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Abstract

The degrees of freedom of Active Flux are cell averages and point values along
the cell boundaries. These latter are shared between neighbouring cells, which
gives rise to a globally continuous reconstruction. The semi-discrete Active
Flux method uses its degrees of freedom to obtain Finite Difference approxi-
mations to the spatial derivatives which are used in the point value update.
The averages are updated using a quadrature of the flux and making use of the
point values as quadrature points. The integration in time employs standard
Runge-Kutta methods. We show that this generalization of the Active Flux
method in two and three spatial dimensions is stationarity preserving for linear
acoustics on Cartesian grids, and present an analysis of numerical diffusion and
stability.
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1 Introduction

The classical Active Flux method has been introduced in [1], based on

a one-dimensional method from [2]. From the beginning, it was conjectured
that the continuous reconstruction, i.e. the absence of Riemann problems
might help alleviate difficulties that traditional Finite Volume methods are
facing in multiple dimensions. For instance, they are usually not preserving
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discrete involutions, they are not low Mach number compliant for the Euler
equations, and not stationarity preserving. This situation does not improve
even if the full multi-dimensional Riemann problem is solved and used in a
Godunov method ([3]).

As Finite Volume methods, Active Flux evolves cell averages as discrete
degrees of freedom, and additionally evolves point values. These latter are
located at cell boundaries and are a way to ensure global continuity of the
reconstruction, or — in a Finite Element sense — of the numerical solution. The
first multi-dimensional system that Active Flux was applied to (in [1]) was
linear acoustics. In multiple spatial dimensions, it is an interesting system
of equations because it cannot be reduced to (multi-dimensional) advection.
While the update of the average is immediately possible via quadrature along
the cell boundary (using the point values as quadrature points), the update
of the point values was initially achieved (e.g. in [4]) using an exact evolution
operator. This operator was derived for linear acoustics in [3]. The reconstruc-
tion was serving as its initial datum. The structure preserving properties of
this method have already been analyzed in [4]. It has been found that indeed
Active Flux is stationarity preserving.

For nonlinear problems it is more difficult to obtain evolution operators of
sufficient order of accuracy, let alone exact ones. This led [5, 6] to consider
semi-discrete Active Flux methods, where the same degrees of freedom are
used in order to discretize the spatial derivatives, while integration in time
follows the method-of-lines strategy. As has been outlined in [7], this typically
leads to reduced CFL conditions. The advantage of the semi-discrete approach
is its immediate applicability to various kinds of systems of conservation laws.
However, one would like not to lose structure preservation.

This paper presents an analysis of the semi-discrete Active Flux method on
linear problems and a comparison between the classical and the semi-discrete
approaches, with an emphasis on structure preservation. As is shown below,
the structure preserving properties of the semi-discrete approach are very sim-
ilar to those of the classical one. In the context of the low Mach number limit
for the Euler equations this has already been observed experimentally in [8].

The paper is organized as follows: Section 2 introduces the equations and
the analytical stationary states and Section 3 presents the semi-discrete Ac-
tive Flux method on two-dimensional and three-dimensional Cartesian grids.
The discrete Fourier transform is introduced in Section 4 and is used to ana-
lyze stationarity preservation in Section 5. Section 6 presents an analysis of
numerical diffusion and stability. Some numerical examples follow in Section
7.

We denote by P* univariate polynomials of degree at most k, and by P**
bivariate polynomials with degree at most k£ in each variable. We also oc-
casionally denote by R[z] or Clz,y|] polynomials in = with real coeflicients,
and polynomials in x, y with complex coefficients, respectively. d denotes the
number of spatial dimensions, and objects with d components are typeset in
boldface. .#%**(C) denotes matrices with complex entries of a rows and b
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columns. Indices never denote differentiation. 1,, denotes the identity map
on R™.

2 Acoustic equations and their stationary states
2.1 General linear systems

Stationary states are solutions to evolutionary partial differential equations
(PDEs) that remain constant in time. To achieve stability, numerical methods
add numerical diffusion. A setup that is stationary according to the PDE
might keep being diffused away and no longer be stationary in the discrete
setting. Thus, the stationary states of the discretization are often a small, not
representative subset of the stationary states of the PDE. It is preferable for
numerical schemes to possess numerical stationary states that discretize all the
analytic stationary states of the underlying conservation law; a definition of
what this really means is given in Section 5.1. In this section, the stationary
states of the linear acoustic equations shall be analyzed. This is easiest done
upon applying the Fourier transform to them.

Consider a m x m hyperbolic system of linear PDEs

oq+J-Vg=0  ¢q:Rf xR?=R™ (1)
J= (Jl, -~-,Jd),Ji S %mxm(R)_

Occasionally we will use notation J, = Ji, J, = Jo, J, = J3 instead. One
Fourier mode of a function ¢ : Rg x R4 = R™ is of the form

q(t,x) = 4(t, k) exp(ik - x). (2)

Here, k € R? is called the wave vector and determines the spatial frequency
of the Fourier mode, while its amplitude ¢ can be chosen differently for each
k. General solutions are obtained as linear combinations of such modes for
different values of k. Inserting the mode into (1) yields

%d—i—iJ-k(j:O. (3)
Hyperbolicity guarantees that the matrix J-k = J1ky + - - - + Jgkg is diagonal-
izable. The mode §exp(ik-x) is stationary if ¢ is in the nullspace of J-k. This
can be achieved through particular choices of k, trivially for k = 0, which
(since every Fourier mode depends on x as exp(ik - x)) corresponds to the
data being uniformly constant. Non-trivial stationary states ([9]) are those
for which no restriction on k is necessary, i.e. where for any k there exists
a (stat (k) € C™\{0} such that (J - k)dstat(k) = 0. A necessary condition for
the existence of non-trivial stationary states is det(J -k) =0 Vk € R%. Ob-
serve that the amplitude §sa¢ of a stationary mode generally depends on Kk,
see below for some examples.



2.2 Acoustic equations

The acoustic equations in d spatial dimensions are given as

OHv+Vp=0 (4a)
Op+V-v=0 (4b)

with velocity v: RO+ x R — R?% and pressure p: Rar x RY = R.
In d spatial dimensions, the matrix J - k reads

( Oliéd l(; ) e%(d-&-l)x(d—&-l) (5)

and any element (U, P)T € C4*+! of its nullspace has to fulfill

kP =0 (6)
kK'u=0 (7)

For any k, the following is a nullspace of J - k:

N@ = {(U,0)T: U L k}. (8)

non-trivial =7

It is d — 1 dimensional. In 3-d, one can choose

NIE?))n—triVial = Span{(_k?ﬁ kw? 07 O)Tv (_kZ7 07 kw? O)T} (9)

and in 2-d
N? = —ky ke, O)T 10
non-trivial Spal ( Yo VT ) . ( )

For special values of k there are additional elements in the kernel, which
are referred to as trivial stationary states. They are usually represented well
by any kind of numerical method and of little interest in the following. On
the contrary, the non-trivial stationary states in Négl_trivml are usually poorly
represented by numerical methods (see [9] for more details). The following will

show that they are well represented by the semi-discrete Active Flux method.

3 Semi-discrete Active Flux on 2-d and 3-d Cartesian Grids
3.1 Degrees of Freedom

In contrast to classical Finite Volume methods that only involve the cell
average as degree of freedom, the Active Flux method additionally uses point
values distributed on the cell boundaries as degrees of freedom.
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3.1.1 General remarks

In two spatial dimensions the computational grid consists of cells

P P o P P

a=[(-D)an (oD a]<[6-2) (- 2)a]
[l Do) e

We denote by x;; and x;;, the cell centroid.

There is one average in every cell and a certain number of point values
located at the boundary of the cell. These latter are shared. We make a
distinction between degrees of freedom that belong to a cell, whose number we
will denote by N9°f and those that are accessible to a cell:

Definition 1 The degrees of freedom accessible to a cell C;; (or C;;i) are those
located in it or along its boundary, or that are averages over it. Their number
per cell is denoted by N and they are denoted by

q0,ij,q1,i55 " " ANdot—1,i5 and (13)
90,ijk> Q1,ijks """ s ANdof 1 ijk (14)

in 2-d and 3-d, respectively, with a numbering that is arbitrary but fixed once
for all cells, and we reserve the index 0 for the cell average. Locations of the
point values are denoted by %, ;; and x, 51, 7 € 1,..., Ndof 1 and we define
the relative coordinate

Axﬂx}x{ Ayﬂy}

272 TR (15)

Xr 1= Xpij — X5 € {— 5 9

or
Ax Az Ay Ay Az Az
R R S N T
in two and three spatial dimensions, respectively.

Examples are given below.

Definition 2 The degrees of freedom belonging to a cell are a minimal set
such that all the accessible degrees of freedom can be obtained from them
through shifts by Az, Ay (and Az) in the two/three directions. We agree in
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the following on choosing the same ones in each cell. Their number per cell is
denoted by N9°f and we denote them by qu where X takes values in a set of
identifiers defined below. Locations of degrees of freedom that are point values
are denoted by ij(- and we define the relative coordinate

xX = xf]{ — Xij. (17)

In other words, consider an equivalence relation ~ between any two de-
grees of freedom on an infinite grid, with two degrees of freedom pq, p2 being
equivalent if there exist A, Ay, A, € Z such that the shift

(x,y,2) = (v + Az Az, y + Ay Ay, 2 + A, Az) (18)

maps p; onto py. For example, all point values at nodes and all the cell
averages are equivalent. The degrees of freedom belonging to one cell is the
quotient DOF/ ~ of all the degrees of freedom DOF on the grid by ~. Finally,
instead of the equivalence classes we speak of representative elements chosen
according to some conventions for definiteness (explained above and shown on
Figure 1). Degrees of freedom that belong to a cell become important in the
context of the Fourier analysis of Section 4, since discrete Fourier modes are
the eigenbasis of the operator defined in (18).

Consider for every accessible degree of freedom r = 0, ..., gydor_; the num-
ber of cells that share it and denote this number by a, € N. Then

Ndof _q

acc 1
Nof= " — (19)

(0%
r=0 r

The distinction between degrees of freedom belonging to a cell and those
accessible to it is due to global continuity and the fact that degrees of freedom
are shared. In DG methods, for example, the accessible degrees of freedom are
just the ones that belong to the cell.

Definition 1 states that each of the degrees of freedom that belong to a cell
forms a lattice with spacing Az, Ay or Ax, Ay and Az, respectively. This will
become important below in the context of the Fourier transform.

3.1.2 Degrees of freedom in two spatial dimensions

In two spatial dimensions (see Figure 1) we consider a classical distribution
of in total 8 point values located at the corners and the midpoints of the cell
edges. The N9°f = 9 degrees of freedom accessible to cell Cij, denoted by ¢, 5,

acc
r=20,...,8, are

E

rij =G 6,ij = Gij 5,65 = Qi (20)
B A E

48,ij = ¢; 14 q0,ij = i Qa,ij = G;;" (21)

N E N
15 = 4i—1,5-1 Q2,ij = 4451 43,i5 *= 43,51 (22)
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Fig. 1 Distribution of the point values along the cell boundary for a cell of a
two-dimensional (left) and three-dimensional (right) Cartesian grid. The cell
average is depicted with a square located at the center of the cell.
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Recall that the numbering is arbitrary but needs to be fixed once.

Each corner of a cell is likewise a corner to three other adjacent cells and
each midpoint of a cell edge is shared with one other cell, i.e. N9°f = 4. i +
2.2 % + 1 = 4. Therefore, 4 degrees of freedom belong to a cell C;; and we
have chosen them in the top right corner as

— cell average q% = qo,ij,

— node value q%\lj = @5,ij,

horizontal edge value q?jH = 6,ij,
— vertical edge value q?j" = Q4,ij-
as shown in Figure 1.

3.1.3 Degrees of freedom in three spatial dimensions

The natural extension of the previous two-dimensional situation to three
spatial dimensions results in 26 point values accessible to each cell, i.e. N, ng =
27. Eight of them are located at the corners of a cell, 12 at the midpoints of
the edges and six at the midpoints of the faces of a cell, see Figure 1. Again,
as in the 2-d case, several cells are sharing these point values, so that one is

left with N9°f = 8 degrees of freedom that belong to cell Cijk:
— one cell average qujk = qo,ijk>
— one node value q}\}k,

— three edge values qu, qu’;C, qu, one per edge parallel to the three axes,

— three face values qu‘z, quﬁ’c, quzk, one per face orthogonal to the three axes.
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Observe that the values on edges and faces are point values at the respective
centroids, and not averages over these entities.

