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THEORETICAL ANALYSIS OF THE UPWIND FINITE VOLUME SCHEME
ON THE COUNTER-EXAMPLE OF PETERSON

DANIEL BOUCHE!, JEAN-MICHEL GHIDAGLIA? AND FREDERIC P. PASCAL?

Abstract. When applied to the linear advection problem in dimension two, the upwind finite volume
method is a non consistent scheme in the finite differences sense but a convergent scheme. According
to our previous paper [Bouche et al., SIAM J. Numer. Anal. 43 (2005) 578-603], a sufficient condition
in order to complete the mathematical analysis of the finite volume scheme consists in obtaining an
estimation of order p, less or equal to one, of a quantity that depends only on the mesh and on
the advection velocity and that we called geometric corrector. In [Bouche et al., Hermes Science
publishing, London, UK (2005) 225-236], we prove that, on the mesh given by Peterson [SIAM J.
Numer. Anal. 28 (1991) 133-140] and for a subtle alignment of the direction of transport parallel
to the vertical boundary, the infinite norm of the geometric corrector only behaves like h'/? where
h is a characteristic size of the mesh. This paper focuses on the case of an oblique incidence i.e. a
transport direction that is not parallel to the boundary, still with the Peterson mesh. Using various
mathematical technics, we explicitly compute an upper bound of the geometric corrector and we provide
a probabilistic interpretation in terms of Markov processes. This bound is proved to behave like h, so
that the order of convergence is one. Then the reduction of the order of convergence occurs only if the
direction of advection is aligned with the boundary.
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INTRODUCTION
We consider on the domain € C R?, the following advection problem with a constant velocity a € R?

Ju
—+V-(au)=0 0.1
- (aw) 0.1)
where v is defined from R? x R to R. This problem is completed with initial and boundary data that satisfy
the so called compatibility conditions.
The space discretization is based on an unstructured mesh composed of volumes K; where j is the index of
the volume and V; the surface of the volume. The upwind finite volume method takes into account the direction
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where the information comes from and consists in approximating on each control volume the mean value of u
denoted by:

1
n_ 1 At) da.
vj Vj/Kju(x,n ) dx

If the time discretization is for instance the Euler forward scheme, then the unknowns u} which approximate
v} satisty

E(uj):ujﬂfuj Jrvj Z a-Njg(up —uj)=0 (0.2)
keN=(j)

where

e N, is the normal to the interface K; N K that points out from K; to Kj, with a norm equal to the
length of the interface |K; N Ky|;

e N7 (j) denotes the set of indices of adjacent volumes to K; such that a is inward to K; on the common
interface i.e. N7 (j) = {k, K} adjacent to K; and a- Nj; < 0}.

It turns out that this scheme is not consistent in the sense of finite differences: the truncation error L(v;),
which is obtained by substituting u’ by the exact value v, does not converge to zero as h goes to zero.
Then Lax theorem is helpless, see for instance [7]. However numerous theoretical results (see [3,9,12,15,21,22])
obtained with solutions more or less regular prove the convergence of the scheme. Specifically, the order of
convergence is known to be at least 3 in L? norm for H' data (Després [6]) or in L? norm for W'* and BV
data (Merlet and Vovelle [16] or Delarue and Lagoutiére [5]). This property of enhancement of the truncation
error is called supra-convergence and was widely analyzed in various cases but different from the finite volume
one, in [14,20,23,24].

In [1], the concept of geometric corrector is introduced in order to analyze the scheme from a mathematical
point of view. This corrector, for which existence and uniqueness have been proved, depends only on the mesh
and on the advection velocity. If K; is not on the boundary of the domain, then the corrector I'; associated to
the volume Kj is a point in R? which satisfies the following system (see [1] for the general case)

Z a- Njkl“j + Z a- Nijk = Z a- Njk(gjk — gj) + Z a- Njk(gjk — gk) (03)
kENT(4) EEN™(4) kENT(5) kEN™(H)

where

e g; denotes a point inside the volume like for instance the center of gravity of the volume Kj;

e g, denotes the center of gravity of the edge K; N Ky;

e N (j) is the set of indices of adjacent volumes to K such that a is outward to the common interface
i.e. N*(j) = {k, K}, adjacent to K; and a-Nj; > 0}.

