Preface

In these lecture notes, we will give a general introduction to the discontinuous
Galerkin (DG) methods for solving time-dependent, convection-dominated par-
tial differential equations (PDEs), including the hyperbolic conservation laws,
convection-diffusion equations, and PDEs containing higher-order spatial deriva-
tives such as the KdV equations and other nonlinear dispersive wave equations. We
will discuss cell entropy inequalities, nonlinear stability, and error estimates. The
important ingredient of the design of DG schemes, namely the adequate choice of
numerical fluxes, will be explained in detail. Issues related to the implementation
of the DG method will also be addressed.






Chapter 1

Introduction

Discontinuous Galerkin (DG) methods are a class of finite-element methods us-
ing completely discontinuous basis functions, which are usually chosen as piece-
wise polynomials. Since the basis functions can be completely discontinuous, these
methods have the flexibility which is not shared by typical finite-element meth-
ods, such as the allowance of arbitrary triangulation with hanging nodes, complete
freedom in changing the polynomial degrees in each element independent of that
in the neighbors (p adaptivity), and extremely local data structure (elements only
communicate with immediate neighbors regardless of the order of accuracy of the
scheme) and the resulting embarrassingly high parallel efficiency (usually more
than 99% for a fixed mesh, and more than 80% for a dynamic load balancing with
adaptive meshes which change often during time evolution), see, e.g. [5]. A very
good example to illustrate the capability of the discontinuous Galerkin method in
h-p adaptivity, efficiency in parallel dynamic load balancing, and excellent resolu-
tion properties is the successful simulation of the Rayleigh-Taylor flow instabilities
in [38].

The first discontinuous Galerkin method was introduced in 1973 by Reed
and Hill [37], in the framework of neutron transport, i.e., a time-independent
linear hyperbolic equation. A major development of the DG method is carried
out by Cockburn et al. in a series of papers [14, 13, 12, 10, 15], in which they
have established a framework to easily solve nonlinear time-dependent problems,
such as the Euler equations of gas dynamics, using explicit, nonlinearly stable
high-order Runge-Kutta time discretizations [44] and DG discretization in space
with exact or approximate Riemann solvers as interface fluxes and total variation
bounded (TVB) nonlinear limiters [41] to achieve non-oscillatory properties for
strong shocks.

The DG method has found rapid applications in such diverse areas as
aeroacoustics, electro-magnetism, gas dynamics, granular flows, magneto-
hydrodynamics, meteorology, modeling of shallow water, oceanography, oil re-
covery simulation, semiconductor device simulation, transport of contaminant in
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porous media, turbomachinery, turbulent flows, viscoelastic flows and weather fore-
casting, among many others. For more details, we refer to the survey paper [11],
and other papers in that Springer volume, which contains the conference proceed-
ings of the First International Symposium on Discontinuous Galerkin Methods
held at Newport, Rhode Island in 1999. The lecture notes [8] is a good reference
for many details, as well as the extensive review paper [17]. More recently, there
are two special issues devoted to the discontinuous Galerkin method [18, 19], which
contain many interesting papers in the development of the method in all aspects
including algorithm design, analysis, implementation and applications.



Chapter 2

Time Discretization

In these lecture notes, we will concentrate on the method of lines DG methods,
that is, we do not discretize the time variable. Therefore, we will briefly discuss
the issue of time discretization at the beginning.

For hyperbolic problems or convection-dominated problems such as Navier-
Stokes equations with high Reynolds numbers, we often use a class of high-order
nonlinearly stable Runge-Kutta time discretizations. A distinctive feature of this
class of time discretizations is that they are convex combinations of first-order
forward Euler steps, hence they maintain strong stability properties in any semi-
norm (total variation semi-norm, maximum norm, entropy condition, etc.) of the
forward Euler step. Thus one only needs to prove nonlinear stability for the first-
order forward Euler step, which is relatively easy in many situations (e.g., TVD
schemes, see for example Section 3.2.2 below), and one automatically obtains the
same strong stability property for the higher-order time discretizations in this
class. These methods were first developed in [44] and [42], and later generalized
in [20] and [21]. The most popular scheme in this class is the following third-order
Runge-Kutta method for solving

Ut = L(uv t)

where L(u,t) is a spatial discretization operator (it does not need to be, and often
is not, linear!):

uM =y 4 AtL(u™,t"),
@_3mn Lol W m
w? =l 4 ut 4 ZAtL(u T+ A), (2.1)
1 2 2 1
n+tl _ — n “..(2) z (2) 4n -
u U + U + 3AtL(u "+ 2At).

Schemes in this class which are higher order or are of low storage also exist. For
details, see the survey paper [43] and the review paper [21].
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If the PDEs contain high-order spatial derivatives with coefficients not very
small, then explicit time marching methods such as the Runge-Kutta methods
described above suffer from severe time-step restrictions. It is an important and
active research subject to study efficient time discretization for such situations,
while still maintaining the advantages of the DG methods, such as their local
nature and parallel efficiency. See, e.g. [46] for a study of several time discretization
techniques for such situations. We will not further discuss this important issue
though in these lectures.



Chapter 3

Discontinuous Galerkin Method
for Conservation Laws

The discontinuous Galerkin method was first designed as an effective numerical
method for solving hyperbolic conservation laws, which may have discontinuous
solutions. In this section we will discuss the algorithm formulation, stability anal-
ysis, and error estimates for the discontinuous Galerkin method solving hyperbolic
conservation laws.

3.1 Two-dimensional Steady-State Linear Equations

We now present the details of the original DG method in [37] for the two-dimen-
sional steady-state linear convection equation

aug + buy = f(z,v), 0<z,y<l1, (3.1)

where a and b are constants. Without loss of generality we assume a > 0, b > 0.
The equation (3.1) is well posed when equipped with the inflow boundary condition

uw(@,0) =gi(z), 0<z<1 and  u(0,y)=g(y), 0<y<1l. (32

For simplicity, we assume a rectangular mesh to cover the computational domain
[0,1]2, consisting of cells

lij = {(%y) Pl ST STy, Y 1 SYS yjﬁ}
for 1 <i< N, and 1<j <N, where

O:x%<$%<--~<xm+%:l
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and
Ozy%<yg<-~-<yNy+%:1

are discretizations in x and y over [0, 1]. We also denote
Azi=wi 1 —w; 1, 1 <0< No; Ayj =yjp1 —yj1, 1< < Ny

and
h= max( max Ax;, max ij> .
1<5<

1<i<N, J<Ny
We assume the mesh is regular, namely there is a constant ¢ > 0 independent of
h such that

Az; > ch, 1 <0< Ny; Ay; >ch, 1<j<N,.
We define a finite-element space consisting of piecewise polynomials
Vi ={v:o|,, € P(I;;); 1<i< N, 1<j< N}, (3.3)

where Pk(Im) denotes the set of polynomials of degree up to k defined on the cell
I; ;. Notice that functions in th may be discontinuous across cell interfaces.

The discontinuous Galerkin (DG) method for solving (3.1) is defined as fol-
lows: find the unique function u, € th such that, for all test functions v, € V,f
and all 1 <4 < N, and 1 < j < Ny, we have

Y, 1

its _
—// (auh(vh)x+buh(vh)y)d9€dy+a/ ’ Un(@iy 35 y)on(ar, 1, y)dy
1i.; Yi-1
zi+;

Yird R 7
—a/ v uh(wi_%,y)vh(mf_%,y)derb/ C Yir$)on(@ Y 1)z (34)
Y

T, 1

i i-3
Tird
_ b/ 2 uh(gj’yji%)’l}h(l‘,y;r_%)dl‘ = // fvh dl’dy
T, I; j

Here, uy, is the so-called “numerical flux”, which is a single-valued function defined
at the cell interfaces and in general depending on the values of the numerical
solution uy, from both sides of the interface, since wuy, is discontinuous there. For
the simple linear convection PDE (3.1), the numerical flux can be chosen according
to the upwind principle, namely

ah(xi+%7y) = uh(x;’,%vy)? ah(xvy]+%) = Uh(x,yj_+%)-

Notice that, for the boundary cell i = 1, the numerical flux for the left edge is
defined using the given boundary condition

un(zy,y) = g2(y).
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Likewise, for the boundary cell j = 1, the numerical flux for the bottom edge is
defined by

un(z,y1) = g1(x).

We now look at the implementation of the scheme (3.4). If a local basis of P¥(I; ;)
is chosen and denoted as ¢} ;(z,y) for £ =1,2,..., K = (k4 1)(k +2)/2, we can
express the numerical solution as

K
un(w,y) =Y _uf;0f(x,y),  (2,y) € L,
/=1

and we should solve for the coefficients

1
Ui

Ui j = N E
K
Wi j
which, according to the scheme (3.4), satisfies the linear equation
Ai’jui,j =rhs (35)

where A; ; is a K x K matrix whose (¢, m)-th entry is given by

af,’;”:—//l_ (ap} (, ) (5 (2,9))a + b (2, ) (5 (2, ))y) dedy — (3.6)

yj+% m 4
+a Qpi,j(xiJr%vy)@i,j(xzdr%:y)dy

Y1

Tivl
er/ ’ @%(xvyj+%)¢f,j(xayj+%)d-ra
xr

and the ¢-th entry of the right-hand side vector is given by

Tl

’ ’U/h(x, y]__ )@f,j (xv yjfé)dx

1
2

¢ Yoty - ¢
rhs" =a un(,_ 1, 9)#53 (%o g, y)dy +b
Yy

. X .

+ / £, dudy,
Ii;

which depends on the information of uj, in the left cell I;_; ; and the bottom cell
I; j_1, if they are in the computational domain, or on the boundary condition,
if one or both of these cells are outside the computational domain. It is easy to
verify that the matrix A; ; in (3.5) with entries given by (3.6) is invertible, hence
the numerical solution w; in the cell I; ; can be easily obtained by solving the
small linear system (3.5), once the solution at the left and bottom cells I;_ ;



160 Chapter 3. Discontinuous Galerkin Method for Conservation Laws

and I; j_; are already known, or if one or both of these cells are outside the
computational domain. Therefore, we can obtain the numerical solution uy in the
following ordering: first we obtain it in the cell I; 1, since both its left and bottom
boundaries are equipped with the prescribed boundary conditions (3.2). We then
obtain the solution in the cells I ; and I; 2. For I5 1, the numerical solution uy in
its left cell I ; is already available, and its bottom boundary is equipped with the
prescribed boundary condition (3.2). Similar argument goes for the cell I; 5. The
next group of cells to be solved are I3 1, Iz 2, I1 3. It is clear that we can obtain
the solution up sequentially in this way for all cells in the computational domain.

Clearly, this method does not involve any large system solvers and is very easy
to implement. In [25], Lesaint and Raviart proved that this method is convergent
with the optimal order of accuracy, namely O(h¥1), in L?-norm, when piecewise
tensor product polynomials of degree k are used as basis functions. Numerical
experiments indicate that the convergence rate is also optimal when the usual
piecewise polynomials of degree k given by (3.3) are used instead.

Notice that, even though the method (3.4) is designed for the steady-state
problem (3.1), it can be easily used on initial-boundary value problems of linear
time-dependent hyperbolic equations: we just need to identify the time variable ¢
as one of the spatial variables. It is also easily generalizable to higher dimensions.

The method described above can be easily designed and efficiently imple-
mented on arbitrary triangulations. L2-error estimates of O(h*+1/2) where k is
again the polynomial degree and h is the mesh size can be obtained when the so-
lution is sufficiently smooth, for arbitrary meshes, see, e.g., [24]. This estimate is
actually sharp for the most general situation [33], however in many cases the opti-
mal O(h**+1) error bound can be proved [39, 9]. In actual numerical computations,
one almost always observes the optimal O(h**1) accuracy.

Unfortunately, even though the method (3.4) is easy to implement, accurate,
and efficient, it cannot be easily generalized to linear systems, where the char-
acteristic information comes from different directions, or to nonlinear problems,
where the characteristic wind direction depends on the solution itself.

3.2 One-dimensional Time-dependent
Conservation Laws

The difficulties mentioned at the end of the last subsection can be by-passed
when the DG discretization is only used for the spatial variables, and the time
discretization is achieved by explicit Runge-Kutta methods such as (2.1). This
is the approach of the so-called Runge-Kutta discontinuous Galerkin (RKDG)
method [14, 13, 12, 10, 15].

We start our discussion with the one-dimensional conservation law

u + f(u)y =0. (3.7)
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As before, we assume the following mesh to cover the computational domain [0, 1],
consisting of cells I; = [z;_1,2;, 1], for 1 <i < N, where

0=z <23 <---<wypp =1
We again denote

1<i<N; h = max Aux;.

Ax; = x;
v i+ 1<i<N

i— L1
1—3)

ol

We assume the mesh is regular, namely there is a constant ¢ > 0 independent of
h such that
Ax; > ch, 1<i<N.

We define a finite-element space consisting of piecewise polynomials
={v:v|, € P(I;); 1<i< N}, (3.8)

where P*(I;) denotes the set of polynomials of degree up to k defined on the cell
I;. The semi-discrete DG method for solving (3.7) is defined as follows: find the
unique function up, = up(t) € th such that, for all test functions vy, € th and all
1 <i< N, we have

)=0. (3.9)

1
2

/1 (Uh)t(Uh)d$ - /1 f(uh)(vh)md:c + f:Jr%Uh(:L’;r%) — feévh(m;,

i

Here, f +1 1s again the numerical flux, which is a single-valued function defined at
the cell interfaces and in general depends on the values of the numerical solution
up, from both sides of the interface

i+l = (uh(x;% 1), u;L(IL%,t)).
We use the so-called monotone fluxes from finite-difference and finite-volume
schemes for solving conservation laws, which satisfy the following conditions:
e Consistency: f(u,u) = f(u).

e Continuity: f(uﬂu*) is at least Lipschitz continuous with respect to both
arguments u~ and u™.

e Monotonicity: fA(u* u™) is a non-decreasing function of its first argument
u~ and a non-increasing function of its second argument u™. Symbolically

£ 1)

Well-known monotone fluxes include the Lax-Friedrichs flux

FHF ) = 5 (F7) + ) = a(ut =), = max| ()
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the Godunov flux

fA'G"d(u’ ) = ming - <y<yr f(w), ifu™ <ut,
’ max,+<y<u— f(u), ifu” >ut;

and the Engquist-Osher flux

U ut
FEO _ / max(f(u), 0)du + / min(f'(u), 0)du + £(0).
0 0
We refer to, e.g., [26] for more details about monotone fluxes.

3.2.1 Cell Entropy Inequality and >2-Stability

It is well known that weak solutions of (3.7) may not be unique and the unique,
physically relevant weak solution (the so-called entropy solution) satisfies the fol-
lowing entropy inequality

U(u) + F(u); <0 (3.10)

in distribution sense, for any convex entropy U (u) satisfying U”(u) > 0 and the
corresponding entropy flux F(u) = [“ U’ (u) f'(u)du. It will be nice if a numerical
approximation to (3.7) also shares a similar entropy inequality as (3.10). It is
usually quite difficult to prove a discrete entropy inequality for finite-difference
or finite-volume schemes, especially for high-order schemes and when the flux
function f(u) in (3.7) is not convex or concave, see, e.g., [28, 32]. However, it
turns out that it is easy to prove that the DG scheme (3.9) satisfies a cell entropy
inequality [23].

Proposition 3.1. The solution up, to the semi-discrete DG scheme (3.9) satisfies
the following cell entropy inequality

<0 (3.11)

satisfying F(u,u) = F(u).

Proof. We introduce a short-hand notation

Bi(uh;vh):/I(uh)t(vh)dx—/[ F(un) (vn)ade

+fi+%uh(z;+%)—fi,%vh(x_+ ). (3.12)
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If we take v, = up, in the scheme (3.9), we obtain

Bi(uh;uh):/l (up)e(up)dx —/IV fup)(up)de

+ fi+%uh(m;+%) - fz‘féuh(x::ﬂ =0. (3.13)

2

If we denote F(u) = [ f(u)du, then (3.13) becomes

Bi(uniwn) = [ Ulunlds ~ Flun(ar, )

I;
~ ~

+ Flun(e ) + Foqun(ery) = Frogun(al ) =0,

or
B;(up;up) :/ U(up)edz + }/7'\+% — ﬁ%% +6,.1=0, (3.14)
I;
where R ~ N
Fiiy= —F(uh(x;%)) + fH%uh(;r;r%), (3.15)
and

Oy = —Flun(x;_y)) + fimyun(z,_ 1) + Flun(a! ) = fioyun(@l ,). (3.16)
2 2 2 2
It is easy to verify that the numerical entropy flux F defined by (3.15) is consistent
with the entropy flux F(u) = [“U’(u)f'(u)du for U(u) = “72 It is also easy to
verify
O = —F(uy) + fu, + F(w)) = fuf = (uf —u;)(F'(€) = J) >0,

where we have dropped the subscript ¢ — % since all quantities are evaluated there
in®,_ 1. A mean value theorem is applied and £ is a value between v~ and u™,

and we have used the fact F”(€) = f(€) and the monotonicity of the flux function

fto obtain the last inequality. This finishes the proof of the cell entropy inequality
(3.11). ]

We note that the proof does not depend on the accuracy of the scheme,
namely it holds for the piecewise polynomial space (3.8) with any degree k. Also,
the same proof can be given for the multi-dimensional DG scheme on any trian-
gulation.

The cell entropy inequality trivially implies an L2-stability of the numerical
solution.

Proposition 3.2. For periodic or compactly supported boundary conditions, the so-
lution uy, to the semi-discrete DG scheme (3.9) satisfies the following L2-stability

d 1

- ) 2dx < 1
i (up)“dz <0, (3.17)



164 Chapter 3. Discontinuous Galerkin Method for Conservation Laws

l[un(, ) < [lun(-, 0)]- (3.18)

Here and below, an unmarked norm is the usual L?-norm.

Proof. We simply sum up the cell entropy inequality (3.11) over i. The flux terms
telescope and there is no boundary term left because of the periodic or compact
supported boundary condition. (3.17), and hence (3.18), are now immediate. O

Notice that both the cell entropy inequality (3.11) and the L?-stability (3.17)
are valid even when the exact solution of the conservation law (3.7) is discontinu-
ous.

3.2.2 Limiters and Total Variation Stability

For discontinuous solutions, the cell entropy inequality (3.11) and the L2-stability
(3.17), although helpful, are not enough to control spurious numerical oscillations
near discontinuities. In practice, especially for problems containing strong discon-
tinuities, we often need to apply nonlinear limiters to control these oscillations
and to obtain provable total variation stability.

For simplicity, we first consider the forward Euler time discretization of the
semi-discrete DG scheme (3.9). Starting from a preliminary solution u) ** € V¥
at time level n (for the initial condition, u%pre is taken to be the L2-projection of
the analytical initial condition u(-,0) into V}¥), we would like to “limit” or ”pre-
process” it to obtain a new function u}! € V;* before advancing it to the next
time level: find uZH’pre € V¥ such that, for all test functions v;, € Vi¥ and all
1 <i< N, we have

n—+1,pre n
[ e [ oo+ T e y) - By ) =0
I, At I, i+ 5 ity i—

i—3
(3.19)
where At = ¢"T! —¢" is the time step. This limiting procedure to go from uj ™™

to uj should satisfy the following two conditions:

vp(x

e It should not change the cell averages of u; ™. That is, the cell averages of
ujt and u) """ are the same. This is for the conservation property of the DG

method.

e It should not affect the accuracy of the scheme in smooth regions. That is,

in the smooth regions this limiter does not change the solution, u}(z) =
n,pre
uy P ().

There are many limiters discussed in the literature, and this is still an active
research area, especially for multi-dimensional systems, see, e.g., [60]. We will only
present an example [13] here.
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We denote the cell average of the solution uy as

1
U = , 2
a Az /1 updx (3.20)

i

and we further denote

u; zuh(x;%) — Uy, U; zﬂifuh(ac;:%). (3.21)
The limiter should not change @; but it may change w; and/or 51 In particular,
the minmod limiter [13] changes @; and w; into

~(mod ~
agmod) _ m(ai7 AL, Afﬂi% 17( od) = m(ﬁi7 ALy, A,ﬂi), (3.22)

K3

where
ALty = Ujq1 — Uiy A_U; = Uy — Ui—1,
and the minmod function m is defined by

smin(lai|, - ,|ae]), if s =sign(ai) = ---sign(as),

m(ah... 7az)_{

0, otherwise.

(3.23)
The limited function uﬁlmOd) is then recovered to maintain the old cell average
(3.20) and the new point values given by (3.22), that is

_ _ ~(m m _ =(mod)
Uy, (:EH%) =u; + ug Od), ug od) (mlt%) =U; — Uy ) (3.24)

by the definition (3.21). This recovery is unique for P* polynomials with k < 2.

For k > 2, we have extra freedom in obtaining uEImOd). We could for example choose

uglmOd) to be the unique P? polynomial satisfying (3.20) and (3.24).

Before discussing the total variation stability of the DG scheme (3.19) with
the pre-processing, we first present a simple lemma due to Harten [22].

Lemma 3.1 (Harten). If a scheme can be written in the form

ul Tt =l + Ciy1Aiui — Dy 1 A_uf (3.25)

with periodic or compactly supported boundary conditions, where C;, 1 and D,_ 1

may be nonlinear functions of the grid values uj for j =i—p,...,i+q with some
p,q > 0, satisfying

CH%ZO, DH%ZO, CZ»+%+D1-+%§1, Vi, (3.26)

then the scheme is TVD
TV (u™) < TV (u™),

where the total variation seminorm is defined by

TV (u) = Z |A ).
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Proof. Taking the forward difference operation on (3.25) yields
Aput = Al + CiysAquiyy —CptAyu = Dy 1 Ayui + Dy 1 Auy
= (1 - CiJr% — Di+%)A+u? + CiJr%AJruanrl + Dif%A,u?.
Thanks to (3.26) and using the periodic or compactly supported boundary condi-

tion, we can take the absolute value on both sides of the above equality and sum
up over ¢ to obtain

DA <Y (1= Crpy = Dy Ay
3 i
+ 3 Copt| A} |+ D s |Aguf| =Y [Agupl.

1
This finishes the proof. 0

We define the “total variation in the means” semi-norm, or TVM, as

TVM(up) = Y |A4 1.

We then have the following stability result.

Proposition 3.3. For periodic or compactly supported boundary conditions, the so-
lution u} of the DG scheme (3.19), with the “pre-processing” by the limiter, is
total variation diminishing in the means (TVDM), that is

TVM(u} ™) < TVM(uf). (3.27)
Proof. Taking vy, = 1 for z € I; in (3.19) and dividing both sides by Az;, we
obtain, by noticing (3.24),
af v = @y — N (f(ﬂz U, i1 — Ui1) — F@io1 + o1, @ — 5:)) ;

where \; = AA—;N and all quantities on the right-hand side are at the time level n.
We can write the right hand side of the above equality in the Harten form (3.25)

if we define C 1 and D;_1 as follows

Fts + Uy i1 — Wipr) — (U + Wi, U — W)

Cz‘+§ ==\ N ) (3.28)
D, =\ P + i, i — ;) — .]?(Fifl + U1, Uy — 52)
2 A,ui

We now need to verify that C;, 1 and D; 1 defined in (3.28) satisty (3.26). Indeed,
we can write Ci_% as

= —Aife

Uj4-1 Uj

1—
VAR A+uz:| ’

Ciy (3.29)

1
2
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in which fg is defined as

~  fE 4 U, G — Uir) —

_ (
/2 (Tig1 — 51‘4—1) — (u; — ;)

and hence

—~ ~

f(’l]i + ﬂi, ﬂi—&-l - 171'_;,_1) - f(?jl + Uiy U; — uz)

(U1 — Uis1) — (U — ;)

0< ~Nifoa=—X\

where we have used the monotonicity and Lipschitz continuity of ﬁ and Lo is the
Lipschitz constant of f with respect to its second argument. Also, since u} is the

pre-processed solution by the minmod limiter, iiﬂ and iz are the modified values
defined by (3.22), hence

s
0< <1, 0<——=
+Us; AJr’LL@'

<1. (3.31)

Therefore, we have, by (3.29), (3.30) and (3.31),
0< CiJr% < 2X\;Lo.
Similarly, we can show that

0<Djy1 <2041l

where L is the Lipschitz constant of fwith respect to its first argument. This
proves (3.26) if we take the time step so that

N1
T 2(L1 + Lo)
where A = max; \;. The TVDM property (3.27) then follows from the Harten

Lemma and the fact that the limiter does not change cell averages, hence
TVM(uj ) = TVM (up H77), m

Even though the previous proposition is proved only for the first-order Euler
forward time discretization, the special TVD (or strong stability preserving, SSP)
Runge-Kutta time discretizations [44, 21] allow us to obtain the same stability
result for the fully discretized RKDG schemes.

Proposition 3.4. Under the same conditions as those in Proposition 3.3, the solu-
tion uj of the DG scheme (3.19), with the Euler forward time discretization re-
placed by any SSP Runge-Kutta time discretization [21] such as (2.1), is TVDM.

]
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We still need to verify that the limiter (3.22) does not affect accuracy in
smooth regions. If u, is an approximation to a (locally) smooth function u, then
a simple Taylor expansion gives

-1 ~ 1
u; = Euz(ﬂci)Azi + O(h?), u; = iuz(xl)Axl +O(h?),

while

1 1
A+ﬂi = iuz(xl)(AlerAle)+O(h2), A_u; = §uz(ml)(Aaﬁl+Am1_1)+O(h2)

Clearly, when we are in a smooth and monotone region, namely when u,(x;) is
away from zero, the first argument in the minmod function (3.22) is of the same
sign as the second and third arguments and is smaller in magnitude (for a uniform
mesh it is about half of their magnitude), when A is small. Therefore, since the
minmod function (3.23) picks the smallest argument (in magnitude) when all the

. . ~(mod) ~(mod) .
arguments are of the same sign, the modified values u; and wu; in (3.22)
will take the unmodified values u; and u;, respectively. That is, the limiter does
not affect accuracy in smooth, monotone regions.

On the other hand, the TVD limiter (3.22) does kill accuracy at smooth
extrema. This is demonstrated by numerical results and is a consequence of the
general results about TVD schemes, that they are at most second-order accurate
for smooth but non-monotone solutions [31]. Therefore, in practice we often use a
total variation bounded (TVB) corrected limiter

as, if |a1| SMhQ,

m(ai,...,ag), otherwise,

ﬁz(al,~~- ,CLZ)—{

instead of the original minmod function (3.23), where the TVB parameter M
has to be chosen adequately [13]. The DG scheme would then be total variation
bounded in the means (TVBM) and uniformly high-order accurate for smooth
solutions. We will not discuss more details here and refer the readers to [13].

We would like to remark that the limiters discussed in this subsection were
first used for finite-volume schemes [30]. When discussing limiters, the DG methods
and finite-volume schemes have many similarities.

3.2.3 Error Estimates for Smooth Solutions

If we assume the exact solution of (3.7) is smooth, we can obtain optimal L?-
error estimates. Such error estimates can be obtained for the general nonlinear
conservation law (3.7) and for fully discretized RKDG methods, see [58]. However,
for simplicity we will give here the proof only for the semi-discrete DG scheme and
the linear version of (3.7):

U + Uy = 0, (3.32)

-~

for which the monotone flux is taken as the simple upwind flux f(u=,u™) = u~.
Of course the proof is the same for u; + au, = 0 with any constant a.
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Proposition 3.5. The solution uy of the DG scheme (3.9) for the PDE (3.32) with
a smooth solution u satisfies the error estimate

lu — up|| < ChEFL (3.33)

where C depends on u and its derivatives but is independent of h.

Proof. The DG scheme (3.9), when using the notation in (3.12), can be written as
Bi(un;vn) =0, (3.34)

for all vy, € V}, and for all . It is easy to verify that the exact solution of the PDE
(3.32) also satisfies

B;(u;vp) =0, (3.35)
for all vy, € V}, and for all 4. Subtracting (3.34) from (3.35) and using the linearity
of B; with respect to its first argument, we obtain the error equation

B;(u — up;vp) =0, (3.36)

for all v, € V3 and for all 7.
We now define a special projection P into V. For a given smooth function
w, the projection Pw is the unique function in V} which satisfies, for each i,

/ (Pw(z) — w(z))vp(z)de =0 Yo, € PFH(T); Pw(z,, 1) =w(z 1)

I i+3
(3.37)
Standard approximation theory [7] implies, for a smooth function w,

| Pw(z) — w(z)| < ChF*! (3.38)

where here and below C' is a generic constant depending on w and its derivatives
but independent of h (which may not have the same value in different places).
In particular, in (3.38), C = C||w||ge+1 where ||w||gr+1 is the standard Sobolev
(k+1) norm and C is a constant independent. of w.
We now take:
v, = Pu — up, (3.39)

in the error equation (3.36), and denote

en = Pu — uy, ep=u— Pu (3.40)
to obtain
Bi(en;en) = —Bi(en; en). (3.41)
For the left-hand side of (3.41), we use the cell entropy inequality (see (3.14)) to
obtain

+ @F%, (3.42)

N =
Sl

Bi(eh;eh) = / (eh)2d$+ﬁi+% 71?‘1‘—
I

i
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where ©;_1 > 0. As to the right-hand side of (3.41), we first write out all the
terms

—Bi(en;en) = f/ (Eh)tehdl'+/ en(ep)zdr — (Eh)i;%(eh);% + (Eh)i:%(eh);r%'

i I;

Noticing the properties (3.37) of the projection P, we have

/ Eh(eh)zdw =0
I

i

because (ep,); is a polynomial of degree at most k — 1, and
(%);_% =Uipl — (PU);_% =0

for all i. Therefore, the right-hand side of (3.41) becomes

—By(ensen) = 7/1 (en)eende < (/ ((sh)t)Qd“/ (eh)2d:r). (3.43)

I; I;

i

Plugging (3.42) and (3.43) into the equality (3.41), summing up over ¢, and using
the approximation result (3.38), we obtain

d [* 1

_/ (en)?dx < / (en)?dx + Ch2k+2,

dt J, 0

A Gronwall’s inequality, the fact that the initial error
[u(-,0) = up (-, 0)|| < CA*

(usually the initial condition uy(+,0) is taken as the L?-projection of the analytical
initial condition w(-,0)), and the approximation result (3.38) finally give us the
error estimate (3.33). O

3.3 Comments for Multi-dimensional Cases

Even though we have only discussed the two-dimensional steady-state and one-
dimensional time-dependent cases in previous subsections, most of the results also
hold for multi-dimensional cases with arbitrary triangulations. For example, the
semi-discrete DG method for the two-dimensional time-dependent conservation
law

w+ f(w)s + g(u), = 0 (3.44)

is defined as follows. The computational domain is partitioned into a collection
of cells A\;, which in 2D could be rectangles, triangles, etc., and the numerical
solution is a polynomial of degree k in each cell A;. The degree k could change
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with the cell, and there is no continuity requirement of the two polynomials along
an interface of two cells. Thus, instead of only one degree of freedom per cell
as in a finite-volume scheme, namely the cell average of the solution, there are
now K = (kﬂ)# degrees of freedom per cell for a DG method using piecewise
k-th degree polynomials in 2D. These K degrees of freedom are chosen as the
coefficients of the polynomial when expanded in a local basis. One could use a
locally orthogonal basis to simplify the computation, but this is not essential.

The DG method is obtained by multiplying (3.44) by a test function v(x,y)
(which is also a polynomial of degree k in the cell), integrating over the cell A;,
and integrating by parts:

d

i [, v vt vy |

F(u)~Vvdxdy+/ F(u)-nvds = 0, (3.45)
N

j o4

where F' = (f,g), and n is the outward unit normal of the cell boundary 0A;.
The line integral in (3.45) is typically discretized by a Gaussian quadrature of
sufficiently high order of accuracy,

q
/ Fonvds ~ [0S wpF(u(Gy, 1) - no(Gy),
oA,

k=1

where F'(u(Gp,t)) - n is replaced by a numerical flux (approximate or exact Rie-
mann solvers). For scalar equations the numerical flux can be taken as any of the
monotone fluxes discussed in Section 3.2 along the normal direction of the cell
boundary. For example, one could use the simple Lax-Friedrichs flux, which is
given by
F(u(Gg,t))n =~ %[(F(u_(Gk,t))+F(u+(Gk,t))) ‘n—a (ut (G, t)—u" (Gk,1))]
where « is taken as an upper bound for the eigenvalues of the Jacobian in the n
direction, and ™ and u" are the values of u inside the cell A; and outside the
cell A; (inside the neighboring cell) at the Gaussian point Gy. v(Gy) is taken as
v~ (Gg), namely the value of v inside the cell A; at the Gaussian point Gy. The
volume integral term | A, F(u) - Vudzdy can be computed either by a numerical
quadrature or by a quadrature free implementation [2] for special systems such
as the compressible Euler equations. Notice that if a locally orthogonal basis is
chosen, the time derivative term % fAj u(z,y, t)v(x, y)drdy would be explicit and
there is no mass matrix to invert. However, even if the local basis is not orthogonal,
one still only needs to invert a small K x K local mass matrix (by hand) and there
is never a global mass matrix to invert as in a typical finite-element method.

For scalar equations (3.44), the cell entropy inequality described in Propo-
sition 3.1 holds for arbitrary triangulation. The limiter described in Section 3.2.2
can also be defined for arbitrary triangulation, see [10]. Instead of the TVDM
property given in Proposition 3.3, for multi-dimensional cases one can prove the
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maximum norm stability of the limited scheme, see [10]. The optimal error esti-
mate given in Proposition 3.5 can be proved for tensor product meshes and basis
functions, and for certain specific triangulations when the usual piecewise k-th de-
gree polynomial approximation spaces are used [39, 9]. For the most general cases,
an L%-error estimate of half an order lower O(h¥*2) can be proved [24], which is
actually sharp [33].

For nonlinear hyperbolic equations including symmetrizable systems, if the
solution of the PDE is smooth, L?-error estimates of O(h*+1/2 + At?) where At
is the time step can be obtained for the fully discrete Runge-Kutta discontinuous
Galerkin method with second-order Runge-Kutta time discretization. For upwind
fluxes the optimal O(h**1 + At?) error estimate can be obtained. See [58, 59)].

As an example of the excellent numerical performance of the RKDG scheme,
we show in Figures 3.1 and 3.2 the solution of the second order (piecewise linear)
and seventh order (piecewise polynomial of degree 6) DG methods for the linear
transport equation

U + Uy =0, or Ut + Uy + Uy = 0,
on the domain (0,27) x (0,T) or (0,27)2 x (0,T) with the characteristic function
of the interval (5, 2T) or the square (3, %7)? as initial condition and periodic

boundary conditions [17]. Notice that the solution is for a very long time, t = 1007w
(50 time periods), with a relatively coarse mesh. We can see that the second-order
scheme smears the fronts, however the seventh-order scheme maintains the shape
of the solution almost as well as the initial condition! The excellent performance
can be achieved by the DG method on multi-dimensional linear systems using
unstructured meshes, hence it is a very good method for solving, e.g. Maxwell
equations of electromagnetism and linearized Euler equations of aeroacoustics.

To demonstrate that the DG method also works well for nonlinear systems,
we show in Figure 3.3 the DG solution of the forward facing step problem by
solving the compressible Euler equations of gas dynamics [15]. We can see that
the roll-ups of the contact line caused by a physical instability are resolved well,
especially by the third-order DG scheme.

In summary, we can say the following about the discontinuous Galerkin meth-
ods for conservation laws:

1. They can be used for arbitrary triangulation, including those with hanging
nodes. Moreover, the degree of the polynomial, hence the order of accuracy,
in each cell can be independently decided. Thus the method is ideally suited
for h-p (mesh size and order of accuracy) refinements and adaptivity.

2. The methods have excellent parallel efficiency. Even with space time adap-
tivity and load balancing the parallel efficiency can still be over 80%, see
[38].

3. They should be the methods of choice if geometry is complicated or if adaptiv-
ity is important, especially for problems with long time evolution of smooth
solutions.



3.3. Comments for Multi-dimensional Cases 173
k=1, t=100m, solid line: exact solution; k=6, t=100m, solid line: exact solution;
dashed line / squares: numerical solution dashed line / squares: numerical solution
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Figure 3.1: Transport equation: Comparison of the exact and the RKDG solutions

at T

= 1007 with second order (P!, left) and seventh order (P, right) RKDG

methods. One-dimensional results with 40 cells, exact solution (solid line) and
numerical solution (dashed line and symbols, one point per cell).

Figure 3.2: Transport equation: Comparison of the exact and the RKDG solutions

at T

= 1007 with second order (P!, left) and seventh order (PS, right) RKDG

methods. Two-dimensional results with 40 x 40 cells.

4.

For problems containing strong shocks, the nonlinear limiters are still less
robust than the advanced WENO philosophy. There is a parameter (the
TVB constant) for the user to tune for each problem, see [13, 10, 15]. For
rectangular meshes the limiters work better than for triangular ones. In recent
years, WENO based limiters have been investigated [35, 34, 36].
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Rectangles P1, Ax=Ay=1/320

Figure 3.3: Forward facing step. Zoomed-in region. Az = Ay = ﬁ. Top: P!
elements; bottom: P2 elements.



Chapter 4

Discontinuous Galerkin Method
for Convection-Diffusion
Equations

In this section we discuss the discontinuous Galerkin method for time-dependent
convection-diffusion equations

d d

d
Ut + Z fz(u)m - Z Z(au(u)uh)h =0, (4'1)

i=1 j=1

where (a;;(u)) is a symmetric, semi-positive definite matrix. There are several
different formulations of discontinuous Galerkin methods for solving such equa-
tions, e.g., [1, 4, 6, 29, 45], however in this section we will only discuss the local
discontinuous Galerkin (LDG) method [16].

For equations containing higher-order spatial derivatives, such as the convec-
tion-diffusion equation (4.1), discontinuous Galerkin methods cannot be directly
applied. This is because the solution space, which consists of piecewise polynomials
discontinuous at the element interfaces, is not regular enough to handle higher
derivatives. This is a typical “non-conforming” case in finite elements. A naive
and careless application of the discontinuous Galerkin method directly to the heat
equation containing second derivatives could yield a method which behaves nicely
in the computation but is “inconsistent” with the original equation and has O(1)
errors to the exact solution [17, 57].

The idea of local discontinuous Galerkin methods for time-dependent par-
tial differential equations with higher derivatives, such as the convection-diffusion
equation (4.1), is to rewrite the equation into a first-order system, then apply the
discontinuous Galerkin method on the system. A key ingredient for the success of
such methods is the correct design of interface numerical fluxes. These fluxes must
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be designed to guarantee stability and local solvability of all the auxiliary variables
introduced to approximate the derivatives of the solution. The local solvability of
all the auxiliary variables is why the method is called a “local” discontinuous
Galerkin method in [16].

The first local discontinuous Galerkin method was developed by Cockburn
and Shu [16], for the convection-diffusion equation (4.1) containing second deriva-
tives. Their work was motivated by the successful numerical experiments of Bassi
and Rebay [3] for the compressible Navier-Stokes equations.

In the following we will discuss the stability and error estimates for the LDG
method for convection-diffusion equations. We present details only for the one-
dimensional case and will mention briefly the generalization to multi-dimensions
in Section 4.4.

4.1 LDG Scheme Formulation

We consider the one-dimensional convection-diffusion equation
us + f(u), = (a(w)ug), (4.2)
with a(u) > 0. We rewrite this equation as the system
ur + f(w)e = (b(u)q)e,  ¢— Blu)e =0, (4.3)

where
bu) = Va@),  Blu) = / b(u)du. (4.4)

The finite-element space is still given by (3.8). The semi-discrete LDG scheme is
defined as follows. Find uy, qn € th such that, for all test functions vy, py € V,f
and all 1 <i¢ < N, we have

/ (un)e(on)der — / (F(un) — b(un)n) (vn)de

I; I;
=Wy o)y = (F= iy (o) =0, &

32

+ B, 1(pn)" L =0.

1— 35 —_=
2 1—3

/ thhd$+/ B(un)(pn)zdz — §i+%(ph);+

I; I;

=

Here, all the “hat” terms are the numerical fluxes, namely single-valued functions
defined at the cell interfaces which typically depend on the discontinuous numerical
solution from both sides of the interface. We already know from Section 3 that the
convection flux f should be chosen as a monotone flux. However, the upwinding
principle is no longer a valid guiding principle for the design of the diffusion fluxes
b, ¢ and B. In [16], sufficient conditions for the choices of these diffusion fluxes
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to guarantee the stability of the scheme (4.5) are given. Here, we will discuss a
particularly attractive choice, called “alternating fluxes”, defined as

~  B(u') - Bu; - = _
b= w, q:q,f7 B = B(uy, ). (4.6)
Up, — Up,

The important point is that g and B should be chosen from different directions.
Thus, the choice

b= ———", 7=q,, B = B(u)

is also fine.

Notice that, from the second equation in the scheme (4.5), we can solve gy,
explicitly and locally (in cell ;) in terms of uy, by inverting the small mass matrix
inside the cell I;. This is why the method is referred to as the “local” discontinuous
Galerkin method.

4.2 Stability Analysis

Similar to the case for hyperbolic conservation laws, we have the following “cell
entropy inequality” for the LDG method (4.5).

Proposition 4.1. The solution up, qpn to the semi-discrete LDG scheme (4.5) sat-
isfies the following “cell entropy inequality”

1d 9 9 ~
th/li(Uh) d$+/li(%) de + F;,

—F 1 <0 (4.7)

=
[N

for some consistent entropy flux
Fiir= F(Uh($;+%7t)7Qh($;+%7t);uh(x;%,t),qh(xzﬁr%))
satisfying ﬁ(u7 u) = F(u) — ub(u)q where, as before, F(u) = [“uf'(u)du.

