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Maximum principle preserving time implicit DGSEM for linear scalar
hyperbolic conservation laws

Riccardo Milani?, Florent Renac®*, Jean Ruel?

“DAAA, ONERA, Université Paris Saclay, F-92322 Chdtillon, France

Abstract

The properties of the high-order discontinuous Galerkin spectral element method (DGSEM) with implicit backward
Euler time stepping are investigated for the approximation of hyperbolic linear scalar conservation equation in multiple
space dimensions. We first prove that the DGSEM scheme in one space dimension preserves a maximum principle for
the cell-averaged solution when the time step is large enough. This property however no longer holds in multiple space
dimensions and we propose to use the flux-corrected transport (FCT) limiting [5]] based on a low-order approximation
using graph viscosity to impose a maximum principle on the cell-averaged solution. These results allow us to use a
linear scaling limiter [S8]] in order to impose a maximum principle at nodal values within elements, while limiting the
cell average with the FCT limiter improves the accuracy of the limited solution. Then, we investigate the inversion
of the linear systems resulting from the time implicit discretization at each time step. We prove that the diagonal
blocks are invertible and provide efficient algorithms for their inversion. Numerical experiments in one and two space
dimensions are presented to illustrate the conclusions of the present analyses.

Keywords: hyperbolic scalar equations, maximum principle, discontinuous Galerkin method, summation-by-parts,
backward Euler

1. Introduction

We aim at developing an accurate and robust approximation of the following problem with a linear scalar advection
equation with constant coeflicients in d > 1 space dimensions:

ou+V-(cu) =0, inQ x(0,c0), (la)

u(-,0) = up(-), inQ, (1b)

with Q c R, appropriate boundary conditions on €, and ug in L*(R?, R). Without loss of generality, we assume ¢
in RY, a negative component being handled by reverting the corresponding space direction.

Problem () has to be understood in the sense of distributions where we look for weak solutions. Introducing the

square entropy n(u) = “ and associated entropy flux q(u) = c% pair, solutions to also satisfy

2
omuw)+V . -qu) <0, inQ x (0, 00), 2)

in the sense of distributions. For compactly supported solutions, this brings uniqueness and L? stability. Solutions to
(T) also satisfy a maximum principle:

m<uy(x)<MinQ = m=<ulx,t)<MinQ X (0,00), 3)

almost everywhere, which brings L™ stability.
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We are interested in the approximation of (I)) with a high-order space discretization that satisfies the above proper-
ties at the discrete level. We consider the discontinuous Galerkin spectral element method (DGSEM) based on colloca-
tion between interpolation and quadrature points [26] and tensor products of one-dimensional (1D) function bases and
quadrature rules. The collocation property of the DGSEM in addition to tensor-product evaluations drastically reduces
the number of operations in the operators implementing the discretization and makes the DGSEM computationally
efficient. Moreover, using diagonal norm summation-by-parts (SBP) operators and the entropy conservative numerical
fluxes from Tadmor [48]], semi-discrete entropy conservative finite-difference and spectral collocation schemes have
been derived in |16} [7]] and applied to a large variety of nonlinear conservation laws [[19} 14} 13,141} 140,43} 154, [37, 158]],
nonconservative hyperbolic systems and balance laws [32), 42| [111 [2,153/152]], among others.

Most of the time, these schemes are analyzed in semi-discrete form for which the time derivative is not discretized,
or when coupled with explicit in time discretizations. Time explicit integration may however become prohibitive for
long time simulations or when looking for stationary solutions due to the strong CFL restriction on the time step
which gets smaller as the approximation order of the scheme increases to ensure either linear stability [17} 3] 271,
or positivity of the approximate solution [58} 159]. The DGSEM also presents attractive features for implicit time
stepping. First, the collocation property reduces the connectivity between degrees of freedom (DOFs) which makes
the DGSEM well suited due to a reduced number of entries in the Jacobian matrix of the space residuals. This property
has been used in [45] to rewrite the time implicit discretization of the compressible Navier-Stokes equations as a Schur
complement problem at the cell level that is then efficiently solved using static condensation. Then, tensor-product
bases and quadratures have motivated the derivation of tensor-product based approximations of the diagonal blocks of
the Jacobian matrix by Kronecker products [S1,[50] of 1D operators using singular value decomposition of a shuffled
matrix [35]], or a least squares alternatively in each space direction [14].

We here consider and analyze a DGSEM discretization in space associated with a first-order backward Euler
time integration which allows to circumvent the CFL condition for linear stability and makes it well adapted for
approximating stationary solutions or solutions containing low characteristic frequency scales. It is however of strong
importance to also evaluate to what extent other properties of the exact solution are also satisfied at the discrete level.
Preserving invariant domains of the equations at the discrete level is an essential property that may be required for
stability of the computations. Little is known about the properties of time implicit DGSEM schemes, apart from the
entropy stability which holds providing the semi-discrete scheme is entropy stable due to the dissipative character
of the backward Euler time integration. An analysis of a time implicit discontinuous Galerkin (DG) method with
Legendre basis functions for the discretization of a 1D linear scalar hyperbolic equation has been performed in [39]
and showed that a lower bound on the time step is required for the cell-averaged solution to satisfy a maximum
principle at the discrete level. A linear scaling limiter of the DG solution around its cell-average [58]] is then used
to obtain a maximum principle preserving scheme. Numerical experiments with linear and also nonlinear hyperbolic
scalar equations and systems support the conclusion of this analysis. The theoretical proof of this lower bound uses
the truncated expansion of the Dirac delta function in Legendre series that is then used as a test function in the
DG scheme to prove that the Jacobian matrix of the cell-averaged discrete scheme is an M-matrix. It is however
difficult to use this trick in the DGSEM scheme that uses lower-order quadrature rules and whose form is directly
linked to the particular choice of Lagrange interpolation polynomials as test functions. Unfortunately, this discrete
preservation of the maximum principle or positivity no longer holds in general in multiple space dimensions even
on Cartesian grids and solutions with negative cell-average in some cell can be generated [30]. In the case of linear
hyperbolic equations and radiative transfer equations, Ling et al. [30] showed that it is possible to impose positivity
of the solution providing the approximation polynomial space is enriched with additional functions. The use of
reduced order quadrature rules and suitable test functions were proposed in [55] to define a conservative scheme that
preserves positivity in the case of stationary linear hyperbolic conservation laws, The work in [56] proposes limiters
that allow to ensure positivity of stationary solutions of the radiative transfer equations, while keeping a particular
local conservation property for stationary conservation laws. These modifications seem difficult to be directly applied
to the DGSEM without loosing the collocation which is essential for the efficiency of the method. A limiter for time
implicit DG schemes for nonlinear scalar equations has been proposed in [49] by reformulating the discrete problem as
a constrained optimization problem and introducing Lagrange multipliers associated to the constraints. This however
results in a nonlinear and nonsmooth algebraic system of equations that requires an adapted Newton method for its
resolution.

In the present work, we propose an analysis of the DGSEM scheme with backward Euler time stepping for linear
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hyperbolic equations on Cartesian grids. We first analyze the discrete preservation of the maximum principle property
and show that it holds for the cell-averaged solution in one space dimension for sufficiently large time steps. This
result is similar to the one obtained in [39] for a modal DG scheme with Legendre polynomials, though the conditions
on the time step are different. The proof relies on the nilpotent property of the discrete derivative matrix evaluating
the derivatives of the Lagrange interpolation polynomials at quadrature points. This property allows to easily invert
the mass and stiffness matrices and derive a scheme for the cell-averaged scheme, thus allowing to derive conditions
for the matrix of the associated linear system to be an M-matrix. The DOFs are then limited with the linear scaling
limiter from [S8] to impose a maximum principle to the whole solution. Unfortunately, this property no longer holds
in multiple space dimensions similarly to the modal DG scheme [30]]. We thus follow [20l [15] that propose to use
the flux-corrected transport (FCT) limiter [15,[57] combining a low-order and maximum principle preserving scheme
with the high-order DGSEM. The low-order scheme is obtained by adding graph viscosity [22} 21} 34] to the DGSEM
scheme. The FCT limiter is here designed to preserve a maximum principle for the cell-averaged solution, not for all
the DOFs. Here again, the linear scaling limiter is applied after the FCT limiter to ensure the maximum principle on
the whole solution. This two-step limiter is essential to reduce undesirable effects of the FCT limiter such as accuracy
deterioration for smooth solutions, or a frequent switching back and forth between the limited and unlimited schemes.
In particular, the numerical experiments highlight a strong improvement of the accuracy of the limited scheme as well
as of its ability to capture steady-state solutions that would be otherwise affected when limiting all the DOFs. The
former issue has been already observed in the literature [21}[23] 6], where different strategies have been proposed such
as bound relaxation [21) 23] or subcell smoothness indicator [34} 6].

We also analyze the inversion of the linear system resulting from the time implicit discretization to be solved at
each time step. The linear system is large, non symmetric, sparse with a sparsity pattern containing dense diagonal
and sparse off-diagonal blocks of size the number of DOFs per cell. Efficient inversion could be achieved through
the use of block sparse direct or iterative linear solvers. Many algorithms require the inversion of the diagonal blocks
as in block-preconditionned Krylov solvers [35, 36, [12], block relaxation schemes [46]], etc. We here prove that
the diagonal blocks are invertible and propose efficient algorithms for their inversimﬂ We again use the nilpotency
of the discrete derivative matrix to inverse the diagonal blocks of the 1D scheme. We use the inversion of the 1D
diagonal blocks as building blocks for the inversion of diagonal blocks in multiple space dimensions thanks to the
tensor product structure of the discretization operators.

The paper is organized as follows. Section [2]introduces some properties of the DGSEM function space associated
to Gauss-Lobatto quadrature rules. The 1D DGSEM is introduced and analyzed in section [3| while section ] focuses
on the DGSEM in two space dimensions. The results are assessed by numerical experiments in one and two space
dimensions in section [5]and concluding remarks about this work are given in section [6}

2. The DGSEM discretization in space

2.1. The DGSEM function space

The DGSEM discretization consists in defining a discrete weak formulation of problem (T). Although one of the
main advantages of the DG method is its ability to handle complex geometries with unstructured grids, we restrict
ourselves to rectangular geometries with a structured grid for the sake of simplicity. The space domain Q is first
discretized with a Cartesian grid Q;, ¢ R? with elements « labeled as x; = [x;_1 2, Xi41/2] of size Ax; = X;p1/2 — Xi_1/2 >
0,1 <i< N, ford =1 (see Fig.[T); kij = [Xi-1/2, Xix1/2] X [Vj-1/2,j41/2] Of size Ax;Ay; = (X172 = Xi1/2)(Vju1/2 =
Vj-12) > 0,1 <i <Ny, 1< j<N,,ford =2 (see Fig., etc. We also set & := min,eq, |K|r]7.