3.2 Update of the Average

The update of the average will first be described for a generic nonlinear
conservation law

dq+V -£(q) =0, (23)

since generalization improves clarity in this case. At the end of the Section
the special case of linear systems is explained.

For updating the cell average, the conservation law (23) is integrated over
one cell (C;; or Ciji), and Gauss’ law is applied. This gives

d q;; Ax o > / n,-f =0 (2-d) (24)

eCOCj
d A
Tkt A A As Ay T > / n;-f(g)ds =0 (3-d) (25)

fCE)C”k

with
1
1

A
A )= —— t d -d 2
A0 = T /C”kq< 2.y, 2) dedy e (4) ()

In Active Flux, the locations of the point values are chosen such that they can
be used as quadrature points for the flux averages through the edges e/faces
f. The distribution of point values as described in the previous Section allows
to use Simpsons’ rule, such that

£y
d A _flx—*] ,J+1 fu—*
fa fa £y £y
d it3.5k fz'—é;,k f; i+3.k fi,'—%,k

AZ z
ij,k+3 f jik—%
Az

=0 (3d)
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with the numerical fluxes

A 1
fys = 5 (@) + 47 @) + 7o) (29)
ey = o () + 48 + 1) (30)
A 1
im_t'_%,ng =36 (fz(q?jk) +4fﬂ”(qZEj;€) +fr(qzl‘\,1j7k—1) (31)

z By T = z/ B
+ 417 (g ) + 16 £ (i) +4F (a5 L _y)
+ fm(qu_m) + 4fz(quz?1,k) + fz(qgj—l,k—1)> etc.

Observe that the numerical fluxes do not come from a Riemann solver,
but are simply quadratures of the physical flux. Observe also that the only
approximation made here is the replacement of integrals by quadratures. While
these formulas are valid for nonlinear conservation laws, below they are used
to discretize (1), i.e. with f*(q) = Jiq, f¥(q) = Jagq, f*(q) = Jsq.

3.3 Update of the Point Values

The following description of the update of the point values holds on 2-d
and 3-d Cartesian grids. For simplicity, the formulas are mostly given for the
2-d case only.

For updating the point values, a biparabolic reconstruction
Az A:z:] y [ Ay Ay

) ) 2 Ty :| — Rm’ Grecon,ij S (P2’2)m

Qrecon,ij - |:_ 9 " 9

is built for each cell. It has to satisfy

Az Ay
1 2 (2 .
Al‘Ay ‘/—Azr »/—Azy Qrecon,ij (X) X = qo,i; (32)

Grecon,ij (%) = qr,ij r=1,..,8

where qp ;; is the average over cell C;; and 7 is indexing all eight point values on
the boundary of this cell, starting in the lower left corner with ¢; ;; and running
through all point values counterclockwise (see Figure 1). As is customary for
Finite Elements, one can compute shape functions and write the reconstruction
as a linear combination of these:

Qrecon,ij(xvy) = Z Q’I',ijB’l'(xvy) € (P212)m' (33)
re{0,1,...,8}

The basis functions involved in equation (33) are given in Appendix A; see
Figure 2 for an illustration of By, Bg and By as well as for an example of the
reconstruction (33).

Observe that a biparabolic reconstruction is parabolic along any of the
edges of the (Cartesian) cell and that the parabola is uniquely defined by the
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Fig. 2 Shape functions By (top left), Bs (top right), By (bottom left) in two
spatial dimensions and a reconstruction devised by using these shape functions
(bottom right).
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three point values located at any edge. As the point values are shared with
adjacent cells, one concludes that the above biparabolic reconstructions form
a globally continuous reconstruction.

For the point value update, we are aiming at a semi-discretization of (1),
i.e. a discretization in space is needed. A Finite Difference approximation to
the derivative that uses a compact stencil and is of maximal order of accuracy
can be obtained by differentiating the reconstruction at the location of the
respective point value. The reconstruction is not continuously differentiable in
the direction perpendicular to the edges/faces, which is beneficial, as it allows
to include upwinding: the derivative is taken from the cell in upwind direction.

Observe that the choice of degrees of freedom that belong to the cell
C;; privileges the right upper corner. This means that for positive z, y
velocity components, C;; is the upwind cell for all degrees of freedom qf;,
P € {N,Eqy,Ey}. We therefore denote by Dw|f;q the z-derivative of the re-
construction (33) in cell C;; evaluated at the location of the point value P:

P 0 m
ijq = %Qrecon,ij x=xP e R™. (34)

2|

For negative velocity components, in some cases one differentiates the re-
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construction from cell C;y1 ; at the same location, e.g. for the x-derivative

o
recon,i P e N,E

D:|lq = { dutreeon L e e {N.Ev} (35)
2|4 P € {Eu}

The same applies to the formulas D | and D*| i and analogously in 3-d.
Figure 3 shows the coefficients occurring 1n the difference formulas assigned to
the corresponding point value or the cell average.

The update of a point value is in 2-d

d p P _ «|P P _ x| P
S0 == (T Dl Ca+ 77D [a) = (1 Dyl a+ 7y Dyl o) (36a)
P e {N,EH,E\/}
and in 3-d
d P * ~+ *
b == (J Dl ya+ I7 D30 a) = (75D, |ya+ gy Dyl ) (36b)

+ *
— (7 D.[ a4 72D
P e{N,Eg,Ey, E. Fy Fy Fo}

zgkq)

where J;:t, J;t are the positive/negative parts of J,, J,. Given the diagonali-
zation

Jo = Rdiag(A1, ..., Am)R ™! (37)
one defines
JE = Rdiag(\f, .., \5)R™? (38)

and analogously for J,,.
The above point value update is a Jacobian splitting inspired by the 1-d
upwind method. One might consider an alternative point value update

JE =T, £ a1, JE=J,+a,l, (39)

where a, = max(|]\(J3)|), ay = max(|\(Jy)|) with X being an eigenvalue of J,
or Jy. This Jacobian splitting is inspired by the Rusanov method. As will be
seen later, when it comes to structure preservation it is significantly inferior
to the upwind splitting.

3.4 Integration in Time

The update equations (28) and (36) for the average and the point values
are evolved in time using Runge-Kutta time integration. One can expect a
maximal CFL number of about 0.2, half of what is known for the 1-d situation
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Fig. 3 Illustration of the coefficients occurring in the difference formulas for node
values and vertical edge values. They are placed at the location of the
corresponding point value or at the cell center for the average. The circled dot
marks the location of the point value intended to be updated. Cells C;; (left) and

Cit1,; (rows 1-3) / Ci 41 (row 4) (right) are shown. Upper row: Difference

N . E E
.;- Second row: Difference formulas Dx‘ijv and D} ijv.

. : E E
Third row: Difference formulas D, ’ijv and Dy ’ijv

formulas Dx|5 and Dj,

, which are equivalent. Fourth

row: Difference formulas Dy|g. and D;E\;
1 —4 3\) d3 4 -1
N N
D\, = o Dt L= o
ij i
Cz] C'l'-‘r-Lj
1 1 1 1 -1 1
2 2 4 7
E - ; 9
D, V= 2 2 ®4 D*|"V= 40 2 -2
ij z|ij
Cij CiJrl,j
1 1 1 1
s 1 4 4 -1 4
1 1
Ey «|Bv_
uly = o ® Dy ;= @ o
Cij Cit1,
1 -1
>3 -1
N «|N —
D, ij . —4 ylij : 4
Cij Cij+1
1 -3
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([7]). The analysis of Section 6 indicates that for linear acoustics it actually is
~0.28. The stationary states of the numerical method are by defnition those
for which the space derivative vanishes, i.e. one is left in this case with the
ordinary differential equation ¢’(¢) = 0. Any Runge-Kutta method is able to
integrate it exactly, and the choice of the time integrator is thus not relevant
for stationarity preservation.

4 The discrete Fourier transform

4.1 Fourier modes

Stationarity preservation of linear numerical schemes for linear hyperbolic
systems (1) can be investigated using the discrete Fourier transform, i.e. by
expressing the spatial dependence of any grid function ¢;; (or gi;x), ¢: z4 —
R™ as the linear combination

gij = Z G(k) exp(ikztAzx + ik, jAy) or (40)
Gijk = Z 4(k) exp(ikyi Az + ik, j Ay + ik, kAz). (41)
k

The exponentials are discrete versions of exp(ik - x), having written k =
(k. ky), or k = (kg, ky, k.). This is possible because the method under con-
sideration is linear and because we assume an equidistant Cartesian grid. The
coefficients g(k) € C™ of the linear combination are called the discrete Fourier
transform of q.

According to Definition 1, each of the degrees of freedom that belong to a
cell forms a lattice with spacings Az, Ay (and Az, in 3-d), i.e. can be seen
as a grid function. When investigating the semi-discrete Active Flux method
using the discrete Fourier transform, each lattice is associated with its own
Fourier mode. We express every degree of freedom belonging to a cell C;; in
2-d as

a5 (t Zq (t,k) exp(iik, Az + ijk,Ay) X € {A,N,Eg,Ev}  (42)

and to a cell Cyj1, in 3-d as
q”k Z (t,k) exp(iik, Az + ijk, Ay + ikk, Az) (43)
X € {AvNaEzaEvavaxaFyan}

Here ¥ (t,k) € C™. It is useful to introduce the following

Definition 3 (Translation factor) The translation factors are given as t; (k) =
exp(ikg, Ax), t,(ky) = exp(ik, Ay),t.(k.) = exp(ik.Az). We drop explicit men-
tion of the parameters in the following.
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Index shifts lead to multiplications with shift factors:

qfiLjJrJ Zt X(t,k) exp(iik, Az + ijk, Ay) (44)

X e {A N, EH,E\/}
q£17j+17k+K Ztit;tf 7% (t, k) exp(iik, Az + ijk, Ay + ikk, Az) (45)

X e {AaNaEszy»Ez;szFyan}v

where t£ is the I-th power of the unit complex number ¢, = exp(ik, Ax), etc.
Both the summation and the global exponential factor exp(itk, Az+ijk, Ay)
will eventually drop out of all expressions:

Proposition 1 Consider grid functions q,Q: Z?> — R™ and assume that Q is
linear in q, i.e. an expression of the form

Qij= Y. arGisrjes  ong €M™ MR) VI (46)
(I1,J)€Z2

Then by writing

qij = Z qA(tm»t )tztyjp (j(tzvty) ecm Qij = Z Q(trvty)t;‘cti (47)

to 7ty ta aty

one obtains

Q= > titjargecm (48)
(I,J)ez?

The 3-d case is analogous.

Proof By direct computation and using linearity.

Note that Q depends on k, or equivalently on ., t,, but that we will neglect
explicit mention of these parameters.

Definition 4 (Discrete Fourier transform) Given g;; as in Proposition 1, we call
q the discrete Fourier transform of q. We will neglect the common factor t;ti
in (47) as it is bound to cancel in the end and simply write ¢;; = ¢, ¢iy1,; = Gl
etc. as a formal replacement rule.

For the degrees of freedom accessible to one cell for 2-d Active Flux one
finds the Fourier transforms by applying the replacement rule of Definition 4
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to Equations (20)—(22):

G765 = 4" Jts 6.4 = G G5 = G (49)
= sBEv = AA . — sBEv

qs,ij = q /tz qo,ij = ¢ qa,i5 = ¢ (50)

Q15 = 4/ (taty) Q2.0 = 471/t @5 = G Jty (51)

The Fourier transforms for Active Flux are collected in a block-vector ¢,
where

N N N N N dof .
g=(G*q",¢"v, ") ecmV =cmt (52)
for the two-dimensional case and
N N N N N N N N N dof .
q=(q"q¢",q%,¢%, ¢, ", ¢ ") ecmNT =cm® (53)

for the three-dimensional case. Here ¢* € C™ is the Fourier transform of
the average, ¥ € C™ is the Fourier transform of the point value on an edge
parallel to the i-axis and ¢¥+ € C™ is the Fourier transform of the point value
on the face orthogonal to the i-axis.

