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1 Introduction

In this paper, we shall study the superconvergence property of the explicit Runge-Kutta discontinuous
Galerkin (RKDG) method with the upwind-biased numerical flux for solving the linear hyperbolic
equation

U +pBU, =0, ze€lI=(0,1), te(0,T], (1.1)

equipped with the initial solution U(x,0) = Uy(x) and the periodic boundary condition. Here 7' > 0
is the final time. For simplicity, we assume in this paper that [ is a positive constant. We remark
that there is no essential difficulty to extend the above context to multi-dimensional problems and to
variable-coefficient linear problems.

The discontinuous Galerkin (DG) method was first introduced by Reed and Hill [31], and then
developed by Cockburn et al. [15,16,18-20] in the framework of explicit RKDG methods for solving
time-dependent nonlinear hyperbolic conservation laws. Due to its flexibility in implementation and
good numerical performance, especially on high order accuracy for smooth solutions and high res-
olution for discontinuities, this method has attracted increased attention in recent years. For more
details, one can refer to [13,21] and the references therein. However, in contrast to its wide applica-
tions, theoretical results are not plenty. Even when restricted to linear hyperbolic equations, many
theoretical works have mainly been carried out for the semi-discrete DG method, for example, the
stability and optimal error estimate [14, 28, 33|, the superconvergence analysis [2-5, 7,9, 10, 25, 39],
and the post-processing [17,26,32]. In this paper, we continue the work in [37,38] and investigate
superconvergence properties of RKDG methods with arbitrary orders and stages, when solving the
model problem (1.1). Superconvergence orders in space, together with the optimal order in time,
will be shown for the numerical flux, the cell average, as well as the solution and derivative at some
discrete points.

To achieve the above goals, we have to address two key points. One is the L2-norm stability analysis
for the fully-discrete RKDG method. It is well known that this cannot be directly obtained under
the strong stability preserving (SSP) framework [24], since the DG method combined with forward
Fuler time-marching is not stable under the standard CFL condition for piecewise linear or higher
degree polynomials. Hence we need to find another way to recover the stability performance in theory.
In [40,41], Zhang and Shu have derived the optimal error estimate for the second order and third order
RKDG methods when solving the sufficiently smooth solution of nonlinear conservation laws. The
L2-norm stability is implicitly presented in [40,41] for the linear hyperbolic equation. Recently, Xu
et al. [38] have proposed an analysis framework of L2-norm stability for linear hyperbolic equations,
and have made a classification on the different stability performance for many RKDG methods of
time order up to twelve. Specially, it is proved theoretically that the four stage fourth order RKDG
method is actually stable under the standard CFL condition. The main technique is to rewrite
the RKDG scheme into an equivalent representation by using the temporal differences of the stage
solutions, and then carry out a matrix transferring process with the aid of computer, in order to
automatically obtain a delicate energy equation that can essentially reveal the stability mechanism
of the higher order RKDG method. Similar work has also been given by Sun and Shu [35] for the
Runge—Kutta algorithms to solve ordinary differential equations with semi-negative operators. After
that, the authors [37] have found the relationship between the multiple-steps and the single-step time-
marching, which allows us to avoid a detailed computer-aided calculation on the evolution vector.
Hence the matrix transferring process for multiple-step time-marching is not necessary to be carried
out.

Another key point is how to define the reference functions [37,40,41] and the technique of correction
functions [2,7] at each time stage. The purpose of this paper is to verify in theory that the time
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discretization does not destroy the superconvergence performance. To this purpose, we have to
overcome two technical difficulties. One is the definition of reference functions at every time stage,
under the almost same regularity assumption as that in the semi-discrete method. This issue has been
addressed in [37], where the optimal error estimate is obtained for the fourth order RKDG method and
the additional regularity assumption solely depends on the time order, independent of the number of
stages. The basic idea is the cutting treatment on the original reference functions proposed in [40,41].
The other is the definition of the correction function without too much regularity requirement on
the exact solution. To that end, we propose in this paper an incomplete correction technique for the
above reference functions.

It is worthy mentioning that the technique of correction functions is important in the development
of superconvergence analysis for DG methods. Below we recall some important works related to
this issue, mainly restricted to the semi-discrete DG method for one dimensional problems. Cheng
and Shu [10] proved the (k + 3/2)th order supraconvergence between the numerical solution and
a particular projection of the exact solution for the linear hyperbolic equation, and then Meng et
al. [29] extended this result to the nonlinear conservation law if the flow speed keeps its sign. Here
and below k is the degree of piecewise polynomials. The word supraconvergence is used to mean the
supercloseness of the numerical solution and a special function in the finite element space, in order to
distinguish with the word superconvergence. For the linear hyperbolic equation, Yang and Shu [39]
improved the work of [10] and proved the (k + 2)th order superconvergence at the downwind-biased
Radau points with a suitable initial discretization, when the purely upwind numerical flux is used.
As a milestone in this issue, Cao et al. [7] firstly adopted the technique of correction functions for
the linear hyperbolic equation and proved the (2k + 1)th order supraconvergence of the numerical
solution towards a particular function in the finite element space. As an application of this technique,
the superconvergence results with respect to the cell average, the numerical flux, the solution at
the right Radau points, and the derivative at the left Radau points were established in a uniform
framework. After that, this correction technique has been implemented to many problems; see [2—6]
for an incomplete list of references.

In this paper we shall investigate the superconvergence property for the fully discrete RKDG
method. Although the technique of correction functions is inherited from [2,7] for the semi-discrete
DG method, some improvements are achieved on several issues. Firstly, we make a minor modification
to the definition of correction functions, such that the superconvergence property can be correctly
reduced for the non-uniform mesh and upwind-biased parameter. Secondly, the smoothness require-
ment on the exact solution is weakened, with the help of the Bramble-Hilbert lemma, instead of the
Legendre expansion. In this paper, we only require the initial solution and its derivatives up to the
min(2k + 2,7 + 1)-th order belong to L?(I), rather than L°°(I). Here r is the temporal order of
the RKDG method. Thirdly, some tedious treatments are presented to preserve the optimal order
in time under the mild regularity assumption that is independent of the number of stages of the
RKDG methods. Finally, by making a full use of the superconvergence results and the properties of
divided differences, we are able to avoid the duality arguments [17] and present a new proof of the
accuracy-enhancement of a post-processed solution when a special initial solution is taken.

The rest of the paper is organized as follows. In section 2, we give the definition of the RKDG
scheme and its equivalent representation by the temporal difference of the stage solutions. In section
3, we recall the matrix transferring process and quickly set up the propositions of the termination
index and the contribution index, which lead to different stability results. Section 4 is the main
part of paper, in which we establish the supraconvergence results for the solution and its derivative,
both (2k + 1)th order in space and rth order in time, if the initial solution is smooth enough. In
section 5, we present the superconvergence results in the discrete L?-norm, including the numerical
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flux, the cell average, as well as the solution and the derivative, respectively, at the roots and the
extrema of some Radau-type polynomials. As a byproduct, in section 6 we give a new proof for the
superconvergence result for post-processed solutions. Some numerical experiments are given in section
7, and the concluding remarks are given in section 8. Finally, the supplement of three technical issues
are given in the appendix.

There are many notations in this paper. To help the readers better understand this paper, we list
here some main important notations with short descriptions.

s,k the RKDG(s, r, k) method

m number of multiple-steps

a(m) evolution vector

Dy(m)u™ temporal difference of stage solutions

¢(m), p(m) the termination index, and the contribution index

My the minimum of integers m such that {(m) = p(m)

(s quantity to quickly judge stability performance; see (3.17)

q total number of correction manipulations in time-marching

qnt total number of correction manipulations for the initial solution
o maximal order of derivative in reference functions

UL (@, 1), 0] (1)

Un,(’.

reference function at the ¢th stage, and the corresponding truncation error in time

reference function at each time stage, defined as U, [(f]) (z,t™)
(¢

wnt truncated reference function at each time stage, defined as U[m)in(q,r)](x’ t")
2t zgl‘é, zg’e arbitrary series z»¢ and their combinations; see (4.8)

Xt one stage function in the finite element space

et gt ot stage error and its decomposition et = gmt 17"72; see (4.10)
2t () functional to determine the residual of stage error; see (4.12)

Py, Pﬁ L2 projection and the projection error

Gy, Gﬁ GGR projection and the projection error

Fp the pth correction operator; see (4.19)

]D);l the antiderivative in each element; see (4.20)

Rj pv1 the parameter-dependent Radau polynomial of degree k + 1 on I;
Tij, nf‘ roots of Rj x11, and the total number of roots on I;

lij,n;“ extrema of R; 1, and the total number of extrema on I;

Cp, Ci parameter-dependent local projection and the projection error

I-lz2 sy I-lLoo (sB)

discrete L2 (resp. L°°) norm at element boundary points

( )
HH"L2<SE)7 ”H"LOO(SE) discrete L2 (resp. L°°) norm at element midpoints
HH"LQ(SE'V "HHLOO(S}j) discrete L2 (resp. L>°) norm at roots of every R; 11
HH"LQ(S;Z), "l'mLOO(S}I;) discrete L? (resp. L°°) norm at extrema of every R; 11
8,{ the ¢th order divided difference
Kik+1’k+1 kernel function for post-processing

2 The RKDG method

In this section, we first present for the model problem (1.1) the RKDG method in the Shu-Osher
form [34], and then write it into the equivalent representation [38] by the help of the temporal

4
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difference of the stage solutions.

2.1 Discontinuous finite element space

Let Tp, = {I; = (xj_1/2,%j41/2) }1<j<s be a partition of the spatial domain I = (0, 1), where J € Z* =

{1,2,3,...} is an integer. The length of the element I; is hj = xj,1/9 — xj_1/9 for j = 1,2,...,J.

Denote h = hyax = maxi<j<j hj and hyin = minj<j<y hj. In this paper we assume that the partition

is quasi-uniform, namely, the ratio hpax/hmin is upper bounded by a fixed constant as h goes to zero.
Associated with the partition 7}, the discontinuous finite element space is defined as

V=V ={vel*I):v|, € P*Iy),j=1,...,J}, (2.1)

where P*(I ;) is the space of polynomials in I; of degree at most k& > 1. Note that the functions
in Vj, are allowed to have discontinuities at element endpoints. Dropping the subscript j + 1/2 for
convenience, the jump and the weighted average are respectively denoted by

[W]=v" —v", {o}? =60 +(1 -0, (2.2)

where v~ and v™, respectively, are the left- and right-limit, and 6 is a given constant.
Some inverse inequalities are used in this paper. Namely, for any v € V}, there hold

_ _1 _1
02|21y < wh ! lollzry s olloy S vh™2 [0l 2y, vl < mh™2 [[0ll L2y s (2.3)

where the inverse constant y > 0 is independent of & and v. Here [|-|| 2y and |[-[| o () Tespectively
are the usual norms in L?(I) and L*°(I), and

2 2

1
_ 2 _ - 32 + )2
||U:r:”L2(I) = Z /I(Ux) dz ) ||U||L2(Fh) = Z 5{(Uj+;) + (Uj_%) ] )

1<j<g 4 1<5<J 2

with I}, being the set of all element endpoints. For more discussions, one can refer to [12,30].

2.2 Semi-discrete DG scheme

The semi-discrete DG method for (1.1) is defined as follows. Find the map u(z,t): [0,7] — V}, such
that
(ut,v) = H(u,v), VoveV, (2.4)

holds for any time ¢t € (0,7, and a suitable initial solution is enforced at ¢t = 0. Here

H(u,v) = Z [/I Buv,dx + ﬁ{{u}ﬁ%ﬂvﬂﬁé (2.5)

1<j<g L

is the DG spatial discretization with respect to the periodic boundary condition, and (-, -) is the inner

product in L?(I). In this paper we demand 6 > 1/2 such that 6{{u}}§.i)1 /o forms an upwind-biased
numerical flux, since § > 0. Actually, when 6 = 1 it yields the purely upwind flux.
The following important properties will be repeatedly used later in our analysis. The proofs are

straightforward and hence are omitted. Please refer to [38] for more details.

