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On the stability of discrete boundaries conditions for linear
hyperbolic systems.

Geoffrey Beck! Nicolas Crouseilles! Ludovic Martaud?

December 19, 2025

Abstract

This work concerns the numerical approximations of the boundary conditions for linear
hyperbolic systems. Discrete boundary procedure computations and an artificial viscosity
are proposed to corrected any three-points finite volume schemes. The fully discrete stability
of the resulting numerical schemes is established. Numerical test cases are performed to
illustrate the relevancy of the proposed procedure.

Key words: Finite-volumes schemes, Boundary conditions, Discrete stability estimates, Kreiss
symmetrizer.

1 Introduction

We investigate the stability of numerical schemes for linear initial hyperbolic boundary value
problems cast on a half-line. Namely, denoting | - |gr the standard euclidean norm of RP with
p > 1 and u(t,z) € RP such that limg 4 |u(t,z)|re = 0, we are interested in the following
Initial Boundary Value Problem (IBVP):

O+ Adyu = Qu, Y(t,z) € (R])?,
Nu(t,0) = g(t), Vt>0, (1.1)
u(t =0,z) = u™(x), V>0,

where A is a constant R-diagonalisable matrix in M, ,(R), @ € M, ,(R). The initial data
™ is assumed to be regular enough, i.-e. belongs to L?. The matrix N and the smooth
data functions g¢(t) prescribe the boundary conditions and they must satisfy some conditions
ensuring the well-posedness of . In particular, the data satisfies on the edge {x =t = 0}
the following compatibility condition: Nu(z = 0) = g(t = 0). The standard condition on
N is called Kreiss-Lopatinskii [29] (see also [8,/15,24,34,135| and the references within). In

particular, such a condition imposes the number of boundary conditions to be equal to the
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number of positive eigenvalues of A. Moreover, the Kreiss-Lopatinskii condition implies a global
L?-weighted estimate on u(t,z) that formally writes

L (WTsu) k) do S Jg(e)], (12)
dt Jp+

where -T denotes the usual transposition of RP and S € My, p(R) is a symmetric definite positive
matrix. For sake of simplicity, this formal energy estimate is valid for A invertible and @ = 0
(see Proposition [2.5| for the general case).

From a numerical point of view, the design of numerical schemes for satisfying a fully
discrete version of is known to be challenging [11,/16H18]. The case of scalar equation,
i.-e. p = 1, is well studied (see [10-12]| and the references within). For system of equations,
i.-e. p > 1, the main difficulties raise from the boundary conditions Nu(¢,0) = g(¢) that do
not provide a complete knowledge of u(t,0) whereas any standard numerical scheme requires
this knowledge. According to [19,/28] (see also the references within), the missing boundary
conditions are defined by an admissible set and their numerical computation is for instance
done with an exact resolution of the IBVP [19]. Another strategy consists in introducing the
boundary condition in the approximation of Au(nAt,0+ Ax/2) (with At,Az > 0 and n € N)
as follows: ~ B

Au(nAt, 0+ Az/2) ~ (A+ N+ Ap)u] — Nug,

where uj ~ u(nAt,0), uf ~ u(nAt, Az) and where (Ap, N) € R x M, ,(R) are chosen according
to Nu(t,0) = ¢(t) and in order to enforce some stability properties. This strategy is derived
within a suitable formulation of Discontinuous Galerkin schemes in [1,2}/13] and for finite volume
schemes in [14}26]. The numerical boundary conditions may also be computed with a boundary
layer correction based on a parabolic regularization of combined with a asymptotic analysis
that studies the vanishing regularization limit [19,22|. On the other hand, the lacked boundary
conditions are reachable from the Riemann invariants that correspond to a reformulation of
in the diagonal basis of A. In this regard, the Riemann invariants related to the negative
eigenvalues of A are often approximated with a downwind discretization [7] then coupled to a
three-points first-order finite volume scheme under the form

u?“ =u; — %(g(u?,ulﬂrl) — S(U?_l,u?)) + AtQu', Vi>1, (1.3)
where At > 0, § : (RP)? — RP is a consistent continuous numerical flux [25),37.38]/44] (see [32}/43]
for detailed overviews and examples) and where (u]');>o denotes a consistent approximation of
(u(nAt,iAz));>0, Az > 0 being the space mesh step size.

The goal of this work is to enforce discrete stability properties for schemes when the
lacked boundary conditions are approximated with the discrete downwind Riemann invariants.
Namely, following the strategy introduced in [39-42] (see also [9,23]), we derive an artificial
viscous correction for in a such way the corrected scheme satisfies a fully discrete version
of .

The paper is organized as follows. In Section 2] we propose a reformulation for the relation
Nu(t,0) = g(¢) and an explicit symmetrization for to derive L2-weighted estimates under
the form (1.2). Then, in Section [3| our numerical viscous correction for and our main
fully discrete stability result is given (Theorem . We would like to emphasize the constants
involved in the continuous and discrete estimates are the same. Section [d] concerns the proof of
our main result. Section [5]is devoted to the numerical experiments that illustrate our numerical
procedure. In particular, one studies two specifics examples where one has explicit solutions to



make comparisons: the usual wave equations and relaxed dispersive waves. To catch relaxed
dispersive waves, it was necessary to introduce the matrix ) and to consider the presence of
zero eigenvalues of A case.

2 L%-weighted estimate for linear initial boundary value prob-
lems

This section is dedicated to the derivation a L?-weighted estimate for (I.1]). According to
[8,24,29], it is well-known that hyperbolic IBVP are well-posed if and only if the matrices (A, N)
satisfy the Kreiss-Lopatinskii condition. In this work, we assume a more restrictive assumption:

Hypothesis 2.1. (i) (Hyperbolicity.) One assumes that
A=PDP

where D is the diagonal matriz that contains the real eigenvalues A\; of A organized in
descending order. One assumes that the matriz A admits eigenvalues of both signs and

one defines
Iy 00
pt=Card({A € Sp(A) [A>0}), 7= 0 0 0] € M,p,(R), (2.1a)
0 00
0 0 0
p’=Card({A € Sp(A) [A=0}), 7°=[0 Lo 0] € Mp,(R), (2.1b)
0 0 0
00 0
p- =Card({AeSp(4)|A<0}), 7= =10 0 0 | € M,,(R), (2.1c)
0 0 I,

where 1o, € Mg o(R) denotes the identity matriz of size o and Sp(A) the spectrum of A.
(i) (Lopatinskii condition.) One assumes that N € M+ ,(R) (p* lines and p column) satisfies
rank(NPrt) = pt.

The Hyperbolicity assumption (z) is a standard assumption [8,|15] and the existence
of positive eigenvalues is necessary to (|l.1)) defines an IBVP. In addition, the diagonalizable
character of A enables to introduce the Riemann invariants

o(t,z) = P tu(t, z), (2.2)

that satisfies
Orp+ DOy = P_IQPgo.

Lemma 2.2. Let assume Hypothesis and let consider the notation (2.2)) for the Riemann

mvariants. Let us denote
- t
3(t) = <gg>) R, (2.3)

and N = I(\)I € My ,(R). Then there exists B € M, ,(R) such that, for all time t, the boundary
conditions Nu(t,0) = g(t) on {x = 0} are equivalent to

u(t,0) = PB (§(t) + (7" + 77 )(t,0)) . (2.4)



Proof. Inserting the Riemann invariants ¢ = P~1u in Nu(t,0) = g(t) and thanks to the definition
of the projectors (7%)¢4 o} given by (2.1), we have

§(t) = NPg(t,0) = NPro(t,0) + NP(x" 4+ 77)p(t, 0).
Adding (7% + 77)p(t,0) on both sides of the above equation, we deduce
(NPt + 70+ 77)(t,0) = §(t) + (I = NP)(x° + 77 )p(t,0).