Proof. We introduce a short-hand notation

By, qn vns pn) = / (un)o(on)di — / (F(un) — blun)qn) (vn)adle

I; L
=0y on)iyy = (F= by (o] (48)

+ / anprda+ / B(un)(pn)ede—Byy  (pn);, y +Bioy (on)) -
I; 1;

1
2 2
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If we take v, = up, pp, = qp in the scheme (4.5), we obtain

Bi(un, ans wn an) = / (un)e(un)de (4.9)

I;

- / (F(un) = blun)gn) (un)ode

i

F =iy m)iyy = (F= )iy )y (410)

|

+
&)

=

N
+

+ [ @de+ [ Blun@).de - By )]

i i

=0.
If we denote F(u) = [ f(u)du, then (4.9) becomes
1d 9 9
Bi(un, qn; un, an) = 2d (un)”dz + [ (qn)°dx
I I
+Fyp—F_ +6,.1=0, (411)
where R B N N
F = —F(uy) + fu;, —bgu, (4.12)
and _ N _ N
© = —F(u;) + fu, + F(uy) — fuy, (4.13)

where we have used the definition of the numerical fluxes (4.6). Notice that we

% in the definitions of F' and ©. It is easy to verify

that the numerical entropy flux F defined by (4.12) is consistent with the entropy
flux F(u)—ub(u)q. As © in (4.13) is the same as that in (3.16) for the conservation
law case, we readily have © > 0. This finishes the proof of (4.7). g

have omitted the subindex ¢ —

We again note that the proof does not depend on the accuracy of the scheme,
namely it holds for the piecewise polynomial space (3.8) with any degree k. Also,
the same proof can be given for multi-dimensional LDG schemes on any triangu-
lation.

As before, the cell entropy inequality trivially implies an L2-stability of the
numerical solution.

Proposition 4.2. For periodic or compactly supported boundary conditions, the so-
lution up,, qn to the semi-discrete LDG scheme (4.5) satisfies the following L?-
stability
d 1 1
— | (up)?dx + 2/ (qn)?dz <0, (4.14)
dt Jo 0
or

l[un (- )| +2/0 llan (-, Dlldm < [lun(-, 0)]. (4.15)
]



4.3. Error Estimates 179

Notice that both the cell entropy inequality (4.7) and the L2-stability (4.14)
are valid regardless of whether the convection-diffusion equation (4.2) is convection-
dominated or diffusion-dominated and regardless of whether the exact solution is
smooth or not. The diffusion coefficient a(u) can be degenerate (equal to zero) in
any part of the domain. The LDG method is particularly attractive for convection-
dominated convection-diffusion equations, when traditional continuous finite-element
methods are less stable.

4.3 Error Estimates

Again, if we assume the exact solution of (4.2) is smooth, we can obtain optimal
L?-error estimates. Such error estimates can be obtained for the general nonlinear
convection-diffusion equation (4.2), see [53]. However, for simplicity we will give
here the proof only for the heat equation:

Ut = Ugy (4.16)
defined on [0, 1] with periodic boundary conditions.

Proposition 4.3. The solution uy, and gy to the semi-discrete DG scheme (4.5) for
the PDE (4.16) with a smooth solution u satisfies the error estimate

1ux —up(z,t))? dx tlu;z:r— . ™) dedr 2(k+1)
/O((J) h(,t))d+/0/0(z(,)qh(,))ddg(}h’“*,
(4.17)

where C depends on u and its derivatives but is independent of h.
Proof. The DG scheme (4.5), when using the notation in (4.8), can be written as
Bi(un, qn;vn,pr) =0, (4.18)

for all vp,pr € V3, and for all i. It is easy to verify that the exact solution u and
q = uy of the PDE (4.16) also satisfies

Bi(u, ¢;vn, pr) = 0, (4.19)

for all vp,pr, € Vi, and for all 4. Subtracting (4.18) from (4.19) and using the
linearity of B; with respect to its first two arguments, we obtain the error equation

Bi(u = un,q = qn; vn, pr) = 0, (4.20)

for all vy, pp, € V3, and for all 1.

Recall the special projection P defined in (3.37). We also define another
special projection @ as follows. For a given smooth function w, the projection Quw
is the unique function in V}, which satisfies, for each 1,

/v(Qw(a:) —w(x))vp(z)de =0 Vo, € PFU(DL); Qw(x;%) = w(w;_1)-

I;
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Similar to P, we also have, by standard approximation theory [7], that
|Qu(zx) — w(z)| < ChFH, Yw € HM1(Q), (4.22)

where C is a constant depending on w and its derivatives but independent of h.
We now take

vp = Pu —up, prn=Qq—aqn (4.23)
in the error equation (4.20), and denote
en =Pu—wupn, e, =Qq—qn;  en=u—Pu, & =q—Qq, (4.24)
to obtain
Bi(eh,éh;eh,éh) = —B,;(Eh,fh;eh,éh). (4.25)

For the left-hand side of (4.25), we use the cell entropy inequality (see (4.11)) to
obtain

1d ~
Bi(en, en; en, ) = 55/ (eh)2d$+/ (en)’dz + Fy,

I; I;

—F 140, 1, (4.26)

N

N
W=

special case of the heat equation (4.16)). As to the right-hand side of (4.25), we
first write out all the terms

where ©; 1 > 0 (in fact we can easily verify, from (4.13), that ©; 1 = 0 for the

—Bi(en, n; en, en) = —/ (en)tendx
I;

7/ Enlen)ada + ()7 (en)ry, — (BT, (en)!
I’i 2 2 2 2

— / gnepdx
I.

i

~ [ enende + (@), (e, — G (e .

I; 2 i—3
Noticing the properties (3.37) and (4.21) of the projections P and @), we have
/ énlen)zdr =0, / en(€n)edr =0,
I I

i i

because (ep,), and (€p), are polynomials of degree at most k£ — 1, and

(Eh);r% = Uiyl — (PU);+% =0, (E_h);;% =Qirl — (QQ)L% =0,
for all 4. Therefore, the right-hand side of (4.25) becomes
—Bi(en,En;en, €n) = —/ (Eh)tehdﬂﬁ—/ Enéndx (4.27)
I; I;
1
<= (/ ((Eh)t)QdI—l—/ (eh)2dx+/ (éh)gdz—i—/ (éh)2dx>.
2 I; I; I; 1;
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Plugging (4.26) and (4.27) into the equality (4.25), summing up over ¢, and using
the approximation results (3.38) and (4.22), we obtain

1 1 1
i/ (en)?dx +/ (en)?dx < / (en)?dx + Ch?*+2,
dt Jo 0 0
A Gronwall’s inequality, the fact that the initial error
lu(-,0) = un(-,0)]| < CH**

and the approximation results (3.38) and (4.22) finally give us the error estimate
(4.17). O

4.4 Multi-Dimensions

Even though we have only discussed one-dimensional cases in this section, the algo-
rithm and its analysis can be easily generalized to the multi-dimensional equation
(4.1). The stability analysis is the same as for the one-dimensional case in Sec-
tion 4.2. The optimal O(h**+1) error estimates can be obtained on tensor product
meshes and polynomial spaces, along the same line as that in Section 4.3. For
general triangulations and piecewise polynomials of degree k, a sub-optimal error
estimate of O(h¥) can be obtained. We will not provide the details here and refer
to [16, 53].






Chapter 5

Discontinuous Galerkin Method
for PDEs Containing

Higher-Order Spatial
Derivatives

We now consider the DG method for solving PDEs containing higher-order spatial
derivatives. Even though there are other possible DG schemes for such PDEs, e.g.
those designed in [6], we will only discuss the local discontinuous Galerkin (LDG)
method in this section.

5.1 LDG Scheme for the KdV Equations

We first consider PDEs containing third spatial derivatives. These are usually
nonlinear dispersive wave equations, for example the following general KdV-type
equations

d d d
w3 fulw)e, + 3 () Yo g (ri(w)i)sy ) =0, (5.1)

i=1

where f;(u), 7;(u) and g;;(q) are arbitrary (smooth) nonlinear functions. The one-
dimensional KdV equation

us + (u + Bu?)y 4 Otges = 0, (5.2)

where a, § and o are constants, is a special case of the general class (5.1).
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Stable LDG schemes for solving (5.1) were first designed in [55]. We will
concentrate our discussion on the one-dimensional case. For the one-dimensional
generalized KdV-type equations

ue+ f(u)e + (' (w)g(r(w)e)e)e = 0, (5:3)

where f(u), r(u) and g(q) are arbitrary (smooth) nonlinear functions, the LDG
method is based on rewriting it as the following system,

u+ (f(uw) +r'(w)p)e =0,  p—g(@)e=0, g—r(u)e=0. (5.4)

The finite-element space is still given by (3.8). The semi-discrete LDG scheme is
defined as follows. Find up, pp, qn € Vh’C such that, for all test functions v, wy, 2, €
th and all 1 <i < N, we have

[ wndtonyds = [ (7))o en).ds

i I;

+ (F+D)igs n);yy = (FHrP)ig(on)), =0, (5.5)

i+ [ gt n)ads = Gy (un)yy + 5y ) g =0

/I. qnzndr + /I r(un)(zp)dz — Tiyl (zh);% + ﬁ,%(zh)lt

Here again, all the “hat” terms are the numerical fluxes, namely single-valued
functions defined at the cell interfaces which typically depend on the discontinuous
numerical solution from both sides of the interface. We already know from Section
3 that the convection flux f should be chosen as a monotone flux. It is important
to design the other fluxes suitably in order to guarantee stability of the resulting
LDG scheme. In fact, the upwinding principle is still a valid guiding principle here,
since the KdV-type equation (5.3) is a dispersive wave equation for which waves
are propagating with a direction. For example, the simple linear equation

Ut + Uggy = 07

which corresponds to (5.3) with f(u) = 0, r(u) = uw and ¢g(¢q) = ¢, admits the
following simple wave solution

u(z,t) = sin(z + t),

that is, information propagates from right to left. This motivates the following
choice of numerical fluxes, discovered in [55]:

Sorw)-rlw) S oo
- + — 9 p_ph7 )7
Up — Uy,
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Here, —g(q;, , ;") is a monotone flux for —g(g), namely g is a non-increasing func-
tion in the first argument and a non-decreasing function in the second argument.
The important point is again the “alternating fluxes”, namely p and 7 should come
from opposite sides. Thus

~ _ r(uy) —r(uy) P SO .
r= e e p=p., G=0(g,q), T=ru))
Up, — Up,

would also work.

Notice that, from the third equation in the scheme (5.5), we can solve g,
explicitly and locally (in cell I;) in terms of uy, by inverting the small mass matrix
inside the cell I;. Then, from the second equation in the scheme (5.5), we can
solve pp, explicitly and locally (in cell I;) in terms of gn. Thus only wuy is the
global unknown and the auxiliary variables g;, and p;, can be solved in terms of uy,
locally. This is why the method is referred to as the “local” discontinuous Galerkin
method.

5.1.1 Stability Analysis

Similar to the case for hyperbolic conservation laws and convection-diffusion equa-
tions, we have the following “cell entropy inequality” for the LDG method (5.5).

Proposition 5.1. The solution uy, to the semi-discrete LDG scheme (5.5) satisfies
the following “cell entropy inequality”

1d ~ ~
——/I (uh)2dx+Fi+% _Fi—
for some consistent entropy flux

Fz’+% = F(uh(m;+%7t)aph(w;+%7t)a Qh(ri_+%7t); uh('r;r%at)aph(r;:%at)v Qh(l’;‘:%))

satisfying F(u,u) = F(u)+ur'(u)p— G(q) where F(u) = S uf'(u)du and G(q) =
J* ag(a)da.



186 Chapter 5. Discontinuous Galerkin Method for PDEs

Proof. We introduce a short-hand notation

Bi(un, ph, qn; Vh, Wh, 2n) = /Ib(uh)t(vh)d$ - ‘/I‘(f(“h) + 7' (un)pn) (vn) dx

~

+(F+rDigs(n);, — (TP s, (58)

+/ prwpde
1;
+ [ atanwn)ds =Gy y o), + 3y (wn)]
I;
+/ qnzndx
I;
+ / r(uh)(zh)xdm - ;’\H_%(Zh)l_ 1+ ?Z—%(Zh):-_l‘
I‘i 2 2
If we take v, = up, wp, = g, and z, = —py, in the scheme (5.5), we obtain
Bi(Uh, Dhy G Un, Ghs —Ph) = / (un)e(un)dz
I;
= [ )+ ) )
I;
F 4Dy (), (5.9)
- (err’]/)\)i,%(uh);%
+/ Prqndx
1

i

: 1
i—3

+ [ @)ande =Gy, y + iy}
I

i

- / qnpndx
],

i

= [ ) n)ads + 7oy oy, )]
I;

=0.

If we denote F(u) = [* f(u)du and G(q) = [? g(q)dg, then (5.9) becomes

1d ~ ~
Bi(un, ph, qn; uhs qn, —pn) = 5@/ (un)’de+ Fipy —F_ 1 +0;_1 =0, (5.10)
I;

[SIES
[SIE

where R B N B R
F=—F(uy)+ fuy, +Glay) +r'pfu, —gaz (5.11)
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and
0 = (=F(uy) + fuy + Fu) - Fuf ) +(Glar) - oy — Glai) + 34 ) » (5.12)
where we have used the definition of the numerical fluxes (5.6). Notice that we

have omitted the subindex ¢ — % in the definitions of F and ©. It is easy to verify

that the numerical entropy flux F defined by (5.11) is consistent with the entropy
flux F(u) 4+ ur’(u)p — G(q). The terms inside the first parenthesis for © in (5.12)
are the same as that in (3.16) for the conservation law case; those inside the second
parenthesis are the same as those inside the first parenthesis, if we replace gn by
up, —G by F, and —g by f (recall that —g is a monotone flux). We therefore
readily have © > 0. This finishes the proof of (5.7). O

We observe once more that the proof does not depend on the accuracy of the
scheme, namely it holds for the piecewise polynomial space (3.8) with any degree
k. Also, the same proof can be given for the multi-dimensional LDG scheme solving
(5.1) on any triangulation.

As before, the cell entropy inequality trivially implies an L?-stability of the
numerical solution.

Proposition 5.2. For periodic or compactly supported boundary conditions, the so-
lution uy, to the semi-discrete LDG scheme (5.5) satisfies the L2-stability
d 1
— [ (up)*dz <0, (5.13)
or
l[un(-, )] < [lun(-, 0)]. (5.14)
d
Again, both the cell entropy inequality (5.7) and the L2-stability (5.13) are
valid regardless of whether the KdV-type equation (5.3) is convection-dominated
or dispersion-dominated and regardless of whether the exact solution is smooth or
not. The dispersion flux r'(u)g(r(u);), can be degenerate (equal to zero) in any
part of the domain. The LDG method is particularly attractive for convection-
dominated convection-dispersion equations, when traditional continuous finite-
element methods may be less stable. In [55], this LDG method is used to study the
dispersion limit of the Burgers equation, for which the third derivative dispersion
term in (5.3) has a small coefficient which tends to zero.

5.1.2 Error Estimates

For error estimates we once again assume the exact solution of (5.3) is smooth.
The error estimates can be obtained for a general class of nonlinear convection-
dispersion equations which is a subclass of (5.3), see [53]. However, for simplicity
we will give here only the proof for the linear equation

Ut + Up + Uzge =0 (5.15)
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defined on [0, 1] with periodic boundary conditions.
Proposition 5.3. The solution uy, to the semi-discrete LDG scheme (5.5) for the
PDE (5.15) with a smooth solution u satisfies the following error estimate

lu — unl|| < CRF*E, (5.16)
where C depends on u and its derivatives but is independent of h.

Proof. The LDG scheme (5.5), when using the notation in (5.8), can be written
as
Bi(unh, phs @h Vn, Why 2n) = 0, (5.17)
for all vy, wn, zn € Vi, and for all 4. It is easy to verify that the exact solution w,
q = ugy and p = uy, of the PDE (5.15) also satisfies
Bi(u,p, g; vn, wh, 21n) = 0, (5.18)

for all vy, wp,zn € Vi, and for all i. Subtracting (5.17) from (5.18) and using
the linearity of B; with respect to its first three arguments, we obtain the error
equation

Bi(w — un,p — Ph,q — qn; Vn, wh, 2n) = 0, (5.19)

for all vy, wp, zp € V}, and for all 4.

Recall the special projection P defined in (3.37). We also denote the standard
L?-projection as R: for a given smooth function w, the projection Rw is the unique
function in V}, which satisfies, for each i,

/ (Ruw(z) — w(@))on(@)dz =0 Yon € P*(I). (5.20)

I;

Similar to P, we also have, by the standard approximation theory [7], that
|Rw(z) = w(@)|| + Vh|Rw(z) — w(z)|lr < Ch* (5.21)

for a smooth function w, where C'is a constant depending on w and its derivatives
but independent of h, and ||v||r is the usual L2-norm on the cell interfaces of the
mesh, which for this one-dimensional case is

ol =3 (5, )2 + @ 0)%) -

i
We now take
v, = Pu— up, wp, = Rq — qp, zn =pn — Rp (5.22)
in the error equation (5.19), and denote
en = Pu—up, €, = Rq— qp, (5.23)
en=Rp—pp; en=u—Pu, &, =q—Rq, &, =p— Rp,
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to obtain
Bi(en; €n, €n,;en,en, —€n) = —Bi(€n,€n,€n; €n, €n, —€n). (5.24)
For the left-hand side of (5.24), we use the cell entropy inequality (see (5.10)) to

obtain

_ _ 1d ~ ~
Bi(en,€n,€n,; €h, €, —€n) = 5@/ (en)dx+ Fyp1 — F;_ i
L

+0,.1  (5.25)

ol
SE

where we can easily verify, based on the formula (5.12) and for the PDE (5.15),
that

= % ((eh),;i% - (eh);%)Q + % ((éh)itl - (éh);ﬁ)Q. (5.26)

1
2 2

o.

i—

[N

As to the right-hand side of (5.24), we first write out all the terms
—Bi(en, Ens€n; €n, €n, —€n)

= - /1 (en)iendx

i

+/ (e +En)(en)edr — (e, +E7)ir g (en)iy s + (e +E0)imz(en)] s
I;

~ [ Eend~ [ entenade+ @)}y @7y - @7 )]
I; I; 2 2 3

+/ 5h5hd9€+/ en@n)ada — (en) 1 (n) 1 + (en);_ 1 (En) -
I 2 2 2

I; 2

i

Noticing the properties (3.37) and (5.20) of the projections P and R, we have

/ (€h + Eh)(E}L)IEd:Z: = 07 / ghéhdx = 07 / gh(éh)wd'r = 07
I

I; I;

i

/ éhéhdz = 07 / {':h(éh)ccd-r = 07
I; I;

because (en)s, (€n)s and (€p), are polynomials of degree at most k£ — 1, and e,
and e, are polynomials of degree at most k. Also,

(Eh)z;% Ul — (Pu),;% =0
for all i. Therefore, the right-hand side of (5.24) becomes

—Bi(ehsEnsEn; €n, €n, —€n)

=~ [ (ennende = @)}, (e + Gy @)

i—z i—
I; 2 2
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= 7/[ (sh)tehdx +Hi+% — Hi—%

@)y (len)fy = (en)iy ) = @iy (@)

(@) + (o0~ @,)
() + (@ - @)

Plugging (5.25), (5.26) and (5.27) into the equality (5.24), summing up over ¢, and
using the approximation results (3.38) and (5.21), we obtain

d 1

1
— (eh)zdasg/ (ep)?dx 4+ Ch2F+L,
a J, ;

A Gronwall’s inequality, the fact that the initial error
u(-,0) = un(-,0)]| < CA*,

and the approximation results (3.38) and (5.21) finally give us the error estimate
(5.16). O

We note that the error estimate (5.16) is half an order lower than optimal.
Technically, this is because we are unable to use the special projections as before to
eliminate the interface terms involving &, and &, in (5.27). Numerical experiments
in [55] indicate that both the L2- and L*-errors are of the optimal (k+1)-th order
of accuracy.

5.2 LDG Schemes for Other Higher-Order PDEs

In this subsection we list some of the higher-order PDEs for which stable DG
methods have been designed in the literature. We will concentrate on the discussion
of LDG schemes.

5.2.1 Bi-harmonic Equations
An LDG scheme for solving the time-dependent convection-bi-harmonic equation

d

d
=1

i=1
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where f;(u) and a;(q) > 0 are arbitrary functions, was designed in [56]. The nu-
merical fluxes are chosen following the same “alternating fluxes” principle similar
to the second-order convection-diffusion equation (4.1), see (4.6). A cell entropy in-
equality and the L2-stability of the LDG scheme for the nonlinear equation (5.28)
can be proved [56], which do not depend on the smoothness of the solution of
(5.28), the order of accuracy of the scheme, or the triangulation.

5.2.2 Fifth-Order Convection-Dispersion Equations

An LDG scheme for solving the following fifth-order convection-dispersion equa-

tion
d

d
i=1 i=1
where f;(u) and g;(g) are arbitrary functions, was designed in [56]. The numerical
fluxes are chosen following the same upwinding and “alternating fluxes” principle
similar to the third-order KdV-type equations (5.1), see (5.6). A cell entropy in-
equality and the L?-stability of the LDG scheme for the nonlinear equation (5.29)
can be proved [56], which again do not depend on the smoothness of the solution
of (5.29), the order of accuracy of the scheme, or the triangulation.

Stable LDG schemes for similar equations with sixth or higher derivatives
can also be designed along similar lines.

5.2.3 The K (m,n) Equations

LDG methods for solving the K (m,n) equations
ug + (U™ + (U™)gze =0, (5.30)

where m and n are positive integers, have been designed in [27]. These K (m,n)
equations were introduced by Rosenau and Hyman in [40] to study the so-called
compactons, namely the compactly supported solitary waves solutions. For the
special case of m = n being an odd positive integer, LDG schemes which are
stable in the L™*!-norm can be designed (see [27]). For other cases, we can also
design LDG schemes based on a linearized stability analysis, which perform well
in numerical simulation for the fully nonlinear equation (5.30).

5.2.4 The KdV-Burgers-Type (KdVB) Equations
LDG methods for solving the KdV-Burgers-type (KdVB) equations
up + f(u)e = (a(wug)s + (7' (w)g(r(w)s)e)z =0, (5.31)

where f(u), a(u) > 0, r(u) and g(q) are arbitrary functions, have been designed
in [49]. The design of numerical fluxes follows the same lines as that for the
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convection-diffusion equation (4.2) and for the KdV-type equation (5.3). A cell
entropy inequality and the L2-stability of the LDG scheme for the nonlinear equa-
tion (5.31) can be proved [49], which again do not depend on the smoothness of the
solution of (5.31) and the order of accuracy of the scheme. The LDG scheme is used
in [49] to study different regimes when one of the dissipation and the dispersion
mechanisms dominates, and when they have comparable influence on the solution.
An advantage of the LDG scheme designed in [49] is that it is stable regardless of
which mechanism (convection, diffusion, dispersion) actually dominates.

5.2.5 The Fifth-Order KdV-Type Equations
LDG methods for solving the fifth-order KdV-type equations

ug 4 f(u)e + (' (W) g(r(w)e)a)e + (" (W)h(s(w)za)ee)z = 0, (5.32)

where f(u), r(u), g(q), s(u) and h(p) are arbitrary functions, have been designed
in [49]. The design of numerical fluxes follows the same lines as that for the KdV-
type equation (5.3). A cell entropy inequality and the L2-stability of the LDG
scheme for the nonlinear equation (5.32) can be proved [49], which again do not
depend on the smoothness of the solution of (5.32) and the order of accuracy of the
scheme. The LDG scheme is used in [49] to simulate the solutions of the Kawahara
equation, the generalized Kawahara equation, Ito’s fifth-order KdV equation, and
a fifth-order KdV-type equations with high nonlinearities, which are all special
cases of the equations represented by (5.32).

5.2.6 The Fully Nonlinear K (n,n,n) Equations

LDG methods for solving the fifth-order fully nonlinear K (n,n,n) equations
ug + (u")z + (U")zze + (U")zzzze =0, (5.33)

where n is a positive integer, have been designed in [49]. The design of numerical
fluxes follows the same lines as that for the K(m,n) equations (5.30). For odd
n, stability in the L"T!'-norm of the resulting LDG scheme can be proved for
the nonlinear equation (5.33) [49]. This scheme is used to simulate compacton
propagation in [49].

5.2.7 The Nonlinear Schrédinger (NLS) Equation

In [50], LDG methods are designed for the generalized nonlinear Schrédinger (NLS)
equation
Qg+ uze + i (g(Jul*)u)z + f(Jul*)u =0, (5.34)

the two-dimensional version

iug + Au+ f(Juf*)u =0, (5.35)
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and the coupled nonlinear Schrodinger equation

{ T+ 1ty + Uge + Bu+ rv+ f(|lul?, [v]2)u=0 (5.36)

T0p — Qg 4 Vg — Bu+ kv + g(|ul?, [v]?)v = 0,

where f(q) and g(q) are arbitrary functions and «,  and k are constants. With
suitable choices of the numerical fluxes, the resulting LDG schemes are proved to
satisfy a cell entropy inequality and L2-stability [50]. The LDG scheme is used
in [50] to simulate the soliton propagation and interaction, and the appearance
of singularities. The easiness of h-p adaptivity of the LDG scheme and rigorous
stability for the fully nonlinear case make it an ideal choice for the simulation of
Schrodinger equations, for which the solutions often have quite localized structures.

5.2.8 The Kadomtsev-Petviashvili (KP) Equations
The two-dimensional Kadomtsev-Petviashvili (KP) equations
(ug + 6ty + Ugaz)s + 307Uy, = 0, (5.37)

where 02 = +1, are generalizations of the one-dimensional KdV equations and are
important models for water waves. Because of the z-derivative for the u; term,
the equation (5.37) is well posed only in a function space with a global constraint,
hence it is very difficult to design an efficient LDG scheme which relies on local
operations. In [51], an LDG scheme for (5.37) is designed by carefully choosing
locally supported bases which satisfy the global constraint needed by the solution
of (5.37). The LDG scheme satisfies a cell entropy inequality and is L2-stable for
the fully nonlinear equation (5.37). Numerical simulations are performed in [51]
for both the KP-T equations (¢2 = —1 in (5.37)) and the KP-II equations (o2 = 1
in (5.37)). Line solitons and lump-type pulse solutions have been simulated.

5.2.9 The Zakharov-Kuznetsov (ZK) Equation
The two-dimensional Zakharov-Kuznetsov (ZK) equation
Ut + (3u?) 5 + Ugaa + Upyy =0 (5.38)

is another generalization of the one-dimensional KdV equations. An LDG scheme
is designed for (5.38) in [51] which is proved to satisfy a cell entropy inequality
and to be L2-stable. An L2-error estimate is given in [53]. Various nonlinear waves
have been simulated by this scheme in [51].

5.2.10 The Kuramoto-Sivashinsky-type Equations

In [52], an LDG method is developed to solve the Kuramoto-Sivashinsky-type
equations

us + f(u)z - (a(u)uz)x + (T/(u)g(r(u)z)z)z =+ (S(UZ)UM)ZZ =0, (5~39)
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where f(u), a(u), r(u), g(q) and s(p) > 0 are arbitrary functions. The Kuramoto-
Sivashinsky equation

U + Uy + QUL + ﬁuzzzz = 07 (540)

where @ and 8 > 0 are constants, which is a special case of (5.39), is a canon-
ical evolution equation which has attracted considerable attention over the last
decades. When the coefficients o and ( are both positive, its linear terms describe
a balance between long-wave instability and short-wave stability, with the non-
linear term providing a mechanism for energy transfer between wave modes. The
LDG method developed in [52] can be proved to satisfy a cell entropy inequality
and is therefore L2-stable, for the general nonlinear equation (5.39). The LDG
scheme is used in [52] to simulate chaotic solutions of (5.40).

5.2.11 The Ito-Type Coupled KdV Equations

Also in [52], an LDG method is developed to solve the Ito-type coupled KdV
equations

Ut + auiy + Brvg + YUgrr = 0,
v + SB(uv), =0, (5.41)

where o, 8 and « are constants. An L?-stability is proved for the LDG method.
Simulation for the solution of (5.41) in which the result for u behaves like dispersive
wave solution and the result for v behaves like shock wave solution is performed
in [52] using the LDG scheme.

5.2.12 The Camassa-Holm (CH) Equation
An LDG method for solving the Camassa-Holm (CH) equation
Up — Ugzt + 26Uz + 3Uly = 2UzlUpy + Ullzrg, (5.42)

where £ is a constant, is designed in [54]. Because of the g, term, the design
of an LDG method is non-standard. By a careful choice of the numerical fluxes,
the authors obtain an LDG scheme which can be proved to satisfy a cell entropy
inequality and to be L?-stable [54]. A sub-optimal O(h*) error estimate is also
obtained in [54].

5.2.13 The Cahn-Hilliard Equation
LDG methods have been designed for solving the Cahn-Hilliard equation

u=V- (b(u)V(—wAu + \I//(u))), (5.43)
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and the Cahn-Hilliard system

(5.44)

u =V (B(u)Vw),
w =—yAu+ DY(u),

in [47], where {D¥(u)}; = 8\;5:‘) and 7 is a positive constant. Here b(u) is the non-
negative diffusion mobility and ¥(u) is the homogeneous free energy density for
the scalar case (5.43). For the system case (5.44), B(u) is the symmetric positive
semi-definite mobility matrix and ¥(u) is the homogeneous free energy density.
The proof of the energy stability for the LDG scheme is given for the general
nonlinear solutions. Many simulation results are given in [47].

In [48], a class of LDG methods are designed for the more general Allen-
Cahn/Cahn-Hilliard (AC/CH) system in Q € R (d < 3)

(5.45)

U =V- [b(u,v)V(\Ilu(uw) - 'VAU)]v
pve = —=b(u, v)[Vy(u,v) — yAv].

Energy stability of the LDG schemes is again proved. Simulation results are pro-
vided.
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ABSTRACT

In these notes, we study the Runge Kutta Discontinuous Galerkin method
for numericaly solving nonlinear hyperbolic systems and its extension for
convection-dominated problems, the so-called Local Discontinuous Galerkin
method. Examples of problems to which these methods can be applied are the
Euler equations of gas dynamics, the shallow water equations, the equations of
magneto-hydrodynamics, the compressible Navier-Stokes equations with high
Reynolds numbers, and the equations of the hydrodynamic model for semi-
conductor device simulation. The main features that make the methods under
consideration attractive are their formal high-order accuracy, their nonlinear
stability, their high parallelizability, their ability to handle complicated geome-
tries, and their ability to capture the discontinuities or strong gradients of the
exact solution without producing spurious oscillations. The purpose of these
notes is to provide a short introduction to the devising and analysis of these
discontinuous Galerkin methods.
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1 Preface

There are several numerical methods using a DG formulation to discretize the
equations in time, space, or both. In this monograph, we consider numerical
methods that use DG discretizations in space and combine it with an ez-
plicit Runge-Kutta time-marching algorithm. We thus consider the so-called
Runge-Kutta discontinuous Galerkin (RKDG) introduced and developed by
Cockburn and Shu [17,15,14,13,19] for nonlinear hyperbolic systems and
the so-called local discontinuous Galerkin (LDG) for nonlinear convection-
diffusion systems. The LDG methods are an extension of the RKDG methods
to convection-diffusion problems proposed first by Bassi and Rebay [3] in the
context of the compressible Navier-Stokes and recently extended to general
convection-diffusion problems by Cockburn and Shu [18].

Several properties are responsible for the increasing popularity of the
above mentioned methods. The use of a DG discretization in space gives
the methods the high-order accuracy, the flexibility in handling complicated
geometries, and the easy to treat boundary conditions typical of the finite
element methods. Moreover, the use of discontinuous elements produces a
block-diagonal mass matrix whose blocks can be easily inverted by hand.
This why after discretizing in time with a high-order accurate, explicit Runge-
Kutta method, the resulting algorithm is highly parallelizable. Finally, these
methods incorporate in a very natural way the techniques of ‘slope limiting’
developed by van Leer [62,63] that effectively damp out the spurious oscilla-
tions that tend to be produced around the discontinuities or strong gradients
of the approximate solution.

In these notes, we sudy these DG methods by following their historical
development. Thus, we first study the RKDG method and then the LDG
method. To study the RKDG method, we start by considering their definition
for the scalar equation in one-space dimension. Then, we consider the scalar
equation in several space dimensions and finally, we consider the case of
multidimensional systems. The last chapter is devoted to the LDG methods.

To study the RKDG method, we take the point of view that they are for-
mally high-order accurate ‘perturbations’ of the so-called ‘monotone’ schemes
which are very stable and formally first-order accurate. Indeed, the RKDG
methods were devised by trying to see if formally high-order accurate meth-
ods could be obtained that retained the remarkable stability of the mono-
tone schemes. Of course, this approach is not new: It has been the basic idea
in the devising of the so-called ‘high-resolution’ schemes for finite-difference
and finite-volume methods for nonlinear conservation laws. Thus, the RKDG
method incorporates this very successful idea into the framework of DG meth-
ods which have all the advantages of finite element methods.



2 A historical overview

2.1 The original Discontinuous Galerkin method

The original discontinuous Galerkin (DG) finite element method was intro-
duced by Reed and Hill [54] for solving the neutron transport equation

cu+div(au) = f,

where ¢ is a real number and @ a constant vector. Because of the linear nature
of the equation, the approximate solution given by the method of Reed and
Hill can be computed element by element when the elements are suitably
ordered according to the characteristic direction.

LeSaint and Raviart [41] made the first analysis of this method and proved
a rate of convergence of (Ax)* for general triangulations and of (Ax)*+?! for
Cartesian grids. Later, Johnson and Pitkarénta [37] proved a rate of conver-
gence of (Az)**+Y/2 for general triangulations and Peterson [53] confirmed
this rate to be optimal. Richter [55] obtained the optimal rate of convergence
of (Az)*+1 for some structured two-dimensional non-Cartesian grids.

2.2 Nonlinear hyperbolic systems: The RKDG method

The success of this method for linear equations, prompted several authors to
try to extend the method to nonlinear hyperbolic conservation laws

d
Ug + Z(fz(u))rl =0,
i=1

equipped with suitable initial or-initial-boundary conditions. However, the
introduction of the nonlinearity prevents the element-by-element computa-
tion of the solution. The scheme defines a nonlinear system of equations that
must be solved all at once and this renders it computationally very inefficient
for hyperbolic problems.

¢ The one-dimensional scalar conservation law.

To avoid this difficulty, Chavent and Salzano [8] contructed an explicit
version of the DG method in the one-dimensional scalar conservation law.
To do that, they discretized in space by using the DG method with piece-
wise linear elements and then discretized in time by using the simple Euler
forward method. Although the resulting scheme is explicit, the classical von
Neumann analysis shows that it is unconditionally unstable when the ra-
tio % is held constant; it is stable if —g—i- is of order v Az, which is a very
restrictive condition for hyperbolic problems.

To improve the stability of the scheme, Chavent and Cockburn (7] mod-
ified the scheme by introducing a suitably defined ‘slope limiter’ following
the ideas introduced by vanLeer in [62]. They thus obtained a scheme that
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was proven to be total variation diminishing in the means (TVDM) and to-
tal variation bounded (TVB) under a fixed CFL number, f’ 4%, that can be
chosen to be less than or equal to 1/2. Convergence of a subsequence is thus
guaranteed, and the numerical results given in [7] indicate convergence to the
correct entropy solutions. On the other hand, the scheme is only first order
accurate in time and the ‘slope limiter’ has to balance the spurious oscilla-
tions in smooth regions caused by linear instability, hence adversely affecting
the quality of the approximation in these regions.

These difficulties were overcome by Cockburn and Shu in [17], where the
first Runge Kutta Discontinuous Galerkin (RKDG) method was introduced.
This method was contructed by (i) retaining the piecewise linear DG method
for the space discretization, (ii) using a special explicit TVD second order
Runge-Kutta type discretization introduced by Shu and Osher in a finite dif-
ference framework [57], [58], and (iii) modifying the ‘slope limiter’ to maintain
the formal accuracy of the scheme at extrema. The resulting explicit scheme
was then proven linearly stable for CFL numbers less than 1/3, formally uni-
formly second order accurate in space and time including at extrema, and
TVBM. Numerical results in [17] indicate good convergence behavior: Second
order in smooth regions including at extrema, sharp shock transitions (usu-
ally in one or two elements) without oscillations, and convergence to entropy
solutions even for non convex fluxes.

In [15], Cockburn and Shu extended this approach to construct (formally)
high-order accurate RKDG methods for the scalar conservation law. To device
RKDG methods of order k + 1, they used (i) the DG method with polyno-
mials of degree k for the space discretization, (ii) a TVD (k + 1)-th order
accurate explicit time discretization, and (iii) a generalized ‘slope limiter.’
The generalized ‘slope limiter’ was carefully devised with the purpose of en-
forcing the TVDM property without destroying the accuracy of the scheme.
The numerical results in [15], for k = 1,2, indicate (k + 1)-th order order in
smooth regions away from discontinuities as well as sharp shock transitions
with no oscillations; convergence to the entropy solutions was observed in all
the tests. These RKDG schemes were extended to one-dimensional systems
in {14].

e The multidimensional case.

The extension of the RKDG method to the multidimensional case was
done in [13] for the scalar conservation law. In the multidimensional case,
the complicated geometry the spatial domain might have in practical ap-
plications can be easily handled by the DG space discretization. The TVD
time discretizations remain the same, of course. Only the construction of the
generalized ‘slope limiter’ represents a serious challenge. This is so, not only
because of the more complicated form of the elements but also because of
inherent accuracy barries imposed by the stability properties.

Indeed, since the main purpose of the ‘slope limiter’ is to enforce the
nonlinear stability of the scheme, it is essential to realize that in the mul-
tidimensional case, the constraints imposed by the stability of a scheme on
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its accuracy are even greater than in the one dimensional case. Although in
the one dimensional case it is possible to devise high-order accurate schemes
with the TVD property, this is not true in several space dimensions since
Goodman and LeVeque [28] proved that any TVD scheme is at most first
order accurate. Thus, any generalized ‘slope limiter’ that enforces the TVD
property, or the TVDM property for that matter, would unavoidably reduce
the accuracy of the scheme to first-order accuracy. This is why in [13], Cock-
burn, Hou and Shu devised a generalized ‘slope limiter’ that enforced a local
maximum principles only since they are not incompatible with high-order
accuracy. No other class of schemes has a proven maximum principle for
genearal nonlinearities f, and arbitrary triangulations.

The extension of the RKDG methods to general multidimensional systems
was started by Cockburn and Shu in [16] and has been recently completed in
[19]. Bey and Oden [5] and more recently Bassi and Rebay [2] have studied
applications of the method to the Euler equations of gas dynamics.

e The main advantages of the RKDG method.

The resulting RKDG schemes have several important advantages. First,
like finite element methods such as the SUPG-method of Hughes and Brook
[29,34,30-33] (which has been analyzed by Johnson et al in [38-40]), the
RKDG methods are better suited than finite difference methods to handle
complicated geometries. Moreover, the particular finite elements of the DG
space discretization allow an extremely simple treatment of the boundary
conditions; no special numerical treatment of them is required in order to
achieve uniform high order accuracy, as is the case for the finite difference
schemes.

Second, the method can easily handle adaptivity strategies since the re-
fining or unrefining of the grid can be done without taking into account the
continuity restrictions typical of conforming finite element methods. Also,
the degree of the approximating polynomial can be easily changed from one
element to the other. Adaptivity is of particular importance in hyperbolic
problems given the complexity of the structure of the discontinuities. In the
one dimensional case the Riemann problem can be solved in closed form
and discontinuity curves in the (z,t) plane are simple straight lines passing
through the origin. However, in two dimensions their solutions display a very
rich structure; see the works of Wagner [64], Lindquist [43], [42], Zhang and
Zheng [68], and Zhang and Cheng [67]. Thus, methods which allow triangula-
tions that can be easily adapted to resolve this structure, have an important
advantage.

Third, the method is highly parallelizable. Since the elements are discon-
tinuous, the mass matrix is block diagonal and since the order of the blocks is
equal to the number of degrees of freedom inside the corresponding elements,
the blocks can be inverted by hand once and for all. Thus, at each Runge-
Kutta inner step, to update the degrees of freedom inside a given element,
only the degrees of freedom of the elements sharing a face are involved; com-
munication between processors is thus kept to a minimum. Extensive studies
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of adaptivity and parallelizability issues of the RKDG method were started
by Biswas, Devine, and Flaherty [6] and then continued by deCougny et al.
(20}, Devine et al. [22,21] and by Ozturan et al. [52].

2.3 Convection-diffusion systems: The LDG method

The first extensions of the RKDG method to nonlinear, convection-diffusion
systems of the form

Opu+V -F(u,Du) =0, in (0,T) x £2,

were proposed by Chen et al. [10], [9] in the framework of hydrodynamic
models for semiconductor device simulation. In these extensions, approxima-
tions of second and third-order derivatives of the discontinuous approximate
solution were obtained by using simple projections into suitable finite ele-
ments spaces. This projection requires the inversion of global mass matrices,
which in [10] and [9] are ‘lumped’ in order to maintain the high parallelizabil-
ity of the method. Since in [10] and [9] polynomials of degree one are used,
the ‘mass lumping’ is justified; however, if polynomials of higher degree were
used, the ‘mass lumping’ needed to enforce the full parallelizability of the
method could cause a degradation of the formal order of accuracy.

Fortunately, this is not an issue with the methods proposed by Bassi and
Rebay [3] (see also Bassi et al [2]) for the compressible Navier-Stokes equa-
tions. In these methods, the original idea of the RKDG method is applied to
both v and D u which are now considered as independent unknowns. Like the
RKDG methods, the resulting methods are highly parallelizable methods of
high-order accuracy which are very efficient for time-dependent, convection-
dominated flows. The LDG methods considered by Cockburn and Shu [18]
are a generalization of these methods.

The basic idea to construct the LDG methods is to suitably rewrite the
original system as a larger, degenerate, first-order system and then discretize
it by the RKDG method. By a careful choice of this rewriting, nonlinear
stability can be achieved even without slope limiters, just as the RKDG
method in the purely hyperbolic case; see Jiang and Shu [36].

The LDG methods [18] are very different from the so-called Discontinuous
Galerkin (DG) method for parabolic problems introduced by Jamet (35] and
studied by Eriksson, Johnson, and Thomée [27], Eriksson and Johnson [23-
26], and more recently by Makridakis and Babusgka [50]. In the DG method,
the approximate solution is discontinuous only in time, not in space; in fact,
the space discretization is the standard Galerkin discretization with continu-
ous finite elements. This is in strong contrast with the space discretizations of
the LDG methods which use discontinuous finite elements. To emphasize this
difference, those methods are called Local Discontinuous Galerkin methods.
The large amount of degrees of freedom and the restrictive conditions of the
size of the time step for explicit time-discretizations, render the LDG meth-
ods ineflicient for diffusion-dominated problems; in this situation, the use
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of methods with continuous-in-space approximate solutions is recommended.
However, as for the successful RKDG methods for purely hyperbolic prob-
lems, the extremely local domain of dependency of the LDG methods allows
a very efficient parallelization that by far compensates for the extra amount
of degrees of freedom in the case of convection-dominated flows.

