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e Semi-discrete Active Flux method of arbitrarily high order on 2-d Carte-
sian grids using cell averages, moments and point values at cell inter-
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e Method with a compact spatial stencil and minimal number of degrees
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1. Introduction

The solution of systems of hyperbolic conservation laws is required by
many different physical problems from fluid dynamics. As most of these
problems are fairly complex, numerical methods are needed to solve them.
Finite volume methods evolve cell averages and maintain conservation in a
discrete sense which is important for convergence to a weak solution. Go-
dunov’s method [I], for example, is a seminal approach to hyperbolic conser-
vation laws. More recently, Roe and coauthors introduced the Active Flux
method [2, 3], 4] inspired by van Leer’s scheme V [5] for linear advection. The
new method not only uses cell averages but also point values at the cell in-
terfaces. This allows to reconstruct the solution piecewise parabolically in a
globally continuous fashion. In [5], the point values at the cell interfaces were
updated by tracing back the characteristics. This way, a method of third or-
der for linear advection in one spatial dimension arose. Roe’s one-stage fully
discrete Active Flux method (which we will call the classical Active Flux
method, for a review on Cartesian grids see e.g. [0]) extends this idea to cer-
tain nonlinear and/or multi-dimensional hyperbolic problems by replacing
characteristic transport with suitable either exact or approximate evolution
operators (e.g. [7, 8, Ol 10, 11]). Depending on the system of conservation
laws finding such an evolution operator may be quite challenging. Recently
the authors in [12, [13| [14] [I5] proposed a semi-discrete formulation of the
Active Flux method (which we will call the generalized Active Fluz method)
that allows for a more flexible approach to update the point values.

In [13], several extensions of this method to arbitrary order in one spatial
dimension are presented, while the multi-dimensional method in [15] was
only third-order accurate. In this paper we extend this work to obtain a
semi-discrete generalized Active Flux method of arbitrarily high order on
Cartesian grids in two spatial dimensions. The design of the method is
based on a hybrid finite element—finite volume method (see also [14]) and
also takes inspiration from the one-dimensional arbitrary-order Active Flux
method with additional point values developed in [13].

While this paper focuses on Cartesian grids, we want to also mention [16],
where a semi-discrete Active Flux method on triangular meshes is presented
and results for a third- and fourth-order accurate method are shown, using
the cell average and point values at the cell interfaces. Furthermore, [17] and
[18, 19, 20] consider extensions of the (classical) fully discrete Active Flux
method to arbitrary order. The first approach uses additional point values.



In the latter, they typically enrich the stencil using additional information
in the form of derivatives at the already defined point values at the cell
interfaces (also called “Hermite Active Flux”).

Here, we aim at using higher moments in the cells and additional point
values at the cell interfaces. For efficiency, we especially aim at achieving
arbitrarily high order with a minimal number of degrees of freedom while
maintaining the compact stencil. Another possibility is a tensor-like exten-
sion of the hybrid finite element—finite volume method in [I4], which is also
formally defined in [21], but it uses more degrees of freedom than actually
necessary for the required order of accuracy.

Using our approach, key features of Active Flux like global continuity of
the reconstructed solution and a compact stencil of the method in space are
retained. As the method is based on the semi-discrete approach, it has the
potential to be more easily applicable to different systems of conservation
laws than the classical Active Flux. For integration in time we use an ex-
plicit Runge-Kutta method. While classical Active Flux is a one-stage fully
discrete method, the multiple stages of a Runge-Kutta method widen the
effective stencil of the generalized Active Flux method. In [I§], this has been
linked to a reduction of the maximal CFL number, compared to the classical
Active Flux method. Yet, [22] shows encouraging similarities of the classi-
cal and generalized Active Flux method of third order on Cartesian grids
for linear acoustics, such as stationarity preservation (see [9] for stationarity
preservation of the classical Active Flux).

The paper is structured as follows: In Section[2]we briefly recall arbitrarily
high-order one-dimensional Active Flux from [I3, 14] and third-order two-
dimensional Active Flux from [I5]. Then, our high order method is defined
in Section [3] Section [] focuses on a stability analysis for linear advection of
both the semi-discrete and the fully discrete method using RK3. Numerical
results up to seventh order are presented for our high-order method in Section
[}, including an example for the 2-d compressible Euler equations.

2. An overview of the semi-discrete Active Flux method

Consider the hyperbolic system of conservation laws

for ¢: Ry x Q — R?® on the domain 2 C R?. Throughout this paper the focus
is on the two-dimensional case d = 2 with £ = (f*, f¥), f* fV: R° — R®.
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The notation used here is similar to [15].

Furthermore, we restrict ourselves to rectangular domains € = [Zpin, Tmax) ¥
[Ymins Ymax) discretized with Cartesian grids with equidistant cell widths Az
and Ay in z- and y-direction. For a Cartesian grid of size N, x N, the grid
cells will be denoted as C;; = [mi_%,xiJr%] X [yj_%,yﬁ%] fori=0,...,N, —
1,j=0,...N, — 1 centered at x;; = (z;,y;).

Next, we will give an overview of semi-discrete Active Flux methods, that
we will use and extend in this paper.

2.1. A third-order method on two-dimensional Cartesian grids

In [I5] a semi-discrete Active Flux method of third order on Cartesian
grids was presented for the two-dimensional case. As for the classical Active
Flux method on Cartesian grids (see e.g. [0, 23]), the degrees of freedom for
each cell Cj; are the cell average

Gis(t) = ﬁAy /C ij ot x)dx )

and the nodal, vertical and horizontal point values

qi-l—%,j—f—%(t) = q(t’xi+%7 yj+§)a

Gigei(t) = q(tziy;p1), gy (8 = q(t 2,1, 05)

(3)

at the cell interfaces. All point values are shared, i.e. each cell has access to
cight point values at x,, pe {(i £ 1,7+ 1), (i£3,7), (4,5 £3)} (see Figure
Ta).