For 0 < p <1, we prove in [1] that, when the solution is regular enough, a h? behavior of the norm of the
corrector is a sufficient condition for the scheme to be of order p. As a result, estimating the corrector is an
efficient way to study the convergence of the scheme.

It was proved in [1] that, in dimension 2, on non structured meshes of triangles, uniformly refined, the
standard upwind scheme, although not consistent, is in fact of order one, at least for regular enough solutions.
The proof of this result for meshes that are independently refined is still an open problem.

Indeed, slower convergence appears for vertical advection velocity on a particular mesh originally proposed
by Peterson [18]. The domain [0, 1] x [0, 1] and meshes he considered are plotted on Figure 1. One can observe
that there is no vertical line (except the boundaries). Moreover, the refinement is uniform except near vertical
boundaries. The index of the triangle j previously introduced is replaced in the present case, by a pair of
integers (m,n) and a sign. The triangles far from the vertical boundaries are rectangle isosceles triangles of
length h = % and are denoted by T}, for upward ones and by T, , for downward ones. Indices m and n are
of opposite parity. Triangles adjacent to the left boundary are rectangle isosceles triangle of length % and are

denoted by TO'"’ n and T, (with n odd) as it is indicated on Figure 2. Triangles adjacent to the right boundary
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(TI-I‘—I,H, g-;nn)
(Tf;l’n’ gr_n,n)
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Tm+1,n—1’ gm+1,n—1

+ +
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FIGURE 2. Numbering of triangles on the left side and bottom triangles.

are rectangle isosceles triangle of length % and are denoted by TQJZ,n and Ty (with n odd). The geometric

correctors that correspond to these triangles are respectively '}, | and ', ..

The aim of this article is to obtain, by different mathematical technics, estimates on the geometric corrector
as a function of mesh size h for oblique incidence, i.e. for a non vertical advection direction, in order to prove
the following theorem:

Theorem 0.1. For oblique incidence, we have the estimation

”FHOO = sup Hrm,nll < ch.

m,n

Equations satisfied by the corrector are given in Section 1. Since left and right boundary conditions do not
interfere, the study is reduced to a semi-infinite domain, obtained by extending to the right the original one.
The following sections establish an upper bound of the norm of the corrector successively by counting geometric
paths, then by using a recursive argument and finally by Fourier analysis. The upper bound is a partial sum of
a convergent series whose sum studied in Section 5 depends on h. In Section 6, we shall return to the vertical
advection direction case. The use of generating functions allows us to prove in a different way the result proved
in [2]: in that case, the series is divergent and the corrector behaves as h'/? for the uniform norm. Finally in
Section 7 which deals with the original square, we propose a probabilistic interpretation, similar in spirit to that
in the paper by Delarue et Lagoutiere [5], and we use a method based on matrices to get the upper bound.
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1. EQUATIONS SATISFIED BY THE CORRECTOR I, ,,

We denote by Fj,‘l’n the corrector associated to triangle Tgm, by I',,, , the corrector associated to T, ,,, and
define 0 as the angle between the advection velocity and the vertical direction (¢f. Fig. 1). The advection
velocity incomes on the left boundary, and we suppose that 0 < § < 7. We note
—6.

T
‘T

The corrector is computed, choosing as reference point gni%n, the middle of the height of the triangle Tfj;n
for m # 0,2¢ and the middle of the vertical side of the triangle for m = 0 and m = 2¢ as shown in Figure 2.
This choice is more convenient than the center of gravity of the triangle. Since we denote by (%,7) the usual
orthonormal basis of the plane, the equations satisfied by the correctors for triangles without any side on the
left, or right boundary, i.e. for I't , and T, , with m # 0 and m # 2/, can be written, following (0.3)

cosO(L) . —Ton) = f% <cos 07+ ? (cos (9 — %) — cos (9 + %)) i’)

2 ™ 2 s
costl', ,, — g cos (9 — Z> F;_Ln_l - % cos (9 + Z) F'r-tz—i-l,n—l

L V2 s T\ -
= % ((:0549‘]4—72 (cos (9_Z> — cos (9+Z>)z>.