The approximate solution to (I} is sought under the form (with some abuse in the notation for the indices and
exponents that will be clarified below)

N,

,
up(x, 1) = Z PEOUNE) Yx ek, ke Qy V>0, @)
k=1

!'A repository of the algorithms for block inversion is available at https: //github. com/rueljean/fast_DGSEM_block_inversion, Con-

sult|[Appendix B|for a description of the repository.


https://github.com/rueljean/fast_DGSEM_block_inversion
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Figure 1: Meshes with positions of quadrature points for p = 3 (bullets ¢): (left) in element «; for d = 1; (right) in element «;; for d = 2.

where (U’K‘)lsksz are the DOFs in the element «. The subset (qﬁﬁ)lsksz constitutes a basis of V7, the space of piece-
wise discrete polynomials of degree p at most, restricted onto the element k and N, = (p+ 1)? is its dimension. We use
tensor product in each space direction of Lagrange interpolation polynomials (£x)o<t<p associated to the Gauss-Lobatto
quadrature nodes over I = [-1,1],{p = -1 <& <--- <, =1t

a@ =[] £5 o<ksp )

1=0,k Sk T &

e

which satisfy €(&)) = i1, 0 < k, I < p, with §;; the Kronecker delta.

For the sake of clarity, we now replace the « index by cell indices in the Cartesian mesh, i € N in 1D, i, j € N in
2D, while the exponents 0 < k, < p refer to the DOFs indices (see Fig. [I)). The basis functions are thus defined for
d=1by ¢(x) = fk(Aixi(x - x,_1)— 1) and for d = 2 by ¢§]1.(x) = Kk(A%[(x ~Xi-1) = 1)5,(Aiv/_(y = ¥;-1) = 1), and so on.

The DGSEM scheme considered in this work uses Gauss-Lobatto quadrature rules to approximate the integrals

over elements |~ 11 f(©dE ~ 30 wef (&) with w > 0and X7 wy = [ 11 ds = 2, the weights and &, the nodes over [
of the quadrature rule.

2.2. Derivatives of the Lagrange polynomials

It is convenient to introduce the discrete derivative matrix D [25] with entries Dy; defined by
Dy = f],(fk)’ 0<klI<p. (6)

Note that we have ker D = P°(I) and by the rank-nullity theorem D is of rank p. We will also consider D@ the
generalization to ath-order derivatives:

Dy =67, 0<kl<p, a0, ”

with the conventions Dg) = {(&) = O and DS) = €}(§) = Dy. The matrix D maps any element of (V,’: to its

derivative in V) e V7 and a direct calculation gives D = D?, and since the (£;)o<t<, are polynomials of degree
p, the matrix D is nilpotent:
D(p+l) — Dp+l — 0

so one can easily invert the following matrices

)4
I-yD)" = 3 y¥DY vyeR, ®)
k=0



which corresponds to the truncated matrix series associated to the Taylor series of the function x + (1 —yx)™' =
S iso(x) for |xy| < 1. Likewise D) has columns with constant coefficients since Kgp ) is a constant function and its
entries are easily obtained from (3)):

P

DY = 67(g) = p! ]_[ YO < kI < p. )
m=0,m#l fl -
Integrating 5,(:') over [ leads to the generalized integration relation
P
Z wDy =D -Di Vo<k<p, axl, (10)

which is the discrete counterpart to L 11 {’]((")(f)df = f,((“_l)(l) - f,(:’_')(—l) and for & = 1 we get

P
szle = 5kp -0k, 0<k<p. (11)
1=0

Finally, as noticed in [[18]], the DGSEM satisfies the following important relation known as the summation-by-parts

(SBP) property [47] and corresponds to the discrete counterpart to integration by parts:

wi Dy + w Dy, = 6k,,51p - 0o, O0<kIl<p. (12)

3. Time implicit discretization in one space dimension

We here consider @) in one space dimension, d = 1 and flux cu with ¢ > 0, over a unit domain Q = (0, 1) and
consider periodic conditions u(0, ) = u(1, t) which makes the analysis difficult due to the existence of an upper block
in the matrix. This analysis however encompasses the case of more general boundary conditions (see remark[3.3).

3.1. Space-time discretization

The discretization in space of problem (/1) is obtained by multiplying lj by a test function v;, in "VZ where u is
replaced by the approximate solution (), then integrating by parts in space over elements «; and replacing the physical
fluxes at interfaces by two-point numerical fluxes:

Ax;
i x@,Uk+R"(uh)— 0, 1<i<N,0<k<p, (13a)
with
R (up) = Z WDy f(U) + 8iph(Uf  UL,)) = 10h(UY,, UD), (13b)
=0

where we have used the conventions Uy r=vu ]’\’, and UR, a =0 9 to impose the periodic boundary condition. In what

follows, we consider the upwind flux. Smce ¢ > 0, this flux then reads: h(u™,u™) = cu".
We now focus on a time implicit discretization with a backward Euler method in (13a) and the fully discrete
scheme reads

Ut Zw,DkU s U Ul ) = SHUML 1< NG 0<k<pnz0, (14

with A; = C%:-)’ A = ot _ ) 5 () the time step, with {9 =0, and using the notations u;l")(~) = uy(-, ™) and
UY" = UK(™). Summing over 0 < k < p gives
@™y + U Uy = WPy, V1<i< N, n>0, (15)
5



for the cell-averaged solution

P
=y % (16)
k=0
It is convenient to also consider (T4)) in vector form as
MU = MU? + A4, ((2DTM —ee) Ut +e eTU"“) 1<i<N,, n>0. 17
where, by M = % diag(w, . . ., w,) we denote the mass matrix multiplied by % with some abuse in the notation, while

(€x)o<k<p 1s the canonical basis of RP*! and U = (Uk ”)0<k<,,
Finally, we derive the discrete counterart to the inequality (2) for the square entropy. Left multlplylng . by
(', OskspmtlyyT U(”“) solutions to (14) satisfy the following inequality for the discrete square entropy 1 (u?);

1 n n i n N
5 (i = <<u, Wi+ S = W) <0,
which brings existence and uniqueness of solutions to lb in L2(Qy X Upso(1, D) R).

3.2. The M-matrix framework

Before starting the analysis, we introduce the M-matrix framework that will be useful in the following. We first
define the set Z™" of all the n X n real matrices with nonpositive off-diagonal entries:

> = {A = (aij) e R™" ajj < 0,i # ]}
Different characterizations of M-matrices exist [38] and we use the following definition and characterizations [38]]:

Definition 3.1. A matrix A € Z™" is called an M-matrix if A is inverse-positive. That is A~" exists and each entry of
A~ is nonnegative.

Theorem 3.1. A matrix A € Z™" is an M-matrix if and only if A is semi-positive. That is, there exists X =
(X15 ..., %,) " with x; > 0 such that (Ax); > 0 forall 1 <i < n.

Theorem 3.2. A matrix A € Z™" is an M-matrix if A has all positive diagonal elements and it is strictly diagonally
dominant, a; > 3, iz laj| forall 1 < i < n.

M-matrices will be used as a tool to prove positivity preservation for the DGSEM scheme which is equivalent to
prove a discrete maximum principle (see lemma/[3.1)).

3.3. Maximum principle for the cell average

Following [39], we here prove in theorem [3.3] a weaken discrete maximum principle for the cell average, m <
(u("”)), < M. We then use the linear scaling limiter from [58] to enforce all the DOFs at time #"*! to be in the range
[m, M] (see section . We will use the following result that shows that for the linear and conservative scheme (14)),
maximum-principle preservation and positivity preservation are equivalent. Note that this result is sufficient, but not

necessary as we focus on a maximum principle on the cell averages, not all the DOFs.

Lemma 3.1. To prove a discrete maximum principle for the DGSEM scheme (14), it is enough to prove that it is
positivity preserving.

Proor. From we obtain
p
we Wy
7 = 7 + /l 20 (x)[D[k — 6kp + 6k0)»
and subtracting the above equation multiplied by m defined in @ from (14), then subtracting (I4) from the above
equation multiplied by M in we deduce that both (U0<k< —m) and (M — U0<k<p ">O) satisfy (1 As a

consequence, the positivity preserving property, U?E‘Zk =P > 0 implies Uo‘ks‘” >0, s equivalent to the discrete

. o 0<ksp, o O<k<pn+]
maximum principle, m < U;,~"" < M implies m < U2, ~"""" < M. O
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Using (8) with y = 24; to invert (T7), we get

Wi i 7iln i prp.n+l i 7o+l
_D;clUi - /li(D;cp Ui - D;cOUi—l )’

P
wi
_Uk,n+l _
; =
2 42

[

where the Z)fd denote the entries of the matrix
® p
D;=(1-24D")"E Z(M,DT)’. (18)
=0

We use li to get /liUffyl’” = U7 by (u;'”l)),- - (u;"))i and injecting this result into the above expression for
U{’ s gives
prpn+l _ #pin i (n+1) (n)
o U = 7+ 2D (G ) = ),
where

P
ol = wp + 20D}, — D), & = 3w DU (19)
=0

Further using the above expression to eliminate U f " and U fj” from the cell-averaged scheme li we finally
obtain

Z)i Di—l Di z)i—l gp,n p.n
p0 (n+1) PO, (n+1) _ p0 (n) PO, (n) i i-1
[1 + 2/1,?] (uh >i — Z/LO_Tl(Mh >,'_1 = [1 + 2/1,—0_17 ](Mh >i - 2/1,_0_1, l <Mh )i—l - /li (_p - p 1)
& 200w . =200 i

1

(n)
=(u, ) — A > A 20
(u, ") p 0_1,7_1 (20)
i ' i1 i1
e[y B2 ()
= e - 1 i + P Ui— ’
=0 2 g Tiq

where we have used (16)) and (T9) in the last step.
Let us now derive conditions on A; for which the above relation preserves a discrete maximum principle for
the cell-averaged solution. According to lemma [3.1] it is enough to prove that the scheme preserves positivity, i.e.,

U?jf;{,’" > 0 imply <I/t§1n+1)>1§,'51vx > 0. We will thus show that, under some conditions on A;, the matrix stemming
from the linear system l| for the (u;l"”))ls Jj<n, 1s an M-matrix by using the characterization in theorem and that
its RHS is a nonnegative combination of the Uf’” and Uf_’”l. Assuming the DOFs at time 1" are in the range [m, M],

so will do the cell-averaged solutions (ui”“)) 1<i<n, according to deﬁnition
In view of (20), conditions for the RHS to be nonnegative read

ol = 20D — D) = wp + 24D}, - D) 20, D, -D>0 YO<k<p, 1 <i<N,, (21)
with o/ > 0, while we impose the off-diagonal entries to be negative through

ol = wp +20(D),, - D)) >0, Diy>0. 22)

D
4= >
J

The strict inequality on the D;;o allows to satisfy theorem by choosing the vector x such that x; = ﬂ?’;’l’j ”
0 forall 1 <i < N, and we obtain (Ax); = x; > 0 from (22).