Karniadakis et al. have implemented and tested these methods for the
compressible Navier Stokes equations in two and three space dimensions with
impressive results; see [44], [45], [46], [47], and [65].

2.4 The content of these notes

In these notes, we study the RKDG and LDG methods. Our exposition will
be based on the papers by Cockburn and Shu [17], [15], [14], [13], and [19] in
which the RKDG method was developed and on the paper by Cockburn and
Shu [18] which is devoted to the LDG methods. Numerical results from the
papers by Bassi and Rebay [2], on the Euler equations of gas dynamics, and
[3], on the compressible Navier-Stokes equations, are also included.

The emphasis in these notes is on how the above mentioned schemes were
devised. As a consequence, the sections that follow reflect that development.
Thus, section 2, in which the RKDG schemes for the one-dimensional scalar
conservation law are constructed, constitutes the core of the notes because
it contains all the important ideas for the devicing of the RKDG methods;
section 3 contains the extension to multidimensional systems; and section 4,
the extension to convection-diffusion problems.

We would like to emphasize that the guiding principle in the devicing of
the RKDG methods for scalar conservation laws is to consider them as per-
turbations of the so-called monotone schemes. As it is well-known, monotone
schemes for scalar conservation laws are stable and converge to the entropy
solution but are only first-order accurate. Following a widespread approach
in the field of numerical schemes for nonlinear conservation laws, the RKDG
are constructed in such a way that they are high-order accurate schemes that
‘become’ a monotone scheme when a piecewise-constant approximation is
used. Thus, to obtain high-order accurate RKDG schemes, we ‘perturb’ the
piecewise-constant approximation and allow it to be piecewise a polynomial
of arbitrary degree. Then, the conditions under which the stability properties
of the monotone schemes are still valid are sought and enforced by means of
the generalized ‘slope limiter.” The fact that it is possible to do so without
destroying the accuracy of the RKDG method is the crucial point that makes
this method both robust and accurate.

The issues of parallelization and adaptivity developed by Biswas, Devine,
and Flaherty (6], deCougny et al. [20], Devine et al. [22,21] and by Ozturan et
al. [52] are certainly very important. Another issue of importance is how to
render the method computationaly more efficient, like the quadrature rule-
free versions of the RKDG method recently studied by Atkins and Shu [1].
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However, these topics fall beyond the scope of these notes whose main inten-
tion is to provide a simple introduction to the topic of discontinuous Galerkin

methods for convection-dominated problems.
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3 The scalar conservation law in one space dimension

3.1 Introduction

In this section, we introduce and study the RKDG method for the following
simple model problem:

u + f(w)e =0,  in (0,1) x (0,T), (3.1)
u(z,0) = uo(z), Vze(01), (3.2)

and periodic boundary conditions. This section has material drawn from [17]
and [15].

3.2 The discontinuous Galerkin-space discretization
3.3 The weak formulation

To discretize in space, we proceed as follows. For each partition of the interval
(O, 1), {(L‘j+1/2 };-Vzo, we set Ij = (a:j_l/z,a:j+1/2), Aj =Tj41/2 — Tj5-1/2 for
J=1,...,N, and denote the quantity max;<,<y 4, by Az .

We seek an approximation uy to u such that for each time t € [0, T}, up(t)
belongs to the finite dimensional space

Vi =V¥ ={ve L'(0,1):v|;, € PXI;), j=1,...,N}, (3.3)

where P*(I) denotes the space of polynomials in I of degree at most k. In
order to determine the approximate solution uy, we use a weak formulation
that we obtain as follows. First, we multiply the equations (3.1) and (3.2) by
arbitrary, smooth functions v and integrate over I;, and get, after a simple
formal integration by parts,

/ S u(z,t)v(z)de — / flu(z,t)) Oz v(z) dx (3.4)
I; I;

(w4172, 0)) V(@5 9) = Flulzirye,t)) v(z)_ ) =0,

/‘ u(z, 0)v(z)dr = /I uo(z) v(z) dz. (3.5)

Next, we replace the smooth functions v by test functions v, belonging to the
finite element space V},, and the exact solution u by the approximate solution
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up,. Since the function uy is discontinuous at the points z;41/2, we must also
replace the nonlinear ‘lux’ f(u(z;11/2,t)) by a numerical ‘flux’ that depends
on the two values of u, at the point (x;41/2,t), that is, by the function

h(u)j+1/2(t) - h(u(xj_+1/27 t)! u(a:;.l/z’ t))a (3'6)

that will be suitably chosen later. Note that we always use the same numerical
fluzx regardless of the form of the finite element space. Thus, the approximate
solution given by the DG-space discretization is defined as the solution of the
following weak formulation:

Vi=1,...,N, ¥ u,eP*I,):

/ O up(z,t) vp(z) dx — / fun(z,t)) 0 va(z) dx (3.7)
i; I

+h(un)jr172(8) vn(,y o) — h(un)i—1/2(8) valz]_y 5) =0,

'[. up(z,0) vp{z) dz = ./I uo{x) va(z) dz. (3.8)

3.4 Incorporating the monotone numerical fluxes

To complete the definition of the approximate solution uy, it only remains
to choose the numerical flux h. To do that, we invoke our main point of
view, namely, that we want to construct schemes that are perturbations of
the so-called monotone schemes because monotone schemes, although only
first-order accurate, are very stable and converge to the entropy solution.
More precisely, we want that in the case kK = 0, that is, when the approximate
solution uy, is a piecewise-constant function, our DG-space discretization gives
rise to a monotone scheme.

Since in this case, for € I; we can write

0

up(z,t) = uj,
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we can rewrite our weak formulation (3.7), (3.8) as follows:

B (1) + {(u (1), 441 () — h(u)_1 (8), u(1)}/4; =0,
1
ul(0) = —/ uo(x) dz,
3 AJ L 0
and it is well-known that this defines a monotone scheme if h(a, b) is a Lips-

chitz, consistent, monotone flux, that is, if it is,

(i) locally Lipschitz and consistent with the flux f(u), i.e., h(u,u) = f(u),
(ii) a nondecreasing function of its first argument, and
(iii) a nonincreasing function of its second argument.

The best-known examples of numerical fluxes satisfying the above properties
are the following:

(i) The Godunov flux:
Ko(a,b) = { MMesuse f(w),  ifash,
| maXg>uzs f(u),  ifa>b;

(11) The Engquist-Osher flux:

b a
hEO(a,b)=/ min(f’(s), 0) ds+/ max(f'(s),0) ds + f(0);
0 0
(iii) The Lax-Friedrichs flux:

RY(a,8) = ¢ [f(a) + £(B) ~ C (b~ )],
C = max LF(s)];

inf ©?(z)< s<sup u®{x)

(iv) The local Lax—Friedrichs flux:

hELF (g, by = % [f(a) + f(b) -~ C(b—-a)],
C = max |F/(s)l;

min(a,b)<s<max(a,b)
(v) The Roe flux with ‘entropy fix’:
f(a), if f/(u) >0 for wu € [min(a,b), max(a,b)}

hB(a,b) = { f(b), if f'(u) <0 for wu € [min(a,b), max(a,b)],
hELF(a,b), otherwise.
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For the flux h, we can use the Godunov flux AC since it is well-known
that this is the numerical flux that produces the smallest amount of artificial
viscosity. The local Lax-Friedrichs flux produces more artificial viscosity than
the Godunov flux, but their performances are remarkably similar. Of course,
if f is too complicated, we can always use the Lax-Friedrichs flux. However,
numerical experience suggests that as the degree k of the approximate so-
lution increases, the choice of the numerical flux does not have a significant
impact on the quality of the approximations.

3.5 Diagonalizing the mass matrix

If we choose the Legendre polynomials P; as local basis functions, we can
exploit their L2-orthogonality, namely,

1 2
| P Pets)ds = (55 ) dee

and obtain a diagonal mass matrix. Indeed, if for 2 € I, we express our
approximate solution u; as follows:

(z,t) = Z uj pe(x
where

we(z) = Pr(2(z — z;)/4;),

the weak formulation (3.7), (3.8) takes the following simple form:

Vi=1,....Nand£=0,...,k:

(a3

;oo - x/ (a0 Drl) o

A— h(un(zj41/2))(t) — (- 1)£h(uh(fj—1/2))(t)} =0,

20+ 1
e /uo(m)w(m)d-'ﬂ,
7

I;

uq(O) =

where we have use the following properties of the Legendre polynomials:

P(1)=1,  Py(-1)= (-1~
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This shows that after discretizing in space the problem (3.1}, (3.2) by the
DG method, we obtain a system of ODEs for the degrees of freedom that we
can rewrite as follows:

%uh — Ln(us),  in (0,T), (3.9)
un(t = 0) = uon. (3.10)

The element Ly, (u) of V4 is, of course, the approximation to — f (u), provided
by the DG-space discretization.

Note that if we choose a different local basis, the local mass matrix could
be a full matrix but it will always be a matrix of order (k + 1). By inverting
it by means of a symbolic manipulator, we can always write the equations
for the degrees of freedom of u; as an ODE system of the form above.

3.6 Convergence analysis of the linear case

In the linear case f(u) = cu, the L°°(0, T; L2(0, 1))-accuracy of the method
(3.7), (3.8) can be established by using the L>°(0,T; L%(0, 1))-stability of the
method and the approximation properties of the finite element space Vj.

Note that in this case, all the fluxes displayed in the examples above
coincide and are equal to

a+b_ﬁ

h(a,b) =c 3 5 (b —a). (3.11)

The following results are thus for this numerical flux.
We state the L2-stability result in terms of the jumps of up across x;41/2
which we denote by

[un]jv1/2 = uh(m;‘:-l/Z) —un(Ty)0)-

Proposition 3.1 (L?-stability) We have,
%“ un(T) H%Z(o,n +Or(un) < %H o 1@2(0,1)1
where

c T
Or(un) =l [§7 S sen [un) 24,0 dt.
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Note how the jumps of u;, are controled by the L2-norm of the initial
condition. This control reflects the subtle built-in dissipation mechanism of
the DG-methods and is what allows the DG-methods to be more accurate
than the standard Galerkin methods. Indeed, the standard Galerkin method
has an order of accuracy equal to k whereas the DG-methods have an order
of accuray equal to k + 1/2 for the same smoothness of the initial condition.

Theorem 3.1 Suppose that the initial condition uy belongs to H*+1(0,1).
Let e be the approzimation error u — up. Then we have,

| e(T) l20,1y £ Cluo |Hk+1(0,1)(A1,')k+1/2,
where C' depends solely on k, |¢|, and T.

It is also possible to prove the following result if we assume that the initial
condition is more regular. Indeed, we have the following result.

Theorem 3.2 Suppose that the initial condition ug belongs to H*+2(0,1).
Let e be the approrimation error u — up. Then we have,

| e(T) [l L2¢0,1) £ Cluo IHk+2([),1)(ACL')k+1,
where C depends solely on k, |c|, and T.

The Theorem 3.1 is a simplified version of a more general result proven
in 1986 by Johnson and Pitkéranta [37] and the Theorem 3.2 is a simplified
version of a more general result proven in 1974 by LeSaint and Raviart [41].
To provide a simple introduction to the techniques used in these more general
results, we give new proofs of these theorems in an appendix to this section.

The above theorems show that the DG-space discretization results in a
{k+1)th-order accurate scheme, at least in the linear case. This gives a strong
indication that the same order of accuracy should hold in the nonlinear case
when the exact solution is smooth enough, of course.

Now that we know that the DG-space discretization produces a high-order
accurate scheme for smooth exact solutions, we consider the question of how
does it behave when the flux is a nonlinear function.

3.7 Convergence analysis in the nonlinear case

To study the convergence properties of the DG-method, we first study the
convergence properties of the solution w of the following problem:

we + f(w)y = (v(w) wy)z, in (0,1) x (0,7), (3.12)
w(z,0) = uo(x), Vze(0,1), (3.13)
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and periodic boundary conditions. We then mimic the procedure to study the
convergence of the DG-method for the piecewise-constant case. The general
DG-method will be considered later after having introduced the Runge-Kutta
time-discretization.

The continuous case as a model. In order to compare v and w, it
is enough to have (i} an entropy inequality and (ii) uniform boundedness of
| wz || £1(0,1)- Next, we show how to obtain these properties in a formal way.

We start with the entropy inequality. To obtain such an inequality, the
basic idea is to multiply the equation (3.12) by U’'(w —¢), where U(-) denotes
the absolute value function and ¢ denotes an arbitrary real number. Since

Ulw—c)w, = U( - 0)t,
U{w —¢) f(w)e = (U'(w —c) (f(w) - f(¢))) = F(w,¢)s,
Ullw — ¢) (v(w) we )z = (/ U(p~ c)v(p)d ) —U"(w - ) v(w) (wz)?
= H(w,C)zz - U'(w — ¢) v(w) (wz)?,
we obtain
Ulw—¢e) + F(w,¢); — ®(w,c)rr <0, in (0,1) x (0,7,

which is nothing but the entropy inequality we wanted.
To obtain the uniform boundedness of || wz || 11(0,1), the idea is to multiply
the equation (3.12) by —(U’(w.)). and integrate on z from 0 to 1. Since

1 1 d
| 0w = [ v = Zlwluen,
1 1
/ —(U’(wx))z f(w):z: = - / U”(w:z) War f’(w) wy =0,
0 0
1
/0 (U (w))z (v(w) W) ] U (wy) wes ( (w) (w)? + 1(w) wee)

1
= —/(; U"(wz) l/(w) (wzm)z <0,

we immediately get that

d
EH Wy ||L1(0,1) £ 0,

and so,

lwzllerey <1 (wo)z llzio,y,  YEE€(0,T).

When the function ug has discontinuities, the same result holds with the total
variation of ug ,| uo |Tv(0,1), Teplacing the quantity || (uo)z || L1(0,1); these two
quantities coincide when uy € W11(0,1).
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With the two above ingredients, the following error estimate, obtained in
1976 by Kuznetsov, can be proved:

Theorem 3.3 We have
i w(T) —w(T) i < o lrve,nvETy,

where v = Supse[inf'uo,sup up) V(S).

The piecewise-constant case. Let consider the simple case of the DG-
method that uses a piecewise-constant approximate solution:

B uj + {h(uj, uj41) — h(uj-1,uy) }/A; =0,

1
u;(0) = A_J/; up(z) dz,

3

where we have dropped the superindex ‘0.” We pick the numerical flux h to
be the Engquist-Osher flux.

According to the model provided by the continuous case, we must ob-
tain (i) an entropy inequality and (ii) the uniform boundedness of the total
variation of uy,.

To obtain the entropy inequality, we multiply our equation by U’(u; —c):

B Uluj — ) + U'(u; — o) {h{uj, ujp1) — h(uj—1,u;) }/4; = 0.

The second term in the above equation needs to be carefully treated. First,
we rewrite the Engquist-Osher flux in the following form:

hF9(a,b) = f*(a) + £~ (b),
and, accordingly, rewrite the second term of the equality above as follows:
ST; = U'(u; ~ ) {7 () = F7(uj—1)} + U'(uy — ){f ™ (wj1) = £ (uy) }-

Using the simple identity

b
U'(a - )(g(a) — g(b)) = G(a,¢) — G(b,c) + [ (a(6) — 9(p)) U"(p— z) dp

a
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where G(a,c) = [ U'(p—c) g{p) dp, we get

ST; = F*(uj,¢) — F*(uj_1,¢) + f%jhl (fF(ujm1) = FH () U"(p~z) dp
+F " (ujr1,¢) — F 7 (uj,¢) — o (F(ujg1) — F () U (p —z)dp

Uy

= F(uj,ujy1;¢) — F(uj_1,%5;¢) + Ouiss 5

where
F(a,b;c) = Ft(a,c) + F~(b,¢),
Odiss.j = -I—/‘.J—1 (f*(uj_1) — F+(0)) U"(p—z)dp
- [ ) - o) U~ ) de
We thus get

6: U(’U;} et C) + {F(Uj,’ll;j.;.ﬁ C) - F(Uj_l,Uj;C)}/Aj 4+ Qdiss,j/Aj =0.

Since, f* and —f~ are nondecreasing functions, we easily see that

Qdiss,j 2 0,

and we obtain our entropy inequality:
0. U(u; —c) + {F(uj,uj+1; c) — Fuj—1,uy; c)}/Aj <0.

Next, we obtain the uniform boundedness on the total variation. To do
that, we follow our model and multiply our equation by a discrete version of
_(U,(wx))z, namely,

1 { Uig] — Us Ui — Uj
90 = — U’( j+1 J)_UI( 3 J 1)},
7 AJ‘ Aj+1/2 Aj—l/z

where A1/ = (4; + 4;41)/2, multiply it by A; and sum over j from 1 to
N. We easily obtain

d
glunlrvon + > o) {A(uj,up1) — hlujo1,u5)} =0,
1<7<N
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where

|un lTv o = Z fujer —uj |
1<5<N

According to our continuous model, the second term in the above equality
should be positive. Let us see that this is indeed the case:

o {1(ug i) = hlug-rwy)} = v {77 () = /7 (y-0)}
+od {F(ujp1) — F(uy)} 20,

by the definition of v?, f*, and f~. This implies that

lun(t) |Tvio,1) < |un(0)|rvi0,1y < luo l7v(o,1)-

With the two above ingredients, the following error estimate, obtained in
1976 by Kuznetsov, can be proved:

Theorem 3.4 We have

| w(T) = un(T) |1 0,1y < || wo — wa(0) |20,y + C | w0 |Tv(0,1) VT Az.

3.8 The TVD-Runge-Kutta time discretization

To discretize our ODE system in time, we use the TVD Runge Kutta time
discretization introduced in [60]; see also [57] and [58].

3.9 The discretization

Thus, if {t"}}_, is a partition of [0,T]) and At™ ="+ —¢" n=0,...,N -1,
our time-marching algorithm reads as follows:

— Set ul = ugp;
— Forn=0,...,N — 1 compute u};‘“ from u} as follows:
1. set ug)) = up;

2. for : =1, ...,k + 1 compute the intermediate functions:

i1
up) = {Zau“ﬁ) + 5z‘lAtnLh(“§f))} ;
1=0

n+1 _ , (k+1)
3. set up, " = uy )
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Note that this method is very easy to code since only a single subroutine
defining Ly (up) is needed. Some Runge-Kutta time discretization parameters
are displayed on the table below.

Table 1
Parameters of some practical Runge-Kutta time discretizations
order Qi Bit max{8;/a}
2 1 1 1
11 1
Z 2 03
1 1
31 1
3 53 03 1
1 2 2
303 003

3.10 The stability property

Note that all the values of the parameters o, displayed in the table below
are nonnegative; this is not an accident. Indeed, this is a condition on the
parameters «; that ensures the stability property

[up™ | < g,
provided that the ‘local’ stability property
| lw] < vl (3.14)
where w is obtained from v by the following ‘Euler forward’ step,
w=v+68 Lp(v), | (3.15)

holds for values of |4 | smaller than a given number do.
For example, the second-order Runke-Kutta method displayed in the table
above can be rewritten as follows:
wl) = ul + At Ln(u}),
wp, = uﬁll) + At Lh(uﬁll)),

1
uptt = 5(“7: + wh).
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Now, assuming that the stability property (3.14), (3.15) is satisfied for

do = | At max{fu/au}| = At,

we have
1 1
gV < ], wn] < Jud?,
and so,
|uptt] < (ruz‘lﬂwhl)sluzl-

Note that we can obtain this result because the coefficients «;; are positive!
Runge-Kutta methods of this type of order up to order 5 can be found in
(58].

The above example shows how to prove the following more general result.

Theorem 3.5 Assume that the stability property for the single ‘Fuler for-
ward’ step (3.14), (3.15) is satisfied for

do = 01<nax | At™ max{Bu/ci} |-

Assume also that all the coeficients a;; are nonnegative and satisfy the fol-
lowing condition:

Then
[uzﬂslug[, Vn>0.

This stability property of the TVD-Runge-Kutta methods is crucial since
it allows us to obtain the stability of the method from the stability of a single
‘BEuler forward’ step.

Proof of Theorem 3.5. We start by rewriting our time discretization
as follows:

— Set uf = ugr;
— Forn=0,..., N — 1 compute uj, "+ from u? as follows:
1. set u(o) =up;

2. fori=1,...,k+ 1 compute the intermediate functions:

1—1
i (i)
u,(I) = Z agwy -,
=0

where
Wi — O ¢ P B At L (uD):
‘1.

3. set u”“ = ugzkﬂ)
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We then have

("‘) | < Za |w(”) |, since o >0,
< Zaig | ug) |, by the stability property {3.14), (3.15),

1
< ma,x |u sinceE oy =1,

It is clear now that that Theorem 3.5 follows from the above inequality by a
simple induction argument. a

3.11 Remarks about the stability in the linear case

For the linear case f(u) = cu, Chavent and Cockburn [7] proved that for
the case k& = 1, i.e., for piecewise-linear approximate solutions, the single
‘Euler forward’ step is unconditionally L°°(0,T; L?(0,1))-unstable for any
fixed ratio At/Az. On the other hand, in [17] it was shown that if a Runge-
Kutta method of second order is used, the scheme is L>(0,T; L?(0, 1))-stable
provided that

2L
Az

ODID—‘

This means that we cannot deduce the stability of the complete Runge-Kutta
method from the stability of the single ‘Euler forward’ step. As a consequence,
we cannot apply Theorem 3.5 and we must consider the complete method at
ornice,

Our numerical experiments show that when polynomial of degree k are
used, a Runge-Kutta of order (k+1) must be used. In this case, the L>(0, T; L?(0, 1))-
stability condition is the following:

At 1
c— < .
Axr — 2k +1

"There is no rigorous proof of this fact yet.

At a first glance, this stability condition, also called the Courant-Friedrichs-
Levy (CFL) condition, seems to compare unfavorably with that of the well-
known finite difference schemes. However, we must remember that in the
DG-methods there are (k + 1) degrees of freedom in each element of size Az
whereas for finite difference schemes there is a single degree of freedom of
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each cell of size Az. Also, if a finite difference scheme is of order (k + 1) its
so-called stencil must be of at least (2k + 1) points, whereas the DG-scheme
has a stencil of (k + 1) elements only.

3.12 Convergence analysis in the nonlinear case

Now, we explore what is the impact of the explicit Runge-Kutta time-discretization
on the convergence properties of the methods under consideration. We start
by considering the piecewise-constant case.

The piecewise-constant case. Let us begin by considering the simplest
case, namely,

Vi=1,...,N:

(uf ™t —uf ) At + {h(uf, ufyr) — h(uf 1, uf)}/8; =0,

J

u;(0) = Ai} fI ug(x) dr,

where we pick the numerical flux h to be the Engquist-Osher flux.
According to the model provided by the continuous case, we must ob-
tain (i} an entropy inequality and (ii) the uniform boundedness of the total
variation of uy.
To obtain the entropy inequality, we proceed as in the semidiscrete case
and obtain the following result; see [12] for details.

Theorem 3.6 We have
{U(u?"'l —c)— U(u;‘ - c)}/At + {F(u?,u’;_,_l;c) —_ F(u;‘_l,u?; c)}/Aj

+ Qgis.s,j/At =0,
where
diss, = j,,+1 (pj(u}) —pi(P)) U"(p—x)dp
At Ui ,
A, f L TP — (e U (o~ ) dp
J u;
At [Yia1 . _
A, /m (W) = F () U"(p — ) dp,
7 uj
and

py() =w — S5(F* (w) — ().

2
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Moreover, if the following CFL condition is satisfied

—-lfl_

1<,<N
then O3, . . > 0, and the following entropy inequality holds:
(U™ — ) = U(uj ~ o)} /AL + {F(u},ujp1;6) — Fluj-n,uj;6) }/A; < 0.

Note that O7;,, ; > 0 because ft, —f, are nondecreasing and because p; is
also nondecreasing under the above CFL condition.

Next, we obtain the uniform boundedness on the total variation. Proced-
ing as before, we easily obtain the following result.

Theorem 3.7 We have

|upt! ITvi,1) — |uh lTvioy + Orv =0,

where
o = 3 (V3 = U5 ) Broatifin) = pisate)
<1<
> T (Ve -UR ) 07 5) - 170520
1<;5<
- 3 F(Urn- vt ) 0 -5 )
1<5<
where
U’?}H/z = U’(%E)
and

Pj+1/2(’w) =8—

) + ﬁf_—f—w).

.'H—l

Moreover, if the following CFL condition is satisfied

<
1<(NA\fI 1,

then @%,, > 0, and we have

|uf ITv(o,1) € | uo |Tv(o,1)-

With the two above ingredients, the following error estimate, obtained in
1976 by Kuznetsov, can be proved:
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Theorem 3.8 We have
| w(T) — un(T) 20,1y < [lwo — 2a(0) [l L1eo,1) + Cluo |Tv (0, VT Az

The general case. The study of the general case is much more difficult
than the study of the monotone schemes. In these notes, we restrict ourselves
to the study of the stability of the RKDG schemes. Hence, we restrict our-
selves to the task of studying under what conditions the total variation of
the local means is uniformly bounded.

If we denote by %; the mean of u;, on the interval I;, by setting v, =1
in the equation (3.7), we obtain,

(ﬁj)t + {h(uj—+1/2a u;-+1/2) - h(u;_l/g’u;-_l/z)}/Aj =0,

where u;.'H /2 denotes the limit from the left and u;"_H /2 the limit from the

right. We pick the numerical flux h to be the Engquist-Osher flux.
This shows that if we set wy, equal to the Euler forward step up+6 Lp(up),
we obtain

YVji=1,...,N:

(w; —w;)/0+ {h(u;+1/2,u].++1/2) - h(u;_l/z,u;"_l/Q)}/Aj =0.

Proceeding exactly as in the piecewise-constant case, we obtain the following
result for the total variation of the avergages,

| Zr [Tv(0,1) = Z (Tt — Ty |-
1<5<N

Theorem 3.9 We have

| @h |rvi0,1) — | Bk lTvio,) + OTvm =0,



177

where
Orvy = Z (U’J‘H/? - U’j+1/2) (Pj+172(unlL; 1) = Piv1/2(unlz,)
1<j<N
+ Z ( i-1/2 = U,j+1/2) (f+(u;+1/2) - f+ (uj—_ug))
1<1<N
5 ! I _ _
-2 A; (Uj+1/2 -U 3"1/2> (F~ () = I (0 40)
1<§<N TJ
where
U, =0 (—UHI — Ui)a
s Airiyz
and

) s +
Pi+1/2(unlr,) =Tm — K f(u m+l/2) + f (um_l/g)-

From the above result, we see that the total variation of the means of
the Euler forward step is nonincreasing if the following three conditions are
satisfied:

sgn(Wj1 — Uy ) = sgn(pjy1/2(unlr ) — Pj+1/2(unlr;)),  (3.16)

sgn{T; —Tj—1) = sgn(u’ J+1/2 ?"1/2) (3.17)
sgn(Tjr1 — ;) = sgn(u ?++i/2 ul” 1/2) (3.18)

Note that if the properties (3.16) and (3.17) are satisfied, then the property
(3.18) can always be satisfied for a small enough values of | § |.

Of course, the numerical method under consideration does not provide
an approximate solution automatically satisfying the above conditions. It is
thus necessary to enforce them by means of a suitably defined generalized
slope limiter,” AlIT,.

3.13 The generalized slope limiter

High-order accuracy versus the TVDM property: Heuristics The
ideal generalized slope limiter All},

— Maintains the conservation of mass element by element,
— Satifies the properties (3.16), (3.17), and (3.18},
— Does not degrade the accuracy of the method.

The first requirement simply states that the slope limiting must not
change the total mass contained in each interval, that is, if up = AIlx(vy),

’u.jzﬁj, j=1,,N
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This is, of course a very sensible requirement because after all we are dealing
with consevation laws. It is also a requirement very easy to satisfy.

The second requirement, states that if up = All(vy) and wp = up +
8 Ly (up) then

| |7vi0,1) < |Tn|Tv(0,1)

for small enough values of | 4.

The third requirement deserves a more delicate discussion. Note that if
up is a very good approximation of a smooth solution u in a neigborhood
of the point zg, it behaves (asymptotically as Az goes to zero) as a straight
line if uz(xg) # 0. If zo is an isolated extrema of u, then it behaves like
a parabola provided u,,(zo) # 0. Now, if uy is a straightline, it trivially
satisfies conditions (3.16) and (3.17). However, if uj is a parabola, conditions
(3.16) and (3.17) are not always satisfied. This shows that it is impossible to
construct the above ideal generalized ‘solpe limiter,” or, in other words, that
in order to enforce the TVDM property, we must loose high-order accuracy
at the local extrema. This is a very well-known phenomenon for TVD finite
difference schemes!

Fortunatelly, it is still possible to construct generalized slope limiters that
do preserve high-order accuracy even at local extrema. The resulting scheme
will then not be TVDM but total variation bounded in the means (TVBM)
as we will show.

In what follows we first consider generalized slope limiters that render the
RKDG schemes TVDM. Then we suitably modify them in order to obtain
TVBM schemes.

Constructing TVDM generalized slope limiters Next, we look for sim-
ple, sufficient conditions on the function u, that imply the conditions (3.16),
(3.17), and (3.18). These conditions will be stated in terms of the minmod
function m defined as follows:

m (ay a) = s minj<n<y |an |, if s = sign(a;) = --- = sign(a,),
T 0, otherwise.

Theorem 3.10 Suppose the the following CFL condition is satisfied:

. = s
|f |L1p+|f I‘Llp)§1/2, j:l,...,N- (319)

)
8l ey
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Then, conditions (3.16), (3.17), and (3.18) are satisfied if, forallj =1,...,N,
we have that

'U';.{_l/g e ﬁj = m(uj__|_1/2 —ﬁja Uj - E_7'——17 E_:H-l - E.’i) (320)

ﬂj — ’UJ;-_IIQ = m(ﬁj - ’U,j_l/2, ﬁj —ﬁj_]_, _'lzj+1 —ﬂ-j). (321)

Proof. Let us start by showing that the property (3.17) is satisfied. We
have:

Uirje T Uym1je = (Uihyye = W) + (0 = Tjaa) + (@1 — U5y o)

=0 (U —;j-y),
where
O=14+ Ui ap — U Uiy~ Uj-1 € [0,2]
Tj — Uj—1 U — Tj—1 TR

by conditions (3.20) and (3.21). This implies that the property (3.17) is satis-
fied. Properties (3.18) and (3.16) are proven in a similar way. This completes
the proof. . O

Examples of TVDM generalized slope limiters
a. The MUSCL limiter. In the case of piecewise linear approximate
solutions, that is,

vhlszﬂj—i—(m—a:j)vz,j, j—‘:].,...,N,

the following generalized slope limiter does satisfy the conditions (3.20) and
(3.21):

Yi+1 — Y5 Y5 — Uj—l)

up|; =05 + (2 — z5) m (vs,5, A AL
Y 3

This is the well-known slope limiter of the MUSCL schemes of vanLeer [62,63].
b. The less restrictive limiter AIT}. The following less restrictive slope
limiter also satisfies the conditions (3.20) and (3.21):

Yit1— Y Y5 Uj—l)

unlr; =T +(z — ;) ™ (va g, A72 A2
2 7
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Moreover, it can be rewritten as follows:

Uy 1yp =T5+ m(UJH/z =5, Tj — Tj_1, Uj+1 — Uj) (3.22)

Ui 1ye =T = m (T = v}, U5 = Tjo1, Tj1 = Tj). (3.23)

We denote this limiter by AIT}.

Note that we have that
_ Az _
| Th — AIT; () || 10,1 < 5 | Zn [TV (0,1)-

See Theorem 3.13 below.
c. The limiter AIIf. In the case in which the approximate solution is
piecewise a polynomial of degree &, that is, when

k
va(z,t) =Y vfpe(z),
£=0

where
pe(x) = Po(2(z — 7;)/4;),

and Py are the Legendre polynomials, we can define a generalized slope limiter
in a very simple way. To do that, we need the define what could be called
the Pl-part of vp:

1
Uilz(z"t) = Z 'U;': we(),

=0
We define up = Al (vy) as follows:

— For j =1,..., N compute uy|;, as follows:

1. Compute v, , and u]_, , by using (3.22) and (3.23),

- - + _
2. If Uit i/ = Vi1 and Ui jg = Uy /g SEt unlr; = vnl1;,
3. If not, take un|r, equal to AITL(v}).

d. The limiter AH,’:’Q. When instead of (3.22) and (3.23), we use
’U,;+1/2 - "l?j +m ( 'l)j—+1/2 — ﬂj, -'Uj — Ej—la ﬁj+1 — EJ-J‘, C (A.’L')a) (324)

uj_l/z =7; — m(ﬁj — U;—-—l/2’ Uj —Uj—1, Uit —5j,C(A£E)a), (325)

for some fixed constant C' and a € (0, 1), we obtain a generalized slope limiter
we denote by AITf .

This generalized slope limiter is never used in practice, but we consider
it here because it is used for theoretical purposes; see Theorem 3.13 below.
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The complete RKDG method Now that we have our generalized slope
limiters, we can display the complete RKDG method. It is contained in the
following algorith:

— Set ug = All;, th (ug);
— For n =0,..., N — 1 compute u
1. set uﬁlo) = Uup;

2. for i =1, ...,k + 1 compute the intermediate functions:

2+1 as follows:

i—1
u? = AlT, {Z anul) + ﬁﬂAtnLh(ug))} ;
=0

n+1 _  (k+1)
3. set upy " = wy, .

This algorithm describes the complete RKDG method. Note how the gener-
alized slope limiter has to be applied at each intermediate computation of the
Runge-Kutta method. This way of appying the generalized slope limiter in
the time-marching algorithm ensures that the scheme is TVDM, as we next
show.

The TVDM property of the RKDG method To do that, we start by
noting that if we set

Up = Aﬂh('uh), WhH = up + 5Lh(uh),

then we have that

|Tr | Tv0,0) < | Th TV (0,15 (3.26)
| Wh |Tvio,) < |8k TV,  YI6| < do, (3.27)

where

T leip | [ L
651 = 2max Lf L Lip =1,...,N,
by Theorem 3.10. By using the above two properties of the generalized slope
limiter,’ it is possible to show that the RKDG method is TVDM.

- Theorem 3.11 Assume that the generalized slope limiter AIlj, satisfies the
properties (3.26) and (3.27). Assume also that all the coeficients oy are non-
negative and satisfy the following condition:
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Then
|8 |rvio,1) < Jwo lTvo,), Vn>0.

Proof of Theorem 3.11. The proof of this result is very similar to the
proof of Theorem 3.5. Thus, we start by rewriting our time discretization as
follows:

— Set “?1 = Ugh;
— Forn=0,...,N — 1 compute u}

1. set u( ) = up;

2. fori =1,...,k + 1 compute the intermediate functions:

i—1
uﬁf) = AH}, {Z (847] w;(:[)} )

n+1 from u} as follows:

1=0
where
w,(fl) _ us) + ﬁzl At” n(u }(Iz));
+1 o, (k+1)
3. set up T =u,
Then have,
i—1
(% — (it
lug) lTv0,1) < | Zau wf: ) lTv0,1), by (3.26),
1=0
i—1 ’
< Zaiz |w. |rvony, since aq > 0,
1=0
i-1
(1
<| Zail U;) lTv(0,1), by (3.27),
o i—1
<, 22, 18 lrvon, smee a1
It is clear now that that the inequality
NuR |Tvon) < |u lTv (0,1 Vn2>0.

follows from the above inequality by a simple induction argument. To obtain
the result of the theorem, it is enough to note that we have

1@ ITv 0,1y < | %o |7v (0,1,

by the definition of the initial condition u%. This completes the proof. O
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TVBM generalized slope limiters As was pointed out before, it is possi-
ble to modify the generalized slope limiters displayed in the examples above in
such a way that the degradation of the accuracy at local extrema is avoided.
To achieve this, we follow Shu [59] and modify the definition of the general-
ized slope limiters by simply replacing the minmod function m by the TVB
corrected minmod function m defined as follows:

ay, if [al| < M(Am)zv

. (3.28)
m{ai,...,am), oOtherwise,

’ﬁ’l-(al, ...,am) = {

where M is a given constant. We call the generalized slope limiters thus
constructed, TVBM slope limiters.

The constant M is, of course, an upper bound of the absolute value of
the second-order derivative of the solution at local extrema. In the case of
the nonlinear conservation laws under consideration, it is easy to see that, if
the initial data is piecewise C?, we can take

M = sup{| (uo)zz(¥) | ¥ : (u0)2(y) = O}

See [15] for other choices of M.

Thus, if the constant M is is taken as above, there is no degeneracy of
accuracy at the extrema and the resulting RKDG scheme retains its optimal
accuracy. Moreover, we have the following stability result.

Theorem 3.12 Assume that the generalized slope limiter AIly, is « TVBM
slope limiter. Assume also that all the coeficients o are nonnegative and
satisfy the following condition:

i—1
Zau—l, i=1,...,k+1
=0
Then
1%, |rvo,1) < %o lrve,) +C M, Yn >0,

where C depends on k only.

Convergence in the nonlinear case By using the stability above sta-
bility results, we can use the Ascoli-Arzeld theorem to prove the following
convergence result.

Theorem 3.13 Assume that the generalized slope limiter AIly, is a TVDM
or a TVBM slope limiter. Assume also that all the coeficients oy are non-
negative and satisfy the following condition:

i—1
Zaﬂ=1, i=1,... k+1.
=0
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Then there is a subsequence {TUn }n'>q of the sequence {TUn}n>o generate by
the RKDG scheme that converges in L*(0,T; L'(0,1)) to a weak solution of
the problem (3.1), (3.2).
Moreover, if the TVBM wversion of the slope limiter Aﬂ,‘:’a is used, the
weak solution is the entropy solution and the whole sequence converges.
Finally, if the generalized slope limiter AIl}, is such that

| Tn — AlTp(v) 2201y € C Az |Th |7v(0,1)0

then the above results hold not only to the sequence of the means {Un}r>o
but to the sequence of the functions { un}r>o-

3.14 Computational results

In this subsection, we display the performance of the RKDG schemes in a
simple but typical test problem. We use piecewise linear (k = 1) and piece-
wise quadratic (k = 2) elements; the AIIf generalized slope limter is used.
Our purpose is to show that (i) when the constant M is properly chosen, the
RKDG method using polynomials of degree k is is order k + 1 in the uniform
norm away from the discontinuities, that (ii) it is computationally more effi-
cient to use high-degree polynomial approximations, and that (iii) shocks are
captured in a few elements without production of spurious oscillations
We solve the Burger’s equation with a periodic boundary condition:

2
U
ui+(7)-’c=03

u(z,0) = uo(z) = ;11 + % sin(r(2z — 1)).

The exact solution is smooth at 7" = .05 and has a well developed shock
at T = 0.4. Notice that there is a sonic point. In Tables 1,2, and 3, the his-
tory of convergence of the RKDG method using piecewise linear elements is
dsplayed and in Tables 4,5, and 6, the history of convergence of the RKDG
method using piecewise quadratic elements. It can be seen that when the
TVDM generalized slope limiter is used, i.e., when we take M = 0, there is
degradation of the accuracy of the scheme, whereas when the TVBM gen-
eralized slope limiter is used with a properly chosen constant M, i.e., when
M = 20 > 272, the scheme is uniformly high order in regions of smoothness
that include critical and sonic points.

Next, we compare the efficiency of the RKDG schemes for k =1and k =2
for the case M = 20 and T = 0.05. We define the inverse of the efficiency
of the method as the product of the error times the number of operations.
Since the RKDG method that uses quadratic elements has 0.3/0.2 times more
time steps, 3/2 times more inner iterations per time step, and 3/2 time more
unknowns in space, its number of operations is 27/8 times bigger than the one
of the RKDH method using linear elements. Hence, the ratio of the efficiency
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of the RKDG method with quadratic elements to that of the RKDG method
with linear elements is

8 error(RKDG(k = 1)

"= 97 error(RKDG(k = 2)°

The results are displayed in Table 7. We can see that the efficiency of the
RKDG scheme with quadratic polynomials is several times that of the RKDG
scheme with linear polynomials even for very small values of Az. We can also
see that the ratio r of efficiencies is proportional to (Az)~!, which is expected
for smooth solutions. This indicates that it is indeed more efficient to work
with RKDG methods using polynomials of higher degree.

That this is also true when the solution displays discontinuities can be
seen figures 3.22, and 3.23. In the figure 3.22, it can be seen that the shock
is captured in essentially two elements. A zoom of these figures is shown in
figure 3.23, where the approximation right in front of the shock is shown. It
is clear that the approximation using quadratic elements is superior to the
approximation using linear elements.

3.15 Concluding remarks

In this subsection, which is the core of these notes, we have devised the
general RKDG method for nonlinear scalar conservation laws with periodic
boundary conditions.

We have seen that the RKDG are constructed in three steps. First, the
Discontinuous Galerkin method is used to discretize in space the conserva-
tion law. Then, an explicit TVB-Runge-Kutta time discretizationis used to
discretize the resulting ODE system. Finally, a generalized slope limiter is
introduced that enforces nonlinear stability without degrading the accuracy
of the scheme. ‘

We have seen that the numerical results show that the RKDG methods
using polynomials of degree k, k = 1, 2 are uniformly (k+ 1)-th order accurate
away from discontinuities and that the use of high degree polynomials render
the RKDG method more efficient, even close to discontinuities.

All these results can be extended to the initial boundary value problem,
see [15]. In what follows, we extend the RKDG methods to multidimensional
systems.
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Table 1

P!, M =0, CFL=0.3, T =0.05.

L'(0,1) — error L*>(0,1) — error

Az 10% . error order 105 - error order
1/10 1286.23 ; 3491.79 ;

1/20 334.93 1.85 1129.21 1.63

1/40 85.32 1.97 449.29 1.33

1/80 21.64 1.98 137.30 1.71
1/160 5.49 1.98 45.10 1.61
1/320 1.37 2.00 14.79 1.61
1/640 0.34 2.01 4.85 1.60
1/1280 0.08 2.02 1.60 1.61

Table 2
P!, M =20, CFL=03, T =0.05.
LY(0,1) — error L>(0,1) — error

Az 10% . error order 105 . error order
1/10 1073.58 - 2406.38 -
1/20 277.38 1.95 628.12 1.94
1/40 71.92 1.95 161.65 1.96-
1/80 18.77 1.94 42.30 1.93
l-/160 4.79 1.97 10.71 1.98
1/320 1.21 1.99 2.82 1.93
1/640 0.30 2.00 0.78 1.86
1/1280 0.08 2.00 0.21 1.90




Table 3
Errors in smooth region 2 = {z : |z — shock| > 0.1}.
P!, M =20, CFL=0.3, T =04.

