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Abstract In this paper we present a numerical scheme based on the local discontinuous
Galerkin (LDG) finite element method for one class of Sobolev equations, for example,
generalized equal width Burgers equation. The proposed scheme will be proved to have
good numerical stability and high order accuracy for arbitrary nonlinear convection flux,
when time variable is continuous. Also an optimal error estimate is obtained for the fully
discrete scheme, when time is discreted by the second order explicit total variation diminish-
ing (TVD) Runge-Kutta time-marching. Finally some numerical results are given to verify
our analysis for the scheme.

Keywords Sobolev equation - Local discontinuous Galerkin method - Fully-discrete -
Stability analysis - Error estimate
1 Introduction

In this paper, we will present a numerical scheme based on local discontinuous Galerkin
(LDG) finite element method for the equation

ur+f(u)x_8uxx_lj-uxxt:07 XGI,IG(O, T]a (113)
u(x,0)=uog(x), xel, (1.1b)
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where I = (0, 1), and f(«) is a smooth function of u. Here, u is a given positive constant,
and § is an arbitrary nonnegative constant. We do not pay attention to boundary condition in
this paper; hence the solution is considered to be either periodic or compactly supported.

This type of equation is also called as Sobolev equation, for the occurrence of the mixed
derivative with respect to temporal and spatial variables. It includes many classical equa-
tions arising in different fields, for example, thermodynamics, shear in second-order fluids,
and consolidation of clay. If f(u) =a(p + 1)~'uP*! with given constants o and p, (1.1a)
is referred as the generalized equal width Burgers equation; if § =0 and f (1) = au + % Bu?
with given numbers « and B, (1.1a) is referred as the regularized long-wave equation, or
Benjamin-Bona-Mahony (BBM) equation [10]. In general, (1.1) not only features a balance
between nonlinear and dispersive effects, but also takes into account mechanisms dissipa-
tion, if u(x, t) is looked upon as the amplitude of the long wave.

Many numerical approximations based on finite difference (and/or element) method have
been considered in the literature, for instance, [2, 4, 13, 16, 20]. In this paper we continue
this work and develop a class of the LDG method to solve (1.1), which uses completely dis-
continuous piecewise polynomial space for the numerical solution and the test functions in
space, coupled with explicit total variation diminishing (TVD) Runge-Kutta (RK) time dis-
cretization. We will show by theory analysis and numerical experiments that this proposed
scheme has strong stability and optimal accuracy, inheriting the advantages of Discontinu-
ous Galerkin (DG) method to capture discontinuous jump and/or sharp transient layer.

The LDG method is a particular version of DG method, which was introduced firstly
in 1973 by Reed and Hill [18], in the framework of neutron linear transport. Then it was
developed into Runge-Kutta DG (RKDG) method [6, 7] by Cockburn et al. for nonlinear
hyperbolic systems, by using a strong stable time-marching scheme, numerical flux and
slope limiter. Later, the LDG method was introduced by Cockburn and Shu in [8] as an ex-
tension of the DG method to general convection-diffusion problems, inspired by the work
of Bassi and Rebay [3] for compressible Navier-Stokes equation. After that, many work
on the develop of LDG method for higher order derivatives was carried out. For example,
Yan and Shu developed a series of LDG method for general KdV type equation containing
third derivatives in [23], and for some type of PDEs with fourth and fifth spatial derivatives
in [24]. Levy and Shu developed the LDG methods for nonlinear dispersive equations with
compactly supported traveling wave solutions in [15]. Xu and Shu further developed the
LDG methods for a series of nonlinear wave equations; please see [22] and the included
references. For a fairly complete set of references on DG methods as well as their imple-
mentation and applications, see the review paper by Cockburn and Shu [9].

In this paper we will propose a LDG method for (1.1) by defining three auxiliary vari-
ables, and transforming spatial derivative into temporal derivative. The main computation is
to solve an elliptic equation by the traditional LDG method, and the definition of numerical
flux is very nature and clear. We will prove this scheme is stable for any flux f (). Similar
work can be found in [11, 12, 22], where the auxiliary variables are introduced in different
way. The another highlight in this paper is the optimal error estimates for semi-discrete and
fully-discrete scheme with the second TVD RK time-marching. As far as the authors know,
till now there are few works about error estimates for fully-discrete LDG scheme to solve
smooth solution of those equations with high order derivatives, such as (1.1). For semi-
discrete schemes, Cockburn and Shu [8] have discussed for the standard linear diffusion
equation, and Xu and Shu [21] have discussed for three kinds of nonlinear equations with
high order derivatives. In this paper we will adopt those tricks in [25, 26] to obtain optimal
error for the fully-discrete scheme with the second order explicit TVD RK time-marching.
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The rest content of this paper is organized as follows. In Sect. 2, we will describe the
scheme for (1.1) based on the LDG method, and present the stability analysis for the semi-
discrete scheme. Time discrete is also considered in this section, and the fully-discrete
scheme with the second order explicit TVD RK time-marching is given. In Sect. 3, the
optimal error estimates are obtained for the proposed schemes. Both semi-discrete and
fully-discrete schemes are considered in the simple case that the convection direction is
assumed to be from left to right. Some more technical proofs of two lemmas are collected
in Appendix A. In Sect. 4, three numerical experiments are presented to verify our error
estimate is optimal. Concluding remarks are given in Sect. 5.

2 Schemes Based on LDG Method
2.1 Equivalent Formulation

We will propose the scheme for (1.1) along the same line as in designing the general LDG
method. By introducing three auxiliary variables

w =1, D =Wy, q=u,, 2.1

(1.1) can be rewritten into the following equivalent first-order differential system with regard
to the solution w = (u, g, w, p). It reads, for (x,¢) € I x (0, T), that

U =w, (2.2a)

9 =P, (2.2b)

w+ (f(w) — 8¢ —up)x =0, (2.2¢)
p—w, =0, (2.2d)

with initial value (denote [ o = (f o), for simplicity)
u(x,0) = uo(x), q(x,0) =up.(x), xel (2.2e)

Remark that (2.2b) follows from the relation between three auxiliary variables, say, (2.1). By
transferring the derivative from space to time, we will avoid the spatial DG discrete directly
for equation g = u,, and design the correct numerical fluxes for (2.2¢) and (2.2d) in a nature
way. By using the routine of LDG method for elliptic equation, this treatment also helps us
to code the program easily.

In what follows, we denote the solution in a compact form w = (W,,, Wy,), Where
w,q = (4,q) and w,, = (w, p). Further, we write (2.2c) and (2.2d) into a compact form
Wyp +h(w), =0, with the flux

h(w) = (hy (W), h,(W)) = (f () — 8q — pp, —w). (2.3)
Obviously this is an elliptic system with respect to the variable w, if w,, is given.

Thus we can obtain a scheme for (1.1) by simply discretizing the above system (2.2),
especially for the last two equations, (2.2c) and (2.2d), with the traditional LDG method.
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2.2 Finite Element Space and Notations

Let 0 =x1p < X320 <+ <Xn—_1/2 < Xn4+12 = | be any regular partition of /, and denote
eachcell I; =[x;_1/2, xjq12] of length hj = x; 1o —xj_1p, for j=1,2,..., N. The mesh
parameter is defined as 7 = max;<;<y h; < 1.

We would like to find the LDG approximation solution of (1.1), denoted by w;, =
(un, qn, pn, wy), in which each component belongs to the discontinuous finite element space

Vi={veL*©0.1):v];, ePu(I)),j=12,....N}, (2.4)

where P, (1;) denotes the space of polynomials in the cell /; of degree at most k > 1. We
do not consider the piecewise constants in this paper, since the proposed scheme is the finite
volume method. Note that functions in V), are allowed to have discontinuities across element
interfaces, which is very useful to enhance the numerical behaving.