Lemma 3.2. Forall p > 1, there exists a finite dyin = Amin(p) = 0 such that conditions 21) and 22)) are satisfied for
all /l,' > /lm,‘,,, 1<i< Nx.



Table 1: Lower bounds on the non-dimensional time step 4; > Apin, 1 < i < Ny, for ZI) and (22) to hold, which make 20) maximum principle
preserving.

3]

3 4 5 6

1+V5
55 0.150346  0.147568 0.109977

p 1
/lmin 0

EST

Proor. Let us consider the first condition in (21)), similar arguments hold for all other conditions. For afixed 0 < k < p,
use (T8) to rewrite

P p-1
Diyy = D= 2 ) (P, = Dg) = D (Df, = D).
=0 =0
since by @) we have D(p ) D(p ). Hence for large A;, we have

i i -1 (p—1) (p-1)
D;w - D;k ; )" (Dpp ka )

and we are going to show that this is a positive quantity. By using the linearity of {’(pp _])(-), we have Dg) D
%Dé’; Dy %D;’;{l). Then, we obtain

- oy 1-€ - - (1 -&p!
(p=1) _ pp=1) _ k (pp=D <1>@1) » O KP-
Dppp _kap _T(Dpl;) _Dol; - f)Dp P 0,
=0 1_[(1—51)
1=0
which concludes the proof. a

The following theorem immediately follows.

Theorem 3.3. Under the conditions di<i<y, > Amin defined in lemma the DGSEM scheme is maximum
principle preserving for the cell-averaged solution:

m<U"<M VI<i<N,0<k<p = m<@'y<M VI<i<N.

Tab. [T]indicates the lower bounds on the 2; as a function of the polynomial degree p evaluated from the conditions
(21) and (22). We observe that the second-order in space scheme, p = 1, is unconditionally maximum principle
preserving, while the lower bound decreases with increasing p values for p > 2. These bounds are different from
those obtained in [39, Tab. 1] for the modal DG scheme with Legendre polynomials as function basis. In particular,
the modal DG scheme with p = 1 is not unconditionally maximum principle preserving and is seen to require a larger
CFL value for larger p values.

Remark 3.1 (Linear hyperbolic systems). The above results also apply to the case of linear hyperbolic systems of
size n,, with constant coefficients d,u + Ad,u = 0 with A diagonalizable in R with eigenvalues y, normalized left
and right eigenvectors l; and r; such that 1'r; = 6. Assuming that the right eigenvectors form a basis of R«
and setting u = ) ; uxIy, each component satisfies a maximum principle: 0,u; + Y0,ur = 0. Using a Roe flux,
h(u~,u") = %A(u‘ +ut)+ % 2k Wl(uy, — u,:’)rk, the time implicit DGSEM decouples into n,, independent schemes
for u; upon left multiplication by I; since l;h(u‘, ut) = %(uk + uk) + =5 (uy, — uk) reduces to the upwind flux.

Remark 3.2 (Geometric source). Theorem [3.3|with the bounds from lemma([3.2]also applies to linear equations with
a geometric source term:
O+ cou = s(x) in Q x (0, c0),

with s(-) > 0. Providing nonnegative initial and boundary data are imposed, the entropy solution remains nonnegative
for all time. The DGSEM scheme (14) for the discretization of the above eq at10n remains the same by substituting
U " s(xk)At for U % in the RHS. The conditions to obtain an M-matrix in are therefore unchanged and only the
RHS is modified by the above change of variable on U lk ". Adding a source term, lemmano longer holds, but the
present DGSEM is positivity-preserving for the cell-averaged solution under the same conditions as in theorem[3.3]

8



3.4. Linear system solution
Equations (I4)) or (I7) result in a banded block linear system

AU = My, U™ (23)

of size N,(p + 1) with blocks of size p + 1 to be solved for U"*? where Uyks(p+1); = UF and M is the global mass
matrix. Using the block structure of is usually important for its efficient resolution with either direct or iterative
block-based solvers. We will also propose a direct algorithm below based on the inversion of the diagonal block only.
In most cases, we need to invert the diagonal blocks and we now prove that they are unconditionally invertible, while

a fast algorithm for the inversion of (23) is proposed in
Lemma 3.3. For all p > 1, the diagonal blocks L1;M of A4 in the linear system (I7), with

1
Lig=1-21L, L£=D"-—epe,, (24)
Wp

are invertible for any A > 0.

Proor. Let us prove that L, is invertible: assume that Ljyu = O for some u = (uy, ..., u,)", then by (24) we have
p p Yy

2Au 2Au
Pe, = u=-—2L
Wp Wp

22
(I-2ADT)u = —w—e,,e;u =— e,
p

with D = (I - 2AD™)"! given by (18). Hence u; = M,,ka and for k = p we get (wp, + 24D, u, = 0,50 1, = 0
since w, + 24D, > 0 from @]) and we conclude that u = 0. Note that @) is invertible for all A > 0 since we have
Dpp =1+ Z‘;’Zl(Z/l)’ D;,l;, > 0. Indeed, by differentiating [-times we obtain

p

Dg;):gg)(l)zi Z i ﬁl—lfk >0 VI<I<p.
}m=1 "

k1=0 ko =0,k £k, ki=1kig{ky ...k} m=

O

Remark 3.3 (Dirichlet boundary condition). The case of an inflow boundary condition, u(0,7) = g(t) € [m, M],
results in a similar linear system with the only difference that U” ’I”H = g™ in . As a consequence,
Ay = Ap in , where A is a block lower triangular matrix with diagonal blocks ML, subdiagonal blocks
—A4;ee,,, and the Ly, defined in . The system is therefore easily solved by block forward substitution since the
diagonal blocks are invertible. Likewise, the cell-averaged solution is maximum principle preserving under the same
conditions in lemma 3.2) as with periodic boundary conditions. Indeed, similar manipulations as for the derivation of
(20) give for the first cell i = 1
P
(@p + 20D, V0 = " 2w+ 200D}, = DY)V + (@, + 20D, - DL)ea™ )

kO2

and we conclude from and (22).

4. Time implicit discretization in two space dimensions
We now consider a 2D linear problem with constant coeflicients:

Ot + ¢, 0xu + cyOyu = 0, in Q X (0, 00), (25a)
u(-,0) = up(-), 1ing, (25b)

with boundary conditions on dQ2 and we again assume ¢, > 0 and ¢, > 0 without loss of generality. We also
assume Q = R? for the analysis, which amounts in practice to consider a rectangular domain with periodic boundary
conditions. As in the 1D case, considering inflow and outflow boundary conditions results in a block lower triangular
system to be solved and hence an easier analysis. The results in this section may be easily generalized to three space
dimensions.



4.1. Space-time discretization

We consider a Cartesian mesh with rectangular elements of measure |«;;| = Ax; X Ay; for all i, j in Z. Using again
a time implicit discretization with a backward Euler method and upwind numerical fluxes, the fully discrete scheme
reads

‘Ukwl kln+1 N Ln+1 pln+l pln+l
e U D S Zw DU = 5, U™ 4 60U
(26)
Wk km,n+1 kp,n+1 kp,n+1
7/g._,.(Zwmz)m,ui;"" =8 U" + spU" ) = 0,

m=0

\A
%21 We again use the conventions Up ! Uy ! and Ukp = Ukp to take the periodic

where 4, =
boundary COIldlthIlS 1nto account Using a vector storage of the DOFs as (U; ]),,k, Uf‘j[ with 1 < "k/ = 1+k+l(p+1) <
N, and N, = (p + 1)*, it will be convenient to rewrite the scheme under vector form as

Me MU} - Uf) - 1,(M® 2D™™ - e,e))) Ul - 1, (M@ ege] UL},

1, (2D™M - e,e)) @ M)UZ! — A, (eoe) @ MYULSL ) =0,

27

where M = % diag(wo, . . ., wp), (€x)o<k<p 1s the canonical basis of RP*!, and ® denotes the Kronecker product [511150]:
(A®B),n., = AyByr, which satisfies (A® B)(C®D) = AC®BD, A®B)' =A"'@B ', and(A®B)T = AT®B".
Likewise, for diagonalizable matrices A = Ry¥W4R;' and B = Rg¥sR;', the product A ® B is also diagonalizable
with eigenvalues being the product of eigenvalues of A and B: A B = (Ry @ Rp)(W4 ® ¥p) (R4 ® Rp)~!.

Summing over 0 <k, < p gives:

p A p
(n+1) (n) plin+1 pl, n+l Yj kp n+l kp n+l\ _
Vg = i + Z wl(Uf" = U ) + 5 > U Ul =0, (28)
=0 k=0
where the cell-average operator reads
PP
_ WrWj
wnyij= ), )~ Uf (29)
k=0 =0

Finally, left-multiplying by UE;}+1) brings L? stability:

1 Ay A w A S ow

(1)2 (n)\2 Xi / lnl lnl Vi k knl kn12

<( " = S+ S Y ST = W + S Y S = W) < 0.
1=0 k=0

Note that the 2D discrete difference matrix reads D;, = 1, I® D" + 1, DT ®1, and it may be easily checked that is
is also nilpotent, Dz‘l7 - =0, so I - D,; may be inverted as in the 1D case. Unfortunately, the scheme l) is in general
not maximum pr1nc1ple preserving for the cell average as may be observed in the numerical experiments of section 3]

We now propose to modify the scheme by adding graph viscosity to make it maximum principle preserving.

