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polynomials spaces of degree p = 0, 1,2, and 3 are considered and discretized in time using
a number of different strong-stability-preserving (SSP) Runge-Kutta time discretization
methods. Two structured triangular grid configurations are analyzed for wave propagation
in different directions. Approximate relations between the two-dimensional CFL conditions
derived here and previously established one-dimensional conditions can be observed after
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Difwmmuous Galerkin defining an appropriate triangular grid parameter h and a constant that is dependent on the
Strong-stability-preserving polynomial degree p of the DG spatial approximation. Numerical results verify the CFL con-
Runge-Kutta ditions that are obtained, and “optimal”, in terms of computational efficiency, two-dimen-

sional RKDG methods of a given order are identified.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Runge-Kutta discontinuous Galerkin (RKDG) methods are a widely used approach for the solution of time-dependent,
hyperbolic and advection dominated advection-diffusion equations - see, for example, [1,2,5-9,14,19]. The methods have
been used to model a wide range of physical phenomena such as gas dynamics, electromagnetics, shallow water flow,
and advection of contaminants. Application of RKDG methods proceeds along the classical notions of the method of lines
whereby the partial differential equation(s) (PDEs) are first discretized in space using a DG method, which produces a system
of ordinary differential equations (ODEs), and then discretized in time using a special class of explicit RK time discretization
methods. When using explicit methods it is well known that the grid spacing and the time step At that are employed must
satisfy a CFL condition in order to guarantee stability.

For RKDG methods using DG spatial discretizations of polynomials of degree p = k — 1 and a k stage RK method of order k
(such a method is referred to as a kth order RKDG method), Cockburn and Shu [9] give an approximate CFL condition for
linear stability of the form:

At 1
—<

|C‘Ax\2pT’ (1)

where | c | is the wave speed associated with the given problem and Ax is the uniform grid spacing. This condition is, in fact,
exact for the cases p = 0 and p = 1 (the case p = 0 can be proven trivially and the case p = 1 was proven in [7]). Furthermore,
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for p > 2, this estimate was observed to be less than 5% smaller than numerically-obtained estimates of the CFL condition
[9].

Given the somewhat restrictive nature of (1), especially as p increases, the stability of RKDG methods using so-called
strong-stability-preserving (SSP) RK methods where the number of stages s is greater than the order k of the method were
examined in [15] with the goal of obtaining more efficient RKDG methods. Necessary time step restrictions for stability were
derived and “optimal” RKDG methods, in terms of computationally efficiency, were identified. For an RKDG method of a gi-
ven order, the computational efficiency is a function of both the CFL condition and the number of stages of the SSP RK meth-
od. In the majority of cases examined in [15], use of the s > k SSP RK methods was more efficient than the standard practice
of using the s = k methods. This was due to gains in allowable time step size afforded by improved CFL conditions for linear
stability that were large enough to offset the additional work introduced by the increased number of stages. It was found that
optimal RKDG methods were generally obtained by using one or two additional stages than theoretically required for a given
order.

The work cited above has been for one-dimensional RKDG methods. In recent numerical experiments, we have noted that
simple two-dimensional analogs of these CFL conditions do not appear to be sufficient for stability in two-dimensions on
structured triangular grids. Therefore, in this paper, we seek to extend the types of one-dimensional analyses performed
in [7,9,15] to RKDG methods in two-dimensions. Specifically, we derive necessary time step restrictions, which also appear
to be sufficient, for the stability of RKDG methods on structured triangular grids applied to the constant coefficient, two-
dimensional transport equation with periodic boundary conditions. Two different structured triangular grid patterns are
examined on which we consider wave propagation in different directions. For these grids, the stability of RKDG methods
of order k = 1,2, 3, and 4 are considered. In the case of the first-order RKDG method, which is equivalent to a first-order finite
volume method, CFL conditions are derived analytically by first constructing the semidiscrete DG equations over a repeating
grid generation pattern, explicitly computing the eigenvalues of the resulting matrices, and then calculating the necessary
restrictions so that, when scaled by the time step At, these eigenvalues lie within the stability region of a given RK method.
For the first-order RKDG method, an exact relationship between the one- and two-dimensional CFL conditions is found once
an appropriate triangular grid spacing parameter h is defined. For the higher-order methods, we use a semi-analytical ap-
proach in which the discrete equations are explicitly constructed as before but with the eigenvalues of the resulting matrices
being computed numerically and then checked for the stability condition at a discrete number of points. In the high-order
cases, approximate relationships between the one- and two-dimensional CFL conditions can be observed using the previ-
ously defined grid parameter h and a constant that is dependent on the polynomial degree p of the DG spatial discretization.
The validity of these derived CFL conditions are demonstrated on numerical examples.

