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crete approximation of the steady operator. We review the existing knowledge on consis-
tent RD mass matrices and highlight the relations between different definitions. We then
introduce our explicit approach which is based on three main ingredients: first recast
the RD discretization as a stabilized Galerkin scheme, then use a shifted time discretization
in the stabilization operator, and lastly apply high order mass lumping on the Galerkin
component of the discretization. The discussion is particularly relevant for schemes of
the residual distribution type [18,3] which we will use for all our numerical experiments.
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Explicit schemes However, similar ideas can be used in the context of residual-based finite volume discret-
Residual distribution izations such as the ones proposed in [14,12]. The schemes are tested on a wide variety of
Runge-Kutta time-stepping classical problems confirming the theoretical expectations.
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1. Introduction

The aim of this study is to understand how to construct fully explicit consistent discretizations for time dependent prob-
lems, given a residual-based discretization of steady limit of a hyperbolic conservation law. As a case study we consider
schemes of the residual distribution (RD) type [18,3]. While well understood in the steady case, their formulation in the time
dependent case is not completely clear, due to the lack of a rigorous formulation allowing a natural extension. In particular,
the lack of sufficient constraints on the discretization has led in time to a number of different formulations all featuring dif-
ferent mass matrices [9,22,19,20]. In this paper, we show that all these formulations can be obtained from one another by
adding/subtracting a properly defined dissipation operator. We also show the existence of entire families of additional con-
sistent mass matrices.

Next, we show how to combine all of the above discretization with high order (second order) mass lumping to obtain fully
explicit schemes. This is done in three steps: first rewriting the RD discretization as a stabilized Galerkin scheme, then using
a shifted time operator in the stabilization, and lastly applying high order mass lumping on the Galerkin component of the
discretization. Note that in the case of nonlinear RD discretizations based on second order time integration in time, positivity
preservation is obtained only under an explicit CFL-type condition [4,18]. This fact, related to the properties of the underly-
ing ODE integrator [8], and the highly implicit nature of the schemes leads to poor efficiency. The explicit formulation pro-
posed here is one possible solution to this issue.

The work discussed here somehow generalizes the initial work of [35] where only central Lax-Wendroff type discretiza-
tions are considered. Moreover, in the paper we will show that the ideas presented here also apply to other classes of
schemes, such as the ones proposed in [14].
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The structure of the paper is as follows. We start by introducing the notations used throughout the discussion. Then, in
Section 3 we review different formulations of RD for time dependent problems. We discuss their relations, and show how
several families of consistent formulations exist. The new explicit schemes we propose are presented in Section 4. In partic-
ular, the three main steps mentioned above are described in Sections 4.1, 4.2, and 4.3, while in Section 4.4 we give some
more details on the final form of the different discretizations obtained. A summary of the different numerical schemes that
we use in the numerical tests is given in Section 5, while the results of these tests are discussed in Sections 6 and 7. We end
the paper with some conclusive remarks and some thoughts for further developments.

2. Mathematical problem and notation

We seek approximations of solutions of the time dependent hyperbolic problem
ru)=0 with r(u)=0u+V-F(u) (1)

on some spatial domain €, and on some temporal domain [0, t7]. We will mainly focus on the two-dimensional case Q € R?,
but the generalization to three spatial dimensions is trivial.

We discretize 2 by an unstructured triangulation denoted by 7, with T denoting the generic element of the mesh, and h
the mesh parameter (characteristic mesh size). When no confusion is generated we denote the nodes of T by {1, 2, 3}. In
every element, we denote by 7i; the inward pointing vector normal to the edge facing node j, scaled by the length of the edge.
Denoting by ¢; the P' Lagrange basis function corresponding to node i € 7, we have

—‘

The P! approximation of u will be denoted by uy, and it is given by
=D upi= Y gl 3)
ieTy TeTy jeT

The temporal domain is discretized by a set of non-overlapping time slabs [t", t""!]. We denote by At = t™! — " the time step.
To simplify the presentation of the next sections we also introduce here the element fluctuation defined as

(un) :/Tv.fh(uh)axdy:]grfh(uh).ﬁdL @)
the element residual
Tl d
o) = [ rndxdy = [ @an + v Fyuxdy =3 Ty, 5)
jeT

and the local Galerkin residual
o (un) = / OV - Fu(up)dxdy. -
T

In the expressions above uj, represents the P! numerical approximation of the unknown, and F(u;) a discrete approximation
of the flux. Note that all of the above quantities depend on time via uj. To simplify the notation, we do not introduce a super-
or sub-script indicating the element T over which they are evaluated, this being always clear from the context.

3. Second order RD: the proliferation of mass matrices

Let us for the moment consider the particular case of (1) given by the linear constant advection problem
ou+d-Vu=0. (7)
We focus our attention on discrete counterparts of (7) that, on a slab 7} x [t", t™] can be written as
du; .
Z{Z m g+ P U )}o Vie T, ®)
Tlier  jeT

Last definitions give a scheme that requires the solution of a (generally) nonlinear system if the mass matrix m; is non-diag-
onal. Moreover, introducing the nodal residuals

d
= o mE S+ B(un) 9)

jeT

we also require that
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Fig. 1. (Left) Formulation 3: dual areas C;, |G| = f;|T|. (Right) Formulation 4: area coordinates of the distribution point M; [T|; = [T|.

> Pi(up) = P(uy) (10)
JjeT
with &(uy) given by (5).
The prototype (8) is meant to be a consistent generalization to the time dependent case of the fluctuation splitting[residual
distribution discretization which approximates the steady limit of (7) as

> Bib(un) =0 VieT, (11)
TlieT

with
> op=1. (12)
JjeT

In order to distinguish the steady advective operator from the time dependent equation, we have chosen to keep a distinc-
tion between the fluctuation (4) and the residual (5), the latter representing the integral of the whole equation.
Historically, the first consistent constructions to obtain such a generalization were based on two different points of view.
In the first approach [10,9], one simply replaces the fluctuations in the discrete equations (11) with the full residual (5). This
residual is then distributed exactly as in (11) (with the LDA scheme in the original reference [10,9,18]), leading to

0=Zﬁf¢<uh>=2<2 m G+ b >>, mg =g, (13)

TlieT TlieT \ jeT

with §;; Kronecker’s delta, and F1 standing for Formulation 1.
A second approach [29,22] uses an analogy with stabilized Galerkin finite element schemes in which the discrete equa-
tions (11) are obtained as

> Bib(un) =D dF () + > oy = / @ - Vupdxdy + > / 0,0 - Vuydxdy

TlieT TlieT TlieT TlieT

with the perturbation to the test function d,,, depending on the distribution coefficients ;. In particular, for constant advec-
tion and a P! variable approximation, one can assume d,, to be a constant, to find easily (in two space dimensions)
3¢l = p; — 1/3. In the time dependent case this naturally leads to

O—/(/)I uhdxdy+2/5 (up)dxdy =)

TjieT T|icT

d T
(Zm,ﬁ d%ﬁ(puh)) mg? = [ 30y + 12, - 1) (14)

JjeT

with §;; Kronecker’s delta, and F2 standing for Formulation 2.

A different approach has instead been proposed in [20], where the authors use the idea that in every T € 7}, the combi-
nation of terms arising from the multiplication of the mass matrix with the nodal time derivatives should give back an inte-
gral of the time derivative of u, over a dual sub-element G; e T. Consistency is guaranteed by the requirement |Cj| = f;|T|. 'In
particular, in the paper the authors require the node j to belong to G (cf. Fig. 1). Conditions for second order of accuracy are
shown to be

>omy =12 > my =TI (15)

ieT jeT

! Which implicitly assumes ; > 0 Vi.
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In the reference, the authors ultimately arrive to the following formulation

0= Z/ r(up)dxdy =

TjieT T|ieT

(2)% m+ﬂ¢um> m =l go5+1-p) (16)
jeT

with é; Kronecker’s delta, and F3 standing for Formulation 3. This formulation is proposed mainly for schemes with a mul-
tidimensional upwind character [18], and in particular for those schemes that, when the advection speed points toward an
edge of element T, give f5; > 0 only if j belongs to this edge. In this case, only the rows of mF3 relative to these nodes contain
non-zero elements.

The idea of [20] can actually be used to derive still another member to the family of consistent mass matrices. It suffices to
follow the exact same developments of the reference, except that now we consider the sub-cell G; to be a triangle that does
not contain node j. In particular, whenever g; > 0 Vi, we note that we can find a unique point, say M €T, such that
®;(M) = p; Vi. This means that the ; coefficients represent the area coordinates of M (see Fig. 1). With the notation of
Fig. 1, using the fact that u,(M) = B,u; + U, + B3us we find in the time dependent case:

d T
> [ rtundxdy - Z(Zmi“;ﬁm, blu )>, mit =T 1 - oy ) (17)
TlieT Ti TlieT \ jeT

with ¢;; Kronecker’s delta, and F4 standing for Formulation 4. Note that the difference with respect to the matrix proposed in
[20] is that here j ¢ T;. One easily checks that conditions (15) are verified.