4.2. Maximum principle through graph viscosity
We add a graph viscosity [22] term Vg.”l) to the LHS of which becomes

Me MU} -U}) - 1,(Me (2D - e e))Uj" — 1, (M®ege, UG

- 4,(2D™M - e,e;) @MU — A, (ege), @ MYURS!, + Vi) =0,

(30)

where
Vi = 2d,(4,M @ (M - 1 ™M) + 4, (M - 01™M) @ MU
(31)
= 2d;((A, + 4,)IQ T - A, A8 wI") - Ay (1T @) M MUY,

10



withd;; > 0, w = 2(cuo, owp)landl=(1,...,)" € RP*!, which reads componentwise as

)4
Vil;l’nﬂ _ dij a)kzwl (/lx,- Z %(Ulklnﬂ m[ n+1) + /lv, Z (Ukl n+l Ul{cjm,n+l)). (32)
m=0

This term keeps conservation of the scheme: };, Vkl "= 0, so the cell-averaged scheme still satisfies li It
also enforces the L? stability since

)4 )4 )4
(k)] W W 7kl mi Wi 7kl fm
Uy Vi Dy Y Uy (/lx, > SHUl - U + 4y, > (Ul - Uf )

m=0 m=0

Ly S ey 3 em (Ul - U + Wi - i w,, (UL = USP? + (U = (Ul
Y 2 xi 2 2 “ 2 2
(Ukl Uml)Z p Wy, (Ukl Ukm)Z
2 2

~IQI~
1=
ol
€
—_—
BN
1
N|§

m=0 m=0

We now look for conditions on the linear system (30) to correspond to an M-matrix, thus imposing a maximum
principle for the DOFs.

Lemma 4.1. Under the condition D
di; >2 max (— —Mk), (33)

0<k#m<p Wy

the linear system (30) is maximum principle preserving.

Proor. This is a direct application of theorem [3.2]to show that the linear system (30) is defined from an M-matrix.
Positivity preservation is then enough to get maximum principle preservation. We rewrite (30) componentwise as

P

P
kln+1 mln+1 kmn+1 wj pln+1 Wk kpn+1 _ Wi Wi o kln

aklU[j + Z bklmU,'j + Z CklmUij - /lxi_ékOU(, 1)j ij_é‘lOUi(j_l) = i ij

2 2 4

m=0,m#k m=0,m#l
where the diagonal coefficients read
wkwl Wi wkwl L w, d W,
m m
ay = Ay, (kakk Okp) = Ay, — (WD = 61p) + —— Z - Z —)
4 2 2 2
m:O ,m#k m:O,m;tl

and are positive since —(wi Dy — 0xp) = %(6;(,, + o) and —(w; Dy — 0y) = %(611, + dj9) from the SBP property .
Likewise, biim = Ay, 5 WDy + Fdij) and ¢ = —Ay, 5 (D + 5td;j) are nonpositive under .

Finally, strict diagonal dominance reads ay > — X4 Dim — Dumet Ckim + /lxi%éko + /ly,.%élo since by, < 0 and
cum < 0. This reduces to

wrwp
4 A 2

p p
Wi Wi
(a)kak 6/{[)) - /lyj —2 (LL)[D[I - 51[,) > /lx‘ 2 E Wiy D + /lyl. —2 E WDy + /lx,- %5/(0 + /lyj %510,

m=0,m#k m=0,m#l

where all the coefficients from the graph viscosity cancel each other out from (32) and have been removed. This can
be rearranged into

wrw
Z l x, 2 Zowm mk — 6kp + 6k0) Z (’-)m ml — 6[[9 + 6[0) @
which is always satisfied and concludes the proof. O
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Table 2: Lower bounds (33) on the coefficient d;; for (30) to be maximum-principle preserving.

P 1 2 3 4 5 6
2 max (-22) 1 3 31++V5) 248 536 1026

0<k#m<p

The modified DGSEM scheme with graph viscosity therefore satisfies the maximum principle for large enough
d;j values. Table gives the minimum d;; values in lemma guaranteeing a maximum principle. Likewise, the
diagonal blocks in (30) are now strictly diagonally dominant and hence invertible.

The scheme is however first order in space when d;; > 0 and is not used in practice. In the following, it is combined
with the high-order scheme within the FCT limiter framework to keep high-order accuracy.

Remark 4.1 (sparse discrete derivative matrix). The accuracy of the low-order DGSEM scheme (30) with graph
viscosity may be improved by replacing the discrete derivative matrix () with the low-order sparse derivative matrix
D from [34, Sec. 3] defined by

- . 1 - - 1
Wi Digges1y = =i Dygge—1y = 7 wpD,, = —wyDyy = 7 (34)

The matrix D indeed still satisfies and , so the scheme satisfies the maximum principle, but for a lower
dissipation coefficient and applied to a sparser stencil max(k — 1,0) </ < min(k + 1,0) instead of 0 </ < p, whence
wiwiz1d;j = 11is enough. Though this modification reduces the dissipation necessary to achieve a maximum principle,
the scheme is still first-order accurate and the limiting strategy introduced in section is seen to be weakly affected
by the amount of dissipation as illustrated in (using either D or D in the low-order scheme did not change
all the numerical results of section[5.3).

4.3. Flux-corrected transport limiter

Following [20], the Flux-Corrected Transport (FCT) limiter [5,/57] can be applied to guarantee a maximum prin-
ciple by combining the high-order (HO) DGSEM scheme and the low-order (LO) modified DGSEM scheme (30)
with graph viscosity. We here propose to use the FCT limiter to guarantee a maximum principle on the cell-averaged
solution (29), the maximum principle on all DOFs within the elements being ensured through the use of the linear
scaling limiter (see section as in one space dimension. This two-step limiting process has been introduced to
avoid undesirable effects on the approximate solution when the FCT limiting is applied to all DOFs, such as accuracy
deterioration for smooth solutions, or a frequent switching back and forth between the limited and unlimited schemes

(see for a numerical illustration).

By “1:20 (resp., u;";flg) we denote the solution to the LO scheme ti (resp., HO scheme ). Both are solutions

to the cell-averaged scheme (28)). Subtracting the cell-averaged for the LO solution from the one for the HO solution
gives

)4
TR SN (oS DI 22 WI(plntl  poplntl pln+l 7 pln+l
Wy nodii = Wy 0 )i = A, 3 (U(i—l) ino ~ Uiino T Uiito — Uil j,LO)
=0
5wy K
kp,n+1 _ kp,n+1 p.n+1 _ kp,.n+1
+ /ly/ Z T(Ui( j—-1),HO Uij,HO + Uij,LO Ui( j—l),LO)
k=0
3 wj I I £ wj I l
_ wi pln+1 _ gypln+l Lre _ yppln+l pln+1
= ) (U<f—1>j,H0 U(i—l)j,w) + A Z D) ( Uiino * UijLo )
=0 =0
E Wi (. k kp.n+1 2 W k k
Yk p.n+l _ p.n+ Lk p.n+1 p.n+1
+ 4y, ) (Ui(j—l),HO Ui(j—l),LO) + 4y, Z ) ( Uino *Uijio )
k=0 k=0
b oy 1 .
= ATV AUEDT o ATTD L A10ED Z Al
ij ij ij ij ij

(,5)€S(, )
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with 8(i, j) = {(i= 1, ) (i + 1, j); (i, j = 1); i, j+ 1)}. Note that we have A" = —A{_ b and ALYV = = -AJ._,. Again
following [20} Sec. 5.3], we introduce the limiter coefficients defined by

0;
P;= >, min(A},0) <0, Q5 =m—(uy"y; < ;= min(1, =) € [0, 1], (352)
(r,9)€S(, ) ij
0
Pi= > max(A.0) >0, =M~y 20, If=min(L )€ [0.1], (35b)

(r,$)€S8(, ) ij

where m and M are the lower and upper bounds in ( . ) we want to impose to (u("”)), ;j- The new update of the mean
value of the solution is now defined by:

(n+l)y g D)y _ IS AYS rs _ min(17 ljb) lfAtr; <0
Gty ™ ij =ty 1o )i —( )ZS:( )l A L _{ mm(lrs,l ) otherwise. (36)
r,8)€S(I, j

As a consequence, the cell-averaged solution satisfies the maximum principle (see [20, Lemma 5.4]): using (36)
we get

1 1 - I 1
Wy = i = D I min(AT, 0) = min(l, )P > L = O = m = (g V),
(r,$)€S(, )
1 1 .- 1
W™y = g < DT I max(AR,0) = min(ly, )P < HPY < 0f = M= sy,
(r,5)eS (. j)
since Q) < [;P;; <0and 0 < lJ;P; < QJr by definition |i

L1kew1se, by we have [} JS = l’r]b for (r, 5) € S, j), thus ensuring conservation of the method:
Z<”(n+l)>’f - Z<”§Z’;3>’7 - Z ;nz—é)%j Z(u(")%j,
ij i

for periodic boundary conditions or compactly supported solutions.
(n+1)

From 1| the limiter is only applied at the interfaces and the DOFs can be evaluated explicitly from u, ; ;" and
(n+1) th h '
o throug
wkwl ki1 ki1 widy, G N[ 7 rplnt] P+l widy, (i=1)jr( 7 rplnt] plntl
(U UszO) Okp—— (1- lij )(UuHO - UULO ) 00—~ ) (1- lij )<U(z 1)j,HO U(z 1)]L0)
wk/l}’./ l(j+1) kp n+1 kp,n+1 wk/ly/ l(j 1) kp,n+1 kp,n+1
+0ip D) (1- )( ij,HO _Uz]LO )_5/0 ) (1- )( i(j- l),HO_Ul(j l)LO)

This limited scheme is conservative, satisfies the maximum principle for the cell-averaged solution, and is thus L?-
stable with the bound IIM("”)II 2@ < VIQ, max(jm], |M|), which provides existence of the solution, while uniqueness
follows from uniqueness of the HO and LO solutions and the above explicit reconstruction for u””. An entropy
inequality seems however difficult to establish.

The FCT limiter requires to solve two linear systems for “;:Zé) 2";_'110)
(n+1)

we need to compute u;, ,,, we know easily if the limiter is required, that is if the maximum principle is violated for

the cell-averaged solution in some cell of the mesh. If it is not violated, we set u(””) = u;’zlo)

compute u}qf’z(l)), but only to apply the linear scaling limiter (see section . The FCT limiter may hence be viewed

as an a posteriori limiter which is applied when needed after the solution update in the same way as other a posteriori
limiters, such as in the MOOD method [9]. Preserving the maximum principle on the cell-averaged solution is a
weaker requirement than preserving it on every DOFs and should therefore be more likely to be respected. As a
consequence, the present FCT limiter is expected to less modify the solution, which is supported by the numerical
experiments of section[5.3]

In the next section, we also propose efficient algorithms to solve these linear systems to mitigate the extra cost

induced by the additional linear solution when ug'z(l)) is required.
13
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4.4. Linear system solution
Both linear systems without, (27)), and with graph viscosity, (30), result in a block linear system

AU = Mo, U™ (37)

of size N.N,N, with blocks of size N, = (p + 1)* to be solved for U"*" where U, +i-1)v,+(-1N.N, = Ufjl with
ng = 1+ k+I(p+ 1) and My, the global mass matrix. Considering the block structure of A,, is important for
efficiently solving and usually requires the inversion of the diagonal blocks as a main step. These blocks are
dense and hence require algorithms of complexity O(N‘?,) for their inversion. We propose below algorithms based on
the properties of the 1D schemes in section[3.4]for their efficient inversion. A repository of these algorithms (equations

(@0), @3), @3) and algorithm [I)) is available at [1]] and [Appendix B|provides a description of the repository together
with some comparison of the performances of the different algorithms.

