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THE NEUMANN BOUNDARY CONDITION FOR THE
TWO-DIMENSIONAL LAX-WENDROFF SCHEME*

ANTOINE BENOITT AND JEAN-FRANCOIS COULOMBEL*

Abstract. We study the stability of the two-dimensional Lax-Wendroff scheme with a stabilizer
that approximates solutions to the transport equation. The problem is first analyzed in the whole
space in order to show that the so-called energy method yields an optimal stability criterion for this
finite difference scheme. We then deal with the case of a half-space when the transport operator is
outgoing. At the numerical level, we enforce the Neumann extrapolation boundary condition and show
that the corresponding scheme is stable. Eventually we analyze the case of a quarter-space when the
transport operator is outgoing with respect to both sides. We then enforce the Neumann extrapolation
boundary condition on each side of the boundary and propose an extrapolation boundary condition at
the numerical corner in order to maintain stability for the whole numerical scheme.
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stability.
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Notation. For d a positive integer and J C Z"l7 we let ¢£2 (J;R) denote the Hilbert
space of real valued, square integrable sequences indexed by J and equipped with the
norm:

def
Vue P(TiR),  ulfer) = D ul.
jeT

The corresponding scalar product is denoted (; )2(7)-

1. Introduction

We explore in this article the relevance of extrapolation boundary conditions for
outgoing transport equations in two space dimensions. In one space dimension, a general
stability and convergence theory has been developed in [3] following, among others,
previous works by Kreiss and Goldberg [5,8]. The main results in [3,5, 8] assert that,
for an explicit, one time step finite difference scheme that is stable in £2(Z;R) and that
is consistent with the transport equation:

Ow+ad,v=0, a<0, (t,r)eR" xR,

then extrapolation numerical boundary conditions at the origin yield a numerical scheme
that is stable in £2(N;R) (that is, on the half-line). The result is independent of the
extrapolation order that is chosen at the boundary. We refer to [3, Theorem 3.1] for a
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detailed statement. We aim here at understanding the influence of tangential directions
on this stability result in higher space dimension.

Numerical boundary conditions for two-dimensional hyperbolic problems have been
investigated, for instance, in [1,13], by the so-called normal mode analysis. This method
is, to some extent, optimal to characterize stability but it usually leads to rather involved
algebraic calculations that, sometimes, cannot be carried out. In this article, we rather
wish to develop an energy method in order to deal with more involved geometries as the
quarter-space. We focus on a second-order discretization of the transport equation that
was originally proposed by Lax and Wendroff [9]. This approximation does not rely
on any dimensional splitting, which prevents us from using one-dimensional arguments,
and it is second order accurate with a compact (nine point) stencil, which is a good
compromise between efficiency and complexity. We aim at exploring finite difference
schemes with wider stencils and develop a general stability theory in the future.

The plan of the article is as follows. Section 2 is devoted to the definition of the finite
difference scheme in the whole space and to the stability analysis by means of the energy
method without any boundary. Previous stability results for this numerical scheme,
such as in the references [2,9,14], were relying on the Fourier transform, which is not
convenient for half-space or quarter-space problems. In Section 2, we recover the optimal
stability criterion for the Lax-Wendroff scheme (2.2) below by only using elementary
energy arguments (discrete integration by parts and Cauchy-Schwarz inequalities). As
far as we know, even this part of our analysis is new. We then apply a similar strategy in
Section 3 to deal with half-space problems. Our main result in this section is Theorem
3.1 in which we prove that the first order extrapolation boundary condition (see (3.2)
below) maintains stability for the corresponding numerical scheme in a half-space. We
even recover a trace estimate for the solution, which is in agreement with the fulfillment
of the uniform Kreiss-Lopatinskii condition (see, eg., [6,7,10]). Eventually, we consider
in Section 4 the quarter-space with a transport operator that is outgoing with respect
to both sides of the boundary. In view of Theorem 3.1, we may expect that enforcing
an extrapolation numerical boundary condition on each side is a good starting point
for deriving a stable scheme. However, the extrapolation procedure on each side of
the boundary still leaves one undetermined quantity at each time step, which is the
value of the numerical solution at the corner of the space domain. Applying our energy
argument, we are able to propose an extrapolation numerical corner condition that
maintains stability. Numerical evidence suggests that “wrong” corner conditions may
yield a strongly unstable scheme.

2. Stability for the Cauchy problem

2.1. Definition of the numerical scheme. We consider the two-dimensional
transport equation on the whole space R?:

{&u—i—a@xu—i—b@yuzo, t>0, (z,y)eR? 2.1)

U)y—g = U0,

where a,b are some given real numbers. We make no sign assumption on a,b in this
section. The initial condition ug in (2.1) belongs to the Lebesgue space L?(R?%;R). We
consider below a finite difference approximation of (2.1) that is defined as follows. Given
some space steps Az, Ay >0 in each spatial direction, and given a time step At >0, we
introduce the ratios A % At/Az and udif At/Ay. In all what follows, the ratios A and
i are assumed to be fixed, meaning that they are given a priori of the computation
and are meant to be tuned in order to satisfy some stability requirements (the so-called
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Courant-Friedrichs-Lewy condition [4], later on referred to as the CFL condition, see for
instance Corollary 2.1 below). The solution w to (2.1) is then approximated on the time-
space domain [nAt,(n—+1)At) x [(j —1/2)Ax,(j+1/2)Az) x [(k—1/2)Ay, (k+1/2)Ay)
by a real number u? for any n€N and (j,k) € Z?. The discrete initial condition u" is
defined for instance by taking the piecewise constant projection of ug in (2.1) on each
cell, that is (see [6]):

(4, k) 2 o def 1 (G+1/2)Az  p(k+1/2)Ay "
ORISR e / / uo(z,y)dzdy.
T ANaAY S joyae o126y

This initial condition satisfies:

ArAY [0 Fogay= > AxAy(uf,)? < luoll7z g
(4,k)ez?

It then remains to determine the v}, ’s inductively with respect to n. The Lax-Wendroff
scheme with a stabilizer reads (see [9]):

, Aa ub ,
wik == 5 (W =) = 5 (e —uhk)
(Aa)? (1b)?
+ o (W = 20 ) T (W — 20 )

Aa b
n n n n
+ I (uj+1,k+1 UG k1 T U1 g1 +uj71,k71)

(Aa)? + (ub)?
T E— (U5 1 peg1 = 2050 kU

n n n n n n
=20 gy FAUG = 2uG g UG g — 22U g +uj—1,k—1)a (2.2)

where (j,k) belongs to Z2. The so-called stabilizing term corresponds to the last two
lines on the right-hand side of (2.2). This term is meant to add some (rather weak)
dissipation that improves the stability properties of the finite difference approximation.
We refer to [6,9] for alternative approximations of (2.1).

We first recall some stability results for the numerical scheme (2.2) and then propose
an energy method in order to recover the optimal stability criterion for (2.2). The
relevance of the energy method is made more precise below in Sections 3 and 4 when
we extend our approach to more involved geometries.

2.2. A reminder on the Fourier approach. The ¢? stability of the iteration
(2.2) was first analyzed in [9] (for symmetric hyperbolic systems) by means of the
numerical radius of the amplification matrix. When one specifies the result of [9] to the
scalar case, the main result of [9] shows that (2.2) is stable in ¢2(Z?;R), that is:

VneN, [u" gz <[[ule @),

if, and only if, the parameters A, satisfy the restriction:

(Aa)?+ (ub)* < (2.3)

M| —

The extension of this result to symmetric hyperbolic systems is the purpose of [2,9,14].
However, all these references are based on Fourier analysis and a sharp estimate of the
numerical radius or of the norm of the amplification matrix. This technique is of little
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use for half-space or quarter-space problems as we intend to study below. We thus
propose below an alternative proof of the stability result of [9] for (2.2) by using the
energy method. We restrict for simplicity to the scalar case since our main concern
is to deal with extrapolation procedures for outgoing transport equations. Our goal
is to recover the same sufficient condition (2.3) for stability of (2.2) in ¢3(Z*R) (the
necessity of (2.3) for stability is proved in [9] by computing the amplification matrix at
the frequency (m,7)).

2.3. The energy method. We now explain how the energy method gives the
optimal stability criterion (2.3) for (2.2) on the whole space Z2. Our main result is
Corollary 2.1 at the end of this section. Since the result is not new, we rather focus on
the method and all intermediate steps and postpone the statement of the main result to
the end once all preliminary steps have been achieved. We thus start from the Definition
(2.2) and decompose u?‘gl into three pieces:

. 2 n+l__,n n n
Y(j,k)eZ”, iy =ug g — Wi+,

n n .
where vl and wi) are defined by:

def Aa b

Uk = — o5 (U?H,k *U?—l,k) Y (u?,k-&-l *U;},kq)a (2.4a)
def  (Aa)? (ub)?

wie = =5 (W = 205 i ) = 5 (W — 200 )

Apab
n n n n
T (uj+1,k+1 Ui k1~ U1 kg1 +’u’j71,k71)

(Aa)? + (ub)?
T (U1 pp1 = 2041 g F U

—2uf g HAUT = 20T g U gy —2uf g, +U§L71,k71)7 (2.4b)
It will be useful below to use operator notations in order to highlight symmetry or

skew-symmetry properties. We thus introduce the following discrete first order partial
derivatives and Laplacians:

def def
(D14 U)j 0 = Upprk—Ujk, (D1, -U)jx = Ujk—Uj 14,
def def
(D2t U)ok S Ujpr —=Ujy (D2, -U)jk = Uk —Ujp—1,
def D1 ++ Dy — def Do 4+ Do _ def def
D= L T 5 Lo Dy o= 2 T > 2o OAE Dy Dy, A= Dy Dy _.