According to Hypothesis (u), NPrt+m047 is necessary invertible so the above formulation
is equivalent to

o(t,0) = (NPrt + 7%+ 77)7H(g(t) + (I = NP)(x° +77)p(t,0)).
Using © = P in this last equation, we deduce the expected result, that concludes the proof. [

Since is equivalent to 7¢(0,¢) = B (g(t) + (7% + 77 )p(t,0)), above Lemma [2.2] high-
lights the different status of the Riemann invariants ¢(¢,0). The Riemann invariants 7" (¢, 0)
related to the non-negative eigenvalues of A are entirely defined by the data g(¢) and by the
Riemann invariants (7°477)p(t, 0) related to the negative eigenvalues of A. The quantities §(t)
and ¢(t,0) are coupled with the B matrix whom the existence is ensured by Lemma The
proof of the above lemma provides a procedure for the derivation of B and we give in Section
practical examples for its computation. In the sequel, we assume the conditions of Lemma [2.2]

are fulfilled. As a consequence, the hyperbolic IBVP (1.1)) now reads
du+ Adyu = Qu, V()€ (RY)?,
u(t,0) = PB(g(t)+ (7 + 7 )p(t,0)), V>0, (2.5)
u(t=0,2) = u®(z), VYo >O0.
Equipped with this definition, we now give estimates for (2.5)). For the clarity in the forth-
coming developments, ||| - || stands for the matrix norm induced by |- |rer and we introduce

K € M, ,(R) as follows:
K =P 'QPB. (2.6)

Our first following lemma concerns an estimate on the trace of the Riemann invariants associated
to null eigenvalues.

Lemma 2.3. Let assume Hypothesis [2.1, The Riemann invariants 7% = 10P~ u related to
the null eigenvalue of A satisfy

1d _
gl O < 5 (K 2K+ IR ) Wt O
1 - 1 _ _ '
+ I Kt g [Re + S llm° K| |7~ (2, 0)lfe
where K € M, »(R) is given by (2.6)).

Proof. By definition, the Riemann invariants related to the null eigenvalues of A are such that
0y = 1O°P~1Qu. As a consequence, using the boundary conditions (2.4) and (2.6]), we have

%a'” ol 0,
( T8t7r go) (t,0),
= (m%(t,0))) "7 PIQPB (§(t) + (7° + 77 )¢(t,0)) ,
= (%

L) T (7 K7 ) g(t) + (70p(t,0)) T (s K70 m0p(t,0) + (70p(t,0)) T (r° K7 ) 7w (¢, 0).

4



Now, using the Young inequality a' Ab < ||A|(aTa + bTb)/2 that holds for all matrices A and
for all vectors a, b of relevant sizes with respect to A, the above equality becomes

1d

2 dt
1 -

< SlIm°Kr bl (190 e + 7t 0)lfw) + lln® Klll17° (2, 0)

7% (t,0) R

1 _ _
+ S lIm Kl (1%t 0) e + 70 (t, 0) )
that concludes the proof. ]
We now give an L2-weighted estimate for the solution v of the IBVP (2.5). In this regard,
we introduce the following Sobolev space:

L%((R+)2,Rp) = {u : (RT)2 — RP | (uTS’u) (t,z) do < —I—oo} , (2.8)

R+

where S € M, ,(R) is a symmetric definite positive matrix. In this work, we propose to choose
S such that

Sm =P (7t +m(z® +77)) P, (2.9)
where m > 0 and where the diagonal projectors (Wa)ae{ +,0,—} are defined in (2.1). The above
matrix S, Friedrich-symmetrizes , i.e. (SynA)T = S, A and the goal is to constrain m > 0
in to reach a Kreiss symmetrization of . Such a strategy is not new [27,[31], but we

recall it because the discrete stability proposed in this work will mimic the same approach. The
first following lemma establishes an estimate for the energy £(t) defined as

Et) = /R+ (u" Spu) (t, x) da. (2.10)

Lemma 2.4. Let assume Hypothesis . Let m > 0 and Sy, € M, p(R) reads under the form
(2.9). For all m > 0 and for all u € L%m ((R*)Q,Rp) solution of ([2.5)), we have the following

statements

(i) The energy E(t) defined in (2.10) also writes

£(t) :/ it ot o) de +m | (70 + 7 )o(t 2)|% da, (2.11)
R+ R+

where ¢ = P~'u denote the Riemann invariants and it satisfies

(i7) L4
555(75) <

where vy > 0 is given by

(u" Sy Au)(t,0) + Y& (1), (2.12)

N |

= (14 5=+ 5 1P (213)

Proof. Since (i) is directly obtained by inserting (2.9) in , we focus on the proof of (7).
Multiplying (2.5) by «"S,, and integrating on z € [0, +00) leads to

/ (uTSm(atu + Adyu)) (t, x) dz = / (uTSmQu) (t,z) dx.
R+

R+

5



Using the definition of £(¢) given by (2.10) and since ST = S, (SnA)T = S, A, the above
formulation writes

1d 1

S E(1) = ST S Aw)(1,0) + /R (W7 SnQu)(t,7) . (2.14)

Now, let consider the last term. From the definition (2.9)) of S, and since the Riemann invariants
write P~lu = o =7tp 4+ (70 + 7)), we get

u'S,Qu
=o' (7t + m(n® + w_))P_lQP(W+g0 + (7% + T )e),
= (P PTIQP(re) + —=(r o) PTIQP(Vi(a + 7))

+vm(vVm(r® + 17)p)  PTLQP(rt o) + m((x° + 1)) PTIQP (0 + 7)),

Arguing the Young inequality and observing |7 |2, + m|(7° + 77 )p|3, = uT Spu, we deduce
from the above identity:

(2.15)

u' SmQu < IPTIQPIlIT ol + o= IPT QP (17 ol + ml(x° + 77)¢lfer)

.
m _ _ _ _
+ Y PTIQPY| (ol + ml(x + 7 )plk) + mIIPTIQPII(R + 7)ol
N T
< (14 5o + S IPQPI TS

(2.16)
As a consequence, using the above upper-bound and the definition of v, > 0 given by (2.13)),

(2.14)) becomes N
1d
53 €0) <

5 & (u' Sy Au)(t,0) + Y& (t). (2.17)

O

I\D\H

It is worth noticing that if u'.S,,Qu < 0, then the constant 7, in vanishes. The above
lemma and Lemma enable to derive the L?-weighted estimate that is given under the form
defined by Kreiss in [29] (see also [8,(15,24,34,35] and the references within). This estimate is
reached by constraints on m > 0 in .

Proposition 2.5 (Kreiss type inequality for (2.5))). Let o, Cy,C? > 0 and Kry,, € R such that

1
Co = nﬁmx}] max (0, \;)(1 + ) |7 Bxt|||? + §H|7TOK7T+|||, (2.18a)
i€ P,

1 1
€, = max max(0,\;) (1 + =)= Bx°|||* + §|H7T0K7T+H\ + [l K|
ieltrl «@ (2.18b)
+ Sl K,

—Kr,, = max max(0, \;)||7" B~ |||* + H\ﬂOKﬂ' Il + 7 max min(0, \;). (2.18c)
ie[Lp] 2 ie[ly]

If m > 0 is such that Kr,;, > 0, then the following holds:
d _
L (7. 0) 3 + £(1)) + Kl o(2,0) B
< Cald(t)[fe + Colm 0 (t, 0) [ + ym& (1),
where E(t), ym > 0 are defined in (2.10)), (2.13) respectively.

(2.19)



The constants C,, C!, > 0 defined in depend on o > 0 that is an additional parameter.
This parameter is left free for the trade off minimization of constants C, and C’,. For instance,
if A,N are such that 77 B7% = 0 then a = 0 is an admissible choice. The prove of the above
proposition now requires a Kreiss-like symmetrizer for . Such a symmetrization is detailed
below.

Lemma 2.6 (Kreiss-like symmetrizer for (2.5)). Let a,Cy,C), > 0 and Kr,, € R given in
proposition[2.5. One has

1 i 1 _

(u" S Au)(t,0) < = (Kry — S lIn° Kn~[)I7 =t 0) e + (Co = S lIx° Km* 1) 3(2) o 2.20)
. .