LY2) —error L*>*(02) - error

Az 105 - error order 105 - error order
1/10 1477.16 - 17027.32 -
1/20 155.67 3.25 1088.55 3.97
1/40 38.35 2.02 247.35 2.14
1/80 g.70 1.98 65.30 1.92
1/160 2.44 1.99 17.35 1.91
1/320 0.61 1.99 4.48 1.95
1/640 0.15 2.00 1.14 1.98
1/1280 0.04 2.00 0.29 1.99

Table 4

P?, M =0, CFL=0.2, T =0.05.

LY0,1) — error L>(0,1) — error
Az 10° - error order 10° . error order
1/10 2066.13 - 16910.05 -
1/20 251.79 3.03 3014.64 2.49
1/40 42.52 2.57 1032.53 1.55
1/80 7.56 2.49 336.62 1.61

187
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Table 5
P?, M =20, CFL=0.2, T = 0.05.

LY(0,1) — error L>°(0,1) — error
Az 10% . error order 105 - error order
1/10 37.31 - 101.44 -
1/20 4.58 3.02 13.50 2.91
1/40 0.55 3.05 1.52 3.15
1/80 0.07 3.08 0.19 3.01
Table 6

Errors in smooth region 2 = {z : |z — shock| > 0.1}.
P?, M =20, CFL=02, T =04.

LY(2) — error L>(12) — error
Az 105 - error order 108 - error order
1/10 786.36 - 16413.79 -
1/20 5.52 7.16 86.01 7.58
1/40 0.36 3.94 15.49 2.47
1/80 0.06 2.48 0.54 4.84
Table 7

Comparison of the efficiencies of RKDG schemes for k =2 and k =1
M =20,T = 0.05.
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L'-norm L*-norm
Azx ef f.ratio order ef f.ratio order
1/10 8.52 - 7.03 -
1/20 17.94 -1.07 46.53 -2.73
1/40 38.74 -1.11 106.35 -1.19
1/80 79.45 -1.04 222.63 -1.07

3.16 Appendix: Proof of the L2?-error estimates in the linear case

Proof of the LZ-stability In this subsection, we prove the the stability
result of Proposition 3.1. To do that, we first show how to obtain the corre-
sponding stability result for the exact solution and then mimic the argument
to obtain Proposition 3.1.

The continuous case as a model. We start by rewriting the equations
(3.4) in compact form. If in the equations (3.4) we replace v(z) by v(z,t},
sum on j from 1 to N, and integrate in time from 0 to 7', we obtain

B(u,v) =0, V v: v(t)is smooth Vte€(0,T), (3.29)

where
T ,1
B(u,v) = / / { Bou(z, t) v(z,t) — cu(z,t) 0, v(z,t) } dxdt. (3.30)
0 Jo
Taking v = u, we easily see that we see that
1 2 1 2
B(u,u) = 5” u(T) ||L2(0,1) - 5” Ug “Lz(o,l)s
and since
B(u,u) =0,

by (3.29), we immediately obtain the following L2-stability result:

1 1

‘2'“ u(T) ||%,2(0,1) = 5“ Uo ”%2(0,1)-

This is the argument we have to mimic in order to prove Proposition 3.1.
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Fig. 3.22: Comparison of the exact and the approximate solution obtained
with M = 20, Az = 1/40 at T = .4: Piecewise linear elements (top) and
piecewise quadratic elements (bottom)
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Fig. 3.23: Detail of previous figure. Behavior of the approximate solutions
four elements in front of the shock: Exact solution (solid line), piecewise
linear solution (dotted line), and piecewise quadratic solution (dashed line).
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The discrete case. Thus, we start by finding the discrete version of the
form B(.,-). If we replace v(z) by vy(z,t) in the equation (3.7), sum on j
from 1 to N, and integrate in time from 0 to T', we obtain

Br(un,vn) =0, Vor: v(t) eV Vite(0,T). (3.31)
where
T p1
Br{un, vn) =// Spuplz, tyup(x,t)dzdt (3.32)
/ / cup(z,t) Oy vp(x,t) dx dt
0 1<j<N
/ Z h(un)jra/2(t) [vn(t) 4172 dt.
0 1<i<N

Following the model provided by the continuous case, we next obtain an
expression for By (wn,ws). It is contained in the following result which will
proved later.

Lemma 3.1 We have
1 1
Bi(wn, wa) = 5 || wa(T) 1220,1) + OT(wa) — 5 llwn(0) 1Z2(0,1)»

where

Or(wn) = I%I foT Elgjgzv [wr(t) ]?+1/2 dt.

Taking wp = up, in the above result and noting that by (3.31),
Br(un,up) =0,

we get the equality
%” un(T) ”L2(0 1) T Or(up) = 2" un(0) ||L2(0 1)’

from which Proposition 3.1 easily follows, since

5”“’1( )”L2(01)— “uOIIL2(01)’

by (3.8). It only remains to prove Lemma 3.1.
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Proof of Lemma 3.1. After setting u; = v, = wy, in the definition of
B, (3.32), we get

1 T 1
Bh(wh, wp) = §|| wa(T) ||%2(o,1) +_/0 Biss(t) dt — §|| wr(0) ||i2(o,1)»

where

Biss(t) = — Z {h(wh)j“/z(t)[wh(t)]j+1/2+/I cwh(z,t)axwh(x,t)da:,}

1<j<N

We only have to show that fOT Buiss(t) dt = B1(wp,). To do that, we proceed
as follows. Dropping the dependence on the variable ¢t and setting

— 1 -
Wh(ZTj41/2) = §(wh($j+1/2) + wh(m}ﬂ/?) ),

we have, by the definition of the flux A, (3.11),

- f; h(wn)jprpa [wnlipre =— Y {th[wh]—|—;|[wh]2}j+1/2v
1<G<N /T

1<G<N

and

- Z /1 cwh(m)axwh(x)dmz';‘ Z [wﬁ]j‘i-l/?

I<j<N 1<j<N
=c Z {wh [wal}iv1/2
1<jEN
Hence
Gusns®) = 1L T (o)
diss = 2 h 541720
1<j<N
and the result follows. This completes the proof of Lemma 3.1. ]

This completes the proof of Proposition 3.1.

Proof of the Theorem 3.1 In this subsection, we prove the error estimate

of Theorem 3.1 which holds for the linear case f(u) = cu. To do that, we
first show how to estimate the error between the solutions w, = (u,,q.,)t,
vr=1,2, of

Gyuy + 05 f(u,) =0 in (0,T7) x (0,1),
uy(t =0) =ug,, on (0,1).

Then, we mimic the argument in order to prove Theorem 3.1.
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The continuous case as a model. By the definition of the form B(-,-),
(3.30), we have, for v =1, 2,

B(w,,v) =0, V v: v(t)issmooth Vte (0,T).

Since the form B(:,) is bilinear, from the above equation we obtain the so-
called error equation:

B(e,v) =0, Y v: v(t)is smooth Vte (0,T). (3.33)

where e = w1 — wy. Now, since

1 1
Ble,e) = 5” e(T) ||%2(o,1) - 5” e(0) ||%2(0,1)»
and
B(e,e) =0,

by the error equation (3.33), we immediately obtain the error estimate we
sought:
1 2 1 2
5” e(T) ||L2(0,1) = 5“ Uo,1 — Uo,2 “L2(0,1)-
To prove Theorem 3.1, we only need to obtain a discrete version of this
argument.
The discrete case. Since,

B (un,vr) =0, Von: v(t) eV Vite(0,T),
Bh(u,vh) =0, Vup: op(t)y eV, VYite(0,T),

by (3.7) and by equations (3.4), respectively, we easily obtain our error equa-
tion:

Bh(e,vh) =0, YV ooy, : Uh(t) eV, Vte (O,T), (3.34)

where e = w — wy,.

Now, according to the continuous case argument, we should consider next
the quantity Bj (e, e); however, since e(t) is not in the finite element space
Vi, it is more convenient to consider By (P (e),Px(e)), where Pp(e(t)) is the
L2-projection of the error e(t) into the finite element space V.

The L2-projection of the function p € L2(0,1) into V},, Px(p), is defined
as the only element of the finite element space V}, such that

Jy (Pa(p)(z) —p(z)) vn(z)dz =0, VY v, € Vi (3.35)

Note that in fact up(t = 0) = Pp(ug), by (3.8).
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Thus, by Lemma 3.1, we have

Bu(Pa(e), Pale)) = 2 | PA(e(T)) 3501y + Or(Pu(e) — 3| Pa(e(0) 20,1,
and since
Pr(e(0)) = Pr(uo — ua(0)) = Pr(uo) — ua(0) =0,
and
B (P (), Pa(e)) = Ba(Pa(e) — e, Pu(c)) = Ba(Pa(w) — u, Pa(c)),

by the error equation (3.34), we get

1
SIP(e(T)) 2201y + OT(Pr(e)) = Ba(Ph(u) — u,Pa(e)).  (3.36)
It only remains to estimate the right-hand side

B(Px(u) ~— u, Py(e)),

which, according to our continuous model, should be small.

Estimating the right-hand side. To show that this is so, we must
suitably treat the term B(P,(w) — w,Px(e)). We start with the following
remarkable result.

Lemma 3.2 We have
Bh(]Ph(u) - U, ]Ph / Z h(lph —u ]+1/2( ) [Ph(e)(t) ]j+1/2 dt.
0 1<i<N

Proof Setting p = Px(u) — u and vy, = Px(e} and recalling the definition
of Bx(-,-), (3.32), we have

Br(p, vn) f [ Owp(z,t) vp(x,t) dz dt

/ [ cp(z,t) Oy va{z,t)dzdt
0 1<ji<N

/O Z h(p)jt1/2(t) [va(t) |j41/2 dt

1<j<N

fo Z h(®)j+1/2(t) [vn(t) [ 412 dt,

1<5<N

by the definition of the L2-projection (3.35). This completes the proof. 0

Now, we can see that a simple application of Young’s inequality and a
standard approximation result should give us the estimate we were looking
for. The approximation result we need is the following.
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Lemma 3.3 Ifw e H**Y(I; UI;,), then

c
|A(BA(w) —~ 0) ()] < ox (A2V 42 L s,

where the constant ¢;. depends solely on k.
Proof. Dropping the argument x,,;,o we have, by the definition (3.11)
of the flux A,

| h(Pw) —w)| = S(Buw)* + Ba(w)") — L (Ba()* — Ba(w)) —cw

= @yt —w) + L ) )

< |e| max{|Pp(w)* ~ w|,|Pa(w)” —w]}

c—|c]

and the result follows from the properties of P, after a simple application of
the Bramble-Hilbert lemma; see [11). This completes the proof. 0
An immediate consequence of this result is the estimate we wanted.

Lemma 3.4 We have

1
B (P() — . Pa(e) < f (A0)* ' LU g g+

O (Pr(e)),
where the constant ¢, depends solely on k.

Proof. After using Young’s inequality in the right-hand side of Lemma
3.2, we get

B (P () — u, Pa(e / | B(Ph () — )11 /0(t) |
g 1<J<N
> '”'[Ph(ex O R it
0 1<i<N

By Lemma 3.3 and the definition of the form O7, we get

1
Ba(Pa(u) — u, Py(e))< ¢ (Ax)2k+1| <| f Iul?;~+nu,uz,+,)+59r(Pn(e))
0 1<i<N
1

< & (Azy™H '—2' T |0 fyur o) + 3 O7(Ba(e))

This completes the proof. O
Conclusion. Finally, inserting in the equation (3.36) the estimate of its
right hand side obtained in Lemma 3.4, we get

| Pr(e(T)) ”iz(o,l) +Or(Pu(e)) < cx (Az)™ ! |¢|T | uo ﬁ{k+1(o,1)’
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Theorem 3.1 now follows from the above estimate and from the following
inequality:

le(T) lz20,1) < 1u(T) = Pa(u(T)) l20,1) + [ Pule(T)) [ 22¢0,1)
< ¢ (Az) ! ug | greao,ny + | Pa(e(T)) iz2(o,1)-

Proof of the Theorem 3.2 To prove Theorem 3.2, we only have to suitably
modify the proof of Theorem 3.1. The modification consists in replacing the
L2-projection of the error, P(e), by another projection that we denote by
Rh (e)

Given a function p € L°°(0, 1) that is continuous on each element I;, we
define Ry {p) as the only element of the finite element space Vj, such that

Vi=1,...,N: Run(p)(z;e) — p(z;e) =0, £=0,...,k(3.37)

where the points z, ¢ are the Gauss-Radau quadrature points of the interval
I;. We take

Tjk=Tjy1/2, He>0, and zjo==j_1/2, ifc<O. (3.38)

The special nature of the Gauss-Radau quadrature points is captured in the
following property:

Vo e PYI;), €<k, Vpe P*YI)):
| ®e)@) 2(@)) olz) o =0, (3.39)

Compare this equality with (3.35).
The quantity B,(Rx(e),Rn(e)). To prove our error estimate, we start
by considering the quantity B, (R (e),Rp(e)). By Lemma 3.1, we have

B (R (e), Ra(e)) = 1 RA(e(T)) I3a(0,1) + O (Rn(e)) = 31 R(e(0) [Ea(asy
and since
Br(Rn(e), Re(e)) = Br(Rn(e) — e, Rr(e)) = Br(Rn(u) — u,Rn(e)),

by the error equation (3.34), we get

2T RAE(T)) a0+ Or(Rae))= 21 Ra(e(0)) [2a(01) + Ba(R(w) — v, Ra(e)).
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Next, we estimate the term B(Rp(u) — u, Rp(e)).
Estimating B(Rx(u) — u, Ry(€)). The following result corresponds to
Lemma 3.2.

Lemma 3.5 We have
T rl
Br(Rp(u) — u,vp) = f j (Rn(Bru)(z,t) — Opu(z,t)) va(z, t) dx dt
] / c(Rp(u)(z,t) — u(z,t)) Oy vp(z,t) dor dt.
0 1<_7<N

Proof Setting p = Rj(u) —u and v, = Rp(e) and recalling the definition
of Bn(-,-), (3.32), we have

T pl
]Bh(p,vh)sz Oyp(z,t)yvp(z,t) dx dt

/ / cp(z,t) Oy vp(z,t) dr dt
0 1<i<N

[ Z h(p)j+172(t) [vn(t) | jx1/2 dt.

1<j<N

But, from the definition (3.11) of the flux h, we have

A(R(w) — ) = £ (RA(w)* +Ruw)") — L Ra(u)* — Ra(w)") - cu
= 2l @t )+ I Ry )
=0,
by (3.38) and the result follows. o

Next, we need some approximation results.

Lemma 3.6 If w € H**?(I}), and v, € P*(I;), then

< ¢p, (Aa':)"Jr1 | w IHk+1(I,-) | vn ||L2(Ij)’

’ [IJ. (R (w) — w)(2) vn(z) dz

< e (A)* | w | grearyy L on |22y,

/1 (Rn(w) — w)(z) B, va(z) da

i
where the constant ¢, depends solely on k.

Proof. The first inequality follows from the property (3.39) with £ = k
and from standard approximation results. The second follows in a similar
way from the property 3.39 with £ = k£ — 1 and a standard scaling argument.
This completes the proof. 0

An immediate consequence of this result is the estimate we wanted.
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Lemma 3.7 We have
T
Bh(Rh(U) — ’M,Rh(e)) < e (Ax)k-i-l "u,o |H’°+2(0,1) f ” Rh_(e(t)) HLQ(O,I) dt,
0

where the constant ¢, depends solely on k and | c|.

Conclusion. Finally, inserting in the equation (3.36) the estimate of its
right hand side obtained in Lemma 3.7, we get

IRA(e(T)) [ Z20,1) + OT(Ru(€)) < [ Rn(e(0)) 20,1y
e (Az)*H | ug | ez o,y /OT | Rr(e(t)) | L2(0,1) d2-
After applying a simple variation of the Gronwall lemma, we obtain
IRA(e(T)) 20,1y £ I Ra(e(0))(2) ll20,1) + e (Az)* T |ug | rsso,1)
< e (Ax)*t! |y | e +2(0,1)-

Theorem 3.2 now follows from the above estimate and from the following
inequality:

| e(T) |z2¢0,1) < || w(T) — Ru(u(T)) lI22¢0,1) + | Rr(e(T)) 20,1
< ¢ (Az) T | ug | gerigo1y + | Rr(e(T)) [l 22(0,1)-
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4 The RKDG method for multidimensional systems

4.1 Introduction

In this section, we extend the RKDG methods to multidimensional systems:

ut + Vf(u) =0, in 2 x (0,7, (4.1)
u(z,0) = ug(z), Yz €2, (4.2)

and periodic boundary conditions. For simplicity, we assume that {2 is the
unit cube.

This section is essentially devoted to the description of the algorithms and
their implementation details. The practitioner should be able to find here all
the necessary information to completely code the RKDG methods.

This section also contains two sets of numerical results for the Euler equa-
tions of gas dynamics in two space dimensions. The first set is devoted to
transient computations and domains that have corners; the effect of using
triangles or rectangles and the effect of using polynomials of degree one or
two are explored. The main conclusions from these computations are that (i)
the RKDG method works as well with triangles as it does with rectangles
and that (ii) the use of high-order polynomials does not deteriorate the ap-
proximation of strong shocks and is advantageous in the approximation of
contact discontinuities.

The second set concerns steady state computations with smooth solu-
tions. For these computations, no generalized slope limiter is needed. The
effect of (i) the quality of the approximation of curved boundaries and of
(ii) the degree of the polynomials on the quality of the approximate solution
is explored. The main conclusions from these computations are that (i) a
high-order approximation of the curve boundaries introduces a dramatic im-
provement on the quality of the solution and that (ii) the use of high-degree
polynomials is advantageous when smooth solutions are shought.

This section contains material from the papers [14], [13], and [19]. It also
contains numerical results from the paper by Bassi and Rebay [2] in two di-
mensions and from the paper by Warburton, Lomtev, Kirby and Karniadakis
[65] in three dimensions.

4.2 The general RKDG method

The RKDG method for multidimensional systems has the same structure it
has for one-dimensional scalar conservation laws, that is,

— Set uj = Ally, Py, (up);
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-+

— Forn=0,..,N — 1 compute u}'*! as follows:

1. set u(o) = up;

2. fori =1,...,k + 1 compute the intermediate functions:

i1
= AIl, {Zauug) + ﬁﬁAtnLh(ug))} ;
=0

n+1 (k+1)
3. set u, " =u, .

In what follows, we describe the operator Ly that results form the DG-
space discretization, and the generalized slope limiter AITj.

The Discontinuous Galerkin space discretization To show how to dis-
cretize in space by the DG method, it is enough to consider the case in which
u is a scalar quantity since to deal with the general case in which u, we apply
the same procedure component by component.

Once a triangulation Tj of {2 has been obtained, we determine Ly(-) as
follows. First, we multiply (4.1) by vy, in the finite elemen space V},, integrate
over the element K of the triangulation T} and replace the exact solution u
by its approximation uy € Vj:

d

-CE/Kuh(t,z)vh(x) da:-i-deivf(uh(t,m))vh(:z:) dzr =0, Vv, € V.

Integrating by parts formally we obtain

%IK un(t, x) vh( )dw—l-zeeaK fe flun(t,z)) - ne g va(z)dl
— i f(un(t,z)) - grad vp(z)dz =0, Yo, € Vj,

where n. g is the outward unit normal to the edge e. Notice that f(un(t,z))-

ne k does not have a precise meaning, for u is discontinuous at = € e €

OK. Thus, as in the one dimensional case, we replace f(un(t,z)}) -  ne x by

the function he g (us (¢, 24K up (¢, £¢%85))), The function he g (-,-) is any

consistent two—point monotone Lipschitz flux, consistent with f(u) - n. k.
In this way we obtain

%fK ur(t, T)on(z)dz + ) coi [ her(t,z) va(z)d T
— [ flun(t, z)) - grad va(z)dz =0, Y vy, € V.
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Finally, we replace the integrals by quadrature rules that we shall choose as
follows:

[ he i (t,2) on (@) AT 2 S wihe ke (t, 2er) v(zer)el, (4.3)
Jie flun(t, x)) - grad vp(z) de ~
SiL s F(un(t,zks)) - grad va(ziy) K. (4.4)

Thus, we finally obtain the weak formulation:

% fk up(t, T)on(x)de + ) ok ZlL:I wi he g (t, zet) v(zer)le|
~ M wi flunlt,zk;)) - gradon(zg;)|K| =0, Yovs € Vi, YK € Th.

These equations can be rewritten in ODE form as Ed?uh = Lp(un,yn). This
defines the operator Ly (up), which is a discrete approximation of —div f(u).

The following result gives an indication of the quality of this approximation.

Proposition 4.1 Let f(u) € W*+2°°(2), and set v = trace(u). Let the
quadrature rule over the edges be ezact for polynomials of degree (2k + 1),
and let the one over the element be exact for polynomials of degree (2k).
Assume that the family of triangulations F = {Th}use is reqular, i.e., that
there is a constant ¢ such that:

hg > g,
PK —

VK € T, VT,eF, (4.5)

where hy is the diameter of K, and px is the diameter of the biggest ball
included in K. Then, if V(K) D P*(K), V K € Th:

L (u, ) + div f(u)l|po(a) < C R F(w) s (o)

For a proof, see [13].

The form of the generalized slope limiter AIl,. The construction of
generalized slope limiters AT} for several space dimensions is not a trivial
matter and will not be discussed in these notes; we refer the interested reader
to the paper by Cockburn, Hou, and Shu [13].

In these notes, we restrict ourselves to displaying very simple, practical,
and effective generalized slope limiters AT, which are closely related to the
generalized slope limiters AITF of the previous section.
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To compute Allpun, we rely on the assumption that spurious oscillations
are present in u, only if they are present in its P! part u}, which is its L2-
projection into the space of piecewise linear functions V;!. Thus, if they are
not present in u}, i.e., if

up = All, u},
then we assume that they are not present in wp and hence do not do any
limiting:

Al up, = up .
On the other hand, if spurious oscillations are present in the P! part of the
solution u}, i.e., if

up, 7 Ally up,
then we chop off the higher order part of the numerical solution, and limit
the remaining P! part:

Allyuy, = Ally v,

In this way, in order to define AIl, for arbitrary space V}, we only need to
actually define it for piecewise linear functions V;!. The exact way to do that,
both for the triangular elements and for the rectangular elements, will be
discussed in the next section.

4.3 Algorithm and implementation details

In this section we give the algorithm and implementation details, including
numerical fluxes, quadrature rules, degrees of freedom, fluxes, and limiters
of the RKDG method for both piecewise-linear and piecewise-quadratic ap-
proximations in both triangular and rectangular elements.

Fluxes The numerical flux we use is the simple Lax-Friedrichs flux:

he(@8) = 3 [£(8) e+ £(8) - me e = v (b= )]

The numerical viscosity constant c. g should be an estimate of the biggest
eigenvalue of the Jacobian ng(uh(x, t)) - ne i for (z,t) in a neighborhood of
the edge e.

For the triangular elements, we use the local Lax-Friedrichs recipe:

— Take a. g to be the larger one of the largest eigenvalue (in absolute value)
of Zf(uk)-nex and that of 2 f(tg)  ne, K, where G and @ are the
means of the numerical solution in the elements K and K’ sharing the
edge e.

For the rectangular elements, we use the local Lax-Friedrichs recipe :

— Take o g to be the largest of the largest eigenvalue (in absolute value) of
b%f (k) - Ne i, Where Gg» is the mean of the numerical solution in the
element K", which runs over all elements on the same line (horizontally
or vertically, depending on the direction of n. ) with K and K’ sharing
the edge e.



205

Quadrature rules According to the analysis done in [13], the quadrature
rules for the edges of the elements, (4.3), must be exact for polynomials of
degree 2k + 1, and the quadrature rules for the interior of the elements, (4.4),
must be exact for polynomials of degree 2k, if P* methods are used. Here
we discuss the quadrature points used for P! and P? in the triangular and
rectangular element cases.

The rectangular elements For the edge integral, we use the following two
point Gaussian rule

foomnsg)o(@).

for the P! case, and the following three point Gaussian rule

[ sere = o(-3) +(3)] + 500, (42)

for the P? case, suitably scaled to the relevant intervals.

For the interior of the elements, we could use a tensor product of (4.1),
with four quadrature points, for the P! case. But to save cost, we “recycle”
the values of the fluxes at the element boundaries, and only add one new
quadrature point in the middle of the element. Thus, to approximate the

integral f‘ll f_ll g(z, y)dzdy, we use the following quadrature rule:

b)) oo o)
(o) o) o) o )] i

For the P? case, we use a tensor product of (4.2), with 9 quadrature points.

The triangular elements For the edge integral, we use the same two point
or three point Gaussian quadratures as in the rectangular case, (4.1} and
(4.2), for the P* and P? cases, respectively.

For the interior integrals (4.4), we use the three mid-point rule

I 3
| stadady ~ ng glms),

where m; are the mid-points of the edges, for the P! case. For the P? case,
we use a seven-point quadrature rule which is exact for polynomials of degree
5 over triangles.
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Basis and degrees of freedom We emphasize that the choice of basis
and degrees of freedom does not affect the algorithm, as it is completely de-
termined by the choice of function space V(h) , the numerical fluxes, the
quadrature rules, the slope limiting, and the time discretization. However, a
suitable choice of basis and degrees of freedom may simplify the implemen-
tation and calculation.

The rectangular elements For the P! case, we use the following expres-
sion for the approximate solution wu(z,y,t) inside the rectangular element

[‘Tz—lv z+ ] [yj—%vyj-i-%]:
uh(xa y7t) = ﬂ(t) + U:c( )‘Pz( ) + Uy(t)% (v) (4'3)

where

@)= s )= (4.4)
z J

and

Az; = Titd — Tizly Ay; = Yj+i — Y-

The degrees of freedoms, to be evolved in time, are then
a(t), ua(t), uy(t).

Here we have omitted the subscripts ij these degrees of freedom should
have to indicate that they belong to the element 1j which is [z, 1,2, 1 ] x

? y]+
I\Totlce that the basis functions

17 (pi(w)a %‘(y):

are orthogonal, hence the local mass matrix is diagonal:

M = Az, Ay, diag (1, —;:, %) .

For the P? case, the expression for the approximate solution up(z,y,t)
inside the rectangular element [:ci_%,:ci_l_%] X Y1, Y4 1] s

’Uh,(.’):, Y, t) = ’U,(t) + Ug (t)(pi(l‘) + uy(t)wj (y) + u:ny(t)ﬁpi(m)"/)j (y)
pues®) (#2003 ) 4o (B0 - 3) . @9

where ¢;(x) and 9;(y) are defined by (4.4). The degrees of freedoms, to be
evolved in time, are

U(t), uz(t), uy(t), tsy(t), vas(t), wyy(t).
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Again the basis functions

L wile), Vi) @), P -3, B - 3,

are orthogonal, hence the local mass matrix is diagonal:

: 1 1 1 4 4

The triangular elements For the P! case, we use the following expression
for the approximate solution up(z,y,t) inside the triangle K:

w(2,9,1) Zu Yei(,y)

where the degrees of freedom u;(t) are values of the numerical solution at
the midpoints of edges, and the basis function ¢;(z,y) is the linear function
which takes the value 1 at the mid-point m; of the i-th edge, and the value
0 at the mid-points of the two other edges. The mass matrix is diagonal

111
|K\dmg(3 3 3)

For the P? case, we use the following expression for the approximate
solution wx(x,y,t) inside the triangle K:

my, Zuz £’Lmy

where the degrees of freedom, u;(t), are values of the numerical solution at the
three midpoints of edges and the three vertices. The basis function &;(x,v), is
the quadratic function which takes the value 1 at the point 7 of the six points
mentioned above (the three midpoints of edges and the three vertices), and
the value 0 at the remaining five points. The mass matrix this time is not
diagonal.

Limiting We construct slope limiting operators All;, on piecewise linear
functions u, in such a way that the following properties are satisfied:

1. Accuracy: if uy, is linear then AIT, up = up,.
2. Conservation of mass: for every element K of the triangulation Ty, we

have:
/AHhuh:/ Uuy,.
K K

3. Slope limiting: on each element K of T}, the gradient of Al uy is not
bigger than that of uj,.

The actual form of the slope limiting operators is closely related to that
of the slope limiting operators studied in [15] and [13].
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The rectangular elements The limiting is performed on u, and u, in
(4.3), using the differences of the means. For a scalar equation, u, would be
limited (replaced) by

MUz, Big1,j — Wij, Uij — Ui-1,5) (4.6)

where the function /n is the TVB corrected minmod function defined in the
previous section.

The TVB correction is needed to avoid unnecessary limiting near smooth
extrema, where the quantity u, or u, is on the order of O(Az?) or O(Ay?).
For an estimate of the TVB constant M in terms of the second derivatives of
the function, see [15]. Usually, the numerical results are not sensitive to the
choice of M in a large range. In all the calculations in this paper we take M
to be 50.

Similarly, u, is limited (replaced) by

My, Ti,j41 — Bugy Tij — Ts j-1)-

with a change of Az to Ay in (4.6).
For systems, we perform the limiting in the local characteristic variables.
To limit the vector u, in the element ij, we proceed as follows:

— Find the matrix R and its inverse R~!, which diagonalize the Jacobian
evaluated at the mean in the element ij in the z-direction:

ou

where A is a diagonal matrix containing the eigenvalues of the Jacobian.
Notice that the columns of R are the right eigenvectors of afl—a(uﬂiﬁ and
the rows of R~! are the left eigenvectors.

— Transform all quantities needed for limiting, i.e., the three vectors u,;,
ii341,j — Us; and ;5 — G;—1 5, to the characteristic fields. This is achieved
by left multiplying these three vectors by R™!.

— Apply the scalar limiter (4.6) to each of the components of the trans-
formed vectors.

— The result is transformed back to the original space by left multiplying

R on the left.

R—l afl(ﬁij)R: /1,

The triangular elements To construct the slope limiting operators for
triangular elements, we proceed as follows. We start by making a simple
observation. Consider the triangles in Figure 4.1, where m; is the mid-point
of the edge on the boundary of Ky and b; denotes the barycenter of the
triangle K; for ¢ = 0,1, 2, 3.

Since we have that

my — by = ay (b1 — bo) + a2 (b2 — bo),
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Fig. 4.1: lustration of limiting.

for some nonnegative coefficients o, op which depend only on m; and the
s L2
geometry, we can write, for any linear function us,

up(my) — un{bo) = a1 (un(b1) — un(bo)) + a2 (un(bz) — ua(bo)),

and since )
'E’IK,-:_— Uh = Up b'ia i=07112131
| K| /K (b:)

we have that
'&h(ml, K()) = uh(ml)—ﬁKg = (ﬁ]{l —EKO)+a2 (ﬁKz —T_LKO) = Aﬁ(ml, Kg)

Now, we are ready to describe the slope limiting. Let us consider a piecewise
linear function wuy, and let m;, 1 = 1,2, 3 be the three mid-points of the edges
of the triangle K. We then can write, for (z,y) € Ko,

3 3
un(z,y) = D un(ms)pi(e,y) = B, + Y Gn(ma, Ko)p(z, ).

i=1 i=1
To compute Allpup, we first compute the quantities
A,; = 'ﬁ’l.(ﬂh(mz', Kg), v Aﬂ(mz, KQ)),

where 7 is the TVB modified minmod function and v > 1. We take v = 1.5
in our numerical runs. Then, if E?___l A; = 0, we simply set

3
Allyup(z,y) = Gk, + Z A; pi(z,y).

i=1
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If Zf:ﬁ A; # 0, we compute

3 3
pos = Z max(0, A;), neg = Z max (0, —A4;),

i=1 i=1

e+=mm( _g) e—zmm(l,ﬁ).
pos neg

Then, we define

and set

3
AlTpup(z,y) = Gk, + Z A;pi(z,y),
i=1

where X
A; = 07 max(0, 4;) — 6~ max(0, —A,).

It is very easy to see that this slope limiting operator satisfies the three
properties listed above.

For systems, we perform the limiting in the local characteristic variables.
To limit A;, we proceed as in the rectangular case, the only difference being
that we work with the following Jacobian

8 _ ) m; — bo
ou (@x |m; — bo|

4.4 Computational results: Transient, nonsmooth solutions

In this section we present several numerical results obtained with the P! and
P? (second and third order accurate) RKDG methods with either rectangles
or triangles in the triangulation. These are standard test problems for Euler
equations of compressible gas dynamics.

The double-Mach reflection problem Double Mach reflection of a strong
shock. This problem was studied extensively in Woodward and Colella [66]
and later by many others. We use exactly the same setup as in [66], namely a
Mach 10 shock initially makes a 60° angle with a reflecting wall. The undis-
turbed air ahead of the shock has a density of 1.4 and a pressure of 1.

For the rectangle based triangulation, we use a rectangular computational
domain {0, 4] x [0,1], as in [66]. The reflecting wall lies at the bottom of the
computational domain for % < z < 4. Initially a right-moving Mach 10
shock is positioned at z = %, y = 0 and makes a 60° angle with the z-axis.
For the bottom boundary, the exact post-shock condition is imposed for the
part fromz =0 toz = %, to mimic an angled wedge. Reflective boundary
condition is used for the rest. At the top boundary of our computational
domain, the flow values are set to describe the exact motion of the Mach



211

10 shock. Inflow/outflow boundary conditions are used for the left and right
boundaries. As in [66], only the results in [0, 3] x {0, 1] are displayed.

For the triangle based triangulation, we have the freedom to treat irreg-
ular domains and thus use a true wedged computational domain. Reflective
boundary conditions are then used for all the bottom boundary, including the
sloped portion. Other boundary conditions are the same as in the rectangle
case.

Uniform rectangles are used in the rectangle based triangulations. Four
different meshes are used: 240 x 60 rectangles (Az = Ay = g5); 480 x 120
rectangles (Az = Ay = +15); 960 x 240 rectangles (Ar = Ay = 555); and
1920 x 480 rectangles (Axz = Ay = %), The density is plotted in Figure 4.2
for the P! case and in 4.3 for the P* case.

To better appreciate the difference between the P! and P2 results in these
pictures, we show a “blowed up” portion around the double Mach region in
Figure 4.4 and show one-dimensional cuts along the line ¥y = 0.4 in Figures
4.5 and 4.6. In Figure 4.4, w can see that P? with Az = Ay = 35 has
qualitatively the same resolution as P! with Az = Ay = ﬁ, for the fine
details of the complicated structure in this region. P? with Az = Ay = 4—é'-
gives a much better resolution for these structures than P! with the same
number of rectangles.

Moreover, from Figure 4.5, we clearly see that the difference between the
results obtained by using P! and P?, on the same mesh, increases dramati-
cally as the mesh size decreases. This indicates that the use of polynomials of
high degree might be beneficial for capturing the above mentioned structures.
From Figure 4.6, we see that the results obtained with P! are qualitatively
similar to those obtained with P? in a coarser mesh; the similarity increases
as the meshsize decreases. The conclusion here is that, if one is interested in
the above mentioned fine structures, then one can use the third order scheme
P? with only half of the mesh points in each direction as in P!. This trans-
lates into a reduction of a factor of 8 in space-time grid points for 2D time
dependent problems, and will more than off-set the increase of cost per mesh
point and the smaller CFL number by using the higher order P? method.
This saving will be even more significant for 3D.

The optimal strategy, of course, is to use adaptivity and concentrate tri-
angles around the interesting region, and/or change the order of the scheme
in different regions.

The forward-facing step problem Flow past a forward facing step. This
problem was again studied extensively in Woodward and Colella [66] and
later by many others. The set up of the problem is the following: A right
going Mach 3 uniform flow enters a wind tunnel of 1 unit wide and 3 units
long. The step is 0.2 units high and is located 0.6 units from the left-hand
end of the tunnel. The problem is initialized by a uniform, right-going Mach 3
flow. Reflective boundary conditions are applied along the walls of the tunnel
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and in-flow and out-flow boundary conditions are applied at the entrance
(left-hand end) and the exit (right-hand end), respectively.

The corner of the step is a singularity, which we study carefully in our nu-
merical experiments. Unlike in [66] and many other papers, we do not modify
our scheme near the corner in any way. It is well known that this leads to an
errorneous entropy layer at the downstream bottom wall, as well as a spuri-
ous Mach stem at the bottom wall. However, these artifacts decrease when
the mesh is refined. In Figure 4.7, second order P! results using rectangle
triangulations are shown, for a grid refinement study using Az = Ay = %,
Ar = Ay = %, Az = Ay = ﬁ, and Az = Ay = 3% as mesh sizes. We
can clearly see the improved resolution {especially at the upper slip line from
the triple point) and decreased artifacts caused by the corner, with increased
mesh points. In Figure 4.8, third order P? results using the same meshes are
shown.

In order to verify that the erroneous entropy layer at the downstream
bottom wall and the spurious Mach stem at the bottom wall are both artifacts
caused by the corner singularity, we use our triangle code to locally refine near
the corner progressively; we use the meshes displayed in Figure 4.9. In Figure
4.10, we plot the density obtained by the P! triangle code, with triangles
(roughly the resolution of Az = Ay = Ilﬁ’ except around the corner). In
Figure 4.11, we plot the entropy around the corner for the same runs. We
can see that, with more triangles concentrated near the corner, the artifacts
gradually decrease. Results with P? codes in Figures 4.12 and 4.13 show a
similar trend.

4.5 Computational results: Steady state, smooth solutions

In this section, we present some of the numerical results of Bassi and Rebay
[2] in two dimensions and Warburton, Lomtev, Kirby and Karniadakis [65]
in three dimensions.

The purpose of the numerical results of Bassi and Rebay [2] we are pre-
senting is to assess (i) the effect of the quality of the approximation of curved
boundaries and of (ii) the effect of the degree of the polynomials on the qual-
ity of the approximate solution. The test problem we consider here is the
two-dimensional steady-state, subsonic flow around a disk at Mach number
Mo = 0.38. Since the solution is smooth and can be computed analytically,
the quality of the approximation can be easily assessed.

In the figures 4.14, 4.15, 4.16, and 4.17, details of the meshes around the
disk are shown together with the approximate solution given by the RKDG
method using piecewise linear elements. These meshes approximate the circle
with a polygonal. It can be seen that the approximate solution are of very
low quality even for the most refined grid. This is an effect caused by the
kinks of the polygonal approximating the circle.

This statement can be easily verified by taking a look to the figures 4.18,
4.19, 4.20, and 4.21. In these pictures the approximate solutions with piece-
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wise linear, quadratic, and cubic elements are shown; the meshes have been
modified to render ezactly the circle. It is clear that the improvement in the
quality of the approximation is enormous. Thus, a high-quality approxima-
tion of the boundaries has a dramatic improvement on the quality of the
approximations.

Also, it can be seen that the higher the degree of the polynomials, the
better the quality of the approximations, in particular from figures 4.18 and
4.19. In [2], Bassi and Rebay show that the RKDG method using polynomilas
of degree k are (k + 1)-th order accurate for £ = 1,2, 3. As a consequence, a
RKDG method using polynomials of a higher degree is more efficient than a
RKDG method using polynomials of lower degree.

In [65], Warburton, Lomtev, Kirby and Karniadakis present the same test
problem in a three dimensional setting. In Figure 4.22, we can see the three-
dimensional mesh and the density isosurfaces. We can also see how, while
the mesh is being kept fixed and the degree of the polynomials k is increased
from 1 to 9, the maximum error on the entropy goes exponentialy to zero.
(In the picture, a so-called ‘mode’ is equal to k + 1).

4.6 Concluding remarks

In this section, we have extended the RKDG methods to multidimensional
systems. We have described in full detail the algorithms and displayed numer-
ical results showing the performance of the methods for the Euler equations
of gas dynamics.

The flexibility of the RKDG method to handle nontrivial geometries and
to work with different elements has been displayed. Moreover, it has been
shown that the use of polynomials of high degree not only does not degrade
the resolution of strong shocks, but enhances the resolution of the contact
discontinuities and renders the scheme more efficient on smooth regions.

Next, we extend the RKDG methods to convection-dominated problems.
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Fig. 4.2: Double Mach reflection problem. Second order P! results. Density
p. 30 equally spaced contour lines from p = 1.3965 to p = 22.682. Mesh

refinement study. From top to bottom: Az = Ay = g, 155, 735, 20d 755
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Fig.4.3: Double Mach reflection problem. Third order P? results. Density
p. 30 equally spaced contour lines from p = 1.3965 to p = 22.682. Mesh

refinement study. From top to bottom: Az = Ay = &, 5 555, and 755-
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Rectangles P2, Ax=Ay = 1/240

Fig. 4.4: Double Mach reflection problem. Blowed-up region around the dou-
ble Mach stems. Density p. Third order P? with Az = Ay = 5% (top);
second order P! with Az = Ay = i5 (middle); and third order P? with
Az = Ay = g5 (bottom),
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Fig. 4.5: Double Mach reflection problem. Cut y = 0.4 of the blowed-up re-
gion. Density p. Comparison of second order P! with third order P? on the
same mesh
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P2onmesh Ax=Ay= 1/60
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Fig. 4.6: Double Mach reflection problem. Cut y = 0.4 of the blowed-up re-
gion. Density p. Comparison of second order P! with third order P2 on a
coarser mesh
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Fig. 4.7: Forward facing step problem. Second order P! results. Density p.

30 equally spaced contour lines from p = 0.090338 to p = 6.2365. Mesh

refinement study. From top to bottom: Az = Ay = &, &, 135, and 3.
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Fig.4.8: Forward facing step problem. Third order P? results. Density p.
30 equally spaced contour lines from p = 0.090338 to p = 6.2365. Mesh
refinement study. From top to bottom: Az = Ay = 215, _8%’ 1—(1;0, and 3_%6'
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Fig.4.10: Forward facing step problem. Second order P! results. Density p.
30 equally spaced contour lines from p = 0.090338 to p = 6.2365. Triangle
code. Progressive refinement near the corner
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Fig.4.12: Forward facing step problem. Third order P? results. Density p. 30
equally spaced contour lines from p = 0.090338 to p = 6.2365. Triangle code.
Progressive refinement near the corner
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Fig.4.14: Grid “16 x 8” with a piecewise linear approximation of the cir-
cle (top) and the corresponding solution (Mach isolines) using P! elements
(bottom).
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Fig.4.15: Grid “32 x 8 with a piecewise linear approximation of the cir-
cle (top) and the corresponding solution (Mach isolines) using P! elements

(bottom).
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Fig.4.16: Grid “64 x 16" with a piecewise linear approximation of the cir-
cle (top) and the corresponding solution (Mach isolines) using P! elements
(bottom).