4.2 The Fourier transform of the reconstruction

Definition 5 Consider the reconstruction gecon,i; € (P¥*(R%))™ (i.e. the one
in (33)) as a function of the degrees of freedom accessible to cell C;;, i.e. write

Qrecon,ij (T, Y3 Q0ijs Q1yigys " QN;lgCLLz'j)- (54)

We denote by Grecon € (P**(C?))™ the same polynomial obtained by replacing
the degrees of freedom by their Fourier transforms according to the replace-
ment rule of Definition 4. For example, in 2-d we have, with the replacement
rule (51)

Trocon (5 ¢, 47,47V, ¢Y) (55)
AN PN DITEIpS N ~Ev
o A9 q 4 By N By 4 4
— ij | LyY; ) ) ) ) ) ) . 56
qrecon,”< Y T O > (56)

We will generally omit explicit mention of the parameters in the following.
The 3-d case is analogous.

The reconstruction polynomial grecon,ij(%,y) depends on all parameters
accessible to the cell (9 in case of (33)), but its discrete Fourier transform
Qrocon(7,7y) depends only on those belonging to one cell (4 in case of (33)),
ie. N9t Gocon can also simply be seen as the discrete Fourier transform
pointwise at each (z,y).
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4.3 The evolution matrix

Equations (28) and (36) for the average and the point value updates can
be combined into

d
T/ Z Z Of%{,s(hﬁs =0 VX e X (57)
Y€EX Se[-N,N]dcz?
where

Y= {AaNaEajvEmEzaFa;,Fyan} I= (imjv k) (3'd) (59)

and af/{s € .#™*™(R). Upon the Fourier transform one obtains

1Y oy [ =0, (60)

YeX Se[-N,NJdczd m=1

For the Active Flux method applied to linear acoustics one has, for example
for the node value:

_ d AN —+ ~N ~Ey — ~N ~Eq
O—E +J$A (Sq 4G5 4 N — P +J1A (=3¢ + 4™t — gNt,)
(61)

1 1

- J+A (th —4G™ + 3(1N) +J, Z (=Nt +4¢"vt, — 3¢N).
Yy

(62)

Further such equations are given in Appendix B.

Definition 6 (Evolution matrix) The evolution matrix associated to the Finite
Difference scheme (57) is the block matrix (k) € .4™N"" *mN""(C) with its
block-entry (X,Y") being

(ca0) = X s H £ (63)
’ S€[-N,N]dczd
such that (60) can be written as

;tq +&k)Gg=0. (64)

We will frequently omit the argument and simply write £.
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For 2-dimensional linear acoustics we choose to write the evolution block
matrix as follows

Ean Eary  Eary  EaN

Eiua  EEubBn  EEubBv  EEuN
£ = (65)
gEvA (‘:E\/ En 8EvEV gE\/N

Ena EnEw  ENEy NN

where e.g. &g,p, states the influence of the point value at the Ev edge on
the point value at a Ey edge. The explicit form of the blocks can be found in
Appendix C.

By comparison with (3) one observes that the evolution matrix £(k) plays
the role of iJ-k. Formulation (64) of the method therefore is ideal for studying
the numerical stationary states, as they are given by the kernel of £(k).

While the right kernel allows to identify stationary states, the left kernel
of & is related to involutions: If there exists an w(k) € C™aof such that

wk)T€=0 vk, (66)
then
d .
&w(k)Tq =0. (67)

In the case of linear acoustics w(k)T§ would be the Fourier transform of a
discretization of the vorticity V x v. However, we find that in practice it is
very difficult to explicitly compute the left kernel of £. The existence of a right
kernel guarantees the existence of a left kernel of the same dimension, but we
are unable to say anything about the nature of the discrete vorticity beyond
its existence.

5 Using the discrete Fourier transform for the analysis of
stationarity preservation

5.1 Stationarity preservation

For both stationarity preserving and stationarity non-preserving methods,
on e.g. periodic domains the solution becomes stationary after long times,
since von Neumann stability prohibits Fourier modes that grow in time: they
can only decay or remain stationary. The difference between stationarity pre-
serving and stationarity non-preserving methods is about how this final sta-
tionary state looks like. If the discrete stationary states of the method dis-
cretize all the analytic stationary states of the PDE, then the method is called
stationarity preserving. For linear acoustics, stationarity preserving methods
have stationary states that are characterized by a consistent discretization of a
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divergence-free velocity without any further constraints and a vanishing pres-
sure. Classical schemes mostly are not stationarity preserving: their discrete
stationary state is instead a discretization of d,u = 0, dyv = 0 (see [9],[10]).
Such stationary states are called trivial and are a small subset of divergence-
free velocities, and e.g. vortices are not contained in it. Thus, stationarity
non-preserving methods are only able to preserve shear flows, but cannot con-
sistently discretize vortices, or generally speaking they are not able to offer
discretizations of all the stationary states of the PDE. Moreover, for stationar-
ity non-preserving methods grid refinement only slows down the (exponentially
quick) transition to the “bad” stationary state, but does not improve the sta-
tionary state itself, i.e. one can say that they lose consistency at stationary
state.

A discrete Fourier mode with spatial frequency k is stationary if it is in
the kernel of £(k) (see (64)). The focus on non-trivial stationary states means
that one is keen on identifying stationary modes for any k (i.e. for general
tz,ty,t.). The kernel thus obtained shall then be compared to the kernel of
J k.

For Finite Difference methods, the condition for a method to be stationarity
preserving is ([9])

mkin dimker (k) = mkin dimkerJ - k (68)

For numerical methods with multiple degrees of freedom per cell, such as Active
Flux, the dimension of the space on which £ operates is N9°f times larger than
that of J - k. One might thus impose a correspondingly higher dimker £ as a
condition for stationarity preservation. We shall, however, be modest here:

Definition 7 A linear numerical method with N9°f degrees of freedom per cell
per variable is called stationarity preserving if

§ < min dimker £ (k) < S N dof (69)

where S := miny dimker J - k.

5.2 A review of stationarity preservation of the classical Active Flux
method

For 2-d linear acoustics, the matrix £ of Active Flux is a (dense) 12 x 12
complex-valued matrix. Although only its kernel is required (and not a full
diagonalization) it remains a formidable task to compute it. In [4] therefore a
slightly easier approach has been used, and the techniques used therein allow
some deeper understanding of the kernel. They are useful here as well.

The object under consideration in [4] is classical Active Flux, where point
values are updated by means of an evolution operator. The latter maps the
reconstruction (used as initial data) directly to the value at the new time, and
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the exact evolution operator from [3] has been used in [4]. Clearly then, a
numerical stationary state arises if the reconstruction (= initial data for the
evolution operator) is of constant pressure and divergence-free velocity. One
thus needs to analyze the subset of divergence-free reconstructions.

The reconstruction is in P??2 in every variable and thus the divergence is
in

DY? = {v € L™ :v|c,, €span{l,z,2% y, zy, 2%y, y%, 2y’}},  (70)

i.e. in an 8-dimensional space (observe the absence of 22y?). Due to continuity,
the 9 degrees of freedom accessible to a cell, which are used in writing the
reconstruction polynomial, cannot all be chosen independently in every cell.
It is better at this stage to switch to the discrete Fourier transform grecon of the
reconstruction, introduced in Section 4.2. This allows to factor out continuity,
and let appear the dependence of the reconstruction on only 4 degrees of
freedom per variable that belong to a cell. These can indeed now be chosen
freely in each cell.

Seeking a divergence-free reconstruction in 2-d, one thus ends up with 8
equations for 8 free parameters. Without rank defect the only divergence-
free reconstruction would be trivial, and not representative of the richness of
divergence-free vector fields. The linear system turns out to be not of full rank,
however. This remained without a clear explanation in [4], and is elucidated
below in Theorem 3. It was found (see equations (6.25) and (6.26) in [4]) that
as long as the 12 Fourier modes are parallel to

Q:(,21+4tw+ti,(ty—1)(ty+1) 2144ty +8) (- D(ta+1)
3 ta Ayty T3 ty Axty 7
146ty +12 ty—1 ty —1)(tz +1
- +61+ z Y s QM(ty_‘_l)’ 0’
2 Ay Axty
-1 1 —1 1+6t,+1¢2
_g(tw+1)M7 te . v 0,
Ayty Ax ty
ty =1 te — 1
—Alte + 1) 75—, 4 ty+1), 0) (71
(b 1) L+ ) @

Ev, "N)'

the divergence in each cell vanishes. Here, the variables are sorted as (¢*, %%, ¢®v, ¢

One can easily see that this condition indeed can be rewritten as vanishing Fi-
nite Difference discretizations of the divergence. Writing ¢%X = (4, 9%, p¥)
with X € {A,N,Ey, Ev} one finds e.g.
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144ty + 12 (t, — 1)(1+t%)aA+ L+ 4ty +12 (t, — 1)(1 + t)

~A
=0 (72
Ly t. Ax ty ty Ay v (72)
te — (1 +1t,) . 1+ t.)(—1+ty) .
= D0t (HCLE )
146t, +t2)(t, — 1 1 v+ 12 -1
Axt, Ayt,
ty—1 g, ty—1 g,
=0 (75
Auxt, + Ayt (75)
tz =1 g, (ty =Dtz +1) x
: =0 (76
Axt, e 2Ayt,ty v (76)
(L46ty +t2)(te —1) o (2 =1t +1) 5
v + 2 oV =0 (77
8Axt, 4Ayt, (77)
(14 4ty +t2)(t. — 1) By t2—1 ,
0 =0 (78
6Axt,t, ue 2Aytyv (78)
These relations are Fourier transforms of
4
<[UA]ii1>§' ) N (YD1 _ 0 {[uN]ir1}42 N (o™il _ 0
Ax Ay Az Ay
(79)
6 6
([uPa]4 1) . ™y R Ui
Az Ay N Az Ay
(80)
6
Wiy Bl (V] 1) LGSRV
Az 2Ay N 8Ax 4 Ay N
(81)
4
(g PO} S P R (&)
6Ax 2Ay
having introduced the notation
[dlivs = dit1 — @ {ativs =dir — (83)
[q)it1 = Git1 — @it <Q>EQ) = @i-1+ aq; + Git1- (84)

Theorem 1 Consider the set V' of globally continuous vector fields v, bi-
parabolic in each cell:

V{V:RQHRQIVC

€ (Pm)?} (85)
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with the degrees of freedom of Active Flux and periodic boundaries. Assume
the grid to contain N.es cells. Then,

(Z) V ~ RsNCells
(ii) Vaiy == {v €V : V-v =0} o RNeeustO(VNeeus)

(iii) Any element in Vaiy has continuous normal derivatives, i.e. at every cell
interface with normal n, v - n is continuously differentiable.

Proof (i) and (ii) are clear from what has been said before; O(y/Neens) takes into
account that the number of divergence-free vector fields is slightly larger than one
per cell, as there are some trivial ones missing in the previous analysis (indeed, no
assumptions were made on k or t,,t,). A particular value of, say, ¢, would mean
that at most, any grid function ¢;; is a function of j only, i.e. that one can specify
O(V/Neelis) values independently.

The proof of (iii) is obtained by explicit computation. Denote first the u and v
components of Grecon bY Trecon and Vreeon, respectively. If § is parallel to Q from (71),
then the z-derivative of frecon iS proportional to

O lirecom (T, 1) = ol =Dty —1) ((tw +1) 4 2(t, — 1)&) ((ty +1) +2(ty — 1)i)

Az Ayt,t, Ay
(86)
One then immediately confirms that
(A S A
azurecon i7 y - tm a’zurecon _i7 y ) (87)
2 2
ie.
A A
azUrecon,ij (TJ;, y) - azurecon,i+1,j (771’7 y) . (88)

An analogous statement holds for 9, Urecon-

5.3 Stationarity preservation of the semi-discrete method

The following sections prove that the semi-discrete (generalized) Active
Flux is stationarity preserving for the acoustic equations in two and three spa-
tial dimensions. Additionally, the elements of the nullspace of the evolution
matrix and the corresponding numerical stationary states are given and ana-
lyzed. Table 1 sums up and compares key data of semi-discrete Active Flux
for above-mentioned equations.
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[ 2-d acoustics [ 3-d acoustics ‘

# variables = m 3 4
# ming dimkerJ -k =S 1 2
# dof used in reconstruction = NIoF 9 27
# Fourier modes per variable = N9°F 4 8
# rows/columns in & = m NI 12 32
miny dim ker & (k) { 1 { 5 \

Table 1  Overview of dimensions relevant for stationarity preservation of

semi-discrete Active Flux for linear acoustics in 2 and 3 spatial dimensions.