+ (Co = Sl Kt = Im K 7Ol 7 (2, 0o

Proof. Using the spectral decomposition A = PDP~!, the definition (2.9) of S,, and p = P~ 1u,
we have
(u' S, Au)(t,0) = (uTP;r(W+ +m(7° + 7)) P~ PDP1)(¢,0),
= (cpTW+D<p) (t,0) + m(goTﬂODgo) (t,0) + m(ngﬂ_Dcp) (t,0),
= ("7 D) (t,0) + m(p 7~ Dy)(t,0).

Since D contains the eigenvalues of A organized in descending order, we have

(cpT7T+D<,0) (t,0) + m(ngﬂ_Dgo) (t,0)

< max max(0, \;)|7 (0, t)|2, + m( max min(0, \;))|7~ (¢, 0)|Zs.
i€[1,p] i€[1,p]

(2.21)

But, using (2.4)) to reformulate 7+ p(t,0), then arguing the triangle inequality and the Young
inequality 2ab < aa? 4 b?/a that holds for all (a,b,a) € R? x R}, we deduce

[Tt 0)|&e = |7t B(§(t) + (7° + 77 )o(t,0)) &,
< 2i7tB(g(t) + 7p(t,0)) [&e + 2|7 Bro(t,0))[%s,
- 1 _ _
<2(1+a)|mtBj(t)|g, +2(1+ E)WBW%(LO)\%@ + 2|7t Br 1|7 (t, 0) e

i 1
<201+ )l Br PG [e + 2(1+ )l BrO [P0 (2, 0) s

+2[ln* B~ [IP|r o (t, 0) |-
(2.22)
As a consequence, inserting (2.22)) in (2.21]), one has ([2.20)). O

Equipped with the above Kreiss-like symmetrizer for (2.5)), the proof of Proposition is
now given.

Proof of Proposition[2.5. Inserting (2.20) in (2.12)), one has the following estimation of the en-
ergy

1d _ 1
2 g0 < max max(0.0) (1+ o) B 1 30l + (14 ) Bl (. 0) )

+ ( max max(0, ) ||lmF B~ |||* + ™ max min(0, ;) |7~ (¢, 0) % + 1mE(t),
i€[1,p] 2 ief1,p]



then adding (22.7) to the above inequality and arguing the definition of C,, C/, > 0 and Kr,, € R
given by (22.18)), we deduce

1 _ _

5 (17%0(6,0) B + E(1)) < Ca |(0) 30 + C 17 (t, 0)30 — Kt 5™ 0(1,0) B + € (1)
Since m > 0 is such that Kr,, > 0, the above inequality leads to the expected result that
concludes the proof. ]

Denoting Kr, := Krp || P[| 71 (1 + [|B]|)~" when A is invertible, the energy estimate (2.19)
and the boundary conditions formulation (2.4]) imply the following classical Kreiss estimate
1d

S E(0) + Kilu(t, 0, < (Ca + Kol PUNBI) 130 o +9mE@).  (2:23)

In that case, the inequality ([2.20)) also implies that S,, defined in (2.9)) is a Kreiss symmetrizer:
(4" S Au)(t, 0) < ~Kr|u(t,0)[p + (Ca + Krn IPIIBI) 138) B (2.24)

From Proposition one deduces that if m > 0 is large enough in (2.9)), then the solution u
of (2.5) satisfies a L?-weighted estimate given by (2.19). Hence one has a control of ||ul| L L2

and Krp,||77¢(+,0)|| ;2. More regular initial and boundary conditions that satisfy additional
t

compatibility conditions on the edge {z =t = 0} lead to control of space Sobolev norm of u

(see [31] for the details).

Well-posedness in L%m ((R+)2, ]Rp) follows from the Propositionlﬂif one assumes Hypothesis
and in addition Ker(A4) C Ker(N) (in the case p° # 0, see [8[[33]) and the compatibility
condition Nu®(z = 0) = g(t = 0) on the edge {x = ¢t = 0}. It is also possible to show well-
posedness in more regular Sobolev framework with more regular initial and boundary conditions
that satisfy additional compatibility conditions.

Our goal is now to define a numerical scheme that mimics the L?-weighted estimate estab-
lished in Proposition [2.5

3 Definition of the numerical scheme and discrete stability result

The space-time domain (¢,z) € [0, +00)? is discretized by meshes (x
that

i+%)z‘2—1 and (t")p>0 such

1
Tip1 = (i + §)A:U, t" =nAt, V(i,n) € [-1,4+00[xN, (3.1)

where Az, At > 0 denote constant space-time steps. The quantity u(-, ") € R? is approximated
within the finite volume framework namely by a sequence (ul');>¢o C R? displayed in Figure

Az .
=2
ug = PB(g" + (7% + 7))
| . | . | . |
| z=0 | z=Azx I I T =1iAzx | 2z
_Ae Ae 30z T i
2 2 2 2 2

Figure 1: Finite Volume numerical approximation of the IBVP (1.1)).



1

1 Tivd .
The initial sequence (u?);>1 is given by u) = A/ = u™(z) dx, for all ¢« > 1. From the
> v ),

2

we propose to compute the updated sequence (zﬂ+1

i>10 i )121
of a generic three-points explicit numerical scheme ([1.3]). Namely, we consider finite volume

scheme under the form

sequence (u?) with a viscous version

upth = — E(}—(Uz suiyy) — Flui g, uj )) + AtQuy, Vi > 1, (3.2)

where F : (RP)? — RP is given by

Flui's uity) = $(ui' uiy ) — §P(Vi+% + D) P (ufy —uf), Vi>0. (3.3)

In the above definition, the second term stands for the artificial viscosity where (l/l.n+ 1)i>0 €
2

M, p(R) is a sequence of diagonal matrices, |D| denotes the diagonal matrices that contains
the absolute value of the eigenvalues of A organized in descending order. According to |9} 23],
the artificial viscosity term can be added to any consistent numerical flux § : (RP)? — RP that
satisfies the consistency relation §(u,u) = Au. The main originality of this work is to consider
a non-homogeneous and anisotropic viscosity to enforce stability properties in the presence of
boundaries conditions u(t,0) defined in Lemma The discrete version of these boundaries
conditions is denoted uf € RP and it now requires a suitable definition to complete the viscous
scheme ([3.2]).
According to Lemma (see also Figure [1)) ug is such that

up = PB(§" + (7° + 77)l), Vn>0. (3.4)

Therefore, ug is defined by the knowledge of (", (7" + 7~ )¢f) € (RP)? that stands for a consis-
tent discretization of the boundary data §(¢") and of the Riemann invariants (7% + 7= )p(¢?, 0)
satisfying

(70 + 77)(0s) (£, 0) + (7% + 77)D(Dp0) (£, 0) = (7 + 77 ) P~LQu(t", 0). (3.5)

In this work, g" € RP is left free, but we define the discrete Riemann invariants (7% + 77)@8 as

follows: .
(770 + W_)gog = (7TO +7)P™ u(l),

—\, 1 -\, n At - n n
(' + 7 )<P0+1 = (n"+77)pf — E(WO +77)D (o] — ) (3.6)

+ At(7? + 7)PTIQuE, Yn >0,
The formulation is consistent with . If the data are regular, we also have
(7 + 7 )Pl = (7 + 7)) P .
Our main result given below concerns a fully discrete L?-estimate for the scheme , ,
(3-6)-

Theorem 3.1 (Fully discrete L2-weighted estimate for , , ) Let us consider the
IBVP (2.5) endowed by a symmetrizer Sy, € Mypn(R) of the form with m > 0 such
that Kr,,, > 0 in . Furthermore, let assume Hypothesis . Let (ul')i>0 a non-constant
sequence such that Y o (u) T Spull Az < +oo and let

EM = mt o e Az +m Y |70+ 7)o R Az, with @} = Puj. (3.7)
i>1 i>0



Let us also consider a viscous scheme (3.2)) and assume the existence of bounded diagonal matrices
k: (RP)2 — M, ,(R) satisfying