The reconstruction on cell Cj; is the biparabolic polynomial ¢;; econ :

[—42, &2 x [—%, 2Y] — R* (see [I5, 0]) defined on a reference cell with

Xref i= X — X;; and Xy p 1= X, — X;; Which has to satisfy

1 Ay Az
2 2

ij X dx d = »

AZL’Ay /_Azy /_A; ql.],reC()n( ref) rof yref qz]

qUJeCOH(Xrefyp) =dp Vp € {<Z + %’.7 + %)7 (Z + %’j)’ (2?] + %)}

It can also be written in terms of shape functions, see e.g. [22]. This gives
rise to a globally continuous reconstruction gecon 0n €2 (see Figure with

Cij (X) ‘= (ij recon (Xref)~ (4)

Qrecon
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Figure 1: Degrees of freedom and reconstruction for a third-order Active Flux method on
two-dimensional Cartesian grids.

For the update of the point values g,,p € {(i—l—%,j—l—%), (z’—l—%,j), (i,j+%)}
the quasi-linear form of at x,

%) + Df(ap(8))0aal, () + D (ap(8)) 9yl (t) = O

is considered. In order to introduce stabilization via upwinding, the Jaco-
bians J* = D f%(q,), JY = DfY(q,) are split according to the sign of the wave
speeds

(J9)E = Txdiag()\il, . ,)\is)(Tx)*l,

)\;L’k = max(0, \p ), Ay = min(0, Ay x) Vk=1,...,s.

The derivatives 0,¢|, are approximated with finite difference formulas in up-
wind direction (D} ),q and (D ),q derived from the reconstruction grecon. In
directions tangential to the cell interface for the horizontal and vertical edge
point, the derivative of the reconstruction is continuous and no upwinding is
included.

The update of the cell averages is obtained by integrating the conservation
law over the cell C;; and applying the divergence theorem

d 1
Bl f : —0.
3ij(t) + Ariy /8 ” (q(t,x)) -ndS =0

dt
The reconstructed solution is continuous at the cell interfaces and the flux
terms over the cell interfaces are numerically integrated with a Gauss-Lobatto
quadrature with three points, which coincide with the point values at the cell
interfaces.




2.2. Methods of arbitrary order in one dimension

In [I3], different methods to extend semi-discrete Active Flux to arbitrar-
ily high order in one dimension were suggested. Here, two of these concepts
are reviewed, and a variation of the second method is presented.

2.2.1. A method with higher moments

In this paper, we will mainly focus on the hybrid finite element—finite
volume method as also defined in [I4], Definition 4.1 (Method A)]. For a
method of order N + 1 on a compact stencil, N + 1 degrees of freedom
accessible to a cell are needed to approximate a polynomial of degree N. In
addition to the traditional degrees of freedom, i.e. the cell averages and the
point values at the cell interfaces, this method uses higher moments

aM(1) = A / gt b —a)de keN.
xi_%

The test functions for the moments are by : [—8%, 22] — R, by(z) = 2*
with the normalization factors A, = (Ei)ﬁk This allows to obtain more

(0)

i

information on a compact stencil. The update of the cell average q; = ¢
and higher moments is given as

%q@“)(t) =— A (f(qi+%<t>>bk (55) — flg;_1 ()b (—%))
+ Ak/ T H gt o) (x — a)de VR =0,..., N —2

=3

for a method of order N + 1. The update of the point values Qi = q(xH%)
uses a Jacobian splitting of D f(q) to include upwinding

d o
&Qzﬁ-%(t) = _Df(QH—%)JF(D;—)H-%q - Df(qz-i-%) (Dgg )H_%q

The polynomial reconstructions ¢; recon : [—%, %] — R® of degree N > 2

are used to find a finite difference approximation for (D), 1q.

2.2.2. A method with additional point values

Another possibility to achieve arbitrarily high order of the Active Flux

method is to introduce further point values q;¢, = q(z; + Az&,),& € (=3, 3)



within each cell in addition to the cell averages and the point values at the
cell interfaces g, +1- This method will especially be relevant for the discussion
of stability in Sectlonl To achieve a method of order N+1, N —2 additional
point values are needed and similarly to Section [2.2.1] a polynomlal recon-
struction can be defined on the cells C; (except in the case of a symmetric
distribution of an odd number of point values). In [13] this method has been
introduced using evolution operators for the point value updates.

Before proceeding with the arbitrarily high-order two-dimensional method,
we propose a variation of the above method here. Since it is a challenge to
find exact or high-order approximate evolution updates for the point values
for general systems of conservation laws and having in mind the point value
updates of the method reviewed in Section [2.2.1] it seems straightforward to
write a variation of the method from [I3], for N + 1 > 4, as the following
semi-discretization:

(d o fa ) - flay )
4 =" As
d

Sy (O = =F (03 (0, 0o (0, iy (8), 00 0
Givreo(t), s Givren_o(t), Gigs (t)>
d .

e, (0) = —Fu(a 3 (1), G0, e (), (0))
Va € {0,...,N — 3}

\

with consistent approximations F,F,ofd,f (q) at x; 1 and z;+Ax€,, respec-
tively. As in Section a Jacobian splitting can be considered and a finite
difference formula can be derived from the reconstructed polynomial. For the
point values at the cell interfaces it is natural to use the reconstruction of
the cell in upwind direction such that (D;Cr )it 1q = %qul',recon(afref)

(Dx )1+1 q = d:c f%+1 recon(xref)
the reconstruction is uniquely deﬁned and (Dy)igaq := %refqi,recon(xref) et = Ao -
This resembles the approximation of the derivative tangential to a cell in-
terface in Section 2.1l The version described in this Section will serve as
inspiration in Section [

A
xrefZTI )

2= oz . For the point values within the cell,




3. A semi-discrete Active Flux method of arbitrarily high order on
two-dimensional Cartesian grids

In the following Section we discuss the extension of the semi-discrete,
third-order Active Flux method (as recapitulated in Section [2.1)) to arbitrary
order of accuracy N + 1. It will be constructed in such a way that

e the reconstructed numerical solution gecon is globally continuous,

e it uses a compact stencil with a minimal number of degrees of freedom
per cell, and

e the cell average is always included among the degrees of freedom.

As for the third-order method, the shared point values at the cell interfaces
will guarantee that the reconstruction is globally continuous and the inclusion
of the cell averages will ensure that the resulting method is conservative. To
gain sufficient information for the reconstruction on a compact stencil, higher
moments are defined. Hence, this work extends the hybrid finite element—
finite volume approach (see Section from one spatial dimension to two
spatial dimensions on Cartesian grids.