Before presenting the detailed implementation of scheme, we first explain some notations
used in this paper. For any function z(x) € L2(I), we denote by zﬁr, 2 the limit of z(x) at the
interface point x /2, from the right and left direction, respectively. Dropping the subscript
Jj + 1/2, we denote the jump and average, at each interface point, by [z]] = z+ — z~, and
7 =(z" +2z7)/2, respectively.

Further, we will use three local projections in this paper. One is the local L2-projection of
z(x), denoted by IP,z(x), which is defined in each element /;, j = 1,2, ..., N, as the unique
function in V}, such that

/th(x)vh(X)dX=/ z(x)vp(x)dx, Vo, (x) € Pe(1)). (2.5)
I; Ij

J

The others are two kinds of local Gauss-Raudu projection [14] of z(x), denoted by thz(x),
which is defined in each element /;, j =1,2,..., N, as the unique function in V}, such that

/sz(x)vh(X)dxzf z(@vp(x)dx, VY, (x) € P (1)), (2.6)
1 1

together with boundary condition sz(xfil ;) = 2(xfy),) solely at an endpoint of the
cell 1;. This projection has an advantage that the interpolation solution is exact at one end-
point of each cell.

2.3 LDG Scheme

Now we keep time in continuous and present the semi-discrete scheme of LDG method
with piecewise polynomials of degree at most k, which is referred to as LDG(k). It is given
as follows: for any time ¢ € (0, T'), find the approximate solution w;, = (uy, g, pn, Wy) €
(Vi)*, such that

fu;,,,(x,t)v(x)dx—/ wy(x, Hv(x)dx =0, (2.7a)

1j 1j

f qn.i(x,1)z(x)dx —f pr(x,)z(x)dx =0, (2.7b)

J 7

f wy (x, 1)s(x)dx —/ hyw(Wp)s, (x)dx +fzw(wh)s(x)’§ir:g =0, 2.7¢)
I I

J J
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jr2

[ o= [ honwar+hmorwli=o. e
I; I;

J

hold for any test function (v, z, s, r) € (V)* and j=1,2,..., N. Here and below we would
like to use the vertical line after a multi-valued function p, to denote its difference between
two endpoints, namely, [p|jf:§§ =P — Pl

We would like to point out that the first two equations, (2.7a) and (2.7b), are not finite
element schemes in essence. They are equivalent to say u; ; = wj, and g, = p;, for any time
t € (0, T], since the trial functions and the test functions are in the same finite element space.
Thus we can compute the approximation solution by directly advancing every freedoms of
uy, and g, by the freedoms of wy, and py, if the same bases of finite element space are used
for every trial functions. This property also plays an important role in our analysis.

To design a successful LDG scheme, it is important to define the numerical flux h(wj,)
in a correct way to ensure good stability. In this paper we take it as

ho(wi) = £y, ul) —8q;7 — upyt, hy(wy) = —wj,, (2.8)

at each interface point, where the numerical flux f (uy, , u;) is any locally Lipschitz E-flux
[17] consistent with the flux function f (). In order to get optimal error estimate, the natural
choice is upwind flux, which satisfies

~ _ ) f@) if ffu)=0 Vue[min(u~,u"), max(u~,ut)],
Sty = {f(bﬁ) if f/(u) <0 VYu e [min(u~,ut), max(u=,u")]. (2:9)

The best-known examples are the Godunov flux, the Engquist-Osher flux, and the Roe flux
with an entropy fix; for more details, please see [9].

The feature to define the numerical flux, (2.8), is that we use alternative direction for w
and p, and same direction for p and ¢. The former restriction for w and p is necessary for
the LDG method to solve elliptic equation, and the latter one for p and ¢ is very natural since
qn.. = py- In this paper, we also demand the same direction used in h »(W) as in the upwind
numerical flux f(x~,u"). This restriction is only for optimal error, but not necessary for
stability. That is to say, the given numerical flux, (2.8), is very suitable when the numerical
flux is taken as f(u’, ut) = f(u™); otherwise, it is the best choice to change the signs of
direction for py, g, and wy,, in (2.8), if f(u™,u™) = f(u™).

The initial solution for (2.7) is given as an approximation of uy(x) and ug (x). In this
paper, we would like to take them depending on the definition of numerical flux. According
to the numerical flux (2.8), we take

up(x,0)=Qfup(x) and gu(x,0) =Pyug,(x), (2.10)

just for simplicity in stability analysis and error estimates. Now the semi-discrete LDG
method is described completely.

In the next paragraph we are going to prove that the LDG(k) scheme has a strong stability
for any numerical E-flux f (uy, , u;). For convenience, we would like, for any piecewise
functions ¢ and v whose restriction in each cell /; belong to H (I i), to abbreviate the
discretization in the cell /; by virtue of the DG method, in the form

HEG) = [ ovedr = @)t GV, (2.11a)
[.

J

Gilp,¥) = f F@Uedx = (F@OV ) jr1p+ (F@UH) 1. (2.11b)
lj
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The first operator, H ji(-, -), is used for linear variables py, g, and w;, depending on the
direction of them in the numerical flux. The second one, G;(-,-), is used for nonlinear
(maybe linear) function f (u).

It is worthy to mention that the above linear operators H ji(~, -) are not symmetric for
their arguments. However, their combination has a very nice property.

Lemma 2.1 For any piecewise functions ¢ and v whose restriction in each cell 1; belong
to Hl(Ij), we have, for j =1,2,..., N, that

Hi (. v)+H; (¥, 9) ==A;(p" v ) =—[(@" ¥ )i — @Y )iap].  212)

where A;p denotes the center difference for a signal-valued function p at two endpoints of
the cell I;.

Proof Since oy, + Y@, = (¢¥),, a simple manipulation deduces that

]+2 ]+2 ]+2

Hi (0. )+ Hy (0. 0) = (@] 71 = 0", W7o [] = —4,"y),

which completes the proof of this lemma. O

Theorem 2.1 For the numerical solution to scheme (2.7) with the initial setting (2.10), there
is a good stability as follows

d 1
&/ [ (x, 1) + pg; (x, )] dx <0. (2.13)
0

Proof Firstly we point out an interesting property from (2.10). This setting of initial solution
implies that ¢ (x, 0) satisfies the equation paralleled to (2.7d), of the form

/qh(x,O)vh(x)dx+Hf(uh(x,0),vh(x))=0, Vo, eV, j=1,2,...,N. (2.14)

1j

It follows from an integration by parts for g, (x,0) = Pjug ., since u;(x,0) = QT uy(x)
indicates H; (uo(x), vy (x)) = H; (up(x, 0), vy (x)) for any v, € V).
Therefore integration of equatlon (2.7d) in time from O to 7 € (0, T'], yields that

/qhvhdx—i—H;(uh,vh):O, Yo(x) eV, j=1,2,...,N, (2.15)

1

holds for any time ¢ € (0, T], since uj, = wy, qn, = pp and (2.14). It is equivalent to the
DG discrete of equation ¢ = u,. Remark that the above result (2.15) is also true for t = 0.
This equation plays very important role in stability analysis here and error estimate below.