All of the above construction can be still generalized by noting that, given the distribution coefficients !, the only con-
straints available are given by (15). These constraints actually correspond to the conservation requirement (10), and to the
requirement that, whenever the differential operator

r(up) = ety + d - Vuy
is (as in the steady case) locally constant, say r(u,)|; = 17, then
= B [TIr"

These properties are always verified if we can find a Petrov-Galerkin test function w; such that on every T

di(uy) = / it (up)dxdy (18)
JT
with
1
Z@=L}ﬂ/@mw=ﬂ (19)
jeT JT

As we will show later, the formal second order of accuracy is guaranteed as long as w; is locally bounded. Note also that

= / ;@ dxdy. (20)
T

The number of functions that verify these constraints is infinite. For example, to obtain the formulation F1 (cf. equation (13))
one can choose on each T

T,
o'y = B Ar
having denoted by y; the characteristic function

1 if (xy)eT.
0 if (x,y) ¢ T.

Conversely, formulation F2 (cf. equation (14) is obtained for

o =@+ Z O i1

T|ieT

1.y = {

Formulations F3 and F4 are instead obtained by taking for example (cf. equations (16) and (17))

F3 F4
/ lr = Xc,-

Moreover, for any given test function w; verifying all the consistency, conservation, and accuracy constraints, we can easily
come up with a modified function, say w; with all the desirable properties. For example, if we can find three bounded func-
tions, say fi, fo, and f3 such that
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3
Y fi=c
=
with ¢; a constant, we can modify w; as follows:
_ o0z 1
o= o+ K(i=f). fi=rr [ faxay 1)

with K an arbitrary parameter! Note that this term does not affect consistency or conservation, due to the fact that (using for
the nodes of T the local renumbering {i,j, k} — {1,2,3})

3
S -F) =0, /0; —fydxdy =0
= r

nor it does pollute the accuracy of the discretization, as long as the each f; is bounded. Moreover, in the P' case V uy, is con-
stant per element, hence

/(ﬁ —f)d- Vupdxdy =0
T

so that the extra term only affects the form of the mass matrix. This leads clearly to quite a large number of consistent mass
matrices, and extra constraints are needed to make sure one does the right thing.

Remark 3.1 (Accuracy and stability). Note that all of the above discretizations can be though as Petrov-Galerkin schemes
where the nodal equations are obtained as

/wir(uh) =0 VieT,
Q

with a locally differentiable test function w;. As a consequence, all of them have a residual character (if r(uy) = 0, uy, is a solu-
tion of the discrete equations). Nevertheless, a stability criterion would be needed to allow to rule out some of these matri-
ces. Unfortunately, few tools are available to analyze the stability of RD schemes, coercivity and/or energy estimates not
being available. A Fourier analysis of the different mass matrix formulations is under way to clarify this aspect. This aspect
is left out of the discussion of this paper, which mainly focuses on the formal accuracy of the schemes.

Before going on to the construction of explicit schemes, we make the following observation. Let us take f; = ¢; in (21). In
this case we have

- 1 1

fi=<Pi=m/T<Di=§-
So, according to (21), any mass matrix can be modified as

mj; = m;; +1</T(<pf — Qi) dxdy = /T wip;dxdy +K/T(<p,- — ¢i)@;dxdy
that leads to the semi-discrete scheme

3 du; 3 T ..
3 (Z (m} + Komy ) 7+ /3,¢(uh)> =0, omy= %(30,,- -1) (22)
T|ieT \ jeT
with ;; Kronecker’s delta. As already noted in [32], the matrix ém; is symmetric, and defines a dissipation operator, that is
viomylv = 0, VYveR.

In the last reference, this term has been used to provide further stabilization to a nonlinear second order variant of a Lax-
Friedrich’s scheme. It is worth noting that comparing (13) and (14) with (22), one immediately sees that

m? = mg' 4 5my;. (23)
The third and first formulations are linked by a very similar relation:

— = [T/,
m? = mg' + omy, omy = % (ﬂ,-bij - ﬁiﬁf), (24)

where, provided that 8; > 0 Vi, then the symmetric matrix 5?5,,- also defines a dissipation operator. In particular, Vv € R® we

have

i
3

17l
3

o tomglo =L g on — 2 + T gt — s + g0y — 00?2 0
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A similar relation holds for the last formulation, only this time we have

mf! = mf* + omy. (25)

This last relation allows finally to show that all the formulations can be obtained from one another by adding/subtracting a prop-
erly defined dissipation operator:

my = mff‘ + omy;,

mf? = ml + omy; = mf* + omy + omy, (26)

F3 _ 0Fl | st _ aF4 S
my = my +am,]7mij +20my.

Remark 3.2. The last relations show that, for a fixed approximation of the advection operator, the formulation F4 is the least
dissipative of all. Nevertheless, a formal stability analysis is still needed to clarify this aspect (cf. Remark 3.1).

Remark 3.3. In one space dimension, if the spatial discretization is given by the classical 1d upwind scheme, the
formulations F1, F3, and F4 become identical. The formulation F2, instead, reduces to the 1D SUPG scheme obtained by
defining the T SUPG parameter as [28,37,24]

Ax

T:Tal.

4. Construction of explicit schemes

We present here the construction of consistent explicit variants of RD schemes, based on Runge-Kutta time-stepping. The
construction consists of three steps:

1. Rewriting RD as a stabilized Galerkin discretization.
2. Use of a shifted time discretization in the stabilization term.
3. Introduction of high order mass lumping.

These three steps are described in the following sections.

4.1. Bubble stabilization

We start by assuming that, however complex the definition of the B; coefficients and of the mass matrix, there exists a
uniformly bounded and locally differentiable function y; such that we can rewrite the (8) as

> / ,(8sup + @ - Vuy)dxdy = 0, (27)
T

T|ieT

/ @;(Ocuy + @ - Vuy)dxdy +
Q

where 7y; plays the role of a “stabilizing” bubble function, and satisfies

2.7 =0,
jeT
Jy(@; + 7;)0cundx dy = > my %, (28)

JjeT
HT\ Jr(@i+7dx dy = B
The last three relations guarantee the satisfaction of the conservation property, and of the consistency with the (given) spa-
tial discretization, so that ultimately (cf. equation (9))
du;
Bi(us) = Somy g+ potun) = [ oyrunidxdy + [ yirun)dedy. (29)
jeT dt T T

Note that, for our scopes, it is not necessary to actually show particular forms of such functions which, as we shall see in the fol-
lowing, are just an artifact allowing to analyze the accuracy of the schemes proposed in the paper. Nevertheless, whenever we can
exhibit the existence of a Petrov-Galerkin test function w; such that (18) holds, we can set

YVilr = @ily — @il (30)

For example, for the formulations seen in the previous sections we have:
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Vil =Bi— (P1|T?
V,F2|T = 5(/), ﬂz -3 (3])
V1F3/F4| =Yc — Pilr-

4.2. Time-shifted stabilization operator

The second ingredient in our construction is the use of an explicit time-stepping scheme, combined with a shifted time
discretization in the stabilization operator. We focus here on Runge-Kutta (RK) schemes, however other possibilities exist
and will be explored in the future. Let us denote by su* = u* — u" the increment of the kth step of a given explicit RK scheme.
Similarly, let e* be the kth step evolution operator so that for the problem

du
E-‘FE( ) 0

we can rewrite each RK step as
suk

—+e =0

At T

In particular, in the following we will denote by r* the quantity

ouk
k
r =Ar + ek, (32)

For example for the classical TVD RK2 scheme we have

{rl%‘-s-elo, el =d-vu, (33)
=94 =0 e=1d Vu'+ld vu',
Similarly, the TVD RK3 scheme gives
rl=a el =0, e =d Vu",
P20 e =1d Vu'+1d Vu', (34)
,,3:%3+63:07 e=1d-Vu'+ida-vu' +2d- Vil

With this notation we can write the kth step of the RK time integrator as
rk=0.

Its Galerkin discretization writes

/(pl (up)dxdy = /q)l Ahdxdy+/(pie"(uh)dxdy:0.