229

Fig. 4.17: Grid “128 x 32” a piecewise linear approximation of the circle (top)
and the corresponding solution (Mach isolines) using P! elements (bottom).
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Fig. 4.18: Grid “16 x 4" with exact rendering of the circle and the correspond-
ing P! (top}, P?(middle), and P? (bottom) approximations (Mach isolines).
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Fig. 4.19: Grid “32 x 8” with exact rendering of the circle and the correspond-
ing P! (top), P?(middle), and P? (bottom) approximations (Mach isolines).
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Fig.4.20: Grid “64 x 16” with exact rendering of the circle and the cor-
responding P! (top), P?(middle), and P? (bottom) approximations (Mach
isolines).
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Fig.4.21: Grid “128 x 32” with exact rendering of the circle and the cor-
responding P! (top), P?(middle), and P? (bottom) approximations (Mach
isolines).
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Fig. 4.22- Three-dimensional flow over a semicircular bump. Mesh and density
isosurfaces (top) and history of convergence with p-refinement of the maxi-
mum entropy generated (bottom). The degree of the polynomial plus one is

Loglo(smux)

plotted on the ‘modes’ axis.
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5 Convection-diffusion problems: The LDG method

5.1 Introduction

In this chapter, which follows the work by Cockburn and Shu [18], we restrict
ourselves to the semidiscrete LDG methods for convection-diffusion problems
with periodic boundary conditions. Our aim is to clearly display the most
distinctive features of the LDG methods in a setting as simple as possible;
the extension of the method to the fully discrete case is straightforward. In
§2, we introduce the LDG methods for the simple one-dimensional case d =1
in which

F(u, Du) = f(u) — a(u) Ozu,

u is a scalar and a(u) > 0 and show some preliminary numerical results dis-
playing the performance of the method. In this simple setting, the main ideas
of how to device the method and how to analyze it can be clearly displayed
in a simple way. Thus, the L2-stability of the method is proven in the general
nonlinear case and the rate of convergence of (Az)* in the L*°(0, T;L?)-norm
for polynomials of degree k > 0 in the linear case is obtained; this estimate
is sharp. In §3, we extend these results to the case in which v is a scalar and

Fi(u, Du) = fi(u) - Z aij(u) Oz, u,

1<i<d

where a;; defines a positive semidefinite matrix. Again, the L2-stability of
the method is proven for the general nonlinear case and the rate of conver-
gence of (Az)*¥ in the L®°(0, T';L?)-norm for polynomials of degree k > 0 and
arbitrary triangulations is proven in the linear case. In this case, the multi-
dimensionality of the problem and the arbitrariness of the grids increase the
technicality of the analysis of the method which, nevertheless, uses the same
ideas of the one-dimensional case. In §4, the extension of the LDG method to
multidimensional systems is briefly described some numerical results for the
compressible Navier-Stokes equations from the paper by Bassi and Rebay (3]
and from the paper by Lomtev and Karniadakis {46] are presented.

5.2 The LDG methods for the one-dimensional case

In this section, we present and analyze the LDG methods for the following
simple model problem:

Ou+ 0y (f(u) —a(u)dzu) =0 1in (0,7) x (0,1), (5.1)
u(t =0) =g, on (0,1), (5.2)

with periodic boundary conditions.
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General formulation and main properties To define the LDG method,
we introduce the new variable ¢ = 1/ a(u) 8; u and rewrite the problem (5.1),
(5.2) as follows:

O+ 0 (f(u) — Va(u)g) =0 in (0,T) x (0,1), (5.3)

— Oy 9(u) = 0 in (0,T) x (0,1), (5.4)

u(t =0) =ug, on (0,1), (5.5)

where g(u) “ \/a(s) ds. The LDG method for (5.1), (5.2) is now obtained

by simply dlscretlzmg the above system with the Discontinuous Galerkin
method.
To do that, we follow [15] and {14]. We define the flux h = ( hy, hg )t as

follows:

h(u,q) —Va(u)q, —g(u (5.6)

For each partition of the interval (0, 1), { z;41/2 }}Lo, we set Ij = (z;_1/2,%j41/2),
and Azx; = Tj4172—T;-1/2 for j = 1,..., N; we denote the quantity maxi<j<nN A%;
by Az . We seek an approximation wy = (ua,qn)' to w = (u, q)? such that
for each time ¢ € [0, T}, both ux(t) and gx(t) belong to the finite dimensional
space

Vi = ‘/hk = {’U € Ll(o,l) : 1)|IJ. € Pk(Ij), j= 1,.‘.,N}, (57)

where P*(I) denotes the space of polynomials in I of degree at most k.
In order to determine the approximate solution (up,qp), we first note that
by multiplying (5.3), (5.4), and (5.5) by arbitrary, smooth functions v, v,
and v;, respectively, and integrating over I;, we get, after a simple formal
integration by parts in (5.3) and (5.4),

fI Oy u(z, t) vy () dx—fl uw(W(z,)) 0, vu(z) dx
Fha(W(Zj41/2,1)) vu(z j+1/2)—h (W(zj-1/2,t)) vu (1’3- 1/2) =0, (5.8)
I1, 9@, ) vg(z) dz — f; ho(w(z,t)) 8: vy(z) da

+hq( ( Tjt1/2, )) q( j+1/2)_h‘q(w(xj—l/%t))Uq(xj_l/z):O’ (5'9)
i, wlz, 0) vi(z) dz = [; uo(x)vi(z)dz. (5.10)
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Next, we replace the smooth functions v,, vg, and v; by test functions vy .,
Unq, and vp;, respectively, in the finite element space V, and the exact
solution w = (u,q)* by the approximate solution w; = (up,qn)’. Since
this function is discontinuous in each of its components, we must also re-
place the nonlinear flux h(w(z;;1/2,t)) by a numerical flux ﬁ(w)j+1/2(t) =
(ﬁu(wh)j+1/2(t), ﬁq(wh)jﬂ/z(t)) that will be suitably chosen later. Thus, the
approximate solution given by the LDG method is defined as the solution of
the following weak formulation:

Y v € PR(I,)
/ Or up(z,t) vp () dr —/ ho(Wh(z,t)) 0 vp o (2) dz
1 I

Fha (W) j41/2(8) vhu(27, 1 15) = B (Wh)j—1/2 () vnulzt | p) = 0(5.11)
V’U},,’q € Pk(I]) :

/' qn(z,t) vpq(z) dz ~ / ho(Wh(x,t)) Oy vh () dx

I 1
+he(Wh)j+172(8) Vng(2], 1 /a) = he(Wh)j-1/2(8) vnq(2]_ ;1 /5) = 0, (5.12)
Y unq € PH(L)

up(x,0) vp i(z) dz = f uo(z) vp,i(z) dz. (5.13)
I; I.

J

It only remains to choose the numerical flux h(w},) j+1/2(t). We use the no-
tation:
- —_ 1 _ + +
[p]=p*—p~, and p= §(p+ +p7),and p7y = (2T, /0)-
To be consistent with the type of numerical fluxes used in the RKDG meth-
ods, we consider numerical fluxes of the form

ﬁ(wh)j+1/2(t) = ﬁ(wh(m;rl/za t), Wh(xj.;.l/zv t)),

that (i) are locally Lipschitz and consistent with the flux h, (ii) allow for a
local resolution of gy in terms of u,, (iii) reduce to an E-flux (see Osher [51])
when a(-) =0, and that (iv) enforce the L2-stability of the method.

To reflect the convection-diffusion nature of the problem under consid-
eration, we write our numerical flux as the sum of a convective flux and a
diffusive flux:
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~

B(w™, W) = heony (W™, W) + haipr(w™, wh). (5.14)

The convective flux is given by

A

Beono (W™, wT) = (F(u=,u™),0), (5.15)

where f (u~,u") is any locally Lipschitz E-flux consistent with the nonlin-
earity f, and the diffusive flux is given by

~ u —
hyipp(w™,wh) = (- [SE(u])] 7, —g(uw) )" = Caisy [W], (5.16)
where
_ 0 C12
Cairs = (_012 0 ) ’ (5.17)
c12 = c12(w™,wt) is locally Lipschitz, (5.18)
c12 =0 whena(-)=0. (5.19)

We claim that this flux satisfies the properties (i) to (iv).

Let us prove our claim. That the flux h is consistent with the flux h easily
follows from their definitions. That h is locally Lipschitz follows from the fact
that f(-,-) is locally Lipschitz and from (5.17); we assume that f(-) and a(-)
are locally Lipschitz functions, of course. Property (i) is hence satisfied.

That the approximate solution ¢, can be resolved element by element in
terms of u;, by using (5.12) follows from the fact that, by (5.16), the flux
hy = —g(u) — c12 [u] is independent of gj,. Property (ii) is hence satisfied.

Property (iii) is also satisfied by (5.19) and by the construction of the
convective flux.

To see that the property (iv) is satisfied, let us first rewrite the flux h in
the following way:

ﬁ(w‘,w*) _ ([‘PS")] _ [9(“)] 7, —'g_(u_))t —C[w],

where



239

C= ( ‘i1 012) o= L([""(“)] - f‘(u-,u+)). (5.20)

—eiz 0 W]\ [u]

with o(u) defined by ¢(u) = [* f(s)ds. Since f(-,-) is an E-flux,

1 wt

el = o2 [ (f(s) - ]E(U—,Uﬂ)ds =0,

and so, by (5.17), the matrix C is semipositive definite. The property (iv)
follows from this fact and from the following result.

Theorem 5.1 We have,

L2z, T)de + fi ) qila,t)dedt+ Orc((wa]) < } [ ud(z) da,

where

Orc(wil) = If Tugyen { nOClon] | de.

i+1/2

For a proof, see [18]. Thus, this shows that the flux h under consideration
does satisfy the properties (i) to (iv)- as claimed.

Now, we turn to the question of the quality of the approximate solution
defined by the LDG method. In the linear case f’ = ¢ and a(-) = a, from the
above stability result and from the the approximation properties of the finite
element space V},, we can prove the following error estimate. We denote the
L2(0, 1)-norm of the £-th derivative of u by |u|e.

Theorem 5.2 Let e be the approrimation error w — wy,. Then we have,

1/2
{ Jo lew(@, T) P de+ [T f5 | eq(z,t) |2dasdt+ea~,c<[e1>} < C(Az)¥,

where C = C(k,|u|ks1,| ¢ |ks2). In the purely hyperbolic case a = 0, the
constant C is of order (Axz)Y/2. In the purely parabolic case c = 0, the constant
C is of order Ax for even values of k for uniform grids and for C identically
zero.

For a proof, see [18]. The above error estimate gives a suboptimal order
of convergence, but it is sharp for the LDG methods. Indeed, Bassi et al [4]
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report an order of convergence of order £+ 1 for even values of k and of order
k for odd values of k for a steady state, purely elliptic problem for uniform
grids and for C identically zero. The numerical results for a purely parabolic
problem that will be displayed later lead to the same conclusions; see Table
5 in the section §2.b.

The error estimate is also sharp in that the optimal order of conver-
gence of k+1/2 is recovered in the purely hyperbolic case, as expected. This
improvement of the order of convergence is a reflection of the semipositive
definiteness of the matrix C, which enhances the stability properties of the
LDG method. Indeed, since in the purely hyperbolic case

Orc(wal) = [ Tic,en { fun(®)]f e1r [un(t)] } dt,

j+1/2

the method enforces a control of the jumps of the variable uj, as shown in
Proposition lemenergy. This additicnal control is reflected in the improvement
of the order of accuracy from k in the general case to k 4 1/2 in the purely
hyperbolic case.

However, this can only happen in the purely hyperbolic case for the LDG
methods. Indeed, since ¢;; = 0 for ¢ = 0, the control of the jumps of uy is not
enforced in the purely parabolic case. As indicated by the numerical experi-
ments of Bassi et al. [4] and those of section §2.b below, this can result in the
effective degradation of the order of convergence. To remedy this situation,
the control of the jumps of uy in the purely parabolic case can be easily en-
forced by letting c1; be strictly positive if |¢| + |a| > 0. Unfortunately, this
is not enough to guarantee an improvement of the accuracy: an additional
control on the jumps of g, is required! This can be easily achieved by allowing
the matrix C to be symmetric and positive definite when @ > 0. In this case,
the order of convergence of £ + 1/2 can be easily obtained for the general
convection-diffusion case. However, this would force the matrix entry coq to
be nonzero and the property (ii} of local resolvability of ¢ in terms of up
would not be satisfied anymore. As a consequence, the high parallelizability
of the LDG would be lost.

The above result shows how strongly the order of convergence of the LDG
methods depend on the choice of the matrix C. In fact, the numerical results
of section §2.b in uniform grids indicate that with yet another choice of the
matrix C, see (5.21), the LDG method converges with the optimal order of
k + 1 in the general case. The analysis of this phenomenon constitutes the
subject of ongoing work.

5.3 Numerical results in the one-dimensional case

In this section we present some numerical results for the schemes discussed
in this paper. We will only provide results for the following one dimensional,
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linear convection diffusion equation

Outcldu—adiu=0 in (0,T)x (0,27),
u(t =0,z) =sin(z), on (0,2m),

where ¢ and a > 0 are both constants; periodic boundary conditions are used.
The exact solution is u(t, z) = e~ **sin(z — ct). We compute the solution up
to T'= 2, and use the LDG method with C defined by

C= - (5.21)
& o) :

We notice that, for this choice of fluxes, the approximation to the convective
term cu, is the standard upwinding, and that the approximation to the diffu-
sion term a &2 u is the standard three point central difference, for the P° case.
On the other hand, if one uses a central flux corresponding to ¢;2 = —c31 =0,
one gets a spread-out five point central difference approximation to the dif-
fusion term a 82 u.

The LDG methods based on P*, with & = 1,2,3,4 are tested. Elements
with equal size are used. Time discretization is by the third-order accurate
TVD Runge-Kutta method [58|, with a sufficiently small time step so that
error in time is negligible comparing with spatial errors. We list the L, errors
and numerical orders of accuracy, for uy, as well as for its derivatives suitably
scaled Az™O7 up, for 1 < m < k, at the center of of each element. This gives
the complete description of the error for u; over the whole domain, as wup
in each element is a polynomial of degree k. We also list the L, errors and
numerical orders of accuracy for g5 at the element center.

In all the convection-diffusion runs with a > 0, accuracy of at least (k +
1)-th order is obtained, for both u; and qn, when P* elements are used.
See Tables 1 to 3. The P* case for the purely convection equation a = 0
seems to be not in the asymptotic regime yet with N = 40 elements (further
refinement with N = 80 suffers from round-off effects due to our choice of
non-orthogonal basis functions), Table 4. However, the absolute values of the
errors are comparable with the convection dominated case in Table 3.
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Table 1. The heat equation @ = 1, ¢ = 0. L, errors and numerical order
of accuracy, measured at the center of each element, for Az™ 97 up for 0 <
m < k, and for g,

k variable N =10 N =20 N =40
error error order error order
u 45584 | 5.79E-5 | 297 7.27E-6 2.99
1 Az 8.u 9.01E-3 | 2.22E-3 2.02 5.56E-4 2.00
q 417E-5 | 248E-6 | 4.07 1.53E-7 4.02
u 1.43E4 | 1.76E-5 | 3.02 2.19E-6 3.01
2 Az 8,u 7.87E-4 | 1.03E4 | 293 1.31E-5 2.98
(Az)? 62u 1.64E-3 | 2.09E-4 | 2.98 2.62E-5 2.99
q 1.42E-4 | 1.76E-5 3.01 2.19E-6 3.01
u 1.54E-5 | 9.66E-7 | 4.00 6.11E-8 3.98
Ar d,u 3.77E-5 | 2.36E6 | 3.99 1.47E-7 4.00
3 (Az)? 82u 1.90E-4 | 1.17E-5 | 4.02 7.34E-7 3.99
(Az)3 B3u 2.51E-4 | 1.56E-5 | 4.00 9.80E-7 4.00
q 1.48E-5 | 9.66E-7 | 3.93 6.11E-8 3.98
u 2.02E-7 | 551E-9 | 5.20 1.63E-10 { 5.07
Az du 1.65E-6 | 5.14E-8 | 5.00 1.61E-9 5.00
4 (Az)% 6%u 6.34E-6 | 2.04E-7 4.96 6.40E-9 4.99
(4z)3 83u 2.92E-5 | 947E-7 | 4.95 2.99E-8 4.99
(Az)? 8iu 3.03E-5 | 9.55E-7 | 4.98 2.99E-8 5.00
q 2.10E-7 | 5.51E-9 5.25 1.63E-10 | 5.07
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Table 2. The convection diffusion equation @ = 1, ¢ = 1. Lo errors and
numerical order of accuracy, measured at the center of each element, for
Ax™ O up, for 0 < m < k, and for qp,.

k variable N=10 N =20 N =40
error error order error order
u 6.47E-4 | 1.25E-4 | 2.37 1.59E-5 2.97
1 Az 8,u 9.61E-3 | 2.24E-3 | 2.10 5.56E-4 2.01
q 2.96E-3 | 1.20E-4 | 4.63 1.47E-5 3.02
u 1.42E-4 | 1.76E-5 | 3.02 2.18E-6 3.01
2 Az d,u 79364 | 1.04E-4 | 203 1.31E-5 2.99
(Az)? 0%u 1.61E-3 | 2.09E-4 | 2.94 2.62E-5 3.00
q 126E-4 | 1.63E-5 | 2.94 2.12E-6 2.95
u 1.53E-5 | 9.75E-7 | 3.98 6.12E-8 3.99
Az Ou 3.84E-5 | 2.34E-6 | 4.04 1.47E-7 3.99
3 (Az)? 8%u 1.89E-4 1.18E-5 4.00 7.36E-7 4.00
(Az)3 Bu 2.52E-4 | 156E-5 | 4.01 9.81E-7 | 3.99
q 1.57E-5 | 9.93E-7 | 3.98 6.17E-8 4.01
u 2.04E-7 | 5.50E-9 | 5.22 1.64E-10 | 5.07
Az 8,u 1.68E-6 | 5.19E-8 | 5.01 1.61E-9 5.01
4 (4z)? B2u 6.36E-6 | 2.05E-7 | 4.96 6.42E-8 [ 5.00
(Az)3 83u 2.09E-5 | 9.57E-7 | 4.97 2.99E-8 5.00
(Az)! 83u 2.94E-5 | 9.55E-7 | 4.95 3.00E-8 4.99
q 1.96E-7 | 5.35E-9 | 5.19 1.61E-10 | 5.06
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Table 3. The convection dominated convection diffusion equation a = 0.01,
¢ = 1. Ly errors and numerical order of accuracy, measured at the center of
each element, for Az™ 07" uy for 0 < m < k, and for gy

k variable N =10 N =20 N =40
error error order error order
u 7.14E-3 | 9.30E-4 2.94 1.17E-4 2.98
1 Az d,u 6.04E-2 | 1.58E-2 1.93 4.02E-3 1.98
q 8.68E-4 | 1.09E-4 3.00 1.31E-5 3.05
u 9.59E-4 | 1.25E-4 2.94 1.58E-5 2.99
2 Az d,u 5.88E-3 | T7.55E-4 2.96 9.47E-5 3.00
(Az)? O2u 1.20E-2 1.50E-3 3.00 1.90E-4 2.98
q 8.99E-5 | 1.11E-5 3.01 1.10E-6 3.34
u 1.11E-4 | 7.07E-6 3.97 4.43E-7 4.00
Az d,u 2.52E-4 | 1.71E-5 3.88 1.07E-6 4.00
3 (Ax)? B2u 1.37E-3 | 8.54E-5 4.00 5.33E-6 4.00
(Az)3 83u 1.75E-3 | 1.13E-4 3.95 7.11E-6 3.99
q 1.18E-5 | 7.28E-7 | 4.02 4.75E-8 3.94
u 1.85E-6 | 4.02E-8 5.53 1.19E-9 5.08
Az d,u 1.20E-5 | 3.76E-7 | 5.10 1.16E-8 5.01
4 (Az)? 62u 5.19E-5 1.48E-6 5.13 4.65E-8 4.99
(Az)3 B3u 2.21E-4 | 6.93E-6 4.99 2.17E-7 5.00
(Az)* Blu 2.25E-4 | 6.80E-6 5.03 2.17E-7 4.99
q 3.58E-7 | 3.06E-9 6.87 5.05E-11 | 5.92
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Table 4. The convection equation a = 0, ¢ = 1. L, errors and numerical
order of accuracy, measured at the center of each element, for Ax™ 0T uy, for

0<m<k.

variable N=10 N=20 N =40
error error order error order

u 7.24E-3 9.46E-4 2.94 1.20E-4 2.98
Az O u 6.09E-2 1.60E-2 1.92 4.09E-3 1.97
u 9.96E-4 1.28E-4 2.96 1.61E-5 2.99
Az O,u 6.00E-3 7.71E-4 2.96 9.67E-5 3.00
(Az)? 8%u 1.23E-2 1.54E-3 3.00 1.94E-4 2.99
u 1.26E-4 7.50E-6 4.07 4.54E-7 4.05
Az O,u 1.63E-4 2.00E-5 3.03 1.07E-6 4.21
(Az)? 8%u 1.52E-3 9.03E-5 4.07 5.45E-6 4.05
(Az)? 3u 1.35E-3 1.24E-4 3.45 7.19E-6 4.10
u 3.55E-6 8.59E-8 5.37 3.28E-10 8.03
Az Ou 1.89E-5 1.27E-7 7.22 1.54E-8 3.05
(Az)? 0%u 8.49E-5 2.28E-6 5.22 2.33E-8 6.61
(Az)3 BBu 2.36E-4 5.77E-6 5.36 2.34E-7 4.62
(Ax)* Otu 2.80E-4 8.93E-6 4.97 1.70E-7 5.72
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Finally, to show that the order of accuracy could really degenerate to
k for P*, as was already observed in [4], we rerun the heat equation case
a = 1,c = 0 with the central flux

C= (8 8) . (5.22)

This time we can see that the global order of accuracy in L is only k&
when PF is used with an odd value of .

Table 5. The heat equation @ = 1, ¢ = 0. L, errors and numerical order
of accuracy, measured at the center of each element, for Ax™d7* uy, for 0 <
m < k, and for g, using the central flux.

k variable N=10 N=20 N =40
error error order error order
u 3.59E-3 | 8.92E-4 2.01 2.25E-4 1.08
1 Az 8;u 2.10E-2 1.06E-2 0.98 5.31E-3 1.00
q 2.39E-3 | 6.19E-4 1.95 1.56E-4 1.99
u 6.91E-5 | 4.12E-6 4.07 2.57E-7 4.00
2 Az 0:u 7.66E-4 1.03E-4 2,90 1.30E-5 2.98
(Ax)? 82u 2.98E-4 1.68E-5 4.15 1.03E-6 4.02
q 6.52E-5 | 4.11E-6 3.99 2.57E-7 4.00
u 1.62E-5 1.01E-6 4.00 6.41E-8 3.98
Az 3zu 1.06E-4 1.32E-5 3.01 1.64E-6 3.00
3 (Az)? 8%u 1.99E-4 | 1.22E-5 4.03 7.70E-7 3.99
(Az)? B3u 6.81E-4 8.68E-5 2.97 1.09E-5 2.99
q 1.54E-5 1.01E-6 3.93 6.41E-8 3.08
u 8.25E-8 1.31E-9 5.97 2.11E-11 | 5.96
Az 8,u 1.62E-6 | 5.12E-8 4.98 1.60E-9 5.00
4 {Az)? 0%u 1.61E-6 2.41E-8 6.06 3.78E-10 | 6.00
(Az) B3u 2.90E-5 | 9.46E-7 4.94 2.99E-8 4.99
(Az)* 2u 5.23E-6 7.59E-8 6.11 1.18E-9 6.01
q 7.85E-8 1.31E-9 5.90 2.11E-11 | 5.96
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5.4 The LDG methods for the multi-dimensional case

In this section, we consider the LDG methods for the following convection-
diffusion model problem

But+ Y O (filu)— > ay(u)d;,u) =0 in(0,T)x (0,1){5.23)

1<i<d 1<j5<d
u(t =0) = ug, on (0,1)¢, (5.24)

with periodic boundary conditions. Essentially, the one-dimensional case and
the multidimensional case can be studied in exactly the same way. However,
there are two important differences that deserve explicit discussion. The first
is the treatment of the matrix of entries a;;(u), which is assumed to be
symmetric, semipositive definite and the introduction of the variables g, and
the second is the treatment of arbitrary meshes. 4 To define the LDG method,
we first notice that, since the matrix a;;(u) is assumed to be symmetric and
semipositive definite, there exists a symmetric matrix b;;(u) such that

aij(u) = Z1gegd bie(u) be j(u). (5.25)

Then we define the new scalar variables ¢ = 3, ;4 bej(u) 8z, u and rewrite
the problem (5.23), (5.24) as follows: T

Oru + Z azi (fi(u) - Z bie(u) QZ) =0 in (O)T) X (01 1)dv(526)

1<i<d 1<e<d

ge— Y Oz,90;(w)=0, £=1,..d, in(0,T)x(0,1)%, (527
1<j<d

u(t =0) =up, on (0,1)4, (5.28)

where g;;(u) = [ bg;(s)ds. The LDG method is now obtained by discretiz-
ing the above equations by the Discontinuous Galerkin method.

We follow what was done in §2. So, we set w = (u,q) = (y,q1," "+ ,q4)*
and, for each i =1,.-. ,d, introduce the flux
hi(w) = (fi(u) - 21555(1 bie(u) ge, —g1:(w), - -+, —gas(u) ). (5.29)

We consider triangulations of (0,1)¢, Ta, = { K }, made of non-overlapping
polyhedra. We require that for any two elements K and K’, KNK is either
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a face e of both K and K’ with nonzero (d — 1)-Lebesgue measure | e |, or has
Hausdorff dimension less than d — 1. We denote by E 4, the set of all faces e
of the border of K for all K € Ta,. The diameter of K is denoted by Az g
and the maximum Azg, for K € T, is denoted by Az. We require, for the
sake of simplicity, that the triangulations T o, be regular, that is, there is a
constant independent of Az such that

AJSK

<g VK e TA,;,
PK

where pg denotes the diameter of the maximum ball included in K.

We seek an approximation wy, = (up, qn)t = (Wn,qr1,-* ,gra)’ to w such
that for each time ¢ € [0, T, each of the components of wj, belong to the finite
element space

Vi=Vi={ve L ((0,1)%): v|gx € P*(K)VK € Ta,}, (5.30)

where P*(K) denotes the space of polynomials of total degree at most k.
In order to determine the approximate solution wy, we proceed exactly as
in the one-dimensional case. This time, however, the integrals are made on
each element K of the triangulation Ta,. We obtain the following weak
formulation on each element K of the triangulation T 5,:

Jx Gcun(z,t) vy u(z) de — Yicica Jx Piw(Wi(z,1)) Oz, vpu(x) dx
+ foxe Bu(Wh, npx)(2,t) vp o (2)d [(2) =0, Y up, € P*(K),(5.31)

Foré=1,---,d:
S ane(z,t) vp g, () dz — EISde IK hj g (Wh(Z,1)) Oz; Vn g, (z) dz
+ Jox o (Whymag) (@, 8) vh 0, () d () =0, Y vh,, € PE(K), (5.32)
Jx un(x,0) v i(z) dz = ;. uo(x) va,i(z) d, Y un s € PF(K),(5.33)

where nggi denotes the outward unit normal to the element K at z € 0K. It
remains to choose the numerical flux (hy, hg,,« -+ , hg,)t = h = h(wy, nsi)(z, t).

As in the one-dimensional case, we require that the fluxes h be of the
form

h(Wh, ok )(z) = h(wp (275 1), W (27K | t); Dok ),
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where wp,(z"*¥) is the limit at x taken from the interior of K and wy,(z®7%)
the limit at = from the exterior of K, and consider fluxes that (i) are locally
Lipschitz, conservative, that is,

~ A

h(Wh(IintK), Wh(.'IIEItK); naK) + h(Wh(Ieth),Wh(I’th); —naK) = 0,

and consistent with the flux

E h;naxk i,

1<i<d

(ii) allow for a local resolution of each component of qp in terms of u, only,
(iii) reduce to an E-flux when a(-) = 0, and that (iv) enforce the L2-stability
of the method.

Again, we write our numerical flux as the sum of a convective flux and a
diffusive flux:

h = hconv + hdiff}

where the convective flux is given by

A

heone(Ww™,w*;n) = (f(u™,ut;n),0)",

where f(u~,u%;n) is any locally Lipschitz E-flux which is conservative and
consistent with the nonlinearity

> filw)n,

1<i<d

and the diffusive flux fldiff(w_, w*:n) is given by

(- Z [g‘ﬁ"]‘)]mni’ - Z gia(u)ng, -, — Z gid(“)"i)t_cd"ff[w]’

1<i,e<d 1<i<d 1<i<d

where
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0 cizc13 Cud
—C12 0 0---0
Caiff = -3 0 0 -+ 0 ,
;g 0 0 --- 0
c1; = c1;(w™,wt) s locally Lipschitz for  =1,--- ,d,
¢1; =0 whena(:)=0 forj=1,---,d

We claim that this flux satisfies the properties (i) to (iv).

To prove that properties (i) to (iii) are satisfied is now a simple exercise.
To see that the property (iv) is satisfied, we first rewrite the flux h in the
following way:

(- > W“@Em,— 3 a@ng = > ga@in ) - Clw],

1<i,0<d [u] 1<i<d 1<i<d

where

€11 €12 €13+ Cid

—C12 0 0 ---0
C = —C13 0 0 -.-.-0 ,
—Cid o 0 .--0

€1 [ ](Zl<z<d[g}[i])]” f(“ ut; n))s
where ¢ (u) = [* fi(s)ds. Since F(-,n) is an E-flux,

c11 = ﬁ f:j (Zlgigd fi(s)n; f(u ut;n))ds >0,

and so the matrix C is semipositive definite. The property (iv) follows from
this fact and from the following result.

Theorem 5.3 We have,

1 T 1
. / w2(z, T) dz + / / |an(z, ) [P dadt + Or.c((wil) < 5 / w2(z) dz,
{0,1)4 o J(o,1)4 (0,1)¢
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where

Orc(wil) = [ Tece.. J. [Wal(z, O'C [wy(z,t)]d (z)dt.

We can also prove the following error estimate. We denote the integral over
(0, 1)¢ of the sum of the squares of all the derivatives of order (k4 1) of u by

|u‘£+1'

Theorem 5.4 Let e be the approzimation error w — wy,. Then we have, for
arbitrary, regular grids,

1/2
{ Joa leul(@, T) dm"‘fon(o,])d leq(z,t)|* dzdt +9T.C([e])} < C(Az),

where C' = C(k,|u |k41,| % |k+2). In the purely hyperbolic case a;; = 0, the
constant C is of order (Az)Y/2. In the purely parabolic case ¢ = 0, the constant
C is of order Ax for even values of k and of order 1 otherwise for Cartesian
products of uniform grids and for C identically zero provided that the local
spaces QF are used instead of the spaces P¥, where Q* is the space of tensor
products of one dimensional polynomials of degree k.

5.5 Extension to multidimensional systems

In this chapter, we have considered the so-called LDG methods for convection-
diffusion problems. For scalar problems in multidimensions, we have shown
that they are L2-stable and that in the linear case, they are of order k if
polynomials of order k are used. We have also shown that this estimate is
sharp and have displayed the strong dependence of the order of convergence
of the LDG methods on the choice of the numerical fluxes.

The main advantage of these methods is their extremely high paralleliz-
ability and their high-order accuracy which render them suitable for computa-
tions of convection-dominated flows. Indeed, although the LDG method have
a large amount of degrees of freedom per element, and hence more compu-
tations per element are necessary, its extremely local domain of dependency
allows a very efficient parallelization that by far compensates for the extra
amount of local computations.

The LDG methods for multidimensional systems, like for example the
compressible Navier-Stokes equations and the equations of the hydrodynamic
model for semiconductor device simulation, can be easily defined by simply
applying the procedure described for the multidimensional scalar case to each
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component of u. In practice, especially for viscous terms which are not sym-
metric but still semipositive definite, such as for the compressible Navier-
Stokes equations, we can use q = (9;, u, ..., O, u) as the auxilary variables.
Although with this choice, the L2-stability result will not be available theo-
retically, this would not cause any problem in practical implementations.

5.6 Some numerical results

Next, we present some numerical results from the papers by Bassi and Rebay
(3] and Lomtev and Karniadakis [46].

¢ Smooth, steady state solutions. We start by displaying the conver-
gence of the method for a p-refinement done by Lomtev and Karniadakis [46].
In Figure 5.23, we can see how the maximum errors in density, momentum,
and energy decrease exponentially to zero as the degree k of the approximat-
ing polynomials increases while the grid is kept fixed; details about the exact
solution can be found in [46].

’_ ' T T T I T T T T T T [ T T T [ i
—4 __° ;
L . i
56 .
£ | . i
i - -
—
-8l - .
— L . . 4
-10 R .
- ._
_12 [ 1 1 1 I 1 1 1 I u I 1 | 1 ] 1 [—
6 8 10 12 14

Number of Modes

Fig. 5.23: Maximum errors of the density (triangles), momemtum (circles) and
energy (squares) as a function of the degree of the approximating polynomial
plus one (called “number of modes” in the picture).

Now, let us consider the laminar, transonic flow around the NACA0012
airfoil at an angle of attack of ten degrees, freestream Mach number M =
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0.8, and Reynolds number (based on the freestream velocity and the airfoil
chord) equal to 73; the wall temperature is set equal to the freestream total
temperature. Bassy and Rebay [3] have computed the solution of this problem
with polynomials of degree 1,2, and 3 and Lomtev and Karniadakis [46] have
tried the same test problem with polynomials of degree 2,4, and 6 in a mesh
of 592 elements which is about four times less elements than the mesh used by
Bassi and Rebay [3]. In Figure 5.25, taken from [46], we display the pressure
and drag coefficient distributions computed by Bassi and Rebay [3] with
polynomials on degree 3 and the ones computed by Lomtev and Karniadakis
[46] computed with polynomials of degree 6. We can see good agreement of
both computations. In Figure 5.24, taken from [46], we see the mesh and the
Mach isolines obtained with polynomials of degree two and four; note the
improvement of the solution.

Next, we show a result from the paper by Bassi and Rebay [3]. We con-
sider the laminar, subsonic flow around the NACAQ012 airfoil at an angle of
attack of zero degrees, freestream Mach number M = 0.5, and Reynolds num-
ber equal to 5000. In figure 5.26, we can see the Mach isolines corresponding
to linear, quadratic, and cubic elements. In the figures 5.27, 5.28, and 5.29
details of the results with cubic elements are shown. Note how the boundary
layer is captured withing a few layers of elements and how its separation at
the trailing edge of the airfoil has been clearly resolved. Bassi and Rebay [3]
report that these results are comparable to common structured and unstruc-
tures finite volume methods on much finer grids- a result consistent with the
computational results we have displayed in these notes.

Finally, we present a not-yet-published result kindly provided by Lomtev
and Karniadakis about the simulation of an expansion pipe flow. The smaller
cylinder has a diameter of 1 and the larger cylinder has a diameter of 2. In Fig-
ure 5.30, we display the velocity profile and some streamlines for a Reynolds
number equal to 50 and Mach number 0.2. The computation was made with
polynomials of degree 5 and a mesh of 600 tetrahedra; of course the tetrahe-
dra have curved faces to accomodate the exact boundaries. In Figure 5.31, we
display a comparison between computational and experimental results. As a
function of the Reynolds number, two quantities are plotted. The first is the
distance between the step and the center of the vertex (lower brach) and the
second is the distance from the step to the separation point (upper branch).
The computational results are obtained by the method under consideration
with polynomials of degree 5 for the compressible Navier Stokes equations,
and by a standard Galerkin formulation in terms of velocity-pressure (NEK-
TAR), by Sherwin and Karniadakis [56], or in terms of velocity-vorticity
(IVVA), by Trujillo [61], for the incompressible Navier Stokes equations; re-
sults produced by the code called PRISM are also included, see Newmann
[48]. The experimental data was taken from Macagno and Tung {49]. The
agreement between computations and experiments is remarkable.

e Unsteady solutions. To end this chapter, we present the computation
of an unsteady solution by Lomtev and Karniadakis [46]. The test problem
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is the classical problem of a flow around a cylinder in two space dimensions.
The Reynolds number is 10,000 and the Mach number 0.2.

In Figure 5.32, the streamlines are shown for a computation made on a
grid of 680 triangles (with curved sides fitting the cylinder) and polynomials
whose degree could vary from element to element; the maximum degree was
5. In Figure 5.33, details of the mesh and the density around the cylinder are
shown. Note how the method is able to capture the shear layer instability
observed experimentally. For more details, see {46].
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Fig. 5.24: Mesh (top) and Mach isolines around the NACA0012 airfoil, (Re =
73, M = 0.8, angle of attack of ten degrees) for quadratic (middle) and quartic
(bottom) elements.
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Fig. 5.25: Pressure (top) and drag(bottom) coefficient distributions. The
squares were obtained by Bassi and Rebay [3] with cubics and the crosses
by Lomtev and Karniadakis [46] with polynomials of degree 6.



257

.’}» o

@ .}.,,,,} =
o — T ——

Fig.5.26: Mach isolines around the NACAOQ012 airfoil, (Re = 5000, M =
0.5, zero angle of attack) for the linear (top), quadratic (middle), and cubic
(bottom) elements.
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Fig.5.27: Pressure isolines around the NACA0012 airfoil, (Re = 5000, M =
0.5, zero angle of attack) for the for cubic elements without (top) and with
(bottom) the corresponding grid.
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Fig.5.28: Mach isolines around the leading edge of the NACAQ012 airfoil,
(Re = 5000, M = 0.5, zero angle of attack) for the for cubic elements without
(top) and with (bottom) the corresponding grid.
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Fig.5.29: Mach isolines around the trailing edge of the NACAOQ012 airfoil,
(Re = 5000, M = 0.5, zero angle of attack) for the for cubic elements without
(top) and with (bottom) the corresponding grid.
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Fig. 5.30: Expansion pipe flow at Reynolds number 50 and Mach number 0.2.
Velocity profile and streamlines computed with a mesh of 600 elements and
polynomials of degree 5.
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Fig. 5.32: Flow around a cylinder with Reynolds number 10,000 and Mach
number 0.2. Streamlines. A mesh of 680 elements was used with polynomials
that could change degree from element to element; the maximum degree was
5.
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Abstract Ideal magnetohydrodynamic (MHD) equations are widely used in many areas
in physics and engineering, and these equations have a divergence-free constraint on the
magnetic field. In this paper, we propose high order globally divergence-free numerical
methods to solve the ideal MHD equations. The algorithms are based on discontinuous
Galerkin methods in space. The induction equation is discretized separately to approximate
the normal components of the magnetic field on elements interfaces, and to extract additional
information about the magnetic field when higher order accuracy is desired. This is then
followed by an element by element reconstruction to obtain the globally divergence-free
magnetic field. In time, strong-stability-preserving Runge—Kutta methods are applied. In
consideration of accuracy and stability of the methods, a careful investigation is carried out,
both numerically and analytically, to study the choices of the numerical fluxes associated
with the electric field at element interfaces and vertices. The resulting methods are local
and the approximated magnetic fields are globally divergence-free. Numerical examples are
presented to demonstrate the accuracy and robustness of the methods.
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1 Introduction

In this paper, we will develop globally divergence-free discontinuous Galerkin (DG) methods
to numerically simulate ideal magnetohydrodynamic (MHD) equations. MHD equations
model ionized plasmas under some simplified assumptions and are widely used for describing
many problems in physics and engineering. The ideal MHD equations considered in this
work can be written as a system of nonlinear hyperbolic conservation laws, in addition to
a divergence-free constraint on the magnetic field. Even though the magnetic field in the
exact solution satisfies the divergence-free condition as long as it does initially, insufficient
preservation of this property numerically may lead to numerical instability or nonphysical
features of approximated solutions [8,9,19,37].

To handle the divergence-free constraint, various strategies have been developed in numer-
ical modeling and mathematical analysis within divergence-cleaning or divergence-free
algorithms. In [9], Brackbill and Barnes proposed a simple divergence correction tech-
nique based on Hodge decomposition. They projected the computed magnetic field into
a divergence-free vector space by solving a Poisson equation and used the divergence-free
magnetic field in the next time step. One widely used framework to achieve the preservation
of the divergence, in some discrete or continuous sense, is “constrained transport”, introduced
by Yee [40] in the context of the electromagnetism, and adapted by Evans and Hawley [19]
to MHD simulations. This idea was further developed by many researchers within frame-
works of finite difference, finite volume, and finite element methods, either upwind (also
called Godunov) or central types, and with various accuracy [8,17,20,26,29]. Among the
developments, there are exactly divergence-free numerical methods [1,3,26,28,29,35]. Other
approaches which attract different practitioners include Powell’s source term formulation [30]
by adding source terms depending on V - B, and generalized multiplier methods [18] with
divergence cleaning technique.

In recent years, Li et al. [25-27,38] developed divergence-free numerical methods for
ideal MHD equations based on DG and central DG spatial discretizations. In [25], locally
divergence-free DG methods were formulated, and they utilize divergence-free vector spaces
inside each mesh element to approximate the magnetic field. In [26,27], exactly divergence-
free central DG methods were proposed for ideal MHD equations, and the methods can be
of arbitrary accuracy. The discrete space to represent and to compute the magnetic field is a
divergence-free subspace of the Brezzi—-Douglas—Marini (BDM) finite element space [10], a
well-established H (div)-conforming finite element space. DG method was first introduced
in 1973 by Reed and Hill for linear neutron transport problems [33]. A major breakthrough
was made by Cockburn et al. [13—16] to develop DG spatial discretizations for nonlinear
hyperbolic conservation laws, coupled with high order Runge—Kutta methods in time. Exact
or approximate Riemann solvers are used as numerical fluxes at element interfaces, and total
variation bounded (TVB) nonlinear limiters [36] are applied in the presence of strong shocks
to achieve non-oscillatory property. With their great flexibility in local approximations and
geometry, local conservation, and high parallel efficiency, DG methods since then have been
formulated and analyzed to various mathematical models, with broad applications in areas
such as electromagnetism, gas dynamics, granular flow, plasma physics etc. One can refer
to [22,24,34] for amore systematic description of the methods as well as their implementation
and applications.