Let the test function s(x) = uy, in (2.7¢), and let v, (x) = 8¢, and v, (x) = up; in (2.15),
respectively. By Lemma 2.1, the sum of these new equations yields that

0= / lunwy + 8q; + qnpal dx + 8[H; (qn, un) + H; (i, gn)]
L
+ w[H;F (puoun) + Hy iy pi)] — G j (i, )
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= / lunttn,, + 8q;, + nqngn.ldx — 8A;(g; uy)
1j

—nAj(pfuy) —Gjup,up), (2.16)

where uj, , = wy, and g, = p;, are used again.
Next, we define the entropy flux for f(u), as usual, F(u) = f ! f(s)ds, to deal with the
last term in (2.16). Then it follows from a series of manipulation that

=G (s up) = =A;(F ;) = fuy) + (TF @)l = f@)lunll),_, pe (217

where the details of analysis are omitted, since they can be found in any paper about the
theory analysis of the DG method for conservation law, for example, [9]. The property of

o ut A

E-flux implies that [F (up)] — f p)[usll = [ " (f(s) — f(u}, . u;))ds > 0. Consequently,
llh

the last term in (2.17), denoted by ®;_;», is not less than zero.

We sum up (2.16) over all elements /;, j =1,2,..., N. By using (2.17) and periodic
boundary condition, we obtain

1d (! 1
EE/ (u}, + ng;) dx ”/ grdx+ Y ©;,,=0. (2.18)
’ 0 1<j<N
Then it completes the proof of this theorem, since ®;,, > 0. 0

2.4 Time Marching

After we have chosen the basis functions of finite element space Vj, the semi-discrete
scheme (2.7) can be written in an ODE system with regard to the freedoms of w,, , =
(un, gn). For simplicity of notations, we still use the solution to represent its freedoms. The
system is given as follows:

[Wuq,h]t = L"(wuq,h) = Wup.h» (219)

where wy, , = (wy, pp) is coupled with w,, , by (2.7¢) and (2.7d). It only takes a small
quantity of algebra manipulations in advancing directly the freedoms of approximation
solutions, by any standard ODE solver, for example, the r-order explicit TVD RK time-
marching, denoted by RK(r). Please refer to [19] for more details.

In this paper we would like to adopt RK(2) time-marching, which is defined as follows:

Wi = Wagn T LW ), (2.20a)
n+1 1 n 1 nx 1 n nx
wuq,h = Ewuq,h + Ewuq,h + ET ,C(Wuq’h), (2.20b)

where L(W,q,1) = Wyp i, and 7" = "1 — " is the time step. We refer to this fully-discrete
scheme as RKLDG(2,k), if the finite element space V}, is of piecewise polynomials of degree
at most k. The detail implementation is given as follows:

1. compute the initial solution «) and g by (2.10);
2. until the final time 7', compute forn =0, 1,2, ...

e get wy and pj from u}, and g, by (2.7¢) and (2.7d);
e getuy* and g, by (2.20a);
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e get wy* and p;* from uj* and g;*, by (2.7¢) and (2.7d);
e getu} ™ and g/t by (2.20b).

Since (2.7c) and (2.7d) are coupled into an algebraic system of linear equations, we need use
a linear equation solver twice in each complete step of RK(2). In this paper we use Gaussian
elimination method with partial pivoting.

To ensure the stability of scheme RKLDG(2,k), time step 7" (< 1) has to be restricted
under a suitable time-spatial condition. In this paper it is enough to demand

8*t" < Msh*, and max |f'(u" )|t" < Myh, (2.21)
1<j<N Jt3
for arbitrary positive constant Ms, however, and a fixed CFL number M, = 1/(4M). The
constant M will be given in error estimate to the fully discrete scheme, see (3.35) below.
In particular, for convenience we would like to take each time step in same length 7(< 1),
under the following restriction

82t < Msh?, and  Spat < Mh, (2.22)

with the same constants as those in (2.21), where Sp,x is the maximum absolution of f'(u)
taken over a relevant range of u(x, t), the exact solution of (1.1).

3 Error Estimates

In this section we will present a priori error estimates to the semi-discrete scheme LDG(k)
and the fully-discrete scheme RKLDG(2,k) for smooth solution of (1.1). Below we denote
by C (maybe with indicates) a positive constant depending solely on the exact solution,
which may have a different value in each occurrence.

3.1 Preliminaries
3.1.1 Notations of Sobolev Space

For 1 <r < +o0 and integers s > 0, let W*7” (£2) represent the well-known Sobolev spaces
consisting of functions with (distributional) derivatives of order less than or equal to s in
L7 (£2). Also, let | - ||5...» denote the usual norm. Next, let the scalar inner product on L?(£2)
be denoted by (-, -);, and the associated norm by || - || ;. Further, || - ||c. > represents the norm
on L*°(£2), and || - || poo(ws.r(2)) the norm on L*([0, T], W57 (£2)). If £2 = I we omit it. See
Adams [1] for more details.

In this paper we also use some notations for vector-valued function. For any p = (1, p2)
and g = (g, g2), we denote the p-inner product by (p, @), = Pi101 + KP202, Where p is
a given positive constant. The corresponding norm is denoted by ||p||; = llp1 1> + /P21
We use K([p, ) to denote a vector composed of the scalar inner product of those components
with same-index, i.e., (P, ) = ((P1, a1), (P2, 02))-

3.1.2 Smoothness Assumptions and Remarks on the Flux
In this paper we assumed that each component of the solution, wy = [, is smooth enough,

for example, wy € L*°([0, T]; Wht1.o0y for [ =u, q, p and w. The assumptions to w and
p are equivalent to say that u, and g; are in L*®([0, T']; W*1-%)_ It follows from Sobolev
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embedding theorem H>* (1) < C'(I) in one dimension that both u(x, ¢) and its first order
spatial derivative are continuous and bounded in / x [0, T'], since k > 1.

Also, we assume that the flux function f () itself and up to the second order derivatives
are all bounded on R. If not, we can modify the flux f(«) to satisfy this assumption, as we
have done in [25]. To emphasize the nonlinearity of the flux f(u), we use C, to denote the
positive constant depending solely on the maximum of | f”|. Remark that C, = O for a linear
flux f = cu.

In addition we assume that the convection direction contains f'(u) > 0, in order to
present error estimate in a clear fashion. Now the numerical flux in the proposed scheme
is defined by (2.8) with f(u*, u™) = f(u™). There is no essential difficulty in obtaining
error estimate for general cases, if we introduce the quantity o/( f ;u~,u") to measure the
diffusion of numerical flux; please refer to [25].

3.1.3 Short Notations with Respect to the Flux

Below we will use some compact notations with regard to f(«). For any function p, we
denote the bounded constant in error estimates by a short form C(p) = C + C*h‘2||[p||go,
where C and C, are independent of /& and p. Further, we define two compact operators for
any functions p and @, in the form

A= ) If e llall,,,  Bea= ) If®;,ali, 6D

1<j=N 1<j<N

where [pj41/; is the (left-limiting) value of p at the right endpoint of the cell /;. The first
one is used to denote the sum of jump of g at every interface points, corresponding to the
diffusion of numerical flux f Similar notation has been used in [25]. The second one is
used to denote the sum of L?-norm of first order spatial derivative of g over all elements.
The relation between two operators will be given in Lemma 3.7 and Corollary 3.1.

3.1.4 Properties of Finite Element Space

Gauss-Raudu projection (2.6) is a very useful tool to obtain the optimal error estimate for
the DG method. By virtue of the scaling technique [5], it is easy to get, for the interpolation
error n¥ = z(x) — Qj z(x), that

IEN -+ R 3 E oo + B2 I E N, < Cllzo) licen.ooh™ (3.2)
where I, is the union of the interface point of every elements, and C is a positive constant
independent of & and z(x).

Finally, we list some inverse properties of the finite element space Vj, that will be used
in our error analysis. For any v, € V},, there exists a positive constant C, independent of v,
and £, such that

(M) Monxll = Ch™ s lls
(i) llvallp, < Ch=2ull; (3.3)
(iii)  lvallo < Ch™"2[lwall.