Lemma 2.1 For the DG spatial discretization H(-,-), we have the following conclusions.
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1. There holds the approximate skew-symmetric property, namely

’H(w,v)%—?—[(v,w):—Qﬁ(e—%) Z [[w]]jJr%[[v]]jJr%, Vw,v e Vp,

1<j<J

which implies H(w,w) = —ﬁ(@ — %) H[[w]]Hiz(Fh), for any w € Vj,;
2. There holds the nonpositive property, namely

> giyH(wi,wy) <0, w; € Vi,
i,j€G

where {gij}ijeg forms a symmetric positive semidefinite matriz, and G is an arbitrary index
set for the row number and column number.

3. There holds the weak boundedness in Vi x Vi, namely
H(w,0)| < CIBI oz loll ey s Y € Vi,

where the bounding constant C' > 0 solely depends on 0 and p.

2.3 Fully-discrete RKDG method

The explicit Runge-Kutta algorithm is widely used to solve (2.4); see, e.g., [22—24] and the references
therein. In this paper this kind of fully-discrete method is named as the RKDG(s, r, k) method, where
s and r are the stage number and time order of the Runge-Kutta algorithm, and k is the degree of
piecewise polynomials in V.

For any M € Z*, let {t" = n7}o<n<m be a uniform partition of the time interval [0,77], where
T is the time step. In this paper the time step is taken to be a constant just for simplicity. For
the RKDG (s, r, k) method, each time-marching from " to t"*! is generally given in the Shu-Osher
form [34]:

o Let u™0 = ™.

e For/=0,1,...,s—1, successively find the stage solution u™‘*! through the following variational
formula
(U™ ) = Z [Cgﬁ(u"’”,v) + 7dgH(u™",0) |, Vv € Vp, (2.6)
0<r<l

where the parameters ¢y, and dy, are given constants, determined by the used Runge-Kutta
algorithm; noting that dg # 0 and . oy cox = 1.

o Let untl = ¢ms,

The initial solution u® € V}, is given as the suitable approximation of Uy. The detailed definition will
be given for different purposes; see sections 4 and 5 below.
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2.4 Equivalent representation of the RKDG method

Following [37, 38, 41], we set up an equivalent representation of the RKDG method by using the
temporal differences of the stage solutions.

Sometimes we need to investigate the numerical performance for multiple-step time-marching of
RKDG methods. To do that, we introduce for any integers n > 0 and x > 0 the notations

Wt = st =01, s — 1. (2.7)
Let m € ZT. The m steps time-marching of an RKDG(s, r, k) method with time step T can be looked
upon as a single step time-marching of the RKDG(ms, r, k) method with time step mr, in which each
stage marching can be written in the form

(W)= Y [%(m)(u"ﬁ,v) +mrdg,€(m)7-[(u"’”,v)}, Vo € Vi, (2.8)
0<K<t
where ¢ = 0,1,...,ms — 1. Here the parameters cy;(m) and dy.(m) are determined by the given

parameters ¢ (1) = ¢y and dy. (1) = dyy.
In this paper, we always denote Dg(m)u
temporal difference of the stage solution

De(mpu™ = > oge(m)u™" (2.9)
0<k</t

™ = 4" for simplicity of notation. For 1 < ¢ < ms, the

is recursively defined by the variational form
(De(m)u™,v) = mTH(D—1(m)u",v), Vv e V. (2.10)

It is easy to see that the combination coefficients satisfy op(m) # 0 and Y .., 0uc(m) = 0. This
process can be implemented by some suitable linear combination of the variational formulas at different
time stages.

In the meanwhile, the above definitions lead to the evolution equation

ao(m)u™ M = Z a;(m)D;(m)u”, (2.11)
0<i<ms
which is an equivalent representation of the RKDG method. Here ag(m),ai(m),. .., ams(m) are

constants, and ag(m) > 0 is used only for scaling such that all components are integers. It is only
needed for easier computer implementation. In the theoretical analysis, we often take ag(m) = 1.
For the convenience of notations, we would like to express (2.11) by the so-called evolution vector

a(m) = (ag(m),ar(m), ..., ams(m)). (2.12)

In addition, we define ;(m) = 0 for i > ms.

In the next lemma, we would like to point out that it is not necessary to carry out a tedious
manipulations to write down the detailed formulation of (2.8) and/or (2.11) for multiple-step time-
marching of RKDG methods. To show that, associated with at(m) we define the generating polynomial

e = 3 S 1)

0<i<ms ao(m)

and denote the offsets by &;(m) = a;(m)/ap(m) — 1/4! for i > 0.
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Lemma 2.2 Ewvery evolution vector a(m) can be obtained from (1), due to the following identity

P (2) = [pu) (i)}m

m

Furthermore, we have &;(m) =0 for 0 <i <r, and &,4+1(m) = @,4+1(1)/m".

This is a trivial extension of the results in [37], which is given for the fourth order RKDG method.
The proof is almost the same, so it is omitted here.

3 Stability analysis

In this section we investigate the L2-norm stability of the RKDG methods, following [37,38]. The
main technique is to carry out a matrix transferring process to set up a sufficiently good energy
equation, showing explicitly by the termination index, the contribution index, and the sign of the
central objective.

3.1 Matrix transferring process

Squaring and integrating on both sides of the evolution equation (2.11), we can get the initial energy
equation. However, the stability mechanism of the DG spatial discretization (see Lemma 2.1) is not
well reflected.

To fully explore the positive contribution of the spatial discretization, we would like to execute
the matrix transferring process through a series of energy equations

n-r—m 2 n J—
fao(m)| [+ |[Fary = "2y | = RHS(€) = T™M(6) + SP(0), (3.1)
where ¢ > 1 is the sequence number of the matrix transferring, and

™ = Y > al(m)Dim)u”, Dy(m)u),

0<i<ms 0<j<ms

SPO) =mr > S b (m)H(D;(m)u", Dj(m)u"),

0<i<ms 0<j<ms

(3.2)

respectively represent the time discretization information and the spatial discretization information.
They are equivalently expressed by two symmetric matrices

o _ 1©®
A (m) = {%' (m)}ogi,jgms and B (m) = {bz‘j (m)}og,jgms'

The matrix transferring process is defined as follows. Let £ > 1 be the sequence number, and
assume both A=Y (m) and B~ (m) have been known. If the central objective ay:llg_l(m) # 0, we
define the termination index

and stop the process. Otherwise, we make the following manipulation such that the time discretization
information, corresponding to the (£ — 1)th row and column of A“~1(m), is completely transformed
into the space discretization information. Owing to the symmetry property of matrices, below we
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only present the manipulations in the lower triangular matrices. Assuming ¢ > j, the formulations
are given in the form

0; ] ={— ]-a
® ali™(m) =24l (m), i=¢and j=1,
a;;(m) =S (-1 1y’ . , (3.4a)
Y a,; (m) — az‘+1,j—1(m)v l+1<i<ms—1andj="/,
agf_l (m), otherwise,
(e-1) : ,
y 2a; ., ;(m), {—1<i<ms—1landj=/{—1,
by )= § . (3.4D)
bi; ' (m), otherwise,

where the relationship (2.10) is used. See [38] for more discussions.
Recalling the initial energy equation, we define two matrices A(®) (m) and BO) (m) with the entries

0y =4 O =7=0, 0\ _
@ (m) = { a;(m)aj(m), otherwise, bij (m) =0, (3.5)

in addition. Since a(()%) (m) = 0, the transform is done at least once. This implies {(m) > 1.

A careful observation on (3.4a) reveals that the kernel information in TM(¢(m)) can be explicitly
expressed by the evolution vector a(m). The related formulations are collected in the following
lemma; see [37, Propositions 3.1 and 3.2] for more details.

Lemma 3.1 For 0 < j < ((m), we have

ag)(m) = Z (=) aipn(m)aj_x(m), j <i<ms. (3.6)

Also we have a[()%) (m) =0 and

dP(m)= 3 (~DFajia(m)a;w(m), 1<j<((m). (3.7)
—J<K<SJ
Furthermore, we have ag(m))(m) = 0 provided min(i, j) < ¢(m).

The results given in [37] can be extended from the fourth order RKDG methods into arbitrary
order RKDG methods, along the same line.

Proposition 3.1 For m € Z*, we have ((m) = ¢ > |[r/2] +1 and aé? (m)aé?(l) > 0. Here |r/2]
denotes the maximal integer not greater than r/2.

Proof: This can be proved by the generating polynomial. If p(™ (z2)p("™) (—z) = Zogigms goi(m) 2%,
then it follows from (3.7) that

o (m) = (~1)ao(m)ga;(m), 1< j < ((m). (38)

For 1 < j < |r/2], using (3.7) again we have

) j —1)itR(24 —1)/
aji(m)  (-1) 3 - CP @) D e

faolmE = C)E 2 2GRl Rl (@)



O©CO~NOOOTA~AWNPE

since Lemma 2.2 clearly states aji.(m) = 1/(j £k)! for 0 < j £k < 7. Owing to the definition of
the termination index ((m), the central objective aéc(fg)c)(m) (m) is the first nonzero diagonal entry in

the matrix transferring process. Hence ((m) > [r/2] + 1, and

—1)¢(m)
(=D (¢m)) (m)2260m) 4 ... (3.9)

(m) () (— ) — 1 4 L2
PIEPT(=2) = L R A mctm)

On the other hand, using Lemma 2.2 and (3.9) with m = 1, we have

e = 0 () (-2))" = o et ()T

L, EDE N T ) 26(1)
= o \ 1) e Setneen (D=0 4

Comparing with the order and coefficient of (3.9) and (3.10), we have ((m) = ((1) = ¢ and

1 [ag(m)]?
aé?(m) T 1 [[a(;((l))]]Q aé%)(l)- (3.11)

That is to say, aé? (m) and aé?(l) have the same signs. This completes the proof of this proposition.

O

By (3.4b) and (3.6) in Lemma 3.1, each entry in the {(m)th order leading principal symmetric
submatrix of BE™) (m) can be explicitly expressed by

b5 (m) = 207, j0m) =2 Y (=) apra(m)a(m), (3.12)
0<k<j
where 0 < j <i < ((m)—1.
The contribution index of the spatial DG discretization is defined by
p(m) = min{k : k € BI(m) U {{(m)}}, (3.13)

where

BI(m) = {n: 0<k<((m)—1and det {bgjg(m))(m)}0<ij<f€ < 0}.

This index implies that the p(m)th order leading principal submatrix of B¢(™)(m) is symmetric
positive definite. If BI(m) = 0, then p(m) = {(m).

Proposition 3.2 There holds p(m) > |(r +1)/2].

Proof: Let 0 <i,j < |(r—1)/2]. Since i + j + 1 < r, each element in the right-hand side of (3.12)
is clearly determined by Lemma 2.2. By the same manipulation as that in [37], we can obtain

1

(€(m)) — 2
b ™ m) = 2laolm) P ey

(3.14)

Please refer to [37] for more details. The | (r+1)/2]th order leading principal submatrix of B(™) (m)
is symmetric positive definite, since it is congruent to a Hilbert matrix with a diagonal transform
matrix made up of v/2a(m)/i!. This completes the proof of this proposition. 0

10
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Proposition 3.3 There exists an integer m, > 1 such that p(m) = ((m) for m > m,.

Proof: Along the same line as that for (3.14) we have

(Cm)) g,y 2 1 7 (¢(m))
bi; 7 (m) = 2[ap(m)] TG+ D) + b (m) | (3.15)

for 0 < j <i<({(m)—1, where

T(¢(m P 1 ~ ~ 1 ~ ~
b%( ))(m) = O;Kj(_l) [Maj_,{(m) + ai+1+,{(m)m + Oli—i—l-i—n(m)aj—ﬁ(m)

We can announce that Egg(m))(m) goes to zero as m increases, because the offset satisfies
|ae(m)| < Cm™", 0<£<2(0(m)—1, (3.16)

where the bounding constant C' > 0 is independent of m. The detailed proof of (3.16) will be given
in the appendix.

As a result, the ¢(m)th order leading principal submatrix of B(¢(™)(m) can be looked upon as
a perturbation of a symmetric positive definite matrix, which is also congruent to a {(m)-th order
Hilbert matrix. Hence this lemma is proved. 0

For many popular RKDG methods, we do not need to make the above discussion in order to find
out the above important information for each m. The stability performance can be quickly judged
by the following quantity

' — {&T+2(1) — a1 (1) if r s even, (317)

ar11(1), if r is odd,
when it is not equal to zero.