Our present work follows the development of exactly divergence-free central DG meth-
ods for ideal MHD equations in [26,27], and it is related to the exactly divergence-free DG
methods for the induction equation using multi-dimensional Riemann solvers [7]. On the one
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hand, the methods in [26,27] achieve exactly divergence-free approximations for the mag-
netic field within a relatively simple formulation due to that the methods involve two copies
of numerical solutions from two overlapping meshes, and no numerical fluxes are needed
either on element interfaces or at mesh vertices. On the other hand, two copies of numer-
ical solutions double the total number of unknowns and hence increase the computational
complexity of the algorithms. In this work, we want to design exactly divergence-free DG
methods that are defined on one mesh, which is structured, for ideal MHD equations in two
dimensions. Similar as in central DG framework, our new methods will discretize the hydro-
dynamic variables, such as density, momentum, total energy using standard DG methods,
while the equations evolving the magnetic fields, referred to as the induction equation, will
be discretized differently by DG-type methods. More specifically, the normal components of
the magnetic field along element edges will be updated first by DG methods defined on edges,
and this is followed by an element-wise reconstruction to produce an exactly divergence-free
magnetic field. For higher order accuracy, additional information will be computed for the
magnetic field, and it will be used together with the normal components of the magnetic field
to uniquely determine the reconstruction. It turns out that the entire algorithm to discretize the
induction equation to obtain the magnetic field approximation can be equivalently reformu-
lated to a form without any reconstruction. The magnetic fields will still be approximated by
the exactly divergence-free H (div)-conforming BDM finite element functions as in [26,27]
(see Sect. 2.2 for comments on the use of general H(div)-conforming finite element spaces),
and the new challenge comes from the need for numerical fluxes to approximate the electric
field on element interfaces and at vertices.

It is known that the choices of numerical fluxes play an important role for the accuracy and
stability of DG methods. To finalize our methods, we first identify two necessary conditions
(see Theorem 3.1) on the numerical fluxes used in the different parts of the numerical methods,
to ensure the reconstructed magnetic field is exactly divergence-free. We then adapt the
proposed methods to a constant coefficient linear model, the induction equation with a given
constant velocity field, and carry out both a numerical study and a Fourier analysis, to learn
about the choices of numerical fluxes for the electric field especially at the mesh vertices, and
their roles to the accuracy and numerical stability of the methods. Even though such study
is only for a linear model for the magnetic field, the experience we have with it informs us
how to choose numerical fluxes (see Sect. 4.3) for the proposed schemes to solve the full
ideal MHD equations accurately and robustly. Our final choice of the electric field flux at
mesh vertices is one type of multi-dimensional Riemann solver used in [7]. Our numerical
tests in Sect. 4.1 imply that multi-dimensional Riemann solvers, when they introduce enough
numerical dissipation, can make a good approximation to the electric field flux at vertices.
Multi-dimensional Riemann solvers have been used within the WENO finite volume method
frameworks in [4-6] to solve ideal MHD equations.

The rest of this paper is organized as follows. In Sect. 2, we describe the ideal MHD
equations and introduce notations for meshes and discrete spaces. In Sect. 3, we present the
proposed DG methods, and identify the conditions on the numerical fluxes to ensure the
overall algorithms to be exactly divergence-free. In order to know what choices of numerical
fluxes, especially for the electric field on element interfaces and at vertices, will render
accurate and stable algorithms, in Sect. 4 we adapt the proposed methods to the induction
equation and carry out numerical and analytical studies. In Sect. 5, nonlinear limiters are
discussed, and the entire algorithm is also presented. Numerical examples are presented
in Sect. 6 to illustrate the performance of the proposed methods, and this is followed by
concluding remarks in Sect. 7.
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2 MHD Equations, Notations and Discrete Spaces
2.1 MHD Equations

We consider the ideal MHD equations consisting of a set of nonlinear hyperbolic conserva-
tions laws

o 0
at =
a(gtu)+V[puuT+<p+%lB|2>I—BBT}=0s 2)
B _v B) =0 3
5 x (u x B) =0, )
1
2—f+V-[<8+p+§|B|Z)U—B(“'B)i|=0’ “4)

with a divergence-free constraint
V-B=0. ®)

Here p is the density, p is the hydrodynamic pressure, u = (uy, uy, u )T is the velocity, and
B = (By, By, B.)T is the magnetic field. The total energy is given by € = %,0|u|2 + %|B|2 +

% with y as the ratio of the specific heats. The superscript T denotes the vector transpose.

I is the identity matrix, V- is the divergence operator, and V x is the curl operator. In two
dimensions, all functions depend on the spatial variables x and y. Hence only B, and B,
contribute to V - B. The Eqgs. (1)—(4) can be written as

aU

E—FV-F(U,B):O, 6)

0B~
5 TV xEU, B) =0, (7
WhereU = (pv puX’ puy’ Ioqu BZv E)T’ B = (B)h By)T’ andF = (Flv F2) Wlth

2 |, 2
Fi(U,B) = ,oux,,oux—l—p+§|B| — By, puxuy — By By, puyu; — By B,
| T 8)
uyB; —u; By, uy (8+p+§|B|2> — By (llB)) )

1
U, B) = (puy’ puxuy — BxBy’ pui +p+ 5|B|2 - Bgv puyi; — Bme
| ’ ©)

In addition, E,(u, B) = uyB, — u, B, which is the z-component of the electric field E =

—uxB, and v x E, = (33%, — Baiz )T is the first two components of V x (0, 0, EZ)T. Without

confusion, we will refer to B as the magnetic field.

2.2 Notations and Discrete Spaces

In this subsection, notations and discrete spaces for numerical schemes are introduced. We
assume the computational domain is 2 = [Xmin, Xmax] X [Ymins Ymax] C RY withd = 2. Let
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{x;}; and {y;}; be the partitions of [Xin, Xmax] and [Ymin, Ymax ], respectively. We define
1 1

Xip1 =300 +x,~+1'), Yigd = 30 +yjr0and fij =[x x> [y; 1y, 1]asan

rectangle element with (x;, y;) as the center. Let Ax = Xipl =X 1, Ay = Yigl =Vl

and let T, = |; ; I;j be a partition of the domain 2.

The discrete spaces are defined over the mesh. For variable U, we use the piecewise
polynomial vector space

vk = {v:v|K e [PX(K)P?. VK Th}, (10)

where P*(K) is the space of polynomials with the total degree at most k in K, and [ P¥(K)]"
is its vector version. For the magnetic field B, we approximate it using globally (also called
exactly) divergence-free polynomial functions, which are piecewise divergence-free with
continuous normal components across element interfaces. This space is defined as

MK = {v e H(div’; Q):v|x € WK(K),VK ¢ iTh}
:{v:v|K e WE(K), V- v|g = 0,VK € Ty, (11)
and the normal component of v is continuous across each element interface} ,

with WK (K) defined as
WE(K) = [P*(K)]? @ span {6 x (K1), ¥ x (xyk“)} . (12)

M’;l is the divergence-free subspace of the H(div)-conforming Brezzi—Douglas—Marini
(BDM) finite element space

BDMF = {v € H(div):v |ge WK(K), VK e Th} , (13)

and it has optimal accuracy to approximate functions in H div®) = {v € [L2(Q)]%:V - v =
0} [10]. As pointed out in [26], divergence-free subspaces of other H (div)-conforming finite
element spaces, such as Brezzi—Douglas—Fortin—-Marini (BDFM) [11] or Raviart-Thomas
(RT) [32] finite element spaces can also be used to provide divergence-free approximations
for the magnetic field by following the same framework proposed in the present paper. The
BDM finite element space is chosen here as it is the smallest among these candidates to
achieve the same order of accuracy in the L? norm.

3 Proposed Numerical Methods for Ideal MHD Equations

In this section, we will formulate the DG methods with a globally divergence-free magnetic
field to solve the MHD equations (6)—(7). For simplicity, we use the forward Euler method as
time discretization to present the schemes. For high order accuracy in time, strong-stability-
preserving Runge—Kutta methods will be used [21]. Such time integrators can be expressed
as convex combinations of the forward Euler method, and hence they preserve the globally
divergence-free property of the magnetic field. To describe the proposed methods, we assume
the numerical solutions at time ¢t = 1, are available, that is (U7, fB’;l) € V’;l X M];l with
B, = (B)’(l’h, B;f,h)T. We want to compute the numerical solutions at t,41 = 1, + At,

denoted as (UZH, SBZH) € \7’,‘1 X M’;l with BZH = (B;’Zl, B;’Zl)T.
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3.1 DG Methods to Update UJ*!

We update the variable UZH by applying to (6) the standard DG method [16] as the spatial
discretization and forward Euler method as the time discretization. That is, we look for UZH
€ V¥, such that for any w € \7];Z and any element /;; € Ty,

J

UZJrl -wdxdy = /

He,Iij (Vinl(l,-j)’ Vext(l,-j); ll> . wds
Iij

U} - wdxdy — At (
(14)

j ol

— f] FU;,, B)) - dexdy) .

Here, He ; (vintUij) yext(ij). py is the numerical flux to approximate F(U, B) - n, and n =
(ny, nz)T is the outward normal vector of an edge e of the element /;;. v is a symbol which
denotes the variables (U?, BZ)’ and v Uij) | yextUij) gre the limits of v from the interior and
exterior of an element /;; along its edge e. In our simulation, we take the Lax—Friedrichs
numerical flux

He;(a, bin) = % (F(@) -n+F(b)-n—a—a))), (15)

where « is an estimate of the maximal absolute eigenvalue of the Jacobian % in the

neighborhood of the edge e.

3.2 DG Methods for Globally Divergence-Free Magnetic Field B

In this subsection, we present DG methods for the induction equation (7) to generate a
globally divergence-free approximation B/ ! = (B)’Zjl], B’;’ZI)T € M for the magnetic
field B. It is known that a piecewise divergence-free vector field is globally divergence-free
if its normal component is continuous on element interfaces. Therefore, we first approximate
the normal component of the magnetic field B - n on element interfaces based on the DG
methods (see Sect. 3.2.1). Then, an element by element reconstruction is used to reconstruct
the globally divergence-free magnetic field (see Sect. 3.2.3). When k > 2, more information
about the magnetic field is obtained by approximating the two-dimensional system (7) using
a standard DG method that is less accurate (see Sect. 3.2.2). In Sect. 3.2.4, we will present a
reformulation of the schemes, equivalent to that in Sects. 3.2.1-3.2.3 to update the magnetic
field yet free of reconstruction. Throughout this subsection, E, in numerical schemes and its

related numerical fluxes are from time .

3.2.1 Approximation of B - n on the Element Interfaces

To get the continuous normal component B - n of the magnetic field, we formulate a DG-type
scheme for magnetic field equations on the element interfaces. For the rectangular mesh, B -n
is B;’Zl along y-direction edges withn = (1, 0)T, and it is B’;El along the x-direction edges
withn = (0, 1)T.

To propose the DG method for Eq. (7) on the element interface, we consider the equation

0B - n

o +V x E.(U,B) -n=0. (16)
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To this end, on a rectangular mesh, we need to consider two one-dimensional equations of
the system (16)

B, JE

=4+ — =0, (17)
at ay
B, OE

— == (18)
ot 0x

We use the DG method as the spatial discretization and forward Euler method as the time
discretization for Egs. (17) and (18) on element interfaces. The method is as follows: look

for bx (y) € Pk([yj_f Vil 1), such that for any ¢(y) € Pk([yj_f Yitl )

yJ 72 . x yj+% n
bj; (Ve (y)dy = By (xi 1, ey
Yi-3 Yi-}

(19)
— A | E; (x4 1 Y)e(y)

ity dp(y)
e —f " E (x Xiy1 V) =dy |,
1 y y

Yi-h i-%

and look for biyj(x) € Pk([xi_%,xi+%]), such that for any ¢(x) € Pk([xl._%,xﬂrl])

xi+l R xi+l
/ : biyj(x)go(x)dx = / * By (x, YipDex)dx
X. 1 xl‘,

o=

i—

Nl

— At</E\(x yH_l)(p(x) Yi4g —/XH% —Ez(x,ijrl)de). (20)

(S
|
=

Here bx and by denote the approximations of By (x; 41 ,y) for y € [y, j_f Y +1] and

By (x, yH%) for x € [xi_%,xiJr%] at time t = t,41, respectively. EZ and —EZ are exact
or approximate Riemann solvers to approximate the electric field flux E, at the vertices of a

mesh element, while £, —E. are exact or approximate Riemann solvers to approximate E,
on the element interfaces, and their choices will be discussed in Theorem 3.1 and specified in
Sect. 4.3. {bx }ij and {by }ij will be used to reconstruct the globally divergence-free magnetic
field.

3.2.2 Additional Information for the Magnetic Field B: @h in Mesh Elements

When £ > 2, {bx }ij and {b }l j do not provide enough information to reconstruct a

two-dimensional function in Mk. For more information, a standard DG method with
lower accuracy is applied to the two-dimensional system (7). For k > 2, we look for
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By, € [PX=2(I;;)]? such that for any @ € [P*¥~2(1;)]> with & = (@1, 2)7,
/ B, - ddxdy = [ B - ddxdy
[ij I,'j

Ty = Yl o
_ At(/ 2 (Ez<D1)(x,yj+%)dx _/ ) (EZ(DI)(X,yj_%)dx
¥ X.

i—% i—

o=

21

—_—~

Vit Yj
+ (—Ez%)(xi%, y)dy —

] y.
i=3 Jj=

0D 0P
- / (EZ—‘ —EZ—2> dxdy).
I ay ax

Here E\; is the numerical flux for E, = (0, E;,)T - n with n = (0, 1)T along an x-direction

P

1

" (CE®2) (x5, »)dy

o=

edge, and :\E/Z is the numerical flux for —E, = (—E,, 0)T -n withn = (1, O)T along a

—_~—

y-direction edge. Both E; and :E will be taken as the one-dimensional Lax—Friedrichs flux
(15). Tt will be seen from Theorem 3.1 that the numerical fluxes E, and — E, in (19)—(20) need

—~
—~—

to be related to I’E\; and —E, in order to ensure the globally divergence-free reconstruction,
also see Sect. 4.3.

3.2.3 Reconstruct the Globally Divergence-Free Magnetic Field BZH

Once we have {bl?‘j},- s {bl.yj},- ; on element interfaces from (19) and (20) as well as %h from
(21), we will follow the idea of the BDM projection [10] (also see [26,27]) to carry out an
element-by-element reconstruction of a globally divergence-free magnetic field iBZJrl . Given
an element /;;, the reconstruction is to obtain BZH l1;; € Wk (1;j) on I;}, such that BZH =
(B;’j;l, B’y’j;l)T satisfies
Vi 1
R1 / e (B;jj,;l(xl%, y) — ;;.(y)) o(y)dy = 0 on the y-direction edge with [ =i — 1, i
y

i3

and any ¢(y) € PX(ly;_1. v, 1D,

X1

R2 / *2 (B;ljll(x, yl+%) — bl.yl(x)> @(x)dx = 0 on the x-direction edge with/ = j — 1, j
X. 1

i=3

and any ¢(x) € Pk([xi_%,xi+%]),

R3 / <BZ+1(x, ) — B (x, y)) ®(x, y)dxdy = 0 for any ®(x, y) € [PX~2(;;)]? when
Iij

k> 2.

From the reconstruction, one can see that the normal component of the magnetic field 3Z+1 s
given by {bfj }ij or {biyj }ij» 18 single-valued, and hence it is continuous on element interfaces.

When k > 2, additional information is provided by By, via L2 projection. In the next theorem,
we will show that the reconstruction produces a globally divergence-free approximation for
the magnetic field under some conditions for the numerical fluxes in schemes (19)—(21).

Theorem 3.1 Under the conditions that
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1. the electric field flux approximations in (19)—(21) along the same edge satisfy

E,=—(—E,), —E,=—(E,, (22)

2. and the electric field flux approximations in (19)—(20) at the same vertex is single-valued,
satisfying

~E, =-E, (23)

then for any k > 0, the reconstructed 32“(& j) exists uniquely in Wk(li j)- In addition,
v-Bt =0

Proof One can follow the same proof as in [26] to show the unique existence of the recon-
structed iBZH(I,- i) € WkI; j). We here will only show the divergence-free property of
+1
B
For any w € Pk=1(y; ), from the reconstruction step R3 and equation (21), we have

/BZHVa)dxdy:/ B, Vodxdy
Lij Lij

92 92
- / B'Vadxdy— At | Omside — / (EZ ® _g2° )dxdy
I I dxay ayox

L

:/; BZVa)dxdy — A1Ojpside, 24)
ij
where
Oimss —fx"*i 722 )dx—fx"*i E22) oy, 1)dx
inside = . z ax s yH% - z ax s yj_%
2 2
Vied <x8w> Yisd (0w
+/ _EZ_ (X- 19y)dy_/ _EZ_ (x-_l,)’)dy,
Y1 dy i+3 oy dy i—3

and Bj € MI;; is the globally divergence-free approximation of B at time z,,.
From the reconstruction steps R1 and R2, we have

Yipd it
/31-- BZH ‘nwds = / 12 biyj(x)a)(x, y_,-+%)dx —/ 17 biyj_l(x)a)(x, yj_%)dx
ij

X, X.
i— i—

(]
[N

Vi Vi (25)
*t2 1 x Jt2 1 x
+/ bij(y)w(xi+1,y)dy—f bi_;(Maw(x;_1, y)dy.
yj_% 2 yj_% 2
With the schemes (19) and (20), we further get
/ BZH -nwds = B -nwds + At(Opdge — Overrex), (26)
I al;;
with
Yisd [(—Odw Vji+d (0w
@:’ZE—.,d—/ZE—.,d
edge /}: ] < b4 8y) (xl-i-% y)dy . z dy (-xl_% y)dy

i=3 i—

ha 0w i+} dw
+2 — Jw B +2 - o |
+/x4 | ( EZaX)(x,yj+;)dx /x 1 ( Ezax)(x,yj_;)dx,
)
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and

“Eo) (5o y4).

Under the condition in (23) that the electric field flux approximations at vertices are single-
valued, we have © ¢/ = 0. Moreover, under the condition (22), we get ©cgge + Ojnside = 0.
Now we can apply Gauss theorem, utilize the relations in (24) and (26), and get

/¥

-fBZHa)dxdy:/ fBZJrl -na)ds—/ BZHVa)dxdy

ij al;; I;j

= BZ ‘nwds — :B;lszdx‘iy + Al‘(("Dedge + Ojnside — Overrex)
al;; 1ij

= / V. 3dex‘iy + At(®edge + Oinside — Overtex) = 0. 27)
I..

L

Here we have used the fact that V- B} = 0 at time 7,,. Finally, note that V - 32“ e P11y,
by taking w = V - BZH in (27), we conclude V - BZH =0. ]

Remark 3.2 Two conditions (22)—(23) are needed to ensure the exactly divergence-free
reconstructions. The one in (23) that requires a single-valued electric field flux approxi-
mation at vertices has long been used for many constrained transport methods in various
frameworks such as finite difference and finite volume methods, while the condition in (22)
is needed only in finite element type of methods including DG methods. Both conditions can
be avoided if central DG methods are used, see [26,27].

3.2.4 Equivalent form of Numerical Schemes for fBZH : Without Reconstruction

From the reconstruction R1-R3 in Sect. 3.2.3, one can see that the normal components of
BZ+1 along the edges of an element are identical to bl’.‘j and bl)] (at most up to a sign difference,
or ashiftinindexi or j), and its L? projection onto [Pk_z(li j)]2 i1s identical to %h Therefore
the schemes to compute the globally divergence-free BZ“ = (B;Hh'l, B"Jrl)T e MK in
Sects. 3.2.1-3.2.3 can be rewritten into an equivalent formulation as follows without any
reconstruction: look for fB”+1 (B;’Zl, B”Jrl)T such that fB”+1 |1; € Wk(llj) for any i, j,

satisfying

)J+2 n+1 yj"'% n
By (1 Me(ndy = By (1, e (ndy
y y

D=
~.
|
Bl—

j,

— At | Ex(xy ). fy’ L (1 y)Md (28)
y.

I\)\'—‘
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for any ¢(y) € P*([y yH%]) andwith! =i —1,i;

]
J=3’

xi-‘-l x,‘+l
f : B;El(x, Vi Dex)dx = f * By (x, Ve Dex)dx
X X,

Bl—
Bl

i—

s X1 il —= dp(x)
— At (_EZ(X, yH_%)(P(X) X+T - / ’ —E;(x, yl+%)wdx (29)
i X

i-3

|
=3

for any p(x) € Pk([xi_%,xl.Jr%]) and with [ = j — 1, j; in addition,
./I Bg“ - ®dxdy :/I B Pdxdy
ij ij

) gl ~
_ Az(f 2 (Ezd>1)(x,yj+%)dx —/ 2 (Ezq)l)(x,yj_%)dx
i X,

o=

l*% L

yj+% N yj+% N
+ (_EZCDZ)(XH_%’)})dy - (_EZCDQ)(XZ‘_%’ )’)dy
y V.

j—% Jj—

od oD,
— f E,— — E,— ) dxdy (30)
I;j ay ax

for any @ € [Pk_z(]ij)]2 with & = (P, ®,)T. Again the numerical fluxes will satisfy the
two conditions (22)—(23). Theorem 3.1 ensures that the resulting magnetic field ZBZH is in
M’;l and hence globally divergence-free. (One should refer to equations (5.4) and (5.6) in [10]
for a more direct analysis.)

Even though the reformulation of the schemes in this subsection is more straightforward, in
the presence of strong discontinuities in the solutions, nonlinear limiters need to be applied
to all unknowns, including the magnetic field (see Sect. 5 and the numerical example of
cloud—shock interaction in Sect. 6.2.5). When nonlinear limiters are needed for the magnetic
field, it is more flexible to work with the schemes in the formulation as in Sect. 3.2.1-3.2.3,
so the limiters are applied before the reconstruction or a revised reconstruction, in order to
still have a globally divergence-free approximation for the magnetic field.

D=

4 How to Choose Electric Field Flux Approximations?

Theorem 3.1 suggests that electric field flux approximations used in the different parts of the
proposed schemes (19)—(21) need to be single-valued at vertices and share the same formulas
on the element interfaces. Just as in standard DG methods, choices of numerical fluxes are
crucial for accuracy and robustness of the schemes. In this section, we want to investigate
numerically and analytically on the choices of the electric field flux approximations. To this
end, we will focus on the following equation for the magnetic field

0B~

Here E; = uy By —u, By, with a constant velocity field (uy, u,) thatis given. This system will
be referred to as the induction equation. We will adapt the proposed schemes in Sect. 3.2 to
the induction equation, and investigate numerically and analytically in next two subsections
how different choices of electric field flux approximations affect accuracy and numerical
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stability. Based on such study, in Sect. 4.3 we will specify our choices of the numerical fluxes
in the proposed schemes (19)—(21) to compute the magnetic field.

4.1 Numerical Study

Adapting from the proposed schemes (19)—(21) and following the two required conditions
(22)—(23) in Theorem 3.1, we consider the following schemes for the induction equation
on the element interfaces, that is: look for bl’.‘j (y) € Pk([y i 1), such that for any

o(y) € PE(1y;_1.y;41D)

LAROAS.

yj+% X yj+% n — yj+1
bi; (Ve (y)dy = Bi(x; 1. Medy — At | Ex(x; 1, ) () e
Y. 1 y. .

i=7 i-% )
Vil == 3
[ TR o0 My ). (32)
2 ay
yj_%

and look for by; (x) € P*([x;_1.x; 1), such that for any ¢(x) € P*([x;_1. x;,1])

xl.+1 xi+l e~ 'xl' 1
/x 17 by, ()e(x)dx = fx 17 By(x, yj )ex)dx — Af( — By e
i-5 =2

il ~ dp(x) )
+/ TE (x,y.. 1) ——dx ). (33)
X Z( ]+2> ox

=2

i—

(]

Corresponding to (21), the induction equation is further discretized as a two-dimensional
system when k > 2: look for Bj € [P"_Z(I,-j)]2 such that for any ® = (P, CI>2)2 €
[PE=2(1) P,

/ B, - ddxdy = f B - ddxdy

1

o Yivdl o~
. At</ HEn) i pa = [ (Ee) s
i X

i} i-3
y./'+
_I_
y.

j—

oD oD,
— E,— — E,— ) dxdy ). (34)
I ay ox

To help with the presentation, we illustrate the notations of states around a vertex P, its
neighboring elements, and the connected edges in Fig. 1. In (34), also in (32)-(33), E, and

—~—

— E, are taken as a one-dimensional Lax—Friedrichs flux. Namely, along an x-direction edge,

D=

gt Yol
(CE0n)x oy = [ (CE@) 0y 0y
y

=
~.
|
o=

~ ELP L ELU
E = —=——— -2 (8" - ). (35)
and along a y-direction edge,

—_— _ERD_ELD
—EZ=( s )—%(BfD—ByLD>. (36)
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Fig. 1 The notations of states
around a vertex P, its neighboring
elements, and the connected

edges LU RU

e
x-direction edge

*lertex P>< *

LD RD

—>=—y-direction edge

Here
oy = |uyl, Ay = |uy|’ (37)
. o 90,—E)T AE,0T
and they are the largest absolute-value of eigenvalues of the Jacobian 3 i+ and T
(Bx,By) 9(Bx,By)

respectively.
Justasin [3,7,8,20], we use flux interpolations or approximate Riemann solvers to obtain

the single-valued electric field flux E; at vertex P used in (32)—(33). Particularly, we take

~_1 (EZLD +EMU B

=17 ‘5<Bf”‘3x”>>

RD RU
n 1IEZ+ES E(BRU _ BRD)>
4 2 27 .
1 ELD +ERD
tal T e o)
1 (ELV + ERU 38
+ 7 %_’_%(B)I)?U_BfU) (38)
_ l(ELU+ERU+ELD+ERD>
4 Z Z 4 Z
B (BXLU—l—BfU B B§D+B§D)
4 2 2
RD RU LD LU
4 o By"™ + B, _ By~ + By
4 2 2 '

Here « = oa, and B = oy, with the constant o measures the amount of dissipation
introduced by the numerical flux E, and ay, ay from (37). When o = oy, 8 = ay, E
is the arithmetic average of the one-dimensional Lax—Friedrichs flux, namely, an average
with equal weight, 1/4, of the numerical fluxes in (35)-(36) from four edges connected to
the vertex P. When o = 1.2a, and 8 = 1.2a,, ’E\z turns out to be the multi-dimensional
HLL Riemann solver restricted at the vertex P, while I’E\Z with @ = 20, and B = 2ay, is the
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multi-dimensional Lax—Friedrichs Riemann solver restricted at P. Both multi-dimensional
Riemann solvers were used in [7].

Next we want to investigate numerically how the different choices of E will affect the
performance of the numerical schemes (32)-(34) for the induction equation. We consider
the same example as in [39], with the initial condition

(Bx, By) = (—sin(2my), sin(2m x)),

and the constant velocity field is (uy, uy) = (1, 1). Periodic boundary conditions are used.
This example is computed on the domain [0, 1] x [0, 1] based on P¥ approximations with k =
0, 1, 2. The third order TVD Runge—Kutta time discretization in (66) [21] is applied in time.

The time step is determined as At < CFL/ (% + ‘Z—yyl> where the Courant—Friedrichs—

Lewy (CFL) number CFL is taken to be 0.5, 0.2, 0.1 for kK = 0, 1, 2, respectively. Table 1
shows the L? errors and orders of accuracy for the magnetic field component By at r = 1.0
and t = 10, computed by the methods (32)—(34) with different choices of the numerical
fluxes. More specifically, E in (32)—(33) is evaluated as (38) with « = oo, and 8 = oy,

where oy = ay = 1,and 0 = 1, 1.2, and 2. And E; and :EZ in (32)—(34) are from
the one-dimensional Lax—Friedrichs flux (35)—(37). It is observed from Table 1 that when
a = ay, B = ay, the scheme is stable and first order accurate with Po approximation; With
P! approximation, the scheme is only first order accurate which is suboptimal; while the
scheme with P2 approximation starts to be optimally accurate with third order accuracy and
then shows instability over long time simulation. When o = 1.2, and 8 = 1.2ay, the
schemes have optimal accuracy with PY and P! approximations, yet with P2 approximation
the scheme becomes unstable at 1 = 10. When @ = 2a, and 8 = 2a,, the schemes have
optimal accuracy and are stable over the time period we examine. Even though the results are
not reported here, we have also tested the schemes with the central flux or upwind flux on the

—_~—

element interfaces for E; and TEZ and their arithmetic average for E from the four edges
connecting to a vertex. We have learned from the numerical experiments that if ]’Ez of the form
(38) is used at vertices, it is important to have sufficient numerical dissipation. For instance,
E based on the multi-dimensional Lax—Friedrichs flux with « = 2a, and B = 2a, leads
to a stable scheme with optimal accuracy, yet Ez based on either the one-dimensional Lax—
Friedrichs flux with @ = a, and 8 = ay, or the multi-dimensional HLL flux with o0 = 1.2a,
and B = 1.2a, leads to unstable schemes due to the insufficiency in numerical dissipation.

4.2 Fourier Analysis of the Scheme with P Approximation

In this subsection, we will carry out the Fourier analysis for the scheme (32)—(33) with PO
approximation. The goal is to further understand the role of the amount of the numerical
dissipation in E in the form of (38).

With the PP polynomial space, the scheme (32)—(33) becomes

i-% i-%

Vil Yigl —~— —_
/y by =/y "B dy = At (B v — EGppyyip) . (39)

[N

il o Fipl — —_
[X A b$j<x>dx=/x F By A+ A (B gy 0 — EoGy_1uvi ), (40)

i— i—

Sl
=
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and the electric field flux E at the vertex (x.

l+%,yj+%)isgivenby
— 1
E; <xi+%’ yj+%> =2 (E: \; +Ez 141; +Ez |1y +E; |Ii+lj+1)
_ é B, |Iij+1 +B, |1i+1j+1 _ By |Iij +Bx |Ii+1j
4 2 2
o ( By |1i+1j +By |1i+1j+1 B, |Iij +By |Iij+1
— — . 41
4 2 2
We replace E, by uy By — u, By, and rewrite (41) into
— 2uy, — B
E; <xi+%’ yj—&-%) = yT (Bx |71 +Bx |1i+lj+l)
2uy + B 2uy — o
+ 8 (Bx |Iij +Bx |1t+1j) g (By |Ii+l_i +B, |1i+1j+1)
2uy +o
- 3 (By lli_/‘ +B, llij+l)' (42)

Based on the divergence-free reconstruction procedure, we know B, | ;= By |1, = bl’.‘j
and By |1;= By |1,;,,= blyj Therefore (41) is indeed

2uy — B 2uy + B 2uy —a 2uy +a

-~

and our scheme (39)-(40) can be formulated more explicitly: look for bl’.cj’"Jrl and biyj’n+1 in
R, satisfying

et = 2 (Lo, - 2o e
(44)
% (2ux4— o (blyflj B b,-yﬁj_l) L 2ux4+a(biyj,n . bzyj,il)) ’
bl.yj’"Jrl =b;" + 2—; (W(%’L — bl w(bfj’” B bfjllj))
(45)
- (B e, e+ 2 ey )

Additionally, the divergence-free property of the numerical solution can be translated into
the following relation, for any i, j, n,

Ay®};" = b )+ Axby" = bii" ) = 0. (46)
The parameters « and § in (41) are taken as
a =oluxl, B=o0oluyl, 47

and o is a constant that measures the amount of numerical dissipation introduced through
the numerical flux E,. In the next Theorem, we will study the role of this constant o to the
numerical stability of the scheme. The stability condition for o = 2 was previously given in

[7].

Theorem 4.1 The scheme (44)—(45) with (46)—(47) is stable under the following condition
on the time step size At:
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1. Wheno <2,
lux|  luyl o
At| —+— ) < = 48
(Ax+Ay 2 (48)
2. wheno > 2
2
A (Ll 2 (49)
Ax Ay o

And the maximum of the upper bound of both formulas is 1, that is, max,>0(%, (%) =1, and
it is attained at o = 2.

Proof To carry out the Fourier analysis, let
B, by = (B, Byel Kre ke, (50)

with k1, kp being arbitrary integer. With (50), the Eq. (44) becomes

y
At (2u, —« ikj Ax  ikyAy ikjAx ikyAy
e o)
2u, + o (e_iklex+ik22Ay . —ikzle _ikzsz> )An
4 »?
and the divergence-free condition (46) becomes
iky Ax —iky Ax ~ iky Ay —iky Ay ~
Ay(e T —e 2 )b;’+Ax<e T —e 2 )b;:O,
ie.
kiAx\ ~ ko Ay -
Ay sin (17)6) b" + Ax sin ( 22 y) b =0. (52)
Combining (51) and (52), we get
~i —
it = ob”, (53)
where the amplification factor Q is
0=1- % (2@%5 (eiszy _ 1) n 2“Y4+ p (1 _ e—iszy>)
y
54
At [2uy —a ikAx Uy 4o ik Ax . (kiAx S
- — e 2 + e "2z ]2isin .
Ax 4 4 2

One can easily check that (45) and the divergence-free relation (46) will lead to the same

amplification factor Q. Without loss of generality, we assume u, > 0,u, > 0.Letc; = AAI—’;X
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and ¢p = AAI—';-V, and with o defined in (47), we have

2—0

Q=1—62<

2_0- ik Ax 2+0’ _ ikj Ax L. kle
— ¢ e 7 + e~z )2isin
4 4 2

ocy oc2
=1- - (1 — cos(kjAx)) — - (I = cos(k2Ay))

o 2 .
(elszy — D+ %(1 _ e—lszy)>

— i (c1 sin(k; Ax) + ¢y sin(kp Ay)) . (55)
Next, we want to obtain the condition on the time step size to ensure |Q| < 1. To this end,
2
10 = (1= (1 = costia Ax) = Z2(1 = cos(hkaAy) )
+ (c1 sin(k; Ax) + ¢3 sin(kr Ay))?

_ o’ 2,2, 2
_1+T(61+C2) +ci+c; —o(cr +2)

2
+ %(cl cos(ki Ax) + ¢ cos(szy))2 — c% cosz(lq Ax) — c% cosz(szy)

ozc% o2 ozc% o2

+ |oc) — — —cjcp | cos(kiAx) + | ocr — — —cjcp | cos(krAy)
2 2 2 2

+ 2cqcp sin(k] Ax) sin(ka Ay). (56)

To handle the last term in (56), we will use

sin(k; Ax) sin(ko Ay) = cos(kjAx — ko Ay) — cos(k; Ax) cos(kaAy)
< 1 —cos(k;Ax) cos(kr Ay).

Note that this inequality becomes an equality when kj Ax = kp Ay + 27n for some n € Z.
Now with s = cos(kjAx) € [— 1, 1] and t = cos(k, Ay) € [— 1, 1], (56) turns to

2 2
o o
|Q|2 <1+ T(CI —l—cz)2 —|—c% + c% —o(c1 + )+ T(cls + czt)2 — c%s2 — c%t2

ocy ocC2
+ 7(2 —o0c] —o0cp)s + 7(2 —ocy —ocyt + 2c1cp — 2cqca8t
o2 o2
=1+ (Z + 1> (c1 + )% + (T — 1) (c1s + cat)?
o2
—o(c1 +c¢2) +o(cis + cot) — 7(c1 + c3)(c18 + cat). (57)

We further set A = ¢1 + ¢2 and B = c¢1s + ¢3¢, and

0’2 O’2 O’2
|Q|2§1+<T+1>A2+<T—1>Bz—7AB—a(A—B)

0'2 0’2
=1+(A—B)<<T+1>A+<1—T)B—a).
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From the definitions of A and B, we know A — B = ¢1(1 — s) + co(1 — t) > 0. Hence

10> < 1if
A+ (1-C ) B—6 <0 (58)
1 1 o <0.

There are two cases:

Case 1 When o < 2, we have 1 — % > (. Therefore with A > B, it is sufficient to
require

o? o?

—+1)A l1-—)A—-0 <0,

(eon)ar(-5)amrs
a

thatis, A < 3 This can not be further improved, since A = B when s = ¢ = cos(k; Ax) =
cos(kpAy) = 1.

Case 2Wheno > 2,wehave 1 — % < 0. Therefore with A+B = c1(14+s)4+c2(14+1) >
0, it is sufficient to require

"2+1A A <0
1 1 a=5

that is, A < % Again, this can not be further improved, since B = —A whens =t =
cos(kiAx) = cos(kpAy) = —1.
In summary,
g, ifo <2,
At(u—eru—y):AS > (59)
Ax Ay =, ifo >2
Finally one can see the maximum of {¢/2,2/c}is 1 when o = 2. |

The theorem above implies that the scheme (44)—(45) with the multi-dimensional Lax—
Friedrichs numerical flux for E, with « = 2a, and B = 2ay, has the largest stability
region for our scheme with the P approximation. This is also illustrated by Fig. 2, where
comparison is given between the stability regions of the schemes with the multi-dimensional
Lax—Friedrichs numerical flux (¢ = 2o, and B = 2ay) on the right, and one-dimensional
Lax—Friedrichs numerical flux (¢ = o, and 8 = «ay) on the left.

4.3 Our Choices of the Numerical Fluxes in (19)-(21)

Based on the numerical and theoretical studies in previous two subsections for the induction
equation, the electric field flux approximations in our proposed schemes (19)—(21) to update
the magnetic field in the full ideal MHD simulations will be chosen as follows.

(1) They satisfy the two conditions in (22)—(23);

(2) The singled-valued electric field flux E at a vertex is determined by the average of
the multi-dimensional Lax—Friedrichs numerical fluxes on four edges connecting to this
vertex, given by (38) with o = 2a, and B = 2ay;

(3) On an element interface, the standard one-dimensional Lax—Friedrichs numerical flux

—

(35)~(36) will be applied for both E, and —E., with parameters o, and a.
Both a; and «y in (2) and (3) represent the local speeds of the entire MHD system, and are
taken as the largest absolute-value of eigenvalues of the Jacobian %, withn = (0, )T,

(1, 0)T respectively, in the neighborhood of the relevant edge. Note that these local speeds
are different from that in (37) for the induction equation.
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Fig. 2 The stability region of the scheme (32)—(33) for the PO approximation with E; in (38), and @ = ooy
_ o Atlux| o Atluy] _ _
and B = oay. Here ¢y is =37, cp is Ay a0 = I,bo =2

5 Nonlinear Limiter, a Revisit to the Reconstruction

In this section, we will discuss the use of nonlinear limiters to enhance numerical stability
of the proposed schemes. Similar to high order DG methods for nonlinear hyperbolic con-
servation laws, nonlinear limiters are also needed for numerical stability of our methods. In
this paper, the minmod total variation bounded (TVB) slope limiter in [16] is applied. This
limiter involves a non-negative parameter M, and its value is often chosen for each example
in actual implementation [14,31]. This limiter can be applied to component-wise variables
or in local characteristic fields with respect to the 7 x 7-eigen system in [23].

Following the work in [26,27] with globally divergence-free central DG methods, for
non-smooth solutions, we first apply the limiter only to the hydrodynamic variables Uy, not
to By, By, or (bf‘j, biyj). This works well for the schemes with P! approximations, and when
the discontinuities in the solutions are not strong.

Itis known that central type schemes are in general more dissipative hence more stable than
upwind type schemes. Therefore it is not unexpected that when our proposed DG methods
are used to examples with strong shocks, it seems necessary to apply the nonlinear limiter
to both U, and the magnetic field B, in order to effectively control numerical oscillations.
One needs to be careful, though, about how to implement this without losing the globally
divergence-free property of the computed magnetic field. A straightforward implementation
will break the intrinsic relation between the data Bj, and (bl’.“j, lfvj) used in the reconstruction
(see the proof of Theorem 3.1). On the other hand, for the methods we will focus on in this
paper with P! and P? approximations, an alternative but equivalent way was presented in
[27] to reconstruct /;;, look for BZH e WU, ;) such that

LB (o) = by forl=i—liandy e[y, _1.y;,1]
2. B;Z_H(x’yl_i_%) = biyl(x) forl=j—1,jandx € [xi_%,xi_’_%],
3. VB, =0.

One can refer to [26] for the proof of the equivalency. An important feature of this equivalent

reconstruction is that only the interface data (b, bl.yj) is needed. Now when the nonlinear

ij’
limiter needs to be applied to the magnetic field, the normal components of the magnetic field

{bfj Yijs {biyj }ij will be limited first (this will be discussed in details next), then the equivalent
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reconstruction given above will be used to obtain the globally divergence-free magnetic field
based on the limited normal components of the magnetic field.

We here will use k = 2 as an example to illustrate how to apply the minmod TVB limiter
to {bx }ij and {by }ij. The quadratic polynomial bx can be written as

__ 1
bl’fj(y) = bfj +cyY +cyy <Y2 - §> , (60)

with Y = A 5 /2 , and bx is the edge average of bx namely,

_ —/’ bt (y)dy. 61)

[\)

We compute ¢, according to

& =i (e, ALBT. A (62)

Here A+bx =b5  — b, A_DY. = b — b¥._, and the corrected minmod TVB function

ij+1 ij? ij ij—1
m is
~ _ Jan, if |a1] < M(Ay)%
m(ai, ay, a3) = {m(al, az, a3), otherwise, (63)
with the minmod function m defined as
_Jsmin(lay|, |az|, las|), if s = sign(a;) = sign(az) = sign(as);
m(ar, a, a3) = {0, otherwise. (64)

If| ¢y —cy |> 107, we apply the limiter by setting ¢y = ¢y and ¢y, = 01in (60). Otherwise,
no modification is made to (60). The treatment for bl.yj is very similar. It is important to know

that the limiter does not change the edge averages {bf‘j},- j and {blfvj}i j» hence a necessary
compatible condition for the exactly divergence-free reconstruction, namely,

/1 V- Bidxdy = Ay (b = b)) + Ax (B = ") =0 (65)
ij
still holds.

Finally in Algorithm 1, we provide the flow chart of the proposed globally divergence-free

methods when they are applied to ideal MHD equations. The time discretization is taken to
be the forward Euler method.

6 Numerical Results

In this section, numerical examples are presented to illustrate the accuracy and stability
of the proposed globally divergence-free methods with P! and P2 approximations for the
ideal MHD equations. They include two smooth examples and five non-smooth examples.
In our simulations, uniform rectangular meshes with N x N elements are used. The initial
numerical solution Uy, € Vfl is obtained through the L? projection, and B, € M’;l is by
the BDM projection [10]. In time, a third order TVD Runge—Kutta method is applied [21].
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Algorithm 1 The algorithm of the globally divergence-free DG methods for ideal MHD
equations, with the forward Euler method as the time discretization.