This paper is outlined as follows: First, in Section 2, we give a brief overview of the DG spatial discretization of the linear,
two-dimensional transport equation using triangular elements, and we present the two structured, triangular grid patterns
that will be considered in our stability analysis. Next, in Section 3, we review some aspects of RK time stepping methods that
are pertinent to our objective of deriving CFL conditions. We begin by presenting the general form of the RK methods that are
used and the so-called SSP theorem in Section 3.1 — noting some important facts related to this theorem that are specific to
the application of SSP RK methods to the semidiscrete DG equations. This is followed by a brief overview of the stability of RK
methods in Section 3.2. We then derive CFL conditions for RKDG methods using polynomials spaces of degree p = 0,1, 2, and
3 and “matching order” SSP RK methods in Section 4. Several different SSP RK methods are examined, ranging from two to
eight stages, and “optimal” two-dimensional RKDG methods, in terms of computational efficiency, are identified for a given
order. This is followed by a brief subsection in which approximate relationships between the one- and two-dimensional
RKDG CFL conditions are established. Finally, in Section 5, numerical results are presented that verify our stability analysis.

2. The discontinuous Galerkin spatial discretization

In this section, we consider the DG spatial discretization of the transient, two-dimensional, linear conservation law or
transport equation over a domain Q ¢ R? with periodic boundary conditions:

Z—Lt’+v.cu:o in Qx(0,7T] 2)

ux,y,0)=up on @,

with the vector ¢ = ||c||(cos 0, sin 0) (assumed to be constant) where ||c|| and 0 are the magnitude and direction of wave prop-
agation, respectively, and i, is an initial condition.

Partitioning the domain Q into a set of elements Q, a weak formulation of the problem is obtained by multiplying Eq. (2)
by a sufficiently smooth test function v and integrating by parts over each element:

%udef Vv-ch+/ uc - nvds = 0,
QF t QF JIg

where n denotes the outward unit normal vector of I't the boundary of Q.
Applying a DG method, the true solution u is approximated by u, € U, and the test function v is chosen such that
v = v, € U, where Uy, is the space Pk(QE) of polynomials of degree k defined on Q. Due to the fact that c° continuity is
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not enforced between elements in the DG method, the flux f = uc - n along the boundaries I't must be approximated by a
numerical flux f, which in the present case can be defined by upwinding:

+ | up(c-ne) if ¢ne>0
uy(c-ne) if ¢ ne<O,

where u; and u} are the DG solution values computed on the (—) and (+) sides of the edge, respectively, as shown in Fig. 1,
which is dictated by the orientation of the outward unit normal n. of an edge e.
Thus, the discrete weak form of the problem takes the following form:

/ aﬂvhdg—/ Vv -cdQ+ [ frpds=0.
% o

ot e
Insomuch as to define notation that will be used in Section 4, we note the following. The triangular elements Q¢ are mapped
to a reference element Q¢ defined in a local coordinate system (&, &) as shown in Fig. 2. Using the inverse of this mapping,
derivatives of the test functions v, with respect to the (x,y) coordinates occurring in Eq. (2) can be computed via the
equations:

ovy, 1 vy oV
™A {0& —Y1)£+ (2 —Y2)@}
ovy, 1 vy vy

@:Aig {(?ﬁ *&)@4’()‘2 *Xl)@}

where (x1,y,), (x2,Y,), and (x3,y;) are the coordinates of the vertices of Q¢ numbered locally in a counter-clockwise manner
and Ag is the area of element Q. Related to these derivatives, we define the following elemental matrices and vectors:

S ~() 1[y3=Yi, ¥ —}’}
_ e @)y _ 3 1 1 2
=X, X = — .

e %] AE{XI*X&, X, — X1

In what follows, we will derive time step restrictions necessary for the stability of the RKDG methods applied to Eq. (2) for
the two structured grid configurations shown in Fig. 3, which can be thought of as being obtained by simply repeating the
grid generation patterns shown in bold in block m, n. Grid pattern I consists of right isosceles triangles obtained by bisecting
a square grid pattern to the left. Grid pattern Il is made of equilateral triangles. Note also in Fig. 3 that we define the direction
of propagation 0 with respect to the x-axis (counterclockwise positive).