The next step is to add the contribution of the bubble. The standard approach would be to write this contribution as

Z/y, (up)dxdy = Z/ ( —h ek ))dxdy7
T|ieT

T|ieT

however, this would lead to a scheme in which the mass matrix depends on the bubble stabilization, which in turn might
depend strongly on the unknown, eventually requiring the solution of a highly nonlinear algebraic system at each RK step.
What we propose is to replace only in the bubble contribution the kth step residual r*(u;,) by a modified residual 7 (uy), which
makes use of a different approximation of the time derivative. In practice, we will look for 7*(uy,)s differing from r*(uy,) only in
the definition of the time increment, that is

_ Suk
™ (up) _E+e" (35)

The constraints on 7*(uy) guaranteeing that the overall accuracy of the discretization is not deteriorated will be discussed
shortly. For the moment we observe that when adding this contribution we obtain with simple manipulations:



5660 M. Ricchiuto, R. Abgrall/Journal of Computational Physics 229 (2010) 5653-5691

0= /(p, uhdxdy+2/y, (up)dx dy

TlieT
ou
h Mh | ek( k K
/(p, i dxdy+/q)1< + ek (uy, )dxdy+r§':d//l<&+e (u,,))dxdy /go, A dedy
Su Sk
- (0285 [@n ( h+e<uh>>dxdy /(p,Ahdxdy Lol ame [ o Maay o)
t TlieT t TlieT t

The last relations are obtained by first adding and subtracting the Galerkin integral of the approximate time increment
ouk/At, then using the properties of the bubble function v; (cf. equations (9) and (31)), and finally introducing the fully
discrete split residuals:

suk
(p:{K(k) = /T((Pl +'yi) (uh dXdy Zmu AJ +ﬂl¢RK (uh) (37)
jeT
with
PR /f" up)dxdy and " oY /r“(u,,)dxdy QR (38)
jeT

The final form of the scheme is

h , _ RK(K)
/(p, Ap dxdy - /(p, A dxdy = >, (39)

TjieT

where now the mass matrix obtained from the first integral is independent on the solution.

All that remains to do is to derive a sufficient condition on the 7 guaranteeing that the accuracy of the Runge-Kutta
Galerkin approximation is not lost when adding the bubble contribution. To do this we use a truncation error analysis, fol-
lowing the approach of [31]. All the details of the analysis are given in two appendices at the end of the paper. The general
idea of the proof is, given a sufficiently smooth classical solution w, and a smooth function y € C3(£), to verify under which
conditions the truncation error

n+1 n+1
-3 / qo,(o ) )dxderZ "y / y,( +e”“(wh)>dxdy‘ (40)

ieTy ieTy T|ieT

is of an order O(h?). The analysis reported in Appendix A and B is done for the general case p > 2, even though the paper
focuses only on the case p = 2. Note that in the definition of the error we have used the notation introduced in the previous
section. This means that e” * '(w,) represents the discrete evolution operator of the last RK step, which actually makes use of
flux values at known time-steps (cf. equations (33) and (34)). The analysis makes use of the following two hypotheses.

Hypothesis 4.1 (RK truncation error). Given a smooth classical solution w such that 9w + V - F(w) = 0, a pth order RK
scheme verifies the truncation error estimate

5Wn+1

rn+1 (W) _ I

+ e’Hl (W) = CRKAtp.

Hypothesis 4.2 (Semi-discrete approximate residual estimate). Given a smooth classical solution w such that
dw + V - F(w) = 0, the approximate semi-discrete residual 7 verifies the estimate

n+1 _
T.n+1 (W) — 5MA/t + en+l (W) — CRKAfl

for some 1 < p.
The main result is summarized by the following proposition.

Proposition 4.3 (Accuracy and time-stepping). Given a pth order spatial approximation and a pth order RK scheme verifying
Hypothesis 4.1, the truncation error (40) verifies an estimate of the type

Ea < CHP
provided that
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1. The bubble v; is uniformly bounded.
2. The approximate semi-discrete residual verifies Hypothesis 4.2 with

I>p-1.

In particular, in the second order case of interest here, it is enough to provide definitions of the approximate time increments
yielding a first order semi-discrete operator.

Remark 4.4 (Accuracy, time-stepping, and distribution coefficients). As seen in Section 3, for all the known consistent formu-
lations of RD we can provide define the bubble function as y; = w; — y; is always bounded. For the formulations recalled in
Section 3, w;, and hence 7;, is bounded whenever the distribution coefficients g; are.

To end the construction we give particular definitions of 7% that satisfy Hypothesis 4.2 (see Appendix B):

RK2 scheme
ul=0=r7'=V.F@u"

' VoF@)+ V- F) (41)

S =ourtl =u' —u" =12 =
At 2

RK3 scheme
' =0=7' =V.Fuh,
1 n 1 n n 1
o u—u" o u'—u" V-Fuh)+V-Fu')
W= == T 2 ’ (42)
2W? —u")  V-F@u")+V-Fu')+4V- Fu?)
+ .
At 6
Note that in this case the coefficients involved in the definition take into account the fact that u' and u? are initial guesses
for the solution at times t" + At and t,, + At/2, respectively.

oW =outt =21’ —u") =P =

4.3. High order mass lumping

Scheme (39) still requires the inversion of the Galerkin mass matrix at each RK step. Even though this matrix is constant
and symmetric positive definite, its inversion does introduce an additional unnecessary computational cost.

So, the last step in our construction is the introduction of a high order mass lumping strategy. High order mass lumping for
Galerkin discretizations of the wave equation are developed e.g. in[23,39,38]. We refer to these articles, and to the references there-
in, for details on the construction. Here we just recall its basic principles, and specialize it to the simple P' case of interest in our case.

The basic idea is to replace the Galerkin integral of the time derivative by its approximation obtained by means of a quad-
rature rule:

/ @0 Vupdxdy =y " [T|wg@;(Xg)Detin (Xg)-
T Xq

It can be shown that a sufficient condition for this approximation to keep a truncation error of O(h) is for the quadrature formula
to integrate exactly polynomials of degree p — 1 [23,39,38].

The interesting application of this approach is when the quadrature points coincide with all the degrees of freedom of the
element. In this case, one ends with

/ @0 Vupdxdy = > " |T|;p;(x;) Ot = 4| T| s
Jr T

since @i(x;) = 3;5. So to apply high order mass lumping, retaining a truncation error of O(h”), the finite element space has to be
such that the degrees of freedom define on each element a quadrature formula integrating exactly polynomials of degree p — 1.
Examples of such spaces can be found in [23,39,38]. In the P! case we are very lucky since the formula

1
/ gxy)dxdy ~ 3 _ = [Tlg;
T jeT

does integrate exactly linear polynomials, hence it guarantees the preservation of a O(hz) truncation error. In particular, we
obtain for the mass matrix the well known result:

T
/Q(p,atuh dxdy ~ Z |3—|8tui = |S;|0:u;

TelieT
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with

S1=3 5171 43)

TjicT

Before concluding with the final construction of our schemes we note that in the P! case, a different interpretation is
obtained by using (22). In particular, if we take K=3 and apply the mass matrix modification to the Galerkin scheme
we get:

Galerkin 3om;;
—_———
ity = (55 4+ 1)+ "(35i-—1):m5-~.
y — 12 y i 3 y

Which again shows that mass lumping for the Galerkin scheme does not reduce the asymptotic accuracy in the P! case, how-
ever it does introduce a degree of dissipation.

4.4. Fully explicit schemes

We now put together all the ingredients presented so far to obtain the final discretization. Two possibilities exist, leading
to two distinct classes of methods.

4.4.1. Selectively lumped (SL) schemes
If in the last line of (36) only the mass-matrix corresponding to the first Galerkin integral is lumped we obtain the fol-
lowing selectively lumped explicit formulation:

k
190 = -3 ( o - [ o5 dxdy) (44)
T|eT
In this case, the effect of the lumping leads to the following modification of the RD mass matrix:
|
mSL—m —m mg 12(1]-5-1) (45)

with mg the Galerkin mass matrix.
4.4.2. Globally lumped (GL) schemes
When lumping both Galerkin mass matrices we obtain the following globally lumped explicit formulation:
6u’< 6u"
Si| =t == > o, (46)
T|eT
In this case, there is no modification on the residual distribution mass matrix, however, the lumping modifies the explicit
iterations that now depend on the definition of éuk.
When combining this definition with the explicit RK2 scheme with shifted time operator in the stabilization (cf. equations
(33) and (41)), we obtain for the SL schemes
) (47)
with m{ as in (45), and with

= 5 R,
RI(2 ujn 1 n 1
Zm +35 ﬁ!(d)(uh) + ().

TlieT
jeT

s s ( a

T|ieT

The update for the GL schemes is somewhat simpler and given by
= 2 B
TlicT

RK2(2)
IR

TlieT

(48)

111 1

ISi| =

Conversely, in the RK3 case we get for the SL schemes (cf. equations (34) and (42))
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S = = Y pgun),

TjieT
RK3 ul —u?
=- ( — M ) (49)
TlieT JjeT
n+17 n 2 _qn
Sty = 3 (@ - omf2 iy
TlieT jeT

with m§ as in (45), and with

ul —ut 1
PROR) — ]EZng JZAtj +Zﬁi(¢(ug) +¢(up))

and

— u]

00 -y mp !

jeT

1
+ (o) +golud) +3008) ).
As before, the update for the globally lumped schemes is somewhat simpler and given by

== 3 R (up).