For more details of these inverse properties, we refer the reader to [5].
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3.2 Error Estimate for the Semi-Discrete LDG Method

By e, = F, — F we denote the error for each component of the solution of (1.1), where
F =u,q,w and p. Further, we use a short notation e,, = (e,, ¢;) and e, = (e, ¢). Sim-
ilar notations are used for short below. According to the definition of numerical flux (2.8),
we divide each component of error into two parts by using different kind of Gauss-Raudu
projection. They reads

er =(Fn— ,TF)—(F—Q,TF):&F—nF, for F =u, w; (3.4a)
e =Fn—Q,F)—(F —Q,F)=& —np, fork =gq,p; (3.4b)

where &, € V), need to be estimated below, and n, is the interpolation error. Remark that
n, =n, =n; =n; =0 at each interface point. From (3.2), we have that

e 4121 oo + 120, < CIF lpsequieioeh™, 1 €10, T, (3.5
where C is a positive constant independent of 4 and F .
3.2.1 Error Equation

Now we are going to estimate the error & € V), by virtue of the energy analysis. To this
end, we first multiply the test functions v,, v,, v, and v, respectively, on both hand side
of each equation in (2.2), and then make some integrations by parts. This process gives us
four almost same equations as (2.7), except the diminishing subscript £, since f w ,ut) =
f(u) for the continuous function u at each interface point. Next, we subtract them from the
corresponding equation in (2.7). Finally, we sum up the resulted equations over all elements
I;,j=1,2,..., N, to deduce that

K(eug,i> Vug) = K(wp, Vug), K(ewps Vup) = H(eug, Vup), VE€(0,T], (3.6)

hold for any test function v,y = (v4, v4) and vy, = (vy, v,) in (Vi)?. Here K(-, -) has been
defined in Sect. 3, and H(-, -) is used to denote the LDG spatial discrete for w,,,, in the form

H(euq’ Uwp) = < Z [K/ (el,h vw) - /‘LHJTF(ep, vw) - SH;r(eq’ Uw)]a - Z Hji(ewv Up));

1<j<N 1<j<N

where K (e, vy) = G (uy, vy) — G j(u, v,) is relevant to the convection flux f (), and not
equal to G (u — uy, v,,) in general.

By taking the test function (v, Vup) = (&4, 1€y, &4, 0) in (3.6), we will get the following
error equation

(€us &)+ 11(eq 1 &) =K @ Hlew Eug) = Y Kj ®H,(ew, Eug), (3.7)

I<j=N

where Cw = (ell7 €y, Cy, ep)’ SMq = (gm Sq) and

’Cj ® Hj (€W7 Euq) = / Mepgq dx — /’LH;L(epv gu) - 8Hj+(eq7 Su) + Kj(em gu)~ (38)

J

In what follows we will analyze the right-hand side term of (3.7), in order to obtain the
error estimate. Remark that K; ® H(ew, &44) includes two kinds of terms, where Hji(-, 2
is linear for both arguments, and K (-, -) is linear only for the second argument.
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Lemma 3.1 Suppose the interpolation property (3.5) is satisfied; then we have that
1 1
K ® H(ew, £ug) < Ch** + 5= &N+ Y Kiew &)+ u/ ngépdx, (3.9
1<j<N 0

where C is the positive constant independent of h and wy,.

Proof Since (2.15) is consistent with ¢ = u,, we have, for any time ¢ € (0, T], that
/ eqv; dx + Hj_(el,, v) =0, v,eV, j=12,...,N. (3.10)
1

This fact is the foundation of our proof to this lemma.
Take the test function v, = —8¢, and v, = —ué, in (3.10), respectively. By adding two
new equations to the formula of IC; ® H (ew, £.4), we get that

K:j ®Hj(eW7 Suq)

:/ [uepéy — des6q — negépl dx +Kj(em§u)
1j

Ao
- B(Hf(gqa gu) + Hj_(guv Sq)) - /'L(HJ+($pa th) + H]‘_(Sua gp))
Ay As
+ S(HF (g, 6) + H} . 6)) + w(H (15,60 + H] 0,.6,)) . (3.11)

A3

Below we will estimate each above term, separately.
By arithmetic mean inequality and Schwartz inequality, it is easy to get that

Ay = f [S(qu"q - qu) + M(nqg"p - npgq)]dx

1

1 2 1 2 2
< ) Qe (= 8)E I, + [l + 8115 ]. 312)

J

Next, it follows from Lemma 2.1 that A + A, = —38A4; (é§q+$u_) —ua; (E;SM_). Further, we
assert that A3 = 0 since each term included there is equal to zero. To show that, we take
Hf(nq, &,) as an example. Obviously it is true, as an immediate consequence of Gauss-
Raudu projection (2.6).

We substitute all estimates about A;,i =0, 1,2,3 into (3.11), and sum up the resulted
inequality over all elements /;, j = 1,2, ..., N. Finally, by using the interpolation property
(3.5) and periodic boundary condition, we complete the proof of this lemma. ]

Along the same line as [25], we can obtain the following lemma to estimate K (e,, &,).
For the completeness of this paper, the proof will be given in the appendix.

Lemma 3.2 Suppose the interpolation property (3.5) is satisfied; then we have that

1
> Kitew &) = Clen[l&l +h* 2] = S Aw, &),

I<j=N

where C and C, in C(e,) are the positive constants independent of h and wy,.
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Based on the above lemmas, we can get the optimal error estimate for the semi-discrete
scheme.

Theorem 3.1 Assume that each component of the exact solution of the problem (1.1) satisfy
wp e L*°([0,T]; WkHLeo (1)) for - =u, q, w and p; Let wy, = (uy,, g, wy, py) be the nu-
merical solution of (2.7) with the initial setting (2.10), where the finite element space V}, is of
piecewise polynomials of degree at most k > 1, defined on arbitrary regular triangulations
of I =10, 1]. Then there exists a positive constant C > 0 independent of h and wy,, such that

llw = unllgoo 2y + B1g = @l oo 2y < CHHF2 (3.13)

Proof To deal with the nonlinearity of the flux f(u), we would like to use a priori assump-
tion as follows: for 4 small enough, there exists a constant Cy > 0 independent of %, such
that

llew ll oo Loy < Coh. (3.14)

For linear convection flux this assumption is not necessary. We will verify this assumption
is reasonable at the end of this proof.

The a priori assumption (3.14) implies that C(e,) < C for any time ¢ € [0, T'], where C
is a positive constant independent of ¢, & and w;,. Together with Lemmas 3.1 and 3.2, (3.7)
yields that

1d 1) 1
5 Nua 4 SN I + 5 AW, &) < CR* 4 Cligug |l +S, Vi€ (O, T, (3.15)

where S = fol (0,180 + g, &4 + unyé,]dx. We do not estimate S at any certain time ¢, but
tend to estimate its integration in the time interval [0, #]. Since Gauss-Raudu projection (2.6)
is linear for time, it is obvious that n, , = 7,,; thus it follows &, , = &,, from the semi-discrete
scheme (2.7b). Then Young’s inequality yields that

t 1 t 1
/0 S(s)ds = p /0 [, (&, (1) — 1, (0)%,(0)] dx + /0 /0 MusEu(s) dx ds
< %nsq I2() + %nsqnz(m + g 12 + wlingI2(0)
+C /0 (1612 + 170 12](s) ds

p %IISqIIZ(I)Jr %I|§q||2(0)+C/O 1€, (s) ds + Ch**2, (3.16)

where the interpolation property (3.5) is used.

We integrate inequality (3.15) in time, and substitute (3.16) into the new inequality. Then
we obtain, for any time ¢ € (0, T'], that there exists a positive constant C independent of ¢, h
and w;, such that

t
0

AHOED f [||sq||2+A<u,su>](s>dsSC[ /0 1Eug I (5) ds + [15I12.(0) + h2k+2:|.