Remark 3.1 Note that &y4+1(1) # 0 for the rth order RKDG methods. Hence 1, # 0 always holds
for odd r. However, it may happen that 1. = 0 for even r. If so, the matrix transferring process for
m =1 is needed. In the following we will not pay more attention to this case.

Proposition 3.4 Assume ¥, # 0. There holds ¢ = |(r +2)/2] and (—1)%, - aé?(l) > 0.
Proof: By means of e* =}, %!zi, it follows from Lemma 2.2 that

p(2) = € + a1 (1)2" T + @ppa(1)272 4+
which also implies

PP (=2) = T+ [e7 + (1) ey (17 + o7 + (—1) 2 ara(1)272 + -
= 1o G (D)7 1 4 [ (1) = Gy (D17 = 12772 4

Comparing this identity with (3.9), we are able to prove this proposition. O

11
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Proposition 3.5 Let my, € Z" be the integer stated in Proposition 3.3, and assume 1, # 0. Then
for odd r we have my = 1, and for even r we have

(/9 1

m, = min {m VAR (& 1)l + Wd7-+1(1)(—1)% > O} . (3.18)

Proof: It follows from Propositions 3.2 and 3.4 that

[(r+1)/2] < p(m) < {(m) = ¢ = [(r+2)/2].
For odd r, this conclusion implies m, = 1 since |(r+1)/2] = |(r+2)/2]. For even r, this also implies
that p(m) > ¢ — 1.
Hence, to achieve p(m) = ¢ = r/2+1 for even r, we only need to ensure det{bg) (m)}o<ij<¢c—1 > 0.
Note that i+ j + 1 > r happens only when ¢ = j = ( — 1. Therefore, in (3.15) there holds EZ(]C) (m)=0

almost everywhere, except

[SIh]

Note that Lemma 2.2 is used at the last step. By the formulation for the determinants of Hilbert
matrices [11], we have

For more details to get this equality, please refer to [37]. We have now completed the proof of this
proposition. O

N3

et Yo = 2o L2 (L0

2l (2¢ —3) \(r+ il * r rr1(D(=1)

Remark 3.2 There holds &,+1(1) = —1/(r + 1)! for the RKDG(r,r, k) method. Proposition 3.5
shows my =1 for r 20 (mod 4), and m, =2 for r =0 (mod 4).

3.2 Stability conclusions

In this subsection we would like to point out three kinds of stability performance for those RKDG
methods satisfying .. # 0.

Following the line of analysis in [37,38], we can have the following extending conclusions. Propo-
sitions 3.3 and 3.1 imply p(m) = ((m) = ¢ for m > m,. Using the relationship (2.10) among the
temporal differences of stage solutions, as well as the weak boundedness of the DG discretization (see
Lemma 2.1), we can conclude for any 0 < i < j < ms that

D (m)u™ [ 2y < Cm)IN T [Di(m)u"|| o) (3.19)

where the bounding constant C'(m) > 0 is independent of n,h,7 and u. This, together with the
Cauchy-Schwarz inequality, yields

TM(C) < |ald (m) + Qu(N) | IIDe (m)u" I3y

where A = |3|7h~! is the CFL number. Here and below Q,,()\) represents a generic polynomial
satisfying @, (0) = 0.

12
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Because the (th order leading principal submatrix of B(¢) (m) is symmetric positive definite, its
smallest eigenvalue, denoted by £(m), is positive. By the previous two conclusions in Lemma 2.1, and
the second inverse inequality in (2.3), we get

1 1
SP() < —gmrBe(m) (0 - 5) S NP s + & 0m)Qum(N) D) 2agyy
0<l<ms—1

where the Cauchy-Schwarz inequality and Young’s inequality are also used. Here the first term on
the right-hand side of SP({) explicitly shows the stability mechanism of the DG discretization.
Summing up the above conclusions, we have

n-rm 2 n n
lolm) 2| [ oy = 02 | < [0 () + Q)| IDelm)u oy, (3:20)
for any m > m,. For more details, please refer to [37,38].

Theorem 3.1 If (—1)l"/21t14y. < 0, the RKDG(s,r, k) method has the strong (boundedness) stability.
That is, there exists an integer my € 2™, such that

Hun”LQ(I) < HUOHL2(]) N

provided the CFL number \ = |B|Th™! is smaller than a certain constant. Moreover, if my, = 1 is
admitted, the monotonicity stability is achieved, namely,

HunHHL?(J) < w2y, 0.

Proof: Since (—1)"/2+14y, < 0, Proposition 3.4 implies aé?(m) < 0. It follows from (3.20) that

e

2 2
"+mHL2(1) < w72

provided A < Apax(m). If m, = 1, this obviously implies the monotonicity stability. If m, > 1,
we take m = my,my + 1,...,2m, — 1, and get the strong (boundedness) stability. We have now
completed the proof of this theorem. 0

Theorem 3.2 If (—1)l"/2+1y, > 0, the RKDG(s,7, k) method has the weak(7y) stability with

v=2|(r+2)/2].

That is, there exists a bounding constant C > 0 depending on the final time T and independent of u,
such that
0
1"l 2y < Cu HLQ(I)’ n 20,

provided that the time step satisfies a strong restriction 7 = O(hY/(=1),

Proof: Since (—1)"/2/41y,. > 0, Proposition 3.4 implies aé? (m,) > 0. It follows from (3.20) that

2

[aO(m*)]2 [ Hun—&-m* 2 HunH%Q(I)] < C(m*))\QC HunH%?(I) )

13
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where the bounding constant C'(m,) > 0 is independent of n, h and 7. An application of Gronwall’s
inequality gives us this theorem for n = 0 (mod m,). Using (3.19) and the triangle inequality, we
can easily see that

Hun+n

HL2(1) < C(ma) [[u" g2y, 0< Kk <me—1,

where the bounding constant C'(my) > 0 is also independent of n, h, 7 and u. We can then complete

the proof of this theorem by collecting the above conclusions. =

In practice, the study on the stability under a suitable CFL condition is extremely important.
For the piecewise polynomials of lower degree, we have the following theorem.

Theorem 3.3 For the RKDG(s,r, k) method, some improved stability holds for the piecewise poly-
nomials of lower degree.

1. There holds the monotonicity stability provided k < |r/2] — 1;

2. There holds the strong (boundedness) stability provided k < |r/2|. If m, = 1 is admitted, the
strong (boundedness) stability is improved to be the monotonicity stability.

Proof: Recalling the result in [38, Theorem 5.1] that the RKDG(ms,r, k) method has the mono-
tonicity stability for & < p(m) — 1, where the jump’s square on element endpoints (the stability
mechanism of the semi-discrete DG method) plays an important role. As a corollary of Propositions
3.1 through 3.3, we can complete the proof of this theorem. 0

Theorem 3.3 implies that the RKDG(s, r, k) method always has the L?-norm stability under a
suitable CFL condition, if » > 2k 4+ 1. It is good for the superconvergence study below.

To conclude this section, the L2-norm stability results for the RKDG(s, 7, k) method [23] are listed
in Table 3.1, where s = r or s = r 4+ 1. They are given by Theorems 3.1 through 3.3.

Table 3.1: Stability results for the RKDG(r, r, k) and RKDG(r + 1, r, k) methods

r (mod 4) 1 2 3 0
stability for £ > 0 | weak(r + 1) | weak(r + 2) | monotonicity | strong, m, = 2
strong for k < |7/2] |r/2] 00 00
monotonicity for k < |7/2] |r/2] 00 |r/2] —1

4 Supraconvergence analysis

In this section we devote to establishing the supraconvergence property of the RKDG method, starting
from the stability result in the previous section. The main tools are the reference functions and the
technique of correction functions at different time stages.

For the convenience of notations, in what follows we would like to use the notation C to denote
those generic constants independent of n, h, 7,u, and U.

4.1 Elemental analysis process

Following [37] we set up an elemental analysis process on the error estimate for the fully-discrete
RKDG method.

14
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4.1.1 A general stability

The stability results in Theorems 3.1 through 3.3 can be extended to the nonhomogeneous problem.
For simplicity of notations, the numerical solution is still denoted by u. Similarly as (2.6), at each
time-marching there holds

(W) = Y {%(unﬁ,u) + rdg [ H (U™, 0) + ( f”’“,v)”, Yo € Vi, (4.1)
0<rk</
for £=0,1,...,5— 1. Here f™* is the given source term.

Along the same line as the discussion for the homogeneous problem, we can easily obtain the
following lemma. To shorten the length of this paper, the proof is omitted.

Lemma 4.1 Under the temporal-spatial condition as stated in Theorems 3.1 through 3.3, there holds

fﬁ,ﬂ

oy < € I o +7 30 37 | » 42

2
L2(1
0<Kk<n 0<l<s (1)

where the bounding constant C > 0 is independent of n, h, T, f, and u.

4.1.2 The reference functions

We now extend the idea in [37] and define a series of reference functions. Below the arguments x and
t may be dropped if it does not cause confusion.

Given an integer o satisfying 0 < o < r, and let U[(;)) = U be the exact solution of (1.1). The
others are inductively defined. Let us assume for the sai(e of argument that the previous reference

), for 0 < k < /¢, have been defined well and expanded in the form

functions U[(:]
[0] Yile]™ 9t :
0<i<min(o,k)

where the parameter 7.('3) has been known. Paralleled to the stage marching of the RKDG(s, r, k)

ilo]
method, we define an auxiliary reference function

7+ (%) )] _ (t+1) i 5i
O = 3 ety = rwpo,ul)| = >0 At (4.4)
0<K<L 0<i<min(o+1,6+1)

where the expansion results from the simple substitution of (4.3). The detailed formulations to

compute the parameter yi([l; J]rl)

the term involving the (o4 1)th order time derivative — if it exists — we define the subsequent reference
function

are omitted here; please refer to [37] for more details. By cutting off

J4 4 ¥
vt = 3 Arau (4.5)
0<i<min(o,¢+1)

Letting ¢ go through the set {0,1,...,s — 2}, we can define all reference functions.

Proposition 4.1 For 0 < /¢ <s—1, there hold fyéﬁ)r] =1 and fyz.([?] = 71‘([?] if 0 <4 < min(o,?).
15
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For the convenience of notations, we denote U[(;]) (z,t) = U(x,t + 7) in this paper. Since Uy €

H"™(T), the exact solution U(z,t) = Up(z — Bt) is smooth enough such that the above reference
functions are all continuous in space, due to the Sobolev embedding theorem [1]. After some manip-
ulations that all Taylor expansions in time are only done up to the (o + 1)-th time derivatives, it is
easy to see that

U = 3 ewly) — rducbo:U) | 4o, 0<t<s -1, (46)
0<k</t

(0)

where Q) are the truncation errors in time, bounded by

) o+1 o o .
HQ[U} Loo(HHD) = C o7 U oo iy ™7 < C MU0l gisory 77, i 2 0. (4.7)

Here L>°(H'(I)) denotes the space-time Sobolev space in which the H?(I)-norm at any time t € [0, T

is uniformly bounded. Actually, there holds gﬁ =0 for / <min(c — 1,5 — 2).