In order to keep the notation as simple as possible, we write below D; ;u; j rather than
(D1 +u);,r and analogously for other operators. We hope that this does not create any
confusion. With such definitions, the operators D; o and Ds are skew-selfadjoint on
(?(Z?%R) and the operators A1, Ay are selfadjoint on ¢?(Z?;R), see [6] (this is known
as discrete integration by parts or Abel’s transform). We also have D} _=—D; ; and
D3 _=—Dy , for the (5 )e2(z2) scalar product. Let us eventually observe that all oper-
ators defined above commute, which will also be useful below.
The above definitions allow us to rewrite (2.4) in a compact form as:

o3 AaDq gu” — ubDs gu™, (2.5a)
b 2

Aa)? b)? Aa)?
" déf — %Alu” — %Agu” — )\‘LLabDLoDQ,o’LLn + %
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As a consequence, we observe that v™ gathers all the skew-selfadjoint operators acting
on u” and w™ gathers all the selfadjoint operators acting on u™. In particular, we easily
obtain the following relation:

[u" e z2) = 1 o 22y = 0" o 22y + 10" 22y = 20u™ w2 a2y, (2.6)
because v" is orthogonal to both u™ and w™ in £2(Z*R). The stability analysis of
the Lax-Wendroff scheme (2.2) in the whole space Z? then relies on the following two
results, whose proof will be given below.

LEMMA 2.1. Let u™ € (*(Z*R), and let the sequences v™,w™ € £*(Z?;R) be defined by
(2.5). Then there holds:

n n.n (Aa)? o (1b)? A n
v H§2(Z2)_2<u sw") g2 (z2) = — 4 1A ||?2(22)—THA2U ||?2(22)
(Aa)? + (pb)?

-4 ||D1,+D2,+UnH§2(Z2)~

PROPOSITION 2.1.  Let u™ € (?(Z*R), and let the sequence w™ € (2(Z*;R) be defined
by (2.5b). Then there holds:

A" ) <2(00) + (10)) { Q) | 810" B ) + (D)% | D™ B )

+((Aa)2+(ub)Z)\|D1,+D2,+un|\,§2(zg)}. (2.7)

The remainder of this section is devoted to the proof of Lemma 2.1 and Proposition
2.1. In the end, we explain how these two results give a stability, and even a dissipativity,
estimate for the Lax-Wendroff scheme (2.2) under suitable CFL conditions. Before
proving Lemma 2.1 and Proposition 2.1, we first state a crucial lemma which will be
very useful below and will also guide us in the analysis of the half-space and quarter-
space problems.

LEMMA 2.2. Let U € (*(Z*R). Then there holds:

1
1D1,0U 172 2y = 1 D1,4 UllZe 22y = 3 180U 122 229, (2.82)
2 2 1 2

1D2,0U |72 (z2) = | D2, Ull72 (22 — ZHA2UH42(Z2)7 (2.8b)

1D1,0D2,0U1[72 (z2) = | D1,+ D2+ Ul z2)

1 1 1

- Z”DLJrAQU”??(Z?) - ZHD2,+A1U||?2(Z2) + T6||A1A2U||32(zz)~ (2.8¢)
Proof. Let us start with (2.8a) and (2.8b). Given three real numbers

U;~-1,U;,Uj41, there holds the relation:

Uir1—Uj—1)? (U1 —2U;4+U;—1)* 1 1
(Ursa 1 i=1) +( A 4J =) :i(Uj+1*Uj)2+§(Uj*Ujfl)2. (2.9)

We now observe that for a square integrable sequence U € ?(Z;R), the two terms on
the right-hand side of (2.9) have equal sum:

S (Ui —Uj)*=> (U;j=Uj-1)*

JEZ JEZ
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Consequently, given U € £2(Z;R), we have the relation (with rather obvious notation for
sequences indexed by Z rather than by Z?):

1
YU € C(Z:R),  1DoU 72 2) = 1D+ Ul z) = 7 1AV - (2.10)

This formula implies both (2.8a) and (2.8b) by using Fubini’s theorem, that is by sum-
ming first with respect to j or k.

The last formula (2.8¢) in Lemma 2.2 is a consequence of (2.8a) and (2.8b) by
computing (use (2.8a)):

1D1,0D2,0U |72 22y = | D14 D2,0U |72 z2) — iHAlDZOUH??(Z?)v
and by then using (2.8b) for each of the two terms on the right-hand side (since Ds g
commutes with both D; 4 and Aq). ]
We can now prove Lemma 2.1.
Proof. (Proof of Lemma 2.1.) Let u" € ¢*(Z*;R), and let the sequences v™,w™ €

(?(Z*;R) be defined by (2.5). For simplicity, we introduce the notation a®\a and
ﬂdéf ub. Dropping the n superscript for simplicity, we then compute:

||UH§2(Z2) - 2<U§w>e2(z2) =a’ HDl,OuH?Z(Z?) +2 ”DQ,OUH??(Z?)
+2aB(D1 ou; Do o) g2 (72) +2a8{u; D1,0 D2 0u) 2 (72)
+ o (u; Aqu) e z2) + B2 (u; Aou) g2 (z2)
o?+ B2
4

Since the operator D o is skew-selfadjoint, we observe that the two terms in the second
line of the right-hand side cancel each other. In the third and fourth lines, we write
Al = —(D1’+)*D1’+, AQ = —(D2,+)*D2’+, and AlAQ = (D1’+D2)+)*D1’+D2,+ to obtain:

(u; A1 Agu) g2 72y

o) ) — 250} 22y =0 1Dy gl 2y — 1D,y ) )

+ 82 (D30l ze) ~ 1 D2yl
042"’62

D14 D2 ull g2y

It remains to apply relations (2.8a) and (2.8b) from Lemma 2.2 to complete the proof
of Lemma 2.1. ]
We now turn to the proof of Proposition 2.1.

Proof. (Proof of Proposition 2.1.) Let u"€/?(Z?%R), and let the sequence
w" € (2(Z?;R) be defined by (2.5b). We use again the short notation a 4 \a and B ub,
and drop the n superscript for simplicity. We compute the expression:
Al|wl|72 g2y = | Avul| 72 g2y + B | Aoullf 22y + 207 B2 (Aru; Agu) 2 22y
(a2 +32)?
16
<A1A2U;042A1u+52A2U>g2(22)

+4O¢262||D170D2,0u||§2(22) +

B a?+ 52
2

141 Agu|fe 72
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—|—4a[3<D170D2,0u;a2A1u—|—52A2u>gz(22)
— (a2 +ﬁ2)a/6’<D170D2,0u; A1A2u>52(zz) .
For the (Aju;Agu) 2 (z2y term in the first line, we use the very crude estimate:
2(A1u; Agu) g2 (z2) < || Avul|a g2y + | Agul|72 22
For the first term in the second line of the right-hand side, we use the inequality:
40?5 = (o +5%)* = (a® = §%)? < (o + 57, (2.11)

and we then use the relation (2.8¢c) of Lemma 2.2. For the (AjAqu;a?Aju+
/82A2U,>g2(z2) term (appearing in the third line), we use the relations Ay =—(D; +)*Dy +
and AQ = —(D27+)*D27+. At 18,8137 for the <D1,0D270U;A1A2U>g2(22) term in the fifth line,
we use the facts that D; o is skew-selfadjoint and that Ag is selfadjoint. Collecting all
the contributions, we are led to our first preliminary estimate:

Awlf z2) < (0” +67) (OéQ 1ALl g2y + B2 Azullf z2) + (0 + B7) \|D1,+D2,+UII?2(22))

(a®+5%)? 2 2 2
+ T ||A1A2u||f2(zz) +4aﬁ<D1’0D2,0u;a Au+p A2u>42(22)
(0®+5%)
+ 5 02 =) (D2 Al sy = 1D Asulfe o)
—I—(a2—I—62)046(D1,0A2u;D270A1u>42(zz). (2.12)

Let us observe at this stage that the first line on the right-hand side of (2.12) is precisely
half of the right-hand side of (2.7). We are, to some extent, half way down the road.
The analysis now splits in two steps.

e Step 1. The bound from above for the norm of w first relies on an estimate of the
terms in the third and fourth lines on the right-hand side of (2.12). For later use, we
therefore define the quantity:

A (o p?) (||D2,+A1U||§2(22) - ||D1,+A2U||§2(22)) +4aB8(D1,0A2u; D2 0 A1) g2 (72).
(2.13)
The estimate (2.12) thus reads:
4”“’”?’2(22) S(QQ‘FBZ)(OZQHA1U||32(22)+52HA2U||§2(22)+(Oé2+52)HD1,+D2,+U||?2(ZZ))
(a2 + B2)?

+ T ||A1A2U||?2(Zz) +4046<D170D270U;042A1u+52A2U>g2(z2)

(a®+5%)
+ TA.