4.4.1. 1D diagonal blocks as building blocks of the 2D linear systems
Let us introduce the diagonalization in C of the matrix £ in (24):

L =RYR™, (38)

where the columns of R € CP*D*(P*1) are the right eigenvectors of £ and W is the diagonal matrix of the corresponding
p + 1 eigenvalues. We therefore have

Lu,=R¥,R!, ¥,=1-21¥, (39)

for the 1D diagonal blocks in (24).
From 1} eigenpairs ¢ and r = (ro, ..., 7,)", such that £r = yr, satisfy >}, Dyr; — 6kp% = yry and summing this

relation over 0 < k < p gives —wlr,, =y Yi 1 and for y = 0 we would have r, = 0, hence D'r = 0 sor = 0 since D™
p

is of rank p. So we have ¥ # 0 and we can invert the above relation with l) togetr = ——( Z =0 y'DHT e, and
the pth component with r, # 0. ¢ and r are thus given by
| &
wpt + Zw DY =0, r=-— ) y'D0 Vo<k<p-1, r,=1 (40)
“r

4.4.2. Diagonal blocks of the HO scheme
Setting A = Ay, + 4, > 0, we rewrite the scheme (27) without graph viscosity as

Lo M oMU} - 4, (M ® ege))UH ) — 4y, (e, @ MU = (M@ M)UY, 41)
where the first matrix in the diagonal blocks may be written as follows from the definition of L4 in (39):
/lXi A-"j -1 /lxi /ly/‘
Ly, = 71®L1d + 7L1d®1 =RR)Y,,R®R)™", WYy = 71®\I’/1 + T‘Il/l@L (42)

with I the identity matrix in R?*! and L, the 1D operator defined in . The diagonal matrix W, has 1 — 2(A,¢; +
Ay¥i) # 0 as nyth component. Hence the inverse of the diagonal blocks in has an explicit expression
MeM)'Ly; = (M'R)® (M™'R))¥3) (ReR)™, (43)
1
P, = di s 1<nu=1+k+Up+1) <N,
2d e (1 - 2(/lx[l//k + /ly/-';bl) = (p ) -7

Note that £ in (24) depends only on the approximation order of the scheme p, not on the A,, and 4,,, so the
matrices R, R™!, M~ R ¥, ¥,,, etc. may be computed once from (40) at the beginning of the computatlon

Remark 4.2 (Fast Diagonalization Method). The above inversion strategy is not new. [33] proposed the so-called
Fast Diagonalization Method (FDM) for solving generic PDEs discretized with tensor-product methods: and (@3)
happen to be the specialization of such a framework to the DGSEM method at hand.
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4.4.3. Diagonal blocks of the LO scheme
Including the graph viscosity (3I)) into modifies the diagonal blocks of the linear system and we now need to
solve
L, MeMU; - 1, (M e ee))Uj ) - 4 (epe, @MU = Mo M)UJ, (44)
with
Ly, =13, -0V, (45)

and
Lgd = Ly +2d;;A181 = (R®R)(‘I’2d+2dij/lI®I)(R®R)‘1, U, = 2d;j(A 10w, /lij®I), V, = (I®1,111), (46)

where U, and V, are matrices in R¥*P*2_ Although the diagonal blocks L}, may be efficiently built from the
proposed method (i.e., the 1D operators in Lg ; Plus a low-rank product) and then inverted with a direct solver,
we propose below an alternative algorithm for their inversion that is found to be more efficient for polynomial degree

up to p < 6 (see|Appendix B). Indeed, the matrix Lg ;10 is easily inverted from since Woq + 2d;; Al ® 1 is

diagonal: here again, one takes advantage of the FDM. Then, we invert L} , by using the Woodbury identity:
v -1 & 0 \=177 wTY L 0 -1 0 -1 T 0177\ T g 0y
Ly BIe1- @)U vy) W@y = (I®I + (L) U (Bpe = VL) 'U,) V] )(LM) ,

so the diagonal blocks may be inverted with algorithm [T} where only step 3 requires the inversion of a linear system
of lower size with dense algebra tools. {Steps 1 and 2 can be solved with O(4(p + 1)*) FLOPs: indeed, [33] Section
3] shows how to rewrite similar problems as a chain of cheap, low-size matrix-matrix multiplications (in step 1, a
rewriting of b in matrix storage is needed) which is less expensive than solving the naive form. Finally, steps 3 and 4
require O(4(p + 1)N2) and O(2(p + 1)N,)) FLOPs, respectively.

Algorithm 1 Algorithm flowchart for solving the system L (M ® M)x = b with graph viscosity.
1: solve Lgdy =b fory € R™ using :

1
g =1<l+k+lp+ D <N,|R'"@R Hb:
1+ 2dy; -2 + Ly TS (prD<N,JRTORT)

y= (R®R)diag(

NoX2p+2) 1o )
2: solve LY,Z = U, for Z € RN»*@P+2) ysing .

1
|
1+ 2/1d,'j - Z(Ax,-wk + /].yl.lﬂ[)

Z =2d;(R®R) diag( <ny < NP) (A4, R"®@R'w), 1, R'w)®@R");

3: solve (Ip42 — V] Z)z = V]y for z € R?*2;
4 setx = (M ' @M )y + Zz).

Remark 4.3 (Solution of the global system). In the case of Dirichlet boundary conditions, is a block lower
triangular system that can be efficiently solved with blockwise forward substitution by using the block inversion
algorithms from the previous sections. In the case of periodic boundary conditions, it is possible to decompose the
matrix into a block lower triangular matrix and a low-rank product: A,,; = Ag , + UV, with

1
_ k0\0<k<p 0/\0<I<p _ k0 \0<k<p 0/ \0<I<p
U = §</lyl(‘“keil 1zien,e An (@) iy ) Vaa = (€ )cien, (@ )i<jen, )

where the ef.‘]l. are the components of the canonical basis of RV

identity in a similar way as in algorithm 1]

. It is therefore possible to apply the Woodbury
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5. Numerical experiments

In this section we present numerical experiments on problems in one and two space dimensions (sections [5.2]
and [5.3) in order to illustrate the properties of the DGSEM considered in this work. The FCT limiter (36) is applied
in the 2D experiments only. A maximum principle holds for the cell-averaged solution, m < (u;l"”)) < M, in one
space dimension and in two space dimensions with the FCT limiter. We then apply the linear scaling limiter from [58]]
described in section[5.1]to enforce a maximum principle on all the DOFs within the cells.

We evaluate error norms from the Gauss-Lobatto quadrature rules. Given u, € (VZ , we compute the L? norm as

Nx )4 Nx N)‘ )4
Ax Ax Ay
2 . ky2 2 . ki\2
oo,y = D D) Z U Nunlifa,y = 3 D ) 5 5 wwUS),
i=1 k=0 i=1 j=1 k=0
in, respectively, 1D and 2D. The L™ norm is evaluated in a similar way:
[[nlli=@,) = max max IU;‘I, [lupll~@,) = max max max IUf.‘?I.
1<i<N, 0<k<p I<i<N, I<j<N, O<kil<p “

5.1. Linear scaling limiter
Assuming W™y, € [m, M] in a cell « (either «; in 1D, or «; ; in 2D), Zhang and Shu [58] proposed to modify
U,((””), the vector of DOFs in «, as follows:

- M = ("), m =)
U = 0070 + (1= 690G, )1, 6, = min | et L NG
max U, — (u,"" )| |min U, — (uy"™ ),
with1=(1,1,...,1)T € R?*D" and max U, (resp., min U,) is the maximum (resp., minimum) value of the DOFs in

the vector U"*!. This limiter does not affect the high-order of accuracy for smooth solutions and does not change the
cell average of the solution thus keeping the method conservative [SS§]].

5.2. One space dimension

5.2.1. High-order accuracy in space
The high-order accuracy in space is first checked by looking for steady-state solutions of the following problem
with a geometric source term and an inflow boundary condition:

O + 0yu = 2mcos(2rx) in[0,1]1x[0,7T], u(0,-)=0 1inl0,T], (48)

whose exact solution reads u(x) = sin(27x). We take A = 1, start from uy(x) = 0, and march in time until IIMZJrl —upllz <

1074, The p + 1 accuracy of DGSEM is observed in Tab. As expected [58] [60], the limiter does not affect the
accuracy of the method.

5.2.2. Maximum-principle preservation

We now compare experiments with the theoretical bounds on the time to space steps ratio A indicated in Tab. [T]
for the DGSEM scheme to be maximum-principle preserving. We use a discontinuous initial condition composed
of a Gaussian, a square pulse, a sharp triangle and a combination of semi-ellipses [31, Eq. (4.3)]. Table [4] displays
the minimum and the maximum values of the cell average solution of after a short physical time for different
approximation orders and different values of A. The results are in good agreement with the theoretical lower bounds
in Tab.[[|and for p > 2 the maximum principle is seen to be violated on at least one mesh for the lowest value A = 0.1.