200 — u) T Sy (g(u, V) — %A(u n v)) < (v — )T S Pk(u, v)P~L (v — ), (3.8)
for all (u,v) € (RP)2. If (V:‘+l)i20 in is such that

1 1 — n n
()T S (S, ) = SA@WE + ) = SPVIP™ (uf — uf))
2 2 3

1 -
5 Dty = u) TSP (= vy k() ) P ey — ) 39)
i>1 ’
1 _
D) Z(U?ﬂ —u})" 5, P|DIP~ (ufy —ul) < 0,
>0

then there exists (explicit) % > 0 small enough such that ("1, (7% + 7)o ) given by (3.2),
(3-6) satisfy:
w005 IR — O [Re | £ —E"
2At 2A¢

(e

with K = P~1QPB given by [2.6), Ca, C’, > 0 and Kr,,, ¥m > 0 are given by [2.18), (2.13) and

where

+ Krmhi%pm%&f’

(3.10)

(= + 7T‘)K7r+|||) 15" [ + Calm®@f e + CrrE™,

1 _ _ _
Ci = masx (i, @+ A VKA + N + 7K@+ 7)) (311

We recall that if ©'S,,Qu < 0, then the constant ~,, in vanishes. Up to the term
mAz||(7° + 77)K7T||/2 > 0, is exactly a discrete version of (2.19). Since Kr,, > 0
and mAz||(7° + 77)K7T||/2 is bounded as Az — 0, is in a suitable form to apply a
discrete Gronwall’s inequality to the sequence (|7T0g08|%&p + 5”)n>0. It also ensures an estimate
for (u}')i>1 because, according to the definitions of (S, E") € M, ,(R) x R, given by (2.9),
, we have

> @) S Az =Y (It et e + ml(n® + )6l B ) Ac,

i>1 i>1
< mAa|(x + 7 )bl + D (17 i e + ml(° + 7)) A,
i>1 (3.12)
<>t el Av 4 m Y0 (70 + 1)l e Ae,
i>1 i>0
<E&n.

Hence, we deduce the existence of C;, > 0 bounded as Az, At — 0 and such that

n—1
‘770908‘1%&? +&" < Cn<|7"0908‘1%§1’ +E%+ Z @k‘%&p At), Vn > 1.
k=0
It is also worth noting that the summations in (3.7]) do not start at the same index (i > 1 for the

first sum and ¢ > 0 for the second sum). Indeed, £" defined in (3.7) is consistent with (2.11)) but
the two different starting indices in (3.7]) highlight the different status of the discrete Riemann
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invariants : (77¢"!);>1 is only computed by whereas ((7° + W_)@?+1)i>0 is computed
by and . These different status may cause numerical instabilities (see Section [5]) and
thus motivate the viscous correction in .

This viscous correction is given in Theorem under a Lipschitz continuity for F(u,v).
This assumption is satisfied by several first-order numerical flux [25,37,38,/44] and the reader
may refer to [32,43] for detailed reviews. As a consequence, Theorem shows that if the
artificial viscous correction (VZT:L %)izo is chosen according to , the discrete boundary

may be used to complete any numerical flux §(u,u}, ;) under the form (3.3). The inequality
(3.9) defines a constraint to choose the sequence (VZ’_ 1 )i>0. For a non constant sequence (u]')i>o,
since the last term in (3.9) is negative, it is actually sufficient to ensure

1
() S (S, w) — S A +5) = PYEP™ (uf - uf)) <0, (3.13)
and )
5D (g =) TSP (= Vs o+ k(u ul) ) P (il — uf) < 0. (3.14)
i>1

Enforcing and thanks to a suitable choice of (v 1 )i>0 and for At > 0 is discussed
in Section [B

The scheme is consistant and stable. However, one cannot directly apply the Lax equivalence
Theorem to show that the scheme is convergent because it is not necessary linear. For example,
in the numerical simulations given in Section |5, the procedure for the boundary given by
is non-linear. Now, the goal is to prove Theorem [3.1]

4 Discrete stability analysis

This section concerns the proof of Theorem which is organized as follows. In Subsection
we derive estimates for the discrete Riemann invariants 700 and (7% +77)@p ™! defined
in (3.6). We secondly use to derive discrete estimates for (u]*!);>; in Subsection
Subsection [4.3] uses Subsections [£.1] and [£:2] to define a suitable upper-bound for the norm of
(7% + 77)p ™, (ult1);>1). Then, in Subsection the proof of Theorem [3.1|is given.

2

4.1 Estimates for the discrete Riemann invariants in the boundary cell

This section concerns the derivation of estimates for the discrete Riemann invariants 7%¢f and
(7% 4+ 77)¢l, both defined in (3.6). Since 797~ = 0 and 7°D = 0, (3.6)) leads to the following
formulation for 79p7%:

0 n+l 0 n
FA T = 0P Quy, (4.1)
where uf € RP is defined in (3.4). The first following lemma is a discrete version of Lemma

and it derives a quadratic estimate for the above updated quantity 7r0g06‘+1.

Lemma 4.1. Let us consider the discrete Riemann invariants 71'0ng defined by (4.1). The

updated discrete Riemann invariant 7r0g06‘+1 satisfies

’WO(Pg—Hh%{p - |7r0908‘]%§p
2At
1 _
< S (Kt + 2 KnO)] + [l K w1t (4.2)

1 . 1 _ _ At _
T 15 B + S lln 0Kl I gb e + 51T P Qui e

11



where K € M, ,(R) is given by (2.6)).
Proof. According to (4.1]), and using the formulation of uf given by (3.4), we have

705 R = [700f e + 2A8(05) THK (3" + (70 + 7)) + AL [P Qui Fp- (4.3)

Recalling the definition (2.3)) of § (which implies 77§ = §) and using the Young inequality, we
have for the second term of the right hand-side

(00) T K (5" + (7" + 77 )py)
= (m0p) T (" Kat)g" + (n%) T (n" K70) 0% + (%) T (7' K7™ )7,

1 i 1 _ _
< SN Emt (18" & + 7765 12e) + I Kx°ll 705 &e + 5 llm° K[ (1705 o + |76 |fr)-

Associating the above formulation to (4.3) enables to get the expected result. O
The second following lemma concerns an estimate for the updated quantity (7% + 7T_)Q08+1
defined by ({3.6]).

Lemma 4.2. Let us consider the discrete Riemann invariants (7° + 7 )8 defined by (3.6)).
For all m > 0, Az > 0, the updated discrete Riemann invariants (7% + ﬂ‘)g&ﬁ“ satisfy
(7 + 7 ) R — 170 + 7)o
2At
< —m(gg) T (x° +77)D(¢} - &f)

mAzx _ -
5 Il(x” + 7 ) K7t ||| 15" &

mAzx

(4.4)

+Cp ml(7” + 7 7) g [ Az +
mAtAx T —p 2
(2L s )
where CJf, > 0, K € M, ,(R) are given by (3.11)), (2.6) respectively.