By the Cauchy-Schwarz inequality, the Definition (2.13) gives:
A= (? =B (I1D2+ Avullfe oy = D1, Dol zz))
+4|a|Bl[D1,0Azulle2(z2) | D20 Arull 2 (z2)-
We then use the estimate:

4araza3as < (a% —i—a%) (a§ —|—ai)7
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that is valid for any four real numbers a;,a2,as3,a4, and obtain:
A= (0® =) (1D, Aullfagzy — D1+ Bgulfe s )
+(a?+5%) (||D1,0A2U|\?2(zz) + HD2,0A1UH§2(ZZ)>-
We now use the formulas (2.8a) and (2.8b) to get the estimate:

(a? +B2)

A<20®| Do Avul|fo gz +26%| D1, Aou|fa ) — 1818207 72

We use this estimate of the term A in (2.12) to derive the intermediate estimate:

AwllEa gy < (@2 +82) (0211 A1 ulf ze) + B2 AzulE za) + (02 + B2) | Dyt Day ey )
a2+62
2

+ (a21D2+ Avullfe oy + B2 Drs Aguul ez
+4aﬂ(D1’0D2,0u;a2A1u+62A2u>52(zz). (214)

e Step 2. We now define the quantities:

ca+
B, F D2, Avul|72 g2y +4aB(D1 0 D2 .ou; Ay ) 2 (22), (2.15a)

Bgdefa +5

HD1’+A2UH52(22 +4a6<D1 0D2 ou; AQU)gz(Zz) (2.15]3)

The estimate (2.14) thus reads:

4Hw||§2(z2) §(02+52)(QQHAWH%?(W)+52HA2“||?2(Z2)+(042+52)HD17+D2,+U||§2(ZZ))
+a’B; +B°Bo. (2.16)

The final task is to analyze the terms By and Bs defined in (2.15) in order to derive the
final estimate (2.7). To do so, we define the following average operators on ¢%(Z%;R):

(A1su); def Ujt1, EtUjk (Ar_u) def Uj k+Uj—1k

2 ) U)jk = 2 )
def Uj k+1 T Uj k def Ujk + Uj k— 1
<A2:+u)jak = 9 ) (A2 - )J k= 2

It is not hard to see that for the ¢2(Z?;R) scalar product, there holds (A1 4+)*=A; _
and (Ag 4+)*=As _. Furthermore, we have the relations:

Dio=D1,+A1,-=D1 A1+, Doo=Dz4A>_ =Dy Ay,

and all operators commute. Using the Definition (2.15a) and the relation (As _)* = A3 4,
we get:

« +B2

By = D2, Avul|f2 g2y +4aB{D1,0Da s Az 1 Aru) 2 (z2)

o« —1—52

D24 Avu|f2 g2y +40B{A1, - D1y Dy yu; Az  Agu)e(z2)

<a +52

D2, + A z2) +4lel | BI| A1, D14 Do,y ull 2 z2) | Az 4 Avul 2 z2) -
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In particular, we get:

a2 + B2

B < 25 HD2,+A1U||?2(Z2)+(042+52)<||A1,—D1,+D2,+UH?2(Z2)+HA2,+A1UH§2(Z2))-
(2.17)

For any sequence W € (?(Z%;R), we compute:

1 1
||A1,—WH?2(ZQ)+i||D1>—W||?2(ZQ):1 > Wik+Wian)?+ Wik —W;_1x)”
(4,k)€2?
=[|W1|7% ),

and a similar result holds with operators (A; +,D1 +) on the left-hand side instead of
(A1,-,D; _) (and similar relations, of course, with (As y,Ds 1) or (A2 —,D5 _)). Using
these relations in (2.17), we end up with our first upper bound for the quantity B in
(2.15a) (the estimate for the quantity Bz in (2.15b) is obtained similarly):

By < (a®+82) (1A 1wl sy + | D1, Dz s lfze) ), (2.18a)
By < (02 +6) (1800l g2) + | D1+ Doy ullagany ). (2.18D)

Using the estimates (2.18) in (2.16), we obtain the estimate (2.7) of Proposition 2.1. O

Our final and main result, that actually dates back to [9], is a direct consequence of
Lemma 2.1 and Proposition 2.1. The main difference here with [9] is that our whole
proof is based on the energy method and bypasses Fourier analysis.

COROLLARY 2.1. Let a,beR and let us assume that the CFL parameters A and p in
(2.2) satisfy:

(ha)?+ (b =157, (2.19)

for some real number § €[0,1]. Then the two-dimensional Lax-Wendroff scheme (2.2)
with an initial condition u® € (?(Z*R) satisfies:
n n 6 n n
VnEN, s — [0 agzn) <~ ()N A e oy + () [ Ao oz )
(2.20)
Proof. We first go back to the relation (2.6) and apply Lemma 2.1 and Proposition
2.1 for the terms on the right-hand side. This gives:

Hunﬂ H?Q(ZQ) - HUnH?z(zz)
Aa)? b)?
<(- 120 2002) x (D180 ey + L 0

Aa)? + (ub)? n
+%HDL+D2,+U 72 z2) ) -
The result of Corollary 2.1 follows immediately. ]

The first consequence of Corollary 2.1 is that, under the CFL condition (2.19),
that is, when (2.3) holds, the scheme (2.2) is stable in £?(Z?;R) since the sequence
(llu™]|¢2(z2) )nen is nonincreasing. We thus recover the optimal stability criterion (2.3)
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without resorting to the amplification factor of (2.2). Moreover, if § is positive in (2.19),
that is, if there holds the strict condition:

(M) + (ub)? < 5,

with furthermore a0 and b#0, then Corollary 2.1 shows that the scheme (2.2) is
dissipative of order 4 (in the sense of [6, Definition 5.2.1]). The crucial point of the
above analysis is that Lemma 2.1 and Proposition 2.1 are obtained by using (discrete)
integration by parts and Cauchy-Schwarz inequalities. The method of proof bypasses
Fourier analysis and thus has a chance to extend to more general spatial domains. This
is precisely such an extension which we explore below, first in the half-space geometry
and then in the quarter-space.

3. The half-space case with the Neumann boundary condition

3.1. The main result. The method we have used in Lemma 2.1 and Proposition
2.1 will now guide us in our analysis of the Lax-Wendroff scheme (2.2) in a half space
with the so-called extrapolation (or Neumann) boundary condition. Namely, we now
consider the following outgoing transport equation in a half-space:

{@u—&-a@lu—&-b@yuzo, t>0, (z,y)eRT xR, (3.1)

Ujy—g = U0,

where we assume a <0, so that no boundary condition is required at the boundary
{z=0} of the space domain.
For any j€Z, the numerical scheme (2.2) requires the knowledge of the ui_q k'S,
n+1,

k€Z, in order to determine the u};"’s. For the half-space problem (3.1), we use the

discrete set of indices T Nx Z for the interior values of the numerical solution. We
also use the notation J %' ({=1}UN) x Z for the full set of indices corresponding to the
cells on which the numerical solution is defined (including the so-called ghost cells that
correspond to j=—1 in our notation). The grid is depicted on Figure 3.1 below.

We consider from now on the so-called extrapolation (or Neumann) boundary con-
dition:

VneN, VKEZ, u’y,=ul (3.2)

in conjunction with the numerical scheme (2.2) for (j,k) €Z (that is, for interior values).
It is useful below to define the Hilbert space H of real valued, square integrable
sequences on J that satisfy the extrapolation boundary condition (3.2), that is:

Hd:ef{ueﬁ(j;m) | VkeZ, u,lyk:uovk}. (3.3)
The norm on H is defined as follows:
def
vueH, [ul3% S 2, (3.4)
(4,k)eZ

that is, we only use interior values of u to compute the £2 norm. One easily verifies
that the space H equipped with the above norm is a Hilbert space. Given u” € H,
our numerical approximation of the solution to (3.1) consists in determining u"*! by
imposing (2.2) in the interior cells indexed by Z (that is, for j €N) and by requiring
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Fic. 3.1. The grid for the half-space problem. Interior cells appear in blue and the boundary
(ghost) cells appear in red. The value u?, corresponds to the approzimation in the cell [jAz,(j+

1)Az) x [kAy, (k+1)Ay).

u" Tt €H to determine the values in the ghost cells, that is by imposing (3.2) at the
following time step:

VkeZ, uﬁfk ugJ,gl.
In this setting, our main result is the following.

THEOREM 3.1. Let a<0, beR, and let the parameters X\, p satisfy the stability
condition (2.3). Then the numerical scheme consisting of (2.2) on T with the extrapo-
lation numerical boundary condition (3.2) and an initial condition u® € H satisfies the
following property: for any n €N, there holds:

Ial (Aa)2+(1w)2
™M 3, = ™13+ == Y (uge)? 16 > (Agug,)* <0.
k€EZ keZ

In particular, summing with respect to n €N, there holds:

" Aa Aa)? + (ub)? n
sup [+ 25 5 50+ Gt PO ST S a2 <2 B

nENKEZ nENKEZ

Actually, we could recover some dissipation term (as in the right-hand side of (2.20)) if
(2.3) were satisfied with a strict inequality, but we rather focus here on the fact that we
get a trace estimate for the numerical solution (and some extra control of the tangential
Laplacian of the trace provided that the tangential velocity b is nonzero). The trace
estimate provided by Theorem 3.1 strongly suggests that the uniform Kreiss-Lopatinskii
condition is satisfied'. The rest of this section is devoted to the proof of Theorem 3.1.
We follow the lines of the proofs of Lemma 2.1 and Proposition 2.1.

1The verification of the uniform Kreiss-Lopatinskii condition requires considering nonhomogeneous
boundary conditions, which would give rise to many additional terms.
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3.2. Proof of Theorem 3.1. We extend the method of Section 2 to the
numerical scheme defined by (2.2) on Z with the numerical boundary condition (3.2).
In Section 2, the starting point was the energy balance (2.6) that used the orthogonality
in £2(Z?;R) of v™ with respect to both u™ and w™. We first clarify how this extends to
the half-space problem we consider here.

LEMMA 3.1. Let a<0 and beR. Let u™ € H, and let the sequences v™,w™ be defined
on the set of interior indices T by (2.5). Then there holds:

2(u"0") 22y =—Ma| Y (ugp)?, (3.5a)
kEZ
2<’U sw >g2(I):—TZU07kA2’LL07k+1. (35b)
keZ

The proof of Lemma 3.1 will use the following result which we state independently
for the sake of clarity. Lemma 3.2 is an extension of the properties D} ;=—D; ¢ and
A} =A; that we used in the whole space Z2.