The way the point values are distributed on the edge has an influence on
stability as shall be discussed in Section 4.1} There, similar considerations
are made as for the Active Flux method with additional point values (see

Section [2.2.2)).

3.1. Reference element for Cartesian grids

From now on, we define the reference element as C** := [—1 1] x [-1 1]
and the transformation ®;; : Cj; — Cref

vt = (23, ) 5)
with its inverse (IJ;jl - Cref Cij

q)i_jl (Ireﬁ yref)

I
N
8
_|_
bg
8
&
g,
~_
—~
=
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Figure 2: Superscripts specifying the degrees of freedom for a cell C;; for GenAF (M)
of fourth order (a generalized Active Flux method with minimal number of degrees of
freedom, see Notation . The circled point values mark the points belonging to a cell.

3.2. Degrees of freedom

The degrees of freedom used for the generalized Active Flux method of
order N + 1 are shared point values at the cell interfaces and moments. The
notation we introduce here uses a subscripted index 75 to identify the cell
and a superscripted index to specify the degree of freedom. An example for
the superscripts can be seen in Figure

As described above, the point values at the cell interfaces are chosen such
that the reconstruction gecon is globally continuous on the domain 2 and
maximal use of these shared degrees of freedom is made. N + 1 shared point
values at each cell interface are required to define a unique polynomial of
degree N along each cell interface and achieve Gecon € C°(2, R®). First, the
four nodes (= vertices) are included. This leaves N — 1 points per edge, i.e.
4(N — 1) edge points in total. For cell C;; the point values are defined as

0 () = q(t.x}) vpelp (7)
with x{ € 9C;;. The index set
Ip = Iy U ¢ (8)
defines all points accessible to the cell. These are

e the nodes {xg‘)} Iy :=={(N,0),...,(N,3)} located at

ne€ln’
(xij:%7 yj:l:%)

and assembled counterclockwise starting with the lower left node and
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e the edge points {xﬁj’a)}(e’a)ek, Ie :={(e,a)le=£0,...,E3,a=0,...,N—

2} with the edges assembled counterclockwise. The horizontal edge
points with e = 0, 2 are located at

(xi+§a’ yj:l:%) = (':EZ + &Az, yj:t%)
and the vertical edge points with e = 1,3 at
(xi:t%a Yire,) = (J:ij:%vyj + & Ay)
with &, € (—3,3). The choice of &, is discussed in Section .

Since the point values are shared between adjacent cells it is possible to
define the points belonging to a cell, e.g. chosen as the upper right node
n = 2 as well as the edge points on the upper horizontal e = £2 and the right
vertical edge e = £1, assembled in the index set

Ip = {(N,2)} U{(e,a)le = £1,E2,a=0,...,N — 2}. 9)

Thus, on average only 1 node and 2(N — 1) edge points have to be updated
per cell.

The moments of order m =k +1, k,1 > 0 for cell Cj; are defined as

00 = A [ @G 0d VD E Ly (10
Ci]‘
with the test functions (bg;)k ien,
b, [—%>%] X [—%, %] — R, b(z,y) = xkyl (11)
and a corresponding normalization factor

(k + 1)25(1 + 1)2!

Apy = 12
Thus, there are m 4 1 moments of order m and the cell averages g;; are equal
to the moments qg-)’o), ie. m=0.
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Figure 3: Reference elements C*' for GenAF (M) of order N + 1 (a generalized Active
Flux method with minimal number of degrees of freedom, see Notation .

Beyond the requirement of including the average among the degrees of free-
dom, there are different possibilities to choose the moments. The two choices
considered here are

Ivi=Iuno:={(k Dk 1eNy,0<kI<N-2} (tensor-like)
(13)

Iv =g ={(k, )|k, 1 €Ny, 0<k+1!<max{0,N —4}} (triangle-like)
(14)

for N > 2. They entail different reconstruction spaces which will be dis-
cussed in the following Section.

The point values and moments define all our degrees of freedom and the
index set of the nodal and modal degrees of freedom accessible to each cell
is denoted by

Idof = IPUIM. (15)
and analogously we denote by
Lot = Ip U Iy (16)

the index set of all degrees of freedom belonging to a cell. Figure |3 shows
some examples for the reference elements of spatial order N + 1 using the
triangle-like moments (14)). The updates of the degrees of freedom are dis-
cussed in the Sections [3.4] and B.5l

Remark: Finite elements using nodal and modal degrees of freedom are also
called hybrid finite elements (see e.g. [24, Chapter 6.3.3,Chapter 7.6]).
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3.8. Reconstruction

Next, the spatial reconstruction grecon : 2, — R*, @, := U, ;C;;, is con-
sidered (for 1-d it reduces to the reconstruction in [14], and for third order
in 2-d to the one in [9]). The polynomial solution reconstruction on cell Cj;

Cij : Cij — R* Grecon

Qrecon Cij € (Precon)s (17)

has to fulfill and , and for the method to be of order N + 1 in space
it must at least lie in the bivariate polynomial space

PY = span{z™y"|m,n € Ny,0 <m+n < N} (18)

of maximal total degree N, for each element, i.e. PN C P™°" Here, we
use all degrees of freedom qg),r € I4o¢ accessible to the cell to define .
Clearly, a necessary condition for unisolvence is that the dimension |P"|
of P matches the number of degrees of freedom. Below, two possible
choices for the reconstruction space are presented. Later on, they are used
to define a finite element for the generalized Active Flux method.

3.3.1. Tensor-like reconstruction space
As a natural extension from the one-dimensional case (see [14, [13]) the
bi-polynomial space

PN .= span{z™y"|m,n € {0,--- ,N}} (19)

can be considered for P™®"  similar to tensor-product finite elements (see
e.g. [24, Chapter 6.4]).