5.3.1 Acoustic Equations in Two Spatial Dimensions

Recall that the finite difference operators used in the update of the point
values have been obtained by differentiating the reconstruction.

Consider instead of (36) first the central Active Flux method, which

reads
d p 1 P «| P 1 P
0 0
=— 0 0

LD +Dy)|; $(Dy+ D))

Pe {N, EH,E\/}

The divergence relevant for the update of qi};, P € {N,Ey, Ey} is obtained

)a

«\ | P
L0
(0, + D))

by considering the velocity reconstructions in the two/four adjacent cells, tak-
ing their divergences at the location of P (which gives two/four different val-

ues) and finally taking the mean of these values. Recall that the image of

(P%?)? under the (weak) divergence is the broken space D;;> defined in (70).
Obviously computing the mean of the two/four values restores continuity, i.e.
afterwards there is only one value of the divergence associated with each point.

This motivates the following

Definition 8 The P?2-projected divergence w € P*? is defined by (33) (with
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m = 1) with the degrees of freedom given by

1
wy = 1 (Wz' (X5 = %) + Wi j (x5 — Xit1,) (89a)
+ Wi a1 (X35 — Xij1) + Wiga ja1 (X)) — Xz’+17j+1))
1
wi = 3 (Wij (xiY = xij) + Wigr (i) — Xi+1,j)> (89b)
1
wit = 3 (Wij(x?f = xi5) + Wi (xi)" = Xz‘,j+1)) (89¢)
Az Ay
a1 ST wLxd 89d)
wz_7 T A.’l?Ay as | ay U(X) X (
2 2
where W;;(x) := (OpUrecon,ij + OyUrecon,ij)(X) is the divergence of the velocity
reconstruction (Uecon,ijs Urecon,ij) € (P?)% in x € [—%, %] X [—%, %}

Theorem 2 If the discrete data is such that the P%2-projected divergence of
v vanishes (as a polynomial), and if p is uniformly constant, then the central
Active Flux method keeps this data stationary.

Proof By unisolvence of the P?? space with the degrees of freedom specified in
Definition 8, the vanishing of the divergence as a polynomial is equivalent to it being
zero at the four degrees of freedom. By virtue of the definitions of the finite difference
formulas (Equations (34)—(35)), the updates of p.;, P € {N,En,Ev} are the degrees
of freedom of the P?2-projected divergence in P. The update equation (24) of the
pressure average is, by Gauss’ law and the fact that the quadrature along the edges
is exact for parabolas, equivalent to evaluating the average of the divergence Wij;
over the cell (i,7). But this average is assumed to vanish as well, which concludes
the proof.

Central Active Flux can thus be associated with projecting the reconstruc-
tion of the divergence back into the space P%2. The map (89) from the velocity
variables to values of the P?2-projected divergence in its degrees of freedom
is surjective, therefore the 4 equations for the 8 velocity variables leave a
four-dimensional kernel of the evolution matrix. This sufficient condition of
stationarity can be verified (using MATHEMATICA) to also be necessary, which
proves

Corollary 5.1 Central Active Flux for linear acoustics in 2 dimensions is sta-
tionarity preserving and the kernel of its evolution matrix is 4-dimensional.



25

Recall (38) with

100 0 0 0
|[Jz]=1 0 0 0 |Jyl=1 0 1 0 (90)
0 0 1 0 0 1
The upwind Active Flux method (36) then writes
. LD, - D)} 0 %(Dx+D32); u
P «\ [P *
i =~ 0 . 5 (Dy = Dy) ‘% 3 (Dy +Dy) ’ij v
(91)

Pc {N,EH,E\/}

where the bow tie denotes further terms of no importance for the present
discussion. To gain insight into its stationarity preservation properties, it is
useful to start with the

Lemma 1 Dif is unisolvent with respect to the 8 pointwise degrees of freedom
located at

(xii%7yji%) ) (xii%ay]) ) (miayji%> (92)

Proof By explicit computation.

Observe that these degrees of freedom are just the point values of Active
Flux accessible to each cell, but without continuity.

Theorem 3 The semi-discrete upwind Active Flux method (36) for the linear
acoustic equations in two spatial dimensions is stationarity preserving. A basis
of the 1-dimensional nullspace of its evolution matriz is given by

O=(- Az(1+t,(4+t))(—1+1t,) (L1+t)1+1t,(4+1y)) 0 (93)
6AY(—1 +ty)tsty ’ Gtoty (1 +ty) T
B Ax(14+t,(6+t,))(—1+t,) 1+t 0
4AY(—1 + to)t,(1+t,) 2t ’
Az(1+4t,)(—1+ty) —1—6t, —t2 0
20y(—=1+ty)t, 4ty (1 +ty) ’

Az(l+ t2)(~1 + ) T

— , 1, 0) eC-.

Ay(—1+1t:)(1 +1y)
The variables are ordered as (G*,¢%",¢¥V,qN). The divergence of the recon-

struction vanishes iff ¢ is parallel to Q.



26

Proof A sufficient condition for stationarity is obtained by assuming that p is con-
stant at the stationary state. Then, additionally to the vanishing (central) divergence
L.~ 0| ut L(p, D))" 94
5( z w)|iju+§( v y)‘ijv (94)
the normal derivatives (i.e. the z-derivative of u and the y-derivative of v) need to be
continuous. This brings four additional constraints: one jump across, respectively, a
horizontal and a vertical edge

(De = D) |[u=0 (Dy = D;) | v =0 (95)

and two jumps at the node. Together with the three pointwise conditions on the
central divergence these are 7 equations for 8 variables.

The stationarity of the cell average of p does not contribute an independent
equation for the following reason. Assume the jumps of the normal derivatives of the
velocity to vanish, i.e. the divergence of the velocity reconstruction to be continuous
across the edges. Then it does not matter whether D, or D} is used to evaluate a
derivative, as they give the same result. One can thus simply modify (91) such that
all derivatives are evaluated in cell (4,7). Stationarity of pZ for all point values P
implies that the divergence of the velocity reconstruction vanishes at all 8 point values
along the boundary of cell (i,j). By Lemma 1, these 8 conditions for a polynomial
in the 8-dimensional space th),rz imply that the polynomial itself vanishes. (This is
the problem considered and solved in [4] for the classical Active Flux, as has been
outlined in Section 5.2.) As the divergence vanishes, its average over the cell vanishes,
and by Gauss’ law the cell average p?j is automatically stationary. The kernel of the
evolution matrix for upwind Active Flux is thus at least 1-dimensional.

The 12 x 12 matrix £(k) is given in Appendix C. That there are no other linearly
independent elements in the kernel has been verified using MATHEMATICA due to the
excessive length of computations.

One observes that upwind Active Flux operates on the divergence of the
velocity reconstruction in each cell, without projection (as was the case for
central Active Flux earlier).

Corollary 5.2 The numerical stationary states (94) of semi-discrete Active
Flux on 2-d Cartesian grids are the same as the stationary states (71) of
classical Active Flux on 2-d Cartesian grids, see Section 5.2.

Thus, in terms of stationarity preservation there is no difference between
the behaviour of third-order semi-discrete (generalized) or fully discrete (clas-
sical) Active Flux. With the above reasoning in mind, this is not surprising at
all, and is mostly a consequence of the choice of the reconstruction space.

A final comment is due concerning the rank defect mentioned in Section
5.2. Asis clear from the above discussion, a vanishing element in Dif amounts
to 8 equations. However, here we do not deal with any kind of element, but
with an element obtained as the divergence of an element in (P?2)2. The map
from the velocity variables to an element of Dif, that is induced by taking the
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divergence of the reconstruction, is not surjective. In the proof of Theorem 3
it is shown that stationarity of all point values amounts to only 7 equations,
and that the stationarity of the average turns out to be redundant.

The very same argument does not hold true for the central Active Flux
method: the divergence can be understood as being projected onto P?2, which
vanishes upon stationarity, but the average update continues to involve the
cell average of the “true” divergence in Dlz)’f. This update equation for the cell
average is not redundant then.

The choice of upwinding matters for stationarity preservation as well. The
semi-discrete Active Flux method with the upwind splitting only involves nor-
mal derivatives such as 92u and 851;. The alternative point value update (39)
also was investigated for the acoustic equations in two spatial dimensions.
Clearly, this upwinding generates terms such as 9%v and 8§u in the numerical
diffusion. In this case stationarity implies a larger number of supplementary
conditions, further restricting the set of stationary states. Indeed, non-trivial
stationary states no longer exist as, in general, det £(k) # 0. For t, =1t, = —1
(ky Az = kyAy = ), for example, it is

110592¢8( Az + Ay)*(Ax Ay + 262 (Az? — Az Ay + Ay?
det £(k) — ( y)*( Angyg ( y+4y%))) £o0.
(96)

5.3.2 Acoustic equations in three spatial dimensions

Theorem 4 (i) The semi-discrete Active Fluz method for the linear acoustic
equations (4) in three spatial dimensions is stationarity preserving. The
kernel of its evolution matriz, given in Appendiz D, is 5-dimensional for
general k.

(i) The divergence of the reconstruction vanishes iff ¢ is in the above-mentioned
kernel.

Proof The argumentation is similar to the 2-dimensional case. There are 3-8 = 24
velocity variables

T T I Ll T L (97)

While central Active Flux amounts to 7 equations for the point values (plus 1 for
the average, i.e. a kernel of dimension 16), the upwind method additionally enforces
continuity of normal derivatives. These are 3-1 conditions on the faces, 3-2 conditions
on the edges and 1 - 3 conditions on the node, which makes a kernel of dimension
at least 24 — 7 —3 — 6 — 3 = 5. Despite the excessive length of the expressions
under consideration (€ is a 32 X 32 matrix, given in Appendix D) we confirm using
MATHEMATICA that the kernel is indeed 5-dimensional.

One defines D};*? as the image of (P*?%)? under the (weak) divergence. As
the jumps vanish, stationarity again implies that the divergence vanishes at the 26
locations of point values in every cell. A unisolvence Lemma similar to Lemma 1
holds again, that we omit. This implies the second statement.
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Thus, the stationary states of this Active Flux method are those that give
rise to a divergence-free reconstruction of the velocity and a uniformly constant
pressure. The 5 elements @1, -, Q5 of ker £ are given in Appendix D. We
find that the projection onto just ()1 is consistent with f that is chosen from
the subspace spanned by (—k,, k;, 0, 0) alone and Q5 is consistent with f from
the subspace parallel to (—k.,0, k;,0), i.e. it so happens that our choice of
basis of ker £ even is consistent with the choice of basis for J -k from (9). The
remaining 3 elements of ker £ correspond to higher order terms.

6 Analysis of Numerical Diffusion
6.1 Linear advection in one spatial dimension

An analysis of numerical diffusion for multi-dimensional acoustics is rather
difficult. Therefore, we first consider the one-dimensional case of Active Flux
applied to the linear advection equation 9;q + ¢d,q = 0 (¢ > 0). Active Flux
has two degrees of freedom per cell (one average and one point value) in this
case (see e.g. [1, 6, 11, 12]), and upon the Fourier transform in space it can
be rewritten as

O+ EMR)G=0 (98)

with a 2 x 2 evolution matrix £. For a reasonable analysis of numerical diffu-
sion, a time discretization needs to be specified, and a Runge-Kutta method
of order 3 seems well-suited. Thus, the Fourier transform of the fully discrete
method reads

¢ = AR)" (99)

with the amplification matrix
1 1 .
A=1- A€ + 5415252 - éAtdg?’. (100)

Figure 4 shows the modulus of the two eigenvalues of A as a function of
B = Azk € [—m,n] for different values of CFL := <.