4.1.3 The error decomposition and error estimate

The following compact notations will be used for convenience. Let z™* form a series of solutions at
every time stage, and denote

= 2 [MH S|, 2= 3 daem, (4.8)

0<k<l 0<Kk<t
for any £ =0,1,...,5s — 1, and n under consideration. Also we denote z™* = z"*+1.0,
Denote by e™! = u™* — U™ the stage error, where
Ut =0t = U (@1, 0<e<s—1, (4.9)

is the reference function at each time stage.
Let x™! € V}, be arbitrary series of functions defined at time stages. They will be determined for
different purposes. As the standard analysis in the finite element method, we define

gl =yt -\ eV, and gt = U™ — (4.10)

which implies the error decomposition ™! = ¢™¢ — pt,

Letting t = t" in (4.6), we can get a group of variational forms similar as in the RKDG method.
Subtracting them from each other and using the error decomposition, we can achieve the following
error equation

(€ oy = Y {%(5”,5,@ + Tdg, | H(E™S v) + (Fn,n,v)”, Yo € Vi, (4.11)
0<K<t
for £ =0,1,...,5s—1. Here (F™", v) is the residual functional at every time stage, which is recursively
defined by
dﬂ(Fn,zvv) = (77?’67'0) - H(ngja ) Q[T] ) Z dé/q ‘Fn“€ ) (412)
0<K<b—1
Zmt(v)

(0)

where gﬁﬂ’f = 0] (z,t™), and the summation in (4.12) is equal to zero if £ = 0.
By employing Lemma 4.1 on (4.11), we have the starting point of our estimate. The proof is easy,
so is omitted here.
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Lemma 4.2 Assume that the RKDG (s, r, k) method has the L*-norm stability under suitable temporal-
spatial condition, as stated in Theorems 3.1 through 3.3. Then we have

2 2
€120y < C{ NNy + 7 22 D0 |22 ) (4.13)
0<k<n 0</{<s
where HZ’MH = SUDptyev, ZH7Z(U)/|’U||L2(I), and the bounding constant C > 0 is independent of

n,h,7,u and U.

4.2 The supraconvergence property

In this subsection we carefully take x™ to arrive at the expected order of ||£"| r2(ny and (€21 2, In
the framework of Lemma 4.2.

4.2.1 Two projections

In this paper we employ the L? projection and the generalized Gauss-Radau (GGR) projection [8],
respectively denoted by P, = IP”;L and Gy = Gﬁ- The first one is locally defined, and the second one
is globally defined except when 6 = 1.

If there is no confusion, the superscript & is dropped. For any w € L?(I), the projection P,w € V},
satisfies

/ (Pirw)vder =0, Yoe PHI), j=1,2,...,J (4.14)
I;

where Piw = w — Ppw is the projection error. It is easy to get that [12]
HPWH +h HIP’ﬁwH < ChR||jwllgriyy, 1<R<k+1. (4.15)
LQ(I) Hl(I) - ( ) - -
For any w € H'(T},), the projection Gpw € V}, is defined by

/ (Giw)vdz =0, Vo e PFY(I)), {{Gﬁw}}ﬁ% =0, j=1,2...,J (4.16)
I

J

where Gﬁw = w — Gypw is the projection error. Here H'(7,) denotes the space including all piecewise
H'-functions. The main advantage of the GGR projection is the exact collocation of the numerical
flux on element boundary points. As a result, we have

H(Gitw,v) =0, ve V. (4.17)
Moreover, it is proved in [8] that
1 1 R
HthHng) +h H@thHIU) < CWP|wllgngy, 1< R<k+1. (4.18)

4.2.2 The technique of correction functions

Given any integer p > 0, the pth correction function [2] for any function w € H'(73) is defined by

Fpw = (=GpDy )P (B, — Gp)w € V. (4.19)

17
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Here ]D);1 is the antiderivative in each element, defined by

D, '2(z) = /x z(2')da!, =z € ;. (4.20)

Tj—1/2

Below we present some elemental properties about (4.19), similar as those in [2].
Lemma 4.3 Let 0 < p < k. There exists a constant C' > 0 independent of h and w, such that

1 Fell o) < CHP By — Gl oy, w e HY(TR). (1.21)
As a corollary, Fy is a linear and continuous operator from H(Ty) to Vj,.

Proof: We only need to prove (4.21) for p > 1, since it is trivial for p = 0.
Using the triangle inequality, the approximation property (4.18) of the GGR projection, and the
first inverse inequality in (2.3), we have for any function z € th+1 that

€zl oy < Vel + €52 Ly ) < Welzeen +C Nzl gy < Clzlagy

This, together with the fact that Dglfp,lw € thH, yields
I Fpwll 2y = |‘_GhD;1fp—1wHL2(I) <C|

-1
Dy, }-p—lep([) <Ch H]:p—lep(]) )
where the Holder’s inequality is used element by element at the last step. As a result, we can complete

the proof of this lemma by induction. 0

Lemma 4.4 Let 1 <p <k and w € H(T3). There holds

1. the exact collocation of the numerical flux, namely, {{]:pw}g.?lm =0forj=12,...,J;

2. the recurrence relationship, namely, (Fpw,v;) = (Fp—1w,v) for any v € Vj;

As a corollary of the above results, we have H(Fpw,v) = B(Fp_1w,v) for any v € V.

Proof: By the definition of antiderivative operator, it is trivial to see (]D;l]:p,lw) = 0. Then

an integration by parts yields

/}"p_lwdac:/(—GhDgl)fp_gwda:: —/ ]D)gl}"p_gwdx:/(x—a:j+1).7-"p_gwdx.
I I; I I 2

+
J+1/2

Successively using this identity we have

1
~-lr - 3 B — r—1lr =
(D) p_lw)ﬁ% - /Ij priwde == (p—1)! /Ij . xj+%) owde =0

where the definitions of the two projections are used at the last step since p — 1 < k — 1.

Now we prove two elemental results by using the above statements (Dgl}"p,lw)ﬁl o= 0. The

definition of the GGR projection implies
{Fw} )y = (-CaDy Fpaw} )y = {-Dp ' Fporwd ), =0, (4.22)

and reduces for any v € V}, that
(]:pwvvx) = ((_Ghmgl)}-pflwa Ux) = —(]D);l]:p,lw, Um) = (fpflw,v), (4'23)
where an integration by parts in each element is used. Now we have completed the proof of this
lemma. O
18
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Lemma 4.5 Let 1 <p <k and w € H'(T3). There holds (Fp_1w,v) =0 for any v € th_p.

Proof: Repeatedly applying (4.23), we have (Fp—jw,v) = (Frw, 8];71’“11) = for any v € V,f. This
completes the proof of this lemma. 0

Remark 4.1 The antiderivative operator in this paper is slightly different from that in [2,7]. The
multiplier (hj/2)~1 is dropped in (4.20). This minor modification is very important to correctly yield
Lemma 4.4 no matter whether the mesh is uniform or not.

4.2.3 The supraconvergence of the solution

Let ¢ be an integer satisfying 0 < g < k, to denote the total number of correction manipulations. At
each time stage, in (4.10) we take

Yo = GRU™ — Z Fp(—=0,)PW™E € Vi, (4.24)
1<p<q
where both U™! = U[gﬁ) (z,t") and W™ = U, © )](ZL', t") are the reference functions. The detailed

[min(q,r
definition in subsection 4.1.2 clearly shows that Wt is truncated from U™f. If q = 0, the summation
in (4.24) is understood to be zero and there is no correction manipulation. It is worthy mentioning
that the introduction of W™ is very important to help us obtain the superconvergence results under
a weak smoothness assumption of the exact solution.

Lemma 4.6 Assume 7/h is upper bounded by a constant. With the choice (4.24), we have

-

‘ <C HU0||Hmax<k+q+2,r+1)(I) (hk+q+1 +77), (4.25)
for£=0,1,...,s — 1, where the bounding constant C > 0 is independent of n, ¢, h,7,u and U.

Proof: Substituting (4.24) and (4.10) into the definition of Z™(v), we have Z™*(v) = > 0<p<q Z;,L’Z(v),
where

nt
25" (v)

(Gﬁ U, v) —H (Gﬁ U, v) - (g’[":f : v) :

(Fo(=0y Wt o) = H(Fp(=0 Wi v), 1<p<a.

n,l
Zy(v)

Note that the term Zg’g(v) does not exist if ¢ = 0. Owing to (4.17), it follows from Fy = G — Py
and the definitions of the two projections that

Zg’z(v) = (J—‘bUgl’Z,’U) - (Qﬁ’f,v).
Applying the last conclusion in Lemma 4.4 for the second term in 2, ’g(v)7 we get
2t 0) = (Fo(= 0w, v) = B(Fpa (0., Wi o)
= (P Wt o) = (Fpa (~0) Wt 0} + (Fypoa (<020 0l )

for 1 < p < g, where the equality (4.6) with o = min(q,r) is used.
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Denote Vcn’Z =Ul £ we £ Summing up the above identities we have
n n n n,l n,fl
2 (0) = (Fy=0) W ) + (FoVho) + OE 1 (P00 efitimyov) = (e 0).
<p<q-—

which implies

HZnZ

< o

e

L2(1)
+ > Hf ) ()

0<p<g—1

12(1)
(4.26)

nL
]

L2(I) + ’ L2(I)

Below we are going to separately estimate each term on the right-hand side.
Recalling that 7(()?7] =1land ) (..ycu =1hold for £=0,1,...,5—1. As a result, W(?’Z can be
split into two kinds of terms, say,

~(0) i1 n yntt —gn
W:’f = Z yi(Z)Tz_l@;U”, and Wc,ée =—

-
1<i<min(q,r)

where %(Z) are some known constants. Note that the term ch ’28 emerges only for £ = s—1. Successively

applying Lemma 4.3 and the approximation property of the two projections, we get

| Fa-onyw

’ , SO D |0 Gn) (=02) 10U | 1oy
L2(I 1<i<min(gq,r)

S Chq Z Z lhk+2 ¢ H qatUn
1<i<min(q,r)

< CHMY 1 Uo || picsarary »

[P

since U(z,t) = Up(x — Bt) and 7/h is bounded. Similarly, we have

tn+1

< Chir! - —0q)*
oy S ORI /t 1Py — Gi) (—00) 70U (0, )| 2y dt (428)

< OB [ Uo | grievara ) -

qu(—a s

Note that Vcn’g comes from the cutting-off manipulation of reference functions. If ¢ > r, it is trivial

to see that VY = 0 and hence H]:chn’e = 0. Even if ¢ < r, noticing Proposition 4.1, along the

‘LQ(I)
same line as for (4.27) we can get

Hfch"’Z e ¢ Yo 7@ = GRRU|
q+1<i<r
<cC Z Tiflhma"(’”qﬂ%’l)HﬁfU"HHmax<k+q+zfi,1>(1) (4.29)
g+1<i<r

< Chktatt [Uo|| rmaxce+atz.r1) (1) -

For 0 <p < g —1, we can similarly get

< ChPpit1-p H (=02)” Ofrin(an)

o P ’VL,Z
H'Fp( a:c) Q[min(qr)] L2(I) ‘H’”l*p(l) (430)

< CRPRHPP ) U | isminany vy < CRETH RS+ 77) [ Uol| gricsasa )
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where (4.7) is used at the second step. Also (4.7) implies

Summing up the above inequalities, we have completed the proof of this lemma. 0

n,

21

< T ” . 4.31
2 < C7" ||Uoll grrs1(py (4.31)

Theorem 4.1 Suppose the time step is taken to ensure the L?>-norm stability of the RKDG(s,r, k)
method, as stated in Theorems 3.1 through 3.3. For any integer q satisfying 0 < q < k, let

W =Gylo— > Fp(—0:)To (4.32)

1<p<gnt

be the initial solution of the RKDG method, where qu is an integer satisfying g — 1 < qn < k. Then
we have

1€71 2y < C NVl gmantisararn (g (BFH9H 477, (4.33)

where the bounding constant C > 0 is independent of n, h,7,u and U.

Proof: As a corollary of Lemmas 4.2 and 4.6, we have completed the proof of this theorem since

HgoHLQ(T) < Z pr(_ar)pUOHL?(I) = Z ChPpf+Itar ||U0HHp+k+1+q—p(1)
q<p<k a<p<k (4.34)
< ORI U [| gpisaa -

At the second step, we have used Lemma 4.3 and the approximation properties of the two projections.
|

Remark 4.2 Taking g = k in (4.33), the highest supraconvergence order 2k + 1 in space is achieved
for the solution. It will be verified by the numerical experiments.

4.2.4 Supraconvergence with respect to the derivative
Directly applying the first inverse inequality in (2.3), we can easily obtain from Theorem 4.1 that
1€ L2 (ry < C 10| rmaxtrrarersn gy (R + BT,

It seems that one order of accuracy is lost in both space and time. However, the numerical results do
not show this phenomenon. In the following lemma we give a theoretical support.