This choice satisfies PV C P™" and requires | P™?| = (N +1)? degrees
of freedom. As discussed in Section [3.2] 4N of these must be point values
which leaves (N — 1)? modal degrees of freedom within each cell, i.e. the cell
average and the higher moments. Thus, the tensor-like reconstruction space
is associated to the tensor-like choice of moments spanning PN -2V=2,
This choice reduces to the reconstruction space for the third-order Active
Flux method as first introduced in [0} 23], see also Section [2.1]

For the resulting method we introduce the following notation:

Notation 1. The tensor-like generalized Active Fluz method on two-dimensional
Cartesian grids with P°™ = PN'N shall be denoted by GenAF (Mp).
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1 x x? N2 aN-1 N
Yy Yy xzy xN’Qy a:N’ly
yz xyz x2y2 xN72y2 _ _
yN—2 xyN_2 x2yN—2 _ _ _
y -1 xnyl _ _ _ _
N

Table 1: Monomial basis for serendipity space SV. The circled elements extend PV .
This is used to define a minimal basis for P°", see . The bold lines separate the
basis elements required for the edges from the triangle-shaped remainder that ensures
unisolvence of the moments.

3.3.2. Reconstruction space with minimal number of degrees of freedom
High-order methods need to evolve many degrees of freedom. We thus
aim at finding a computationally more efficient choice for P“" with only
the minimal possible number of degrees of freedom needed to achieve order
N + 1 on a Cartesian cell.
Setting Pr°® = PN turns out not to be sufficient for unisolvence, as
discussed below. Instead we define

SN @ span{z?y?} for N =2,3
Precon = PIII’lei(I?lOn — N p { y } (20)
S for N > 4.
using the so called serendipity space (see also Table
SN .= PN @ span{z"y, vy} (21)

known from serendipity finite elements (see e.g. [24, Chapter 6.4.3] and
[25]), which are based on the idea of reducing the degrees of freedom from
the tensor-product finite element.

First, let us consider the case N > 4 for the reconstruction space in
with [SY] = (N + 1)(N +2) +2 = {8,12,17,23,... } y>2 degrees of
freedom. There must be 4N point values (see Section [3.2). This leaves us
with $(N —3)(N —2) = |PY~*| moments, that we will thus take with respect
to the basis of PN=*. For N = 2,3 with |SY| = 4N, there is an exception.
In order to include the cell average, SY needs to be extended. In both cases

13



order | Precon #PVs #Moments
N+41 (N—H)QM—%? AN max{l,;(N—S)(N—Q)}
3 8 8
4 12 12
5 17 16 1
6 23 20 3
7 30 24 6

Table 2: Number of degrees of freedom for GenAF(M).

{z*y?} is a suitable choice for the additional basis element. This choice of
moments corresponds to the triangle-like choice and coincides with the
tensor-like method for N + 1 = 3. An overview of the number of degrees of
freedom can be found in Table 2

As mentioned above, the choice P*" = P¥ (for N > 5) turned out
not to be sufficient for unisolvence of the method on Cartesian cells, which
was verified using MATHEMATICA for N = 5,6, where we chose Iy =
Iz \ {(N —4,0),(0,N —4)}. This is because two basis elements of the
highest power N in x and y each are needed to be able to uniquely define
the polynomials up to degree N on the two horizontal and vertical edges,
respectively. For N = 2,3, 4 it was also necessary to extend P" in a suitable
manner due to our requirements specified at the beginning of Section [3} For
N = 2,3, we chose SV @ {z%y?} as defined in (20]) which we deemed a natural
and symmetric choice lying within PV, For N = 4, we tried two versions:
First, PV @ {x3y? 2?y3}, which we found insufficient to achieve unisolvence
and second, we tested SV as in . Now, consider the minimal choice of
degrees of freedom with the basis elements spanning Pr¢". Then, one can
think of associating the nodal degrees of freedom (nodes and edge points) on
the horizontal edges with the basis elements 1,z,...,z" and vy, zy, ..., 2Ny
on an edge each, and respectively, 1,v,...,y" and z, zy,...,zy" with the
points on the vertical edges. The moments can then be associated with the
basis elements in , which form a triangle in Table [1] (indicated by the
bold lines). As shown with the help of MATHEMATICA for up to order 7, the
basis given in for Pree°" is unisolvent.

min

14



Referring to the choice of moments the following notation is introduced:

Notation 2. The generalized Active Flux method on two-dimensional Carte-
stan grids with minimal number of degrees of freedom wusing Pcs™ given in
(20) shall be denoted with GenAF(My).

3.3.3. A hybrid finite element
Next, the hybrid finite element as defined in [14, Definition 3.1} is ex-
tended to a Cartesian element in two spatial dimensions. We also include

the interpolation operator and the reconstruction and follow [24, Definitions
5.2, 5.5, 5.7, 5.11, Proposition 5.12] and [14]:

Definition 1. Let d = 2 and N > 2. Given an index set Igor := Ip U Iy
with a set of points {Xp}perp, here {x, = (2, Yp)|Tp,yp € {3} or (z, €
(€t € {£11) o7 (1 € (2} up € {E10) with & € (—51) Va =
0,...,N =2}, and a (e.g. monomial) basis {by,}ric1,, for either

o PN-2.N-2 (Ipg as in )7 or

e the polynomial vector space PM with M = max{0, N — 4} (In as in

19).
Then, the finite element (K, P,X) is

],

o K=0 = [ 1] x [~

DO

)

N |—=

o P given either by

_ precon _ PN’N, or

— precon = SN @y span{z?y?} for N < 3 and P = SN for N >3
and
o ¥ = {0;}ic1,, the set of degrees of freedom with o; : P — R

op(v) :==v(x,) Vp € Ip
Ok (v) = A [ beg(x)v(x)dx V(k,1) € Ly

for allv € P and with the normalization factors Ay} = (k+1)2%(141)2!
with respect to K.
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We define the shape functions B, : K — R such that
0r(Bs) = 6rs V7,8 € Lgof (22)

which form the canonical basis of P with respect to the finite element. Figure
shows examples for the shape functions of the GenAF (M) method of order
N+1=7.