TlieT
Isil 5 ultul _ RK3(2)
A_It<ui_"2’ __Z@i s (50)
TlieT
25 (u oY RK3(3)
Tr'( ) = Z P,
TlieT

Remark 4.5 (Fluctuations/signals). Both formulations, the one based on selective lumping and the one based on global
lumping, allow to see the RD component of the discretization as an error between two different approximations of the
unknown at certain time levels. When using the formulation F1 of the RD discretization (cf. Section 3, equation (13)), the
second step of the RK2 scheme with selective lumping can be recast as

u?“ - RK2(2
si - / o — Y po (51)

TjieT

where

(DRKZ(Z):/ <uhAt”h+ V- fh(“h)+ v ]-‘h(uh)>dxdy.
T

Clearly equation (51) expresses the error between two local approximations of the time variation of the unknown as a func-
tion of signals proportional to elemental errors represented by the residual @8, This is even more apparent in the case of
the globally lumped scheme which reads, in RK2 case:

un+1

1
S = = 3 gt (52)

TjieT

The RK3 version of the last equation is obtained immediately from equation (50). In (55) the RD weighted average on the
right-hand side expresses the error between two different approximations of the unknown at time t"*!. The same remarks
applies of course to the case of the RK3 schemes. In some way the explicit formulations proposed here lead us back to the
original ideas of Roe [34] in which the nodal error is proportional to the signals sent by surrounding elements.

Remark 4.6 (Relations with explicit predictor-corrector). The explicit formulation proposed here is also related to the explicit
predictor/multi-corrector formulation of the SUPG scheme used for example in [24-26] (see also [40,28,36]). In the simplest
setting, in this formulation on replaces an implicit time integrator by a finite number of explicit steps. In the case of the
Crank-Nicholson time integrator for example the idea is to rewrite the SUPG scheme as

/q)la Vu,”ldxdy-i-z /a Votd - Vuldxdy,

T|ieT

k _ qn . -1 kl n k-1 n
‘Si‘ui Atu, :_/ qo,-6~V + ’ujxd)/—i—Z/a Vot ( o uh+a,vuh 2+uh>dxdy,
Q

T|ieT

where k > 2 and u™! = ufx_The second relation can immediately be recast as
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k un
|S‘UI U; :_Z (Z QDSUPG /quludxdy>

Tiel \TIjiel

with

. k=1 _ 1
o}l — /T (@ +d -W,-r)(uh A oy g.vY ;”“)dxdy

and

. k-1 n k-1 n

_ . +u
eUrel) _ gk [ (Un U g gt U ,
Z j T At @ v 2 dxdy

jeT

This is basically the selectively lumped formulation of the SUPG scheme in RD form. In particular, when using only one cor-
rection step we end up exactly with the RK2 scheme (47).

Remark 4.7 (Explicit residual-based finite volume formulation). The approach presented here finds application also in the case
of finite volume discretizations where the stabilization operator is proportional to some local approximation of the residual,
rather than to local variations of the solution. Such schemes have been proposed for example in [14,11] and, in a different
spirit, in [12]. The schemes of [14,11] in their basic formulation can be rewritten as

dll,‘ - 1
|Ci\E+éc HC'ndl*E Zhjlpij(pifzo’ >3
i J

where Hc¢ is a centered finite volume numerical flux, while the last term represent stabilization terms. These terms are func-
tion of a local residual @;, computed on the staggered cell G (cf. Fig. 2) and defined as [14,11]

‘I’ij:/ <d;th+v fh(uh))dxdy,

where now uy, is a polynomial approximation of the unknown reconstructed starting from cell averages. We refer to [14,11] for
further details, and in particular for the definition of the local mesh size h;, and of the ¥; parameter in (53). The important
point is that the residual @;; has to include the time derivative of the numerical unknown to attain consistency in the spatial
discretization. In [14,11] the authors use the same discrete operator to approximate both the time derivative of u; in (53), and
in @j;. this naturally leads to the appearance of a mass matrix rendering the scheme implicit in space. The approach proposed
here allows to overcome this limitation allowing the construction of an explicit RK schemes in which the time derivative in
@;; is approximated by time increments using known values of the discrete solution. In the RK2 case for example the scheme
would read:

o nadl— LS s [ . Frdxdy —
(ol +qunc dl z;h]svu/qjv Fidxdy = 0,

umt — un HP +H1 ) 1 ul —ur V.F" +V~.7"1
u; c C aq_ L . h— Un h h _
Gl f, g 221.:}’1%/%( L )dxdy 0

2

with H¢ = Hc(u}) and Fj, = Fp(u}).

Fig. 2. Residual based finite volume. Cells C; and C;, and staggered cell Cj;.
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5. Schemes used in the numerical experiments

This section is devoted to the description of the schemes actually used in the numerical tests discussed in the following
paragraphs, and of some details relative to their implementation. We will discuss the results obtained with four well known
schemes: the LDA scheme, the blended LDAN scheme or B scheme, the Streamline Upwind scheme, or SU scheme for short,
and a centered Blended scheme, Bc for short, constructed starting from the limited stabilized Lax-Friedrich’s scheme of [2].
The results obtained with other RD schemes are very similar in nature. An important remark is that so far we still have not
worked on the adaptation of nonlinear RD discretizations to the construction proposed in the paper. This means that we limited
ourselves to code the schemes as they are presented in the literature. Improvements will be made in the future concerning
strict preservation of positivity. Even so, as we will see, the numerical results are excellent, and confirm our theoretical
analysis.

5.1. LDA scheme

We test our construction on the well known second order linear multidimensional upwind LDA scheme, defined by the
distribution coefficients [18]:

-1
DA _ ¥ (Z kj) ; (54)

JjeT
where, using the notation of equation (2), we define VT € 7},

with u the arithmetic average of the values of uy, in the nodes of T. Note that in the case of a system of conservation laws, the
k;s are matrices, and their sign in (54) is computed in the standard matrix sense, via eigenvalue decomposition. For more
details on the definition and properties of the LDA scheme, the reader is referred to [18,1].

In the scalar case we will compare the results obtained when using the different formulations recalled in Section 3. In
particular, the scheme has been coded exactly as described in equations (47) and (49), for the selectively lumped scheme,
and in equations (48) and (50) for the global lumped scheme. In both cases, we replace the quantities #M** and @M*®
by (see equations (38), (41), and (42) for the notation)

q>iLDA<k) _ Z meAa_lljlg + Atﬁl;DA d)RI((k). (56)
JjeT

(55)

In particular, the form of the mass matrix m}jDA will depend of the formulation chosen (cf. Section 3). To shorten the text we
will lump together the acronyms when referring to a scheme. For example, we shall speak of the LDA-F1-SL-RK2 when refer-
ring to the scheme obtained using the LDA distribution coefficients, the mass matrix of the formulation 1, selective lumping,
and the RK2 scheme in time. Similarly for all the other combinations.

5.2. Blended LDA-N scheme

As suggested by its name, the Blended LDA-N scheme, or B scheme for short, is a blending between the LDA scheme of
Section 5.1 with the first order positive multidimensional upwind N scheme defined by the spatial splitting [18,1,16]

1
(/)z'\] = k;r(ui —Upn), Un = (Z k;) <—¢(Uh) + Zkfuj)

jeT JjeT
In particular, following [4], we set for the B scheme

@0 (1~ I(u)) 2N 4 () SN (57)

i i

with @*A® given by (56) and with

T\
oMb — g ou + Atgh®
having denoted by (/),N(k) the spatial contribution of the N scheme corresponding to the kth RK step. Expression (57) is used in
(47)~(50) to replace #F*" and #F®.

Concerning the blending parameter I(u,) we have used the standard definition of Deconinck et al. [19,16] (cf. also equa-
tion (38)):

‘QDRK(k) ‘

I(Up) = =i
Sjer| 8}
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for systems of equations, the blending procedure has been performed on residuals projected in characteristic directions, as
explained in [5,4].

As a last remark, we note that only when using global lumping for I(u;) = 1 does the B scheme defined by (57) reduce to
the N scheme with RK time integration. In the selective lumping case, for I[(u,) =1 we get (cf. equation (44)

h
12 3 e s /so,Adxdy,

TlieT

where the left hand side corresponds to the kth RK step of the N scheme, while the right hand side contains some kind of
anti-diffusive correction (cf. Section 3.).

5.3. The SU scheme

To test the behavior of our formulation with different type of discretizations, we also consider centered schemes. The first
is referred to in the RD literature either as SUPG scheme or as LW scheme. It is defined by the distribution coefficients

2 —+ kit. (58)

Independently on the definition of the scaling parameter 7, the second term on the last definition introduces some Stream-
line Upwinding in the distribution [18], which is why we refer to this scheme as to the SU scheme. In our computations we
have taken

- (Zm)l. (59)

jeT

For the Euler equations, last expression is meant in the usual matrix sense.
Finally. we replace the quantities ¢$K2(k) and difm(") by (see equations (38), (41) and (42) for the notation)

ZmSUouk + AtﬂiSUd)RK(k). (60)
jeT

As for the LDA scheme, also for the SU scheme the form of the mass matrix mij depends of the formulation chosen (cf.
Section 3).