In Tab. [5]we experimentally evaluate the lower bound on A to guarantee a maximum principle on the cell-averaged
solution by using a bisection method from the same configuration as in Tab.[d] We observe that the theoretical lower
bound on A derived in theorem [3.3| and Tab. |1|is sharp and confirmed by the experimental observations, though it
seems to slightly overestimate the experimental lower bound for p = 3 and p = 5. Let us recall that the condition
A> Ay in Tab.[T]is a sufficient to obtain maximum principle preservation.
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Table 3: Steady-state problem lﬁi LF2:2) error levels ||uy — ul| 5@y and associated orders of convergence Oy obtained with A = 1 when refining
the mesh. The linear scaling limiter (@7)) is applied or not.

no limiter linear scaling limiter
p N, LZ%error 0, L error O L7 error 0, L¥error O
20 2.092E-2 4.071E-2 1.999E-2 4.071E-2

40 5.239E-3 2.00 1.025E-2 199 5.120E-3 196 1.025E-2 1.99
80 1.310E-3  2.00 2.569E-3  2.00 1.295E-3 198 2569E-3  2.00
160 3.276E-4 2.00 6.424E-4 2.00 3.258E-4 199 6.424E-4 2.00

20  4.164E-4 - 1.274E-3 - 4.309E4 - 1.274E-3 -
40  5.210E-5 3.00 1.609E-4 2.99 5.292E-5 3.03 1.609E-4 2.99

2 80  6.515E-6  3.00 2.017E-5 3.00 6.564E-6  3.01 2.017E-5 3.00
160 8.144E-7 3.00 2.523E-6 3.00 8.174E-7 3.01 2.523E-6 3.00
20 6978E-6 - 2.669E-5 - 7.006E-6 - 2.669E-5 -

3 40  4.365E-7 4.00 1.685E-6 3.99 4367E-7 4.00 1.685E-6 3.99
80  2.729E-8 4.00 1.056E-7  4.00 27729E-8 4.00 1.056E-7 4.00
160 1.706E-9 4.00 6.605E-9 4.00 1.706E-9  4.00 6.605E-9 4.00
20 1.008E-7 - 4493E-7 - 1.008E-7 - 4493E-7T -

4 40  3.153E-9 5.00 1.418E-8 4.99 3.153E-9 5.00 1.4I8E-8 4.99
80  9.854e-11 5.00 4.443e-10 5.00 9.854e-11 5.00 4.443e-10 5.00
160 3.080e-12 5.00 1.390e-11 5.00 3.080e-12  5.00 1.390e-11 5.00
20 1.253E9 - 6.274E-9 - 1.813E9 - 1.249E-8 -

5 40 1.95%-11 6.00 9.902e-11 5.99 2.446e-11 6.21 1.978e-10 5.98

80  3.062e-13 6.00 1.550e-12 6.00 3.469e-13  6.14 3.103e-12 5.99
160 4.504e-15 6.09 2.165e-14 6.16 4.757e-15 6.19 4.24le-14 6.19

Table 4: Linear scalar equation with a discontinuous initial condition: evaluation of the maximum principle for the cell-averaged solution as proved
in theorem [3-3] and Tab. [T]after a short physical time 7 = 0.01. The solution should remain in the interval [0, 1]. The linear scaling limiter is
always applied.

N, =100 N, = 101
p 4 min (up);  max (up); min (up);  max (u);
1<i<N, 1<i<N, 1<i<N, 1<i<N,
0.1 0.0 1.0 0.0 1.0
1 025 9.88E-9 1.0 3.68E-10 1.0
0.5 6.14E-6 1.0 9.40E-7 1.0
0.1 -3.92E-3  1.0005 -5.43E-3  1.005
2 025 0.0 1.0 0.0 1.0
0.5 5.35E-7 1.0 6.29E-8 1.0
0.1 0.0 1.0 -5.52E-3  1.006
3 0.195137 0.0 1.0 0.0 1.0
0.5 6.29E-7 1.0 8.91E-8 1.0
0.1 -4.00E-4  1.0002 -3.58E-5  1.000007
4 0.151 0.0 1.0 0.0 1.0
0.5 1.32E-7 1.0 8.93E-8 1.0
0.1 0.0 1.0 -2.45E-7  1.0005
5 0.147568 0.0 1.0 0.0 1.0
0.5 9.92E-8 1.0 9.06E-8 1.0
0.10 -1.78E-05  1.000013 -1.44E-4  1.000144
6 0.109977 0.0 1.0 0.0 1.0
0.5 0.0 1.0 0.0 1.0
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Table 5: Experimental evaluation of the lower bounds of the time to space steps ratio /lfn‘li such that Ajcicy, = 4 > /lf;.f: ensures the maximum

principle preservation for the cell-averaged solution in theorem|3.3|and Tab. while it doesn’t for 4 < Afnf’; — 1072 on meshes with N, = 100 and
N, = 101 elements. We report the theoretical values from Tab.[I|in the bottom line for the sake of comparison.

p I 2 3 4 5 6
770 025 0.17 0.16 0.13 0.11

min

Amin 0025 0.195137 0.150346  0.147568 0.109977

p=5,N,=10,T=2.10,A=1.0 P=5 Ne=Ny=10,T = 3.00, Ac=A, = 5.0

0.08

(a) 1D problem (b) 2D problem

Figure 2: Advection-reaction equation with source: (a) 1D steady-state DGSEM solution to @ for p =5, Ny = 10 and the linear scaling limiter
[@7); (b) 2D steady-state DGSEM solution for problem (30) with p = 5, Ny = Ny = 10 and the FCT limiter. The solution is plotted at quadrature
points and T refers to the pseudo time required to converge the solution, i.e., ||MZ+1 —upll> < 10714,

5.2.3. Linear advection-reaction with source
We finally consider a linear advection-reaction problem with a geometric source term:

Ot + ¢, 0 i+ Pu = s(x) inQXx(0,00), ulx,0)=uy(x) inQ. 49)

with 8 > 0 and s(-) > 0. Providing nonnegative initial and boundary data are imposed, the solution remains nonnega-
tive for all time.

We here adapt the problem representative of the radiative transfer equations from [56, Ex. 6.2] with ¢ = 1,
B = 6000, s(x) = B(§ cos*(27x) +€) - § cos®(2mx) sin(27x) on Q = [0,3], € = 107", and an inflow boundary condition
u(0,1) = é + €. This problem has a steady-state smooth solution, but with low positive values and large oscillations:
u(x) = § cos*(2mx) + € > € (see Fig..

We again set 4 = 1 and iterate up to convergence ||uz+l =il < 10714, Table|§|displays the error levels obtained
for different approximation orders and mesh refinements when applying the scaling limiter @ or not, together with
the evaluation of the lowest value of the DGSEM solution. The limiter keeps the high-order accuracy of the DGSEM,
while it successfully preserves positivity of the solution thus confirming that the DGSEM preserves positivity of the
cell-averaged solution before the application of the limiter. We however observe a suboptimal pth order of accuracy
with or without the limiter which was also reported in preceding experiments [8] and can be attributed to the low
accuracy of the Gauss-Lobatto quadrature rules applied to the nonlinear geometric source term compared to other
quadrature rules [[10] (see also [8, Remark 3.1]).

5.3. Two space dimensions

We now focus on numerical tests in two space dimensions in the unit square using a Cartesian mesh with N, = N,
cells in the x and y directions respectively. For all the tests, we set ¢, = ¢, = 1. We here compare results obtained
with the DGSEM scheme and without or with the FCT limiter:

no limiter: we solve lj without graph viscosity for uZ’H). We cannot apply the linear scaling limiter since the

(uﬁl"”)),- j are not guaranteed to satisfy the maximum principle;
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Table 6: Advection-reaction problem with source : LK) error levels |luy, — ull I3t and associated orders of convergence Oy obtained with
0<k<p

A = 1 when refining the mesh. The solution should remain in the interval [0, %]. Minimum value of DOFs uj, . = min(U L<i<N

limiter is applied or not.

). The linear scaling

no limiter linear scaling limiter

p N. up, L7error O, L¥error O U, L?error O, L¥error O

20  -5.28E-05 1.50E-04 - 1.71E-04 - 9.99E-15 1.49E-04 - 1.71E-04 -

40  -1.04E-05 8.90E-05 0.76 1.02E-04 0.74 9.99E-15 8.42E-05 0.83 1.02E-04 0.74
80 -1.46E-06 4.63E-05 094 535E-05 094 1.00E-14 4.43E-05 093 535E-05 094
160 -3.01E-07 2.32E-05 1.00 2.70E-05 0.98 1.00E-14 2.26E-05 097 2.68E-05 1.00

20  -3.17E-05 5.52E-05 - 7.38E-05 - 1.00E-14 6.78E-05 - 1.57E-04 -
40  -7.44E-06 1.58E-05 1.80 2.24E-05 1.72 1.00E-14 1.81E-05 191 4.35E-05 1.86

2 80  -1.05E-06 4.11E-06 195 590E-06 1.93 1.00E-14 4.21E-06 2.10 6.51E-06 2.74
160 -1.31E-07 1.03E-06 199 1.53E-06 1.94 1.00E-14 1.04E-06 2.02 1.53E-06 2.09
20  -5.33E-06 1.60E-05 - 2.71E-05 - 9.99E-15 1.71E-05 - 3.66E-05 -

3 40  -1.46E-06 2.25E-06 2.83 3.84E-06 2.82 1.00E-14 2.71E-06 2.66 7.75E-06 2.24
80  -2.59E-07 2.86E-07 298 4.81E-07 3.00 1.00E-14 3.30E-07 3.04 1.07E-06 2.85
160 -3.36E-08 3.52E-08 3.02 6.22E-08 2.95 1.00E-14 3.81E-08 3.11 1.35E-07 2.99
20 -5.26E-06 3.72E-06 - 6.56E-06 - 1.00E-14 5.68E-06 - 2.05E-05 -

4 40  -2.65E-07 2.58E-07 3.85 4.55E-07 3.85 1.00E-14 3.08E-07 4.21 1.33E-06 3.94
80  -8.99E-09 1.66E-08 3.96 3.11E-08 3.87 1.00E-14 1.71E-08 4.17 4.76E-08 4.81
160 -2.73E-10 1.04E-09 3.99 2.08E-09 3.90 1.00E-14 1.04E-09 4.03 2.08E-09 4.51
20 -3.30E-07 7.12E-07 - 1.32E-06 - 9.99E-15 7.78E-07 - 1.32E-06 -

5 40  -2.62E-08 2.41E-08 4.88 4.58E-08 4.8 1.00E-14 3.05E-08 4.67 7.84E-08 4.08

80 -1.06E-09 7.54E-10 5.00 1.38E-09 5.04 1.00E-14 9.22E-10 5.05 3.10E-09 4.66
160 -3.14E-11 2.29E-11 5.04 4.63E-11 4091 1.00E-14 2.56E-11 5.17 9.06E-11 5.10
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Table 7: Verification of the maximum principle for problem @ after one time step on a mesh with Ny x Ny = 20 x 20 elements, Ay, = y; = A,

and the discontinuous initial condition ug(x,y) = l‘x_ Lisy=L1<0.15° The solution should remain in the intervaIV[O, 1].
-4 11=0.

no limiter FCT limiter
p 4 lﬁl}l,}élzowmfj lgj?lSXZOWh)ij lglf;lzo(uh}ij 12}%()(”/:)5,’
0.05 0.0 1.0 0.0 1.0
1 1 -9.45E-3 0.90 9.59E-08 0.90
5 -9.45E-3 0.47 1.37E-02 0.49
0.05 -6.76E-4 1.0002 0.0 1.0
2 1 -6.76E-3 0.93 1.42E-07 0.90
5 -6.60E-3 0.44 2.01E-3 0.41
0.05 -4.85E-8 1.0 0.0 1.0
3 1 -2.98E-3 0.92 5.40E-07 0.91
5 -6.24E-4 0.44 3.22E-03 0.38
0.05 -141E-4 1.0007 0.0 1.0
4 1 -1.33E-4 0.92 5.97E-07 0.92
5 -6.09E-5 0.44 3.25E-03 0.38
0.05 -1.31E-3 1.0 0.0 1.0
5 1 -8.80E-5 0.92 6.45E-07 0.92
5 -1.10E-4 0.44 3.33E-03 0.38

FCT limiter: we first solve without graph viscosity for w1 and check if the cell-averaged solution satisfies

hHO
the maximum principle, and if so, we set ug’“) = u;l":lg If not, we solve li with graph viscosity for uZ’Z(I)) and
apply the FCT limiter (36) introduced in section @] Finally, we apply the linear scaling limiter (@7) after the

FCT limiter to preserve a maximum principle on all the DOFs in ug”l).