The interpolation operator corresponding to the finite element is defined
to interpolate real-valued functions over K in P. We consider the space
V .= LY(K,R). With P C V, the elements in {0, },c,., — spanning the
space of linear forms hom(P,R) — can naturally be extended to hom(V,R).
We denote them by {6, },¢r,.,- Then, the interpolation operator Ix : V — P
is defined as

Ix()(x) == Y 6,:(v)B.(x) Vx€EK (23)

reljof

Finally, the reconstruction R : Rlactls — ps

R((¢)rern) (X) = Y @B, (x)  VxeK (24)

relgof

maps the degrees of freedom ¢, € I3, to the polynomial space P*. This gives
the reconstruction (17)):

Qrecon|C;; © @;1 =R ((C.Iz(;)) ) S (Precon)s (25>
reljof
= Grecon Cij (X> - Z qg)Br<q)l]<X)) (26>
r€ldof

3.4. Update of point values

For the update of the point values it is possible to consider a non-
conservative formulation of , which also allows to include stabilizing up-
winding. In spirit we follow [13] 14, 15]. The quasi-linear form for the system
of conservation laws is

Orq(t, %) + D f*(q(t,x))02q(t, %) + D f¥(q(t, x))0yq(t,x) =0, (27)

which is considered at xg) to derive the point value updates. Here, the

Jacobians of the fluxes f*, f¥ are given, since they can be calculated directly,
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Figure 4: Shape functions for GenAF (M) of 7" order.

whereas the derivatives of ¢ with respect to x and y have to be approximated.

We intend to use different derivative approximations (D, ) ~ Oy, (D )w) o~

0, for each upwind direction. To this end, the diagonalized Jacobians
Df*(¢”) = T*diag(Ae,1, - - - Aays) (T9) 7, (28)
Df*(ay) = T*diag(y,- -, Ay )(T") (29)

are split according to the positive and negative wave speeds to incorporate
upwinding:

Df*(¢)*" == Todiag(AS ..., \E)(T)7,
Df* () == Todiag(A; . ..., Ay, ) (T) 7,
DfY(qP)* = TVdiag(\fy, ..., AL ) (T,
Df¥(qlf)™ = Trdiag(\, .. ... Ay ) (T*) 7,
where
AL; = max(0, \.,), AL = min(0,\,), * =,y
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This yields
d T T - —
@4 (0 == DI (DDa = D () (D2 a
= Df!(a) (D) = D)~ (D)0
The upwinded finite dlfference formulas (Di)( ?) (D;t)gf ) are derived with the

ij
.;» which are differentiable on each cell Cj;

(30)

(see also [15], 22] for third order):
(Di)(p)q = GIQrecon

(D;t)zf q = ay(hecon

C'lupw ) |X§f) ) (31)

Cupw (X)| @ (32)

The upwind cell C"PY is the cell adjacent to X ) from the corresponding

“+”-direction for = or y, i.e. at the node Xij) = ( i+—7yj+§)

(D )z] q = 8:(:Qrec0n Cij (ZIZ’ ?/J+ )|x xl+%7
(D ) q = mQrecon Cit1,5 (SL’, yj+l)|x:x._%7
(D )z] q := OyGrecon ng< i+ Y)ly= Vil
(D ) . aerecon Cij+1 <x1+%7 y) |y=yj_% )

and at the horizontal edge points (7;¢,, y; +%)

(D )( P (DJF)Eg)q = (D;)(P) = OzGrecon

i )

Cij (33', yj+%)‘m=xi+5a 9
(D;_)z(])q = aerecon|C,-j (JZ, y) |(a:,y):(:ci+ga,yj+%)7
(D;)z(?)q = aerccon

The derivatives for the vertical edge points (z;, 1 Yj+e,) are defined analo-

Cijt+1 (‘T? y) |(I7y):($i+§a ,yj+%)-

gously. Considering definition for the reconstruction qrec0n|cij the partial
derivatives in z- and y-direction are given as

aacqrecon Cij QZ’ y Z CIU VQB l](xay)) axq)w(xvy)a (33)
r€lgot

aerecon ” .Z' y Z C]U V‘I)B l](xay)) ' 0y®l](x7y) (34>
reljgof

An example for the thus derived finite difference formulas for and
can be seen in Figure [5
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Figure 5: Example of finite difference formulas for GenAF (M) of fifth order at locations
of different degrees of freedom, marked by the additional circle (see , ; coeflicients
rounded to two decimal points). Upwind direction: “—7.
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3.5. Update of moments

In the following, an update procedure is derived for the moments, ex-
tending [13, [14) [15]. In particular, a conservative update of the cell averages
is obtained, which is key to ensure convergence to the weak solution of the
conservation law. To this end, the weak formulation of

d
T Cv(x)q(t,x)dC + /acv(x)f (q(t,x)) - ndS )

- /CVU(X) f(q(t,x))dx =0

on a domain C' C RY, is considered. To find the update for the cell average
and higher moments on cell C;;, equation (35) with C' := Cj; is multiplied
by the normalization factor and the test function v is set to (11)). This
yields the semi-discrete update formula for the moments of order m =k + [

d yj 1
qu;’l)(t) = _Ak,l(/ o O (i (i1, 9)) f7 (a(t 201, 9))
Y. 1
- bk,l((pij(xi—%7 v)) f*(a(t, xi_%,y))dy

Yird [Tird .
_ / / Oubia (B33 (,9)) 7 ((t, 2, ) dady
Yisk Ui

N

+/ o bk,l(q)ij(xvyj+%>)fy(Q(ta$vyj+%))

i—

o=

- bkl(<I>ij(ac yj,;))fy(q(t, T, yjfé))dx

/ / Loy U<x,y>>fy<q<t,x,y>>dxdy),

_1 _1

t\‘)
m

(36)
where the integrals are approximated with the help of a numerical quadra-
ture formula. Here, we choose either a Gauss-Lobatto or a Gauss-Legendre
quadrature for the integrals. The necessary values at the quadrature points
(both on the cell boundaries and within the cells) are obtained by evaluating
the reconstruction . For now, the quadrature formulas are chosen to be
sufficient for polynomials of at least degree N + max(k, ().

Remark: The nodal degrees of freedom at the cell interfaces could be in-
cluded to calculate the quadratures. Yet, along the edge there are typically
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more point values than actually necessary for the quadrature alone. For the
bulk integral, the reconstruction needs to be evaluated at quadrature points
anyway as the pointwise degrees of freedom are located on cell interfaces
only.