Theorem 4.2 Suppose the time step is taken to ensure the L?-norm stability of the RKDG(s,r, k)
method, as stated in Theorems 3.1 through 3.3. For any integer q satisfying 0 < q < k, let (4.32) be
the initial solution of RKDG method with q < qnt < k. Then we have

1€ 21y < C U0l rmastisasarsa gy (REFIH 4 77), (4.35)

where the bounding constant C > 0 is independent of n, h,7,u and U.
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Proof: Let Il = —pBU,. Obviously, it satisfies the auxiliary problem
I; + B, =0, zelI=(0,1), te(0,T], (4.36)

which is equipped with the periodic boundary condition and the initial solution II(x,0) = Iy(z).
For any function w € V4, there exists a unique function w € Vj, such that (w,v) = H(w,v) holds
for any v € V},. Define
w = Hpw.

It is easy to see that Hj, is a linear map from V}, to itself.
Let @™ = Hpu™t. Tt follows from (2.6) that u™*! = > o<w<elCostt™" + Tdp ™). Making a
left-multiplication of Hj, yields

(,an,e-i-l’ ’U) = Z {Cgm(anﬁa U) + TdZnH(an’Hv ’U) ) = 07 ]-7 sy ST 1a (437)
0<Kr<t

for any n under consideration. This can be viewed as the RKDG(s, r, k) method to solve (4.36), with
the initial solution %% = Hpu". Along the same line as that for Theorem 4.1, we have

3
The main difference comes from the initial solution. Here

~ - n,l n,l
é—n,é — un,f — G + Z fp(_ax)pn[min(q,r)] € Vy, (439)

[7]
1<p<q

p=Cle

+ C |[To| grmaxtetaszariny gy (BT 4 77). (4.38)

L2( L2(I)

is analogously defined as for £"*, and the including reference functions are defined along the same
way as that in subsection 4.1.2.
Due to the initial setting 4° = Hju?, a tedious manipulation yields

¢

The detailed process will be given in the appendix. .
To finish the proof of this theorem, we need to set up the relationship between £ and £". By the
definition of £™¢, we know that

D (1)€" = Dy (1" — Gy, (D1(1)Ug;]) + 3 Fy(-0.) (D1(1)U§mn(m]) . (4.41)
1<p<q

By (2.10) there holds Dy (1)u™ = 7Hpu™ = 7u™. By the definition of the reference functions (see
subsection 4.1.2) we have Dy (1)U, = —7pU; and Dy(L)Up oy = —7BU; for ¢ > 1. A comparison
with (4.41) and (4.39) yields for ¢ > 1 that

TID (1) = €n. (4.42)

< ChFtita 1Uoll gr+a+2(r) - (4.40)

L2(1)

In fact, this conclusion also holds for ¢ = 0, because both summations in (4.41) and (4.39) vanish at
this status. Substituting the identity (4.42) into the error equation (4.11) with ¢ = 0, we have

H(E™,v) = (E",0) — dog 2™0(v), Vv € V. (4.43)
It follows from [36, Lemma 2.3] that

n n n,0
1€ 2y < C ‘ |y T € 12| - (4.44)
Together with (4.38), (4.40) and Lemma 4.6, this completes the proof of this theorem. 0O
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Remark 4.3 Taking g = k in (4.35), the highest supraconvergence order 2k + 1 in space is achieved
for the derivative of solutions. It will be verified by the numerical experiments.
5 Superconvergence analysis at discrete points

In this section we devote to establishing the superconvergence results on some discrete points, based
on the supraconvergence analysis in section 4.
5.1 Notations and conclusions

Let L;(z) be the standard Legendre polynomial of degree i on the reference element [—1,1], and thus
Lji(x) = Li(%) = Li (2(x — 2;) /hy) , i 20,

is the Legendre polynomial of degree i in I;, which is scaled from L;(Z).
Associated with the mesh and the upwind-biased parameter, we are able to seek a group of
parameters {0);}1<j<s by the following system of linear equations

ORN05 + (—1)F(1 = )Rl 00 = ol — (—1)F(1 - o)nEH, (5.1)
where j = 1,2,...,J. The existence and uniqueness can be verified since the determinant is not equal

to zero, due to € # 1/2. Similar system has been discussed in [8]. Then the parameter-dependent
Radau polynomial of degree k + 1 is defined element by element, namely,

Rj1(x) = Ljps1(x) —9;Lik(x), @ €lj. (52)

L
i
Almost the same as that in [2, Lemma 3.1], we have n? =k+1if |9;] <1, and nf‘ = k otherwise.
R

v — 1.

j

Its roots in I; are denoted by r;; for 1 <14 < n})‘, and its extrema in I; are denoted by [;; for 1 <i < n

By Rolle’s theorem, we know n? >n

Remark 5.1 When the purely upwind fluz (0 = 1) is used, there always holds ¥; = 1 and hence
Rjk+1(x) is the right Radau polynomial in each element. When the upwind-biased flux (6 # 1) is
used together with the uniform mesh, we have

0 — (—1)*(1 — 6)

Y= o CRi=0)

0.

However, it may happen ¥; < 0 for the upwind-biased flux coupled with the non-uniform mesh. To
show that, we give a numerical example in Table 5.1, where the non-uniform mesh is obtained by
random perturbations of a uniform mesh with J elements.

Table 5.1: The proportion of ¥; < 0 for the upwind-biased flux coupled with the non-uniform meshes:
k=2and 0 =0.75.

J =1000 | J=2000 | J=4000 | J=8000 | J= 16000
10% perturbation 9.318% 9.022% 9.199% 9.085% 9.139%
20% perturbation | 25.513% 25.477% 25.449% 25.510% 25.471%
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Four types of discrete point sets are considered in this section. The first two sets are for the
element boundary points and the element midpoints, respectively denoted by

SE:Fh:{ijr%,lgng}, SP={z;,1<j<J} (5.3)

where z; = (7;_1/2 + Tj41/2)/2 is the central point in I;. The other two sets are for the roots and
extrema of the parameter-dependent Radau polynomials (5.2), namely,
Sp={rj:1<j<J and1<i<n}}, Sy={lij:1<j<J and1<i<n;}. (5.4)

Below the following notations are used. For any given function z, define discrete norms

2 2

1 9 _ 1 _
3 ey = |5 22 WAL o Wl = |5 2 &P

1<j<J 1<j<J
where z; is the cell average of z in I;. Similarly, we define the discrete norm
1
2

1 1
Iz =5 22 | 2o 120

1<) \ ' 1<i<nl

Similarly for ||z|| L2(SL)- Now we are ready to present the superconvergence property in the next
theorem.

Theorem 5.1 Assume that the RKDG (s, r, k) method has the L?-norm stability under suitable temporal-
spatial condition, as stated in Theorems 3.1 through 3.3. Let e" = u™(xz) — U(x,t") be the numerical
error at each time level.

1. Let (4.32) be the initial solution with k —1 < qny < k, then the numerical fluxes and the cell

averages are superconvergent, namely,

18"} 25y + 1e"lizgsey < C 100l gmsscanszrins gy (254 +77).

2. Let (4.32) be the initial solution with 0 < gy < k, then the solution is superconvergent at the
roots of the parameter-dependent Radau polynomial, namely,

le™ N L2smy < C 1ol grmasssren gy (R*F2 +77),

and the derivative is superconvergent at the extrema of the parameter-dependent Radau polyno-
mial, namely,
k+1
lezlz2 sty < C MUl gmaxcirsrin gy (7T + 7).

Note that the above bounding constant C' > 0 is independent of n, h,7,u and U.

In the next subsections we are going to prove this theorem based on the previous supraconvergence
results. Before that, we give here two remarks to conclude this subsection.

Remark 5.2 Theorem 5.1 indicates that the fully-discrete RKDG scheme preserves the superconver-
gence properties of the semi-discrete DG method. In order to not destroy the superconvergence order
in space, we have to use Runge—Kutta time-marching of enough high order. Numerical experiments
in section 7 will verify this statement.

Remark 5.3 Theorem 5.1 shows the superconvergence orders in the discrete L?-norm. However,
numerical experiments indicate the same order in the discrete L°°-norm. How to fill in this gap is
left for the future work.
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5.2 Superconvergence results on the average and the numerical flux

Now we take ¢ = k in (4.24), and get

£} = {¢"39 —{GrU"3 D — Y {F (-0 U} = {3 ®

1<p<k

due to the definition of the GGR projection (4.16) and the first property in Lemma 4.4. Applying
the second inverse inequality in (2.3) and Theorem 4.1 we have

€™} 252y < CUE N z2(r) < C 10 pmaxcarsaan oy (B 477). (5.5)
Analogously we have

= -GU — 3 F0707 = &~ (=0T,

1<p<k

due to (4.16) with v = 1 and Lemma 4.5. Applying the triangle inequality and the Holder’s inequality,
we obtain

12" z2(s2) < ClIE" 2y + € | Fa =00t U

2([) S C ||UD ”Hmax(2k+2,7"+1)([) (h2k+1 "‘ TT). (56)
At the last step, Theorem 4.1 is used for ||£"|] L2(1) and Lemma 4.3 and the approximation properties of

the two projections are used for H}"k( ox)kun . We have now proved the first superconvergence

HLz
results stated in Theorem 5.1.

5.3 Superconvergence results on the solution and derivative

To do that, we define a local projection with respect to the parameter-dependent Radau polynomials.
This work is almost the same as that in [2], with a minor modification.

Let w € H'(T3) be any given function. The projection Cpw € V}, is defined element by element.
It depends on whether ¥; is equal to zero or not. If ¥; # 0, it satisfies [2]

/ (Chwypde =0, Yo e PNL), and 6;(Chu)-,, +(1-0)Cho)! , =0, (57)

_1
. 2 2
I J

where 0; = (0; +1)/2 for even k, and 6; = (19]-_1 +1)/2 for odd k. If ¥; = 0, it is just defined by the
standard L2-projection P,w in this element. Here (Cﬁw = w — Cpw is the projection error.
The projection Cpw is well-defined. By the standard scaling argument, together with the Sobolev
embedding theorem and the Bramble-Hilbert lemma, we can easily prove that
1L 1L R
HccthLzm +h H(CthHl(I) < ChR |wlygngy, 1<R<k+1, (5.8)

no matter whether 9J; = 0 or not.

Lemma 5.1 There exists a bounding constant C > 0 independent of j, hj and w, such that

k+3
Crw(rig)| + hs | (Cirw)aig)| < OS2 ol gasagr, - (5.9)
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Proof: Along the same line as that for (5.8), we can prove this lemma by verifying Ci-w(r;;) = 0
and (Citw),(l;;) = 0 for any w € PE1(1;). Since Citw = 0 holds for any w € P*(I;), we only need
to show

ChLjper = 9;Ljx. (5.10)
If ¥; = 0, it is obviously true since C;, = Pp,. If 9; # 0, it has been clearly proved in [2]. This

completes the proof of this lemma. 0

Lemma 5.2 There exists a bounding constant C' > 0 independent of h and w, such that
IGhw — Crwll 2(ry < CHM*2 |[w]| sy - (5.11)

Proof: The proof is postponed into the appendix. O

Lemma 5.3 There exists a bounding constant C > 0 independent of h and w, such that
IGHwlr2spy + A GRw)all 2 (spy < CRE2 lwll sy (5.12)

Proof: Since the mesh is quasi-uniform, we have J~! = O(h). Due to the third inverse inequity in
(2.3), there is a bounding constant C' > 0 independent of h and w, such that

2

1
lwllizaspy =€ |5 o lwlizegy| < Cllwlzgy, we Vi (5.13)
1<j<T

This implies |Cpw — th’”L?(S,ff) < Cl|Cpw — Gpw||2(py- An application of the triangle inequity
reduces

IGHwl 25y < lw — Crwllaqsmy + IChw — Crewl gasy < CH Jal sy

where Lemmas 5.1 and 5.2 are used for each term at the last step. The remaining part can be proved
similarly, the details are omitted here. =

Now we turn to prove the second conclusion in Theorem 5.1. Taking ¢ = 1 in (4.24), we have
el sty < I€™ sty + NGHU lzaqsp + I3 (=000 sy
Using the inequality (5.13), together with Theorem 4.1 and Lemma 4.3, we obtain
1€ 258y < CNIE™ 2y < OB +77) |Vl pramssciarsn 1
IF1(=00) Ul p2(spy < O IF1(=82)U" | 2y < CH*2 Ul ey »

where the approximation property of the two projections are also used. It follows from Lemma 5.3
that
1 k+2 k+2
IGHU™ z2gsmy < CHE* U™ yuca(ry < CR2|Up sy

Collecting up the above conclusions, we prove the estimate for [|e"[| 2 sky in Theorem 5.1.
Along the similar line as before, we can bound [leZ |2 sty by using Theorem 4.2 with ¢ = 0. We
have now completed the proof of Theorem 5.1.
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Remark 5.4 Under the stronger smoothness assumption on the exact solution, there holds
[Cirw(rsy)| + by [ (Chw)all)| < CHE2 ollyrsamry

and so on; see [2] for more details. These are beneficial for obtaining the superconvergence order in the
discrete L>*°-norm for the semi-discrete DG method. However, it is difficult to get the expected order
for the RKDG method. If the third inverse inequality in (2.3) is used, an unsatisfying boundedness
like h=Y27" will emerge. We plan to address this difficulty in future work.