By adding these equalities, we obtain

+ COos + SIn & + —0
m,n m—1,n—1 m+1n—1 "

cos o + sin « cos o + sin «

and setting p = - emg and ¢ = Cosii’jr‘sxina, we get the recursion relation
+ 7t +
Fm,n - prmfl,nfl + q]'—‘erl,nfl' (11)

We now consider the triangles with their vertical side lying on the left boundary, i.e. m = 0. The equations
satisfied by the corrector can be written, following (0.3)

V2 n 1 _ V2 h, 1 h, h_
7COS&F0,2k+1 — 500591’0’2k+1 = —cosa—i— 50059 -7+ 77

2 4 4
1 2 2 h- 1 h h
5 cosOL'g oy 1 — g sinaFf% = \/7_ sinazi + 3 cos (Zi'—i— Zj’) .
By adding these equalities, we obtain
2 2 h 2 h-
- cos OLFJ%H — \/7_ sinaff% = g cos aZZ'Jr % sinazi

namely, setting A= %(1 + tan a)7, vector independent on k£ and r = %,
T opir — 1T g = Ah. (1.2)
For m = 2¢, namely for the triangles with a side on the left boundary, we obtain

F;z,zkﬂ - F;lq,zk = Bh (1-3)
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where B is a vector independent on k and r defined by

S| 3 1 L1 R
B= Z(tan97 5 §tana)z+ g(tanaf 7

Gathering the results above, equations (1.1), (1.2), (1.3) satisfied by the correctors associated with upward
directed triangles write

Ff{%n = pl“;tklynfl + qI‘j;LJer1 m+nodd, 0 <m<2(,0<n

—

Tgoppr — 11 g = Ah 0<k<{( a4
F;e,%ﬂ - F;eq,zk = Bh 0<k</{
rfo=0 m odd, 0 < m < 2/.

Our assumption on advection velocity direction implies 0 < ¢ < % <p<lwithp+g=1landr= % < 1. The
difference equations (1.4) satisfied by the corrector have zero right hand side, except on the boundary. We shall
show that the order of convergence of the scheme is determined by accumulation of boundary contributions.

Remark 1.1. Note that, for vertical advection velocity, namely 6 = 0, we have . = 7, p = q = %, A=-B= %
and the above system reduces to system (27) given in Section 4.2 of [2] namely:
1 1
F'r-tz,n = §F7tz—1,n—1 + §Fm+1,n—1
h 1.5
+ _ 1t = + _ 1t - .
F0,21c+1 = Fl,Qk + 5’7 F2€,2k+1 = F2€—1,2k - 5’ (15)
rfo=0

Remark 1.2. For the case § = 7, the recursion for the correctors boils down to

r- =1t

m—1,n—1

and noting that I‘S‘Qkﬂ = 17, we obtain L= L7 for m < n and 0 otherwise.

Remark 1.3. The case of advection velocity incoming on the right boundary can be deduced by symmetry.

Remark 1.4. The first equation of system (1.4) is valid for m and n of opposite parities, i.e. for upward
triangles. In order to simplify the computations and the presentation, it is convenient to introduce fictitious
triangles T;,tm and associated correctors I’;’,’m for m and n with same parities. The equation (1.1) can then be
extended to m and n of arbitrary parity and we obtain

F:_n,n = p]-—‘:rnfl,nfl + qF’;’;LJrl,n*l 0 <m < 2£a 0 <n

—

T, — T, =A4h 0<n wo)
+ + _B '

FQe,n - F2271,7%1 = Bh 0<n

rfo=0 0<m< 2L

The two lattices, m and n of opposite parities, and m and n of same parities, are independent from each
other, because equations (1.6) relate quantities, either of opposite parities, or of same parities. Equations (1.6)
extended to m and n of arbitrary parities therefore allow to determine the correctors associated to “real”
triangles, i.e. with m and n of opposite parities.



1284 D. BOUCHE ET AL.

FI1GURE 3. Mesh of Peterson on the lower left half triangle.

Remark 1.5. To deal with only one boundary, one may consider, as in [2] triangle [0, 1] x [0, 1], lower left half
of the square as shown in Figure 3.