3. Runge-Kutta methods

In this section, we review some aspects of RK methods that are pertinent to the present analysis.

Fig. 1. The (+) and (—) sides of a given edge e.

¢
(23, 3) ’

Y /\ (-1,1)

(z1,91) ¢1
(z2,y2)

T (—1,-1) (1,-1)

Fig. 2. Definition of the master element in the local ({;,{,) coordinate system.
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Fig. 3. The 2 grid configuration patterns considered in the stability analysis.

3.1. Strong-stability-preserving Runge-Kutta methods

Consider an explicit s-stage RK method written in the so-called Shu-Osher representation [20]:

u(o) :un
) i-1
u(l) = Z{OC”U(I) + AtﬂilF(u(’))}7 i= 1727 S S (3)
=0
un+1 :u(s).
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If, in addition to the constraints placed on oy and f; relating to order (see, for example, [3]) and consistency
(Z};(')oci, =1,i=1,2,...,s), the following additional constraints are enforced:

()(xl[ >0 and ﬁ,l/
(iay =0 onlyif p; =0, (4)

then the RK method can be written as a convex combination of forward Euler steps with time step sizes %At, ie.

un+1 _ (s

Such a RK method is referred to as a strong-stability-preserving (SSP) RK method, the name being based on the following
theorem (see, for example, [13]):

Theorem 1 (The SSP Theorem). If the forward Euler method applied to the spatial discretization F is (strongly) stable in a given
norm or semi-norm under the CFL condition At < Atge then the Runge-Kutta method (3) with constraints (4) preserves that
stability under the CFL condition:

At < KAt[:E, (5)

where K = mm( L) with /;' = oo for B; =0

Much of the research in the area of SSP methods has focused on finding optimal SSP RK methods - that is, the SSP RK
method (5) for which x is a maximum under the given constraints placed on the o; and gy, see, for example, [18].

It is interesting to note, however, that the SSP Theorem does not provide the criteria for linear (L?) stability of the SSP RK
methods applied to semidiscrete p = k — 1 DG approximations with k > 2, due to the fact that for these cases the forward
Euler method applied to the semidiscrete equations is unconditionally-unstable for a fixed Courant number v = cAt/Ax. This
was proven explicitly for the case k = 2 in [4], and the result carries over to all p = k — 1 DG spatial discretizations for k > 2
[7]. Thus, in order to establish necessary time step restrictions for the linear stability of the RKDG methods the complete RK
method must be analyzed. This is discussed in more detail in the next subsection.

The condition given in Theorem 1 does, however, play a role in the establishing the time step criteria necessary for the
TVD (or TVB) property of the RKDG method (and also the linear stability of the k = 1 RKDG case), since to establish the TVD
(TVB) property of the RKDG methods a slope limiter is applied that renders the forward Euler method TV-stable under an
appropriate CFL condition (see, for example, [9]). In two-dimensions, where enforcing the TVD property is incompatible with
higher-order accuracy [11], a slope limiter can be applied to enforce a maximum principle when using the forward Euler
method. The timestep restriction for TV-stability or enforcement of a maximum principle for a given SSP RK method is then
provided by condition (5). However, in general, these conditions are much weaker than those required for linear stability,
and, as pointed out in [9] and as demonstrated numerically in [15], it is the linear stability condition that must be respected
or the high-order accuracy of the methods will degenerate to first-order. This fact prompted the investigation of the class of
stage-exceeding-order (i.e. s > k) SSP RK methods applied to the semidiscrete DG equations presented in [15] in order to
determine one-dimensional RKDG methods that are optimal in terms of computational efficiency, which is function of both
the CFL conditions for linear stability and the number of stages of a given RK method. In all the cases examined in that work,
optimal RKDG methods were obtained using RK methods with one or more additional stages than the order of the method.
For this reason, the s > k RK methods are also examined here in the two-dimensional setting.