The reason for having two eigenvalues is the following: The discrete Fourier
transform distinguishes between the modes associated to the different types of
degrees of freedom, i.e. there is a mode for the averages and an independent
mode for the point values in the one-dimensional case. For example k = 0
corresponds to the point values having all the same value @), € R and the
averages having all the same value @, € R, but the two values can be different
in general. The point update will see this and generally not remain stationary:
while the “physical” eigenvalue corresponds to the eigenvector (1,1)T, which
means @, = @, the other eigenvalue corresponds to the eigenvector (0, nT,
ie. Qa =0, Qp = 1. This highly oscillatory function evolves in time, decaying
for small CFL numbers and exploding for those high enough, as is discussed
next.
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Fig. 4 Numerical diffusion analysis of Active Flux for 1-d linear advection. The
absolute value of the two eigenvalues of the 2 x 2 amplification matrix is shown as a
function of § := kAx € [—m,m]. Observe the different scales on the vertical axes.

10, ro- 1.0,

os|  CFL=0.1 s, CFL-0.2 osf  CFL=0.25

% CFL-03 CFL=0.35 >
as

CFL=0.4

CFL=0.42

As linear advection amounts merely to a translation, the exact amplifi-
cation factor is a unit complex number. Von Neumann stability therefore
requires all the eigenvalues of the amplification matrix to not be greater than
1 in absolute value. Of the two eigenvalues shown in Figure 4, one observes
that the “physical” eigenvalue remains, in absolute value, below and rather
close to 1.

It has been elucidated in [13], that for semi-discrete methods stability quite
generally tends to be governed by the “non-physical” eigenvalue. Also in the
case of semi-discrete one-dimensional Active Flux, one can observe it grow as
the CFL number is chosen larger and larger, until for CFL = 0.42 its absolute
value surpasses 1. This is consistent with previous findings ([7, 14]) of 0.41 as
the stability limit for semi-discrete Active Flux in one spatial dimension.

6.2 Acoustic equations in two spatial dimensions

Finally, to complete the picture, the same analysis is performed for the
two-dimensional Active Flux method for linear acoustics. The absolute values
of the 12 eigenvalues are shown in Figure 5 (some of them lie on top of each
other). For simpler presentation, here Ax = Ay = 1 and the wave vector k is
parametrized as

ks( cosp ) (101)

sin
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To perform a comparison between the behaviour of the numerics and that of
the solutions to the PDE, one now needs to know the analytical value of the
amplification matrix. From (3), writing A := R™1(J - k)R, one obtains

4(t + At) = Rexp(—iAt)R™14(t) (102)

The eigenvalues A of (J - k) are real by hyperbolicity of (1) (they are 0 and
+c|k|). Thus, the eigenvalues of the analytical amplification matrix Re"“A* R~!
are all of modulus one.

Despite the increased complexity, the behaviour is similar to that of linear
advection. The instability is governed by the non-physical eigenvalue(s), whose
norm becomes larger than 1 between At = 0.28 and At = 0.3. We have not
observed a strong p-dependence of this value.

7 Numerical examples
7.1 Acoustic Equations in 2-d

7.1.1 Traveling waves

We consider a truly multi-dimensional setup of a spherical Gaussian in the
pressure:

V(@ =12+ (y —1)2 — )
w2

po(x) = exp ( ) vox) =0 (103)

with w = 0.05, rp = % The setup is shown in Figure 6. It is solved on a domain
of [0,2]? using RK3 with a CFL number of 0.2 with periodic boundaries. The
L' error of the numerical solution is shown in Figure 7 as a function of the
spatial discretization length. The reference solution has been obtained with a
first-order method solving the radial equations on a grid of 4 - 10° points. We
observe third order accuracy.

7.1.2 Stationary vortex
We consider a stationary solution of the acoustic equations:

po(x) =0 vo(x) = < (ny))/rr ) . {5T r<0.2 (104)

max(0,2 — 5r) else

with r = \/(m — %)2 + (y — %)2 This setup is solved using the semi-discrete
Active Flux method (3rd order) on a grid of 50 x 50, using RK3 and a CFL =
0.2, with zero-gradient boundary conditions.

The aim of this test is to show experimentally that a discrete steady state
is indeed parallel to (9), and we deliberately choose a setup involving many
different Fourier modes. First, one needs to wait until the setup becomes
stationary. Then, instead of computing the Fourier transform, we compute
the values of the discrete divergences (72)—(78).
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Fig. 5 Numerical diffusion analysis of Active Flux for 2-d linear acoustics. The

absolute value of the 12 eigenvalues of the amplification matrix is shown as a
function of s € [—m, 7] (see (101)) for different values of At (rows) and ¢ (columns).

Here, Az = Ay = 1.

Fig. 6 The setup of a spherical Gaussian in the pressure. Left: Initial setup.
Center: Pressure at time ¢ = 0.1 solved on a 50 x 50 grid. Right: Scatter plot of the
pressure at time ¢t = 0.1 together with a reference solution (solid line).
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Fig. 7 The error of the numerical solution for the spherical Gaussian wave at time
t = 0.1 upon grid refinement. From left to right: u, v, p.

of umerkalsoion

o000t

Figure 8 demonstrates that the setup becomes stationary in all variables at
about ¢ = 100. Unsurprisingly this happens later for finer grids (less numerical
diffusion) and the stationary state is also closer to the initial one. Figure 9
shows the time evolution of the discrete divergences (72)—(78) ((79)—(82)) on a
grid of 50 x 50. As our datum is not well-prepared, they are not zero initially,
but as the setup becomes stationary, they attain values at the level of machine
precision. This indicates that ker £ is indeed one-dimensional and parallel
to (9). For comparison, the Figure shows the time evolution of a different
divergence discretization

142ty + 82 (=1 +t,)(1 +ta) L 1F2 i3 (=1 +t,)(1+ ty) ;A

(105)

that corresponds to

3

Az Ay

DATRIC RN
([utix); R Clap g TS (106)

which can be observed to become stationary (as the entire setup) but not to
decay to machine zero.

7.1.3 Well-prepared stationary mode

The next aim is to verify the preservation of the discrete stationary state
given by (94). To this end, the discrete data are well-prepared in a way similar
to [15], starting from the Fourier mode Q exp(ik,iAz + ik,jAy). For it to be
stationary, Q has to be parallel to (94). This would result in complex-valued
data. Therefore, we take the average of two such modes with opposite signs
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Fig. 8 Left: Initial data of the stationary vortex test. The magnitude of the
velocity is color-coded. Right: Error of the numerical solution as a function of time.
One observes the stationarization of the setup (the velocity components are on top

of each other).
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Fig. 9 Stationary vortex test case. Decay of the 7 discrete divergences (79)—(82)
that characterize the stationary state. Their values reach machine precision after
long times. For comparison, the behaviour of some other discrete divergence is
shown; it does not decay to machine zero. The curves lie partly on top of each
other, but we refrain from showing details as the Figure is merely intended to show
that all the divergences reach machine zero, and not how.
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Fig. 10 Rusanov-type Jacobian split (39) does not lead to a stationarity
preserving method. Left: Solution of the stationary vortex test at ¢ = 1000, the
magnitude of the velocity is color-coded. The vortex has become two overlapping
shear flows. Right: Error of the numerical solution as a function of time. It takes
much longer than shown for the setup to stationarize, and the final state is very far
from the initial condition (compare the errors to those in Fig. 8).
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of k, which results in a real-valued grid function:

8(2 + cos(2Az)) sin(20Ayr) sin(27 (i Az + 105 Ay))

3Ay
qlAj = |  8(2+ cos(20Ayr)) sin(2Axm) sin (27 (iAz + 10j Ay)) (107a)

3Ax
0

4sin(10Aym) sin(w(2iAx + 20§ Ay + 10Ay)) (3 + cos(2Az7))

f numerical solution (point val

L

Ay
qlEjH = _ 8cos(10Aym) sin(2Az) sin(2m (5Ay + iAz + 105 Ay))
@x

(107Db)
8 cos(Axm) sin(20Ayn) sin(m(Azx + 2i Az 4 205 Ay))

Ay
q;EjV = 4(3 4 cos(20Ayn)) sin(Azw) sin(w(Ax 4+ 2t Az + 205 Ay))

- Az
0

(107¢)
16 cos(Azm) sin(10Aym) sin(2m(Az/2 4+ 105 Ay + i Az 4+ 5Ay))

Ay
q%\; = |  16sin(Axm) cos(10Aym) sin(2m(Az/2 + 10j Ay + iAz + 5Ay))
€z

(107d)

The wave numbers are chosen as in [15]: k, = 27 and k, = 10-27. The setup
is solved using CFL = 0.2 on a 50 x 50 grid using periodic boundary conditions.
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The results are shown in Figure 11, and one observes that the well-prepared
setup remains stationary, up to round-off errors.

Setting iAz = x and jAy = y, as Az, Ay — 0, this mode can be seen to
converge to

- - Ay
a5 — d(z,y) gt =g (my + 2) (108)
. Ay - Ax Ay
E N
s %q<x7y+2) qij%q<m+2,y+2> (109)
with
10
(z,y) = —1 | 16msin(2n(z + 10y)). (110)
0

For comparison, one might therefore consider discrete initial data that have
been obtained by the direct evaluation of the degrees of freedom from (110), i.e.
by taking point values and cell averages of (110). In this case one observes an
initial layer (¢ < 150) during which the pressure decays after having attained
finite-size values in the first step of the calculation. The seemingly high value
~ 40 of the error of u is due to generally high values of this component: the
maximum exact value of u is 1607 ~ 503, i.e. the error actually is only 8%.

7.2 Acoustic Equations in 3-d
7.2.1 Traveling waves

A test analogous to that of Section 7.1.1 is performed to assess the order
of accuracy of the three-dimensional method. The initial data vanish for all
velocity components, and the initial pressure is given by

po(x) = exp (('X‘)) | (1)

w?

Again, rg = % and w = 0.05, and the domain is [-~1,1]3. We use RK3
with a CFL number of 0.1. The L' numerical error as a function of the
spatial discretization length is shown in Figure 12, which was computed using
a reference solution obtained from a 1-d spherically symmetric code on 4 - 105
points. The three-dimensional computations are rather expensive and do not
allow to increase the number of cells as much as one requires to see third-order

accuracy clearly. The data shown indicate a convergence rate of about 2.5.
7.2.2 Stationary mode

We consider a linear combination of the elements of the kernel, given in
Appendix D

5
Qijk = Y _ a,Qr exp(ikyiAz + ik, jAy + ik.kAz) (112)

r=1
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Fig. 11 Stationary mode for 2-d acoustics. Top. Initial data in u, nodal values are
shown. Left: Well-prepared data (107). Right: Not well-prepared data directly
from (110). There is no visible difference. Bottom: Error of the numerical solution
is shown as a function of time. Note the different scales of the vertical axis. Left:
Well-prepared data show only linear growth due to round-off errors; the pressure
errors are very low. Right: Not discretely well-prepared data. The solution rapidly
deviates from the initial state. It stationarizes after an initial layer at around

t ~ 150. The pressure, initially zero, attains finite values in the first step of the
calculation and decays exponentially quickly towards zero again.
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Fig. 12 Convergence study for the spherical Gaussian in the pressure.
Computations on finer meshes are too expensive to run, but the data shown on the
coarse meshes indicate a convergence order of about 2.5. The error curves of the
three velocities are on top of each other.
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with a; also given in Appendix D. The reason for the coefficients is that a Finite
Difference formula corresponds to a Laurent polynomial in ¢,t,,t., and all
the denominators appearing in the basis elements Ql need to be removed first.
The domain is [0, 1]® with periodic boundaries, discretized by 203 cells and

ky =27 ky = 8w k, = —4m (113)

We evolve only its real part, which is possible due to the linearity of the
entire problem. Figure 13 shows that indeed, the error is initially at machine
precision and grows only linearly due to round-off errors.

To highest order in Az, Ay, Az, the values at the nodes are

(2k, (ky — 1), =2k, k., 2ik,, 0) T exp(ikyz + ikyy + ik, 2) (114)

One easily verifies that this is a divergence-free Fourier mode. However, if this
mode is used as initial data simply by pointwise evaluation, it is not discretely
stationary.