An application of the classical Gronwall lemma for the above inequality implies that

€117, (1) < C[R*F2 + |Eug [12.(0)] < CR*F2, V1 e(0,T], (3.17)
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where we have used the approximation property of initial solutions

£.,(0) =0, 1€, O)l < Clluo xllis1h ', (3.18)

since u,(x,0) = Q;uo(x) and g (x, 0) = Pyug . (x). Finally, (3.13) follows from triangular
inequality combing (3.17) with the interpolation property (3.5).

Before we complete this proof, we have to verify the a priori assumption is reasonable.
Obviously the initial solution can be bounded by Ch for i small enough. By the interpolation
property (3.5) and inverse property (iii) in (3.3), we can get from inequality (3.17) that

lelloo < CR™'2IEN + Inulleo < CH*'2 W€ (0,T],

where C is the positive constant independent of /. Thus the a priori assumption (3.14) holds
for h small enough, since k > 1. Now we complete the proof of this theorem. ]

3.3 Error Estimate for the Fully-Discrete LDG Method

In this subsection we would like to obtain the optimal error estimate for the fully-discrete
LDG scheme, RKLDG(2,k). To do that, the solution of (1.1) is assumed to have same
smoothness as that for the semi-discrete scheme, and F,,; € L*([0, T], L?) in addition,
for f =u and q.

Let [T /7] be the maximum integer not greater than 7'/t. Following [25] we define the
reference function with respect to the second stage of RK(2), of the form

Fr@O)y=F@®+th (1), fork =ugq,p,w, (3.19)
and denote /" = F (t") and [ ™ = [ *(¢"), for any n < [T /t]. Denote the error at each stage
of RK(2) by ef- = F}, — F" and e = F};* — F ", respectively.

Below we use notation f to represent n and nx. According to the definition of numerical

flux (2.8), we use different projections to divide each component of the error e, into two
parts, as we have done for semi-discrete scheme. They reads

g = Fh—QIF) = (F —QfF) =& —np. forF =ww;  (3.20a)
= —QFH—(F-Q )=, —n}, forf =q,p;  (3.20b)

where & g € V;, need to be estimated below, and 17,]:r is the interpolation error. Remark that
) =0k = (i)t = (ng)Jr =0 at each interface point. From (3.2), we have that

lnf 1+ B2l oo + B2 107 M1, < CIF ook, Vo < [T /7], (3.21)

where C is a positive constant independent of n, i, T and [ .
3.3.1 Error Equations

Now we want to get the error equation about éf—. To this end, we firstly consider the time-
marching of exact solution of (1.1). By a series of Taylor expansion [25] in time for # and
g, one can deduce that the solution w* satisfies, for any test function (Vug» Vup) € (Vp)* and
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n < [T /7], that

IC(WMq’ vlll{) - K(wuqv Uuq) + T’C(wz,py Uuq)v (3223)
KWy, Vup) = H(W,,, Vup), (3.22b)

n+1 1 1
K(Wyy s Vug) = IC(W Vug) + K(w”qavuq)

uq’
+ = lC(Wwp, Vug) + IC(E", Vi), (3.22¢)

KW vup) = HWi . vp) + K(EL vup), (3.22d)

uq’

where £" is the local time-discrete error about w,, after one complete step of RK(2), and
& is resulted from the nonlinear perturbation of convection flux f (u) after the first stage of
RK(2). In detail, they are given by

1 T ~ T
&= 5/ S(8 — D) Wyg e (1" +5) ds, &= ((”?)2/ (=) f" (" +su})ds, 0>’
0 0
hence |€"[| = O(r?) and [|E" || = O(z?) for any n < [T /7).
By subtracting (3.22) from the fully-discrete scheme RKLDG(2,k), we obtain the fol-
lowing equation about Sf . It reads, for any n < [T /7], that
K& vug) = K&l Vug) + TK(€) 0 Vig) + K(Dljh, V), (3.23a)

K€y, vup) = M€y, vup), (3.23b)

1 1
K™ vug) = 5Ky i) + 5K vig)

T
+ —lC(e;j;;,, Vug) + KD+ E", v4g), (3.23¢c)
K (el vup) = Hleh, vup) + KE!, vup), (3.23d)

hold for any v, and vy, in (V,)?, where Dj2 = nie — i, and Dyt =it — (i, + i) /2.

Since Gauss-Raudu projection (2.6) is linear for time, we also have

Dl 4+ NP+ i — Il < CH**'e, Vi < [T/7), (3.24)

where C is the positive constant independent of n, & and t.

We are going to obtain the optimal error estimate for the RKLDG(2,k) scheme, by virtue
of energy analysis for (3.23), along the same line as in [25]. To do that, we take different test
function in each equation of (3.23). Let v,, = (§, ,uég) in (3.23a), vy, = (&, 0) in (3.23b),
Vug = (&7, //fg‘ ') in (3.23¢), and v,, = (§*, 0) in (3.23d), respectively. By summing up the
above new equations, after a simple manipulation we can finally get the following energy
equation

NELIZ — 160 112 = T @ Hieh &1+ T* @ HA (enr &) + 10T — 1112, (3.259)

R R2 R3

where R| and R, are inheriting from the semi-discrete scheme, of the form

T @ H(ey. &) = TR @ H(el,. &) + Dy Eidu (3.25b)
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‘7* ® H*(e::vt’ %.n*) =K ® H(ervl;» S,Z;) + (ZDZ;;—I + 25” + g';l’ Sn*)‘“ (3250)

uq uq

and R is resulted from the second order explicit RK time-marching. Below we will estimate
them separately.

3.3.2 Estimates to Ry and R,

The main term in formula (3.25b) is £ @ H(e},, ;’q), which is easy to estimate as we have
done for the semi-discrete scheme. Thus we only present the conclusion and the sketch of
proof.

Lemma 3.3 Suppose the interpolation property (3.21) is satisfied; then we have, for any
n < [T/t], that

: 1 1
Ri < Ce) [ + 18] IP]x + ne / My A+ (= OIEIPT = S AW DT,
0
where C and C, in C(e),) are the positive constants independent of n, h, T and wy,.

Proof Recall that (3.10) plays an important role in the proof for Lemma 3.1. We will show
this property is also true for the fully-discrete scheme.
In fact, it follows from an inductive analysis. By substituting the time-marching relation,

between wﬁ o.n and wﬁ)p‘ »» into the DG spatial discrete of getting p,ul from w}, we deduce that

/q,fvh(x)derH_;(u,ﬁ,uh):o, Yo, eV, j=1,2,...,N,

1j

since the initial solutions u{) and ¢/ are given by (2.10). As an immediate consequence of
equation ¢ = u®, we have the following important equation

/ evp(x)dx + H; (¢, v,) =0, Vv, €V, j=1,2,...,N. (3.26)
J

Please keep in mind that the errors we want to estimate and the test functions are both
staying at the same time now. Along the same line as in Lemma 3.1, we add two equations
by taking v, = —8&; and v, = —ué, in (3.26), respectively. It yields an almost same es-
timate as (3.9), except the appending supscript n. Also the estimate to the convection flux
is almost same as Lemma 3.2. The left inner product is easy to estimate by using Young’s
inequality and the interpolation property (3.24). Finally, we collect up the above estimates
and complete the proof of this lemma. |

There is a similar conclusion for the second term R,, along the same line. Here we only
present the result without any proof.