In the following sections, we shall rather consider the semi-infinite mesh defined on the domain [0, +o00] x [0, 1]:
this mesh is obtained by extending Peterson original mesh towards infinity to the right with (rectangular
equilateral) triangles with basis h. We therefore have to solve the system

F;tun = pr:zfl,nfl + qFrJ;H,nq 0<m, 0<n
g, =TT, + AR 0<n (1.7)

ro=0 0<m

and it is what we do in the following sections.

2. COMPUTATION BY COUNTING GEOMETRIC PATHS

The geometric corrector ')}, | is a linear combination of F:;klynfl with weight p and F;A,n 41 with weight q.

Let us represent this relation by two paths, one from point (m,n) to point (m — 1,n — 1) with weight (or
probability) p, and one from (m, n) to (m—1,n+1) with weight (or probability) ¢q. By recursion, I‘j;m is therefore
a linear combination of the '}, with weights associated to paths linking point (m,n) to (m +t,n — k)
with —k <t < k. The weight associated to a path composed of g elementary paths (or displacements) to the
left hand side and d paths to the right hand side is p9¢<.

If m > n, all paths starting from (m,n) reach points on the line n = 0 with coordinates (m + t,0) with
—n < t < n before reaching the left boundary. Thus, according to (1.7), T, , is equal to zero.

If m < n, some paths starting from (m,n) reach the left boundary. When a path reaches the left boundary
at point (0,n’), we have

Iy =rrf .+ Ah.

Thus, a contribution to the corrector proportional to the weight associated to the path from (m,n) to (0,n')
appears. The path is reflected with weight r. As a result, the corrector can be computed as a sum of weights
associated with paths issued from point (m,n) and reaching the left boundary. Therefore, to compute the
corrector, we simply have to enumerate paths issued from point (m,n) and reaching this boundary.

For arbitrary reflection coefficient r, to the best of our knowledge, this problem has no simple closed form
solution.
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FIGURE 4. Désiré André reflection principle: examples of paths that contribute to F;ﬁ.

However, for the specific case r = 2¢, the problem at hand can be solved by using Désiré André reflection
principle [4,19]. To be more specific, we associate bijectively to a path reflected on the left boundary the path
obtained by reflection (symmetry) with respect to this boundary. To this end, we introduce the correctors F,*,m

for m < 0, and then split the reflected path with weight 2¢ in two paths with weight ¢ symmetric with respect
to the boundary (see Fig. 4). As a result, the relation

Ig, =1, +Ah

is replaced by
Fg_,n = q]‘—‘tl,n—l + q]'—‘-l‘_,n-i-l + ffh

Note that the roles of p and ¢ are swapped but, using this trick, we are able to count the paths from point
(m,n) to a point (0,n — s) lying on the left boundary and composed of s elementary displacements among
whose $(s+m) are towards the left hand side and 1 (s —m) towards the right hand side, with s varying from m
(minimum to reach the left boundary) and n — 1 (the point (0,0) does not contribute). A path is thus defined
by the choice of the displacements to the right among the s displacements. The number of possible choices is
(%(sim)) and we finally get :

s€[m,n—1],s+m=0[2] 2
For the point (2j,2n + 1), one obtains
R . . 2s
Fg_j,Qn+1|7“=2q = Aths-mqs—] (s B ]), 0<j<n. (2.1)

s=j
Since the reflection coefficient r is less than 2q, I’;ﬂnﬂ |r=24 provides an upper bound for the corrector F;'j’gnﬂ.

3. PROOF BY RECURSION

In this section, we demonstrate the result (2.1) by recursion. Let us suppose that (2.1) is satisfied up to
order n. Then, for 0 < j <n+1 and for r = 2¢

+ _ 21t + 214
F2j,2n+3|7“=2q =D F23'72,2n+1|7'=2q + 2pqr2j,2n+1|”'=2q +q F2j+2,2n+1|7“=QQ'
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And therefore

L /959 A T
T3, on alr=2g = AR Y _pHg*™ ( e ) +240 > pHg (8 i 1)
s=j s=j+1

n+1 9 9
a3 e (272
s=j+2 57J 7

:A’h p2j 2j -2 +p2j+1q 2j Jr2pzj+1 2j
0 1 0
n+1
. ) ) 2s — 2 2s — 2 25 — 2
Ah g 2
can d e ((007) 22,0 +(2570)

s=j+2
- . . - ntl . . 2s
— Ah (p2j +p2]+1q(2j+2))+Ah Z pSJrqu*J <5_j)
s=j7+2

5=

n+1 2
— _'therquj( >
s=j
Because r = 2¢, a similar computation shows that

! 2s

+ _x i, 55

LG onsalr=2g = AR Y p* g’ ](sj)
s=0

As a result, (2.1) is satisfied up to order n+ 1. Finally, for n = 0, FS:I = Ah and the recursion relation (2.1)
is satisfied for n = 0, which concludes the proof.