7.2.3 Vortex ring

We consider a vortex ring centred at the origin, with its centerline a circle
of radius R in the z-y-plane (see Figure 14).
Define first

ri= \/(\/W—R)2+22 (115)
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Fig. 13 The L* distance between the initial data of a Fourier mode in the kernel
of the evolution matrix £ for Active Flux in three spatial dimensions shown as
function of time. Left: Non-well-prepared initialization according to (114). The
mode is not discretely stationary, but upon grid refinement the error decreases at
approximately third order. Right: Well-prepared data according to (112). One
observes only linear growth due to round-off errors; note also the different value of
the error.
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Fig. 14 Coordinate setup for the vortex ring test case.
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and angles in the plane and perpendicular to it:

tanp = 2 sing = = (116)
X r

The flow happens only in the plane spanned by

0 cos
0 and sin ¢ (117)
1 0

The vector field, divergence-free by construction, is then given by

: V(r)
u = —sin cos p——=—= (118)
/12 +y2
e V(r)
v = —sindsin p———=—x (119)
Va2 +y?
w = cos ¥ Vi) (120)

/$2 + y2
Here V is the radial velocity profile of the vortex ring and is an arbitrary dif-
ferentiable, for simplicity compactly supported, function of r only. We choose

Vir) = 107 r < 0.1 (121)
max(0,2 — 10r) else

and R = i. The pressure p vanishes identically. The setup is shown in Figure
16 (top), in slices indicated in Figure 15. We solve it on a 50 grid covering
[0,1]% using RK3 and a CFL of 0.1. Results at a later time (¢ = 25) are shown
in Figure 16 (bottom), they are virtually indistinguishable. Figure 17 shows
the numerical error as a function of time. One observes an initial layer (as the
data are not discretely well-prepared) and the subsequent stationarization of
the setup. A stationarity non-preserving method will diffuse the vortex ring
very quickly, converging for ¢ — oo to a discrete stationary state that is not a
consistent discretization of a vortex in any way.

7.3 Comparison to the fully discrete Active Flux method

As stated in Corollary 5.2, the numerical stationary states of the semi-
discrete (generalized) and classical Active Flux are the same. The following
numerical test shows that the results of both schemes are also very similar for
non-stationary setups for the 2-d acoustic equations.

We consider the spherical Riemann problem

vo(x) =0 (122)

2 if x/|? .
) = if |x|* < 0.08 (123)
1 else.
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Fig. 15 View of the vortex ring setup, showing the toroidal boundary of the
support of the velocity, cut open along z = 0 (left) and y = 0 (right). Arrows show
the velocity in these planes.

Fig. 16 Vortex ring test case. Top: Cut of the initial data through the plane z = 0
(left) and y = 0 (right). Color coded is the magnitude of the velocity, and the
arrows (normalized in length) indicate the direction. Bottom: The same for the
numerical solution at time ¢ = 25. The presence of non-zero velocity in regions that
initially were at rest shows that the numerical stationary solution is slightly
different from the initial data (which is natural as they were not well-prepared).
The arrows indicate only the direction of the velocity, its magnitude is visually
indistinguishable from zero in regions initially at rest.
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Fig. 17 Vortex ring test case. L' error of the numerical solution on grids of 20%
and 352 cells, computed on the nodal point values. One observes the
stationarization of the setup, as it converges towards the numerical stationary state.
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Fig. 18 Spherical Riemann problem. Numerical results for the pressure p at time
0.3 on an 80x80 grid and for CFL number 0.1. Left: Classical active flux. Right:
Generalized active flux.
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The simulation has been performed for different combinations of CFL numbers
and grid sizes and with periodic boundary conditions. Figure 18 shows a
comparison of the numerical results of both methods for the pressure p at
time 0.3 on an 80x 80 grid with CFL number 0.1 as an example. No significant
differences were found between the methods for any of these tested cases. A
more detailed comparison of the results of both methods along the line y = 0.5
also shows no significant differences for p at time 0.3. This is shown in Figure
19, the grid size is again 80x80 and the CFL number 0.1.

8 Conclusion

We have shown that the two- and three-dimensional semi-discrete Active
Flux method is stationarity preserving when applied to linear acoustics on
Cartesian grids. This is the same conclusion as has been drawn for the classical
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Fig. 19 Spherical Riemann problem. Numerical results for the pressure p along
the line y = 0.5 at time 0.3 on an 80x80 grid and for CFL number 0.1.

2

traditional active flux +

generalized active flux x
g

KKy * %
[ *

15

* *

* ; *
KEE K o x k% F o KK KA
FEEE L EEEREE
* % * *
*ru R

1 =
05 + —
0 -

05 - .

Active Flux method before, the discrete stationary states are even exactly the
same if upwind Jacobian splitting is used for the point value update. This is a
consequence of the choice of the approximation/reconstruction space, common
to both schemes. We also have not been able to find visible differences in the
results of the two methods for non-stationary setups. However, the stability
region of the semi-discrete method is smaller with a maximum CFL number
only about half of that of the classical method ([16]). The semi-discrete method
can be applied more easily to nonlinear problems as it does not require an
evolution operator, and it being structure preserving in very much the same
way as the traditional method is encouraging.

In the future we will study how this property can be extended to nonlin-
ear conservation laws, including a theoretical analysis of low Mach number
compliance for the Euler equations. Experimentally, it has been observed in
[8] that the method behaves well in this regime. Following [17], [18] we will
investigate stationarity preservation of Active Flux on unstructured grids.
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A Shape functions for Active Flux in two spatial dimensions

The basis function for the biparabolic reconstruction employed for the two-
dimensional Active Flux are

Bo(ar,y) = 3(~1 +26)(1+ 26)(~1 + 20)(1 + 2n). (124)
Bilw,g) = 1e(-1+20)(-1+2) (126 2~ 26— 1) (129)
By(a,y) = 3(1 = 2)(1 +26)(~1 -+ 20)(1 + 61) (126)
By(a,y) = 75(1+26)(~1 + 20)(126n + 20 — 26 +1) (127)
Byfa,y) = 7(1+26)(~1+ 66)(1 — 20)(1 +21) (128)
Bs(z,y) = %6(1+2§)(1+217)(12§7)+277+2§f 1) (129)
By(a,y) = 7(1 ~26)(1+ 2)(1 +20)(~1 + 61) (130)
Br(x,y) = %6(_1 +28)(142n)(126n —2n+ 26 + 1) (131)
By(,y) = (=1 +26)(1+ 66)(1 — 20)(1 + 20) (132)

(133)

with £ = x/Ax, n = y/Ay. For the numbering, see Figure 1.

B Update equation for 2-d upon the Fourier transform

The update of the nodal point value can be written as

Cd oy L1 1 o1 L1 /1
0=d +[Jx v <3+tx>+J”” o (F3—t) + Ay (ty+3> (134)
N I [ 1 T A

—4 B R
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The update equation for the point value at a vertical edge is

d g 9 - 1 + 1 - ta FE
=@Vt |y — Tt —= =t 8
ot [t g (o (e ) s ()

(135)
(st sl
[ (e ) (4ot

1 1 1
— " 1—— ) |¢N
k(-

and for the update of the point value at a horizontal edge

dg [ 9 _ A 2 1 _ B
— @+ == (S - t)}q +{(J+(+2)+J (—2—t)>}qH
dt | Ay Y vy Ay Y \ty v Y

(136)

O:

1 1 1 1
Jr — 414+ =
Y4 y<tmty+ty+ +tz>

The update of the average is computed by following the instructions from
Section 3.1

d. 2 1 1
L—— )™+ | == — )¢ 1
o=t g (g s (D)) o
1 11 1 1 11 1
— T (1l-—+ == — )+ — T
* |:6A£C Ja ( ty * ty tmty> * 6Ay Ty ( ty s tmty)] 1

C Evolution matrices of Active Flux in two spatial dimensions

The submatrices of the evolution matrix (65) for the acoustic equations (4)
in two spatial dimensions are

Ean = O3x3 Ena = 03x3 (138)
0 0 0
Enpy = 32 0 0 1-4 (139)
Y\o 1-+ o0
5 0 0 1-4
Enpy = 0 0 0 140
MYTsAe\J1 g _—
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0 0 1 (=14ta)(A4ty)
6Ax taty
14t ) (—1+t,
EaN = 0 0 oy R L (14
1 (Sl4te)(A+ty) 1 (AFte)(—14ty,) 0
6Ax toty 6 Ay taty
9 0 0 0
Erun =~ [0 (L+ty) (11, (142)
Y\ (1-t,) (1+t,)
1 0 0 0
Y \o (%_ty) (i +4+ty)
. 0 0 0
Emupy = 5 |0 el Uit (144)
Y _(Ate)(=14ty)  (A4te)(I4ty)
0 te te )
0 0 & (1-4)
_ 1 (4t,)(14t,)? (+ta)(—14)
gEHN - 0 8Ay Tty —ﬁ toty (145)
1 (1 _ i) _ 1 ()(t)? 1 () (C148)
Ax te 8Ay taty 8Ay Loty
9 (1 + tac) 0 (1 - t:c)
Y\(1—ty) 0 (1+ty)
(1+t5)(14t,) 0 (= 14ta) (14ty)
ty ty
ERvEy = —— 0 0 0 147
TT2An | i) g Q) i
ty tll
L (G HAtt) 0 (5 —ta)
EByEy = A 0 0 0 (148)
T\ E -t 0 (E+4+t)
1 (I4te)?(1+ty) 0 1 (142 (A+ty)
8Ax toty 8Ax toty
Epon = 0 0 & (-4) (149)
_ 1 (CHE)A4t) 1 (1 _ L) 1 (14:)?(14ty)
8Ax taty Ay ty 8Ax toty
o ((I+t) 0 (1-t,)
ENEy = - 0 0 0 , (150)
v (1 - tz) 0 (1 + tw)
5 (0 0 0
ENEy = v 0 (1+t,) (1—t,) (151)
Y\ (1—-t,) (1+t,)
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EnN =

.
0 tgAm
1 1 1 1
1 1 1 6+%+tw 6+t%+ty
A7 (ty —ty) 3 [ v v 7
(152)

D Evolution matrix and its kernel for Active Flux in three spatial

dimensions

The variables are ordered as Q = (6%, 3%, g%, %=, g%+ ¢Fv, 4=, q"), where

§ = (9,1, ).

The evolution matrix reads:

Ean
Er,A
Ee, A
Er.A
Er A
Er, A
Er. A
Ena

EAR,
EE,E,
EE,E,
Ee.E,
Er,E,
EF?/ Ee
Er.E,
ENE,

EAE,
EE,E,
E,E,
&E.E,
&r,E,
£F"/ E:‘/
&r.E,
ENE,

Eae.  Ear, Ear, Ear. Ean
&e,e. Er,r, EE,F, EE,F. EE,N
Ee,e. &r,r, Er,r, Er,F. ER,N
&e.e. Ee.F. Ee.F, EE.F. EE.N (153)
¢r,e. &r,r, Er,F, Er,F. EF,N
EF:UEZ ngFT EF:UF:‘/ ngFz gF:‘/N
&r.e. &r.r, Er.r, Er.r. EF.N
Ene.  Enr, Enr, Enr.  EnN
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with the blocks

(154)

(155)

(156)

(157)

(158)

(159)

(160)

ctz—1)(14ty)(1+1-)

36 Azt tyt,
c(l4ta) (ty—1)(1+t,)

36 Ayt tyt,
e(Ltty) (14ty) (F—1)

0 0 0 O
e _ |0 000
AT 1lo 000
0 00O
0 0 0 0
0 0 0 c(ty—1)(1+t.)
I D . o)
9Azt,t,
0 by=DO+t)  e(l4t,)(t=1) 51,15
9Ayt,t, 9Azt,t,
c(te—1)(1+t,)
0 0 0 9Axt T,
s 0 0 0
AEy = 0 0 0 C(1+tw)(t2_1)
clta=D(tt:) () elltts)(t=—1) 9Azotwtz
9Axt . 9Azt 1.
0 0 0 C(taézl)(l"‘ty)
Tlypty
c(1+ty)(ty—1)
gAE = 0 0 0 9Aytztyy
? 0 0 0 0
clta—D(A+ty)  clltta)(ty=1) 0
9Axt,ty, 9AYt,ty
4de(ty—1)
0 00 9Axt,
< _ 0 0 0 0
AFz = 0 0 0 0
de(ty—1)
9Axt, 00 0
0 0 0 0
de(ty—1)
Erp — 0 0 0 =5 o
v 0 0 0 0
de(ty—1)
0 —SA o 0 0
0 0 0 0
P 0 0 0 0
AF., = 0 0 0 4e(t.—1)
0 0 dett=D) MOth
9Azt,
0 0 0
P 0 0 0
AN 0 0 0
clte—1)(A+ty ) (A4ts)  c(Utta)(Ey—D(A+t.)  c(tts)(1+t,)(t2—1)
36 Azt tyt, 36Aytatyt, 36Azt,tyt,