Lemma 3.4 Suppose the interpolation property (3.21) is satisfied; then we have, for any
n < [T/t], that

Ry < Ct®+ C(eH [ + 11801«
: TNk - Nx 1 nx 2 1 Nk snx
Fur [ e SG= 98I - S AWM £,
0
where C and C, in C(e)*) are the positive constants independent of n, h, T and wy,.
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3.3.3 Estimate to R3

We can estimate the third term 7R3 under a suitable time-space restriction, namely, (2.22).
To describe this more clearly, we use notation M to emphasize the positive constant inde-
pendent of n, h, T, w and w;,, which may have a different value in each occurrence.

We utilize the structure of RK(2) time-marching to estimate R;. Subtracting equation
(3.23¢) from (3.23a), we have, for any v,, € (Vi)?, that

1
Vug) + KDt — =Dt + ", vyg).

K = € vig) = 3K, 5

wp7

Let v,y = (gl —gm M(Sq”“ —§&,*)) in the above equation, and sum up the new equations.
A simple application of Young’s inequality yields that

i — &gl < 5 Lien mo—gn 127 + Ch¥* e 4 16, (3.27)
where the interpolation property (3.24) and [|£"|| = O(t?) are used.
Now we have to estimate || wp — é" ”u To do that, we subtract (3.23b) from (3.23d),

with the same test function vy, = §,, — &,,,. It deduces that

” 171; - S:})p”i = Z [Kj(es*’ Uw) - K](e;lv vw)] - Z [(SH;(@Z* — EZ, Uw)]

I<j<N I<j=N
Ty (vwp) T (vwp)
— Z [,LLH;’ (&) —ep,vy) + uH; (e — ey, v,)]
1<j=<N
T3 (vwp)
+01, — My + E" V- (3.28)
T4 (vwp)

Next we will estimate each above term, separately.
It is easy to get an estimate to 7 (v,,), along the same line as [25]. For completeness of
this paper, we give the proof in the appendix.

Lemma 3.5 Let ¢ be any given small positive constant. Suppose that the interpolation prop-
erties (3.21) and (3.24) are satisfied; then we have, for any v,, € V;, and n < [T /1], that

Ti(vup) < ellvwl® +[Clep) + Cley) [h* 2 + CeDll&r|* + Clegh & I
+ M Sach™ A" 1) + M Spach™ A™, £17) + MB" &) + MB"™ . £)"),

where A(-, -) and B(-, -) have been defined in Sect. 3.1, and the positive constants C, C, and
M are independent of n, h, T, and wy; however, maybe depending on ¢.

Let & be any given small positive constant, and keep in mind below that v,,, = §,7 —

wp Since H+(nq — nq, vy) = 0 for Gauss-Raudu projection (2.6), we can use the inverse
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properties (i) and (ii) in (3.3), and Young’s inequality, to have that

To(vup) = =8 3 HF ! — &' v,) < SIEM — &M vunell + 81EM — &85, vl
I<j=<N

< ellva > + C82R2(IE21% + 1£217). (3.292)

with periodic boundary condition yields that

Also there holds Hj*(n;* = 1 V) = Hj’(n’“ — 15, Vy) = 0, hence Lemma 2.1 together

Ts(vup) =~ Y [A;hvy) = HE Gl = ifh.va) — Hy (=0l v,)] = 0. (3.29b)
1<j<N

By interpolation property (3.24) and ||§_f | = O(z?), Young’s inequality yields that
Ty(up) < llvuy |7 + Ch* 2 4 Ct*. (3.29¢)

Finally substituting estimate (3.29) and Lemma 3.5 into (3.28), we can obtain an estimate
to ||“§$; — 53,,, Il ., if & is small enough, for instance, ¢ = 1/8. Then an immediate consequence
of this result and (3.27) is the estimate we wanted. We conclude it in the next lemma.

Lemma 3.6 Suppose the interpolation properties (3.21) and (3.24) are satisfied; then we
have, for any n < [T /7], that

R3 < [C(el) + C(e) ™2 e? + Cxf
+CEDNENPT + CleIEN P> + C82h2|E) 1P + C82h 2 1€ |1* 7
+ MSmah™ [AW", £ + A@™ &) + MB@", £)T° + MBW™, &)1,

where C and C, are the positive constants independent of n, h, T, and wy,.

In Lemma 3.6 there emerges a new term B(u%, £2), so we have to get an upper bound
for it. The next lemma shows the relation between the spatial derivative and the jumps at
boundary points, namely, B(u*, f;f) can be controlled by Au®, élf) in some sense.

Lemma 3.7 Suppose that the interpolation property (3.21) is satisfied; then we have, for
any n < [T /1], that

B, &5 < MSL h™ A ED) + CIELP + CIIENN? + Ch* ™2, g=n.nx,  (3.30)

where S%.. is the maximum of convection speed | f'(u*)| over all boundary points, and C

and M are the positive constants independent of n, h and t.

Proof Recall Hj_(n;’* —ny,v;) =0forany v, € Vyand j =1, 2, ..., N, since Gauss-Raudu
projection (2.6). Integration by parts for (3.26) yields that

hj—7

£ ypdx= | fvpdx —[&T° ,v7. ,, VYuneVi j=12,...,N.
u,x q j
I I 2
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We take the test function v, = gﬁ’x in this equation, and control the trace vhf j—1y2 by the
inverse inequality (ii) in (3.3). Then Young’s inequality yields that

o2 £)2 —rgt2 £12
162117, = ClIESNIT, + Mh [If;&u]]j_% + Cling 7,

We can complete the proof of this lemma, by substituting the above inequality and the inter-
polation property (3.21), into the formula of B(u¥, £F), since u is smooth enough. a

Corollary 3.1 Suppose that the interpolation property (3.21), and the general time-spatial
condition T = O(h) are satisfied; then we have, for any n < [T /7], that

B ) < MSuah™ AP, 85 + CIELI? + CIEIN? + Ch¥**, g=n.nx,  (3.31)

where C and M are the positive constants independent of n, h and t.

Proof We only need to point out that S? = < Spax and i < Spax + C 72. The former is
obvious, and the latter follows from f/'(u"™) — fu"*") = O@W" + tu" — u"t) = O(z?),
since f and u are assumed to be smooth enough. Then (3.31) is an immediate consequence

of Lemma 3.7 and the inverse property (ii) in (3.3). ]

To obtain the error estimate for the fully-discrete scheme RKLDG(2,k), we also need to
build up the relation between errors &, and ;7. The proof for this conclusion is very similar
as that for Lemma 3.6, so omitted here.

Lemma 3.8 Suppose that the interpolation property (3.21) is satisfied; then we have, for
any n < [T /1], that
1855 = Euglly < CeD [P 2+ &P T + C8*h 72 I1g7 11> + CAW" )T + CBW", £) T,

n—

where C and C, are the positive constants independent of n, h, T, and wy,.
3.3.4 Main Conclusion

Based on the above lemmas, we can obtain the optimal error estimate for the fully-discrete
scheme RKLDG(2,k). The result is given in the following theorem.

Theorem 3.2 Assume each component of the exact solution of the problem (1.1) sat-
isfy wp € L®(W*h(D) for F =u,q,w, p, and [, € L¥(L?) for I =u,q; Let
wy, = (Up, qn, Wy, pp) be the numerical solution of the fully-discrete scheme, RKLDG(2, k),
with the initial setting (2.10), where the finite element space V}, is of piecewise polynomials
of degree at most k > 1, defined on arbitrary regular triangulations of 1 = [0, 1], and the
time step is restricted under the CFL condition (2.22). Then there exists a positive constant
C independent of n, h, T and wy, such that

lue")y — w1 + ullgt") — g 1> < CR**2 + C*, Vn <[T/z]. (3.32)

Proof As we have done before, to deal with the nonlinearity of convection flux f(u), we
use the following a priori assumption: for 4 small enough, there exists a positive constant
C independent of n, h, T and w;, such that

leglloo < Cih,  lleg"llo < Cih,  Vm <n. (3.33)
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For linear flux f(u), this assumption is not necessary. It is obvious that this assumption is
true for n = 0, since (3.18) and the interpolation property (3.21). Later we will prove it is
also reasonable for n + 1.