LEmMMA 3.2.  Let U,V €H. Then there hold the relations:

(Us A1V )22y = (A1U; V)27, (3.6a)

(D1,0U;A1U) g2(z) =0, (3.6b)

<U;A1U>E2(I) = _HDI,-Q—UH%(I), (36C)
1

I1D1,0Ule2(z) = |1 D14 Ull2 ) — EHAlUH??(Z)' (3.6d)

Proof. Let U,V € H. We compute:
(U A1V) 22y — (AU V) 21

> UpitVisrh=UimiVie+ Y UpiVictke = Ui iV
§>0,k€Z §>0,k€Z

By performing a change of indices, we find that each sum on the right-hand side is
telescopic and we get:

(U; A1V) g2 (1) — (AU V) 21y = ZU—l kVOk+ZUO K Vo1 k-
keZ keZ

The latter right-hand side vanishes for U,V € H since we have U_; ;=Up and V_; ;=
Vo,k for any k €Z. This completes the proof of (3.6a).
We now prove (3.6b). Let U € H. For any (j,k) €Z, we have:

1
(D1,0Ujk)(A1Ujx) = 5 (D14 Uje + D1, - Uj ) (D1, Uji = D1, - Uj)
1 1 1
= 5 (D1,:U)? = 5 (D1,-Uj)* = 5 D1, { (D1,-Ujin)? .
Summing with respect to j €N and k €Z, we end up with:

1 1
(D1,0U; AU p2(1) = 3 kze;DLon,k)z =-3 ;Z(Uo,k ~U_14)*=0,

which completes the proof of (3.6b).
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For (3.6¢), we consider U € H. Then for (j,k) € J, we define Vj CléfD17+Uj,k. We
compute:

(U; A1U) 21y = Z Ujk(Vik—=Vicik) Z U Vi — Z Ujt1.6Vjk

(4,k)ET (4,k)ET (4.k)eT
== > VA=Y UoiVork,
(j.k)ET kEZ

and the conclusion follows because V_; ;, vanishes for any k € Z (since U belongs to H).
Eventually, for the relation (3.6d), we start from the algebraic relation (see (2.9)):

Ujr1—Uj-1.6)° 4 Wik =205 + Uj-1.k)°
4 4
1

1
=3 (Ujp1—Usn)* + 5 (U= Ujer)’

we sum with respect to k€Z and j €N, and obtain (using U € H):

1 1 2
[ D1,0U|le2(z) + 1 1810122y = 1D1,+U 72 (z) + 3 > (Uok—U-1x)",
kez T o
which completes the proof of (3.6d). d
Let us now proceed with the proof of Lemma 3.1.

Proof. (Proof of Lemma 3.1.) Let u™ € H, and let the sequences v™,w" be defined
on the set of indices Z by (2.5). We omit the superscript n below for the sake of clarity.
For (j,k) €Z, we have:

2u; i (Dr,ou k) = gk (Uj 41,k — -1 k) :D1,+{Uj—1,kuj,k}~
Arguing similarly with Dj ¢ rather than D o, we get the relation:
V(j,k) €L, 2ujrvjr= —)\aD17+{uj,1,kuj’k} —ubD2,+{uj7k,1uj’k}.
Summing with respect to (j,k) €Z, we end up with:

2(u;v) g2 (1) = /\aZu 1ku0k—/\az uOk ,

kez keZ
where we have used u_1  =uo . This gives (3.5a) since a is negative.
We now turn to the proof of (3.5b) and keep omitting the n superscript for the sake

of clarity. We also use the notation a® \a and ﬂdﬁf 1b. The definitions (2.5) allow us
to expand the scalar product of v with w and get:

2(v;w) g2 (1) = (D1 0u; A g2 (1) + B2 (Da,ou; Aott) g2 (1)
+ (D1 ou; Agu) ez 1) + o B{Da gu; Ayu) 2 1)
+2a8%(Da,0u; D19 D2 ou) g2 (1) +20° B(D1 gu; Do g D1 o) g2 (1)
a?+ B2
4

<A1A2u;OéD17QU+BD270u>gz(I). (37)
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Let us start with the terms <D27QU;A2U>[2(I) and <D170U;D270D170U>g2(1) in (37)
By applying Fubini’s theorem, we can compute the sum over Z by first summing with
respect to k €Z and then summing with respect to 7 € N. However, the operator Ds g,
resp. Ao, is skew-selfadjoint, resp. selfadjoint, for the ¢?(Z;) scalar product (for any
fixed j). For instance, given any j € N, there holds:

Z(DZ,Ouj,k)(A2uj,k) =0,

kEZ

since j is a parameter and the computation is merely one-dimensional. Applying this
argument, we obtain:

(Da,0u; Agu) g2 7y = (D1,0u; D20 D1 o) g2 (1) =0,

that is, the two terms from (3.7) that were under consideration, vanish. Moreover,
Lemma 3.2 shows that the (D1 ou; Aju)e2(7) term in (3.7) also vanishes. We thus obtain
the simplification:

2(v;w) 2 (z) =B (D1 ou; Agu) 2 (1) + 0 B(Daou; Ayu) 27
+2a8%(D3,0u; D1,0D2,ou) 2 (1)

042+ 2 Oé2+ 2
- 4 5 OI<A1A2’LL;D170’UJ>52(Z) — B

B(A1Au; Dy gu)e2(7)-  (3.8)

Let us now look at the (Dg ou; Aru)e2(z) and (A Agu; Do gu)e2(7y terms in (3.8). Since
u belongs to H, we also have D; gu € H because Ds o acts tangentially with respect to
the numerical boundary. Applying Lemma 3.2, we thus have:

(D2,0u; Aru) g2 (1) = (D2,0A1u51) g2(7) -

Then summing first with respect to k€Z, we can use the skew-selfadjointness of D g
and get:

(D2,0u; Ayu) ey = —(Aru; Do ou) g2 (1),

which means that the (Djou;Aju)e(zy term in (3.8) vanishes. An entirely similar
argument shows that the (A;Aou; Dy gu)e(zy term in (3.8) also vanishes, and we are
left with:

2(v;w) g2 (7) = B (D1,0u; Aot 2 (1) + 203% (Do ou; D1 o D2 ot g2 (1)
042 +/62
4

a(A1Aqu; Dy o) g2(7)- (3.9)
We now look at the (A;Asu; Dy gu)pz(z) term of (3.9). Summing first with respect to
k€Z, and using Ay =—(Dy 1 )*Da y in ¢?(Zy), we obtain:

(A1Aou; Dy gu)p2(7y = — (A1 D2 1 u; D10 D2y u) ez (1)
1
> D1,+{(D1,—D2,+uj,k)2}

2
j>0,keZ

1
T2 Z (D2, 4o, — D2,+u—1,k)2 =0,
keZ
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where we used in the end that u belongs to H (hence ug ; =u_1  for any k€ Z, which
implies that Dy g =D 1u_1 1 for any k€Z). At this stage, we have obtained the
(much simplified) expression:

2<’U;’w>gz(1) = a52<D1,0u; A2u>gz(1) + 2Oéﬂ2 <D270u;D170D2,0u>52(1), (310)

and it only remains to compute the two scalar products on the right-hand side (these
will give boundary terms that contribute to (3.5b)).
For any sequence V € £2(7;R), we have:

2(ViD1oV )2z = Z D1,+{Vj—17kv‘7k} = _ZV—LkVOJc- (3.11)
j>0,keZ keZ
Going back to (3.10), we first sum with respect to k€Z to get the expression:
2(v;w 27y =—af*(D1,0Da 1 u; Do )27y +208% (Da,ou; D1 o D2 gt g2(7),
and we then use (3.11) to get:

ap?

3 Z(D2,+U—1,k)(D2,+UO,k) —aff? Z(DQ,OU—l,k)(DQ,OUO,k)-

kEZ keZ

2(v;w>@2(1) =

Since u belongs to ‘H, we thus get:

aB?
2{vjw)exz) =~ D (D ug k)’ —aB®> (Ds oo ).
keZ kEZ

Using the relation Dy o= (D3 ++ D2 _)/2 and expanding, we get:

af? af? 9
2(vw) 2 (1) = ——5— E Da g Do yuor=—— E uo,k D3 1 uo k -
2 2 N
kezZ kez
=A2uUQ k41
This gives (3.5b) (recalling the definitions of o and 8 and a:<0). |

A direct consequence of Lemma 3.1 is the following result (which will be useful in our
final argument for proving Theorem 3.1).

COROLLARY 3.1. Let a<0 and beR satisfy the stability condition (2.3). Let u™ € H,
and let the sequences v™,w™ be defined on the set of interior indices T by (2.5). Then
there holds:
200w ) g2 () — 2(u™50" ) e2(7) > TZ(UM)Q—(Hb)2TZ(A2uo,k)2~
kEZ kEZ

Proof. We apply the Cauchy-Schwarz and Young’s inequalities on the right-hand
side of (3.5b) to get:

a 2 2 a 2 2
2050 e > ~ oty S )~ () S S
kEZ kEZ

Using Young’s inequality and (2.3), we also have:

1

al(1b)? < —=(Aa)*(ub)* +

1
> 2\@(ubf <

Sl
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which gives (this bound is far from being sharp but it is sufficient for our purpose):

Alal (M)2 + (pb)? n
2y~ S o QO S g
kEZ kez
Combining with (3.5a), the claim of Corollary 3.1 follows. d

We now state and prove the analogue of Lemma 2.1.

LEMMA 3.3.  Let u™ €H, and let the sequences v™,w™ € {*(Z;R) be defined by (2.5).
Then there holds:

(ub)

[0 1722y — 2(u"™;0™) g2 () = — 1

_ (Aa)?+ (ub)?
4

HAlunH??(I) HA2UHHZQ(I)

||D1,+D2,+UnH?2(I)'

Proof. 'We drop the superscript n for simplicity, and use again the notation « def Aa,

6dff b. We thus consider u € H. Using the Definition (2.5), we compute:

||U||z%2(z) —2(usw)e2(z) =a? HD1,0U||32(I) +5? ||D2,OUH?2(I)
+2a3(D1 ou; Do gu) g2 (1) +23(u; D10 D2 ou)e2 (1)

a2 + 2
+a? (u; Avu) g2 (1) +52<U;A2U>g2(z) — B

(u; A1 Agu) g2 (7).

By first summing with respect to k € Z, we can use the skew-selfadjointness of D5 o
on ¢?(Z;R) and find that the two terms on the second line of the right-hand side cancel
each other. We thus get:

0l (z) — 2(wsw) 2 (7) = (||D1,0UH?2(I) + <U§A1U>52(I))
a2+62
4

+32 (||D270u||§2(z) + <U;A2u>z2(1)) - (u; Aq A2u>gz(z).