4. PROOF USING FOURIER ANALYSIS

An alternative demonstration of the result is given below. It is inspired from a method studied in the book by
Karlin [11] based on the construction of a basis of orthogonal polynomials (in our case related to Tchebytchev
polynomials). To this end, we consider F;‘Ln as the Fourier coefficients of a function f,,. More precisely, we
write

m

T, = /W (1—7)7 Fol) cos(ma) da. (4.1)

—m \4q
Recursion relations (1.7) satisfied by the correctors determine f,,. Namely, we get, for any m > 0

m m—1

/ﬂ (2)7 frt1() cos(ma) do = /W p (B) 2 Ja(@) cos((m = 1)z) dz

—m \4q -7 q

[ a(2) T f@eos(on + o) as

-7 q

which can be written

m

/7T (g) : (frt1(z) — 24/pgcosx fn(x)) cos(maz)de = 0. (4.3)

—T

It implies that there exists ¢, such that

frg1(z) = 2y/pgcosx fr(x) + cp. (4.4)
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But, for m =0,

T ™ % -
fot1(z)de — r/ (I—;) fn(x)cosxzdax = Ah (4.5)
which can be written, by using relation (4.4)
s ™ % =
/ (2v/pgcosx fn(x) + ¢p) do — / r (g) fn(x)cosaxdx = Ah. (4.6)
If » = 2q, upper bound of r = % for the problem at hand, the equation (4.6) simply provides

—

Ah
Cp = —

2T

which, with recursion relation (4.4) for f,, and F:@,o = 0 (which implies fy = 0), gives the expression below

foyi1(z) = (\/%cos ac)s. (4.7)

s
NE

@
Il
o

As a result, we get,

n

Z (\/@cos :E)s cos(maz) dz. (4.8)

0

An [T P b
O g/ <5>
—1Tr

S

Specifically,
Ah (p\) [T & s
F;_j,2n+1 r=2q = 5 (E) / (\/4pqcos:c) cos(2jz) dz
T s=0

A’h j 2n . 1 s ' \d
== <B> (4th)5/ g~ (s+) <z + —> (zQJ + z*QJ).—Z
q 0 C z 12

j 2n
p 2 —(s+1) S\ 2k—s( 25 —9;\ 4z
L 4 2 .
(q) > pQ)Q/c Z<k>z (7 +74) %

The only nonzero terms stems from the k satisfying 2k = s + 25, which on the one hand implies s even and
on the other s > 25 so that 0 < k < s. Changing variable, we obtain again relation (2.1):

An (p)! & . , s dz
FJ” _ _ P 4 = 2—6 -
2j,2n+1/r=2q . <q> Z( PQ)z/C <(5 — 2j)/2> iz

s=2j

A (g)ji(m)s(s%a‘)

s=j

LI [ 2s
:AthJJquSJ( )
s=j

5—J
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5. SUM OF THE SERIES AND UPPER BOUND OF THE CORRECTOR

By using formula 2.5.15 of [25] or the methods provided by [8], the series S; () with term 2" ( 2 ) turns out

T
r—J
to be summable in closed form. For 0 < z < %, this sum is given by

We deduce from this result the following upper bound for the corrector

7
- p
I ot < T8 ot lomzall < 1] (5) S, (pa).

Asp+q=1and p > q, we get \/1 —4pg = p — q and therefore

14115

PR || A]| cot 0. (5.2)

||F;rj,2n+1|| <

We conclude that the norm of the corrector is bounded by ch,with ¢ = || 4] cot §. This proves Theorem 0.1.
In the next section, we turn back to the case of vertical advection.