5.4. Central blended scheme

In [2,32] the authors introduce a centered discretization based on a nonlinear variant of a Lax-Friedrich’s scheme. This
limited stabilized Lax-Friedrich’s scheme, or LLFs scheme, is obtained starting from the positive first order Lax-Friedrich’s
(LF) splitting

;( up) +our » (U —u,) (61)

jET
where oyf is the Lax-Friedrich’s dissipation coefficient which we set to

OF (u))

o —]ah ar = max
LF — TIT, T — au

2 JleT

in the scalar case, while for the Euler equations we have set
O = L max(||tj|| + aj)h
LF — 2 et j )T

with i the flow speed, a the speed of sound, and hr a reference length for element T.
The LF scheme is only first order. To obtain a formally second order nonlinear splitting we proceed as follows. First we
define the LF-RK splitting

T
P \3\ SUF + AtgH¥
having denoted by qS %) the kth RK step of the spatial operator (61). Next, we compute bounded distribution coefficients by
applying a sign preserving nonlinear mapping. Several ways of doing this exist, and we refer to [6,2] for a discussion. Here,
we set:
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max (0, & ™)
LLF _ Vol

i ZjeT max (07 43jLF(I<) deK(k))

(62)

The limited LF scheme is then defined by
¢:_LF(k) — pur PREK).

As shown in previous work [2,32,30], the limiter (62) not taking into account the directional propagation of the information
typical of hyperbolic problems, the LLF scheme shows mild spurious modes that eventually reduce its accuracy to first order.
This is cured as in the above references by adding an upwind bias inspired by the SU scheme:

= B o(un)kiT (63)

with 7 as in (59). We refer the reader to [2,32,30] for more details on the theoretical background leading to this choice. We
limit ourselves to recall that §(uy) is a smoothness sensor such that é(uj,) =1 in smooth areas, while § = O(hr) in presence of
discontinuities. In our computations we have set in the scalar case [2,32,30]

X . Ath2ar|u]
d(up) = min (1,|¢TRK(,<) L (64)

where |u|; is the maximum of the absolute value of the solution over the element. For the Euler equations, the extension is
done following [2]: the limiter (62) is evaluated on residual projected on local characteristic directions, while the |#*®)| in
(64) is replaced by the scalar entropy component of ®*®_ This is computed as

@, =lo- PRK(K)
s )

where Iy is the left eigenvector of the flux Jacobian corresponding to the entropy wave. For the Euler equations §(up) is then
the scalar quantity (see [2] for more)

2
5(up) = min (I,A:Dth) (65)

Normally, we would set

(DiLLFs(Io _ ﬁiLLFs PRK®) (66)
and replace q):m(k) and @;“G(k) in (47)-(50) by (66). However, we found that much better results are obtained, at negligible
extra cost, by using the central blended scheme, or Bc scheme for short, defined by

@Y = FrEot N B = s B + (1 - s(un) (67)

1

From definition (65) we see that being 6(uj) a scalar quantity, the extra cost with respect to the LLFs scheme is negligible.

5.5. Computation of the time step

All the numerical results presented in the following section have been obtained by computing the time step as (cf.
Section 5.3):

. Si
At = min ﬂ (68)
€Ty Y picrOLF
For all the nonlinear problems considered, o, is evaluated using solution values at the last known time step.
A Fourier analysis on structured triangulations is under way to have a better estimate of the time step stability limit for
the linear schemes.

6. Scalar results

The scalar tests we present have two objectives: verify the accuracy of our explicit formulation for different forms of the
mass matrix, and for schemes of different nature (multidimensional upwind, and centered); test the non-oscillatory nature
of the results obtained with the nonlinear schemes, when no modifications are introduced to take into account the additional
terms introduced by RK formulation.

Unless stated, all the numerical tests, including the Euler tests, have been performed on unstructured triangulations with
the topology shown on Fig. 3.
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6.1. Advection of a smooth profile: grid convergence

The first test involves the simple scalar equation

8[u+axu = O

solved on the rectangular domain [0,2] x [0,1]. The initial solution is set to

o — cos?(2mr) if r < 0.25
° o otherwise

with % = (x — 0.5) + (y — 0.5)%. We solve the problem up to time t = 1 on a series of five meshes with the topology shown on
Fig. 3. The coarsest mesh has a reference element size h ~ 1/20 (10 points in the smooth cosinusoidal profile). The other
meshes are obtained via four steps of conformal refinement. We use this test to study the accuracy of the different schemes
discussed in the paper. The accuracy is monitored by the convergence of the L! norm of the error with respect to the exact
solution. The behavior of the L™ and L? norms is qualitatively and quantitatively very similar.

The first exercise is to verify that indeed our RK formulation leads to second order discretizations, independently on the
starting form of the (consistent) mass matrix. We perform the test for all the mass matrix formulations for the LDA scheme,
which is the most popular multidimensional upwind RD scheme.

The results are summarized in Figs. 4 and 5, where we report the grid convergence history and the rate of convergence
history, respectively. The first remark we can make is that our explicit formulation does lead to a second order discretization.
This is clear especially from the rates of convergence observed. What is more interesting is that the RK2 schemes all yield the
same accuracy, while the RK3 scheme with global lumping seem to actually be less and less accurate as the mesh is refined.
We believe this might be the consequence of a (mild) linear stability problem. We are currently performing a Fourier analysis
on structured grids to better understand this behavior. There are minor differences between the different mass matrix forms
which, in our opinion, do not justify the use of the more complex formulations F3 and F4 (cf. Section 3), especially in view of
the extension to systems.

We repeat the same exercise with the SU scheme, only this time we only test the mass matrix formulations F1 and F2 (cf.
Section 3). The results are shown on Fig. 6. The same remarks made for the LDA scheme apply also to the SU distribution:
second order of accuracy is obtained already with the RK2 scheme, independently of the mass matrix and lumping choices;
the RK3 scheme with global lumping suffers from a drop in the convergence rate, which might be caused by the presence of a
linear instability.

We now come to the nonlinear schemes. We first test the B scheme, using either formulation F1, or formulation F2
for the LDA mass matrix. The results are displayed on Fig. 7. The asymptotic rate of convergence obtained is about 1.75-
1.8, independently on the formulation. Clearly, when using global lumping, the drop in convergence speed of the LDA
affects the B scheme as well. Lastly, on Fig. 8 we report the results obtained with the Bc scheme. Once more, we observe
asymptotic convergence rates ranging from 1.7 to 1.9, with the exception of the RK3 scheme in conjunction with global
lumping.

We believe these tests confirm our theoretical construction. In particular the fact that with the RK2 scheme one already
obtains a second order discretization. Moreover, the fact that different forms of the mass matrix lead to very similar accuracy
properties leads us to the conclusion that the choice of the form of the mass matrix should be done on the basis of stability
(or positivity eventually) considerations. This is the objective of our current investigations.

Fig. 3. Typical topology of the meshes used in the numerical tests.
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Fig. 4. Scalar advection: grid convergence for the LDA scheme. Top-left: formulation F1. Top-right: formulation F2. Bottom-left: formulation F3. Bottom-

right: formulation F4.

6.2. Discontinuous solutions: 2d Burger’s equation

We consider now the nonlinear 2d Burger’s equation

2 2
Dyt + O (%) +0, (”7) - 0.

We solve the problem on the square [—1,1]? with the discontinuous initial solution

otherwise

u—{l
°7 o

if x € [-0.6,-0.1] x [~0.35,0.15]

The problem is solved up to the final time ¢ = 1 on an unstructured triangulation with the topology shown on Fig. 3, and ref-
erence size h ~ 1/80. We compare the results of all the schemes considered. Only the simplest mass matrix form F1 (cf. Sec-

tion 3) has been used.

We first consider the multidimensional upwind LDA and B schemes. The results for different RK schemes and lumping
strategy are shown on Figs. 9-16. Concerning the LDA scheme, as one would expect, the solution exhibits oscillations near
the discontinuities. These oscillations are much more pronounced when using selective lumping. More interesting are how-
ever the results of the B scheme, shown on Figs. 17-24. From all the contour plots we can see that the solution is smoother
(the kinks close to the shock are less pronounced) when compared to the LDA scheme. When using selective lumping
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oscillations still appear close to the discontinuity. This, as observed at the end of Section 5.2, is a consequence of the non-
positive coefficients introduced by the Galerkin integral present when lumping selectively. A mixed formulation, in which
these terms are also multiplied by the blending coefficient, might be used to cure the problem, but this is beyond the scopes
of this paper and left for future work. The results obtained with global lumping show the expected monotone resolution of
the discontinuities. Probably, the small negative undershoots can also be avoided by properly redefining the blending. Again,
this is beyond the scopes of this paper and left for the future.

The results obtained with the centered distributions are displayed on Figs. 17-24. The qualitative behavior of these
schemes is similar to the one of the multidimensional upwind discretizations. The linear SU scheme gives oscillations near
the discontinuities. Milder oscillations are obtained when using global lumping. Concerning the Bc scheme, the results show
smoother contours (the kinks close to the shock are less pronounced), and less oscillations. However, only the results ob-
tained using global lumping show a monotone resolution of the moving shock.