36 Azt tyt,

0
(161)
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0 0 0O
0 0 0 O
A= |0 0 0 0 (162)
0 0 0O
0 0 0 0
2
) g
&e, B, = 0 S/y ctets (6+t,) _c(tﬁy—f) (163)
@1 24z, 24z,
elty,—1 c(t;—1) 6+1/ty+t, | 14t (6+t.
0 ~ 2Ayt, T 2Azt, %C( Ayt A(ztz ))
0 0 0 O
0 0 0 O
e, =10 0 0 0 (164)
0 0 0 0
0 0 0 O
0 0 0 O
CE.E-= |0 0 0 0 (165)
0 0 0 O
0 0 0 O
0 0 00
BT =10 0 0 0 (166)
0 0 0 O
0 0 0 0
0 0 0 0
EeF, = | g o _2e0+t)  2e(t—D) (167)
20(t271) 2 (Pt
0 0 Az - Az
0 0 0 0
0 2c(14t,) 0 2c¢(ty—1)
fer. = | oo v (168)
2c(ty—1) 2c(1+4t,)
0 2L g _20ih)
c(ty,—1)
0 0 0 “Art,
0 0 0 0
Ep,N = 0 0 0 0 (169)
b 90 o0
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e A =

Ep,E, =

Ee,E, =

Eg,F, =

SEyFZ =

Ee,N =

0 0 0 O
0 0 0O
0 0 0 O
0 0 0 O
0 0 0O
0 0 0O
0 0 0O
0 0 0 O
ctcty (6+ts) c(t3—1)
2Axt, 0 0 T 2Axt,
0 0 0 0
ctct, (64t c(t?—1
0 0 2A(zt:r ) - Z(Aztz)
c(t2-1) 0 c(t?2-1) 641 /tp+ts | 14+t.(64t.)
T 2Axt, T 2Azt. Ax +
0 0 0 O
0 0 0O
0 0 0O
0 0 0 O
0 0 0 0
0 0 0 0
2¢c(1+t, 2c(t,—1
00 P (t(A—zl)) 2(?1Z+t))
0 0 Azz - Az :
0 0 0O
0 0 0O
0 0 0O
0 0 0 O
2¢c(1+t, 2¢(ty—1
_ (Ax ) 0 0 (A;c )
0 0 0 0
0 0 0 0
2¢(ty—1) 2¢c(1+t.)
: Az 0 0 — . Az
0 0 0 0
c(ty—1)
0 0 0 Avt,
0 0 0 0
0 Ll o

Ayty

(170)

(171)

(172)

(173)

(174)

(175)

(176)

(177)
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00 00
00 00
00 00
00 00
00 00
5. = |0 0 0 o (179)
00 0 O
00 00
00 00
&.5= 0 0 0 o (180)
00 0 O
c+cty (64t c(t? -1
QA(xtm : 0 0 o Q(Axtm)
0 ety (6+ty) ety
gE o 2Ayt, 2Ayt,
= 0 0 0 0
c(t2-1) c(ts—1) 64+1/to+te | L4ty (6+ty)
T 2Axt, - 2Ayt, 0 %C( /Aac + Ayty )
(181)
0 0 0 0
0 _ 2c(1+ty) 0 2¢(ty,—1)
_ Ay Ay
2c(ty—1) 2c(1+4ty)
0 Ay 0 Ay
2¢(1+t,) 2¢(ty—1)
R
Ee.r, = o o0 o (183)
2¢(ty—1 2¢(14+t,)
(Az ) 00 — (Az
00 00
00 00
gEze 1o o 0 o (184)
00 00
0 0 0 0
0 0 0 0
gEzN = 0 0 0 C(izz;l) (185)
0 0 <1 0
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Ep A =

Er,E, =

Ep,F, =

SFF—

Ep,N =

27c(14t,) 27c(ty—1)
T T 4Ax 0 0 4Ax
0 0 0 0
0 0 0 0
27¢(tz—1) 27c(14+t5)
1Az 00 - 4Ax
0+)(+)(+) (g _eltam V(1) (1)
8Awtyt. 8Axtyt,
0 0
0 0 0 0
CeltemD(H)(H) g () e(bta) () ()
8Axtyt. 8Axtyt.
c(14+t,)2(14t.) 0 0 _e(t2-1)(1+4t.)
8Axt,t, 8Axt,t,
0 0
c(t,—1
0 0 0 o
_c(ti—l)(l-{-tz) 0 c(t=—1) c(1+tw)2(1+tz)
S8Axt,t. Azt 8Axt,t.
c(1+t,)2(1+t,) 0 0 _eB-n0+n)
8Axtyty 8(Amtf)ty
ety —
0 0 0 Ayt,

0 0 0 0
_eB-D04)  lty=D) g ell+t)* ()
8Axt,ty Ayty 8Axt,t,

ctcty (4+ts) c—cti
T Awty, 0 0 Axt,
0 0 0 0
0 0 0 0
cfcti ctcty (4+ts)
. 00 TR
c(1+t,)(1+t,) clts—1)(1+t,)
2Axt, 0 0 — 2Axt,
0 0
0 0 0 0
CeltamDtt) o g ettt
2Axt, 2Axt,
c(14+t,)(1+t¢2) c(tyz—1)(1+t.)
2Axt, 00 - 2Axt,
0 0 0 0
0 0 0 0
_c(te—1)(A+ts) 0 0 c(14+t,)(1+t.)
2Axt, 2Axt,
4t A+1)(1+e) g () _ e(2=1)(+t,)(14t:)
32Axt,tyt, 32Awt, tyt,
0 0
0 0 0 0
_eBm)A+t)(4t) (g (g c(ldta)?(14t,) (14t:)

320wt tyt,

324zt tyt,

(186)

(187)

(188)

(189)

(190)

(191)

(192)

(193)
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0 0 0 0
0 — 27¢(14t,) 0 27¢c(t, —1)
4A 4A
ngA = 1lo 0 Y 0 Oy (194)
27¢(t, —1) 27¢(1+t,)
0 C4Ayy 0 - C4Ay
0 0 0 0
0 cltty)’(ltts) 0 _ ety =D (4t
8Ayt,t. 8Ayt,t.
&pp, = v (ot (195)
! 0 0 O (Ath )
0 clty=D(4ts)  e(t=1)  c(1+t,)*(1+t.)
T 8Aytyt. Azt 8Aytyt.
0 0 0 0
0 c(I+ta)(1+ty)(1+¢-) 0 — c(1+ta)(ty—1)(1+t-)
ngEy — 0 SAydfmtz 0 8Aé;txtz (196)
0 _cltte)ty=1(A+t:) o c(ltta)(1+t,)(14ts)
8Ayt,t, 8Ayty,t,
c(ty—1
0 0 0 e
0 cltty)(14t,)° _c(l4te) (5 1)
& — 8Aytyty 8Aytaty 197
FuBe 0 0 0 0 (197)
c(tz—1) C(l""tw)(ti_l) 0 c(l4ta) (14ty)*
Azxt, 8Ayt.t,y 8Aytyty
0 0 0 0
0 C(l'gtz)(l‘i‘ty) 0 — C(l‘gtz)(ty_l)
— Yt Yta
ngFw 0 0 0 0 (198)
0 — c(I+t2)(ty—1) 0 c(1+ts)(1+ty)
2Ayt, 2Ayt,
0 0 0 0
0 ctcty (4+ty) 0 c—cty
Er, =g 0 o o (199)
CfCtIZJ ctety (4+ty)
0 Ayty, 0 Ayty,
0 0 0 0
0 c(1+ty)(A+t2) 0 — c(ty—1)(1+t.)
— 2Ayt, 2Ayt,
frr. = | g 0 0 0 (200)
0 — c(ty—1)(1+t¢2) 0 c(14ty,)(14t,)
2Ayt, 2Ayt,
0 0 0 0
0 COtta)(4t,)?(14ts) _e(l4ta) (¢ 1) (1+t2)
ngN _ 0 32Aytytyt. 0 32A8t$tytz (201)
0 — c(l+t)(#2—1)(1+t2) 0 c(1+t,)(14+t,)% (1+t,)

32Aytatyt. 32Aytatyt.
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Er.A

Er. B,

&r.E,

Er.E,

&r.p,

ngFy

Er.p.

Er.N

0 0 0 0
0 0 0 0
0 0 _27c(+t:) 27¢(t,—1)
0 0 27c(%ZA—z1) _ 274c(A1Z+tz)
4Az 4Az
0 0 0 0
c(ty—1)
0 0 0 Azty
0 0 e(l4t,)(1+E)%  c(148,)(#2-1)
8Aztyt, 8Azty,t,
0 clty=1) _cl4t,)(#2-1)  c(l4t,)(1+t2)
Ayty 8Aztyt. 8Aztyt.
c(ty,—1)
0 0 0 Aot
0 0 0 0
0 0 c(I+ts)(1+t:)?  e(l4tz)(t2-1)
8Aztgts 8Azt,t.
c(ty—1) 0 c(lHte)(t2—1)  c(ltte)(1+t.)2
Axt, 8Azt,t. 8Azt,t.
0 0 0 0
0 0 0 0
0 0 (14t ) (14t ) (1+t2) _ c(I+ta)(1+ty)(t-—1)
8Azt,t, 8Azt,t
0 0 —ClHt)(Ht)(tml)  cltts)(1+t,)(A+t)
8Azt,t, 8Aztyty
0 0 0 0
0 0 0 0
0 0 COFta)(tts) _e(ltts)(t=1)
2Azt, 2Azt,
00 — c(1+t,)(t,—1) c(1+t,)(1+t,)
2Azt, 2Azt,
0 0 0 0
0 0 0 0
0 0 c(ltty)(1+t-) _cd4ty)(t-—1)
2Azt, 2Azt,
0 0 _clHttm1)  e(i+t,)(4t)
2Azt, 2Axzt,
0 0 0 0
0 0 0 0
c+ct. (4+t.) c—ct?
00 Aztzz A?tz )
c—ct; ctct. (4+t.
00 Azt Azt
0 0 0 0
0 0 0 0
0 0 C(1+tw)(1+ty)(1+tz)2 _ C(l""tm)(l""ty)(tz_l)
324zt t,t, 32Azt,t,t,
0 0 _CU+ta)(+t,)(E2=1)  c(l+ta)(14t,)(14t:)
3240zttt 324zt t,t,

(202)

(203)

(204)

(205)

(206)

(207)

(208)

(209)
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00 0 O
0 0 0 O
Ena 00 0 0 (210)
0 0 0 O
2¢c(1+t,) 2¢(ty,—1)
T 00 3
2¢(t,—1) 2¢c(1+t,
(Am 00 - (Am !
0 0 0 0
0 _ 2¢(1+4ty) 0 2c(ty—1)
A Ax
Ex, 0 00 0 (212)
2¢(ty—1) 2¢c(1+ty,)
0 Ayy 0 ——ay 4
0 0 0 0
0 0 0 0
ENE, 0 0 _ 2c(1+4t2) 2¢(t,—1) (213)
] Az Az
0 0 20(222—1) _2¢(1A-|;tz)
0 0 0 O
0 0 0 O
Enr, 00 0 0 (214)
00 0 0
0 0 0 O
00 0 O
Enr, 00 0 0 (215)
00 0 0
00 0 O
00 0 O
0 0 0 O
ctcty (64t c(t2-1)
2Axt, ) 0 0 - Q(Azﬁtqlr)
ety (6+ty) e(t?—
& _ 0 ‘ CZAyty ‘ 0 - 2Ayt,
NN = 0 0 c+ct. (6+t.) _c(t2-1)
2Azt, 2Azt,
_e(t2-1) R CGE) Ce(t®-1) 1 (641 tetts | 6+1/ty+t, | 14t (6+ts)
2Axt, 2Ayt, 2Azt, 2C Az + Ay + Azt ‘
(217)