6. VERTICAL ADVECTION

For vertical advection velocity, it is possible to count the number of paths (1.5) with the original (i.e. without
taking an upper bound) reflection coefficient:

N RS o _os [ 25
Lojony1 = D) Z 2 : (6.1)
s=j

s—J
By this path counting technic, we obtain the result proven by recursion for a triangular domain in [2].
Another possible method relies on the use of generating functions. We define T}, |, = Ffmyn for m < 0 and

split the paths reflected with weight 1 into two paths of weight %, symmetric with respect to the left boundary.
We have now to solve the equations below, namely

1 1
rf., = 5%71%1 + EP;;HJH mezs n>1

. = s 6.2
Fg,n = Eri_l,n—l + §an+1 + 5t n >1 (6.2)
F;,o =0 m € Z.

The generating function defined by
Tn(2) = Y T, 2"

meZ

verifies g (z) = 0, T'(2) = 27 and the recursion relationship

1 1\?
Pant1(2) = 1 (Z + ;) Lop-1(2) +

v

h
2
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from which we obtain
h 1\* 1
T =572 (+1) g
Noting that F;’_j,Qn 41 is the coefficient of 2% in the above sum, and using the binomial identity, we obtain once
again formula (6.1). Indeed,

n 2k
h—* 2k 2k—s _—s 1
Foa(e) = 5703 ()
k=0 s=0
hoos o= (26 o 1
= —1 _—
2 ] k—j 22k
k=0j=—k
— "2k 1
— _7 _ J
-5y (z () g )
Jj=-— k=j
The series S;(z) with term z" (TQ_T) is divergent for z = %. For vertical advection velocity, in contrast to

oblique incidence case, the corrector behaves for L., norm as h'/? (see [2]). Note that, for this specific case,
Peterson in [18] demonstrates that the convergence error of the scheme is exactly h'/2. Then, the corrector
provides a fair estimate of the error.

7. BACK TO THE INITIAL DOMAIN: A MATRIX FORMULATION

First, a probabilistic interpretation of the recursion relation (1.6) is proposed, relying on similar problems
studied in the realm of Markov process [10]. If we consider a Markov process with discrete states indexed by m
and discrete times indexed by n and if the square 2¢ + 1 matrix

.0

o O

_ O O
o O

o O
=N O3

SH

..0p O
0000O0T"

SR

is the transition matrix of Markov process considered above, the transition probability from state m to state
m — 1 is p, whereas this probability from state m to state m + 1 is ¢, for m # 0 and m # 2¢. The transition
matrix T allows to compute the 2¢+ 1 component vector of occupation probabilities p(n + 1) at time n+ 1 from
the occupation probabilities p(n) at time n:

p(n+1) = Tp(n) = T"*'p(0).

The quantity Zilo (T") j,0 provides the sum of occupation probabilities of state 0 at times k£ < 2n for initial
state j, i.e. at time 0, the occupied state is j. The first and last lines of T" respectively dictate the behavior at
the left (resp. right) boundary and the coefficients r and v’ = 1 are the reflection coefficients.

We now express under matrix form the relations (1.6). To this end, we introduce for n > 0, the ¢ + 1
component vector

r, = (Ff{n,.

t
+ +
..,ng,n,...,r%n) ,

and we get
I''=Ch and Tg,11=MI9, 1+Ch, n>1
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where M is the square £ + 1 matrix defined by (' = 1)

mrqg 0 0 ... O A
p? 20 ¢> 0 ... 0 0
2 2
M- 0 p* 2pqgq® ... O and  C = 0
0 ... 0 p?2q ¢ 0
0 0 0 0 r'priq B

Matrix M is the restriction to odd indexes of T2. We deduce from above that

Tonyr =y MFCh.
k=0

Therefore, the corrector is a linear combination of Ah and Eh, with coefficients that are sums of coefficients of
powers of M:

T3 2011 = @ (M)A + bj,n(M)Bh, 0<j<!t (7.1)
where . .
ajn(M) =Y (M*);0 and b (M) =" (M");, (72)
k=0 k=0

and (M*);,; denotes the term on line j and column 4. The lines and column of M* are indexed from 0 to /.
One will notice that, for even indices, the estimate for the £ component vector

t
_ (p+ + +
Lop = (F1,2na T 7F2j—1,2n’ T ’F2271,2n)
can be obtained from the estimate for vector I'g,,_1.