We judge the results obtained on this nonlinear problem very encouraging : even without modifying the basic RD distri-
bution, the nonlinear second order explicit RK-RD schemes can yield monotone solutions. This is further confirmed by the
Euler results discussed hereafter.

7. Euler equations

As already said in Section 5, the extension of the schemes to the system of Euler equations is performed formally. As in the
scalar case, the nonlinear schemes are not modified to take into account the additional terms coming from the explicit RK
formulation and to improve their behavior close to discontinuities. For simplicity, only the schemes based on the simple
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Fig. 6. Scalar advection: grid convergence for the SU scheme. Top row: formulation F1. Bottom row: formulation F2. Left column: convergence history. Right
column: convergence rates.

mass matrix formulation F1 (cf. Section 3) are tested. The objective of the tests is to asses the accuracy of the discretizations,
and the behavior of the nonlinear schemes in presence of a strong moving planar shock, and for more complex flow struc-
tures involving several contact lines and interactions between shocks and expansions.

7.1. Advection of a vortex: grid convergence

The accuracy of the schemes is measured on the advection of a constant density vortex. The test has been initially pro-
posed in [21], to which we refer for all the details concerning its implementation. The solution involves the advection of a
vortex with a constant density profile, and a smooth pressure variation of which the analytical form is known [21]. We solve
the problem on a set of five unstructured grids with the topology shown on Fig. 3. The coarsest grid as a reference size of
h ~ 1/20. The other meshes are obtained by means of four successive steps of conformal refinement. We measure the accu-
racy by means of the L? norm of the relative pressure error

p— pexact
D

see [21] for the definition of p., and of p®3. The behavior of the L* and L' norms is qualitatively and quantitatively very
similar. The results are displayed on Figs. 25-28 in terms of error convergence history, and rate of convergence history.
The results are qualitatively very similar to the ones discussed in Section 6.1. With the exception of the first refining step,
we do obtain roughly second order of convergence with all the schemes except the RK3 ones when using global lumping.

€p
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Fig. 7. Scalar advection: grid convergence for the B scheme. Top row: formulation F1. Bottom row: formulation F2. Left column: convergence history. Right
column: convergence rates.

These schemes, exactly as in the scalar case, show a more or less evident decrease in accuracy, as the mesh is refined. The
poor convergence rate at the first refinement step might be explained by the coarseness of the first meshes: the starting
mesh only has 10 points through the vortex core, the second one 20 points. The drop in convergence rates of the RK3-GL
schemes might be a consequence of a linear stability problem. This is under investigation.

The main difference between the distribution strategies is that the B scheme gives a slightly smaller asymptotic accuracy
of about 1.7, while all the others attain convergence rates closer to 2. While this is expected for the linear schemes, we be-
lieve the face that the Bc scheme shows a better convergence is due to the definition of the entropy smoothness sensor J(uy,)
proposed in [2] and used for the blending, which really is turned on only very close to discontinuities. Once more, the
improvement of the nonlinear schemes is a topic for future work. Nevertheless, the results obtained confirm once more
our theoretical analysis.

7.2. Double Mach reflection

In this test we check the behavior of the nonlinear schemes in presence of a strong moving planar shock. The test case is
that of a reflection of a Mach 10 oblique shock over a ramp proposed by Woodward and Colella in [42], to which we refer for
details concerning the implementation. The computations have been run on an unstructured triangulation with the topology
shown on Fig. 3 and reference mesh size h ~ 1/100.
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Fig. 8. Scalar advection: grid convergence for the Bc scheme. Left column: convergence history. Right column: convergence rates.
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Fig. 9. 2d Burger’s equation: LDA-F1-SL-RK2 scheme. Left: contours at time t = 1. Middle: solution along the line y = 0.3 and along the symmetry line.
Right: minimum and maximum values of the solution.

We display on Figs. 29 and 30 the density contours obtained with the B and Bc scheme, respectively. The first remark we
can make is that even in presence of a strong moving shock both nonlinear discretizations yield quite smooth and non-oscil-
latory results. To confirm this we report on Figs. 31 and 32 the density and entropy distributions across the shock and on the
wall, respectively. From Fig. 31 we see that the shock is resolved very sharply. Only a small overshoot in its vicinity is ob-
served in almost all the solutions. An exception to this is the B scheme with RK3 time stepping and global lumping. In this
case, as it can be also seen from the contour plot on Fig. 29 (bottom-right), we obtain some strange behavior in correspon-
dence of the compression region where the bent incoming shock changes curvature. This seems to be a feature propagating
from the upper boundary, where the exact shock movement is strongly imposed. This affects both the shock profile, as seen
on Fig. 31, and the structures on the lower wall, as seen on Fig. 32. So far we have not been able to explain this behavior.

Apart from the above remarks, the solutions obtained are very satisfactory. The minimum and maximum values of the
density, reported on Table 1 also show that the minimum of the density is always very close to 1.4 (its analytical value),
again with the exception of the B-GL-RK3 scheme.

7.3. Mach 3 wind tunnel with a step

This final test is also taken from [42] and involves the formation and evolution of a moving shock in a Mach 3 wind tunnel
with a step. We refer to [42] for details concerning the implementation of the test case. The mesh used for the computations
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Fig. 10. 2d Burger’s equation: LDA-F1-GL-RK2 scheme. Left: contours
Right: minimum and maximum values of the solution.
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Right: minimum and maximum values of the solution.
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Right: minimum and maximum values of the solution.
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Fig. 13. 2d Burger’s equation: B-F1-SL-RK2 scheme. Left: contours at time ¢ = 1. Middle: solution along the line y = 0.3 and along the symmetry line. Right:

minimum and maximum values of the solution.
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Fig. 14. 2d Burger’s equation: B-F1-GL-RK2 scheme. Left: contours at time ¢ = 1. Middle: solution along the line y = 0.3 and along the symmetry line. Right:
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Fig. 15. 2d Burger’s equation: B-F1-SL-RK3 scheme. Left: contours at time t = 1. Middle: solution along the line y = 0.3 and along the symmetry line. Right:

minimum and maximum values of the solution.
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Fig. 16. 2d Burger’s equation: B-F1-GL-RK3 scheme. Left: contours at time ¢t = 1. Middle: solution along the line y = 0.3 and along the symmetry line. Right:

minimum and maximum values of the solution.
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Fig. 17. 2d Burger’s equation: SU-F1-SL-RK2 scheme. Left: contours at time t = 1. Middle: solution along the line y = 0.3 and along the symmetry line.

Right: minimum and maximum values of the solution.
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Right: minimum and maximum values of the solution.
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Fig. 19. 2d Burger’s equation: SU-F1-SL-RK3 scheme. Left: contours at time ¢ = 1. Middle: solution along the line y = 0.3 and along the symmetry line.

Right: minimum and maximum values of the solution.
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Fig. 20. 2d Burger’s equation: SU-F1-GL-RK3 scheme. Left: contours at time t = 1. Middle: solution along the line y = 0.3 and along the symmetry line.

Right: minimum and maximum values of the solution.
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Fig. 21. 2d Burger’s equation: Bc-SL-RK2 scheme. Left: contours at time ¢t = 1. Middle: solution along the line y = 0.3 and along the symmetry line. Right:

minimum and maximum values of the solution.
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Fig. 25. Vortex advection: grid convergence for the LDA scheme with F1. Left column: convergence history. Right column: convergence rates.
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Fig. 26. Vortex advection: grid convergence for the B scheme with F1. Left column: convergence history. Right column: convergence rates.

is the same used in [15,17]. A close up view in vicinity of the corner of the step is displayed on Fig. 33. The reference mesh
size far from the corner is h ~ 1/80. The mesh is refined at the corner to attain a minimum size of h ~ 1/1000. No particular
numerical treatment has been used near the corner to handle the supersonic expansion taking place during the transient.

The solutions obtained at times t=0.5, t=1.5, and t=4.0 with the B and Bc schemes are shown on Figs. 34-41. All
the figures show a monotone and sharp resolution of the shocks, and of the contact lines. The non-oscillatory character
of the results is confirmed by the line plots of the solution along the upper wall of the step (line y = 0.2 containing the
corner singularity). We never obtained negative densities. Note that this is a test case where the explicit formulation
does give an advantage with respect to the implicit schemes based on Crank-Nicholson time integration [4,33]. Even if
implicit in time, the positivity of the schemes proposed in the last references is still guaranteed by an explicit type
time step restriction which, in presence of mesh refinement, renders the implicit formulation extremely time
consuming.