3.2. The stability of Runge-Kutta methods

Associated with each s-stage, kth order RK method is a so-called characteristic polynomial P, obtained by applying the
given RK method to the prototypical, scalar equation @t =/u where 1< C, which can be written in the form
u™1! = P (z = AtA)u". For example, the classic 2-stage, 2nd-order RK method (or modified Euler method) written in the
Shu-Osher representation applied to this equation gives:

u® =y 4z
1 1 1
n+l _ 1),
utt =5 U+ = 5 T 5 ~zu'

Substituting u(" into the equation for u™*" and simplifying gives:

1
un+1 — (1 +Z+jz2> un
————
Py2(2)

Thus, linear stability of the RK method is guaranteed provided:
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IPsk(2)| < 1, (6)

where | - | is the complex modulus |x + iy| = \/x2 +¥? (x and y are real numbers and i = v/—1). The set in the complex plane
for which condition (6) is satisfied is the so-called region of absolute stability S of the given Runge-Kutta method, that is:

S={z:|Ps(z)] < 1]}.
In terms of S then, condition (6) can be written as:
Ati CS. (7)

In Fig. 4, we plot the regions of absolute stability for several of the SSP RK methods considered here where we have used the
notation SSP (s, k) to denote an s stage, kth order SSP RK method.

In the case of applying an RK method to a system of equations, i.e. when the scalar 4 in the equation considered above is
replaced by a matrix L, the issue of stability is a more delicate issue. If the matrix L, is normal (see, for example, [22]) then
stability is guaranteed if condition (7) holds for each eigenvalue /. of L. In the general case, however, condition (7) is only a
necessary, and not a sufficient, condition for stability. Necessary and sufficient conditions in the general (non-normal) case
can be expressed in terms of the pseudospectra of L, see, for example, [16]. Here, with the exception of the k = 1 RKDG case,
we will content ourselves with finding necessary conditions according to (7). These conditions also appear to be sufficient as
will be demonstrated in the numerical results section.

m(z)

SSP(5.3)

SSP(3,2)

S8P(2,2)

(a) SSP(s,2)

6r—
N
E
— SSP(8.4)
T T
41 SSP(7.4)
SSP(6.4)
2r SSP(5.4
of
-2}
—4f
-
Re (z)
8 -9 -8 -7 -6 -5 —4 3 -2 -1 0 1

(c) SSP(s,4)

Fig. 4. Regions of absolute stability for the various SSP (s,k) RK methods.
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4. Stability analysis

The discrete equations for the grid generation patterns shown in Fig. 3 can be written in the following compact
form:

d
Maumn = AUm,n - BiUmil.n - CiUm,nih (8)
where Uy, , is a vector containing the degrees of freedom for both of the elements in the grid block m, n (refer to Fig. 3), i.e.:
u
Upn= | |.
u

Here u; and u, are vectors of length Ny containing the degrees of freedom of elements 1 and 2, respectively, of the given grid
configuration (Ng = (p + 1)(p + 2)/2 for a degree p triangular element). The mass matrix M is block diagonal:
m 0
SHM!
0 m,
with blocks mg, the elemental mass matrices, given by:
A ~
mg =7Em-, mj = /A $i¢;dQE,
Qp

where mj is the ijth entry of the matrix m.
The matrix A is made up of both elemental and edge contributions:
A= KE + Ae.

The matrix Ag, like the mass matrix, is block diagonal with the blocks given by:

2 .
A o (k) a(k) ~(k) a¢1 ~
a_Ec-xa7a.._A L dQk.
’ k:l( ) ! Qe aCk(ﬁj ’

The matrix A. corresponds to contributions from the edge integrals that are interior to the grid generation pattern and the
outflow edges on the boundary of the grid generation pattern. It is made up of blocks a.:
~ l -
&=5 (c-mja, a;= / bi¢;ds.
e

The matrices B and C are made up of the same blocks a., but corresponding to edges that are inflow edges on the boundary of
the grid generation pattern. The structure of these matrices changes based on the wave propagation direction 6, which dic-
tates the upwind direction. For example, the matrices of grid pattern I for 0 < 0 < 7/2 and grid pattern Il for 0 < 0 < 7/3 will
have the following structures:

~ (X, 0 0, X 0, X
A=l e 2 =lo o) €=l
X, X+X 0, 0 0, 0

where the X’s correspond to the matrices a. of a particular edge.
Following the ideas of classic Von Neumann stability analysis (see, for example, [17]), we seek a solution in the following
form:

N i(kymAX-+kynA
Uy, = Um.ne( X y y)7

where k, and k, are wave numbers associated with the x and y directions, respectively. Substituting this into Eq. (8) and
inverting the mass matrix, the following equation is obtained:

d ~ ~
aUm‘n - LhUm.m

where the matrix L, the DG spatial operator, is defined as:
Lh = M—l (A _ Bieiik,‘mAx _ CieiikynAy).
4.1. First-order RKDG method (k =1)
The first-order RKDG method, which uses piecewise constants for the DG spatial discretization and the first-order forward

Euler method in time, can be examined analytically. As an example, we consider the problem of propagation in the range
0 < 0 < /2 on the first grid pattern. For this case, the matrix L, is given by:
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. -1 e
sin ,

where o = kymAx, = k,nAy € [0,27] (note Ax = Ay for grid pattern I). It is a simple matter to verify that this is a normal
matrix so condition (7) is necessary and sufficient for stability. We explicitly compute the eigenvalues of L;:

s = —2\|c||$ {@ +,/0(0, - i@s)}.,

where

-1 e

1
Lh2c||ﬂ{c050 1 _1

O = cos0+sinf
O, = cos 0 cos o+ sinfcos f
O, = cosOsino + sinfsin B.

The stability condition (6) must be satisified for z = At/.. The characteristic polynomial of the forward Euler method is sim-
ply P11 =1+ z and so, in this case, assuming the separation of /. into real Ze and imaginary .#m parts, condition (6) reads:

IP112)* =1+ V[2Ze(AL) + v(Ze(AL)* + sm(A))] < 1, 9)
where 4. = A,Ax/||c|| and v is the Courant number (in two-dimensions we are initially defining this as v = cAt/Ax). Assum-
ing that both %e(A.)#0 and .#m(A.)#0, inequality (9) can only be satisfied for v > 0 provided:
—2%e(Ay)

<vV= 5 5+
Z#e(AL)” 4+ Im(Ay)

(10)

With the help of the following identity for the square root of a complex number (see, for example, [21]):

Ry =2y e iseng) 2\ VR —x

the left side of (10) can be written in the form:

o 1 e(As)
20| pe(A,) + (0 — /62 + 62
where
#e(A) = — 2@i\/2@(\/@§+@f+@c) .

It can be shown that #e(A.) < 0 and that 0 < @ — /0% + ©@? < —%e(A.). Thus, ¥ has a minimum value of 1/26 over the
range of all o and g, and the condition for stability is simply:
V<V = L
= 20°
Recall that this expression is valid for directions of propagation 0 < 0 < /2 on grid pattern I, which corresponds to
1 < © < V2. In this range, the stability condition is most restrictive at § = 7/4, in which case v < v/2/4, and least restrictive
at 6 = 0 and 7/2 when the direction of propagation is along the shorter element edges, in which case v < 1/2.

Stability conditions for the full spectrum of propagation directions for grid patterns I and Il can be derived in an analogous
manner. Due to symmetry of the grids, stability conditions only need to be evaluated in the range 0 < 0 < 0, where 0, = 7 for
grid pattern I and 0. = 7/3 for grid pattern II. These conditions are plotted in Fig. 5 as functions of 6. Note that for grid pattern
I, the stability condition in the full range of propagation is least restrictive at 0 = 37/4, when the direction of propagation is
parallel to the longest element edge. In fact, this condition, v < 1/v/2, corresponds to the well-known two-dimensional CFL
condition for a finite difference scheme on a rectilinear grid. We elaborate on this in Section 4.3. Similarly, for grid pattern II,
the stability condition is least restrictive, in this case v < 1/2, when the direction of propagation is parallel to the element
edges. The most restrictive conditions are v < v2/4 and v < v3/4 at 6 = /4 and 0 = /6 for grid patterns | and II, respec-
tively. These extremum conditions, denoted Vi, and V., are summarized in Table 1 along with the condition for propaga-
tion for # = 0, denoted V. Finally, we note that the stability condition for a given RK method applied to the p = 0 DG spatial
discretization is given by the SSP theorem since for this case the forward Euler method is stable for a given Courant number.