3.6. Method definition
Concluding, a definition is given of the generalized Active Flux method
of arbitrarily high order on Cartesian grids in 2-d.

Definition 2. Given N > 2, the generalized Active Flux method of order
N +1 on 2-d Cartesian grids is the semi-discretization of

(4 ki = 4 bes (@ (X)) E(g(£, %)) - ny;dS
g4t y 1t (P (x))E(q(t,x)) - ny
acij

4 " . —
—q(t)=—-F () vpel
\ dtql] (> p sz,]p (ip,Jp)Eop,rE€lq0r b i
f

ArC
with Laot, Iam, {bki} and Azelf given as in Deﬁmtion Agy = ﬁxy and the

outward pointing unit normal n;; on 0C;;. The set {X,Ef)}pei; contains point
values belonging to C;; as it is given by @ F, is a consistent approximation

of 0, f*(q)+ 0, f¥(q) at point xg?) where o, == {(i,j)‘xg) € 9C;} defines the
index set of the cell neighbours of xg’).

Here, we choose F), as given in with finite difference formulas ,
derived in Section .

4. Stability analysis

Stability results for the generalized Active Flux method introduced in the
previous Section are presented for linear advection in two spatial dimensions.
First, the semi-discrete generalized Active Flux method is studied with the
help of an eigenvalue spectrum analysis. We observe that the stability of the
method depends on the location of the edge points, and this analysis is used to
determine a stable distribution. Second, a generalized Active Flux method
using a third-order Runge-Kutta method for the discretization in time is
considered to determine a stability bound for the fully discretized system.
The methods used for the stability analysis are for example described in [26].
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4.1. Semi-discrete Active Flux method

The generalized Active Flux method of order N + 1 uses moments and
point values at the cell interfaces as degrees of freedom. In the one-dimensional
case, the choice of the points is straightforward at the cell interfaces. The
two-dimensional case allows more flexibility: out of N + 1 points xg) along
each cell interface, two are located at the nodes, (see Section , but the
question how the N — 1 edge points are distributed remains.

Some first numerical tests with a uniform distribution of the edge points
implied that this choice does not lead to a stable method. In [I3] a similar
finding was observed for the arbitrarily high order one-dimensional Active
Flux method with additional point values, reviewed in Section [2.2.2] There,
the additional points set within the cells had to be moved closer to the cell
interfaces to gain stability. Inspired by this result we would like to find a
similar way to distribute the edge points for the generalized Active Flux
method in 2-d. Here, the focus is on symmetric distributions of the points
with respect to the edge midpoint. For a fourth and fifth order method this
leaves one free parameter for the edge point distribution and two for a sixth

and seventh order method: Considering the edge [—2, 1

-5 5] in z- or y-direction
the edge points are

o {—¢ & for N+1=4or{-¢£0,&} for N+1=5, with £ € (0,3) and

o {—&,—60,80,&} for N+ 1 =06 or {=&,-&,0,&,& ) for N+1 =7
with 50751 € (07 %)7 50 < 51

While it might still be viable to analyze many different setups for a fourth
or fifth order method, for higher orders N + 1 with [%J free parameters
for the edge point distribution this is not feasible. Hence, the following sta-
bility analysis is confined to a few ways to distribute the edge points that we
consider to be a sensible choice. In particular we will try Gauss and Gauss-
Lobatto points, since we have in mind the update of the moments, where a
quadrature is used to approximate the integrals over the cell interfaces. Even
with Gauss points, we still include point values at the nodes in the set of our
degrees of freedom.

Next, the eigenvalue spectrum of the semi-discrete generalized Active
Flux method is analyzed for scalar linear advection in two spatial dimensions

Oq(t,x) + V- (aq(t,x)) =0 (37)
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with a constant advection speed a = (a,,a,) := (cosf,sinf)’, 6 = [0, 2n)
and periodic boundary conditions. Thereto, the vector q = (¢;)ier,,, Wwith
Tiots = UZ ; (m)ij assembling all degrees of freedom of the discretized domain
Qy, is defined and the semi-discrete generalized Active Flux method for
is re-written as the linear ODE system

Sa(t) = Aq), (39)

where A assembles the right hand side updates of the method. A necessary
condition for stability of the linear ODE system is

Re(A) <0 VA € o(A). (39)

This condition becomes sufficient, if the algebraic multiplicity of all A; with
Re(\;) = 0 equals their geometric multiplicity.

In the following, the GenAF(My) method of orders N +1 = 3,...,7 is
studied with Gauss, Gauss-Lobatto and uniformly distributed points on the
edges. To cover a range of different advection directions, § € [0, 7] is chosen
in increments of %—th, ie. 0 =0,5,...,3, for the Gauss points and }t—th
for Gauss-Lobatto and uniformly distributed points. The restriction of  to
[0, 7] is possible due to symmetry properties of the method. The setup for
the grid sizes is N, = N, € {3,5,10}. The results use a Gauss integration
sufficient for the calculation of the moments for linear advection, i.e. for
moments of order m it is chosen to be sufficient for polynomials of at least
degree N + max(k,1).

Remark: Some further tests with a higher accuracy or different type of

quadrature yielded comparable results.

For the setups described above, the stability of is analyzed numeri-
cally due to the size of the update matrices A (e.g. for seventh order, 10 x 10
grid: 1700 x 1700). We obtain the following results: only the method with
Gauss edge point distribution is stable for all tested orders N +1=3,....,7
and corresponding setups. From the computer-aided analysis one finds that
Re(\;) < €, i.e. the eigenvalues have a non-postive real part up to a tolerance
¢, and all \; with |Re(\;)| < € are at least semisimple for all ¢ with tolerance
e =5-1071 for the Gauss edge point distribution. In Figure @ an example
is shown for N +1 = 3,...,7 with # = 0 and the three grid sizes. It can also
be seen that the eigenvalues scale with the grid size.
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1
)5

The methods with uniform and with Gauss-Lobatto edge point distri-
bution result in an unstable system for orders N +1 =4,...,7. For
N +1=25,6,7 the tests show that there exist eigenvalues with positive real
part for all tested 6. For N 4+ 1 = 4, eigenvalues with positive real part are
observed for § = 0,7. For N + 1 = 3 the edge point distribution coincides
with the Gauss distribution.