Proof. Applying ((7r0 + W*)gog)T to (3.6), since (70 + 77)% = (7 + 77) and using the identity
veu— |v|? = [ul?/2 = [v]2/2 = v — ul?/2 with u = T v = ¢f, we get

I
p

(7% + 77 ) g IR

_ At _ N
= (7 +77) ¢ ke — QE(SOB‘)T(WO +7)D (et = ¢f) + 288 ()T (x° + 77 ) P Quy
Or =90 |
# + P 1QU6L) ‘%{p.
Reorganizing the terms and multiplying both sides by @ﬁf > ( leads to

+ A7 +77) (=D

(7 + 77 )5 R — (7% + 7)o e

mAz AL
=~ m(@)T (7' + 7 )D(} — ¢§) + mAa(h) (@ +7)PTIQup  (45)
mAxAt _ T — b _ n
+ @+ ) (= DI 4 PQuE) [

Let now consider the second term on the right hand-side. Using (3.4)) to reformulate uf and
recalling K = P"1QPB, we get

mAx(gog)T(WO + Wi)Pilng,
= mAw(gog)T(ﬂO +7)Kg§" + mAw(gog)T(ﬂo +77)K (7 + )0,
= mAx((ﬂO + 7r‘)<pg)T((7r° + 77_)K7r+)§"

+ mAiL‘((’]TO + W_)QOS)T((WO + W_)K(WO + 7r_))(7r0 + 7)),
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and using the Young inequality leads to the following inequality

mA:U(gog)T(WO + W_)P_lQu’g
mAzx

<

- 2
+mAz||(x° + 7 ) K (7 + 7)) |(x° + 7)) R

lI(x® + 7)) Ka 1 (19" e + |(7° + 7))

Using the definition of C!/, > 0 given by (3.11)) in this last inequality enables to conclude. O

4.2 Estimates for the discrete sequence in the domain

In this section, we derive estimates related to (3.2)) that is used for the interior domain. In this
regard, we introduce the following discrete Sobolev spaces

€2m(I) = {v e (RP)? | ZUZTvai Az < +oo},

€L
P, (@) = {ve ®) (vier € B, (T), ((vir —vi)/Az), . € (D)},

where Z C N and Sy, € M ,(R) is defined in (2.9). The norm induced by Sy, in ¢4 (I) is
denoted
||(Ui)z‘ez|’§25m(z) = ZviTvai Azx. (4.6)
€T

For sake of clarity, one denotes ||(Ui)i€Z”?2 1 = ||(vi)i€l'H?2 where the subset Z C N is
Sm Sm

7)
implicitly given.

In order to ensure the convergence of all quantities introduced in the sequel, we consider
(u)i>1 € hg (N*). This assumption is sufficient to enforce the convergence of the global
quantities derived in the sequel and it is also consistent with compactly supported data usually

used for practical applications. As a consequence, applying ZZ-Zl(u?)TSm - Az to (3.2)) we have

n+tl _ . n

n\T Uy u;
Z(ul) Sm A7 Az
i>1 (4.7)
== > (W) S (Fluf' ufy) = Fluioy,uf) + ) (uf) T SnQui A
i>1 i>1

The following lemma consists in a first reformulation of the above equality.

Lemma 4.3 (Reformulation of (4.7)). For all sequences (u})i>1 € h};m (N*), (4.7) is equivalent
to
1 )izl = ()il
2At
( - (‘F(u?7 u;"l—&—l) - ‘F(u?—la u?))/A:U + Qu?)lzl”??s + (UTIL)TSm]:(ug7 U?)

+ Y (ufy = uf) S F(ul uey) + ) (uf) T SnQui A (4.8)

i>1 i>1

_HH
2

where the E%m norm is defined in (4.6).
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Proof. Since S,, = S;',—L, the standard properties of the canonical inner product of R? associated
to the scheme (3.2)) yield to

- n+1 S
Z( " Sm T Ax
1i>1
_ 1 n+1\T n+1 T 1 n+l T n+1 n
= 5ap 2 ()T Smu ™ = ()T Smut) Aw = 57y (it — ) TS (™ - uf) Ae
i>1 i>1
I sl — @@l Ay
— m — n o, n n n n 2
= SQAt o *H( (F(uf, uiyq) —]:(UFNUZ'))/Aa?+QUi)i21||g%m
As a consequence, ([4.7)) is equivalent to
I isall7 — 11 )z>1H42 At
— n o, n n n n 2
SQAt 7”( — (F(u 7Ui+1) — F(ui"y,ui))/ Az + Qu; )ileggm
= W) S (Fu,ufy) — Flul g, uf)) + > () SmQuil Az (4.9)
i>1 i>1

Now, using a discrete integration by parts for the second term on the right hand-side leads to

= W) S (F(uf ufty) = Fluiy, ufl))

i>1
= _(ufir — uf) S F(uf wln) + () S F (uf, uf).
i>1
Inserting this equality in (4.9) enables to get the expected reformulation. O

We now give an upper bound for (4.8). For the convenient in the forthcoming developments,
we now introduce the standard upwind numerical flux F"PV defined as:

. 1 1 ~
FP(uis ui) = S AW + i) — SPIDIP Hugty — ), (4.10a)
= Pr"DP 'l + P(n° + 77 )DP~ ', ;. (4.10b)

The above numerical flux can be seen as an example of a flux in (3.3).

Lemma 4.4. For all sequences (ul!);>1 € h}gm (N*), we have

)

Z(u?—&—l — Uy ) S ]:(uzﬂuz-i-l +Z TSmQu Ax

i>1 i>1
< Yl — ) TS F Pl ) + Ol sl o
i>1
+5 Z ulyy —uf)'s mP(— v}, 1+k(uz7uz+1))P Nufy —uf),
z>1

where CJ, > 0 and k(-,-) € Mpp(R) are respectively defined in (3.11)), (3.8).
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Proof. In the one hand, according to the definition of F(uj,uf, ;) given by (3.3) and to the
consistency §(u,u) = Au, we have

Z(“?-s—l - u?)TSm]:(U?,U;LH)

i>1

1 1
= Dy — ) S (0 ) = 5 (B w?) + Fufy s i) + G A + )

i>1
1 -
5 Dl — u) TSPy + (D) (e — u),
i>1
1
= Dy — ) TSP ) = 5 D (s — ) SmPr P iy — )
i>1 i>1

1
+ Z(u?-u - u?)TSm(S(u?, U?—H) - 5(3( i Ui ui') + F(u z+17u?+1))7

i>1

where we made appear the upwind numerical flux F"PY¥ (4.10a)). Now, thanks to the Lipschitz
continuity of § detailed in (3.8) we deduce

Z(u?—i—l - U?)Tsm]:(u?auzs-l)

i>1
S Z(u?—i—l - uzrb)TSmfupw(uer?u?—&—l) (4 12)
i>1 '
+5 Z ufyy —uf) S P (= v + +k(uf, ) P gy — uf).
1>1

On the other hand, performing the same computations as in (2.15) and (2.16) and using the
definitions of 7,,, Clr, > 0 given by (2.13)), (3.11) we may write

> )T SmQui Az < > ()T Sl Az < O (u] ),>1\|£2

i>1 i>1

Adding this inequality with (4.12]) enables to get (4.11]). O

According to Lemmata [4.3] and [£.4] we have the following:

H(U?H)z‘zl\@% —H(U?)izlﬂé
2At
At n n n n n n n n
< 7”( — (Flui,uiyy) — F(uiq, ui')) / Az + Qu; ),-ZlHigm + (uf) " S F (ug, uf)

+ D (ufy = ul) S PP () + Ol (u)iza |y
i>1 "
1 _
o (i =) TSmP (= vl s+ k(g u ) 1) P (uly — ).

i>1

(4.13)

4.3 Estimates for the discrete Riemann invariants in the boundary cell and
for the discrete sequence in the domain

In this section, we associate the estimates reached in Subsections and Namely, consid-

ering (4.4) and (4.13), we now derive the following lemma:
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Lemma 4.5. Let us consider (u}');>1 € hém (N*) and let us denote 0 < R}} < 400 such that

Ry, = (= (F(uf uin) = Fluizg, uf)/ Az + Quit) o, 72
4.14
—I—m‘(7r0+7r_)(—D(p1 (1)

— 90 1 n)2
AL + P Quy .