To allow closed form computation of eigenvectors, one multiplies by 2p > 1 the first line of the matrix M
in order to replace the terms rp = ¢ and rq = %2 respectively by 2pg and 2¢?, which amounts to replace the
reflection coeflicient r = % by an upper bound 2¢ and one multiplies by 2p > 1 the first line of the matrix M,
which amounts to replace the reflection coefficient 7/ = 1 < 2p by an upper bound 2p. One then obtains the
matrix IV of order ¢ + 1

2p¢2¢> 0 0 ... 0
P2 2qu q> O2 .. 0
N 0 p* 2pgq” ... O
0 ... 0 p*2pq ¢?

0 0 0 0 2p°2pq

The way N is constructed from M implies that the coefficients a; ,(N) and b; ,(N) computed for this matrix N
are upper bounds of those computed with matrix M. The ¢ + 1 eigenvalues of N are distinct and are given by

A = 2pq (1 + cos (k%)) <1

the associated eigenvectors have components
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In order to compute the coefficients of powers of N, we diagonalize this matrix: N = XDX ! where X is
the matrix X, of eigenvectors and D the diagonal matrix of eigenvalues. The inverse of X can be computed,
using trigonometric identities given in [13],

-1 . .
1
Zcos (%) oS (%) + 5(1 + cos(nm) cos(mm)) = génm, m# 0,4,
S . (7.3)
Zcos (%) oS (%) + = (1 4 cos(nw) cos(mm)) = lopm, m=0,L.

Defining y,; = + (Z)J cos(m]’r) for 1 <j<l—1, Ymo = 55, Yme = 2e(q)e cos(mm), then setting Yy, = 2y,
for m # 0, ¢ and Ym] = Ym; for m = 0,4, we get the inverse of X. As a result, we obtain

N =

s=0
St (2 (B () b e )
= %(2pq)k (]—D)j <§cos (%) (1+cos (7)) +2" 1)
- Lo (2) (i:of (s3) -~ 500+ f(w)))

with f(z) = cos(jz) cos®*(%). The Euler Mac-Laurin summation formula allows to write this sum as

> 165 =50+ fm) = 5 [ fados Z " G (1) = £ ),

As f and f(- + 7) are even functions, all odd order derivatives of f are zero for 0 and 7. Therefore, the sum is
equal to the integral I defined below, which is computed by residue

/ i {k2 (28 k>

k< j.

Using this result, we obtain, for k > j

J
N k(D lf —on 2K\ _ kysow—j( 2K
(N%)jo = (4pq) <q> 7772 <k_j =P

i E() - () £ )

By the same method, we obtain

and we get
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Thus, the upper bound of the corrector for the initial square domain turns out to be the sum of the correctors
for two semi-infinite meshes computed previously, one obtained by extending to infinity the initial mesh to the
right hand side, the other doing the same, but on the left hand side.

8. CONCLUSION

By different methods (geometric paths counting, recursion, Fourier analysis, generating function, matrix
computation), we have established closed form expressions of an upper bound of the geometric corrector for
the initial (square) Peterson and related (semi-infinite, triangular) domains for oblique advection velocity. The
most convenient expression appears to be a weighted sum of binomial coefficients. This form has a simple
probabilistic interpretation, in terms of geometric paths counting. Moreover, the sum of the associated series is
known in closed form. As a result, an explicit upper bound for the geometric corrector proportional to h cot 6
is obtained, where 6 is the angle of the advection velocity with the vertical.

The L, norm of the corrector is therefore of order h for oblique incidence. As a result, the upwind scheme on
initial (square) Peterson mesh and on related (triangular, semi-infinite) meshes is therefore of order h for oblique
incidence. The reduction of the order of convergence to h'/? for vertical direction of advection in Lo, norm is
a subtle phenomena, which disappears as soon as the advection velocity moves apart from vertical direction, or
when norm L is replaced by norm L;. We have observed the same kind of phenomena in numerical experiments
on more generic meshes, see [17]. The main advantage of Peterson mesh is that the difference equations satisfied
by the corrector have constant coefficients, and nonzero right hand side only on the boundary, which simplifies
the derivation of an upper bound for the corrector. The precise behavior of the corrector on arbitrary meshes
remains an open question.
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