In this way, we are led to conclude that Gauss points are a suitable choice
for the distribution of the edge points that yield a stable method and we will
use this distribution further on. Despite the limitations of the analysis, which
has been conducted for orders N + 1 = 3,...,7 and linear advection only,
we are optimistic that these results will carry over to higher orders. Further-
more, we apply the Gauss edge point distribution to linear and non-linear
systems of conservation laws in our numerical examples and have not ob-
served instabilities.

Remark: The semi-discrete GenAF(Mp) method of orders N + 1 =4 and 5
was also studied for Gauss, Gauss-Lobatto and uniformly distributed edge
points. The setup used for the advection directionsis ¢ € [0,5],60 =0, F, ..., 5
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and the grid sizes are N, = N, = 3,5,10. Again, only the Gauss edge point
distribution yields a stable system for all setups. For Gauss-Lobatto
and uniformly distributed points, positive eigenvalues are found for § = 0, 7.

4.2. Fully discrete Active Flux method

The semi-discrete formulation of the method (see Definition [2)) allows to
choose a time discretization. Similarly as in [14, 13] we focus on a strong
stability preserving Runge-Kutta method of order three (SSP-RK3).

Based on the approach in Section we analyze the stability of a fully
discretized generalized Active Flux method with Gauss edge point distribu-
tion. This allows us to derive a CFL condition for linear advection (37)).
First, the ODE system of the semi-discrete method for linear advection
with periodic boundary conditions is diagonalized. This is possible, because
the dimension of the sum of the eigenspaces for all eigenvalues of A is equal
to |Tgofs|, which was computationally checked up to a tolerance ¢ = 5- 10713,
The diagonalized system for ¢ = R™'q is given as

Can) = ra) (10)

with A = RAR™', A = diag((\)ier,,,.)- Applying the RK3 method with a
time step At =t,,1 — t, to yields the fully discretized system

& = GVADGY Vi € Toog (41)

with G(2) := 1+ 2+ 322+ ;2* and the stability domain S = {z € C||G(z)| <
1}. From this it is possible to find a maximal time step Atp.x(6), dependent
on the advection direction, such that A\;Atyax(0) € S for all i € Ij,e. For our
computer-based study, we increment the time step by 107 for N+1 = 3,4,5
and 5-107° for N +1 = 6,7 to approximate At... Figure [7| shows an ex-
ample for the GenAF (M) method of spatial order N +1 = 3,...,7 for
N, = N, = 10. The scaled eigenvalues \;Atyax(7) are plotted for the ap-
proximated maximal time step that still allows them to fit inside the stability
domain for RK3 up to a tolerance e.

The stable regions for the fully discretized method of spatial order N+1 =

3,...,7 are plotted as function of the CFLs cfl, = “Z—it and cfl, = aﬁt in x-

and y-direction for h = Az = Ay = 0.1 in Figure 8
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order ( H ‘ ‘ 5 ‘ 6 ‘ 7
Cet (RKB) 1 0.27 1 0.20 | 0.17 | 0.12 | 0.088

Table 3: Ceq for GenAF(M) of order N + 1 in space for linear advection and RK3

discretization in time.

One observes that the time step depends not only on the magnitude, but
also the direction of the advection, and that the nature of this dependence
changes as the order increases. This is studied below in more detail. In order
to compare the CFL constraints for different orders of accuracy in a simple
way, we consider the maximal CFL at a = a, = a,

Ccﬂ = MA% (42)

given in Table 3] for the GenAF (M) method discretized with SSP-RK3 in
time, h = 0.1. For other grid sizes h the results are comparable, because the
eigenvalues \; scale with % (see Section .

The stability domain for the third-order method (with My = Mp) can
approximately be described by

Seire = { (cfly, cfly)[cfl + cfl2 < rZ} (43)
with 7o := v/2C.q and gives the following bound for the time step size:

Ap < T min{ Az, Ay}'
\az +a
For N 4 1=4 this is still a useful approximation while for higher spatial orders
of the method the domain seems more restricted. Here,

(44)

Ssq = {(cfly, cfly)| max{cfl,, cfl,} < Cen} (45)
could be considered which gives the bound

Cea min{Az, Ay}

At <
—  max{a,,a,}

(46)

Remark: The GenAF(Mp) method with Gauss edge point distribution and
RK3 for the time discretization was analyzed for N +1 = 4,5. The stable

regions SGGHAF(MD)| N+1=34,5 can be approximated by equation (43f), see Fig-
ure @ The bounds 7.4 are found to be ~ 0.2 (Cey ~ 0.14) for N—I— 1 =4, and
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Figure 9: Stable regions () for GenAF(Mp) of order N + 1 in space for linear advection.
Az = Ay = 0.1 and RK3 time discretization. The yellow () and black (M) domains
depict the tested area.

~ 0.125 (Ceq =~ 0.089) for N +1 = 5. Although C¢q is smaller than with My,
the stability domain with Mg seems to be less dependent on the advection
direction.

Comparing the maximal CFL numbers to the one-dimensional case in [14]
Table 1 (Method A, RK3)] it can be observed that for the method in 2-d
with Mp and RK3, the maximal CFL ~ r. for linear advection in x- or
y-direction is approximately the same for the tested N + 1 = 3,4, 5.

In [22] a similar result for the generalized Active Flux method of third-
order for linear acoustics in 2-d was indicated. A stability bound of cfl =
ﬁ < 0.28 was derived using Fourier analysis.

5. Numerical examples

Numerical results for the generalized Active Flux method GenAF (M)
for orders 3 to 7 on two-dimensional Cartesian grids with a SSP-RK3 time
discretization are shown.

5.1. Linear advection

The first example considers linear advection 0,¢(t, x)+0,q(t, x)+0,q(t,x) =
0 on [0, 1]? with periodic boundary conditions where initial data in the shape
of a cone of radius 7., = 0.2

for r < Tmaxs
q(07 X) = rmax
0 otherwise
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Figure 10: Example of diagonally advected cone. Cross section at y = 0.5 of cell average
on grid 101 x 101 at t = 5 for GenAF (M) of order N +1 =3,...,7 (left) and close up
(right).

with r = \/(z — 0.5)2 + (y — 0.5)2 is being advected diagonally through the
domain. Figure [10| shows a cross section of the solution at ¢ = 5 on a grid
with 101 x 101 cells for spatial orders N+1 =3to 7. A cfl = C.4 as shown in
Table 3| (except for N +1 = 7: cfl = 0.085) is used to calculate the time step.
One observes that the apex of the cone is better approximated the higher
the order of the method.