The kernel of £ are spanned by (Ql, 02,03, 04, Q5) given by
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Q

1

(

Av(1 4t (44 t2))(ty — 1)(£2 + 4t,82 + 12(2 + t.(8 + 3t,)))

a 54Ayt2 (12 — 1)t,t2
(14t (4 +t,) (82 + 4t,t2 + t2(2 + (8 + 3t,)))

542t (1 +t,))t2
CAu(l (6 + 1))ty — 1) Az(L+ta)(ty — 1)(1+ 1)
AAy(t, — Dt (1 +t,) 7 24yt (1 +t,)(t. — 1)
0’1+ e N 1 7_Az(ty —1)(1+4t,)
4 at, 1+t 2Ayt,(t, — 1)
Ax(ty — 1)(4t2 4+ t,(3 4 19t,)t, + (1 4+ t5)(2 + 9¢,)t2)
120y (t, — 1)t (1 + t,)12
42 +1,(3 4+ 19, )t + (1 +t,)(2 + 9, )2 0.0
12t,(1 + t,)t2 T
Aty — 1)(262 + 2(4 + ¢2) (1 + 3t.) + tot.(—3 + 5t))
B 240y (t, — 1)t,t, 12
(14 t,(6 + 1)) (462 + t,(3 + 19t,)t, + (1 + t4)(2 + 9¢,)t2)
A8t (14 1)ty (1 + )12
B (Az(ty —1)(14+t,(6+1.))
8Ayt,(t. — 1)t,
Ax(141,(6 4+ t5))(ty — 1) (482 + (3 4 19t,)t. + (1 4+ t5)(2 + 9t,)t2)
a A8AYL2 (12 — 1) (1 + t,,)12

202 +12(4+t.) (1 + 3t,) + tut (=3 +5t,) Az(1+t,)(ty, — D)1 +t.(6 +1.)) 0

)

’0707

707

70’

)

)

)

), 0,

)

2422 ’ 8Ayt, (1 +t,)(t. — 1)t o
0,0,0,0,
- ,1,0,0 218
vt =) 00 (218)
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_ Az(T+t, (44 t)) (1 +ty) (s — 1) (262 +12(t, — 2)(1 + 3t,) + tot(3 + 11¢,))
: (‘ 108A2t2(¢2 — 1)t,t2(1 + t,) ’
Ay(1+ by (4 + ) (b — t2) (b = 1) (ta + Lo + 4t

54Az82(t, — 1)t,t2(1 4 ¢,) ’
(1+t)(1+t,)(L+t(4+1t))
36ttt (1 +t,)
~ (Az(1 +2,(6+t2))(t: — 1) 0 1+t, 0
40z(ty — Dt (L 4+¢,) 77 2t 77
0,0,0,0,
Ax(t, — 1)(12 4+ t,t.(3+ Tt,) + t2(=1+t.(—1 + 3t.)))
a 6Az(ty — 1)t,t2(1 + ) ’
Ay(T+t,)(te —t)(te — 1)t +t. +4t,t,) 1 1 1
Tt T T
6Azt, (1 +t,)(ty — 1)t2(1+t,) 4 4t 1+t
Azl + b)) (te — t2)(t = D(ts + b + 4t
12A%(ty — 1)t,t,t2(1 + ¢2) ’
Ay 4ty (6+1y)) (e — ) (t: = Dt + Lo +4tats)
240zt (1 4 t4)(ty — 1)ty t2(1+¢2) T
Az(1+t,(6+1,))(t, — 1) (t2 + tot,(3+ Tt,) + t2(=1 +t. (=14 3t,)))
a 24A2(82 — Di2(1 + ) ’
Ay(14ty) by — )t — 1) (te + 5 + 4taty) (14 6,)(1+6.(6+12))
a 124282(t, — 1)t2(1 + t,) ’ 8tpt.(141,)

Q

703

0,

0,

0,0,0,0,
Az(ty — 1)1+ t,)’

0, 1,0) (219)

R 2A8x(1 4+t (4 +t.))(t. — 1)  2(1+t.(4+1t.))
@s = (_ 9AZ(t2 — 1)t, 9 (14t
2Ayt, (t, — 1) 2t,,
Az(ty —1)(1+t,)) 1+t

0,0,0,0,
2Axt,t,(t, — 1) 2Ayt,t,(t, — 1)
C Aty — D)1+ ty)t Az(1+t)(t, — 1)L,
Axty(t, — 1) Ayt (1+1t,(6 +1t,))(t. — 1)
CAz(ty — 1)t 2A2(1+t,)(12 - 1),
CAx(14t(6+ )ty (t. — 1) 0 ty(14+1.(6+1.))
202(82 = 1) (1 +ty)t, 7 21+ ty)t.(1+¢,)’
Ay(1+t,(6 +t,))(t. — 1)
2Az(12 — 1) (1 + t.)

0,—

0,

70707

0,

0,— .1,0,0,0,0, 0) (220)
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SAL(1 4t (4 + o)) (12 — 1)(ty — t2)(ts +to + 4tatz)
2TAY(ty — 1)ty (14 15)2(1 + (6 + t,))t2 ’
8(1+ty(441ty))(ts —ts)(ts +t, + 4t5t)

- 0,0
2Tty (14 t5) (1 + 1, (6 + ty))t2 T

o

Aty (L+t,) 44zt — Dty (1 +¢) 0
Lty (6+1ty) Ayl +t,(6+1ty))(t— 1)
4Axt, (17 — 1) 4zt (12 = 1)(1 +t2)

C Ay(t, — 1)1 +t,(6 +ty))’0’ Ay(T+t,) (1 +t,(6 +1,))(t. — 1)
4Ax(ty — Dty (22 + t,(3 + 11t,)t, + (=2 + t) (1 + 3t,)t2)
BAy(t3 — 1)(L+ 1y (6 +ty))t2 ’
Aty (14 1,) (263 4 to(3 + 11t)t, + (=2 4 t2) (1 + 3t,)t2) 0.0
3(1+1t,)2(1 +t,(641t,))t2 T
AAz(t2 — 1) (te — b)) (te + to + 4t,t)
BAY(E2 = (1 +,(6+6,))2
(262 + 1, (3 + 11ty )t + (=2 + 1) (1 + 3t,)t2)
3(1 +t,)2t2 ’
Azt (82 = 1)(1 4+ 1.(6 4 t.))
Ay(1T+t,)(L+t, (6 + 1)) (t, — 1)t
Az(1 4 t5(6 4 t5))(ty — Dty (262 + (3 + 11t )t, + (=2 + t5) (1 + 3t,)t2)
BAY(ty — )ty (14 t4)2(1 + £, (6 + ty))t2 ’
Aty (L4 ty) (b — o) (b + 1o +4tats)  Az(ty — D)ty (1 +¢,(6 +t))
Bt (T t) (T +t,(6+1,))2 7 Ay(1+t,(6+1t,))(t. — 1t.)
Ax(1+1t,(6+t,))(t2 — 1)
- Ay(tz =11+ ty(6 + tu))

70’

,1,0,0,0,0,0,0) (221)
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Q5 = (07070707 07070a07

4t (1 +t,) Ayt (12 — 1)(1 +t,(6 + t,))
L4 t,(6+tz)" Az(l+t)(1+t,(6+ 1)) (12 — 1)
4A2t, (82 —1)(1 +t,)
Ax(1+t2)(1+ t (6 +to))(t: — 1)

Aty (14 t,)(ty — Dty (1 +¢t,) 4yt (12 — D)ty (1 +t,) (1 +t,)
M ta(6+ ) (2 = 1t T An(L+ ) (1 + (6 +L,)) (2 — 1)t
40zt (12 — 1) (ty — Dty (1 +t.(6 + t.)) 0
Az(L+to)(1+t4(6 + 1)) (82 — 1)(t. — 1)t
Ayt (82 DA+, (64+1,))(1+ L) Azt (12 — 1) (1 +t.(6 + t.)) 0
T Ax(1 ) (1 H (6 + 1)) (12 — 1)t Ax(141,) (1 +t,(6 +,))(t. — 1)t
(= Dty (1 +t2) 24y(t — DA+ )ty (L4 1) (1+E) o
-1t 7 Ar(I+t(6+t)t2 - 1t. 77
2Az(t, — 1)(L+t,)(1 +t5)
Az +t,(6+ tg))(t. — 1)
16Ayt, (2 — 1)t, (1 +t,)
VA1 + ) (1 + (6 +1,)) (2 — 1)

70’

1,0,

70’

16A2t,(t2 — 1)(t, — Dt (1 +t)
- ’ ,0) (222)
Ax(1+t5)(1+t2(6 + 1)) (65 — 1)(t2 — 1)
To implement one discrete Fourier mode in Section 7.2.2 we use
5
> aQ, (223)



60

with
ap = <(tx —1)(2Ay(1 + ty + 8taty)(te — t2)(tz — 1)(te + tz + 4tats) (224)
+ to(t] — 1)(—32t5ty — 3(1 + to + 32t5ty )tz + 8(4ty + tu(1 + to)(3Az + 16t,))t2
+(3(1 +ta) — 3201 + 4tm)ty)t2))>/(2AmAz(ty — 1) (2 4 Aot + 2(2+ (8 + 3tz)))>
az = —((tm —1)(1 4 £2)(=2(1 + ) (—1 + 24y + ) (= — 1)£2 (225)
— ta(tz — 1)t2(3 = 3t2 + 16 Ay(1 + 2ty )t- + (ty — 1)(1+1y)(5 + 32ty )t=)
+ 883 (—3Azt2 4+ 3Azt22 4+ 2(—2 4 Ay)ty (t. — 1)(1 + 4t2) + 485 (£ — 1)(1 + 4t2))
4 t2(=2Ay(ty — 1)(1 + ty 4+ 4(1 4 ty)ts + (3 + 35ty)t2)
— (12 = 1) (=4 + (=9 + £ (10 — 2442 + 128t (t — 1) + 3tz))))))
/(2AxAy(1 Fty)(te — 1)(2 + 4tat? + t2(2+ 2 (S + 3tz)))>
ag = (82 = D1+ ) (=201 + ) (=1 + Ay + ) (L= — 1)E2 (226)
—ta (14 ty)(tz — 1)t2(3 4 (=5 + 8AY)ts + ty (=3 + (=27 + 32t,)t.))
+ 83 (—3Azt2 + BAzt22 4 485 (t: — 1)(1 4 4t2) + 2ty (ts — 1)(—2 — 8t> + 3Ay(1 + t2(4 + t2))))

+12(1 4 t) (2Ay(t — 1) (1 +4t,) — (ty — 1)(—4 + £ (=9 + £2(10 — 24Az + 128t (t. — 1) + 3tz))))))
/(16A:cAytzty(tz S )2 4 At + 224 (8 + 3tz)))>
ag = ((tz = D)(1+ ta)(1 4ty (6 + 1)) (—2(1 + ) (=1 + Ay + ) (= — 1)¢2 (227)
—to (14 ty)(tz — 1)t5(3 — 5t, + 8Ayt, + ty(—3 + 5t.))
+ 2483 (= Azt? + Azt2t2 + 2(—2 + Ay)ty(t- — 1)(1 +t=(4 +t2))
A3 (e — 1) (L4t (44 t2))) +12(1 + ty)(2Ay(tz — 1)(1 + 4t.)
— (ty — 1) (4 + t2(—9 + 2 (10 — 24Az + 3tz)))))>
/(32A1Aztz (ty — Dty (1 + ) (82 + 4t 12 +12(2+ £ (8 + 3tz))))
as = ((1 Tt (6 4+ t2))(=2(1 + ) (=1 + Ay + ) (t. — 1)t2 (228)
— to(tz — 1)t2(3 = 3t2 + 8Ay(1 + 3ty )tz + (ty — 1)(1+t)(5 + 32ty )t)
+ 8t3 (—3Azt2 + 3BAzt2t2 + 2(—2 + Ay)ty(t. — 1)(1 + 4tz)
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