Initialization:
Initialize U2 via the L2 projection and 282 via the BDM projection. If the example is non-smooth, apply
the TVB limiter to Ug.
Time evolution:
With the numerical solutions available at time 7, for n > 0, namely (UZ, Bz) € V’;l X M],; with BZ =
(BY . B )T, update (U B € Vi M with By = (131 BT at gy =ty + At
: Compute the time step At based on the maximum value oy, oy;

: Impose boundary conditions;
3: Pre-compute the numerical solutions at ;4 1:

o =

o for each element /;;, update UZH by scheme (14);
e for each y-direction element interface, compute {bfl.}l- j by scheme (19);

e for each x-direction element interface, compute {biyj} ij by scheme (20);
e if k > 2, compute %h on each element 1ij by scheme (21);
4: If the example is non-smooth, apply the TVB limiter to UZ'H ; for challenging non-smooth examples (such
as the cloud—shock example), also apply the limiter as in Sect. 5 to {bl’.cj }ij and {biyj Yijs
5: Reconstruction on each element: if the limiter is not applied to {bfj}i j and {biyj},' j» reconstruct BZH

following R1-R3 in Sect. 3.2.3; otherwise, reconstruct SBZ‘H following the procedure given in Sect. 5;
6: Return (UZ'H, fBZ'H) € Vﬁ X Ml;l

That is, to solve u; = L(u,t), given the numerical solution u" at t,, we compute w1 at
th+1 =ty + At as follows,

uD = u" + AtL(uy, ty),
o_3 . Lo, 1l )
u” =-u + -u —I—ZAIL (u ,tn+At>,

47 T4
1 2 2 1
W = U+ gu@) + 3 AL (u@), tn + 5”) : (66)

The time step is determined by

CFL

At: )
ax/Ax + oy /Ay

(67)

where a, and «y are the largest absolute eigenvalues of Jacobian 9 g II(JU’B?) and 2 g (2{(]?,33;) ,

respectively. We take CFL = 0.2 for k = 1 and CFL = 0.1 for k = 2 similar as for the
standard DG methods. The numerical fluxes in the schemes to update the magnetic field
follow the strategies summarized in Sect. 4.3. The minmod TVB slope limiter is applied for
non-smooth examples with M = 1.

6.1 Smooth Examples
6.1.1 The Smooth Vortex Problem
The first example we consider is the smooth vortex example which was introduced in [2],

and it models a smooth vortex propagating with speed (1, 1) in a two-dimensional domain.
The initial condition is given by

(p7 ux»“yauZa B)C’B_)HBZ’ p) = (1’ 1 +5M.X7 1 +5uy509 8BX7(SBy’O’ 1 +5p)a
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Table 2 L2 errors and orders of accuracy of p, uy, By and p for smooth vortex problem at r = 20. The
computational domain is [— 10, 10] x [— 10, 10]

N P Uy )4 By
L2 error Order L2 error Order L2 error Order L2 error Order
Pl
32 3.98E—05 - 9.18E—03 - 1.22E—-03 - 7.51E—03 -

64 2.44E-05 0.71 3.45E—-03 1.41 5.44E—-04 1.17 2.75E—-03 1.45
128 8.23E—-06 1.58 6.80E—04 2.34 1.20E—04 2.19 5.35E-04 2.36
256 1.84E—06 2.16 9.45E—05 2.85 1.98E—05 2.60 7.39E—05 2.87
p2

32 1.50E—04 - 1.96E—03 - 1.02E—03 - 7.10E—03 -

64 6.62E—05 1.18 8. 76E—04 1.16 4.90E—-04 1.06 2.56E—03 1.47
128 1.30E—-05 2.35 1.70E—04 2.37 9.76E—05 2.33 4.63E—04 2.47
256 1.76E—06 2.88 2.31E-05 2.88 1.33E—05 2.87 6.21E—05 2.90

where
(Buy, duy) = ziﬁ x exp{0.5(1 — r2)}, (8B, §By) = 2i§ x exp{0.5(1 — =
T T

_ P =r’—¢%)
872

Here r = /x2+y2, € = n = 1 and y = 5/3. The computational domain is taken as
[— 10, 10] x [— 10, 10]. Even though the problem is not-periodic, periodic boundary con-
ditions are used in our simulation. This will introduce an error of size O (10~2%) which is
negligible with respect to the resolution of the numerical solutions. In Table 2, L? errors and
orders of accuracy are presented for the variables p, u,, B, and pressure p at t = 20, right
after one time period, by which the vortex returns to its initial location. The results show that
our numerical schemes have (k + 1)th order accuracy for k = 1, 2. For this smooth example,
no nonlinear limiter is needed.

Sp exp(l — r?).

6.1.2 The Smooth Alfvén Wave

The second smooth example is the smooth Alfvén wave problem, which describes a circularly
polarized Alfvén wave moving in the domain Q = [0, 1/ cos @] x [0, 1/sin «] [28,37]. Here,
o represents the angle of the wave propagation with respect to x-axis, and it is set to be 7 /4.
The same initial data as in [28] is taken

p=1Lu =0,u; =0.1sin2rp),u; =0.1cos(2rp),
By=1,B, =u,,B; =u;, p=0.1,

where 8 = xcosa + ysina. The subscripts || and L denote the directions parallel and
perpendicular to the wave propagation direction, respectively. Periodic boundary conditions
are used and y = 5/3. The Alfvén wave travels at a constant Alfvén speed B /,/p = 1. The
solution returns to its initial configuration when time ¢ is an integer. In Table 3, we present
the L2 errors and orders of accuracy for uy, u;, By and p at time t = 2. From the results, we
can see that the PX approximations with k = 1, 2 are (k + 1)th order accurate, and they are
optimal. No nonlinear limiter is applied.
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Table 3 LZ errors and orders of accuracy for uy, u;, p and By for smooth Alfvén wave problem at r = 2.
The computational domain is [0, V2] x [0, /2]

N Uy Uz p By
L? error order L? error order L2 error order L2 error order
Pl
16 2.99E-03 - 3.91E-03 - 7.41E-04 - 2.44E—03 -
32 4.27E—-04 2.81 5.69E—04 2.78 1.14E—-04 2.71 3.35E-04 2.87

64 6.82E—05 2.65 9.47E—-05 2.59 1.96E—05 2.54 4.87E—05 2.78

128 1.34E—-05 2.34 1.94E—05 2.29 4.10E—-06 2.25 8.59E—-06 2.50
p2

16 3.88E—03 - 7.17E—04 - 3.64E—03 - 2.08E—03 -

32 3.50E—-04 3.47 5.38E—05 3.73 3.27E-04 3.48 2.01E—-04 3.37

64 2.56E—-05 3.78 2.81E—-06 4.26 1.71E-05 4.26 1.78E—05 3.50

128 2.81E—-06 3.19 2.36E—-07 3.57 1.39E—-06 3.62 2.09E—-06 3.09

6.2 Non-smooth Examples
6.2.1 The Field Loop Advection

In this subsection, we consider the magnetic field loop advection problem originally intro-
duced in [20]. The same initial data as in [27] is taken, with (o, uy, uy, u;, B;, p) =
(1,2,1,1,0,1), and (By, By) = V x A;. Here A; is the z-component of the magnetic
potential

A — Ag(R—r) if r <R,
S ) if r > R,

with Ag = 1073, R = 0.3 and r = /x2 + y2. This problem is computed on the domain
[— 1, 1] x [—0.5,0.5] with a 200 x 100 mesh. Periodic boundary conditions are used and
y =5/3.

In Fig. 3, we report the gray-scale images of the magnetic pressure B2 + B% (left) and the
magnetic field lines (right) at time t = 0, t = 2 and + = 10. With the globally divergence-
free magnetic field, the magnetic field lines are plotted by contouring the z-component of
the numerical magnetic potential A,. The magnetic pressure is convected across the domain
periodically, and this is confirmed by our numerical results based on P2 approximation.
The component-wise minmod TVB limiter is applied to Uy, with the parameter M = 1.
There is no visible difference in the numerical results when the limiter is applied to the local
characteristic fields. Overall our schemes capture the field loop well. From the images on
the left in Fig. 3, one can observe numerical dissipation around the center and the boundary
of the loop, similar to the observation in [20,26,27]. There is no obvious oscillations in our
solutions even at later time r = 10 unlike in some numerical results commented in [20,28].
From the images on the right of Fig. 3, symmetry can be seen in the magnetic field lines,
with some distortion at t = 10 due to the accumulated numerical dissipation over long time
simulation.

Note that the initial data is discontinuous, and one needs to pay special attention to the
initialization to ensure the magnetic field being divergence-free at + = 0. For example,
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(a) (b)

(c) (d)

(e) ®

Fig. 3 The magnetic pressure B)% + B)Z, (left) and magnetic field lines (right) of the field loop advection.

P2 approximation on 200 x 100 mesh. The magnetic field lines are plotted with the same range. a Magnetic
pressure at t = 0, b magnetic field lines at = 0, ¢ magnetic pressure at t = 2, d magnetic field lines att = 2,
e magnetic pressure at t = 10, f magnetic field lines at t = 10

to apply the BDM projection to the initial magnetic field, one needs to compute the first

m ) Bydxdy with B, = 0A./dy. If a numerical quadrature

L

is applied without taking into account the discontinuity in B, then nonzero divergence
will be introduced to the magnetic field approximation. Instead, we will evaluate B)(C) as
follows,

order coefficient B)(C) =

1 JdA 1 Yigpd
B [ Sy = [T Ay - At 69
Iij y X,

- AxAy ay AxA .
i=3
Yol
Similarly, to evaluate agg := Aiy f g By (x; 4l y)dy, we will follow
!
1 Yirk 0A; 1
ok = A_yfyf =5y (i~ Ay) . @)
i3

@ Springer



1646 J Sci Comput (2018) 77:1621-1659

This will lead to an exactly divergence-free magnetic field approximation at ¢t =
0.

6.2.2 Orszag—Tang Vortex Problem

In this subsection, we test the Orszag—Tang vortex problem, whose solution involves the
formation and interaction of multiple shocks as the nonlinear system evolves in time. The
same initial date as in [25] is taken, namely,

p=y> uy=—siny, uy =sinx, wu; =0,

By = —siny, By,=sin2x, B, =0, p=y.

This problem is computed on the domain [0, 27r] x [0, 2] with a 192 x 192 mesh based on
P! and P? approximations. Periodic boundary conditions are used with y = 5/3. Figures 4
and 5 demonstrate the time evolutions of the density p at times r = 3,4 with P! and P?
approximations, respectively. The component-wise minmod TVB limiter is applied to Uy,
with the parameter M = 1. The results show that our schemes work well for this problem
and they are in good agreement with the results in literature [23,25,27].

As observed in [23,25,29], different numerical methods can demonstrate different levels
of stability for this example, (partially) depending on their ability to control the divergence
error in the computed magnetic field. Standard numerical methods that work well for non-
linear hyperbolic conservation laws can show instability when simulating this example, if
the divergence error is not sufficiently controlled. Our proposed exactly divergence-free DG
methods display very good stability over long time simulation, for example the schemes
with P! and P? approximations are stable up to r = 25 (the maximum time we run) on
the 192 x 192 mesh when the minmod TVB limiter is applied in local characteristic fields.
In addition to the divergence error, as indicated in [37] the choices of the limiters can also
affect the numerical stability. When the component-wise minmod TVB limiter is applied, the
simulation will break down at ¢ = 7.4 with the P? approximation. Again, the limiters are
only applied to Uj,.

For this example, we further perform a convergence study for the methods with P? approx-
imation. In Fig. 6, we plot the pressure p (left) at y = 1.99635 and ¢ = 2, and the magnetic
variable B, at x = m and t = 3, computed with the 192 x 192 (circle) and 384 x 384
(line) meshes. With shocks developed in the solution, convergence is observed. The pressure
lines and magnetic field lines are comparable to the results by the locally divergence-free DG
methods in [25] and exactly divergence-free central DG methods in [26,27]. As in [26,27],
there is no negative pressure produced throughout the simulation.

6.2.3 The Rotor Problem
In this subsection, a rotor problem is considered which was first documented in [8]. This
problem describes a dense disk of fluid rapidly spinning in a light ambient fluid. To reduce

the initial transition, a “taper” function is used to bridge these two areas. We take the same
initial data as in [26,37], that is,

(us, By, By, B.. p) = (o, 2.5/:/47,0,0, 0.5) ,
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(b)

Fig. 4 Development of the density p in Orszag—Tang vortex problem with P! approximationatt =3, t =4
on 192 x 192 mesh. 15 equally spaced contours with ranges [1.144, 6.134], [1.179, 5.813] respectively. a
t=3,bt=4
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(a)

(b)
Fig. 5 Development of the density p in the Orszag-Tang vortex problem with P2 approximation at ¢

39

=4

4 on 192 x 192 mesh. 15 equally spaced contours with ranges [1.122, 6.161], [1.127, 5.857], respectively.

=
at

3,bt

pringer
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/

() (b)

Fig. 6 The P2 approximation for the Orszag—Tang vortex problem on 192 x 192 (circle) and 384 x 384
(solid line) meshes. a p with y = 1.9635atr =2,b By withx =mw att =3

and
(10, —(y = 0.5)/rg, (x — 0.5)/rg) r<ro
(o ux,uy) =3 (L+94, =A(y = 0.5)/r,A(x —0.5)/r) ro<r <rnr
(1,0,0) r>r

where r = \/(x —0.524+(y—0.52,r0=0.1,r1 =0.115and A = (r; —r)/(r1 — ro). We
simulate the problem in the domain [0, 1] x [0, 1]. Periodic boundary conditions are used
and y = 5/3.

In Figs. 7 and 8, we present the results of density p, pressure p, the hydrodynamic
Mach number |u|/c with the sound speed ¢ = /¥ p/p, and the magnetic pressure |B|?/2 at
t = 0.295, based on P! and P? approximations on the 200 x 200 mesh. The minmod TVB
limiter is applied in the characteristic fields and only to Uj,. Compared with the results in [25,
37], our methods also resolve this problem well. When divergence error is not sufficiently
controlled in the magnetic field by some numerical methods, “distortion” can develop in
Mach number [25,37]. In Fig. 9, we zoom in the central part of the Mach number, and no
“distortion” is observed.

As in [26,27], we examine the convergence of the methods with P2 approximation. In
Fig. 10, we present the Mach number with x = 0.413 (left) and the magnetic field B, (right)
with x = 0.25at¢ = 0.295 on 400 x 400 (circle) and 600 x 600 (solid) meshes. Convergence
of the method is observed, with the shocks being captured in the numerical solution. The cut
lines in Fig. 10 are very close to the results in [26], and there is no significant oscillation in
the solutions. In our simulation, negative pressure is not observed.

6.2.4 The Blast Problem

In this subsection, we consider the blast problem as in [8]. There are strong magnetosonic
shocks in the solution. The initial condition is taken as

(1,0,0,0,ﬂ,0,0, 1000), r <R,
(/O’MX7uyaMZ9BX7By’BZ7p): \l/gf
(1,0, 0,0, 1% 0,0, 0.10), F> R,
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Fig. 7 P! approximation for the rotor problem on the 200 x 200 mesh at ¢t = 0.295. 15 equally spaced
contours. a p € [0.507,8.837], b p € [0.010, 0.774], ¢ |B|2/2 € [0.012,0.676], d |u|/c € [0, 2.673]

with7 = y/x2 + y2 and R = 0.1. With this setup, the fluid pulse has very small plasma beta,
namely, f = W = 2.513E—04, in the region outside the initial pressure pulse. We
carry out the simulation in the domain [— 0.5, 0.5] x [— 0.5, 0.5] with a 200 x 200 mesh.
Outgoing boundary conditions are used and y = 1.4.

In Figs. 11 and 12, we report the numerical results at time 7 = 0.01 based on P! and P?
approximations for density p, pressure p, square of total velocity u% + u%, and the magnetic
pressure B2 + Byz,, respectively. As pointed out in [8,26-28], this is a stringent problem to
solve. In our simulation, negative pressure is observed near the shock front, similar as in
many other methods when positivity preserving techniques are not applied to pressure [26—
28]. In Fig. 13, we plot the negative part of pressure, min(0, p), based on the P! and P?
approximations. The minimum of pressure in the P2 approximation is — 16.295, and it is
more negative than — 4.369, the minimum of the pressure in the P! approximation. These
results are obtained when the component-wise minmod TVB limiter is applied only to Uy,.

To further improve the numerical stability, we run the simulation by applying the minmod
TVB limiter to both the hydrodynamic variables Uj, and the normal component of the mag-
netic field {bfj}i ; and {bl.yj}i j (see Sect. 5 for details of the limiter and the reconstruction). In
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Fig. 8 P2 approximation for the rotor problem on the 200 x 200 mesh at ¢t = 0.295. 15 equally spaced
contours. a p € [0.551,9.910], b p € [0.008, 0.776], ¢ |B|?/2 € [0.012,0.847], d |u|/c € [0, 3.033]

Fig. 14, the results are shown for density p, pressure p, square of total velocity ui + u%, and
the magnetic pressure Bf + B%, respectively, at ¢ = 0.01 based on P? approximation. With
the magnetic field being limited, the minimum of pressure is now — 7.347 which is greatly
improved, hence the schemes with all unknowns being limited are more robust.

Remark 6.1 Following Zhang and Shu’s important work in [41] to design positivity-
preserving limiters for high order numerical methods, similar limiters were developed in [12]
for DG and central DG methods to simulate ideal MHD equations. Locally divergence-free
approximations can be easily used for the methods in [12] without affecting the positivity-
preserving property of the overall algorithms. Unfortunately, such limiters can not be applied
to the proposed methods in this paper, as they will destroy the globally divergence-free
property of the numerical solutions.
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Fig. 9 Zoom-in central part of Mach number |u|/c with P2 approximation in the rotor problem at ¢ = 0.295.
30 equally spaced contours with range [0.18, 3.12]. a 100 x 100 mesh, b 200 x 200 mesh, ¢ 400 x 400 mesh,
d 600 x 600 mesh

3.5 1

3
) U
2

1.5

0.8

0.6

0.4

1
0.2

05
o= \ 0
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Fig. 10 The Mach number |u|/c and magnetic filed By of the rotor problem with P2 approximation at
t = 0.295 on 400 x 400 (circle) and 600 x 600 (solid line) meshes. a |u|/c withx = 0.41, b By withx = 0.25
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Fig. 11 P! approximation for the blast problem on the 200 x 200 mesh at ¢ = 0.01. 40 equally spaced
contours are plotted. a p € [0.184,4.602], b p € [—4.369,259.297), c u% +u3 € [0,288.251],d B; + B} €
[431.002, 1186.060]

6.2.5 The Cloud—Shock Interaction

The last example we consider is a cloud—shock interaction problem which involves strong
MHD shocks interacting with a dense cloud. We take the same initial data as in [26,27].
The computational domain, 2 = [0, 2] x [0, 1], is divided into three regions initially: the
post-shock region 21 = {(x,y):0 < x < 1.2,0 < y < 1}, the pre-shock region Q, =
{(r,y):12<x<2,0<y<1,/(x—142+(y—0.52 > 0.18} and the cloud region
Q3 = {(x,y):V/(x — 1.4)2 + (y — 0.5)2 < 0.18}. The initial data in €, Q2 and Q3 for
(0, ux,uy,u;, By, By, B;, p) is given by Uy, U and Us, respectively, with

U; = (3.88968, 0,0, —0.05234, 1, 0, 3.9353, 14.2641) ,
U, = (1, -3.3156,0,0,1,0,1,0.04) ,
Us = (5, —3.3156,0,0,1,0,1,0.04) .
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Fig. 12 P2 approximation for the blast problem on the 200 x 200 mesh at ¢+ = 0.01. 40 equallg

contours are plotted. a p € [0.191,4.769].b p € [ 16.397,256.291], cu? +u3 € [0, 288.838].d B

[426.407, 1236.830]
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Fig. 13 Negative part of the pressure, min(0, p), in the blast problem with P! and P2 approximations at

¢ = 0.01 on the 200 x 200 mesh. a P!, b P2
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Fig. 14 p? approximation for the blast problem on the 200 x 200 mesh at + = 0.01. Nonlinear limiter

is applied to both Uy and {b;‘j}ij, {biyj}ij. 40 equally spaced contours are used. a p € [0.182,4.573], b

p € [—7.347,254.906], ¢ u? + u € [0,287.389], d B + B} € [422.866, 1188.86]

The cloud in the region 23 is five times denser than its surrounding. Outgoing boundary
conditions are used and y = 5/3. We run the simulation up to # = 0.6.

In Fig. 15, we show the gray-scale images of the P! approximations for density p, pressure
p and magnetic field component B, By on the 600 x 300 mesh. The white area represents
relatively larger value. The numerical results are fairly close to those by exactly divergence-
free central DG methods in [26,27]. The minmod TVB limiter is implemented in the local
characteristic fields and is only applied to Uj,.

In Fig. 16, gray-scale images of P> approximations are shown for density p, pressure p
and magnetic field component By, By on the 600 x 300mesh. In Fig. 17, we further plot
the cut lines of density p based on P2 approximation with y = 0.6 and x = 1.0 on the
600 x 300 and 800 x 400 meshes. The convergence of the methods is confirmed. With P?
approximation, it is not sufficient to just apply the nonlinear limiter to Uj; for numerical
stability. And the results presented here are obtained when the limiter is applied to both Uy,

and {bl?“j}i s {biyj},- - In order to see the necessity to limit the magnetic field is related to the
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(c) (@

Fig. 15 P! approximation of the cloud—shock interaction problem at 1 = 0.6 on the 600 x 300 mesh. a
p € [1.804,11.638], b p € [6.295,15.567], ¢ By € [—3.073,4.355],d By € [—3.299, 3.265]

(a)

(c) (d)

Fig. 16 P2 approximation of the cloud—shock interaction problem at 1 = 0.6 on the 600 x 300 mesh. a
p € [1.777,11.655], b p € [1.028, 16.734], ¢ By € [—2.922,4.472],d By € [—3.027,2.961]

strength of the discontinuity, we also simulate a similar clock—shock interaction example,
with the cloud in region 23 two times denser than its surrounding at t = 0. As expected,
our methods are stable for this modified example when the limiter is applied only to Uj,. The
numerical results are not included here.
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Fig. 17 The P2 approximation of p in the cloud—shock interaction problem at ¢t = 0.6 on 600 x 300 (circle)
and 800 x 400 (solid) meshes.ay = 0.6,bx = 1.0

7 Concluding Remarks

In this paper, we propose second and third order globally divergence-free discontinuous
Galerkin methods for ideal MHD equations on structured meshes in two dimensions. The
main technical aspect is on the choices of numerical fluxes used in the different parts of the
algorithms. Analysis is presented to identify conditions on numerical fluxes to ensure the
exactly divergence-free property of the approximated magnetic field. A careful numerical
and analytical study was carried out to find good choices of numerical fluxes for the accu-
racy and numerical stability of the methods. A set of smooth and non-smooth numerical
examples are presented to illustrate the performance of the proposed methods. Our future
efforts will include the extension of the methods to high order accuracy, three dimensions,
and unstructured meshes.
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POSITIVITY PRESERVING LIMITERS FOR TIME-IMPLICIT
HIGHER ORDER ACCURATE DISCONTINUOUS GALERKIN
DISCRETIZATIONS*

J. J. W. VAN DER VEGT', YINHUA XIAf, AND YAN XU$

Abstract. Currently, nearly all positivity preserving discontinuous Galerkin (DG) discretiza-
tions of partial differential equations are coupled with explicit time integration methods. Unfortu-
nately, for many problems this can result in severe time-step restrictions. The techniques used to
develop explicit positivity preserving DG discretizations cannot, however, easily be combined with
implicit time integration methods. In this paper, we therefore present a new approach. Using La-
grange multipliers, the conditions imposed by the positivity preserving limiters are directly coupled
to a DG discretization combined with a diagonally implicit Runge-Kutta time integration method.
The positivity preserving DG discretization is then reformulated as a Karush-Kuhn—Tucker (KKT)
problem, which is frequently encountered in constrained optimization. Since the limiter is only
active in areas where positivity must be enforced, it does not affect the higher order DG discretiza-
tion elsewhere. The resulting nonsmooth nonlinear algebraic equations have, however, a different
structure compared to most constrained optimization problems. We therefore develop an efficient
active set semismooth Newton method that is suitable for the KKT formulation of time-implicit
positivity preserving DG discretizations. Convergence of this semismooth Newton method is proven
using a specially designed quasi-directional derivative of the time-implicit positivity preserving DG
discretization. The time-implicit positivity preserving DG discretization is demonstrated for several
nonlinear scalar conservation laws, which include the advection, Burgers, Allen—Cahn, Barenblatt,
and Buckley—Leverett equations.

Key words. positivity preserving, maximum principle, Karush-Kuhn-Tucker equations, dis-
continuous Galerkin methods, implicit time integration methods, semismooth Newton methods

AMS subject classifications. 65M60, 65K15, 65N22

DOI. 10.1137/18M1227998

1. Introduction. The solution of many partial differential equations frequently
must satisfy a maximum principle, or, more generally, certain variables must obey
a lower and/or upper bound. In this paper, we will denote all these cases with
positivity preserving. In particular, if the partial differential equations model physical
processes, then these bounds are also crucial to obtain a meaningful physical solution.
For example, a density, concentration, or pressure in fluid flow must be nonnegative,
and a probability distribution should be in the range [0,1]. A numerical solution
should therefore strictly obey the bounds on the exact solution; otherwise, the problem
can become ill-posed and the solution would be meaningless. Also, the numerical
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algorithm can easily become unstable and lack robustness if the numerical solution
violates these essential bounds.

In recent years, the development of positivity preserving discontinuous Galerkin
(DG) finite element methods therefore has been a very active area of research. The
standard approach to ensure that the numerical solution satisfies the bounds imposed
by the partial differential equations is to use limiters, but this can easily result in loss
of accuracy, especially for higher order accurate discretizations.

In a seminal paper, Zhang and Shu [34] showed how to design maximum principle
and positivity preserving higher order accurate DG methods for first order scalar
conservation laws. Their algorithm consists of a several important steps: (i) starting
from a bounds preserving solution at time t,, ensure that the element average of
the solution satisfies the bounds at the next time level ¢, 11 by selecting a suitable
time step in combination with a monotone first order scheme; (ii) limit the higher
order accurate polynomial solution at the quadrature points in each element without
destroying the higher order accuracy; (iii) higher order accuracy in time can then
be easily obtained using explicit SSP Runge-Kutta methods [31]. This algorithm
has been subsequently extended in many directions, e.g., various element shapes,
the convection-diffusion equation, Euler and Navier—Stokes equations, and relativistic
hydrodynamics [37, 38, 35, 36, 33, 29]. Other approaches to obtain higher order
positivity preserving DG discretizations can be found in, e.g., [5, 13, 12].

All these DG discretizations use, however, an explicit time integration method.
For many partial differential equations, this results in an efficient numerical discretiza-
tion, where to ensure stability the time step is restricted by the Courant—Friedrichs—
Lewy (CFL) condition. On locally dense meshes and for higher order partial dif-
ferential equations, which often have a time step constraint At < ChP, with p > 1
and h the mesh size, these time-explicit algorithms can become computationally very
costly. The alternative is to resort to implicit time integration methods, but positiv-
ity preserving time-implicit DG discretizations are still very much in their infancy.
Meister and Ortleb developed in [22] a positivity preserving DG discretization for
the shallow water equations using the Patankar technique [26]. Qin and Shu [28] ex-
tended the framework in [34, 35] to implicit positivity preserving DG discretizations
of conservation laws in combination with an implicit Euler time integration method.
An interesting result of the analysis in [28] is that to ensure positivity in the algo-
rithm of Qin and Shu a lower bound on the time step is required. The approaches in
[22, 28] require, however, a detailed analysis of the time-implicit DG discretization to
ensure that the bounds are satisfied and are not so easy to extend to other classes of
problems.

In this paper, we will present a very different approach to develop positivity pre-
serving higher order accurate DG discretizations that are combined with a diagonally
implicit Runge-Kutta (DIRK) time integration method. In analogy with obstacle
problems, we consider the bounds imposed by a maximum principle or positivity
constraint as a restriction on the DG solution space. The constraints are then im-
posed using a limiter and directly coupled to the time-implicit higher order accurate
DG discretization using Lagrange multipliers. The resulting equations are the well-
known Karush-Kuhn—Tucker (KKT) equations, which are frequently encountered in
constrained optimization and solved with a semismooth Newton method [11, 17], and
also used in constrained optimization-based discretizations of partial differential equa-
tion in, e.g., [3, 8, 10, 20]. The key benefit of the approach discussed in this paper,
which we denote by KKT-Limiter and so far has not been applied to positivity pre-
serving time-implicit DG discretizations, is that no detailed analysis is required to
ensure that the DG discretization preserves the bounds for a particular partial differ-

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/18/24 to 222.195.81.118 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

POSITIVITY PRESERVING LIMITERS FOR DG METHODS A2039

ential equation. They are imposed explicitly and not part of the DG discretization.
Also, since the limiter is only active in areas where positivity must be enforced, it
does not affect the higher order DG discretization elsewhere since the Lagrange mul-
tipliers will be zero there. The approach discussed in this paper presents a general
framework for how to couple DG discretizations with limiters and, very importantly,
how to efficiently solve the resulting nonlinear algebraic equations.

The algebraic equations resulting from the KKT formulation of the positivity
preserving time-implicit DG discretization are only semismooth. This excludes the
use of standard Newton methods since they require C' continuity [9]. The obvious
choice would be to use one of the many semismooth Newton methods available for
nonlinear constrained optimization problems [11, 17], but the algebraic equations for
the positivity preserving time-implicit DG discretization have a structure different
from that for most constrained optimization problems. For instance, the conditions
to ensure a nonsingular Jacobian [11] for methods based on the Fischer-Burmeister
or related complementarity functions [23, 4] are not met by the KK T-Limiter in com-
bination with a time-implicit DG discretization. This frequently results in nearly
singular Jacobian matrices, poor convergence, and lack of robustness. We therefore
developed an efficient active set semismooth Newton method that is suitable for the
KKT formulation of time-implicit positivity preserving DG discretizations. Conver-
gence of this semismooth Newton method can be proven using a specially designed
quasi-directional derivative, as outlined in [15]; see also [17, 18].

The organization of this paper is as follows. In section 2, we formulate the KKT-
equations, followed in section 3 by a discussion of an active set semismooth Newton
method that is suitable to solve the nonlinear algebraic equations resulting from the
positivity preserving time-implicit DG discretization. Special attention will be given
to the quasi-directional derivative, which is an essential part to ensure convergence
of the semismooth Newton method. In section 4, we discuss the DG discretization
in combination with a DIRK time integration method and positivity constraints. In
section 5, numerical experiments for the advection, Burgers, Allen—Cahn, Barenblatt,
and Buckley—Leverett equations are provided. Conclusions are drawn in section 6. In
Appendix B, more details on the quasi-directional derivative are given.

2. KKT limiting approach. In this section, we will directly couple the bounds
preserving limiter to the time-implicit discontinuous Galerkin discretization using
Lagrange multipliers. We will denote this approach as the KKT-Limiter.

Define the set

K:={z eR"[h(z) =0, g(z) <0},
where h : R” — R! and g : R® — R™ are twice continuously differentiable functions
denoting, respectively, the [ equality and m inequality constraints to be imposed on
the DG discretization. The variable x denotes the degrees of freedom and n the
number of degrees of freedom in the unlimited DG discretization. For the continu-
ously differentiable function L : R™ — R"™, representing the unlimited discontinuous
Galerkin discretization, the KKT-equations are

(2.1a) L(z, 1, \) == L(z) + Vh(z)Tp+ Vg(z)' X =0,
(2.1b) —h(z) =0,
(2.1c) 0>g(z) LA>0,
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with u € R, A € R™ the Lagrange multipliers. The compatibility condition (2.1c) is
componentwise equal to

0> gi(z), Aj >0 and gi(x)\; =0, j=1,...,m,
which is equivalent to
min(—g(z),A) = 0,

where the min-function is applied componentwise. The KKT-equations, with F(z) €
R 4™ can now be formulated as

L(z, p, )
(2.2) 0=F(z):= —h(zx) )
min(—g(z), \)

where z := (z, u, \). In the next section, we will discuss a global active set semismooth
Newton method suitable for the efficient solution of (2.2) in combination with a DIRK-
DG discretization. In section 4, the DG discretization and KKT-Limiter will be
presented for a number of scalar conservation laws.

3. Semismooth Newton method. Standard Newton methods assume that
F(z) is continuously differentiable [9], but F(z) given by (2.2) is only semismooth
[11]. In this section, we will present a robust active set semismooth Newton method
for (2.2) that is suitable for the efficient solution of the KKT-equations resulting from
a higher order DG discretization combined with positivity preserving limiters and a
DIRK time integration method [14].

3.1. Differentiability concepts. For the definition of the semismooth Newton
method, we need several more general definitions of derivatives, which will be discussed
in this section. For more details, we refer the reader to, e.g., [6, 11, 17, 30]. Since we
use the semismooth Newton method directly on the algebraic equations of the limited
DIRK-DG discretization, we only consider finite-dimensional spaces here.

Let D C R™ be an open subset in R™. Given d € R™ the directional derivative
of F: D — R™at x € D in the direction d is defined as

v Flz4td) — F(x)
(3.1) F'(z;d) :== tligi , .

A function F : D — R" is locally Lipschitz continuous if for every x € D there exist
a neighborhood N, C D and a constant C}, such that
|F(y) — F(2)] < Cily — 2| for all y,z € N,.

If F is locally Lipschitz on D, then according to Rademacher’s theorem, F' is differ-
entiable almost everywhere with derivative F’(z). The B-subdifferential dpF'(z) of
F(x) is then defined as

F = li F'(z
OpF(x) = lm = F(z),

with Dp the points where F' is differentiable, and the generalized derivative in the
sense of Clarke is defined as

OF(z) := convex hull of OgF(z).
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For example, F(z) = |z| at £ = 0 has 0gF(0) = {—1,1} and 9F(0) = [-1,1]. A
function F : D — R" is called semismooth if [27]

im Vd exists for all d € R™.
VEOF (attd'),d —d,t |0+

A function F : D — R™ is Bouligand-differentiable (B-differentiable) at « € D if
it is directionally differentiable at x and

lim F(z+d)— F(x) — F'(z;d)

d—0 |d| =0

A locally Lipschitz continuous function F' is B-differentiable at x if and only if it is
directionally differentiable at x [30].

Given d € R™, the Clarke generalized directional derivative of F' : D — R™ at
x € D in the direction of d is defined by [6]

F td) — F
FO(z;d) := lim sup (v + td) (y)
YTy 0+ t

3.2. Global active set semismooth Newton method. For the construction
of a global semismooth Newton method for (2.2), we will use the merit function
0(z) = 3|F(2)]*, with z = (z, 1, A). The Clarke directional derivatives of 6 and F
have the following relation.

Let F: D C RP — RP, with D an open set and p = n + [ + m, be a locally
Lipschitz continuous function; then the Clarke generalized directional derivative of
6(z) can be expressed as [17]

(3.2) 6°(z:d) = limsup (F(2),(F(y + td) — F(y))
7 y—z,t10t t

)

and there exists an F° : D x RP — RP such that
(3.3) 0°(2;d) = (F(2), F(2;d)) for (z,d) € D x RP.

Here (-,-) denotes the Euclidean inner product. The crucial point in designing a
Newton method is to obtain proper descent directions for the Newton iterations. A
possible choice is to use the Clarke derivative F as the generalized Jacobian [11, 17],
but this derivative is in general difficult to compute. In [24, 25], it was proposed to
use d as the solution of

(3.4) F(2)+ F'(2;d) =0,

which for the KKT-equations results in a mixed linear complementarity problem [25].
Unfortunately, (3.4) does not always have a solution, unless additional conditions
are imposed. A better alternative is to use the quasi-directional derivative G of F
(15, 17, 18].

Let F': D C RP — RP be directionally differentiable and locally Lipschitz continu-
ous. Assume that S = {z € D | |F(z)| < |F(2°)|} is bounded. Then G : S x R? — R?
is called the quasi-directional derivative of F on S C RP? if for all z, Z € S the following
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conditions hold [15, 17, 18]:

(3.5a) (F(2), F'(z:d)) < (F(2),G(2d)),

(3.5b) G(z;td) =tG(z;d) foralldeRP, z€ S, and t > 0,

(3.5¢) (F(2), F°(z;d)) < limsup (F(2),G(2;d)) for all z — z,d — d.
z—Z,d—d

The search direction d in the semismooth Newton method is now the solution of
(3.6) F(z)+G(#;d) =0, withze S,deR?,

which results for the KKT-equations (2.2) in a mixed linear complementarity problem.
Using (3.3), (3.5¢), and (3.6) this immediately results in the bound
0°(z;d) < limsup (F(2),G(z;d)) = — lim |F(2)]* = —26(%).

z—zZ,d—d Eoz

Hence the search direction d obtained from (3.6) always provides a descent direc-
tion for the merit function #(z). The merit function §(z) and the quasi-directional
derivative G(z,d) can therefore be used to define a global line search semismooth
Newton algorithm, which is stated in Algorithm 3.1. The key benefit of using the
quasi-directional derivative G in this Newton algorithm is that, under the additional
assumption ||G(z;d)|| > L||d||, with L > 0 constant, we immediately obtain a proof
of the convergence of this algorithm, given by [15, Theorem 1].

In the next section, we will present the quasi-directional derivative G for the KKT-
equations (2.2) and define the active sets used to solve (3.6) with the semismooth
Newton algorithm presented in section 3.4. In section 4, Algorithm 3.1 will then be
used to solve the nonlinear equations resulting from the DG discretization using a
KKT-limiter in combination with a DIRK method.

3.3. Quasi-directional derivative. In order to compute the quasi-directional
derivative G, satisfying the conditions stated in (3.5), we first need to compute the
directional and Clarke generalized directional derivatives of the function F(z) defined
in (2.2).

Define z € RP, with p=n+1+m as z = (z,u, \) with z € R”, p € R}, A € R™.
Define d € RP as d = (u,v,w), with u € R", v € R, w € R™. The directional
derivative F'(z;d) € R? x RP of F(z) defined in (2.2) in the direction d is equal to

(3.7a) Fi(z;d) = Dy Li(2) - u+ DyLi(2) - v+ DALi(2) - w, 1€ Ny,
(3.7b) F{ . (z;d) = =Dyhi(zx) - u, i€ N,
(3.7¢) Y ma1(z3d) = —Dggi(x) - u, i € a(z),
(3.7d) = min(—D,g;(x) - u, w;), i€ B(z),
(376) = Wj, i€ 7(2)7

where the following sets are used:

Ny,={jeN|1<j<gq},
a(z) ={j €Ny [ Aj > —g;(2)},
B(z) ={j € N | Aj = —g;(2)},
Y(2) ={j € Ni | Aj < —g;(2)},
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with ¢ = n or ¢ = I. The calculation of most of the terms in (3.7) is straightforward,
except (3.7d), which can be computed using a Taylor series expansion of the arguments
of min(—g;(x), A;) in the limit of the directional derivative (3.1), combined with the
relation min(a + b, a + d) — min(a, a) = min(b, d) and the fact that i € 8(z).

The Clarke generalized derivative of F'(z) can be computed using the relations

(3.2)—(3.3) and is equal to

(3.8a) F)(z;d) = Dy Li(2) - u+ D, Li(2) v+ DrLi(2) -w, i€ Ny,

(3.8b)  FP,(2;d) = =D hi(z) - u, i€ N,

(3.8¢c) FP,yi(2:d) = —Dygi(z) - u, i€ a(z),

(3.8d) = max(—D,g;(x) - u, w;), i€ B(2), Fiynti(z) >0,
(3.8¢) = min(—D,g;(x) - u, w;), i€ B(2), Fiynyi(z) <0,
(3.8f) = w;, i€ v(z).

The calculation of (3.8d) and (3.8e) in F°(2;d) is nontrivial and is detailed in Ap-
pendix A.

Using the results for the directional derivative and the Clarke generalized direc-
tional derivative, we can now state a quasi-directional derivative G : D x RP — RP,
satisfying the conditions (3.5), which for any § > 0 is equal to

(3.9a) Gi(z;d) = Do Li(2) -u+ Dy Li(2) - v+ DrLi(2) -w, 1€ Ny,

(3.9b) Giyn(z;d) = —=Dyhi(x) - u, i€ N,

(3.9¢)  Gisnti(zd) = —Dygi(x) - u, i€ as(z),

(3.9d) = max(—D,g;(x) - u, w;), i € Bs(2), Fignti1(z) >0,
(3.9¢) = min(—Dagi(x) - u, w;), i € B5(2), Fiynti(2) <0,
(3.91) = w, i €75(2),

with the sets
as(2) = {j € Ny | Aj > —g;(x) + 6},
Bs(z) ={j €Np | —gj(x) —0 < N; < —gj(z) + 0},
Y5(2) ={j € N | Aj < —gj(w) — 4} .

The main benefit of introducing the J-dependent sets is that in practice it is hard
to test for the set §(z), which would generally be ignored in real computations due
to rounding errors. One would then miss a number of important components in
the quasi-directional derivative, which can significantly affect the performance of the
Newton algorithm. The set 85 gives, however, a computational well-defined quasi-
directional derivative G(z;d). In Appendix B, a proof is given that G(z;d) satisfies
the conditions stated in (3.5), which is the condition required in [15, Theorem 1], to
ensure convergence of the semismooth Newton method.

The formulation of the quasi-directional derivative G (3.9) is, however, not di-
rectly useful as a Jacobian in the semismooth Newton method due to the max and
min functions. In order to eliminate these functions, we introduce the sets

I35 (2,d) := {i € B5(2) | Fipnti(2) > 0, = Dagi(x) - u > w;},
I (z,d) == {i € B5(2) | Fiynyi(2) >0, —Dygi(z) - u < w;},
15 (2,d) := {i € B5(2) | Fipnti(2) <0, =Dagi(x) - u > w;},
132(2,d) = {i € B5(2) | Finti(2) <0, =Dygi(x)

Z,

2, x)-u < wi}
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and define
(3.10a) I5(z,d) == as(2) U IS (2,d) U5 (2, d),
(3.10b) I3(z,d) :=75(2) UI32(2,d) U I3} (2, d).