Using the relations (3.6¢) and (3.6d), we get:
1
D1 0ull 72y + (us A w) 2 (1) = _Z”Alu”?Z’(I)

Summing first with respect to k and using the one-dimensional analogue of (2.8b) (there
is no boundary term since we sum with respect to k €Z), we also get:

1
D2 ,0ul|?2 )+ (u; Aou) g2 2y = ~1 [ Agull?s 7

We are thus led to the expression:

o 4 32
_TB<U§A1A2U>62(I)o

a? B
||”H%2(I) —2(uyw)e2(7) = vy ||A1U||§2(z) 1 ||A2U||§2(z)
For the last remaining term on the right-hand side, we first sum with respect to k

and use the relation Ay=—(Dy )*Ds 4 for the £*(Z;R) scalar product. We get:

2 . _ 12 A 2 /672 A 2 +ﬂ2 A
||U\|22(I)—2<U7w>e2<z)*— 4 I 1u||/z2(1)— 4 Il 2“”/@(1)‘*‘74 (Do, +u; 1D2,+U>e2(1>7
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and it then remains to use the relation (3.6¢) of Lemma 3.2 (which is valid since Da yu
also belongs to H). We end up with the expected relation:

O¢2+ﬂ2

a2 ﬁ2
[0]|72z) = 2(u;w) 2 (2) = 7 [AvullZz) — T [AgulZr) — D14 D2 ullz 1)

This completes the proof of Lemma 3.3. O

As in Section 2, the main point in the proof of Theorem 3.1 is an estimate of the
norm of the term w” that is defined in (2.5b). The analogue of Proposition 2.1 in
the half-space case with the extrapolation numerical boundary condition (3.2) is the
following result.

PROPOSITION 3.1.  Let u™ € H, and let the sequence w™ € £*(Z;R) be defined by (2.5b).
Then there holds:

n Aa)® + pb § n n
4||lw ||%2(I)+(ub)2%Z(A2uo,k)2§2((Aa)2+(ub)Q){()\a)ZHAw ||§2(I)
kez

+(ub)2llA2U"II§2(z>+((Aa)2+(ub)2)||D1,+Dz,+U”H§z<z)}- (3.12)

Proof. The proof follows the method that we have used when proving Proposition
2.1, except that we need to take boundary terms into account when we use integration

by parts with respect to the first variable j. Once again, we use the notation a® \a
and 8 def wb and drop the superscript n for simplicity. We first compute:

Al|lwl|2 ) = || Avullfz )+ B Agulla )+ 207 B7(Aru; Agu) 2 1)

(a2 +32)?
16

(A1 Asu; 0 Agu+ B2 Asu) (1)

+4a?p° ||D1,0D2,0u||?2(1) +

a2 +B2
2
+4aB(D1,0Da,ou;o® Ayu+ B2 Asu) e 1)

— (&®+B*)aB(D1,0D2,0u; Ay Agtt) g2(7),

||A1A2u||?2(z)

and we use the same crude estimate as in the proof of Proposition 2.1 for the
(Aru; Agu)ge(ry term. For the 4a”B%|| D1 gDaoul|fz 1) term, we first use the inequal-
ity (2.11) and then the relation (3.6d) of Lemma 3.2 and combine it with (2.8b) of
Lemma 2.2 to obtain the analogue of (2.8¢), that is:

|D1,0Da,0ul|72 () =) D14 D2, ull2 7
1 1 1
- Z||D1,+A2u||?2(z) - Z\\D2,+A1U\|§2(z) + 1—6||A1A2u||§2(1), (3.13)
since u belongs to H. We thus get our first estimate:

4||w||?2(z) < (Oé2 +52) (042||A1UH§2(I) +52HA2U||?2(I) + (a2 +52)||D1,+D2,+UH?2(I)>

2 2\2 2 2\2
a“+f a“+
(&Z+57) 3 ) (2 +57) 1 ) (|\D1,+A2u||?2(z)+||D2,+A1u\|z2ez(z))

+4Ocﬁ<D1,oD2,0u;a2A1u+ﬁgA2u>42<l—) — (062 +ﬂ2)aﬁ<D1’oD2,0u;AlAQU,)gz(I)
B 062 +[_}2
2

+ HA1A2U||§2(I)—

(A1 Agu;0’ Avut B2 Agu) 2 1) (3.14)
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For the (A1Asu;a?Aju+ B2 Agu)pe(z) term, we use either the relation (3.6¢) (for the

sequence Asu €M) or we first sum with respect to k€Z and use the relation Ay=
—(D2.4)*Ds + in £%(Z;R). For the (D1,0D2,0u; A1 Agu) 27y term, we also sum first with
respect to k and use the skew-selfadjointness of D; o together with the selfadjointness
of As. We end up with the analogue of (2.12), that is:

Aolaiz) < (02 +8%) (a2 Arulh g + B Agula gy + (02 +6%) 1D 1 Dl )

(a®+5°)? 2 2 2
+ T ||A1 A2u||£2 (T) +4aﬁ(D1’0D270u;a A1u+6 A2u>42(1)
(o +5?)
+ 5T (02 = ) (D2 vl gy ~ D1+ Al )
+ (a2 —|—52)aﬁ<D1)0A2u;D270A1u>[z(1). (315)

The estimate of the last two terms on the right-hand side of (3.15) is carried out
with the same procedure as in Step 1 of the proof of Proposition 2.1. The analysis there
used the relations (2.8a)-(2.8b) of Lemma 2.2, and we substitue here (3.6d) for (2.8a).
All the arguments of Step 1 in the proof of Proposition 2.1 can be reproduced almost
word for word, with the only modification that consists in computing scalar products
and norms on Z rather than on Z2. We thus feel free to use the corresponding estimate
in (3.15) to obtain (compare with (2.14)):

Aol <02 +8%) (a2 Arulh g + B Agulaiz) + (02 +6%) 1D Dl )

2, 22
+a + 05
2

(a21D2,s Avulff gy +B2D1 4+ Asulfe ) )
—|—4O¢,8<D170D270u;042A1u+ﬂ2A2u>g2(I). (316)

It now remains to proceed with the estimate of the second and third lines on the right-
hand side of (3.16). Following the proof of Proposition 2.1, we define the quantities:

2 2
of 7+
B1d: 5 p ||D2,+A1U||§2(I)+4Ozﬂ<D1’0D2,ou;A1u>52(1)7 (3.17a)
2 2
of 7+
Bzd: 5 B ||D1,+A2’U,||§2(I)+4O{ﬂ<D1’OD2,Ou;A2u>22(1). (317]3)

The estimate (3.16) thus reads:

Al|lwliZ () S(a2+62)(a2|\A1uII§2<z> + 82| Agul 2 g +(0424‘/32)||D1,+D2,+U||§2(z))
+a?By + 32 By. (3.18)
At this stage, the analysis follows the method that we used in the proof of Proposition
2.1 (see Step 2 in the proof) but the numerical boundary implies slightly different

arguments in the estimates of B; and Bs. We thus state and prove two separate results
in order to make this final point of our analysis clear.

LEMMA 3.4. LetueH, o,B€R and let By be defined by (3.17a). Then there holds:

By < (0 +8%) (181l + | Dot Dl ) ).
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Proof. 'We introduce again the average operators A; + and A 4 defined (whenever
the formulas make sense) as in Section 2 by:

def Vig1,6+ Vi def Vik+Vi_ik

(A1, +V)j = 5 s (A, -V)je = 3 :
def Vi k+1+Vjk def Vg +Vijr—1
(Ag o V) & DEOLE Vol (g, ), o ikt Vi,

Writing then D o= Az Dy and summing first with respect to k in order to use
A; _=Ag 4, we first get:

2 2
+
By = & D2, Ayl 7y +4aB(D1,0Da, yu; Ag Ay u) ()

D24 Ayl 7y +4aB{A1, - Dy Dy yu; As 1 Agu)p ()

a2 2
+6
S ||D2 +A1U||Zz (7) +(a +52) (”Al Dy +D2 +U||22 (7) + ||A2 +A1’U,||£2 I))

We can then follow the arguments in Section 2 to obtain:
1
[ A2+ Avullfe zy = [ Aru|Z: ) —Z||D2,+A1U||32(z)7
1
||A1,—D1,+D2,+U||§2(I) = HD1,+D27+UH?2(I) - Z||D2,+A1UH?2(I)7

where, in the first equality, we have summed with respect to k € Z and then with respect
to j €N, while in the second equality, we have summed with respect to 7 €N and then
with respect to k€Z (and we have also used the fact that Dy + Do u_q,,=0 for any
k €Z since u belongs to H). The claim of Lemma 3.4 follows. |

LEMMA 3.5. LetueH, a,f€R and let By be defined by (3.17b). Then there holds:

a?+ 32
By < (a®+ %) (||A2U||?2(z) + ||D1,+D2,+U||?2(I)> —— > (Agug )
keEZ

Proof.  We start from the Definition (3.17b). Using the relations Dy g=A; Dy 4
and Dy o= A D5 1, we have:

o +ﬁ2

By = ||D1 +A2u||42 () +4045<A1 ,AQ _D; +D27+u A2u>42 ()

and the scalar product is of the form <A1,,W;’V\[/:>52(I) for a sequence W that satisfies
W_1 =0 for any k€Z. We can therefore shift indices and get:

2 2
+
By = b ||D1 +A2U||Z2 (T) +4Oéﬂ<A2 _D1+Ds 1y Ay +A2u>gz

0?4 32
+B
<2 D1+ Aoul|72z) + (o + 57) (||A2 ~ D1 4 Do ulfo gy + [ A1+ Aol 72 I))

The novelty pops up here. Summing first with respect to k, we get once again the
relation:

1
|A2,- D14 Dy yull2 2+ 1 D1+ Agul|72z) = |1 D14 Do,y ull 2 1) - (3.19)
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Now, if U belongs to £2(Z;R), we compute:
1 1
1AL+ U2z + 1D 4+ Ul =~ Ujk+Ujs10)*+ (U6 —Ujp)?
@ Ty 4
§>0,k€Z

:% > Uj%kJr% > Ui

§>0,k€eZ j>1,k€Z

1
=|Ul2ery = 5 D U
kEZ

Using the above two relations in our estimate of By, the claim of Lemma 3.5 follows. O

Using the bounds for By and Bs given in Lemma 3.4 and Lemma 3.5, the estimate
(3.18) yields our final estimate (3.12) as stated in Proposition 3.1. ad

The proof of Theorem 3.1 is now a mere application of the above results. Given
u™ € H, the sequence u™*! is defined on the interior set of indices by (2.2). With our
now usual notation for v™ and w”, we thus get (compare with (2.6) when there is no
boundary):

lu" % ) = ™12 @) =lw™ ez + 10" 2 ) — 2(6"50™) 2y

+2<u”;1}">42(1) — 2<Un;’wn>42(1).