Considering K € Mpvp( ), Cf >0, F'Y(u?,ul ) are respectively defined in (2.6), (3.11)),
(4.10), E™ defined in (3.7) satisfies

gn—i—l_gn At n 1 u n n n o, n upw/, n , n
DIV *R 2( )" SmAug +(U1)T5m(]:(U0au1) — F'PY(ug,uy))
—*Z Uiy — TS P|D|P™ ( Uiy — uy')
>0
+5 Z ufyy —uf)'s mP (=], 1 +E(uf, ) P (uf g — ul)
z>1
mAaz i 1=n)2 " en
+ (7 + 7 ) K7t 15" ke + Cr€™

Proof. Summing (4.4) and (4.13), then wusing &" defined in (3.7) to reformulate
(H(U?)izlﬂé ,mAz|(r" + 77 )pg|R,), we deduce

gn-i-l —&n
2At

At mAac

< 5 Rt (7 + 7 ) Kt |l|5" & + O™

+ Y (Ul = up) S F P (uf, upty) — mief) (70 +77)D(of — ¢f) (4.15)
i>1

+5 Z ufyy — uf) ' SmP(— v}, 1 +R(uf uf)) P ufy — o) + (uf) S F (uf, ulf).
7,>1

The rest of the proof consists in rewriting (4.15). In this regard, from the definitions of
Sm, F'PY(u, u, ;) respectively given by (2.9), (4.10b)), we deduce

S F P (uf uty ) = P~ T(7r +m(r® 7 ))P_l}"uPW(u?,u?H),
(7t +m(x® + 7)) P~ (PrtDP W) + P(n° + 77 )DP 1ul',),
(7t +m(x® +77)) (7T Dl + (7° + 77 ) Dl ),

P T
P—T

where we recall ¢ = P~lu. As a consequence, thanks to properties of the projectors

() aef+,0,—) defined in (2.1)), (4.15) reduces to
D (g — uf) TS F P (uf ufy) — m(eg) T (70 + 77 )D(g} — @p)
i>1
= (¢f1 — o) m Dy

i>1

(= ()T + 7D — 98) + (i — ) (7 + 7)) Dl ).
i>1
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Now, Lemma [A]] is appealed to reformulate the above quantities that leads to

> (U = u) TS F Y (ut ufyr) — m(f) T (70 + 77 ) D(e} — f)
i>1

_ 1 _
= — (@ (7T Dy +m(r° + 7)) D) + = (p0) T (7T + m(n + 77)) Dyl

2
| B
=52 (¢ =) (7D —m(n® +77)D) (¢ — #7)
>0
1 1
= )T S F ) + ) S — 5 Sy — TS PIDLP (i — ),
>0

where we used Sp,|D| = P~ T (7" — m(x® + 77)) P~ D. Inserting the above equality in (4.15)),
we deduce the expected upper-bound, that concludes the proof. O

To conclude this subsection, we now give an upper-bound for %(ug)TSmAug. According to

the definition of ug € RP given by (3.4), this upper-bound is obtained in the same maneer as in
the proof of Proposition 2.5

Lemma 4.6 (Upper-bound for %(ug)TSmAug). Let assume Hypothesis . Let m > 0 and
Sm € My p(R) under the form (2.9). For all oo > 0, we have

1 i 1
5 (U0) S Aug < (1+0) ax max(0, As) Il B 11%19" e + (14 )l BrOlI* 1705 e

+ (max ma(0, 2|7 B |2 + 2 masx min(0, Ap)) 7~ .
i€[L.p] 2 ieip]

Proof. According to (2.9) and to the spectral decomposition A = PDP~!, ¢ = P~y we have
nTSAn: nT+Dn nTODn nT—Dn
(ug) " SmAug = (5) 7 Dy +m(pg) 7 Doy +m(eg) 7 Dy,
= (¢f) 7 Dty + m(ph) "7 D,

< max max(0, \;)||m T @i, + m max min(0, \;)|7~@F|3s. (4.16)
i€[1,p] iefLp]

Using (3-4) to reformulate |77 %|2, then arguing the algebraic computations used in ([2:22)), we
deduce

i 1
7 @bl < 201+ @)l Br (219" e + 2(1 + )l Bl |7 45 o
+2[|7" Br |27~ -

Using this above estimate in (4.16]), we deduce the expected result that concludes the proof. [
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4.4 Proof of Theorem [B.1]
Proof. According to Lemma [£.5] and Lemma [£.6] we have

e Ay (14a) 0,23) llw* Bt IPIg" B + (14 ) 1w BrOll? [
I e— - ) max max i ™ ™ — |7 ™ ™
20t — 27T i€[1,p] o 9 Ire a #olRs

+ ( max max(0, \;) |7+ Br || + ™ ax miH(O,Ai))|W_SDO|]%§p
i€[1,p] 2 ielLp]

)

+ (uf) " Sin (F(ug, uf) — FUP (ugy, )

—*Z iy = uf) " SmPIDIP™H ufyy — ufl)

>0
1 . B
5 Z(U?H —u) S P(— V?Jr% +k(u ufg)) P (uf g — o)
i>1
mAa:

I(x° + 7 ) Kt 19" [&e + Cr™,

where K € MM,( ), Cpy > 0, F'¥(ui, u?, ;) are respectively defined in (2.6), (3.11]), (4.10).
Adding the estimate derived in Lemma [£.1] to the above inequality and using the definition of

Cq,C!, > 0, Kr,, € R given in (2.18)), we deduce

"5 B — In R | £ =€

2At 2At
mAzx -n n - n
< (Ca+ TSN + 7 ) Kt )) 15" e + Caln® @ o + Crn™ = Krmln s
At

SR ()T S (F () = FUP ()
5 Sy — )T S PIDIP (g — )

>0
+ 3 Z 7,+1 TS P(_V 1 +k(u17uz+l))P 1(“’?—%1 —UZL>

z>1

Since m > 0 is such that Kr,, > 0, the proof of Theorem [3.1] will be completed as soon as the
following inequality is satisfied:

At n n n n upw n n

= B+ ()T S (F(u, ui) = F (ug, ui)

- 72 z+1 S P’D‘P ( Uip1 — n) (4.17)

>0
1 n n\T n n o, n -1/, n n

T3 ;(Uiﬂ —uf) S P( — Vier t k(uf, uyy)) P~ ufyy —uff) <0,
where R, is defined in (4.14]). But, since

n n upw n n n n 1 n n

Fug, uf) — FP¥(ug, uy) = F(ug, uf) — 514(“1 +ug) — PV P (uf — upy),

and (v, 1 )i>o is such that (3.9)) holds, we deduce the existence of At > 0 such that (4.17)) holds
that concludes the proof. O

To conclude this section, we summarize the procedure presented in Section [3] For a given
IBVP under the form (1.1)) and a given numerical flux satisfying (3.8) and §(u,u) = Au, the
procedure is the following:
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e First, we use Lemma to determine B € M, ,(R) so that (1.1) can be reformulated
under the form (2.5).

e Second, considering S, € M, ,(R) as defined in (2.9), m > 0 has to enforce Kr,,, > 0 in
(2.18c)). Such a choice enables to define (3.10) as a criteria for the discrete stability.

e Third, according to Theorem (3.10) is reachable if the sequence (Z/Zr 1 )i>0 is such that
2
(B13) and (B.13) hold.

e Finally, At > 0 has to be selected is such a way 4.12» (or equivalently (3.10))) holds.
When m > 0 increases in ([2.9) then R} defined in (4.14) also increases and thus the time
step At > 0 decreases. In practice, m will be chosen to minimize R}, under the constraint
Kr,, > 0.

The next section gives practical applications of this procedure in numerical experiments.

5 Numerical experiments

This section is dedicated to the implementation of the numerical strategy presented before. First

of all, a practical choice of (I/Z_ 1)i>0 is proposed for some well-known numerical fluxes (Lax-
2

Wendroff or HLL) and the resulting CFL condition. Then, two numerical tests are investigated

(wave equation and relaxed dispersive wave model) and comparisons are performed with classical

approaches to emphasize the benefit of our method.