The second example considers smooth initial data (in resemblance to [13]
Section 3.5.1])

a(0,%) = 0.8+ exp (= (58)" - (58)°)

that are used to show the convergence order of the method with N +1 =
3,...,7at t = 0.1. To recover the spatial convergence order N + 1 with
a RK3 time discretization At® = O(hV*1) is needed, h = Az = Ay. For
the cell sizes {h;}; an adaptive cfl(h;) = cﬂ(hl)(Z—i)% is used starting with
hy = 3% and the cfl(hy) = Ceq as above. In Figure [11|the convergence of the
error of the cell averages in the L!'-norm is shown and a convergence order

O(hNT1) is observed.

5.2. Acoustic equations
The following example for the acoustic equations with ¢ > 0

op+cV-v=0
v +cVp=0
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Figure 11: Convergence of the cell averages in L!-error for linear advection for GenAF (M)
of order N +1=3,...,7 and RK3 time discretization.

on [—1,1]% considers initial conditions with a sine wave in pressure and zero
initial velocity as suggested in [4] from [27]

p(0,x) = %(Sin(Qﬂ'l‘) + sin(27y)),

v(0,x) = (0,0)F

with periodic boundary conditions, for which the exact solution is given as

p(t,x) = %cos(Qﬂct)(sin(le:) + sin(27y)),

v(t,x) = %Sin(Qﬂ'Ct)(COS(QT(‘QS), cos(2my))T.

We consider ¢ = 1. The solution at ¢ = 5 where the exact solution matches
the initial condition is computed (see Figure . The grid size is N, =
N, = 60 and the time step At = cﬂw is computed with cfl = Cgq, a
CFL bound obtained for linear advection, see Table [3| (except for N +1 = T7:
cfl = 0.085). As for linear advection, a better approximation of the exact
solution is observed for higher orders of the generalized Active Flux method.
In particular, a cross section through a maximum of the pressure sine wave
is shown in Figure |13}
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Figure 12: Example for acoustics with sine wave in pressure. Exact solution for the cell
average p(®0) of pressure on a 60 x 60 grid at t = 5.
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Figure 13: Example for acoustics with sine wave in pressure. Cross section at y = 0.25 of
(% on grid 60 x 60 at t = 5 for GenAF (M) of order N +1 = 3,...,7 (left) and two
close ups (middle, right) zooming in at the left maximum (observe the different scales of
the z-axes).
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5.3. FEuler equations

The generalized Active Flux method can also be applied to non-linear
problems like the compressible Euler equations

Op+V-(pv)=0
O(pv) + V- (pv@ v +pl) =0
GE+V-((E+pv)=0

In this paper an ideal polytropic gas is considered with £ = £ + ollv3

and v = 1.4.
A Gresho vortex (see [28, 29]) on [0, 1]?

p(0,x) =1
(2 (—y — 0.5,z —0.5)" r<0.2
v(0,x) = ¢ E¥(—y — 05,2 —0.5)" 02<r<04
L0 else
(A -1+ G r<02
p(0,%) = ¢ Ly — L+ 4In(5r) +4 — 20r + G- 0.2<r <04
w—]\lp—%+4ln2—2 else

for M = 0.1 with r = /22 + y? and periodic boundary conditions is com-
puted at ¢ = 1 on a grid of 51 x 51 cells (see Figure . The time step is
calculated with the help of the CFL bound from Table 3| (except for N+1 = T:
cfl =0.085). Figure [15shows the radial plot of the cell average for the norm
of the momentum [|(pv)(®9 ||, for the generalized Active Flux method of order

3,...,7.

6. Conclusion and outlook

This paper presents a generalized Active Flux method on two-dimensional
Cartesian grids of arbitrarily high order using higher moments in addition
to the cell averages and point values at the cell interfaces. It is extending a
semi-discrete hybrid finite element—finite volume version of Active Flux from
1-d. We focused on a method with a serendipity-like, hybrid finite element
using a minimal number of degrees of freedom on the Cartesian cells to keep
the computational cost minimal. An alternative is a tensor-like extension of
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Figure 14: Gresho vortex for Euler equations. Exact solution for the norm of the cell
average of the momentum ||(pv)(© |, on a 51 x 51 grid at ¢t = 1.
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Figure 15: Radial plot of ||(pv)(®?) |5 for Gresho vortex on 51 x 51 grid at ¢ = 1 for
GenAF (M) of order N +1=3,...,7 (left) and close up (right).
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the element from 1-d to 2-d. The point values at the cell interfaces include
the nodes and edge points, such that a globally continuous reconstruction
is obtained. Their update uses a Jacobian splitting of the non-conservative
formulation of the system and finite difference formulas for the approximation
of the derivatives of the solution. These are derived using the reconstruction
of the solution on the cells. The moments are updated based on the weak
formulation with the integrals approximated by quadrature formulas.

The eigenvalue spectrum of the semi-discrete method was analyzed for
linear advection up to order 7. We find that the edge points at the cell
interfaces cannot be distributed arbitrarily. We have identified, at least for
orders up to 7, Gauss points as a suitable choice to achieve a stable setup
of the semi-discrete method. For the time discretization we relied on a SSP-
RK3 method and found CFL bounds of the method up to order 7 for linear
advection. Numerical examples confirm the theoretical convergence order
and demonstrate how the high-order methods allow to better resolve features
of the solution.

Further studies to better understand the effect of suitable edge point
distributions on the stability of the method will be interesting. In future
work, it will also be important to develop a suitable limiting for the method.
To this end, a flux vector splitting for the point value update, which was
recently presented in [30] for third order, could be considered. Further work
shall also consider an extension to 3-d as well as applications to simulations
of turbulent convection and wave propagation, which require very high orders
of accuracy.
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