4.2. Higher-order RKDG methods (k > 2)

In this section, we examine the higher-order RKDG cases. As in the k = 1 case, we explicitly compute the form of the DG
spatial operators L. Following the approach outlined earlier in this section, this is a straightforward process. The eigenvalues
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Grid Pattern | Grid Pattern Il
1 T T T 1 T T T
0.9F . 0.9 .
0.8 R 0.8 R
Vmax
0.7f 4
0.6 R
—_ —_ Vrnax
S 3 L i
> = \_/\.A/
0.4 R
Vrmn
0.3 Vmin R 0.3 1
0.2f R 0.2 R
0.1F - 0.1} -
0 . . . 0 . . .
0 1 2 3 0 1 2 3
6 0
Fig. 5. The stability conditions as a function 0 for grid patterns I and IL.
Table 1
Stability conditions for the first-order RKDG method
Grid pattern Vo Vmins Omin Vmax, Omax
I 1 V2 1 3n
1 i iz V%t
2 16 23

of these matrices are then computed numerically at a discrete number of points for o, € [0,27] for a given v, which is in-
creased incrementally until the stability condition is violated.

We summarize the results found using this approach for second-, third-, and fourth-order RKDG methods on grid patterns
I and Il in Table 2. In each case, we investigate the use of SSP (s,k) RK methods with up to s = 8. As with the first-order RKDG
method, we report the values of Vi, and V.. (We implicitly assume that the minimum and maximum constraints on the
Courant number occur at the same directions of wave propagation as for the first-order case. As will be seen, this is not
strictly the case.) Additionally, we report the relative cost I" of the various RKDG methods using the s > k RK methods com-
pared to the RKDG method using the RK method with non-negative coefficients that has the minimum number of stages Spin
required for a given order (note that s,,;, = k for k = 2 and 3, however, for k = 4, sy, = 5; see [12]). These values are com-
puted based on the values of V,,;,. For example, while the SSP (3,2) RKDG method, which is found to be the optimal second-
order RKDG method, allows a time step roughly 1.85 times that of the SSP (2,2) RKDG method it requires one additional eval-
uation of F. Thus, a given time T can be reached (assuming the maximum allowable time step is used) at approximately 80%
of the computational cost of the SSP (2,2) RKDG method. The optimal third-order method is achieved using the SSP (7,3) RK
method although its efficiency is only marginally better than that of the SSP (5,3) method and requires more storage. Thus, in
practice, the SSP (5,3) would most likely be more efficient. For the fourth-order RKDG methods, all of the s > 5 RK methods
offer roughly the same moderate savings over the SSP (5,4) RK method.

It is interesting to note that the increases observed in the CFL conditions for linear stability by using additional stages are
not as great as the corresponding increases observed in the CFL conditions for TV-stability (or enforcement of a maximum
principle), which are a function of k of Theorem 1. For example, k increases by a factor of 2 in going from the SSP (2,2) RK
method to the SSP (3,2) RK method; however, the corresponding CFL condition for linear stability only increases by a factor
of about 1.7 (for Vyax).

From these results, it can also be observed that the differences between V.,;; and V. generally become less significant as
both p and s are increased. For example, the ratio of Vi, to Vimax for the first-order RKDG method on grid patterns I and II are
0.5 and 0.866(~ v/3/2), respectively, while for the higher-order methods, these ratios are 0.525 and 0.910, 0.527 and 0.913,
and 0.558 and 0.967 for the SSP (2,2), SSP (3,3), and SSP (5,4) RKDG methods, respectively. As an example of this trend with
respect to the number of stages for a fixed value of p, it can be noted that for grid pattern II the ratio of Vi, to Vinax is 0.910 for
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Table 2
Two-dimensional CFL conditions and relative cost of the SSP (s,k) RKDG methods
Stages, s SSP (s,2) SSP (s,3) SSP (s,4)
Vimin Vmax r Vimin Vmax r Vimin Vmax r

Grid pattern I

2 0.1730 0.3292 - - - - - - -

3 0.3205 0.5658 0.81 0.1225 0.2324 - - - -

4 0.4150 0.7447 0.83 0.1850 0.3296 0.88 - - -

5 0.4901 0.8874 0.88 0.2502 0.4320 0.82 0.1319 0.2490 -

6 0.5533 1.0061 0.94 0.3002 0.5134 0.82 0.1792 0.3102 0.88
7 0.6077 1.1076 1.00 0.3521 0.5999 0.81 0.2100 0.3597 0.88
8 0.6557 1.1965 1.06 0.4004 0.6817 0.82 0.2424 0.4120 0.88
Grid pattern Il