As a last remark, we note that the Bc scheme with selective lumping yields a much better resolution of the flow, as seen
for example from the kinks of the initial shock (top-left on Figs. 38 and 39), and from the resolution of the contact emanating
from the interaction of the corner expansion with the reflected shock (middle-left on Figs. 38 and 39).
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Fig. 27. Vortex advection: grid convergence for the SU scheme with F1. Left column: convergence history. Right column: convergence rates.
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Fig. 28. Vortex advection: grid convergence for the Bc scheme. Left column: convergence history. Right column: convergence rates.
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Fig. 29. Double Mach reflection. Density contours for the B scheme. 30 equally spaced contours from 1 to 24. Top row: RK2. Bottom row: RK3. Left column:
selective lumping. Right column: global lumping.
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Fig. 30. Double Mach reflection. Density contours for the Bc scheme. 30 equally spaced contours from 1 to 24. Top row: RK2. Bottom row: RK3. Left column:
selective lumping. Right column: global lumping.
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Fig. 31. Double Mach reflection. Solution across the oblique shock (y = 0.6). Top row: density. Bottom row: entropy. Left column: B scheme. Right column:
Bc scheme.
8. Conclusions

In this paper, we have described a strategy to construct explicit second order Residual Distribution schemes based on
Runge-Kutta time integration. The final discrete equations are obtained through three steps: recasting RD as stabilized
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Fig. 32. Double Mach reflection. Solution along the wall (y = 0). Top row: density. Bottom row: entropy. Left column: B scheme. Right column: Bc scheme.

Table 1

Double Mach reflection: minimum and maximum values of the density. Left: B scheme. Right: Bc scheme.

3

Prmin Prmax
B-SL-RK2 1.40 22.30
B-SL-RK3 1829 22.30
B-GL-RK2 1.37 22.30
B-GL-RK3 0.77 22.20
Bc-SL-RK2 1.398 24.12
Bc-SL-RK3 1.4 24.07
Bc-GL-RK2 1.397 24.00
Bc-GL-RK3 1.396 23.98

0.25
0.24
0.23
0.22
0.21 4
0.2 4
0.19 1

0.18

v NVAVAN AV
» > AR
AMAAW%WW'%

PAVAVAY %
SN

Y

N

Vi
R REERE
R AR

S | oK

Fig. 33. Mach 3 wind tunnel: close-up view of the mesh around the corner (h = 1/80 far from the corner, h = 10~ at the corner).
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Fig. 34. Mach 3 wind tunnel: B-SL-RK2 scheme. Left: density contours at time t=0.5 (top), t=1.5 (middle), and t=4.0 (bottom); 30 equally spaced
contours between 0.5 and 8. Right: density distribution along the line y = 0.2, and minimum and maximum values of the density.
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Fig. 35. Mach 3 wind tunnel: B-SL-RK3 scheme. Left: density contours at time (t = 0.5 (top), t = 1.5 (middle), and t = 4.0 (bottom); 30 equally spaced
contours between 0.5 and 8. Right: density distribution along the line y = 0.2, and minimum and maximum values of the density.

Galerkin schemes, introducing a time-shifted residual in the RD stabilization, using high order mass lumping to obtain a fully
explicit update. All the theoretical arguments justifying our construction have been thoroughly discussed, and strong numer-
ical evidence has been given to confirm them.
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Fig. 36. Mach 3 wind tunnel: B-GL-RK2 scheme. Left: density contours at time (t=0.5 (top), t = 1.5 (middle), and t = 4.0 (bottom); 30 equally spaced
contours between 0.5 and 8. Right: density distribution along the line y = 0.2, and minimum and maximum values of the density.
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Fig. 37. Mach 3 wind tunnel: B-GL-RK3 scheme. Left: density contours at time (t=0.5 (top), t=1.5 (middle), and t=4.0 (bottom); 30 equally spaced
contours between 0.5 and 8. Right: density distribution along the line y = 0.2, and minimum and maximum values of the density.

The numerical results are extremely encouraging both concerning accuracy, and monotonicity. We think this work paves
the way for a different class of RD schemes based on explicit, or mixed, time integration where the RD mass matrix does not
necessarily need to be inverted.
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Fig. 38. Mach 3 wind tunnel: Bc-SL-RK2 scheme. Left: density contours at time (t=0.5 (top), t=1.5 (middle), and t=4.0 (bottom); 30 equally spaced
contours between 0.5 and 8. Right: density distribution along the line y = 0.2, and minimum and maximum values of the density.
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Fig. 39. Mach 3 wind tunnel: Bc-SL-RK3 scheme. Left: density contours at time (t = 0.5 (top), t=1.5 (middle), and t = 4.0 (bottom); 30 equally spaced
contours between 0.5 and 8. Right: density distribution along the line y = 0.2, and minimum and maximum values of the density.

Concerning the developments of the work reported in this paper, we mention the following points:

e We are currently performing a Fourier analysis on structured triangulations to better understand the linear stability prop-
erties of the linear schemes, when using different forms of the mass matrix, and also to understand the influence of the

type of lumping on the stability of the resulting scheme.
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Fig. 40. Mach 3 wind tunnel: Bc-GL-RK2 scheme. Left: density contours at time (t = 0.5 (top), t = 1.5 (middle), and t =4.0 (bottom); 30 equally spaced
contours between 0.5 and 8. Right: density distribution along the line y = 0.2, and minimum and maximum values of the density.
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Fig. 41. Mach 3 wind tunnel: Bc-GL-RK3 scheme. Left: density contours at time (t=0.5 (top), t=1.5 (middle), and t = 4.0 (bottom); 30 equally spaced
contours between 0.5 and 8. Right: density distribution along the line y = 0.2, and minimum and maximum values of the density.

o Even though we judge the results presented here quite satisfactory (especially for the Euler equations) there is definitely
space to improve the nonlinear schemes, taking into account the fully discrete RK time-stepping and the terms arising
from mass lumping in the positivity analysis.
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o An immediate application of the explicit RK-RD schemes is given by the Shallow Water equations where the preservation
of the positivity of the depth leads, for the standard implicit RD, to a strict constraint on the time step [32]. We think the
RK-RD approach proposed would represent an improvement, still preserving most of the nice properties of the RD
discretization.

o The extension to more than second order should be relatively straight forward when making use of higher order elements

allowing higher order mass lumping. From this point of view we will profit of the work that has been done on the wave

equation (see e.g. [23,39] and references therein).

The technique described here can also be used in conjunction with discontinuous data representation. In particular, our

approach gives a means of extending the discontinuous RD schemes proposed in [7,27] without the need of inverting the

local RD mass matrix. Higher order variants of these explicit discontinuous RD schemes can be obtained using local finite

element spaces borrowed from [23,39].

It will definitely very interesting to see how the high order version of these RK-RD schemes (with continuous or discon-

tinuous space approximations) perform in terms of accuracy and shock capturing when compared to other higher order

discretization approaches such as e.g. the Runge-Kutta Discontinuous Galerkin schemes [13], or the spectral finite volume

method of [41].
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Appendix A. Proof of Proposition 4.3

We derive a sufficient condition on the 7 guaranteeing that the accuracy of the Runge-Kutta Galerkin approximation is
not lost when adding the bubble contribution. To do this we use a truncation error analysis, following the approach of [31].
What we want to do is to show that for a pth order spatial approximation, and when employing a pth order RK scheme, the
solution at time t" verifies a truncation error equation of the type &, < C,h’. A global space-time truncation error estimate
can then be obtained by integrating over each time interval and adding up over all the time slabs.

To do this we consider a more general polynomial approximation in space. The degrees of freedom are still approxima-
tions of the values of the unknown in some nodal locations of the mesh, except that, differently from the P! case, these are
the element vertices plus other locations, as for example in standard P* elements, or in more “exotic” polynomial spaces,
such as the ones proposed in [23,39,38]. As before, we denote by ¢; the basis functions spanning the polynomial space,
by u, the spatial approximation of a function u, and with K we denote the total number of degrees of freedom (DoF) con-
tained in an element of the mesh.

We start by recalling that, given a smooth classical solution of the problem w, Hypothesis 4.1 guarantees that a pth order
RK scheme verifies the truncation error estimate

Syn+1
P W) = OVZt + el (W) = CRI((Wn)AtP,
where, with the notation of Section 4.1, we have explicitly used the fact that for the last stage of the RK scheme r* = ™!,
Similarly, Hypothesis 4.2 ensures that the modified semi-discrete operator used in the bubble function verifies the estimate

owntl
At

where certainly | < p. Both hypotheses are verified in Appendix B for the RK2 and RK3 schemes considered in the paper.
Next we define, for the stabilized Galerkin scheme, the following truncation error:

P (w) = + e (w) = Cre(WY)AL,

En =

> Vi / o (wh)dxdy + 30 > / v,-rﬁ<wh>dxdy’7 (69)
. TlieT *

i€Ty i€Th

where the ;s are nodal values of a Cé(Q) function, which is assumed to verify [31]

Hl//||L°°(sz) < C.,,, HWh“L“‘(Q) < Cll/;ﬁ ”vaL’“(Q) < CWH ||Vl//hHLX(Q) < CW;. (70)

having denoted by i, the pth order polynomial approximation of i/ corresponding to the approximation space chosen. Sim-
ilarly, wy, represents the spatial interpolant of the given smooth exact solution w. As a second step, we can immediately re-
write the error as
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1 1

En= /Zl//hrnﬂ (wh)dxdy+ZT€Tth € T/T"leﬁ;rﬁ(wh)dxdy,
«

Next we estimate the two terms in the error. For I we immediately make use of Hypothesis 4.1:
I= /Ql/lh (oW} + V- Fyp(wp))dxdy + /Q Vi Cre (Wh) AtPdx dy.