Combining Lemma 3.3 with Proposition 3.1, we get:

, Aa)? + (ub)?
0 oy + e Wy — 200 ey < i) LS a2
kEZ

as long as the parameters A and p satisfy the stability condition (2.3). With Corollary
3.1, we then get the result of Theorem 3.1 (recalling the Definition (3.4) for the norm
of the Hilbert space H).

4. The problem in a quarter-space

4.1. The main result. To conclude this article we show that the energy method
described in Sections 2 and 3 also applies to the quarter space geometry at least for one
simple and natural corner extrapolation condition. We consider the following outgoing
(for both sides of the boundary) transport equation:

{@u—i—aazu—l—bayuzo, t>0, (z,y)€RT xRF, (1)

u|t:0 =uop,

where we assume a,b <0, so that no boundary conditions are required on the two sides
of the boundary {z = 0} and {y = 0} of the space domain.

Let j € Z; the numerical scheme (2.2) requires the knowledge of the u7_, 1, uj_; 4,
uj_y _q to determine u;“,gl More precisely, we shall keep in mind that the coefficient of
n+1

k

u_q _p in the expression of u}}~ in (2.2) equals —(Aa—ub)?/8. For the quarter space

problem (4.1), we use the discrete set of indices TN xN for the interior values of
the numerical solution, so that, unless we assume Aa = ub, which is very restrictive, the

determination of the interior value ungl requires prescribing some numerical boundary

condition for the corner value ™, ;. We also use below the notation 7% ({-1}uUN)?
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for the full set of indices corresponding to the cells on which the numerical solution is
defined (including the so-called ghost cells that correspond to j=—1 or k=—1 in our
notation). There are actually two types of ghost cells: the boundary ones, which corre-
spond to j=—1and k>0, or j >0 and k= —1, and the corner ghost cell corresponding
to j=k=—1. Consequently some numerical boundary conditions are required both for
the boundary ghost cells and for the corner ghost cell. The grid is depicted in Figure
4.1 with the interior cells in blue, the boundary ghost cells in red and the corner ghost
cell in green.

“y
5 1 [ e e e e e e e |
I | | | | | | | | | | | | i
I | | | | | | | | | | | | i
L et e B e e e e
| | | | | | | | | | | | ]
! | | | | | | | | | | Tut i
kAy | | | | | | | | | | | dik |
! B e e e e e e it B e e e e A
I | | | | | | | | | | | | |
| 1 1 1 1 1 1 1 1 1 1 1 1 1
Lo L U __L______1___
i | | | | | | | i | | | | ]
I | | | | | | | | | | | | ]
I | | | | | | | | | | | | i
D L T T
i | | | | | | | | | | | | |
i | | | | | | | | | | | | i
I | | | | | | | | | | | | i
T I Y E N B
I | | | | | | | | | | | | |
\Ay 1 1 1 1 1 1 1 1 1 1 1 1 1
l———9———L———|———l———|———4———|———-|———|————l———L———l———l———l
i | | | | | | | | | | | | |
i | | | | | | | | | | | | |
i ) | | | | | | | | | | ! | i R
K K T T T T T T T T K T T >
—Azx Azx I I I I I I I I \]Ax I I x
I I I I I I I I I I I I I I
T v 1 T P

Fic. 4.1. The grid for the quarter-space problem. Interior cells appear in blue, the boundary
(ghost) cells appear in red and the corner cell appears in green. The value u;’k corresponds to the

approzimation in the cell [jAxz,(j+1)Az) X [kAy, (k+1)Ay).

Following the analysis made in the half-space for boundary ghost cells, we will
impose extrapolation boundary conditions:

vneN, VkeN, u”; =ugy, (4.2a)
vneN, VjieN, wuj_;=uj,, (4.2b)

j,—1

in conjunction with the numerical scheme (2.2) for (j,k) €I (that is, for interior values).

Finally because the determination of ugf)l requires the value of u; _; we close the
scheme with the prescription of a corner condition. Let us discuss a little the choice of
such condition. Because (4.2b) and (4.2a) have stencil one, it seems natural to use a
condition of stencil one also for the corner condition. So that we shall determine u”; _,
from the value of one of its three neighbours u” , ug, or ug ;. However because of
the boundary conditions (4.2b) and (4.2a) these three terms are equal. Consequently

we impose for the corner condition that
VneN u”; _;=ugo, (4.3)

which is (formally) consistent for smooth solutions to the transport equation.
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Other corner conditions such as u”; _; =dug o, d €R, or with wider stencils will
be discussed in a forthcoming contribution. Let us however point that the numerical
results of Section 5 meet with the intuition that a large choice of § leads to instability
of the associated scheme.

Like for the half-space, it is useful below to define the Hilbert space H of real valued,
square integrable sequences on J that satisfy the extrapolation boundary conditions
(4.2a) and (4.2b), and the corner condition (4.3) that is:

Hdéf{UEEQ(J;R) | VkeNU{-1}, wu_1x=wuox and VjeN, uj,,lzuj’o}.

Once again the norm on H is defined by using only the interior values of w:
o def 2
VueH, |ullz= Z Uj k-
(4,k)€l
In this setting, our main result is the following.

THEOREM 4.1. Let a <0 and b <0, and let the parameters \, p satisfy the stability
condition (2.3). Then the numerical scheme consisting of (2.2) on I with the extrapo-
lation numerical boundary condition (4.2a), (4.2b), the corner condition (4.3) and an
initial condition u® €H satisfies the following property: for any n €N, there holds:

om0 = o+ 25 S P+ B S ()2
k>0 §>0

a 2
(O +(2) (A + OO () 4 (0)°) 3 (Avuf)? <0, (44)

k>0 §>0

(ub)?
32

+

In particular, there holds:

n Ala n H b n
sup [ [+ 21057 3 02+ 0 S S

neNk>0 neN;>0

N (/;()2) (Aa)? + (ub)?) ZZ(A2U7&]€)2+ ();12) ((Aa)®+ (ub)?) ZZ(A1U?,O)2

neNk>0 neN;j>0

<2lu’l%

Theorem 4.1 shows that the corner condition (4.3) maintains stability for the nu-
merical scheme (2.2) when used in combination with the Neumann boundary condition
on each side of the boundary. Based on this stability estimate, it is very likely that the
numerical scheme (2.2) with the extrapolation conditions (4.2a), (4.2b) and (4.3) on
the boundary is convergent for smooth enough initial data. However, since the numer-
ical boundary conditions will produce first order consistency errors, the second order
accuracy of the Lax-Wendroff scheme (2.2) will be deteriorated. We shall explore the
construction of second order numerical boundary conditions in a future work and thus
postpone a complete convergence result to this setting.

4.2. Proof of Theorem 4.1. The proof of Theorem 4.1 follows closely the one
in the half-space exposed in Paragraph 3.2 except that we will have to deal with more
boundary terms. However let us point that the choice of the particular corner condition
(4.3) simplifies a lot the analysis of such terms since many will actually vanish. This
would no longer be true for more elaborate corner conditions.
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The three main ingredients of the proof are the analogues of Lemmas 3.1 and 3.3
and of Proposition 3.1 that are stated just below.

LEMMA 4.1. Let a<0 and b<0. Let u™ € H, and let the sequences v, w" be defined
on the set of interior indices I by (2.5). Then there holds:

20" ey == Nal > _(ug)? = plb] > (wfo)?, (4.5a)
k>0 >0
2(v™;w >z2(11) =- -9 Zuo,kA2u0,k+1 T 9 Zuj70A1uj+170
k>0 >0
Alal(ub)? n (a)?ulbl n
— ?UQOAQUO’O — %UO,OAWO,O- (4.5b)

LEMMA 4.2. Leta<0 and b<0. Let u™ €H, and let the sequences v™,w™ € £*(I;R) be
defined by (2.5). Then there holds:

(ha)?
4

Aa)? + (ub)? n n

- QDGO Dy 2y + Al ()

PROPOSITION 4.1.  Let u™ €H, and let the sequence w™ € 2(I;R) be defined by (2.5b).
Then there holds:

g+ () PV TS 2 4 () QIO S 4 2

(ub)?
||A1Un||§2(1[)—T”Az“nH?Z(H)

0™ 122 ) = 2(u™;0™) 2 ) = —

2 ,
k>0 §>0
<2((Aa)*+(ub)?) ((AG)ZHAW”II%(D +(ub)? (| Agu™| 7o ry
+ (M) + (u)2) [ D1, Do [ ) (4.6)
In all what follows, we omit the dependency with respect to n in the notation and

we use the short hand notation o %' Aa, B def ub. As in the half-space geometry, the

following technical lemma will be particularly helpful.

LEMMA 4.3. Let U,V €H. Then for pe{1,2} there hold the relations:

(U; ApV) 2y = (AU V) 2y, (4.7a)

(Dp,oU; ApU) 21y =0, (4.7b)

(U ApU) 2y :_||Dp,+UH?2(H)> (4.7¢)
1

I1Dp.0Ulle2 @y =1 Dp+ UllZ2ry — ZHAPUH??(H)' (4.7d)

The proof is a straightforward modification of the one of Lemma 3.2. The sums
now run for k€N and not k€Z, so that we feel free to omit the proof and leave it to
the interested reader. Note in particular that for Lemma 4.3 to hold, we only require
the boundary conditions (4.2a) and (4.2b) to hold. The relations (4.7) are independent
of the corner condition (4.3). We now turn to the proofs of the above three results that
will lead us to Theorem 4.1.