Let us recall that the association of the FCT and linear scaling limiters has been introduced to avoid excessive
limiting. We refer to[Appendix_A]for a comparison with the FCT limiter only applied to all DOFs.

5.3.1. Maximum-principle preservation

We first evaluate both DGSEM schemes on an unsteady problem with a discontinuous initial condition, uy(x,y) = 1
if [x = 3|+ [y — 4| < 0.15 and O else, and periodic boundary conditions. Table 7| gives the minimum and maximum
values of the cell-averaged solution after one time step with 1 < p < 5 and different values of A, = A,. The maximum
principle is not satisfied when using the DGSEM without limiter, except for p = 1 and the smallest time step. In
particular, the maximum principle is violated even for large A, = A, in contrast to what is observed and proved in
one space dimension. As expected, the FCT limiter successfully imposes a maximum principle on the cell-averaged
solution, thus enabling a maximum principle through the use of the linear scaling limiter.

We now consider the transport of a nonsmooth solution and solve (25)) with periodic boundary conditions and the
initial condition from the solid body rotation test case which contains a smooth bump, a cone and a slotted disk (see
(57, 29 28] for details). Fig.[3|displays fourth-order solutions obtained on a coarse mesh with and without the FCT
limiter and for two different time steps. As expected, the temporal error induced by the backward Euler integration
dominates and the solution with the low time step presents a better resolution of the different features. The FCT limiter
successfully imposes the maximum principle without destroying the resolution capabilities of the scheme.

5.3.2. Steady smooth solution

We now consider a smooth steady-state solution of the problem 0,u + dyu = 0in Q = [0, 117 with inlet conditions
u(x,0) = sin(27x), u(0,y) = —sin(27y) and outflow conditions at boundaries x = 1 and y = 1. The exact solution is
u(x,y) = sin(2r(x — y)). In practice, we look for a steady solution to the unsteady problem @) We take A, = 4, =5,
start from uf) = 0 and march in time until [lu}*" — u?[l, < 10~'* with the DGSEM scheme with FCT limiter. Error
levels are summarized in Tab. [§]together with the minimum and maximum values of the cell-averaged solution. The
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p =3, Nx=Ny=280,T=1.00Ax=2Ay =025 p =3 Nx=Ny,=280,T=1.00Ax=2Ay =025

A, =0.25

Ay =

p =3, Nx=Ny=80,T=1.00,A =4 = 0.0625 p =3, Ne=Ny=80,T=1.00, A=)y = 0.0625

A, = 0.0625

Ay =

0.0

(a) no limiter (b) FCT limiter

Figure 3: Nonsmooth initial condition: DGSEM solutions at time 7' = 1 for a nonsmooth initial condition obtained with Ny = N, = 80, p = 3, two
different time steps, without (left), or with (right) the FCT limiter. The solution is plotted at quadrature points.

FCT limiter keeps here the p + 1 high-order accuracy in space of the DGSEM while it successfully preserves the
maximum principle on the cell-averaged solution, and hence also on the DOFs through the linear scaling limiter.

5.3.3. Steady discontinuous solution

We now consider a discontinuous steady solution and consider d,u + dyu = 0in Q = [0, 112, inlet conditions
u(x,0) = cos(nx), u(0,y) = —cos(ry) and outflow conditions at boundaries x = 1 and y = 1. The exact solution
is u(x,y) = sgn(x — y)cos(m(x — y)), with sgn the sign function, and is therefore discontinuous at x = y. Results
are reported in Tab. 9] and Fig. ] Here again, the FCT limiter is required to guarantee the maximum principle. In
particular, the DGSEM without limiter violates the maximum principle for the cell-averaged solution which prevents
the use of the linear scaling limiter.

5.3.4. Linear advection-reaction with source
We finally consider a linear advection-reaction problem with a geometric source term:

Oxu+Oyu+ fu=s(x,y) inQ, ux,0)=up(x) inQ. (50)

with 8 > 0, s(-,-) > 0, and nonnegative inflow boundary data. We adapt the problem from section[5.2.3]and [56] to two
space dimensions and set 8 = 6000 and a source term s(x, y) such that the solution is u(x,y) = g cos(3mx)*cos(3my)*
(see Fig. . Inflow boundary conditions, u(x,0) = écos(37rx)4 and u(0,y) = é cos(3my)*, are applied to x = 0 and
y = 0, while outflow conditions are imposed at x = 1 andy = 1.

Tab. [I0] displays the error levels together with minimum and maximum values of the DOFs obtained without or
with the FCT limiter, different approximation orders and different mesh refinements. We again use A, = A, = 5, start
from uﬁio) = 0 and march in time until ||MZ+] —uplly < 107'#. Asin the 1D case in section we observe a suboptimal
convergence order of p as the mesh is refined due to the insufficient accuracy of the Gauss-Lobatto quadrature rules
for integrating the highly nonlinear geometric source terms. Using the limiter or not leads to comparable error levels,
while the FCT limiter is necessary for the solution to satisfy the maximum principle.
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Table 8: Smooth steady-state problem: L}12) error levels ||uy — ul| k@) and associated orders of convergence Oy for problem du + dyu = 0 with
data u(x,0) = sin(2nx), u(0,y) = —sin(2zy) obtained with A, = 1, = 5 when refining the mesh and using the FCT limiter. The solution should
remain in the interval [-1, 1]. Minimum and maximum values of the cell-averaged solution over the mesh: (#;)min/max = min / max({up)ij : 1 <
i< Ny, 1<j<N,).

P Ne=Ny (Updmin  (Up)max  L* error 0, L¥error O
5 -0.7803 0.7803 3.260E -01 - 6.805E-01 -

| 10 -0.9313 09313 9.840E-02 1.73 2.779E-01 1.29
20 -0.9955 0.9955 2.431E-02 2.02 6.341E-02 2.13
40 -0.9991 0.9991 6.589E-03 1.88 1.789E-02 1.83
5 -0.8293 0.8293  3.808E-02 - 1.610E-01 -

) 10 -0.9200 0.9200 4.770E-03 3.00 1.348E-02 3.58
20 -0.9917 0.9917 6.038E-04 298 2.354E-03 2.52
40 -0.9979 0.9979 7.377E-05 3.03 2.084E-04 3.50
5 -0.8322 0.8322 2.511E-03 - 8.746E-03 —

3 10 -0.9201 09201 1.569E-04 4.00 7.599E-04 3.52
20 -0.9918 0.9918 1.074E-05 3.87 7.432E-05 3.35
40 -0.9979 0.9979 6.457E-07 4.06 4.724E-06 3.98
5 -0.8323 0.8323 1.430E-04 - 6.283E-04 —

4 10 -0.9201 09201 4.545E-06 498 1.880E-05 5.06
20 -0.9918 09918 1.431E-07 499 6.162E-07 4.93
40 -0.9979 0.9979 4.461E-09 5.00 1.950E-08 4.98
5 -0.8323 0.8323 7.131E-06 — 3.774E-05 -

5 10 -0.9201 09201 1.131E-07 598 7.490E-07 5.65
20 -0.9918 09918 4.074E-09 4.80 6.652E-08 3.49
40 -0.9979 0.9979 4.789E-11 6.41 1.058E-09 5.97

Table 9: Discontinuous steady-state problem: verification of the maximum principle for problem d,u + dyu = 0 with data u(x,0) = cos(7x),
u(0,y) = —cos(my) obtained with A, = A, = 5 without and with the FCT limiter, and with N, = N, = N. The solution should remain in the interval

[-1,1]. Minimum and maximum values of the cell-averaged solution and DOFs over the mesh: {uj)min/max = min / max({up);j : 1 < i< Ny, 1 <
0<k,I<p

JENy) anduyp o= min/max(UlS[.‘jsN).
no limiter FCT limiter

N p <uh >min <uh )max Uhin Upax <uh >min <uh >max Uhyin Uhax
1 -0.7518 0.7518 -1.1363 1.1363 -0.7512  0.7512  -1.0000 1.0000
2 -0.7820 0.7820 -1.2634 1.2634 -0.7820 0.7820 -1.0000 1.0000

5 3 -0.7972 0.7972 -1.3364 1.3364 -0.7827 0.7827 -1.0000 1.0000
4 -0.7832 0.7832 -1.3633 1.3633 -0.7828 0.7828 -1.0000 1.0000
5 -0.7828 0.7828 -1.3764 1.3764 -0.7828 0.7828 -1.0000 1.0000
1 -1.0121 1.0121 -1.2437 1.2437 -0.9967 0.9967 -1.0000 1.0000
2 -1.0465 1.0465 -1.2843 1.2843 -0.9781 0.9781 -1.0000 1.0000

20 3 -1.0042 1.0042 -1.3438 1.3438 -0.9857 0.9857 -1.0000 1.0000
4 -09937 09937 -1.3667 1.3667 -0.9857 0.9857 -1.0000 1.0000
5 -0.9857 0.9857 -1.3781 1.3781 -0.9857 0.9857 -1.0000 1.0000
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)

j<N

1<i,j

0<k,I<p

min / max(U

5 when refining the mesh with N, = N, = N. The solution should

'min / max

Ay

cos(3ny)* obtained with A,

1

9

1. Minimum and maximum values of the DOFs: u,

1

9
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Table 10: 2D advection-reaction with source: L¥{2*} error levels |juy, — ul| Q) and associated orders of convergence O for problem ll with
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Figure 4: Discontinuous steady-state problem: DGSEM solutions for a discontinuous steady-state problem d,u + dyu = 0 with data u(x,0) =
cos(mx), u(0,y) = —cos(ny) obtained with 1, = A, = 5, Ny = Ny = 20, without and with the FCT limiter. The solution is plotted at quadrature
points and T refers to the pseudo time required to converge the solution, i.e., IIMZ+1 —uylh < 10714,

6. Concluding remarks

This work proposes an analysis of the high-order DGSEM discretization with implicit backward Euler time step-
ping for the approximation of hyperbolic linear scalar conservation equations in multiple space dimensions. Two
main aspects are considered here. We first investigate the maximum principle preservation of the scheme. For the
1D scheme, we prove that the DGSEM preserves the maximum principle of the cell-averaged solution providing that
the CFL number is larger than a lower bound. This result allows to use linear scaling limiters [58, 60] to impose all
the DOFs to satisfy the maximum principle. This property however does not hold in multiple space dimensions and
we propose to use the FCT limiter [20, |5} I57] to enforce the maximum principle on the cell-averaged solution, thus
avoiding excessive limiting. The FCT limiter combines the DGSEM scheme with a low-order maximum-principle
preserving scheme derived by adding graph viscosity to the DGSEM scheme. The linear scaling limiter is then used
to impose the maximum principle to all the DOFs. Numerical experiments in one and two space dimensions are
provided to illustrate the conclusions of the present analyses. Then, we investigate the inversion of the linear systems
resulting from the time implicit discretization at each time step. We prove that the diagonal blocks are invertible and
provide efficient algorithms for their inversion. Future work will concern the extension of this analysis to nonlin-
ear hyperbolic scalar equations [44] and systems of conservation laws on unstructured grids, and to high-order time
implicit integration. Another direction of research may consist in using the fast inversion algorithms introduced in
this work for solving preconditionning steps based on tensor product of 1D building blocks in block-preconditionned
iterative solvers.