Now, being w a smooth exact solution, we have 9:w" + V - F(u") = 0, hence I can be rewritten as
I:/Ql//,,{)t(wz —w”)dxdy+/gx//hV~ (Fn(wh) —]:(w"))dxdy+/QthRK(Wg)Atpdxdy

= / Y0 (Wh — wh)dxdy — / (Fr(wp) — FW") - Vi dxdy + / ¥ Cr (W) AP dxdy,
Q JQ Q

where, following [6,31], we have broken the second integral over elements, integrated by parts over each element, re-assem-
bled, and used the fact that y € Cé(Q). Due to the assumptions on  (cf. equation (70)), we can now use the properties of the
approximation to estimate all terms, ending up with

|I‘ Cw(Th w )hp +C_7:(Th, n)hp +CR1((Th,Wn)Atp = Co(T]-hWn)hp + CRK(TmWH)Atp. (71)

This term is nothing else than the truncation error of the Galerkin scheme. As expected, it is of an order dictated purely by
the spatial and temporal approximations.
We now estimate the term II. First of all we note that since >~;y; = 0, then we can write

£ XS5 [y v omdy,
TeT,, jeT ieT
where we recall that K denotes the number of DoF in an element. Next we use Hypothesis 4.2 to get

=% Z > /y] —¥) Otwﬂdxder % XN / 705 — Y)V - Fr(wp)dxdy

TeTy jeT ieT TeTy jeT ieT
kX TS [ - wuwataxay
TeTh JjeT ieT
Using again the fact that w is a classical solution we have

kXS [t oy - whdedy + 5SS 5005 - 90V - (Fao) - Fw)dedy

T€Th jeT ieT TeT,, JeT ieT
K Z ZZ/ 7;(W; — i) Cr(W") At'dx dy.
TeTy, jeT ieT

In order to give an upper bound to the last expression, we make use of the fact that in 2D the total number of elements in the
mesh can be bounded by h2, the properties of s to deduce that y; — ¥; can be bounded by [Vl h, the fact that
IT| < Coh?, and the properties of the approximation. This leads to

] < C(Q, Tr)h 2 ([Pl @) Coh® [Vl ) hCuy (T, WR” + C(Q, T )2 [l 0 Coh® |Vl (g NCw 5 (T, wh)RP ™!
+C(Q, Th)h 2| Yll~ g Coh® | Vil (o hCri (W™ AL,

With |||~ @, = MaXrer, MaXjer ||~ ). Setting C1(2, Ty, w") =C(Q,T)CoCyy Max(Cw (T h,W"),Cvx(Th,w")), and Cre(Q, T, W")
=C(Q,T1)CoCyvyCre(W") we get the estimate

M| < |17l ) (C1 (2, T, wBP + Cri(2, T, W hAL).
Assembling the Galerkin error and the error associated to the bubble, we get finally
&n < Co(T]-” Wn)hl’ + CRK(T]'H Wn)Atp + HVHL”C(Q)Cl (Q7 Th, Wn)hp + ||VHL°°(52)ERK(Q7 Th, Wn)hAtl. (72)

This immediately shows that, provided that the bubble functions are uniformly bounded, we are allowed to have 1 < p, in
particular, it is enough to take I=p — 1 to retain the accuracy of the Galerkin approximation.

In particular, if, as it is always the case for explicit schemes, we can find two positive bounded constants Cpjar and Cayn
such that
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At
Chjae < T < Cagn
then we have for [=p — 1
& < ChP (73)

with

C = Co(Th, W) + Crc(Ths W) Chyp + 7l (C1 (2, Ty W) + € (2, T, WICh ).

Note that, mass lumping is kept out of the analysis. However, as shown in Section 3, it can be included in the definition of the
(bounded) bubble function, at least in the P! case. For the higher order case, we refer to [23,39,38] for more.

Appendix B. Hypotheses 4.1 and 4.2

In this appendix, we justify the choice of the approximate time increments su* (cf. Section 4.1 and Appendix A) for the
RK2 and RK3 schemes of Section 4.1. We recall that the constraint to respect is that for the last RK step

L ouk
K oU" ok _ I
= AL +e“ = O(At)
with [ > p — 1, where with p we denote the (desired) overall accuracy of the scheme. The analysis will be performed for the
autonomous ODE:

du+e(u) = 0. (74)

B.1. RK2 scheme

Let us start by verifying Hypothesis 4.1 for the RK2 scheme defined by

ul =u" — Ate(u"),
Aty A

5 e(u") —7e(u1).

When replacing u™ and u™ * ! by the values at " and t" * ! of an exact solution w(t), and using the fact that w' = w" — At lw"),
we can write

un+l =u"

1 n 1 n n 1 n n (VV1 — Wn)z n 1 n\3
ew') =eWw"+ (w' —w")) =e(w") + (w' —w")d,e(u )+f6uue(u )+ O(w' —w")?)

n n n Atz n\2 n 3

=e(w") — Ate(u")d,e(u )+Te(u ) oweu") + O(AL°)

which immediately leads to
w1 At At? At At?
%+j(e(wn) +e(W')) = oW + 50w + g OuW" +e(W") —-e(W")due(w") +Te(w")2(‘)uue(wn) +O(AP)
2
=9wW"+e(w") — ATt Ge(w")aue(w")2 +le(w“)28uue(wn)> +O(A) = O(A?)

having used the relations

W' = —e(W"),
QuwW" = e(W")0ue(w"),

75
DWW = —e(W")de(W")? — e(W)?d e(wh), (75)
e W" = e(W")d,e(W")’ + de(w")29,e(W")Oue(W") + e(W")? dyue(w").
To verify Hypothesis 4.2, we perform a similar exercise:

1 _ g0

it W W +1(e(w”) +ew')) = —e(w") +1(e(w") +e(w)) = —le(w") + 1e(w") - ge(w")aue(w”) + O(AL?)
At 2 2 2 2 2
At

= =5 e(w")dew") + O(A?) = O(At)

proving that this definition of 7*! is enough for use in the stabilization term in second order schemes.
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B.2. RK3 scheme

We repeat the same exercise for the RK3 scheme defined by

ul = u" — Ate(u"),
At At
e -7
At 2At At
n+l _ g ny _ 2y 1
u™ =u 6e(u) 3e(u) —Ge(u).

w=u"— e(ul),

When replacing u™ and u"*! by the values at t" and t"* ! of an exact solution w(t), we can easily prove the following
developments
1 n n n At? n\2 n AP n\3 n 2
e(w ) = e(W )_ Ate(w )8ue(w )—i—TE(W ) 8uue(W )_?e(w ) 8uuue(W )+ O(At‘l)e(w )

=e(w") — %e(w")f)ue(w") + Ath <e(w")8ue(w”)2 + %e(w")zauue(w")>

,A?t?’<2€(W”)28ue(wn)auue(wn) +ée(W”)33uuu€(Wn)) +0(At4)

These developments can be readily used to show that

wl —wn 1 1 2 At At? AL? 1 1
—Ar + EG(W") + 3 e(w') + 3 e(W?) = ow" + 5 OuW" + 5 OeW" + 24 e W" + Ee(wn) + ge(wn)
At At? A3 2
-5 e(w")o,e(w") + ﬁe(w”)zc‘)m,e(w“) - Ee(w")30uuue(w”) + §e(w")
2
- % e(w")d,e(W") + % (%e(w”)zauue(w”) + e(w”)aue(w”)2>
AL

6

-1 (2e(w")28ue(wn)8uue(w") + 1e(w")3auuue(w")> + O(AtY

which, using (75), leads immediately to

wit —wh 1 n 1 1 2 2\ n n At3 n ny\3 _ 3
T+ée(w )+€e(w )+§e(w ) = oW" +e(w )+ﬁe(w Youe(w")® + O(AtY) = O(AL3)
A similar exercise can be used now to show that
1 n
72 _ w —w 1 n 1 1y 71 n 1 n 1 ny g n n 2
r(w) = AL +4e(w )+4e(w ) = 2e(w )+4e(w )+4e(w ) 4 e(wh)a,e(w") + O(At?)
= —%e(w")aue(w") + O(At?) = O(AL)
and more importantly that
2 n
ity W mW 1 20
mi(w)=2 AL +6e(w )+6e(w )+3e(w )
2 A AR A Y T A
= AL (fie(w )+Te(w Youe(w )f?e(w ) Oe(w") +ée(w )+€e(w )fge(w Youe(w™)
At? 2 At At? 1
+ ﬁe(w”)zam,e(w") +3eW") —5e(W)due(w") + - <e(w")8ue(w")2 + Ee(w")zam,e(w")> +O(A8)
Atz n 2 1 2 n 3 2
=% e(w")o,e(w") —je(w ) Oue(W") | + O(AF°) = O(At)

which shows that also for the RK3 scheme, our definitions of the 7 do verify the accuracy constraint.
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