In this paper, we discuss the superconvergence properties of the discontinuous DG methods
LW time discretization. Numerical results indicate that the original LWDG scheme does not
possess several important superconvergence properties including accuracy enhancement by
applying a post-processor and long time behaviors of numerical errors. In order to restore the
superconvergence in the LW framework, we formulated a new LWDG scheme, in which the
techniques borrowed from the LDG scheme were adopted to obtain high order spatial deriv-
atives. Fourier analysis via symbolic computations was used to theoretically investigate the
superconvergence property. Future research directions include to establish stability analysis
and error estimate for the proposed LWDG scheme.
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