6 Byproduct: accuracy-enhancement of the post-processed solution

In this section, we consider the smoothness-increasing accuracy-conserving (SIAC) filter to obtain
superconvergence of a post-processed solution. Following [17], the filter on a uniform mesh is imple-
mented by the convolution of the numerical solution with the kernel function

1 x

2k+1,k+1 2k+1,k+1 (k

K i @ = - Y g P (2 - 1), (6.1)
—k<t<k

where p**1) i the B-spline function of order k + 1. The coefficients czkﬂ’kﬂ are taken to ensure

that the kernel function reproduces polynomials of degree 2k by convolution.

Theorem 6.1 Assume that the RKDG(s,r, k) method has the L?-norm stability under suitable temporal-
spatial condition, as stated in Theorems 3.1 through 3.3. Furthermore, the mesh is uniform and
Mt =T. Let (4.32) be the initial solution with k — 1 < qn < k, then

HUM _ K}%k-‘rLk-‘rl *’U/MHLQ(I) < C ||UO||Hmax(2k+2,r+1)(1) (h2k+1 4 7_7‘)’ (62)

where the bounding constant C > 0 is independent of h,T,u and U. Here * denotes the convolution.

Proof: For the obtained numerical solution u™ , the post-processed solution satisfies the well-known
conclusion [17]

M 2k+1k+1 M 241 (|77 M ¢ M
| - K3 x| vy < OO gy +© 3 ke HH%M(D . (63)
0<e<k+1
where the bounding constant C' > 0 solely depends on k. Here the negative norm is defined as
D, w
lwll -y = sup ( ) ; (6.4)

vece () 1Pl g1 (ny

and 8fLeM is the fth order divided difference of the numerical error.

In the following analysis, the divided differences will play important roles. To be more clear, we
would like to quickly introduce its definition and recall some essential properties [27] about it. Let w
be any piecewise smooth function on 7. The divided difference is recursively defined by

O w(x) = bt [a,ﬁ*lw(:g +h/2) — 0wz — hy2)]

for ¢ > 1, where dYw(x) = w(z). By Holder’s inequality, one can see that

<‘8€w

H@ﬁw‘ 2y — I

HLZ(I)'
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If w and v are periodic, there holds
(Ofw,v) = (~1)(w, Ofv), £ 0. (6.6)

Furthermore, it is easy to see that 8}4; commutes with many operators, like Gy, 0., and F,. Finally,
it is worthy pointing out that the above manipulations in this section should be understood on the
correspondingly shifted meshes.

According to (6.3), it is sufficient to prove this theorem by showing for any ® € C5°(I) that

(0he,®) < C[Uoll mascaisarrn gy B4 +77) [l ey, 0SL<h+1 (67)

For simplicity of notations, the superscript M is dropped below. This purpose can be implemented
with the help of the previous superconvergence results. Recalling the definitions (4.10) and (4.24)
with ¢ = k, we have the decomposition (0fe, ®) = (97¢,®) — (9in, ®). By (6.6) and (6.5) we have
(046 9) = (~1)!(€.049) < Il z2(r) @i sy Homee

(03¢, ®) < O 4+ 77) | Uo|l grmantaicrzcrsny gy 1@l s 1y » (6.8)
due to Theorem 4.1. By the definition of the correction function, we get the decomposition

(Ohn, ®) = (RGRU, )+ Y (9hFp(—0:)"U, ®) + (05 Fn(—0:)"U, @).
1<p<k—1

Below we are going to separately estimate the three terms on the right-hand side.
The GGR projection implies (95Gi-U, ®) = (Gi£9LU, @) = (Gj-0LU, & — Py~ '®), where P} is
the local L2-projection onto thfl. The approximation properties of the two projections lead to

L 2k+1 14 2k+1
@4GU, @) < oW o] 1@l < OO I ey 1@l (69)

Below we assume k£ > 2 such that the second term exists; otherwise, it vanishes. Depending on /¢, we
split the summation index into two sets. There is no harm in assuming 1 < p < min(¢,k — 1). By
using (6.6), the commutative property, and Lemma 4.5, we have

(ORFp(=00)PU, @) = (=1)P (9, P Fp(=00)PU, 0 ®) = (—1)P(Fp(—0,)"0;, "U, 0} )
= (—1)P(Fp(—0,)P0 PU, P D — PE PP D).
Then Lemma 4.3, the approximation property of the two projections, and (6.5) lead to

(04 F,(~0.°U, @) < Chr - 14+ [lof 70| N[0

Hk+1+17(1)
< CH U gacen gy 19l gy -

Along the same line we can get the same boundedness for ¢ < p < k — 1. Hence

Z (0hFp(—0.)PU, @) < CH** U grzrszry [ gy - (6.10)
1<p<k—1

Similarly, the third term can be bounded in the form
(0hFi(=02)"U, @) = (=1)"(Fr(~0:)"U, 0},®)

(6.11)
< ORI U v oy (042, ) < ORI vy 1@ sy

Collecting up the above estimates and noticing that U = Uy(x — 8T'), we can obtain (6.7) and
then prove this theorem. =
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Remark 6.1 Theorem 6.1 requires a special setting on the initial solution, which is inherited from
the supraconvergence study. In practice, the L?-projection setting (not included in this theorem,) still
works well to obtain the accuracy enhancement; see the numerical experiment below.

Remark 6.2 Theorem 6.1 provides a small relazation on the regularity assumption of the exact
solution. In this paper we only demand Uy € H*+2(I) N H™ (1), which is slightly weaker than the
usual assumption Uy € H?***3(I) for the semi-discrete method [17].

7 Numerical experiments

In this section, we provide some numerical verification. To this end, we carry out the RKDG(r,r,2)
method with the upwind-biased parameter § = 0.75, to solve the model problem (1.1) with 8 =1 and
T = 1. The non-uniform meshes, obtained by a random perturbation of the equidistance nodes by
at most 10%, are used except for the post-processed solutions. The time step is 7 = 0.2hyin, where
Amin is the minimum of all element lengths.

With different degree k, and/or the different upwind-biased parameter 6, the numerical experi-
ments are very similar. Limited by the length of this paper, we only present the data for the case
mentioned here.

Example 7.1 We take Uy = sin(27wx), which is infinitely differentiable.

In Table 7.1, we list the superconvergence results on the solution and derivative at the roots and
extrema of the parameter-dependent Radau polynomials. The error and convergence order in the
discrete L2-norms, ||| L2(sw) and lexllr2¢ 5Ly, are shown. As a comparison, the error and convergence
O .

order in the discrete L°-norms, H|6WLOQ(S’13) and | e, |||LOO(S}LL), are also given. The initial solution u” is

taken to be (4.32) with ¢n = 1 and ¢nt = 0, respectively. The min(k + 2,r)-th order is observed for
the solution, and the min(k + 1,7)-th order is observed for the derivative. This verifies the second
conclusion in Theorem 5.1.

In Table 7.2, we present the superconvergence results on the average and the numerical flux.
Similarly, the discrete L? norms and the discrete L norms are given. The initial solution u° is taken
to be (4.32) with g,y = k and ¢u = k — 1, respectively. The expected min(2k + 1,r)-th order is
observed for the two initial settings. This verifies the first conclusion in Theorem 5.1.

In Table 7.3 we investigate the supraconvergence results with different initial settings. To do that,
we take u to be (4.32) with three parameters gp.

o For gy = k, the expected min(2k + 1,7)-th order is observed for ||| ,2(;) and [|€|| 2y, Which
verifies Theorems 4.1 and 4.2. Note that [[{sal/;2(;) does not keep the same order. When
7 becomes large enough, the reduction of one order is observed for ||{zz| 2(;), which can be
explained by the inverse inequality.

e The expected order is not achieved for |[[|;2;) when gne = k — 2, and for |[& || 2¢;) When
gqnt < k — 1. This verifies that it is sharp for the requirement on ¢,; in Theorems 4.1 and 4.2.

In Table 7.4, we give the numerical results on the accuracy enhancement of the post-processed
solutions, where u" is taken to be (4.32) with ¢ = k. As an example out of the assumption of
Theorem 6.1, we also take u® to be (4.32) with g, = 0 (i.e., the GGR projection) or the L? projection
of Up. The convergence order min{2k + 1,7} is observed for all cases, indicating that the result in
Theorem 6.1 is correct but not sharp.
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Table 7.1: Example 7.1. Superconvergence results on the solution and derivative.

=1 J el 2 s, el o= o) leallzzst,) el e st
1000 1.89E-10 2.79E-10 1.20E-08 7.30E-08
2000 2.45E-11 2.95 | 3.53E-11 2.98 1.41E-09 3.09 | 7.97E-09 3.19
r=3 4000 2.98E-12 3.04 | 4.23E-12 3.06 1.71E-10 3.04 1.12E-09 2.83
8000 3.73E-13 3.00 | 5.30E-13 3.00 | 2.11E-11 3.01 1.33E-10 3.07
16000 | 4.62E-14 3.01 | 6.54E-14 3.02 | 2.68E-12 2.98 | 1.83E-11 2.87
1000 1.83E-12 8.22E-12 1.05E-08 5.02E-08
2000 1.20E-13 3.94 | 6.85E-13  3.59 1.39E-09 2.91 7.76E-09  2.69
r=4 4000 7.31E-15 4.04 | 5.48E-14 3.64 1.69E-10 3.05 1.14E-09 2.77
8000 4.60E-16 3.99 | 3.38E-15 4.02 | 2.12E-11 2.99 | 1.43E-10 2.99
16000 | 2.90E-17 3.99 | 2.17E-16 3.96 | 2.68E-12 2.98 | 1.79E-11  3.00
1000 1.90E-12 8.44E-12 1.10E-08 5.10E-08
2000 1.16E-13  4.03 | 6.26E-13 3.75 1.33E-09 3.05 | 7.25E-09 2.81
r=>5 4000 7.35E-15 3.98 | 4.03E-14 3.96 1.70E-10  2.97 | 9.23E-10 2.97
8000 4.63E-16  3.99 3.28E-15 3.62 2.14E-11 2.99 1.38E-10 2.74
16000 2.92E-17  3.98 2.51E-16 3.71 2.72E-12 2.98 2.12E-11 2.70
1000 1.91E-12 1.00E-11 1.11E-08 5.84E-08
2000 1.18E-13 4.02 | 7.79E-13  3.69 1.36E-09 3.03 | 8.65E-09 2.75
r==~6 4000 7.29E-15 4.01 4.17E-14  4.22 1.68E-10 3.01 9.12E-10 3.25
8000 4.60E-16  3.99 3.51E-15 3.57 | 2.12E-11 2.99 1.49E-10 2.62
16000 | 2.88E-17 4.00 | 2.35E-16 3.90 | 2.66E-12 3.00 | 1.94E-11 2.94
=0 J el 2 s, el o= o) leallzzst,) el e st
1000 1.96E-10 2.89E-10 1.12E-08 6.70E-08
2000 2.40E-11 3.03 | 3.48E-11 3.06 1.39E-09 3.02 | 8.61E-09 2.96
r=3 4000 2.98E-12 3.01 4.24E-12 3.03 1.74E-10 2.99 1.14E-09 2.91
8000 3.71E-13 3.01 | 5.27E-13 3.01 | 2.16E-11 3.01 1.53E-10  2.90
16000 | 4.61E-14 3.01 | 6.54E-14 3.01 | 2.70E-12 3.00 | 1.87E-11 3.04
1000 1.96E-12 1.16E-11 1.14E-08 6.00E-08
2000 1.19E-13 4.03 | 7.46E-13  3.96 1.39E-09 3.04 | 8.18E-09 2.88
r=4 4000 7.27TE-15 4.04 | 4.85E-14 3.94 | 1.67E-10 3.06 | 9.84E-10 3.06
8000 4.62E-16  3.98 | 3.84E-15 3.66 | 2.13E-11 2.97 | 1.57E-10 2.65
16000 2.88E-17  4.00 2.19E-16  4.13 2.66E-12 3.00 2.03E-11 2.95
1000 1.93E-12 8.61E-12 1.13E-08 5.24E-08
2000 1.14E-13  4.08 6.47E-13 3.73 1.30E-09 3.12 7.42E-09 2.82
r=>5 4000 7.52E-15 3.92 | 5.59E-14 3.53 1.75E-10 2.90 | 1.13E-09 2.72
8000 4.58E-16 4.04 | 2.74E-15 4.35 2.11E-11 3.05 1.48E-10 2.94
16000 2.87E-17  4.00 2.53E-16 3.44 | 2.65E-12 3.00 2.04E-11 2.86
1000 1.91E-12 1.34E-11 1.11E-08 7.20E-08
2000 1.18E-13 4.02 | 8.20E-13 4.03 1.35E-09 3.03 | 8.81E-09 3.03
r==6 4000 7.37TE-15 4.00 4.81E-14  4.09 1.70E-10 2.99 1.06E-09 3.05
8000 4.55E-16  4.02 | 3.80E-15 3.66 | 2.09E-11 3.02 1.53E-10 2.79
16000 | 2.88E-17 3.98 | 2.35E-16 4.01 | 2.66E-12 2.98 | 1.95E-11 2.98
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Table 7.2: Example 7.1. Superconvergence results on the numerical flux and average.