2 0.2119 0.2328 - - - - - - -

3 0.3925 0.4001 0.81 0.1500 0.1643 - - - -

4 0.5083 0.5266 0.83 0.2266 0.2330 0.88 - - -

5 0.6003 0.6275 0.88 0.3065 0.3054 0.82 0.1702 0.1761 -

6 0.6776 0.7114 0.94 0.3676 0.3630 0.82 0.2195 0.2193 0.93
7 0.7443 0.7832 1.00 0.4312 0.4242 0.81 0.2572 0.2544 0.93
8 0.8031 0.8461 1.06 0.4904 0.4820 0.82 0.2969 0.2913 0.92

the SSP (2,2) RKDG method and 0.949 for the SSP (8,2) method. In fact, on grid pattern II it can be noted that for the third-
order RKDG methods with s > 5 and the fourth-order methods with s > 6 the Vy,;, are actually found to be slightly greater
(though by <2%) than the Vpax.

4.3. Relation to one-dimension CFL conditions

It is interesting to attempt to relate these two-dimensional CFL conditions to the one-dimensional conditions derived in
[7,15] by defining a Courant number in terms of an appropriately defined grid parameter or “element diameter” h. Here, we
have initially taken h to be the shortest element edge, i.e. h = Ax. Indeed, such an approach is often used in practice to select
an appropriate time step (see, for example, [1,8,19]), i.e.

At < h y (11)
X 71~ V1Ds
lel
where V;p is the maximum Courant number that can be used in one-dimension.

To this end, first it can be observed that the stability conditions plotted in Fig. 5 have the same form as a plot of the length
of the chord r(0) drawn from a vertex to the perimeter of the “stencil” of elements that surround that vertex; see Fig. 6. Thus,
if one defines a direction-dependent grid parameter h, = r(0) then for a given direction of wave propagation 6 the two-
dimensional CFL conditions for the first-order RKDG method can be expressed in terms of h, and the one-dimensional
CFL condition simply as:

At 1_
p=0: Hc||h_()<jle- (12)

Obviously, if a time step is to be selected that will be stable for wave propagation in an arbitrary direction then one must
take:

— V2A, — V3 Ay
hinin = TAJ Ponin = TAJ«

Fig. 6. The distance r(0) used to define an appropriate mesh spacing parameter h for triangular grids.
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(13)

where hy,, is the radius of the largest circle that is entirely contained within the stencil of elements surrounding a vertex (see
Fig. 6) and where we have used the fact that v;p = 1 for the first-order RKDG method. We remark that this definition of hy,;,
has an obvious relation to the two-dimensional CFL condition for a finite difference method on a rectilinear grid - namely,
that the domain of dependence of a finite difference grid point, which is a spherical cone in two-dimensions, must be con-
tained within the finite difference stencil; see [10]. Note that condition (13), which is necessary and sufficient for stability, is
stricter than using condition (11) with h defined as the shortest element edge or the diameter of the inscribed circle of the
element - two approaches that are commonly used in practice.

This simple result, however, does not hold for the higher-order RKDG methods. However, for the second-order RKDG
methods, it can be observed that if the factor of 1/2 of condition (12) is replaced by 1/v/2 then one obtains a good approx-
imation of the two-dimensional CFL conditions reported in Table 2 in terms of their one-dimensional counterparts. This leads
us to consider the general condition:

el 5 < sy o (14)
Of course, for p = 0 we recover condition (11), which is an exact relation for the two-dimensional CFL conditions expressed
in terms of the one-dimensional results. For p = 1, the estimates provided by (14) for V.« are generally within 2% of those
reported in Table 2 for both grid patterns I and II (the only exception being the SSP (3,2) method, which is within 4%). For
p =2 and p = 3, these estimates are within 7% for grid pattern I and 5% for grid pattern II. The estimates for v, provided by
(14) are less accurate - though they are still within 10% of the computed values, with the errors increasing with the number
of stages.

5. Numerical results

In this section, we verify the various stability conditions obtained in the previous section. We consider an initial condition
given by a two-dimensional Gaussian function of the form:

wo(1,y) = yaze I (1)

where A and o are positive constants (see Fig. 7). Periodic boundary conditions are used, and we consider the two grid con-
figurations of Fig. 3 with Ay = 0.08. To examine wave propagation in the directions corresponding to Vu, and Vp.x for each
grid pattern, we rotate the grid patterns and define the boundaries accordingly. For example, the conditions for V. are
examined using the grids shown in Fig. 8(a) and (b) by taking ¢ = (1,0) in Eq. (2).