5.1 Viscous correction for standard numerical fluxes

This section gives practical choices of the viscous correction procedure (3.3]) for specific, but
commonly used numerical flux §(u, uf, ;). Namely, we consider the following form :

Bl ) = S A + i) — 5 PAPT ulhy — u), (5.1)
where A is a diagonal semi-definite positive matrix in M, ,(R). Several well-known numerical
fluxes take the form . For instance, the Lax-Wendroff numerical flux corresponds to A =
ﬁ—;D2 and the symmetric HLL (also called Rusanov) numerical flux is such that A = p(|D|)I,
where p(]|D|) > 0 denotes the spectral radius of |D|. Such numerical fluxes are obviously
consistent and they satisfy the k-Lipschitz continuity assumption with k(uj, uf, ) = —A.
Considering , and according to Theore (VZ’_ 1 )i>0 has to be selected in a such way

3.13)) and (3.14) hold. Since A € M, ,(R) in (5.1)) is a diagonal semi-definite positive matrix,
3.14)) is satisfied for the choice

V=0, Vizl. (5.2)

2

We now have to deal with v to enforce (3.13]). In the case of (5.1]), (3.13)) is equivalent to
2

1
—§(u’1‘)TSmP(A + V)P (Ul —ud) <0.
2

As a consequence, we use the following admissible choice:

vV, =
2

. { 0, if (u})TSuPAP Y (uft —uf) > 0,

A, otherwise.

19



The above formulation defines a non-linear limitation procedure to enforce . Equipped
with this procedure, the time step At > 0 has to be chosen according to . However,
is defined by global quantities that are difficult to use for the practical implementations. As a
consequence, we propose the following heuristic CFL-like condition:

At 1
E(|D| + m?X|V?+%|) <5 (5.4)

that is inspired from [925]. We now illustrate the above choices on two test cases.

5.2 Example of weak numerical instabilities

This section gives an example of weak instabilities and the relevancy of the viscous correction
(3.3) for the stabilization. In this regard, we consider the wave equations that governs u =
(ul,uQ)T € R? as follows:

Owu + Adyu =0, V(t,x)€ (Rj‘)Q,
Nu(t,0) = g(t), Vt>0, (5.5)
u(t =0,z) = u®(z), V>0,

where the matrices (4, N) € Ma2(R) x M 2(R) are given by

A:<28>,a>a N=(1 0). (5.6)

According to the above definitions, there is no null eigenvalue in A (i.e. 7° = 0) so = 0 in ([2.18))
is selected. In addition, the matrix B € My o(R) derived for (2.5 and a suitable symmetrizer
Sm € Ma2(R) are given by

V2 1 1/3 -1
B_(o 1) 273 3 )
The above formulation of Sy corresponds to m = 2 in (2.9)) and Kr,, = 0 in (2.18¢c). Let us
remark that this choice of m is such that R}, defined in (4.14)) is minimal. As a consequence,

straightforward computation shows that (3.10)) is equivalent 8™ < 0 where S™ € R is defined as
follows:

S gn—i—l _&n
2At

In order to check 8™ < 0 with the choices given in Subsection the space domain [0, 15] is

discretized with 2 000 cells and we consider the following initial and boundary conditions:

— 2alg" |- (5.7)

u™(z) = e~ (sin(277), cos(27m;))T, g(t) = sin(27t). (5.8)

Homogeneous Neumann boundary conditions are prescribed on the right side of the domain. Ac-
cording to (5.8 and since the computational domain is sufficiently large, this discrete boundary
does not influence the numerical simulation. On the left side, the discrete boundary conditions

are prescribed by ufl € R? defined in (3.4). We consider the Lax-Wendroff (LW) numerical flux
in (5.1]) then (Vin+ )i>o0 and At > 0 are selected according to (5.2)), (5.3), (5.4). We also consider

1
a classical approazch based on the approximation of with the scheme , , in
which the numerical flux §(u;, v}, ;) is chosen as the LW flux. Hence, the comparison between
the two approaches will enable to emphasize the importance of the artificial viscosity in .
Figure [2| shows the time evolution of S™ defined in ([5.7) and also the space dependency of

the solution z € [0,0.2] — wu;(t = 0.6,z), i = 1,2.
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Figure 2: Top: x € [0,0.2] — u;(t = 0.6, z) for the problem (5.5)-(5.8). Bottom: time evolution
The legend is: LW corresponds to the Lax-Wendroff scheme (|1.3]),

of 8" defined in (5.7)).
LW-+AV corresponds to the viscous Lax-Wendroff scheme (3.2)) (both schemes are endowed with

the discrete boundary conditions (3.4)-(3.6) and Ex corresponds to the exact solution).
The standard Lax-Wendroff scheme (1.3)) and its viscous version (3.2]) are both consistent but

the standard version becomes unstable close to ¢ = 0.4. The viscous correction as defined in
Subsection |5.1] ensures ™ < 0 but the numerical results for u; and ug are more diffusive.

5.3 Relaxed dispersive waves model
The second numerical experiment is devoted to the relaxation of a dispersive wave model.
Namely, we consider u = (u1,ua,v,v)" € R governed as follows:
O+ Adyu = Qu,  ¥(t,z) € (Rf)?,
Nu(ta 0) = g(t))
u(t = 0,2) = u™(x),

vt > 0,
Vo > 0,

where the matrices (4, Q,N) € (My4(R))? x My 4(R) are given by

0 a 0 -1 00 0 O
a 0 0 O 00 0 O
A= 0o 00 ol a,k,e >0, Q= oo o 1l Nz(l 0 0 0). (5.10)
2
~5% 00 0 00 —% 0
This system can be derived from dispersive Boussinesq type equations (5.13|) presented
The above A matrix is a R-diagonalisable matrix and its eigenvalues are

below.
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(v/a? + (k/€)2,0,0, —+/a? + (x/€)?). The initial and boundary conditions u'®, g are

in _ ar (k7)? w27 Tt - 5.11
U (x)_(la T TRy g(€2+7.2)) e, glt)y=e7, (5.11)

where 7 > 0 is a free parameter, and £ = \/(a7)? + (k7)2/(e2 + 72). Under the above conditions,
the exact H'((R;)?,R*) solution (5.9) is u(t, z) = u'(x)g(t) where u'™ and g are given by (5.11).
In addition, it can easily be checked

V(t,z) € (RD)?,  (u1,us,v,0v)(t, ) — (w1, wa, K20,w1, k202w ) (t, ), (5.12)
e—

where (w1, wz)T € R? is the solution of the dispersive problem (5.13). Hence, (5.9) formally
stands for an e-relaxed version of the following dispersive wave model

1- k%02 0 w1 0 a wr) 12
(6% Yo () 4 0 Dan(=) =0, v e mer

wl(ta 0) = g(t)a vt > 0,
w(t=0,z) =w"(z), Vr>0,

(5.13)

where w = (w1, wz)T € R%, a > 0 and g(t) € R. The above dispersive problem corresponds to
the formal limit € — 0 in . Equation (5.13) is called linearized Boussinesq-Abbott equation.
The solution wsy of is good approximation of surface elevation in linearized shallow water
regime. The dispersion in (5.13) induces the computation of non-local terms. This is why
several works transform this equation into an hyperbolic problem by relaxation. Note that, the
relaxation introduces zero eigenvalues (see [20,21,36|). Moreover, for 7 > 0 and considering the
following initial and boundary conditions

Wi (@) = (1, —ar//(@r)? + #2)Te VEIE, g(t) = e+, (5.14)
the solution w to (5.13)-(5.14) belongs to H'((R})?,R?) and is given by
w(t, x) = w(x)g(t). (5.15)

Now, we have to compute B € My 4(R) for the boundary conditions in (3.4). According to
(5.9), straightforward computations lead to

1

T 00 1
B 0 10 0
0 01 0
0 00 1

The second step consists in defining S, € My 4(R) under the form . Using the above
definition of B, we select m > 0 in such that Kr,, = 0 in . In addition, since
straightforward computations shows that 7+ B7? = 0, we fix & = 0 in . As a consequence,
is equivalent to 8™ < 0, where S™ is defined as follows:

gn (OG5 B + £ — (00313, +£7)
A 2At (5.16)
MAT _ ~
— (Ca + 5 (7 + 7 ) K7t l) 13" % — Caln’¢f ke — CE™,

where K € My 4(R) and the constants Cy, C},,Cy, > 0 are respectively given by (2.6), (2.18])
(3.11) (note that they can be explicitly computed in this case). Even if the inequality S™ < 0
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stands for a criteria to assess the numerical stability of the schemes, it is no longer relevant in
the regimes € — 0 because C/, ~ 5% that leads to
E—r