The quasi-directional derivative G(z;d) can now be written in a form suitable to serve
as a Jacobian in the active set semismooth Newton method defined in Algorithm 3.1
to solve (2.2):

G(zd) = G(z)d,
with

R Li(2)lien,  DupLi(?)lien, DrLi(2)lien,

(3.11)  G(2) = ohi(z)]ien, 0 0 € RP¥P,
D.gi (x)lzell(z d) 0 0ij |i,j€[§(z,d)

with &;; the Kronecker symbol. By updating the sets I}(z;d) and IZ(z;d) as part of
the Newton method, the complementary problem (3.6) is simultaneously solved with
the solution of (2.2). In general, after a few iterations the proper sets Ig’z(z; d) will
be found and the semismooth Newton method then converges like a regular Newton
method. Also, one should note that only the contribution D,L;(z) in (3.11) de-
pends on the DG discretization in £;(z). Hence, the KKT-Limiter provides a general
framework to impose limiters on time-implicit numerical discretizations and could,
for instance, also be applied to time-implicit finite volume discretizations.

3.4. Active set semismooth Newton algorithm. As default values we use
in Algorithm 3.1 @ =10""2, 8 =y=1,0=10"% 6 =10""% and ¢ = 1075,

An important aspect of Algorithm 3.1 is that we simultaneously solve the mixed
linear complementarity equations (3.6) for the search direction d as part of the global
Newton method using an active set technique. This was motivated by [16] and will
reduce the mixed linear complementarity problem (3.6) into a set of linear equations.
The use of the active set technique is also based on the observation in [18] of the close
relation between an active set Newton method and a semismooth Newton method.
After the proper sets I} (z;d), I3(z; d) are obtained for the quasi-directional derivative
G(z;d), the difference with a Newton method for smooth problems [9] will be rather
small. The mixed linear complementarity problem can, however, have one, multiple,
or no solutions, and, in order to deal also with cases where the matrix G is poorly
conditioned, we will use a minimum norm least squares or Gauss—Newton method to
solve the algebraic equations (3.12).

For the performance of a Newton algorithm, proper scaling of the variables is
crucial. Here we use the approach outlined in [9] and the Newton method is applied
directly to the scaled variables. Also, the matrix @fék + a||F(2F)/F(2%)|/I in the
Newton method will have a much larger condition number than the matrix ék In
order to improve the conditioning of this matrix, we use simultaneous iterative row
and column scaling in the L°°-matrix norm, as described in [2]. This algorithm very
efficiently scales the rows and columns such that an L°°-matrix norm approximately
equal to one is obtained. This gives a many orders of magnitude reduction in the
matrix condition number and generally reduces the condition number of the matrix
(3.12) to the same order as the condition number of the original matrix Gy.
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Algorithm 3.1 Active set semismooth Newton method.

1: (A.0) (Initialization) Let & > 0, 8,7 € (0,1), ¢ € (0,5), § > 0, and b > C € R*
arbitrarily large, but bounded. Choose z°,d° € R and tolerance e.

2: (A.1) Scale 2°.

3: (A.2) (Newton method)

4: for k=0,1,... until |F(z*)|| < ¢ and ||d"|| < e do

5: Compute the quasi-directional derivative matrix Gy, := G(z*) given by (3.11) and
the active sets I} (z;d), I2(z;d) of Gy given by (3.10).

6: Apply row-column scaling to (G Gk, + &||F(2*)/F(z°)||I), with I the identity ma-
trix, such that the matrix has a norm || - || = 1.

T if there exists a solution h* to
(3.12) (GEGk +a|[F(=)/F(") | Dh* = ~GEF("),

with |h*| < b|F(2¥)| and

[F(=" + M) <AF(M),

then

8: Set d¥ = h*, 2Pt =2F 4 d*, ap =1, and my = 0.

9: else
10: Choose d* = h*.
11: Compute oy = 8™*, where my, is the first positive integer m for which

0(zF + gmed") — 0(2F) < —oB™0(2").

12: Set 2Ftt = 2% + agd”.
13: end if
14: end for

4. KKT-Limiter DG discretization. Given a domain 2 C R?, d = dim(1Q2),
d = 1,2, with Lipschitz continuous boundary 90€). As a general model problem we
consider the following second order nonlinear scalar equation:

ou

(4.1) e +V - F(u)+Gu) = V- (v(u)Vu) =0,
with u(z,t) : R? x RT — R a scalar quantity, F(u) : R — R? the flux, G(u) : R — R
a reaction term, and v(u) : R — R a nonlinear diffusion term. By selecting different
functions F, G, and v in (4.1) we will demonstrate in section 5 the KKT-Limiter on
various model problems that impose different positivity constraints on the solution.

For the DG discretization, we introduce the auxiliary variable Q € R? and rewrite
(4.1) as a first order system of conservation laws

(4.2a) % +V - -Fu)+Gu)— V- (r(u)Q)=0,

(4.2b) Q- Vu=0.

4.1. DG discretization. Let 7; be a tessellation of the domain € with shape
regular line or quadrilateral elements K with maximum diameter A > 0. The total
number of elements in 7, is Ng. We denote the union of the set of all boundary
faces 0K, K € Ty, as JF,, denote all internal faces Fj and the boundary faces as
F?, and hence get Fj, = F; U FP. The elements connected to each side of a face
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S € Fp are denoted by the indices L and R, respectively. For the KKT-Limiter,
it is important to use orthogonal basis functions; see section 4.2. In this paper,
P, (K) represent tensor product Legendre polynomials of degree p on d-dimensional
rectangular elements K € Ty, when K is mapped to the reference element (—1,1)9.
For general elements, one can use Jacobi polynomials with proper weights to obtain
an orthogonal basis; see [19, section 3.2]. Next, we define the finite element spaces

VP i={ve L2(Q) | vk € Py(K) VK € Ta .
wp = {v e (LX) | vlk € (P(K))! VK € Ty},

with L2?(2) the Sobolev space of square integrable functions. Equation (4.2) is
discretized using the local discontinuous Galerkin discretization from [7]. Define
Ly :VPx WP x VP - Rand L} : VP x WP = R as

L} (up, Qn;v) == — (F(uh) — V(uh)Qh,th)Q + (G(uh),v)Q

£ S (bl Sant - Gt — o),

SeF;
(4.3) + > (H(uf,upsn®) _@nL.Q;’NUL)S’
SeFp
L (up;w) :=(up, Vi, - w)Q - Z (ﬂ;nL,wL - wR)S
SeF}

— Z (u?LnL,wL)S,

SeFp

where (-,-)p is the L?(D) inner product, V is the elementwise V operator, and the
superscript b refers to boundary data. Here n” € R? is the exterior unit normal vector
at the boundary of the element L € 7} that is connected to face S. The numerical
flux H is the Lax—Friedrichs flux

H(uf,uftsm) = 3 (n- (F(uf) + Ff)) ~ Cor(ff —uf)),

with Lax—Friedrichs coefficient CLp = sup,,, cjut 5 |%(n - F(up))|. For Qp and Ty,
we use the alternating fluxes

(4.4a) Qn = (1-a)Qf +aQf,
(4.4b) up = aul 4+ (1 — a)ult,
with 0 < o < 1. The numerical flux for the nonlinear diffusion is defined as

V() = g ((uf) + v(uf))

For t € (0,7, the semidiscrete DG formulation for (4.2) now can be expressed as
follows: Find up(t) € Vi, Qn(t) € W}, such that for all v € V}, w € W},

ot
(4.5b) (Qn,w)q + L (up;w) = 0.

(4.5a) (auhﬂ)) + Ly, (un, Qn; v) = 0,
Q
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These equations are discretized in time with a DIRK method [14]. The main benefit
of the DIRK method is that the RK stages can be computed successively, which
significantly reduces the computational cost and memory overhead.

We represent uj, and @ in each element K € Ty, respectively, as up|x =
Zjvzl [A]JqujK and Qp|lx = Z;VZQI QJKUJJK, with basis functions (ij € Pp(K), 1/JJK €

(Pp(K))d and DG coefficients fij €R, @]K € R?. After replacing the test functions
v e VP in (4.5a) and w € W} (4.5b) with, respectively, the independent basis func-
tions ¢X € Py(K),i=1,...,N,, and X € (Pp(K))d, i=1,...,Ng, we obtain the
algebraic equations for the DG discretization.

In order to simplify notation, we introduce L}, (U, Q) = L} (up, Qn; ¢) € RNuNx
and E%(ﬁ) = L?(up;¢) € R¥WNeNk  with Ny the number of elements in 7;, and
¢ = X b = X the basis functions in element K. The algebraic equations for the
DIRK stage vector KO ¢ RNuNK j =1 ... s, with the DG coefficients can then be
expressed as

(4.6)  Lyp(KD) =My (KD —T") + At a; L} (KW, - My 'L (KY))) = 0.

j=1
Here we eliminated the DG coefficients for the auxiliary variable @ using (4.5b).
The matrices M; € RNuNexNuNk = 7Nf, ¢ RINQNkXdNQNK are block-diagonal mass
matrices since we use orthogonal basis functions and n denotes the index of time level
t=t,.

The coefficients a;; are the coefficients in the Butcher tableau, which determine
the properties of the RK method [14]. For DIRK methods, a;; = 0 if j > i. The
following DIRK methods are used: for basis functions with polynomial order p =1 [1,
page 1012, Theorem 5, first method with o = 1— %], p = 2 [32, page 2117 (top)]; p = 3
[1, page 1012, Theorem 5, second method]; see also [32, page 2117 (top)]. The order
of accuracy of these DIRK methods is p + 1, and their coefficients in the Butcher
tableau satisfy as; = bj, 7 = 1,...,s, which implies that these methods are stiffly
accurate (see [14, section IV.6]), and the solution of the last DIRK stage is equal to
the solution at the new time step

O+ = RO,

Since each DIRK stage vector must satisfy the positivity constraints, this then also
immediately applies to the solution at time ¢,,4.

The Jacobian DxE(IA((i)) € RNuNsxNuNk  with 2 = K®| in the quasi-directional
derivative G (3.11) of DIRK stage ¢ of the unlimited DIRK-DG discretization (4.6) is
now equal to

S oL} oL} oL?
D L(KW) = My + Atay | —=b — —Zh pyt —2h ).
OK®  9Q® K ()

4.2. Limiter constraints. The limiter constraints for the DG discretization
can be imposed directly by defining the inequality constraints in the KKT-equations.
In each element K € T, we apply for each DIRK-stage i = 1,...,s the following
inequality constraints:

(i) Positivity constraint:

Ny,
(4.7) IR (KDY = iy, — ZKf’(z)ﬁbf(l‘k), k=1,...,N,.
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(ii) Mazimum constraint:

Ny,
(4.8) K (K50 Z Do (2r) — tmax, k=1,...,N,.

Here the superscript K refers to element K € Ty, and (i) is the ith DIRK
stage. The points x, k = 1,..., Ny, are the points in element K where the
inequality constraints are imposed and umin, and umax denote, respectively,
the allowed minimum and maximum values of u. The inequality constraints
are imposed using the Lagrange multiplier A; see (2.1c).

(i) Conservation constraint:

Since the basis functions ¢§< ,J = 17 ..., Ny, are orthogonal in each element
K, we have (1, d)K) =0 for j = ,N,. Hence, at each RK stage i,
limiting the DG coefficients K ’(Z), w1th J =2,...,N,, has no effect on the
element average 4, K0 2 |K‘ (ugl),l)K = I?lK’(i), with ugf) the solution at

stage i, and therefore does not influence the conservation properties of the
DG discretization.
Limiting the DG coefficients IA(f( () can, however, affect the conservation

properties of the DG discretization since ﬂhK’(i) = IA{lK’(i). In order to ensure

local conservation, we therefore need to impose in each element the local
conservation constraint

hK(I?K,(i)) _ E}Iil(K(l))
= [K|(EY = U7) + (Gu), )k
+ Z (H(uﬁ (Z)7uh (i);nL)

SeFiNOK
—vlup)n® - (1= @)y +aQi ™), of — o7 4
L,(i SRS
(4.9) + Z (H (uy, O b nly = D )n - Qh 1) g
SeFLNOK

with EhK ; the equation for the element mean in element K in (4.6). The
conservation constraint (4.9) is imposed using the Lagrange multiplier p; see
(2.1b). The conservation constraint explicitly ensures that at each RK stage
the equation for the element mean ﬂf’(l) is exactly preserved in each element,
and hence the KKT-Limiter does not affect the conservation properties of the

DG discretization.

The remaining Jacobians D, h;(z) € RN&*NulNK - D g.(x) € RNoNxXNulNK and
D, Li(z) € RNueN&xXNe Dy [;(2) € RNuNxxXNoNk - with ¢ = K@, in the quasi-
directional derivative matrix G (3.11) are now straightforward to calculate.

It is important to ensure that the initial solution also satisfies the positivity con-
straints. An L?-projection of the solution will in general not satisfy these constraints
for a nonsmooth solution. To ensure that the initial solution also satisfies the posi-
tivity constraints, we apply a constrained projection using the active set semismooth
Newton method given by Algorithm 3.1. The only difference is now that instead of
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(4.6) we use L2-projection

Lyi(U°) = M*T° — (uo, ¢

and combine this with the positivity constraints (4.7)—(4.8). Here ug denotes the ini-
tial solution. As the initial solution for the constrained projection we use in Algorithm
3.1 the standard L?-projection without constraints.

The positivity constraints are imposed at all element quadrature points since
only the solution at these quadrature points is used in the DG discretization. In one
dimension we use Gauss—Lobatto quadrature rules and in two dimensions product
Gauss—Legendre quadrature rules. Since the number of quadrature points in an el-
ement is generally larger than the number of degrees of freedom in an element, this
will result in an overdetermined set of algebraic equations and a rank deficit Jacobian
matrix if the number of active constraints in an element is larger than the degrees
of freedom N, in the element. In order to obtain in Algorithm 3.1 accurate search
directions h*, we use the Gauss-Newton method given by (3.12). This approach can
efficiently deal with the possible rank deficiency of the Jacobian matrix.

In practice, it will not be necessary to apply the inequality constraints in all ele-
ments, and one can significantly reduce the computational cost and memory overhead
by excluding those elements for which it is obvious that they will meet the constraints
anyway.

5. Numerical experiments. In this section, we will discuss a number of nu-
merical experiments to demonstrate the performance of the DIRK-DG scheme with
the positivity preserving KKT-Limiter. All computations were performed using the
default values for the coefficients listed for Algorithm 3.1, except that for the accuracy
tests discussed in section 5.1 we use € = 1071%. The upwind coefficient « in (4.4) is
set to a = 1. In all 1D computations, the local conservation constraint is imposed
and satisfied with an error less than 10712,

5.1. Accuracy tests. It is important to investigate whether the KKT-Limiter
negatively affects the accuracy of the DG discretization in case the exact solution
is smooth, but where also a positivity preserving limiter is required to ensure that
the numerical solution stays within the bounds. To investigate this, we conduct the
same accuracy tests as conducted in Qin and Shu [28, section 5.1]. Both the linear
advection and the inviscid Burgers’ equation are considered, which are obtained by
setting F'(u) = u and F(u) = $u?, respectively, and G(u) = v(u) =0 in (4.1).

Ezample 5.1 (steady state solution to the linear advection equation). We con-
sider

(5.1) ug + uy = sin? z, u(z,0) =sin’z, wu(0,t) =0,

with an outflow boundary condition at « = 2. The exact solution u(x,t) is positive
for all t > 0; see [28]. As the steady state solution we use the solution at ¢t = 500, when
all residuals are approximately 1076, During the computations, the CFL number is
dynamically adjusted between 10 and 89. For the time integration, an implicit Euler
method is used. In Tables 1 and 2, the results of the accuracy tests, without and with
the KKT-Limiter, are shown. The results in Table 2 show that the KKT-Limiter
does not negatively affect the accuracy. For all test cases, the optimal accuracy in
the L2- and L®-norms is obtained. Also, the limiter is necessary, as can be seen from
Table 1, and preserves the imposed positivity bound w, min = 10~ for the numerical
solution.
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Error table for steady state linear advection equation (5.1) without limiter.

p N L? error Order L®° error Order min up,
20 1.461068e-02 - 2.044253e-02 —5.169578e-03
40 | 3.702581e-03 1.98 5.287628e-03 1.95 —2.883487e-04
1 80 | 9.288342e-04 2.00 1.331962e-03 1.99 —1.208793e-05
160 | 2.324090e-04 2.00 3.336614e-04 2.00 —4.036603e-07
320 | 5.811478e-05 2.00 8.345620e-05 2.00 —1.282064e-08
20 | 9.287703e-04 - 1.776878e-03 - —4.952018e-05
40 1.177042e-04 2.98 2.489488e-04 2.84 —1.627459¢-06
2| 80 1.476405e-05 3.00 3.200035e-05 2.96 —5.149990e-08
160 | 1.847107e-06 3.00 4.027944e-06 2.99 —1.614420e-09
320 | 2.309385e-07 3.00 5.043677e-07 3.00 —5.049013e-11
20 | 5.653820e-05 - 1.230308e-04 - —3.877467e-05
40 | 3.583918e-06 3.98 7.803741e-06 3.98 —1.326415e-06
3| 80 | 2.247890e-07 3.99 4.950122e-07 3.98 —4.237972e-08
160 | 1.406175e-08 4.00 3.090593e-08 4.00 —1.331692e-09
320 | 8.790539e-10 4.00 1.935324e-09 4.00 —4.167274e-11
TABLE 2

Error table for steady state linear advection equation (5.1)

with limiter.

p N L? error Order L error Order min up,
20 1.464990e-02 - 2.044253e-02 - 9.998946e-15
40 | 3.702367e-03 1.98 5.287628e-03 1.95 9.999813e-15
1 80 | 9.288338e-04 2.00 1.331962e-03 1.99 1.000000e-14
160 | 2.324090e-04 2.00 3.336614e-04 2.00 1.000000e-14
320 | 5.811478e-05 2.00 8.345620e-05 2.00 1.000000e-14
20 | 9.290268e-04 - 1.776878e-03 - 1.000000e-14
40 1.177053e-04 2.98 2.489488e-04 2.84 1.000000e-14
2 80 1.476406e-05 3.00 3.200035e-05 2.96 1.000000e-14
160 | 1.847107e-06 3.00 4.027944e-06 2.99 1.000000e-14
320 | 2.309385e-07 3.00 5.043677e-07 3.00 1.000000e-14
20 | 5.742649e-05 - 1.230309e-04 - 9.999990e-15
40 | 3.592170e-06 4.00 7.803745e-06 3.98 1.000000e-14
3 | 80 | 2.248562e-07 4.00 4.950122e-07 3.98 1.000000e-14
160 | 1.406228e-08 4.00 3.090593e-08 4.00 1.000000e-14
320 | 8.790580e-10 4.00 1.935323e-09 4.00 1.000000e-14

Ezample 5.2 (steady state solution to the inviscid Burgers’ equation).

sider the inviscid Burgers’ equation

(5.2)

U + <;u2) = sin® (%), u(z,0) = sin? (%), u(0,t) =0,

We con-

with an outflow boundary condition at @ = 2. The exact solution u(z,t) is positive
for all ¢ > 0; see [28]. As the steady state solution we use the solution at t =

20.000, when all residuals are approximately 10716,

During the computations, the

CFL number is dynamically adjusted between 10 and 954. For the time integration,
an implicit Euler method is used. In Tables 3 and 4, the results of the accuracy tests,
without and with the KKT-Limiter, show that the KKT-Limiter does not negatively
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affect the accuracy. For all test cases, optimal accuracy in the L?- and L>-norms is
obtained. Also, the limiter is necessary and preserves the imposed positivity bound
U min = 107 for the numerical solution.

TABLE 3
Error table for the steady state inviscid Burgers’ equation (5.2) without limiter.

p N L? error Order L°° error Order min up,

20 | 2.110016e-03 - 3.387013e-03 - —2.347303e-03
40 5.230241e-04 2.01 8.577912e-04 1.98 —5.865522e-04
1| 80 | 1.297377e-04 2.01 2.151386e-04 2.00 —1.466204e-04
20 | 2.122765e-05 - 3.024868e-05 - —1.048636e-05
40 | 2.623666e-06 3.02 3.731754e-06 3.02 —6.681764e-07
2 | 80 | 3.266401e-07 3.01 4.634046e-07 3.01 —4.196975e-08
20 2.985321e-07 - 1.895437e-06 - 1.895437e-06
40 | 1.452601e-08 4.36 1.196963e-07 3.99 1.196963e-07
3 | 80 | 7.368455e-10 4.30 7.500564e-09 4.00 7.500564e-09
160 | 3.948207e-11 4.22 4.346084e-10 4.11 4.346084e-10

TABLE 4
Error table for steady state inviscid Burgers’ equation (5.2) with limiter.

p N L? error Order L error Order min up,

20 | 2.208009e-03 - 3.637762e-03 - 9.999813e-15
40 | 5.358952e-04 2.04 9.282398e-04 1.97 1.000003e-14
1| 80 | 1.313948e-04 2.03 2.339566e-04 1.99 1.000003e-14
20 | 2.116746e-05 - 3.024864e-05 - 1.000003e-14
40 | 2.622584e-06 3.01 3.731752e-06 3.02 1.000139e-14
2 | 80 | 3.266221e-07 3.01 4.634046e-07 3.01 1.000040e-14
20 | 2.985321e-07 - 1.895437e-06 - 1.895437e-06
40 | 1.452601e-08 4.36 1.196963e-07 3.99 1.196963e-07
3 | 80 | 5.610147e-10 4.70 1.574760e-09 6.25 1.000105e-14
160 | 3.232240e-11 4.11 9.038604e-11 4.12 1.000017e-14

5.2. Time-dependent tests. In this section, we will present results of simu-
lations of the linear advection, Allen—Cahn, Barenblatt, and Buckley—Leverett equa-
tions. The order of accuracy of the DIRK time integration method is always p + 1,
with p the polynomial order of the spatial discretization. The minimum value of the
residual F'(z) and Newton update d in Algorithm 3.1 to stop the Newton iterations is
€ = 1078 for each DIRK stage. This is a quite strong stopping criterion, and in prac-
tice the values are often smaller at the end of each DIRK stage. It is also important to
make sure that the Newton stopping criterion is in balance with the accuracy required
for the constraints. If the algebraic equations are not solved sufficiently accurate, then
it is not likely that the KKT-constraints will be satisfied.

The time step for the DIRK method is dynamically computed, based on the CFL
or diffusion number. If the Newton method does not converge within a predefined
number of iterations, then the computation for the time step will be restarted with
At/2. This is generally more efficient than conducting many Newton iterations. In
the next time step, the time step will then be increased to 1.2A¢, until the maximum

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 01/18/24 to 222.195.81.118 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

A2052 J. J. W. VAN DER VEGT, YINHUA XIA, AND YAN XU

CFL number is obtained. In practice, depending on the severity of the nonlinearity,
the time step will be constantly adjusted during the computations.

Ezample 5.3 (1D linear advection equation). We consider (5.1) with a zero
right-hand side in the domain Q = [0,10] and periodic boundary conditions. The
exact solution is

u(z,t) = max(cos(2m(x — ¢)/10),0) forxz € Q, t € [0,T].

A constrained projection of u(z,0) onto the finite element space V' is used as the
initial solution wp(x,0). The computational mesh contains 100 elements, and the
maximum CFL number is 1. In Figures la, 1lc, and 1d, the exact and numerical
solutions at time ¢ = 20 are plotted for, respectively, polynomial orders 1, 2, and
3. At this time the wave has traveled twice through the domain and the numerical
solution matches very well with the exact solution. Also plotted is the value of the
Lagrange multipliers used to impose the positivity constraint ws min = 10719, These
plots clearly show that the limiter is only active at locations where the constraint must
be imposed and not in the smooth part of the solution. In Figure 1b, the solution
for polynomial order p = 1 without the KKT-Limiter is plotted, which clearly shows
that without the limiter the solution is significantly below the v = 0 minimum of the
exact solution u(x,t).

Ezample 5.4 (2D linear advection equation). The KKT-Limiter is also tested on
a 2D linear advection equation, which is obtained by setting F(u) = cu, with ¢ =
(-1,-2), and G(u) = v(u) = 0 in (4.1). The domain Q = [0,3]? with periodic
boundary conditions is used in the computations. The computational mesh contains
30 x 30 elements. The exact solution is

w(z,t) = max(cos(2m(z + t)/3) cos(2n(y + 2t)/3),0) forx € Q,t € [0,T).

A constrained projection of u(z,0) onto the finite element space V' is used as the
initial solution wup(z,0). The maximum CFL number is 1. In Figure 2a the numerical
solution is shown at ¢t = 6.3428 and in Figure 2b the values of the Lagrange multipliers
used to enforce the positivity constraint wuj, min = 1070, Comparing Figures 2a and
2b clearly shows that the KKT-Limiter is only active in those parts of the domain
where the solution needs to satisfy the positivity constraint and not in the smooth
part.

Ezample 5.5 (1D Burgers’ equation). In order to test the KKT-Limiter on prob-
lems with time-dependent shocks, we consider the 1D Burgers’ equation on a domain
Q = [-1,1] with initial condition uy = max(cos(wx),0) and periodic boundary con-
ditions. The polynomial order is p = 3. As lower and upper bounds in the positivity
preserving limiter we use, respectively, ©j, min = 107'° and up mayx = 1, and no mono-
tonicity constraint is imposed. The initially smooth part of the solution develops into
a shock. The onset of the shock is shown in Figure 3a and the later stages of the
shock at ¢ = 0.65 in Figure 3b. Figure 3c shows the solution when the conservation
constraint (4.9) is not explicitly enforced. The difference in the shock solution for
the discretizations with and without the explicitly imposed conservation constraint is
very small. The main reason for this is that the KKT-Limiter is only active in regions
where the constraints must be imposed and does not affect the discretization at other
places in the domain. This can be seen from the values of the Lagrange multipli-
ers that are used to impose the positivity constraints, which are indicated with red
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Fi1G. 1. Ezample 5.3, 1D advection equation: (a), (c), (d) numerical solution up with positivity
preserving limiter, polynomial order, respectively, p =1, 2, and 3; (b) numerical solution up without
positivity preserving limiter, polynomial order p = 1. Computational mesh 100 elements. Values of
the Lagrange multiplier used in the positivity preserving limiter larger than 10710 are indicated in
(a), (c), and (d) with a red (open) circle.

circles, and are only nonzero in the vicinity of the shock and at locations where the
solution has a discontinuous derivative. The KKT-Limiter to ensure the positivity
constraints therefore has a very small effect on the conservation properties of the DG
discretization, as can be seen by comparing Figures 3b and 3c.

Ezample 5.6 (Allen-Cahn equation). The Allen—Cahn equation is a reaction-
diffusion equation that describes phase transition. The Allen—Cahn equation is ob-
tained by setting G(u) = u® —u, v(u) = 7, and F(u) = 0in (4.1). The solution of the
Allen—Cahn equation should stay within the range [0,1]. Hence, we apply both the
positivity and the maximum preserving limiters, respectively, (4.7)—(4.8) with bounds
Uhmin = 107 and upmax = 1 — 1071%. A constrained projection of u(x,0) onto the
finite element space V}” is used as the initial solution uy(z,0).

Ezample 5.6a (1D Allen—-Cahn equation). As the test case we use the traveling
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(a) (b)
Fi1c. 2. Ezample 5.4, 2D advection equation: (a) solution up, (b) Lagrange multiplier. Com-

putational mesh 30 x 30 elements, polynomial order p = 3. Values of the Lagrange multiplier used
in the positivity preserving limiter larger than 10710 are indicated in (b) with a red asterisk.

wave solution

w(z, t) = % (1 ~ tanh (;\;;)) ,

with wave velocity s = 3/7/2. The computational domain is Q = [—3,2]. If the
mesh resolution is sufficiently dense such that the jump in the traveling wave solution
is well resolved, then no limiter is required. For small values of the viscosity, the
solution will, however, violate the positivity constraints, except on very fine meshes.
In Figures 4a and 4b, respectively, the numerical solution u; and its derivative @}, and
the exact solutions are shown for the viscosity # = 107> on a mesh with 100 elements
and polynomial order 3 for the basis functions. The values of the Lagrange multiplier
used to impose the positivity constraints are also shown in Figure 4a. The solution has
a very thin and steep transition region, but the wave speed is still correctly computed
by the LDG scheme and the KKT limiter ensures that both the positivity and the
maximum constraints are satisfied.

Ezample 5.6b (2D Allen-Cahn equation). For the 2D test case, the computational

domain is 2 = [—%, 2)? and the computational mesh contains 30 x 30 elements. The

viscosity coefficient is selected as 7 = 10™%. As the test case we use the initial solution

u(,0) = i (1 — tanh (2\:/%» (1 — tanh (2\1/%)) :

whose values are also used as boundary conditions for £ > 0. At this mesh resolution
a positivity preserving limiter is necessary. The numerical solution shown in Figure
Ha has steep gradients, and the positivity preserving limiter ensures that the bounds
are satisfied. The locations where the limiter are active can be seen in Figure 5b,
which shows the values and locations of the Lagrange multipliers used to impose the
bounds in the DG discretization.

Ezample 5.7 (Barenblatt equation). The Barenblatt equation, which models a
porous medium, is obtained by setting v(u) = mu™"' m > 1, and F(u) = 0,
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Fic. 3. FEzample 5.5, 1D Burgers’ equation: (a)—(c) solution up and Lagrange multiplier.
The solution in (a) and (b) is computed with local conservation imposed as an explicit constraint,
whereas (c) shows the solution without explicitly imposing local conservation. Computational mesh
80 elements, polynomial order p = 3. Values of the Lagrange multiplier used in the positivity
preserving limiter larger than 10710 are indicated with a red (open) circle.

G(u) =0 in (4.1). The exact solution is

1

01 ),

om 28

ult, ) = t° (c -

with o = o, B= 1, n = dim(Q), (z)4+ = max(z,0), and C > 0. We selected
C =1 and m = 8. The solution should be positive or zero for ¢ > 0. The initial
solution for the computations is the constrained projection of u(x,1) onto the finite
element space V7. In the computations, Dirichlet boundary conditions are imposed,

where the solution for ¢ > 0 is fixed at the same level as the initial solution.

Ezample 5.7a (1D Barenblatt equation). We first consider the 1D Barenblatt
equation on the domain 2 = [-7, 7] using a computational mesh of 100 elements. In
Figure 6, the numerical solution without the use of a limiter is shown. It is clear
that near the boundary of u(t,z) > 0, where the derivative of u becomes unbounded,
significant negative values of uy, are obtained. These cause severe numerical problems
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(a) up, - with limiter (b) Qp, - with limiter

F1G. 4. Ezample 5.6a, 1D Allen—Cahn equation: (a) numerical solution up and exact solution
u, (b) derivative of numerical solution Qp and ezact derivative Du. Computational mesh 100
elements, polynomial order p = 3. Values of the Lagrange multiplier used in the positivity and
mazimum preserving limiters larger than 10710 are indicated in (a) with a red (open) circle.

Time 5 Time 5

(a) (b)

Fi1G. 5. Ezample 5.6b, 2D Allen—Cahn equation: (a) numerical solution up, and (b) Lagrange
multiplier. Computational mesh 30 X 30 elements, polynomial order p = 3. Values of the Lagrange
multiplier used in the positivity and mazimum preserving limiters larger than 10710 are indicated
in (b) with a red asterisk.

and do not allow the continuation of the computations.

Ezample 5.7b (2D Barenblatt equation). In Figures 7a and 7b, respectively, the
numerical solution uy of the 2D Barenblatt equation and the values of the Lagrange
multiplier are shown at time ¢ = 2 on a mesh of 50 x 50 elements. In these computa-
tions, the KKT-Limiter was used, which successfully prevents the numerical solution
up, from becoming negative, which is shown in Figure 7c. The imposed constraint
is Upmin = 10710, Figure 7c also shows an excellent agreement between the exact
solution u and the numerical solution wuy,.

Ezample 5.8 (1D Buckley—Leverett equation). The Buckley—Leverett equation
models two phase flow in a porous medium. We consider two cases, respectively, with
and without gravity. Since the solution has to be strictly inside the range [0, 1], we use
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Time 1.1352

12 T

T
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Fic. 6. Example 5.7a, 1D Barenblatt equation: numerical solution up without limiter and exact
solution u. Computational mesh 100 elements, polynomial order p = 3.

both the positivity and the maximum preserving limiters, with bounds upmin, = 10710
and Upmax = 1 — 10719 respectively. The computational domain is = [0,1]. A
Dirichlet boundary condition at z = 0, based on the initial solution, and an outflow
boundary condition at x = 1 are imposed. The viscosity coefficient is 7 = 0.01.
Since we do not have an exact solution to compare with, we compute the numerical
solution on two meshes, namely with 100 and 200 elements. The two test cases given
by Examples 5.8a and 5.8b are also considered in [21].

Ezample 5.8a (1D Buckley—Leverett equation without gravity). The 1D Buckley—
Leverett equation without gravity is obtained by setting G(u) = 0, and v(u) and
F(u) = f(u), respectively, as

4vu(l — u) ifo0<u<l,
v(u) = .
0 otherwise;

0 if u <0,
1 ifu > 1.

The initial condition is

0.99 — 3z, 0<z<0.33,
u(@,0) = 0 Leg<i
; 3 = L

The numerical solution u;, and its derivative @y, are shown in, respectively, Figures 8a
and 8b. Also, the values of the Lagrange multiplier used to enforce the constraints are
shown in Figure 8a. The limiter is only active in the thin layer between the phases and
is crucial to obtain sensible physical solutions. The results of 100 and 200 elements
match well.

Ezample 5.8b (1D Buckley—Leverett equation with gravity). A much more difficult
test case is provided by the Buckley—Leverett equation with gravity, which is obtained
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Time 2
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Fic. 7. Ezample 5.7b, 2D Barenblatt equation: (a) solution up, (b) Lagrange multiplier, (c)
numerical solution up and exact solution u in cross-section at y = 0. Computational mesh 50 x 50
elements, polynomial order p = 3. Values of the Lagrange multiplier used in the positivity preserving
limiter larger than 10710 are indicated in (b) with a red asterisk.

by modifying the flux F(u) as

fw)( =51 -u)?), u<l,

F(u) =
() 1 u > 1,

with f(u) given by (5.3). The initial solution is

0, 0<z<a,
u(z,0) = { - (x — a), a<x§1—%,
1
1, 1- L <e<t,

witha =1— % — mh, h the mesh size, and m = 3. The linear transition for x in the
range [a,1 — %] is used to remove the infinite value in the derivative, which would

otherwise result in unbounded values of @}, at t = 0. The Buckley—Leverett equations
with gravity result in a strongly nonlinear problem where the equations change type
and are a severe test for the KKT-Limiter and semismooth Newton algorithm. The
solution u; and values of the Lagrange multiplier are shown in Figure 8c and the
derivative Q) in Figure 8d. The results on the two meshes compare well, and the
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limiter ensures that the positivity and maximum bounds are satisfied.

Time 0.2 x107® Time 0.2
6

1ok * Uh 100 elements * Qh 100 elements
Uh 200 elements Qh 200 elements ‘*

© Lambda o

X X
(a) up, - no gravity (b) Qp - no gravity
Time 0.2 x1010 Time 0.2
T T T T T T T T T 6 50 T T T T T T T T T
ol * Uh 100 elements
h Uh 200 elements 155 Qh 200 elements
O Lambda 40 1

Lambda
Q

20 L L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1
X X

(c) up - gravity (d) Qp - gravity

Fic. 8. Ezample 5.8a, 2D Buckley—Leverett equation without gravity: (a) numerical solution
up, (b) numerical solution derivative Qp. Example 5.8b, 1D Buckley—Leverett equation with gravity:
(¢) numerical solution up, (d) numerical solution derivative Qp. Computational meshes 100 and
200 elements, polynomial order p = 3. Values of the Lagrange multiplier used in the positivity and
mazimum preserving limiters larger than 10710 are indicated with a red (open) circle in (a) and (c).

The number of Newton iterations necessary to obtain a minimum value 1078
for the residual F(z) and Newton update d in Algorithm 3.1 to stop the Newton
iterations for each DIRK stage strongly varies. It depends on the type of equation,
time step, and nonlinearity. In general, the time step is chosen such that the number of
Newton iterations for each DIRK stage is between 5 and 20. For most time-dependent
problems, the CFL number is then close to one, which is necessary to ensure time
accuracy. Only for the Buckley—Leverett equation with gravity did the time step
frequently have to be less than one in order to deal with the strong nonlinearity of
the problem. In the computations, we did not observe a minimum time step to ensure
positivity, as noticed in [28].

6. Conclusions. In this paper, we present a novel framework to combine positiv-
ity preserving limiters for DG discretizations with implicit time integration methods.
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This approach does not depend on the specific type of DG discretization and is also
applicable to, e.g., finite volume discretizations. The key features of the numerical
method are the formulation of the positivity constraints as a KKT-problem and the
development of an active set semismooth Newton method that accounts for the non-
smoothness of the algebraic equations. The algorithm was successfully tested on a
number of increasingly difficult test cases, which required that the positivity con-
straints are satisfied in order to obtain meaningful results. The KKT-Limiter does
not negatively affect the accuracy for smooth problems and accurately preserves the
positivity constraints. Future work will focus on the extension of the KKT-Limiter
to ensure also monotonicity of the solution.

Appendix A. Derivation of Clarke directional derivative. For com-
pleteness, we give here a derivation of the terms (3.8d) and (3.8e) in the Clarke
directional derivative of F(z) in (2.2). We will follow the approach outlined in [17].
Define z := (z,, ), z := (%, /i, ), d := (u,v,w) € RP, with p = n + [+ m. Con-
sider F'(2) = Fyyn1i(2), i € B(2). The other Clarke directional derivatives of F are
straightforward to compute. If we consider (3.2) only for the contribution of F(2) to
the merit function to #(z) and use (2.2) and a Taylor expansion of F(z) around z,
then we obtain

0°(z;d) = limsup 1 (F(z), min(—g(Z + tu), A + tw) — min(—g(7), 5\))

Z—2z,t[0T

limsup — (F( ), min(—g(x) — J(Z + tu — x), A + tw)

Z—2,tL0T
—min (- g(x) = J(@ — ), ) ),

with J := D,g(z) € R™*"™. Here higher order terms are omitted since they will
become zero in the limit. Define h(z) := —g(x) + Jx; then

(A1) 0°(z;d) = limsup 1(F'(z), min(—JZ — tJu + h(x), A + tw)

Z—2z,t[0T
— min(—JZ + h(x), 5\)>

For u € R™,w € R™, define r € R™ by

r; <0on Sy :={i € B(2) | Fi(z) > 0, —(Ju); > w;
(A.2a) U{i € B(2) | Fi(2) <0,—(Ju); < w;},
ri >0o0n Sy :={i € B(z) | Fi(z) >0, —(Ju); < w;}
(A.2b) U{i € B(2) | Fi(z) < 0,—(Ju); > w;}.
Let £ € R™ be such that
(A.3) —JZ+h(z)=X+7.

Note that such an Z exists for i € 3(z) since (A.3) is equivalent to —Ju = w +r with
u=2—x and w = A — A as components of the search direction d. Choose ¢ € (0,%3)
for tz > 0 such that

(A4a) (—J.f + h(l‘) — tJu)i < (;\ + tw)i fori € S,
(A.4b) (=JZ + h(z) —tJu); > (A +tw); forie€ Ss.
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Note that such a t; exists; see Remark A.1. We then obtain

(=JZT + h(x) —tJu); fori € Sy,

min((—Jz + h(z) — tJu);, (A + tw);) = {()\ +tw); for i € S.

Use now (A.3) and (A.2); then

min((—Ja_s + h(l‘))“ 5\1) e mln(jw + 7, /\z) =

- X+ foriels;,
by for i € Ss.

Combining the above results and using (A.3) again gives
min((—JZ + h(x) — tJu);, (A + tw);) — min((=JZ + h(z))s, ;)

) —t(Ju); for i € Sy,
B tw; for i € Sy

) tmax(—(Ju)s, w;) if F3(2) >0,
~ \tmin(—(Ju);,w;) if Fi(z) <0.

Taking the limit in (A.1) and using (3.3) for 6(z;d) then gives (3.8d) and (3.8e).

Remark A.1. Conditions (A.2) imply (A.4). Use —JZ + h(x) = A+ 7 in (A.4);
then we obtain

(A5) (r — tJu)l <tw; forie Sl,
(A.6) (r—tJu); > tw; forie Ss.

I If i € S1, Fy(2) > 0, then from (A.2a) we obtain —(Ju); — w; > 0 and (A.5)
implies r; + t(—(Ju); — w;) < 0. Choose t < —Fa)=w; = te- Since r; < 0 and
—(Ju); —w; >0 for i € 5y, F;(z) > 0, we obtain that t; > 0.

IT. If ¢ € Sy, Fi(z) < 0, then (A.2a) implies —(Ju); — w; < 0 and (A.5) gives
r; + t(—(Ju); — w;) < 0. Since both r; and —(Ju); — w; < 0, any ¢ > 0 will imply
(A.5).

The proof for i € Sy is completely analogous and is therefore omitted. Hence
there exists a t; > 0 for (A.4).

Appendix B. Verification of conditions for quasi-directional derivative.
In this section, we show that the quasi-directional derivative (3.9) satisfies the con-
ditions stated in (3.5), which are necessary to ensure convergence of the Newton
algorithm defined in Algorithm 3.1.

Consider condition (3.5a): First note that

F{(z;d) = F{(2;d) = Gi(z;d), i € Ny,
F{ . (zd) = F&n(z;d) = Giyn(2z;d), 1 € Ny,

(2

Fiyni(zd) = F(2d) = Gipnga(2id), 0 € as(2) Urs(2),
since a5(2) U7s(2) C a(z) Uy(z). If i € Bs(z) and Fippnti(z) <0, then

min(—(Ju)i, wi) S —(J’U,)i, Wi .
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Since Fiin4i(z) < 0, this implies

Fijn(2) min(=(Juw)i, wi) 2 Fipn1(2)(—(Ju)i), Fipnga(2)w;.

If i € B5(z) and Fiyp4i(2) > 0, then

—(Ju)s,w; < max(—(Ju);, w;).

Hence, since F;y,4(z) > 0, this implies

Fin1(2)(=(Ju)i), Fign1(2)wi < Figpnyi(z) max(—(Ju)s, w;).

Comparing all terms then immediately shows that G(z;d) satisfies (3.5a) and (3.5¢).
Condition (3.5b) directly follows from the definition of G in (3.5).
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