Appendix A. FCT limiter to impose a maximum principle to all DOFs

We here present numerical results obtained with a FCT limiter (see section[4.3)) designed to impose a maximum
principle to all DOFs, not only the cell average. We provide results in 1D for the sake of clarity, though this limiter is
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not required as highlighted in section[3] Likewise, we design the limiter to impose only a lower bound on the solution,

Uk 1> min uo(+), without loss of generality.
The HO scheme is which, by removing 37 ) w;Di UIZZJ'OI —5kp Uf}ggl +6koU0 41 = 0 and using w; Dy = @’
we rewrite under the skew-symmetric form [21] as
a1 1 Wi ok,
> U,k;l,gl + /1 Z w((Dy — 5k1Dkk)(U,lZ+01 k"”) + 6, Ul = S0 UL THO)) > U, (A.1)

1=0
We now compare two LO schemes:

LO_GV: the HO scheme with graph viscosity introduced in section where d; = 2 maxo<izm<p(— lz;;k) from :

3 Ulkzgl ZwlD[kU LO +(5kpUanOl 6/(0(][ 1L0+du)kzwl(UlkLngl 11251)) U (A2)
=0

LO_GV_SD: the HO scheme with graph viscosity and the sparse discrete derivative matrix D, from [34] and defined

in (see remark, and wywd; = % satisfying :

min(k+1,0) min(k+1,0)

kn+1 ~ Ln+1 p.n+l pn+l kn+1 In+1\\ _ Wk ;o kn
) Uz L0 /l,(— Z wDpU; o +0pUi 1o =00U 1ot 3 Z Wito ~UiLo )) = 7Ui > (A3)
I=max(k—1,0) I=max(k—1,0)
and after easy manipulations, we rewrite li as a subcell finite volume scheme (using U "*! =U; pantl ):
y p , gVYiLo -1.LO

Ukn+1 +/1(Ukn+1 Uk 1n+1) Ukn

2 i,LO i,LO i,LO 2
We rewrite the differences between the HO and LO schemes, then the limited and LO schemes as
kan+l k n+1 Wy kn+1 kn+ly _ gl 4 jl
(Uz HO tLO - Z Azk’ T(Ui - Ui,LO - Z l Alk’

(LDEeS(i.k) (J.DeS(ik)

with A7 = —A" and where the limiter coefficients U = 7} are computed from and , but where P¥ =
Y Min(A%,0) and QF = % (m — US7S").

Both limiters are now compared to the limiter introduced in section M.3] (present limiter). Recall that the present
limiter uses the same LO scheme as the LO_GV limiter, but applies the limiter to impose positivity of the cell-averaged
solution, then applies the linear scaling limiter (7). For the sake of comparison, we also present results using (A.3)) as
LO scheme, but imposing positivity of the cell-averaged solution, then applying the linear scaling limiter (7). This
last limiter will be referred as to LO_GV _SD_aver. For all limiters, we check if the minimum principle is satisfied by
“%3 and, if so, we set ugm) ”5:1;110)

Figs.[A.5|and[A.6|compare the results for a smooth steady solution, while Fig.[A.7]compares results for an unsteady
discontinuous solution. Limiting all the DOFs directly with the FCT limiter affects the accuracy of the scheme by
imposing an excessive limiting. This excessive limiting has already been reported [21} 23] 16]. It is worth noting that
the limiter coefficients l’ in || scale Wrth and are thus expected to overlimit the solution for large time steps as
observed in Fig. - It is also observed that the limiter may also prevent convergence of the computation to steady-
state as observed in Fig.[A.6] Limiting the cell average does not suffer from these shortcomings and the results are
less sensitive to the choice of the LO scheme.

We end this section with a comparison of the accuracy of the LO schemes introduced above on the smooth test
case. We also indicate the results obtained with a first-order finite volume scheme, that is with one DOF per cell.
All LO schemes achieve first-order accuracy as expected, but the DGSEM scheme with graph viscosity and sparse
discretization (A.3), which here reduces to a subcell finite volume scheme, provides quite lower error levels. This
result is in agreement with those obtained with an explicit time stepping in [34} Fig. 1].

The main conclusions of the present tests are: (i) Imposing positivity of all DOFs directly with the FCT limiter
successfully imposes positivity, but may affect the resolution capabilities of the scheme due to an excessive limiting.
Especially with large time steps; (ii) Limiting the solution with the FCT limiter to impose positivity of the cell average
only avoids these issues and make the results less sensitive to the choice of the LO scheme.
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Figure A.5: DGSEM approximation of a steady-state problem, d,u = sin(2zx) and u(0) = u(1), obtained with different FCT limiters (p = 2, Ny =
40, A; = 5). The solution is plotted at quadrature points and 7 refers to the pseudo time required to converge the solution, i.e., ”"ZH —uyll < 10714,
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Figure A.7: DGSEM approximation to an unsteady problem, d;u + d,u
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0, u(0,1) = u(1,1) and up(x) = 1j0.1,0.4], obtained with different FCT
limiters (p = 2, Ny = 40, 4; = 1). The solution is plotted at quadrature points after two time steps.
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Figure A.8: Approximations of a steady-state problem, d,u = sin(27x) and u(0) = u(1), obtained with different LO schemes: first-order finite
volume scheme (FV); DGSEM scheme with graph viscosity @) (DGSEM+GV); DGSEM scheme with graph viscosity and sparse discrete
derivative matrix (A.3) (DGSEM+GV+SD). L? and L* norms of the error obtained with p = 2 and p = 4.
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Order Order

Figure B.9: Left: performance speed-up over polynomial degree for solving (B-I) using (@3} with respect to standard algebraic tools (numpy).
Right: similar to above, but for (B2) and algorithm |I| Performance analysis has been evaluated thanks to built-in python module timeit;
statistical data has been computed over 20 runs of 1000 resolution call each.

Appendix B. Inversion of diagonal blocks

The linear systems associated to the DGSEM discretization of problem (I) with an implicit time stepping have a
sparse pattern with dense diagonal blocks of large size. Block-based iterative and exact solvers require the inversion of
the diagonal blocks and we propose efficient algorithms to speed up the inversion of the diagonal blocks with respect
to standard inversion algorithms. We implemented the proposed methods and compared them with standard ones. The
code is freely available online [[L]. It is written in python by using linear algebra tools of the numpy library [24]. We
here focus on the linear system obtained when considering the 2D DGSEM problem which takes the form (see @I)))

Lo,yIM@M)x = b, (B.1)
where the involved matrices are defined in (@2)), and its counterpart obtained by adding the graph viscosity (see (@4))
L), M@M)x=b (B.2)

see ([@3) and (@6) for the definition of the terms involved. The main goal of repository [1]] is to assess the novel
analytical way @3) (resp., algorithm [I) to solve (B-I) (resp., (B2), by comparing it with the usage of reference
algebraic tools (mainly, numpy.linalg.inv). We give in Fig. [B.9] the performance comparisons obtained on a
personal machine with 8 Intel Xeon(R) W-2223 CPUs and 16Gb RAM. One can reliably say that the novel inversion
strategies (@3) and algorithm [T] show consistent and often significant performance gains with respect to their dense
counterparts. The gains are however less noticeable for high orders when solving (B-2).

Appendix C. Solution of the global 1D linear system

We here describe a fast algorithm to solve the global linear system (23). This is based on fast inversion of the
diagonal blocks (24) with the Sherman-Morisson formula which provides the inverse of the sum of an invertible
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matrix A and a rank-one matrix uv’: (A +uv')™! = I -
we obtain

——A—Aluv")A"!. Using A =1-2AD" andu =v = [

1+VTA lu
24
wp + 2/12);1,

with D = (I -2AD7)~! given by . This formula is well defined since w, + 2/12);1” > 0 by . Let us propose
a method to solve the global linear system . From ll we observe that A1y = Ag — A 1e?(e§h)T in with Ay
a block lower triangular matrix, with diagonal blocks 14 and subdiagonal blocks —/l,-eoe;, and a rank-one matrix

1 -1
ML =M (1 -2 (DT - w—e,,e;)) =M"! (1 - De,,e;)D
p

defined from (ek)(l)ikflc the canonical basis of R¥<?*1_ Using again the Sherman-Morisson formula, we easily solve

(23) from algonthm@]where steps 1 and 2 can be solved efficiently using blockwise forward substitution.

Algorithm 2 Algorithm flowchart for solving the global system (23]) by using the decomposition A, = Ag— /11e0 (e}, )T
with Ay a block lower triangular matrix and e‘f(egr)T a rank-one matrix.

1: solve AgV = M,,U® for V e RN«p+D),
2: solve AgW = e(l) for W € RM:(p+D).

A€V
. (n'H) = L
3: setU =V+ 1_M%WW.

Applying algorlthmlagaln requires 1 — /lleN -W=1- /lle (A le ) # 0. This is indeed the case and to prove

it we temporarily consider a uniform mesh for the sake of clarity, so A; = A. We observe that the solution to AOW = e1
satisfies LisMW, = ey and L;;MW; = (1ege] )W, for i > 2. We thus get W; = (AM 'L epe] ) 'M'L] ey and

B 2D, .

eN W = N 1( (L d)PO) with (L d)PO =2 (1 - = +2wiu )Z) = wTw;,p > 0 from l| Note that Dp() >0
holds for A > /lm,,, deﬁned in lemma[3.2] Th1s latter condltlon is suﬁiment to apply algorithm [2] but is not necessary
to invert the linear system which is possible for all positive time steps.
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