Proof. (Proof of Lemma 4.1.) We start with the proof of (4.5a). Reiterating the
same computations as in the half-space gives:

V(,k) €L 2ujpvin=—aD1t {uj_1kujr} — BD2 4 {u) k-1 K}
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We sum with respect to (j,k) €I and use the boundary conditions (4.2a) and (4.2b) to
end up with

2(u;v) 21y = aZ(uo,k)Q +IBZ(Uj,0>2a

k>0 >0

that is to say (4.5a) (since o and /5 are negative).
We now turn to the proof of (4.5b). For convenience let us recall that

2(v;w) g2 my =’ (D1 ou; Ay g2 (ry + 8% (D2 ou; Agw) g2 )
+af?(D1,0u; Agu) g2 (1) + 0 B{Da o Ay ) g2y
+20/8% (D3 gu; D1,0Da,0u) g2 1y + 20 B{D1 gu; Da,0 D1,0w) 21y
o
4

<A1A2u;aD170u+5D2’0u>52(ﬂ). (48)

From Equation (4.7b), the two terms in the first line of (4.8) vanish. We then consider
the two terms in the third line. In order to do so we recall that from (3.11) we have”

1
VYV e (({-1}UN)xN), (V;DyoV)= *izv—l,k Vo,k
k>0

1
VVGEQ(NX({_l}UN))v <V;D270V>:_§Z‘/j,fl‘/j70~

720

(4.9)

We use (4.9) for the sequence D3 ou to obtain

1
(D2,0u; D1oDaou) =— 3 > (o — 1 k1) (o 1 —to k1)
k>0

1
=3 Z(Ufl,kJrl —u_1k—1) (U0 k+1— U0 k1)
k>1

1

~3 (u—1,0—u—1,-1) (uo,1 —u0,~1),
—_— ——

=U0,k+1—U0k—1

=up,1—U0,0

where we used the boundary condition (4.2a) and the corner condition (4.3). Because
of the boundary condition (4.2a) we have ug,o=1ug —1 so that

1

(D2ou; D1oD2ou) = — 5 > (Daouor)?.
k>0
Proceeding similarly gives
1
(D1,0u; Dajo Dy ou) = — 3 Z(Dl,ouj,o)Q,
720

and we have thus obtained the expressions of the terms in the third line in the right-hand
side of (4.8).

2The crucial observation here is that V' is not necessarily defined on the whole set J and also need
not satisfy the extrapolation boundary conditions.
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To deal with the two terms in the second line in the right-hand side of (4.8) we first
write Ay = Do Dy 4 (instead of Ay = —(D3 _) Do, in the half-space) and we distribute
D, thanks to the following discrete integration by parts formula® for V € /2(I;R) and
either W € 2(({—1}UN) x N;R) or W € (N x ({1} UN);R):

(D1, VW) g2 ZVO W1k — (VD1 - W)y, (4.10a)
k>0

<D2’+V; W)gz (n = _ZV}’O Wj771 - <V;D2,,W>g2(]1). (410b)
j=0

We therefore have from the boundary conditions (4.2a) and (4.2b):

(D1,0u; Agu) g2 (ry = — (D1,0 Do, 1 u; Do ) 21y — Z(Dl,ou)j,o Do yuj—1
———’

720
_EZ(D u )2
_2 2,+%0,k) >
k>0

=0

where we used (4.9) for the sequence Dy 4 u. Similarly, we get:

1
(Da,0u; Aru) g2 (r) = 3 Z(D1,+Uj70)2-
j=0

So that using the same computations as the ones in the proof of Lemma 3.1 gives

2
2<U w>42(1) = — % ZDQ — U, kDQ A+U0k — 7ZD1 — Uy, 0D1 +Uj.0
k>0 3=>0
a®+ 32
— 1 <A1A2u;aD170u+ﬂD2,0u>gz(H). (411)

We shall now justify that the (A1 Agu;aDy gu+BD3 ou)e2(ry term in (4.11) vanishes.
This is done essentially like in the half-space by first writing Ay = Dy _ D5 4 and then
integrating by parts in order to use the formula (4.7b). Indeed, we compute:

<A1 Agu;Dl,ou>g2(H) = <A1 D27+u; D170D27+u>¢2(ﬂ)

1
=3 Y (D2guon — Darui )’ =0,
k>0

because of the boundary condition (4.2a) which implies that for all k€N, Dy yug ) =
Dy ju_q k.

To complete the proof of Equation (4.5b) we should modify a little the expression in
the right-hand side of (4.11). We use the discrete integration by parts formulas (4.10a)
and (4.10b) (for j,k>1) in order to express for instance

2
E Dy _ug Do tuor =— E ug,k D3 4 uwox —uo,—1D2 +uo0
k>0 k>0

=— E U0,k D2 Uo, k41 — Uo,0A2u0,0,
k>0

3The important point here is that (4.10a) is valid for sequences V that are defined on I and not on
any ghost cell.
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where we used the fact that Dy _ug0 = 0 because of (4.2a). The sum with respect to j
in (4.11) is dealt with similarly and the proof of Lemma 4.1 is now complete. 0

Proof. (Proof of Lemma 4.2.) For convenience let us recall that we have the
expansion
[0]172 (1) — 2{w;w) 21y = || D1 oul| 72 1y + B Da,0ull 72
+2aB( D1 0u; Do) g2 (1) + 28 (u; D10 D2 0w) g2 1y
+ 0 (us Aqu) ez ) + B2 (u; Agu) o2y
a4 p?
4

It is a mere exercise to generalize the integration by parts formula (3.11) to any couple
of sequences in the quarter-space as follows:

(u; A1 Dou)p2(ny.

1 1
D1oV,Wheeqy = —(V; D1 oWy — = VoixgWor — = Vor W_1 k.
(D1,0V;W)e (Vi D1oW)e 2}; 1, Wo k 2;0 0,k W1k

Applying this identity to V =u and W = D3 gu with v € H gives
2aB(Dy 0u; Doou)g2ry = — 2a B {(u; D19 D2 o) 21
- Oéﬂzuq,k D3 oug i — Oéﬁzuo,k Do ou_1
k>0 k>0
© 248 (u; D1,0Da ou) g2 (1) — B.

We make the boundary term B explicit by using the definition of the centered difference
Dy and the boundary conditions (4.2a) and (4.3):

ap ap
B = - Zu—l,k (U0, k41 — U0, k—1) — > Zuo,k (Ut g1 —U—1, 1)
E>0 £>0 —
=U0,k =U0,k+1
2
=—aBY uokuorir+aB Y uoktor1=aBu.
k>0 k>0

Consequently we obtain
||”||§2(11) —2(usw)e(n) :042||D1,0U||?2(11) +52||D2,0UH?2(H) +afug

+ o (us A g2 ny + B2 (u; Aou) 2 1y
Oé2+ﬂ2

(u; A1 Agu) g2y

Then, as in the half-space geometry, we use (4.7¢) on the terms in the second line and
(4.7d) on the first two terms in the first line in the right-hand side, to obtain

a2 2
lolaqy — 20wy =— & | Avuliagy — O 1 8aullag,
2 2
—|—aﬁu(2),0 — ﬂ(u;AlAzunz(H).
To conclude we write Ay =Dy Dy _ and Ay = Dy 4 Dy _ and we use the discrete
integration by parts formulas (4.10a) and (4.10b) (together with the boundary condi-
tions (4.2a), (4.2b), (4.3)), which gives:

<’LL;A1A2'LL>€2(]I) = — <D2’+U;A1D2,+u>g2(ﬂ) — Zuj,ODZJrAluj,fl
————

i>
Jj=20 -0
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=||D1 4 D, ullzzry + Y Do ok D1y Doyt 1.
k>0 -
= =0
Indeed the first boundary term (in our first integration by parts) vanishes because we
can use either (4.2b) or (4.3) to compute:

T L [ st titup T
Eventually, we end up with
ol —2fus0) ey =— 1 Avullay — 2 | Agulgy
Dy Dyl + B,
as desired (recall that o and § are both negative). |

Proof. (Proof of Proposition 4.1.) We follow exactly the same strategy as in
the whole space Z? and in the half-space. In particular, a crucial first ingredient is to
be able to expand the norm | D o D270u||?2(]1) for we H, which is based here on (4.7d).
Namely, we leave to the interested reader the verification of the following relation:

VueH, |[|D1oDaoullzq
1 1 1
=HD1,+D2,+U||§2(H)+EHA1 Agul[72 ) —i||D1,+A2U||?2(11) —1||D2,+A1U||?2(11)~
Using then the same crude estimate as in the proof of Proposition 2.1 for the term

(Aru; Agu) ey and the above equality for the norm || Dy o D2,0u||§2(ﬂ), we are led to the
estimate:

Al < (0 + %) (@ Avulagy + 52N Azulfag + (02 + B)|Ds 1. Dl )

(a2 _’_52)2
+THA1A2UHE2(H)
O[2 _’_52 2
I (1D s Agulagy + 1D A vl

+4aB(D1,0D2 gus o> Agu+ B2 Agu) g2
— (0®+ B%)aB(D1,0Da ou; Ay Aou) e q
B 012 _'_52

B) <A1A2u;a2A1U+52A2u>22(ﬂ),

which is the exact analogue of the estimate (3.14) that we obtained in the case of the
half-space.