=k | I | HFPlpagsp) | M Plio(sny | Nellzzse, el e s
1000 1.92E-10 2.71E-10 1.92E-10 2.71E-10
2000 2.44E-11  2.97 | 3.45E-11 2.97 2.44E-11 2.97 | 3.45E-11 2.97
r=3 4000 2.98E-12 3.03 | 4.21E-12 3.03 2.98E-12 3.03 4.21E-12 3.03
8000 3.72E-13  3.00 | 5.27E-13 3.00 3.72E-13  3.00 | 5.27E-13  3.00
16000 | 4.60E-14 3.02 | 6.51E-14 3.02 4.60E-14 3.02 | 6.51E-14  3.02
1000 3.90E-14 5.51E-14 3.95E-14 5.77TE-14
2000 2.40E-15 4.02 3.39E-15 4.02 2.42E-15 4.03 3.48E-15  4.05
r=4 4000 1.53E-16 3.97 | 2.17E-16 3.97 1.54E-16 3.97 | 2.19E-16 3.99
8000 9.35E-18  4.03 1.32E-17 4.03 9.37TE-18 4.04 | 1.33E-17 4.04
16000 | 5.85E-19 4.00 | 8.27E-19 4.00 5.85E-19 4.00 | 8.30E-19 4.00
1000 3.62E-15 5.12E-15 3.69E-15 5.63E-15
2000 1.13E-16 5.00 | 1.60E-16 5.00 1.15E-16  5.00 1.79E-16  4.97
r=>5 4000 3.51E-18 5.01 | 4.97E-18 5.01 3.58E-18 5.00 | 5.66E-18 4.99
8000 1.11E-19 4.99 1.57E-19 4.99 1.13E-19 4.99 1.79E-19  4.98
16000 3.45E-21 5.00 | 4.88E-21 5.00 3.52E-21 5.00 5.64E-21 4.99
1000 3.65E-15 5.16E-15 3.72E-15 5.79E-15
2000 1.14E-16  5.00 1.61E-16 5.00 1.16E-16  5.00 1.87E-16  4.96
r==6 4000 3.54E-18 5.01 5.01E-18 5.01 3.61E-18 5.01 5.79E-18 5.01
8000 1.11E-19 5.00 | 1.57E-19 5.00 1.13E-19  5.00 1.80E-19 5.01
16000 | 3.47E-21 5.00 | 4.91E-21 5.00 3.54E-21 5.00 | 5.57E-21 5.02
Gu=h—1] J | HeFOUeen) | M Olegsn | Flzsp el o s
1000 1.89E-10 2.67E-10 1.89E-10 2.67E-10
2000 2.45E-11 2,94 | 3.47E-11 2.94 2.45E-11 2.94 | 3.47E-11 2.94
r=3 4000 2.98E-12 3.04 | 4.21E-12 3.04 2.98E-12 3.04 | 4.21E-12 3.04
8000 3.73E-13  3.00 | 5.27E-13 3.00 3.73E-13  3.00 | 5.27E-13  3.00
16000 | 4.62E-14 3.01 6.53E-14 3.01 4.62E-14 3.01 | 6.53E-14 3.01
1000 3.95E-14 5.62E-14 4.01E-14 5.77TE-14
2000 2.41E-15 4.04 3.41E-15 4.04 2.42E-15 4.05 3.47E-15  4.06
r=4 4000 1.49E-16 4.02 2.11E-16 4.02 1.49E-16  4.02 2.12E-16  4.03
8000 9.29E-18  4.00 1.31E-17 4.00 9.31E-18  4.00 1.32E-17 4.01
16000 | 5.81E-19 4.00 | 8.22E-19 4.00 5.82E-19 4.00 | 8.24E-19 4.00
1000 3.70E-15 5.26E-15 3.67E-15 5.33E-15
2000 1.14E-16 5.01 1.64E-16 5.00 1.14E-16 5.02 1.66E-16 5.00
r==5 4000 3.61E-18 4.99 | 5.21E-18 4.98 3.59E-18 4.98 | 5.29E-18 4.97
8000 1.12E-19 5.01 1.61E-19 5.01 1.12E-19 5.01 1.65E-19 5.00
16000 | 3.52E-21 5.00 | 5.07E-21 4.99 3.50E-21 4.99 | 5.19E-21 4.99
1000 3.73E-15 5.34E-15 3.71E-15 5.41E-15
2000 1.15E-16  5.02 1.66E-16 5.01 1.14E-16  5.02 1.69E-16  5.00
r==6 4000 3.58E-18 5.00 5.12E-18 5.02 3.56E-18 5.00 5.24E-18 5.01
8000 1.12E-19 4.99 1.62E-19 4.99 1.12E-19 4.99 1.65E-19 4.98
16000 | 3.51E-21 5.00 | 5.05E-21 5.00 3.49E-21 5.00 | 5.19E-21 5.00
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Table 7.3: Example 7.1. Supraconvergence results.

gnt =k J H§||L2(1) ||meL2(1) HSWHLQ(I)
1000 1.92E-10 1.20E-09 7.57E-09
2000 2.44E-11  2.97 | 1.53E-10 2.97 | 9.63E-10 2.97
r=3 4000 2.98E-12 3.03 | 1.87E-11 3.03 | 1.18E-10 3.03
8000 3.72E-13  3.00 | 2.34E-12 3.00 | 1.47E-11  3.00
16000 | 4.60E-14 3.02 | 2.89E-13 3.02 | 1.82E-12 3.02
1000 3.90E-14 2.45E-13 7.97E-12
2000 2.40E-15 4.02 | 1.51E-14 4.02 | 4.79E-13 4.06
r=4 4000 1.53E-16  3.97 | 9.63E-16 3.97 | 3.02E-14 3.99
8000 9.35E-18 4.03 | 5.88E-17 4.03 | 1.93E-15 3.96
16000 | 5.85E-19 4.00 | 3.67E-18 4.00 | 1.19E-16 4.02
1000 3.62E-15 2.30E-14 7.62E-12
2000 1.13E-16 5.00 | 7.18E-16 5.00 | 4.78E-13  3.99
r=2>5 4000 3.51E-18 5.01 | 2.23E-17 5.01 | 2.95E-14  4.02
8000 1.11E-19 4.99 | 7.06E-19 4.98 | 1.92E-15 3.95
16000 | 3.45E-21 5.00 | 2.20E-20 5.01 1.17E-16  4.04
1000 3.65E-15 2.32E-14 7.90E-12
2000 1.14E-16  5.00 | 7.24E-16 5.00 | 4.77TE-13  4.05
r==6 4000 3.54E-18 5.01 | 2.25E-17 5.01 | 3.00E-14  3.99
8000 1.11E-19 5.00 | 7.06E-19 4.99 | 1.89E-15 3.99
16000 | 3.47E-21 5.00 | 2.21E-20 5.00 | 1.18E-16  4.00
gt =k —1 J Hf”L?(I) ”fIHLZ(I) ||£II“L2(I)
1000 1.89E-10 1.19E-09 7.45E-09
2000 2.45E-11 2.94 | 1.54E-10 2.94 | 9.68E-10 2.94
r=3 4000 2.98E-12 3.04 | 1.87E-11 3.04 | 1.17E-10 3.04
8000 3.73E-13  3.00 | 2.34E-12 3.00 | 1.47E-11  3.00
16000 | 4.62E-14 3.01 | 2.90E-13 3.01 1.82E-12  3.01
1000 3.95E-14 2.77E-13 1.34E-10
2000 2.41E-15 4.04 | 1.61E-14 4.11 1.04E-11  3.69
r=4 4000 1.49E-16 4.02 | 9.72E-16 4.05 | 9.38E-13  3.47
8000 9.29E-18 4.00 | 5.98E-17 4.02 | 8.10E-14  3.53
16000 | 5.81E-19 4.00 | 3.72E-18 4.01 | 7.53E-15 3.43
1000 3.70E-15 9.76E-14 1.05E-10
2000 1.14E-16  5.01 | 4.91E-15 4.31 | 9.65E-12 3.44
r=>5 4000 3.61E-18 4.99 | 2.72E-16 4.17 | 9.42E-13 3.36
8000 1.12E-19 5.01 1.33E-17 4.36 | 8.24E-14 3.51
16000 | 3.52E-21 5.00 | 6.96E-19 4.25 | 7.70E-15 3.42
1000 3.73E-15 1.08E-13 1.14E-10
2000 1.15E-16  5.02 | 5.20E-15 4.38 | 1.03E-11 3.47
r==6 4000 3.58E-18 5.00 | 2.71E-16 4.26 | 9.57E-13 3.43
8000 1.12E-19 4.99 | 1.38E-17 4.30 | 8.54E-14 3.49
16000 | 3.51E-21 5.00 | 6.64E-19 4.37 | 7.38E-15 3.53
Gnt =k — 2 J Hf”m(]) ”foL?(I) ||§ac:c||L2(1)
1000 1.96E-10 1.23E-09 1.70E-08
2000 2.40E-11  3.03 | 1.51E-10 3.03 | 2.22E-09 2.94
r=3 4000 2.98E-12  3.01 1.87E-11  3.01 | 3.10E-10 2.84
8000 3.71E-13  3.01 | 2.33E-12 3.01 | 4.44E-11 2.81
16000 | 4.61E-14 3.01 | 2.90E-13 3.01 | 5.93E-12 2.90
1000 4.22E-14 1.95E-11 2.36E-08
2000 2.48E-15 4.09 | 1.64E-12 3.57 | 3.58E-09 2.72
r=4 4000 1.53E-16 4.02 | 1.39E-13 3.56 | 5.46E-10 2.71
8000 9.51E-18  4.01 1.31E-14 3.40 | 9.11E-11  2.58
16000 | 5.96E-19 4.00 | 1.18E-15 3.48 | 1.45E-11 2.65
1000 1.63E-14 1.80E-11 2.18E-08
2000 8.42E-16  4.27 | 1.72E-12  3.39 | 3.7T6E-09  2.53
r=>5 4000 4.11E-17 4.36 | 1.44E-13 3.57 | 5.53E-10 2.76
8000 2.05E-18 4.32 | 1.29E-14 3.48 | 8.95E-11 2.63
16000 | 1.04E-19 4.31 1.16E-15 3.48 | 1.43E-11 2.64
1000 1.66E-14 1.80E-11 2.15E-08
2000 8.05E-16  4.37 | 1.60E-12 3.49 | 3.48E-09 2.62
r==6 4000 3.95E-17 4.35 | 1.41E-13 3.50 | 5.47E-10 2.67
8000 2.00E-18 4.31 1.27E-14  3.47 | 8.82E-11 2.63
16000 | 1.10E-19 4.19 | 1.23E-15 3.36 | 1.51E-11  2.55
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Table 7.4: Example 7.1. Accuracy enhancement of the post-processed solution with three different
initial solutions.