The a priori assumption (3.33) implies that C(e})) + C(e};*) < C, where C is a positive
constant independent of n, 7 and 7. By using the inverse inequalities (i) and (ii) in (3.3),
Lemma 3.8 implies that, if t = O(h) then

IE21% < Cllg

uq

n o2 2%+2_2
gl +Ch T°. (3.34)

Now we substitute those estimates for R, R, and R3, given in Lemmas 3.3, 3.4 and
3.6, into the energy equation (3.25a). Then by using Corollary 3.1 and inequality (3.34), we
obtain that, if t = O(h), there exists a positive constant C independent of n, i, T and w,
such that

8 8 1 1
625 1% = el %+ 517 1P + S 157 1P + S A" )T + S AW 67

uq

< C(h* 20 420 4 ClIEL 12T + w(, EDT + (. 60T

n
uTgrg

+CSR2ENIPT + M Smach™ [AG", E1) + AW™, )72, (3.35)

gt 9

where M is the positive constant independent of n, i, T, w and w;,.

The last two terms in (3.35) can be controlled by using the time-spatial restriction (2.22).
Since §°t = O(h?), we have G} < C||&/'||°t. Since Spuxt < h/(4M), we can control G}
by the interface’s jumps on the left-hand side of (3.35). Consequently, by summing up the
inequality (3.35) over the time level from O to n, we finally get that

)

1
3 28I 4187 1w + 3 D _[A@” 6 + Aw™ ) ]r

m=<n m=<n

<CY [Igm it +h* P+ ]+ £ O + 1 Y Tik. (3.36)

m=<n m=<n

12
212 +

under the time-spatial restriction (2.22), where C is the positive constant independent of
n, h, t,and wy,.

n+1
The last term in (3.36) can be looked upon as the discretization of w ftil " T (¢t) dt, where

T() = fol ng(x,1)€,(x, 1) dx. Recall that we have used an integration by parts to transfer
the position of time derivative, in the error estimate for the semi-discrete scheme. So we
rearrange the order of sum in time to give a discrete version of integration by parts. After a
simple manipulation, it is easy to get the following identity

Tix = ENT+ U ENT =), £ +EDT+ ()" — 1. E)T
=), & —E) — ), (ET —ED) — T HEN + ) — L EN)T
=@t et — . E))

— = ) = @) — (e — i b) — (1l ©), (3.37)

I I
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where 0 =2&)%! — &/ — & b=0o—1&*, ande = (51 — &) — t(£)* +£7)). By Young’s
inequality and the mterpolatlon property (3.24), it is easy to see

1
= ZIE P + CLIET I + 11g] 1 + 1]z (3.38)

To estimate I1,, we need to estimate b and c¢ by the structure of RK(2) time-marching. It is
easy to get from (3.23a) and (3.23c), respectively, that

(b, v3) = —7 (1", ) + 2D + v, Vo, € Vi (3.39)
(c.on) ==t + 0. v) + QDI =D +260 ), Yy, €V, (3.39b)

Take the test function v, = b in (3.39a), and v, = ¢ in (3.39Db), respectively. Then Young’s
inequality yields that ||b||> + |lc||> < Ch**+?1% 4 Ct5, where the interpolation properties
(3.21) and (3.24), and &= O(z?) are used. Therefore, Young’s inequality yields that

1
Mo < (I =yl + I + 101 + 7' lel) < CH*Pr 0 (3.40)

Then together with inequalities (3.38) and (3.40), equation (3.37) yields that

1
D Ta = Ot 6D — G &) + 16 1P+ € 3NN + g1 + W2 4 2]

m=<n m=n

1
EIIS"HIIZJrCIIE 1P+ C Y LI 17 + g 17 + B+ + 2], (3.41)

m=<n

since T < 1, where Young’s inequality and interpolation property (3.21) are used.

We substitute inequality (3.41) into (3.36). By using inequality (3.34) and the initial
approximation property (3.18), we can obtain that there exists a positive constant C inde-
pendent of n, h, T and w;, such that

%us“‘ 12 <Y NEnIRT + COPH 4 oh,  Vn <[T/7).

uq
m=n

An application of discrete Gronwall lemma for the above inequality implies that
IR < Ch**? + Cx*, Vn <[T/1]. (3.42)

Finally, triangular inequality combining (3.42) with the interpolation property (3.21) gives
estimate (3.32).

In order to complete the proof of this theorem, we need to verify the a priori assumption
(3.14) is reasonable for n + 1. By the interpolation property (3.21) and the inverse property
(>iii) in (3.3), we have, from the conclusion (3.42), that

_ n n _1
lep oo < CRTV2IES | + Iyl < CR™2 (W + 7).

It implies ||eZ+1 lloo < Cih if h small enough, since k > 1 and t = O(h). Based on this new
result, we use Lemma 3.8 to get [|£"D*|| < C(h**! + £2). Repeating above analysis, we
can see that ||e,(l”“)’*||Oo < Cyh if h small enough. Thus the a priori assumption also holds
for (n + 1)«. Till now we complete the proof of this theorem. a

@ Springer



456 J Sci Comput (2009) 41: 436-460

4 Numerical Experiment

In this section, we will present some numerical examples to demonstrate the error order of
the proposed LDG method. The second order explicit Runge-Kutta time discretization and
uniform meshes are used in the calculation. In Tables from 1 to 3 we list the numerical error
and corresponding order in different norms, which show the scheme has an optimal error in
L2-norm, as we have proved in this paper.

Example 1 Let § = =1 and f(u) =0, consider (1.1) with periodic boundary condition
u(0,t) =u(2m, t), and initial solution u(x, 0) = sinx. This is a pure parabolic-type Sobolev
equation, with the exact solution u(x, ) = e~"/? sin x. We compute this equation till the final
time 7 = 1. The time-space restriction is taken as T = h? for piecewise linear polynomials,
and T = 0.09/4 for piecewise quadratic polynomials, respectively.

Example 2 Let p =1, =2 and f(u) = 2u, consider (1.1) with periodic boundary con-
dition u(0,t) = u(2m, t), and initial solution u(x, 0) = sinx. Its exact solution is u(x,t) =
e~"sin(x — t). We compute this equation till the final time 7 = 1. The time-space restric-
tion is taken as T = min{0.15%k, h?} for piecewise linear polynomials, and T = 0.094? for
piecewise quadratic polynomials, respectively.

Example 3 Lets =0and f(u) =au+ %ﬂuz with given numbers «, 8, (1.1) is just a regular
long wave equation (RLW). Consider it with periodic boundary condition u(a, t) = u(b, t),
with the exact solution

u(x, 1) =3(c — 1)sech2|: /64;61 (x —ct—d)], 4.1)

where ¢ and d are two given parameters. The initial condition u(x, 0) is given by the above
formula. In our simulation, we set « = 8 =1, =0.1,a =0,b =20,c =2 and d = 8§,
and compute this equation till the final time 7 = 1. The time-space restriction is taken as
T = 0.15h for piecewise linear polynomials, and T = 0.0943/? for piecewise quadratic poly-
nomials, respectively. Remark that the latter setting is only for getting the optimal error order
in space.