For the (AlAgu;a2A1u+ﬁ2A2u>[z(H) term, we first sum with respect to k€N and
use the relation Ay =D, _ D,y and the integration by parts (4.10b) to get:

<A1A2U; A1U>g2 m = <D27_ D21+ Alu; A1U>g2(]1)

=~ | A1Ds s ullfagy = Y A1 Doy -1 Ayugo.
—_————

Jj=0 -0
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For the (D1,0D2 0u; A1Azu) ey term, we use the definition of Dy o, the decompo-
sition Ay =Dy 4 D1 _ = D1 _ Dy 4 and the discrete integration formula (4.10a) so that

(D1,0D2,0u; A1 Asu) 21y

1

5 <D1 +D2 ou; D1 +D1 ,A2U>[2(H) + = <D1 ,DQ ou; D1 ,Dl +A2U>£2(H)

—(A1D20u; Az Dy gu) ez (1) — 5 E Dy Dyou_yx A2 Dy _ugp
~—_———

>
k>0 5

1
—5 E Dl’,DQ’QUO’k A2D1’+U71’k7
———

>
k>0 5

where, in order to justify that the boundary terms vanish, we have used the boundary
condition (4.2a) and the corner condition (4.3) and the same reasoning as in (4.12). We
therefore end up with the analogue of (2.12), that is:

Alwl|fq <(a®+5%) (042||A1UH?2(]1) + 52| Agul|72 gy + (@ +52)||D1,+D2,+UH?2(]1))

(a®+5%)? Ay Asuli2 a2A 27
+T|| 1 2u||zz(]1)+4a5<D1,0D2,0U,C¥ 1u+ B Asgu) e 1y
042+52
+%(0€2—52)<||D2,+A1U||?2(11)—||D1,+A2U||?2(11)>
—|—(OzQ+52)aﬁ<D1’0A2u;D2,0A1u>gz(ﬂ). (4.13)

Once again, to estimate the terms on the last two lines in the right-hand side of (4.13),
we can follow exactly the same procedure as in the whole space Z? (see Step 1 of
Proposition 2.1) or in the half-space, except that we sum on I=N? instead of Z? and we
use the relation (4.7d) instead of (2.8). The estimate of the said terms in (4.13) gives
the (almost final) estimate:

Alwllfq <(a®+5%) (02||A1UH?2(H) + B2 Azl gy + (o +52)||D1,+D2,+UH§2(]1))
+a?By 4 6%B,, (4.14)
where we introduced, like for the whole space and half-space problems, the quantities:

Bldefa +ﬁ

||D2 +A1’LL||£2(H) +4C¥ﬁ<D1 OD2 ou; A1U>[2(H), (415&)

B2dcfa +ﬁ

||D1 +A2u||£2(ﬂ) +40éﬂ<D1 0D2 ou; A2u>22(ﬂ) (415b)
To conclude we should show the estimates

042 +62
Bi<(a?+ ) (|| Avulf) + D1 Da vl ) = 5= D7 (Aaugo)®,  (4.168)
j=0

012 +62
By <(a®+ %) (HA2U||§2(H) + ||D1,+D2,+UH?2(H)> B > (Asug k)’ (4.16b)
k>0

The latter inequalities are direct consequences of Lemma 3.5 (or rather its extension
to the quarter-space). Indeed, reiterating the proof of Lemma 3.5 directly gives* (4.16b).

4Here, unlike in the half-space, the two space coordinates play the same role.
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Let us just list the main modifications. Because we now sum with respect to k€N
instead of k € Z, we have to justify two points:

e The fact that after using the relations Dy o= A;,_D; 4 and Dy o= Az _ Do 4,
the scalar product in (4.15b) can be written in the form (A, _W;W), with
W_13=0 for all keN. This is still true because of the boundary condition
(4.2a) and because the relevant sequence W here is V[/'déf Az D1 1 Ds 1u, so
that it does not involve the corner value of u.

e In the derivation of the relation that is analogous to (3.19), a boundary term
appears because we now only sum with respect to k € N. However, this bound-

ary term turns out to be zero. Indeed, for the sequence W et D1+ D 4u, we
compute:

||f42—W||ﬂ(]1)7L HD2—W||12(]1)* Z k+ Zwk 1*HW||52(11),
2 50 250

because W, _1 =0 for all >0 (from the boundary condition (4.2b)).

We can thus adapt and reproduce (almost word for word) the proof of Lemma 3.5 to
get (4.16b) and (4.16a) is obtained now in a similar way by exchanging the roles of j
and k. We then use (4.16) in (4.14) and obtain the claim of Proposition 4.1. |

To complete the proof of Theorem 4.1, we now combine the results of Lemmas 4.1
and 4.2 with Proposition 4.1. We recall the energy balance:

a7y = ™ q = 1w m + 10" 12 @) — 2(u™50™) ) — Malp]bl(ug )

+2(u™ 0™ 21y — 20w g2y + Alalp b (ug o).

Thanks to Lemma 4.2 and Proposition 4.1, we obtain (quite like for the half-space
problem except for the new corner contribution which we have to subtract here):

Hwn”?z H)+||Un‘|?2(ﬂ —2<’LL Tw > )\|a‘u‘b|(u00)
70;) (( ) (ub)Q—f) ||A1UnHe2(H)+M((>\a) (ub)Q—%) 1 Agu™ |l ez ry
( - 5) D1+ D2 u” || o2y
- ? (()‘G)Z‘F(Mb)Q)Z(Azug’k)z—O\g) () + (u0)2) 3 (Arulle)?, (4.17)
k20 >0

where the three first terms on the right-hand side of (4.17) are negative under the CFL
condition (2.3). Assuming from now on that (2.3) holds, we thus get:

™ By — " [
<20 ) — 20070 1+ Mal Bl )2
b)?2 )\ 2
D a4 (0)?) S (Ao )2~ P (a4 (b)) S (Arl)?. (418)
8 k>0 7 8 >0 "

We now estimate the remaining terms in the energy balance. We begin with looking
at the first term on the right-hand side of (4.5b). Using Young’s inequality, we obtain:

Aa| (ub)?
S D e Ay

k>0
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(Aa)?(ub)? W (ub)2(Aa)?+ (ub)?) o
S\/E(()\a)2+(ub)2) kzzo(uo,k) + 8\/5 I;(Aguo,k) .

For the first term on the right-hand side, we use the inequality:

Malulp] 1

(Aa)?+ (ub)* ~ 2’
and p|b| <1/4/2, which follows from (2.3). We thus end up with:

Aa ub Aa ub)2((Aa)? + (ub)? n
Alal (ub)* S Al | < | |Z R 8\)/5 (1b) )Z(Azuoﬁ)%
k>0 k>0 E>1

In an entirely similar way, we obtain:

Alal (pb Alal
2

(ulo)? o (ub) ((A;\)/;(ub) )( Aotfo)?

Arguing similarly for the other expressions on the right-hand side of (4.5b), we thus
obtain the bound:

A b
2(0™ 0™ 2| < % > (ug )+ % > (o)

‘ 00A2 00’<

k>0 >0
(ub)*((Aa)® +(ub)?) 2, (Ma)*((Na)® + (ub)?) 2
+ > (Aaug )’ + D (Avufg)® (4.19)
8v2 k>0 8v2 >0 ’
Using (4.5a) and (4.19) in (4.18) as well as the inequality 1—1/1/2>1/4, we obtain:
n+1(2 n )\|(l| 2 ,U/|b‘
[l 17 gy — ™ 2y 7—72 Z )2+ Alalp[b](ug o)
k>0 7>0
pib)? n
U (i (b)) Y (D
k>0
Aa)? "
OO a2+ (b)) Y (vt
j=0

The remaining argument is to observe that (2.3) implies that we have:
Aal+pb|
ST

Using again the inequality 1—1/v/2>1/4, we end up with (4.4).

)\|a|u|b|(u8,0)2 (Uo,o) .

5. Numerical simulations and perspectives

In order to illustrate our stability result of Theorem 4.1, we implement the numerical
scheme (2.2) in the rectangle [0,3] x [0,5] with 500 points in the first (x) direction and
800 points in the second (y) direction. We choose a=—2 and b= —4. The time step At
is fixed in such a way that we have:

(Aa)? + (ub)? =



ANTOINE BENOIT AND JEAN-FRANCOIS COULOMBEL 2081

On the incoming sides of the rectangle, we implement the homogeneous Dirichlet bound-
ary condition, and we use (4.2a), (4.2b), (4.3) on the outgoing boundaries of the rect-
angle. The initial condition is the Gaussian function:

3\° 5\°
(x,y) —>exp —10(9&—2) —10( —2>

The ¢2 norm of the numerical solution is depicted in Figure 5.1, and we verify numerically
that it is decreasing (this is not exactly the situation predicted in Theorem 4.1 because
of the two additional boundaries of the rectangle but the Dirichlet boundary conditions
make the ¢2 norm decrease with respect to the quarter-space so it is likely that the
stability property of Theorem 4.1 is not affected by incorporating homogeneous Dirichlet
conditions on the incoming sides.

F1G. 5.1. Ewvolution of the £2 norm of the numerical solution with the extrapolation conditions
(4.2a), (4.2b), (4.3) at outgoing boundaries. The norm depends monotonically on the time iteration.

o7 T T T T

04 — _“‘\ ]‘

LS \ H

01k Y

FiG. 5.2. Ewvolution of the £2 norm of the numerical solution with the extrapolation conditions

4.2a), (4.2b) and u™, _; =290ul , at outgoing boundaries. The norm does not depend monotonically
1,—1 0,0
on the time iteration any longer.
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We now run the exact same computation except that we implement on the outgoing
corner the condition u™; _; =290ug . The exact value of the coefficient is meaningless,
it is simply tuned in order to make the illustration visible. The time evolution of the
£? norm is depicted in Figure 5.2, and we clearly see that the monotonicity property of
the #? norm does not hold any longer. An instability mechanism is taking place, which
makes the numerical solution become larger and larger in the vicinity of the outgoing
corner. Once this mechanism has been ignited, the growth of the #? norm becomes
exponential.

Figures 5.1 and 5.2 are included in order to illustrate that imposing “good” corner
conditions is crucial in order to maintain stability for outgoing transport equations. In
the future, we intend to explore the construction of higher order extrapolation conditions
as well as extending the theory of [11,12] to the fully discrete setting in order to be able
to analyze the stability of “general” boundary conditions in the quarter-space for (2.2).
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