J qnt = k gnt = 0 (GGR) L2 projection

1000 3.67E-10 3.67E-10 3.67E-10

2000 4.59E-11  3.00 | 4.59E-11 3.00 | 4.59E-11  3.00
r=3 4000 5.74E-12  3.00 | 5.74E-12 3.00 | 5.74E-12  3.00
8000 7.17E-13 3.00 | 7.17E-13 3.00 | 7.17E-13  3.00
16000 | 8.97E-14 3.00 | 8.97E-14 3.00 | 8.97E-14 3.00
1000 9.38E-14 9.29E-14 9.24E-14

2000 5.82E-15 4.01 | 5.79E-15 4.00 | 5.77E-15 4.00
r=4 4000 3.62E-16 4.01 | 3.61E-16 4.00 | 3.61E-16 4.00
8000 2.26E-17 4.00 | 2.26E-17 4.00 | 2.25E-17 4.00
16000 | 1.41E-18 4.00 | 1.41E-18 4.00 | 1.41E-18 4.00
1000 3.46E-15 3.18E-15 3.15E-15

2000 1.06E-16 5.03 | 9.73E-17 5.03 | 9.61E-17 5.03
r=>5 4000 3.28E-18 5.01 | 3.00E-18 5.02 | 2.97E-18 5.02
8000 1.02E-19 5.01 | 9.33E-20 5.01 | 9.22E-20 5.01
16000 | 3.18E-21 5.00 | 2.91E-21 5.00 | 2.87E-21 5.00
1000 3.48E-15 3.20E-15 3.17E-15

2000 1.07E-16  5.03 | 9.79E-17 5.03 | 9.67E-17 5.03
r==6 4000 3.30E-18 5.01 | 3.02E-18 5.02 | 2.99E-18 5.02
8000 1.03E-19 5.01 | 9.39E-20 5.01 | 9.28E-20 5.01
16000 | 3.20E-21 5.00 | 2.93E-21 5.00 | 2.89E-21 5.00

Example 7.2 To investigate the sharpness of reqularity assumption, we take Uy = sin€+2/3(27m),
where € is a positive integer. This function belongs to HF(I) but not H2(I).

The superconvergence results are shown in Table 7.5, the supraconvergence results are shown in
Table 7.6, and the accuracy enhancements of the post-processed solution are shown in Table 7.7. In
each group, the regularity parameter is € — 1 for the left column, and is € for the right column. When
the regularity parameter satisfies the requirement in the theorems, the expected orders are observed.
However, when the regularity parameter drops, the expected orders are lost. These results indicate
that the regularity assumptions in the theorems appear to be sharp.

8 Concluding remarks

In this paper we establish the superconvergence results for the fully-discrete RKDG methods with
arbitrary stages, time order and degree of piecewise polynomials, when the upwind-biased flux is
used. To complete this task, many analysis techniques are involved. Firstly we are able to avoid the
computer-aided manipulation on the matrix transferring process, and set up the relationship between
the single-step and multiple-steps time-marching. As a result, the stability results can be directly
concluded by an equivalent representation of the RKDG methods. Secondly, we present a uniform
strategy on the reference functions and the incomplete correction functions at every time stage. Then
many superconvergence results are rigorously given under different regularity assumptions, and the
optimal time order is achieved as expected. Thirdly, we obtain two interesting results in addition.
With the help of the discrete derivative operator according to the DG spatial discretization, as well
as the transform between the spatial derivative and temporal difference, we are able to prove that
the first order spatial derivative of the solution has the same supraconvergence order as that for the
solution. We also present a new proof for the accuracy enhancement of the post-processed solution,
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Table 7.5: Example 7.2. Superconvergence results. In each group, the regularity parameter is e — 1
for the left column, and is € for the right column.

J

‘HGH‘L2(S}I})7 nt =0,r =4, e=4

H\ez|||L2<sk>, gnt =0,r=3, e=4

1000 6.53E-10

2000 5.65E-11
4000 4.91E-12
8000 4.31E-13
16000 | 3.84E-14

3.53
3.52
3.51
3.49

8.42E-11
4.96E-12
3.10E-13
1.91E-14
1.21E-15

4.09
4.00
4.02
3.98

1.42E-06
2.57E-07
4.52E-08
8.29E-09
1.54E-09

2.46
2.51
2.45
2.43

4.92E-07
6.35E-08
7.76E-09
9.87E-10
1.22E-10

2.95
3.03
2.98
3.02

RIS

qntzk,r:E}, e=>5

H‘EH‘L2(s}*LE)7 qut = k,r =5,

e=5

1000 1.72E-11

2000 8.20E-13
4000 4.11E-14
8000 2.02E-15
16000 | 9.99E-17

4.39
4.32
4.34
4.34

5.12E-12
1.61E-13
5.06E-15
1.57E-16
4.94E-18

4.99
4.99
5.01
4.99

1.64E-11
7.88E-13
3.97E-14
1.97E-15
9.80E-17

4.38
4.31
4.33
4.33

5.12E-12
1.61E-13
5.07E-15
1.57E-16
4.94E-18

4.99
4.99
5.01
4.99

Table 7.6: Example 7.2. Supraconvergence results. In each group, the regularity parameter is e — 1
for the left column, and is € for the right column.

J H§||L2(1)7 qnt = k,7 =5, €=5 Hfaz||L2(1)7 Gnt = k,7 =5, €=6
1000 1.72E-11 5.12E-12 6.38E-10 2.99E-10
2000 8.32E-13  4.37 | 1.61E-13  4.99 3.04E-11 4.39 | 9.39E-12 4.99
4000 4.08E-14 4.35 | 5.06E-15 4.99 1.48E-12 4.36 | 2.95E-13 4.99
8000 2.01E-15 4.34 | 1.57E-16  5.01 7.23E-14  4.35 | 9.15E-15 5.01
16000 | 9.96E-17 4.33 | 4.94E-18 4.99 3.58E-15 4.34 | 2.87E-16  4.99

Table 7.7: Example 7.2. Accuracy enhancement of the post-processed solution.
parameter is € — 1 for the left column, and is € for the right column.

J gnt = k,r=5, €=5
1000 1.59E-11 4.50E-12
2000 7.59E-13 4.39 | 1.38E-13 5.03
4000 3.67E-14  4.37 | 4.25E-15 5.02
8000 1.79E-15 4.36 | 1.32E-16  5.01
16000 | 8.82E-17 4.35 | 4.12E-18 5.00
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as an application of the obtained supraconvergence result and the properties of the divided differences
of the numerical error.

In future work, we shall extend the above techniques and analyses to non-periodic boundary con-
ditions and to nonlinear equations and/or systems. The extensions to other time-marching methods
are also on the plan. Furthermore, we plan to explore the proof of piecewise-point superconvergence
results that have been shown in the numerical experiments for the RKDG methods.

9 Appendix

In this section, the supplement proofs of three technical results are given.

9.1 Proof of (3.16)
Substituting the offset into the relationship in Lemma 2.2, we have
00 00 . Sl

e’ + Z ai(m)zt = [ei + Z &i(l)(i)l}m = [eﬁ + Wq(z)]m, (9.1)

. . m
i=r+1 i=r+1

where (z) = Y200 ¢i2' = 10 #5121 Denote Gmax = max |G (1)]. By a direct caleulation, the

coefficient of [q(2)]) = >0, ¢i ;2" satisfies

|Qi,j| < C(dmax)ja 0 < i,j < QC - ]-7

where the bounding constant C' > 0 solely depends on the termination index (.
Subtracting e* from both sides of (9.1) we have

5= 3 (3)() (ot

i=r+1 1<j<m
ji(r+1) r — NG T .
= = (D2 a () D]

and get
N m 1 m — j\oi—t 1
wm = | (7)o X (") |
1<j<m J)mit )OSZSCMJ' m (O-U_E)'

where 0;; =i — j(r +1). Hence

~ &max ‘7 C&max
aemi=o 3 S =0

provided m” > 2@max. This completes the proof of this inequality.
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9.2 Proof of (4.40)
It is no harm in assuming that ¢ > 1. Substituting (4.32) into the definition of £° yields

E = (Gl Y F(-0:)T0) = (Gallo— . Fpl~0:)"ho)

1<p<qinit 1<p<q (9 2)
=HnGrlo — Y HaFp(—02)"Uo + BGr(Uo)a — B Y Fp(—0:)"(Un)a,
1<p<ginit 1<p<q
since Iy = —((Up)z. Because Uy € H'(I) is continuous in I, for any v € V}, we have

(HrGrUoy,v) = H(GyUg,v) = H(Up,v) = —B((Uo)z,v) = =B(Pr(Uo)z,v),

where the definitions of the two projections are used. Similarly, due to Lemma 4.4, each term in the
first summation of (9.2) satisfies

(HpFp(—=02)PUo, v) = H(Fp(—0)P Uy, v) = B(Fp-1(—=0,)PUp,v), Yv € V.

Hence, HpGrUy = —Px(Up)z and HpFp(—0,)PUy = BFp—1(—05)PUp. Substituting them into (9.2),
we arrive at

f==p > F(=0)TUo+B Y Fpl—0:)" . (9.3)

1<p<gnt—1 1<p<q

Since ¢ < guy < k, we can get (4.40), along the same line as for (4.34).

A supplement is given for ¢ = 0. Since the summation is equal to zero if the index set is empty,
the formula (9.3) also holds for ¢ = 0 and gy > 1. If ¢ = gn¢ = 0, the two summations in (9.2) vanish
such that €0 = —BFy(Up),. For these special cases, it is easy to see that (4.40) holds.

9.3 Proof of Lemma 5.2

By the definitions of the two projections we have
(Grw — Cpw)|; = wiLj, j=1,2,...,J,
and the undetermined constants w; satisfy the following system of linear equations
0w + (1 — 0)(—1)Fi; 4 = {Cirw }ﬁ) j=1,2,....J (9.4)
It is proved in [8] that this linear system has a unique solution since 6 # 1/2, and

~ 0
|Ghw — Chwllfay < Ch Y |@i* < Ch 7 {Crwd ), | (9.5)
1<5<J 1<5<J

Hence, it is sufficient to prove this lemma by showing

0 3 .
HCiw} )y | < OR¥3 ol g, j=12... (9.6)

Ijt1)>

To this end, let us consider the decomposition

fCrwd)s = dCh @) wd )y + (B W} )y = ba+ b
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where IP’I,‘;'H denotes the local L2-projection on th+1. By using the approximation property of the
projections Cp and IF’I;;H, we get

[bjs| < Chz < CRRF3 [|w]l gosa, (9.7)

Iiv1) -

k—+1y\L
B
H(I;Ul41)

Using (5.10), we know that CﬁIP’IfLHw(x) = wj p1(Ljpt1(x) — 9L, (x)) for x € I;, where

2k +3 (! hji s ! hjEN oo
Wikt =~ /1 w(a;j + J733)Lk+1(96)dac = h;”l / 1 85“10(3;3' + %)Cb(m)dx,

and the kernel function ®(%) = %%

tions the Rodrigue’s formula of the Legendre polynomials and integration by parts are used. Using
(5.1), we get

(#2 — 1)k is independent of j. In the above manipula-

bja = 0(1 = ) wj k1 + (1= O =901 (1) w1 pp

= 0(1 —9;)hi ! /_11 [6’;*1w(xj + %) - 8’;+1w<xj+1 + hj“i)} ®(&)d (9.8)

2

k+3
§ Ch 2 ||w||Hk+2(IjU]j+1) .
where the Holder’s inequality is used at the last step. We have now proved (9.6) and hence completed
the proof of this lemma.
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