(5.17)

lim C, = +oc.
e—0
For the first numerical simulation, — are endowed with (a,7,x,¢)T = (1,1,1.5,1)7
and we consider the spatial domain [0, 20] discretized with 400 cells. Homogeneous Neumann
boundary conditions are prescribed on the right side of the domain. On the left side, the discrete
boundary conditions are given by ug € R* defined in (3.4). We consider the Rusanov (Rus)

numerical flux in then (1/@,’3r 1 )i>0 and At > 0 are selected according to , , .
Figure reports the exact solution (labeled as Ex) z +— (u1, ug, v, 9v)(t = 0.1,2) = u™(z)g(t =
0.1) where u™(z) and g(t) are given by (5.11), and the numerical solutions computed by the
standard solver Rus and the viscous one Rus+AV. One can observe the numerical solutions are

in a very good agreement with the exact solution. In Figure [ we plot the time evolution of §"

and we observe the two schemes are stable in the sense 8™ < 0.

1
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Figure 3: Relaxed dispersive model (¢ = 1). Left: = € [0,10] — (u1,u2,v,0w)(t = 0.1, ).
Right: x € [0,0.5] — (u1,u2,v,0v)(t = 0.1,z). The legend is: Ex corresponds to the exact
solution, Rus corresponds to the Rusanov scheme , Rus+AV corresponds to the viscous
Rusanov scheme (both schemes are endowed with the discrete boundary conditions ,
(3.6)) and Ex corresponds to the exact solution).
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Figure 4: Relaxed dispersive model (¢ = 1). Time evolution of S™ defined in (5.16]). The legend
is: Ex corresponds to the exact solution, Rus corresponds to the Rusanov scheme (|1.3)), Rus-+AV

corresponds to the viscous Rusanov scheme ([3.2)) (both schemes are endowed with the discrete
boundary conditions ({3.4), (3.6)) and Ex corresponds to the exact solution).

In a second test, we numerically investigate the convergence of the relaxation system to-
wards the dispersive equations . In this regard, we consider (a, 7, k,¢)" = (1,1,1.5,1072)7
in ,. The numerical framework is the same as before except the space domain
[0,20] which is discretized with 400 cells. Figure |5| reports the solutions at time ¢ = 0.1 ob-
tained by the standard method, the viscous one and the asymptotic solution given by .
According to , the components of the exact solution of the dispersive model is thus
W(t,z) = (w1, ws, K2Opw1, K202,w1)(t, x) where w(t,z) = (w1, w2)(t, z) is given by (5.15)-(5.14).
For clarity, the plots of the four components of the exact solution @ and the numerical solutions
are only reported for = € [0,10]. Figure |§| reports the time evolution of 8™ defined by
obtained by the exact solution of the relaxed dispersive model with € = 1072 and obtained
by the two numerical methods (Rus and Rus+AV). In this case, we observe the evolution of
S™ has no longer meaning in vertu of . However, one can observe the standard Rusanov
scheme coupled to the discrete boundary conditions — clearly fails. Regarding the
viscous version endowed with our non-linear limitation procedure , in spite of some
errors localized at the boundary, the method is genuinely more stable (see Figure @
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Figure 5: Relaxed dispersive model (¢ = 1072). Left: = € [0,10] = (u1,ug, v, v)(t = 0.1,z).
Right: : x € [0,10] — (u1,u2,v,0v)(t = 0.1,x) (only the viscous and the exact asymptotic
solutions @ = (w1, wa, K20yw1, K2OFw1)(t, x) where w(t,z) = (w1, ws)(t,z) is given by (5.15))-
(5.14)). The legend is: Rus corresponds to the Rusanov scheme , Rus+AV corresponds
to the viscous Rusanov scheme (both schemes are endowed with the discrete boundary

conditions (3.4, (3.6)) and Ex corresponds to the exact solution.
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Figure 6: Relaxed dispersive model (¢ = 1072). Time evolution of 8™ defined in (5.16]). Left:

exact and standard Rusanov solutions. Right: exact and viscous solutions.

6 Conclusion

We have proposed an explicit procedure to correct three-point finite volume schemes devoted
to the numerical approximation of linear hyperbolic initial boundary value problems. The fully
discrete stability of the corrected scheme is proved under restrictions for the artificial viscosity
and for the time step. These numerical parameters are selected with heuristic procedures in
the numerical experiments that concern the standard hyperbolic wave model and a relaxed
dispersive model. The numerical results obtained on these two test cases confirm the discrete
stability estimates. This work is a first step toward the investigation of fully discrete stability of
wave-structure interactions problems (see [3], |4], [5] and [6]). In that case, the linear hyperbolic
regime is not necessarily a good regime. Indeed, this regime omits the dispersive and non-
linear effects that play an important role in coastal areas (see [30]). In next works, we want to
generalize our strategy to non-linear and dispersive problem (such as the one in ) involving
boundary conditions.

A Technical lemma

Lemma A.1. Let us consider (¢}')i>0 C RP a compactly supported sequence such that

Sl BeAr < 4oo, Y [(oh — o)/ AzE A < oo
i>0 >0

Let also us consider D € M, ,(R) the diagonal matriz that contains the eigenvalues of A or-
ganized in descending order and also the diagonal projectors (7)1 oy given by (2.1). The
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following reformulations hold:

() D (Pha — ) Tnt Dy

i>1
1 1
= (@)Dl + ()T D — 5 (el — o) T Dl — ),
>0
(i1)  — (op) T (7% +77)D(p} — of) + Z(SD?H — M (7° + 77) Doty
i>1
_ 1 _
== () (7" +7)De + 5 (9h) (77 + 77) Dy
1 B
+5 (P =) (7" + 77) Dy — )

1>0

Proof. Concerning (i), using the standard indices translation, a direct computation gives

D (@ — o) Tt Dy

1>1
=) ()Tt Dl = (pf) Tt D}
i>2 i>1
1 1
= — (@NTTDe + Y () D — (5 + 5) D@ e Dy
i>1 i>1
1 1
= — ()7 Dl — 5 ) (@) T D+ (@) DG — 5 D (el T Dl
i>1 i>1 i>2

Reorganizing the terms, the above formulation writes

D (ef — @) Tnt D

i>1

1
== (1) 7" Dy + 5 (#6) 7 Dy

1 1
=5 2 (@D + ) (@) Dl — (Z(@?_l)TW+D¢?_1 + @37T+D<P6L)7
i>1 i>1 i>2
1 |
= — (1) Dt + (05) 7Dl — 5 D (el — el T D] — i),

i>1

that is the expected reformulation.
For (i7), with direct straightforward computations, we have

— (@0)T(n° + 77 )D(e} — @6) + > _(#F1 — o) ' (x° + 77) Do}y

i>1
= (¢p)T (7 + 77 )Dgp + > (o71) (70 + 7)) Dy — > (0) ' (x° + 77) Doy,
i>1 i>0
- _ 1 1 _
= — (1) + 7)D + (@) T(x + 7D + (5 +5) D (0T + 7Dl

i>0

= ()T (@ + 7)) Dy}
i>0

27



Arguing the standard indices translation and reorganizing the terms, we deduce

— (p) T (7 + 77)D(e} — 98) + D (1 — o) (7" + 77 ) Dol
i>1
1 ) 1 )
L@ (x4 7D + S (et) (0 + 7Dy
>0

= — () (=" +77) Dy} +
1 ) )
5 2 (@) +a7)Del = Y (97) (7 + 77Dl
>0 1>0
_ 1 _
= — () (=" +77) Dy} + 5(603)T(7T0 + 77 ) Dy

1 _
+3 Y (@l — ) (@ + 7)) Do — 1),
i>0

that concludes the proof. ]
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