Table 1 Example 1. Errors and orders for Py and P, with RK(2); T =1

N L error L1 order L2 error L? order L®° error L®° order
Py 10 4.94E-03 6.61E-03 2.26E-02
20 1.25E-03 1.98 1.64E-03 2.01 5.40E-03 2.07
40 3.16E-04 1.99 4.11E-04 2.00 1.34E-03 2.01
80 7.91E-05 2.00 1.03E-04 2.00 3.34E-04 2.00
160 1.98E-05 2.00 2.57E-05 2.00 8.34E-05 2.00
Py 10 2.61E-04 3.36E-04 8.95E-04
20 3.34E-05 2.96 4.22E-05 3.00 1.17E-04 2.94
40 4.17E-06 3.00 5.28E-06 3.00 1.47E-05 2.99
80 5.21E-07 3.00 6.60E-07 3.00 1.84E-06 3.00
160 6.51E-08 3.00 8.25E-08 3.00 2.31E-07 3.00
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Table 2 Example 2. Errors and orders for Py and P, with RK(2); 7 =1

N L1 error L1 order L2 error L2 order L error L° order
Py 10 4.41E-03 5.48E-03 1.66E-02
20 1.09E-03 2.02 1.36E-03 2.01 4.14E-03 2.00
40 2.72E-04 2.00 3.39E-04 2.01 1.03E-03 2.01
80 6.44E-05 2.08 8.21E-05 2.04 2.71E-04 1.92
160 1.59E-05 2.02 2.04E-05 2.01 6.89E-05 1.98
Py 10 2.52E-04 3.08E-04 6.83E-04
20 2.68E-05 3.23 3.38E-05 3.19 9.06E-05 291
40 3.22E-06 3.06 4.06E-06 3.06 1.20E-05 291
80 3.97E-07 3.02 5.01E-07 3.02 1.55E-06 2.96
160 4.94E-08 3.01 6.23E-08 3.01 1.96E-07 2.98

Table 3 Example 3. Errors and orders for P; and P, with RK(2); T =1

N L error L1 order L2 error L? order L error L®° order
Py 20 4.06E-02 9.98E-02 5.24E-01
40 1.01E-02 2.00 2.70E-02 1.88 1.68E-01 1.64
80 2.84E-03 1.84 7.12E-03 1.92 5.51E-02 1.61
160 7.78E-04 1.87 1.91E-03 1.90 1.59E-02 1.79
320 2.08E-04 1.90 5.05E-04 1.92 4.33E-03 1.88
Py 20 1.11E-02 2.89E-02 1.56E-01
40 1.64E-03 2.75 4.31E-03 2.75 3.10E-02 2.33
80 2.27E-04 2.86 5.86E-04 2.88 4.18E-03 2.89
160 2.86E-05 2.99 7.38E-05 2.99 5.35E-04 2.96
320 3.55E-06 3.01 9.17E-06 3.01 6.76E-05 2.99

5 Concluding Remarks

In this paper we presented a LDG method to solve one class of Sobolev equation (1.1), by
introducing three auxiliary variables. For semi-discrete scheme, it is proved to be of good
stability and high order accuracy. Time-discrete is also considered by virtue of the second or-
der explicit TVD Runge-Kutta time-marching, and an optimal error estimate is also obtained
for this fully-discrete scheme. Finally, numerical experiment verifies the optimal order of the
proposed scheme. In the ongoing work, we will discuss how to extend and analyze this LDG
method to high dimensional nonlinear Sobolev equations, and with another time-marching.

Appendix A
A.1 Proof of Lemma 3.2

We can prove this lemma by the following Taylor expansions [25] for the convection func-
tion f(u), in the cell /; and at the interface points, respectively. They read
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f@) = fQuy) = f(wé, — fwn, + %fu” -(e,)*, inthecell I;; (A.la)
f@w) — fu,) = f/(u)gu’ — f/(u”)n; + %f: . (e;)z, at the endpoint Xjpl (A.1b)

Here f” = f”(6ju + (1 — 6y)uy,) and f” = f/’(quH% +(1— Qz)uh,ﬂ%), with 6; € (0, 1),
are the mean value of the secAond order derivative of f(u).
Since we have assumed f (u,,, u;) = f(u,,) in this paper, the proof is more easier than

that in [25]. After some simple manipulations, we can have that

> Kentr= X [ fwssadcr ¥ s e 6l

1<j<N 1<j<N 1 1<j<N
! ! -

- Z /; f (u)r]u%_u.x dx — Z f (Mﬁ%)??u’ﬁ% [[Su]]j+%
1<jsN*7 I<j=N
1 /" 2 1 £ - 2

+ E Z /; fu : (6’”) gu,x dx + E Z f . (eu,j+%) [[gu]]j_'_%s

I<jsN*"% I<j=N
where each above term is denoted by V;,i =1, ..., 6.

Firstly, a simple integration by parts yields that

1
Vitd==5 > /I DS @@ dx = Y g DUEN £ &

1<j<N*""%J 1<j=<N

1
< Cl&l =5 D0 17 Gy D&, -

I<j=<N

Recall that | f'(u) — f'(uj11,2)| = O(h) in the cell I; for smooth solution u. By using the
interpolation property (3.5), and the inverse property (i) in (3.3), we can get that

s+ Vs =— Z [[f,(u) - f,(uj+%)]nu$u.x dx — Z /] f,(uj+%)nu5u,xdx

I<j<N*"Y I<j<N*%i

< Clnull® + CR? |16, I < CR**2 1 Cll& 1%,

where the definition of projection (2.6) is used twice. Along the same line, we use the inter-
polation property (3.5), and the inverse properties (i) and (ii) in (3.3), to get that

Vs + Vs < Culleulloo[15u < Mleull + 1€, lewli ]
< [Cot Con2llenlZ][ElI + R,
Thus we complete the proof of Lemma 3.2 by summing up the above inequalities.

A.2 Proof of Lemma 3.5

Let Qn(vw) = ZIS]'SN Kj(eﬁqv vw)a then T, (Uwp) = Qn*(vw) - Q”(vw). In this paper we
need not to give sharp estimate as [25], to the difference of 9"*(v,,) and Q" (v,,), and only
analyze each of them along the same line as for Lemma 3.2. Below we give the estimate for
QF(v,), and drop the supscript # for convenience.
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By using the same Taylor expansion as (A.1), and noticing f(u;, u;) = f(uy), after a
simple manipulation we can divide Q, (v,,) into six terms, of the form

Fwy= Y /f(msuvmdw DRI U

1<j<N 1<j<N

/f(u)nuvwxdx— R CIIDT Sy L

1<j<N 1<j<N
+ > /f” (en)? vwxdx+5 )RR by U P
1</<N I<j<N
where each above term is denoted as Z;,i = 1,...,6.

Firstly, an integration by parts yields that

ZitZim— Y S DIED v — Y ff(uﬁl)s“vwdx
1<j<N 1<j<N
- / f@] gvpdx— Y / £/ = f'gy )]Euvn dx
1<j<N 1<j<N

Since | f'(u) — f'(uj+12)| = O(h) in each cell I;, by Young’s inequality and the inverse
properties (i) and (ii) in (3.3), we have

21+ Z < ellvall + CIEIP + Mo Y I (D&l

I<j=N

+ MY |f/(uj+%>|2[[su1]j+%

I<j=N

&
< gnvun2 + ClIEN? + McB(u, £,) + M Smaxh™ " Au, &),

where M, solely depends on ¢. The left four terms, Z;,i = 3,4, 5, 6, can be estimated as ;.
By Gauss-Raudu projection (2.6), and the inverse property (i) and (ii) in (3.3), we have

2+ 2 < gnvu 12+ Ch¥+2,
£
25+ Zo = Il + Coh e I (18I + 7).

Summing up the above conclusions we can get an estimate to Q%(v,,), and then complete
the proof of this lemma.
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