0.7
064

0.5

0.4

Yo

034

Fig. 7. The initial condition used for the numerical test.
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(a) Grid Pattern I

(b) Grid Pattern II

Fig. 8. Rotated grid patterns that are used to verify the the values of Vpax.

Simulations are generally run for 20,000 time steps. The initial time step size that is used for a given simulation is deter-
mined by multiplying the corresponding v value obtained in the previous section by Ax. We then increase/decrease the time
step accordingly such that the Courant number increases/decreases by 0.0001 until the code is unstable/stable. We report
the largest values of v that give stable runs denoted V,;, and V.. These conditions are summarized in Table 3 where we
also report the absolute value of the relative errors E between the V,;, and the theoretical results. As can be seen, excellent
agreement is obtained between the values obtained from the stability analysis and those that can be used in practice. The
numerical results are generally within 0.1% of the results obtained from the stability analysis. The first-order results (not
shown in the Table 3) agree with the theoretical results derived in Section 4.1 to four decimal places.

6. Summary and conclusions

In this paper, we have derived CFL conditions for two-dimensional RKDG methods on triangular grids. Two structured
grid configurations were analyzed, and wave propagation in different directions was considered. Necessary and sufficient
conditions for stability were derived analytically for the first-order RKDG method, and necessary conditions, which also ap-
pear to be sufficient, were found for the higher-order cases. With an appropriately defined grid parameter h these conditions
were found to be, in general, approximately equal to the one-dimensional CFL conditions found in [6,15] times a factor that is
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Table 3
Numerical CFL estimates of the SSP (s,k) RKDG methods and relative errors (in %) from the theoretical results
Stages, s SSP (s,2) SSP (s,3) SSP (s,4)
\A/min ‘A’max | E ‘ ‘A/min {’max ‘ E ‘ i'min ‘A’max ‘ E |

Grid pattern I

2 0.1731 0.3295 0.06 - - - - - -

3 0.3207 0.5662 0.06 0.1225 0.2324 0.00 - - -

4 0.4153 0.7449 0.07 0.1851 0.3296 0.43 - - -

5 0.4906 0.8882 0.10 0.2503 0.4322 0.04 0.1391 0.2492 0.07
6 0.5537 1.0070 0.07 0.3004 0.5143 0.07 0.1793 0.3104 0.06
7 0.6083 1.1099 0.10 0.3523 0.6004 0.06 0.2101 0.3599 0.05
8 0.6565 1.2100 0.12 0.4008 0.6827 0.10 0.2425 0.4121 0.04
Grid pattern IT

2 0.2077 0.2328 2.00 - - - - - -

3 0.3926 0.4002 0.03 0.1484 0.1644 1.07 - - -

4 0.5085 0.5267 0.04 0.2260 0.2331 0.26 - - -

5 0.6006 0.6276 0.05 0.3066 0.3056 0.03 0.1663 0.1761 2.29
6 0.6779 0.7115 0.04 0.3679 0.3633 0.08 0.2196 0.2194 0.05
7 0.7447 0.7834 0.05 0.4314 0.4244 0.05 0.2573 0.2544 0.04
8 0.8036 0.8463 0.06 0.4909 0.4822 0.10 0.2970 0.2913 0.03

a function of the degree of the DG spatial approximation p. The observed relationship between the one- and two-dimensional
CFL conditions is exact for the first-order case and provides a good approximation of the conditions for higher-order RKDG
methods. As was found to be in the case in one-dimension, optimal, in terms of computational efficiency, two-dimensional
RKDG methods are obtained by using one or two additional stages than theoretically required for a given order. The com-
putational savings achieved by using the s > k RK methods in two-dimensions are moderately better than those observed
in the one-dimensional case. The derived CFL conditions were verified on numerical examples.

Finally, although the CFL conditions were derived on structured grids, they could also serve as reasonable estimates for
unstructured grids with h being defined analogously to what is depicted in Fig. 6. Additionally, based on the results found
here, one can conjecture that the CFL conditions for RKDG methods on n-dimensional simplexes are given by a relation of the
form:

At 1 _
el % < 7 V1o (16)

where h is a grid parameter defined analogously to the two-dimensional case considered here. This will be investigated in
future work.
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