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Abstract

We explore in this article the possibilities and limitations of the so-called energy method for an-
alyzing the stability of finite difference approximations to the transport equation with extrapolation
numerical boundary conditions at the outflow boundary. We first show that for the most simple
schemes, namely the explicit schemes with a three point stencil, the energy method can be applied
for proving stability estimates when the scheme is implemented with either the first or second order
extrapolation boundary condition. We then examine the case of five point stencils and give several
examples of schemes and second order extrapolation numerical boundary conditions for which the en-
ergy method produces stability estimates. However, we also show that for the standard first or second
order translatory extrapolation boundary conditions, the energy method cannot be applied for proving
stability of the classical fourth order scheme originally proposed by Strang. This gives a clear limi-
tation of the energy method with respect to the more general approach based on the normal mode
decomposition.

AMS classification: 65M12, 656M06, 65M20.
Keywords: transport equation, numerical schemes, extrapolation boundary condition, energy, stability.

1 Introduction

A general approach for studying the stability of numerical boundary conditions for discretized hyperbolic
equations has been initiated in the fundamental contribution [GKS72]. However, for technical reasons,
the stability estimates in [GKS72] are restricted to zero initial data and can be obtained only after
verifying the fulfillment of some “algebraic” condition which is commonly referred to as the Uniform
Kreiss-Lopatinskii Condition. The theory in [GKS72] has been successfully applied to some well-known
extrapolation procedures at outflow boundaries, see a preliminary announcement in [Kre66] and the
complete proof in [Gol77]. In the recent work [CL20], one of the authors has revisited the stability
estimates for the outflow extrapolation procedures in [Kre66, Gol77] and shown that a suitably devised
energy argument could bypass the (technical and lenghty) arguments of [GKS72]. In this article, we
examine in a systematic way the possible applications but also the limitations of the energy method
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for analyzing the stability of extrapolation procedures at an outflow boundary for the most simple one-
dimensional transport equation. We begin by reviewing some central concepts and notation that will be
extensively used throughout the remainder of this paper.

1.1 Continuous problem

We consider the scalar advection equation in 1D on a semi-infinite interval with an outflow boundary at
z =0,

u +u, =0 —oco<zx<0, t>0. (1)
The differential operator 0; + 0, is semi-bounded on this domain, i.e. for all 0 < ¢; < t9 and integrable
smooth functions ®(z,t) where ®(—o0,t) = 0, we have,

O+ 0, =0 = [|2*(t2) = [2]*(t1) _/mq’(oﬁ)sz < llef*(t), (2)

t1

where we have used the standard definition of the Ly inner product and norm (with respect to the space
variable x) for real valued functions,

0
(@, ) ::/ O(z) U(x)dz, [®[? = (®,d).

—00

When later discretizing (1) in time and space, we shall seek to mimic the energy balance (2).

1.2 Discretizing on the whole real line

We seek to discretize the problem (1) in time and space using a finite difference method. In the interior
of the spatial domain we use a repeated interior stencil, which we analyze for the Cauchy version of (1).
We introduce an equispaced spatial grid over the whole real line,

€Ly :]Aﬂj, —00 < j < o0,

where Az > 0 is the grid spacing. Unless otherwise stated, sequences (®;) on the grid are assumed to be
real valued, and the norm on ¢?(Z) is defined by,

9[22z == > @5
JEZ

Next, we introduce a time step At > 0 (and accordingly, ¢, = nAt) and consider the ratio z := At/Ax
(the so-called Courant-Friedrichs-Lewy parameter [CFL28]) as a constant. In what follows, uy stands for
an approximation of the solution u to the Cauchy version of (1) in the neighborhood of (z;,t,). We
consider explicit finite difference discretizations to (1) of the form:

ui™ = Az)uj, —oco<j<oo, neN, (3)

where A(z) is a polynomial with respect to z = At/Ax of difference operators. E.g, decomposing A(z) in

terms of simple shift operators, A(z) then acts on sequences (®;) indexed by j according to,

1o

A(z) ®; = Z ae(z) Pjye,
=0



where the integers /1 mark the extent (or bandwidth) of the difference stencil, and where the coefficients
ay(z) are polynomial expressions with respect to z. Most of the examples we will consider below fall into
the classes of three point stencils ({— = ¢4 = 1) and five point stencils (/— = ¢4 = 2). It is clear that A(z)
acts boundedly on ¢2(Z), and we shall say that A(z) is a contraction if the norm of A(z) as an operator
on ¢?(Z) is not larger than 1.

In what follows, we only consider finite difference schemes that are consistent with the transport
equation (1). In other words, see for instance [RM94, GK095], we only consider operators A(z) in (3)
that satisfy at least the first order accuracy relations,

0 0
Z ag(z) =1, and Z lag(z) = —=.
b=—t_ =—10_

In order to prove stability estimates, be they on the whole space Z or on the half-space Z~, we aim to
use the energy method in order to prove that the scheme is a contraction with respect to a certain norm.
For the Cauchy problem, we thus need for A(z) to be a contraction on ¢?(Z). Since the coefficients of the
operator A(z) do not depend on j, we can achieve this by splitting each local energy balance term into a
telescopic and a dissipative part. In other words, the goal will be to show that, for an arbitrary sequence
(®5)jez,

U, = Az)®;, = V=0 +T,-T;1+8;, S5;<0, (4)

for all values of z within a certain specified interval. In (4), Tj, Tj—1 and S; are quadratic quantities over

the ®;, entries for j—¢_ < k < j+ /. When summing over all whole numbers, the telescopic part cancels
and we are left with

1912y = 1212 + D% < I12lEeg,
JEZL
showing that A(z) is a contraction, just as the continuous problem (2).

The main goal of analyzing schemes of the form (3) will be to derive integration by parts decompositions
of the form (4) with S; < 0 for any j. There is a lot of freedom involved in splitting the difference \Ifg — @?
into telescopic and non-telescopic parts as in (4), see for instance [CL20, Lemma A.1]. In this paper we
will take advantage of this in order to expand and refine the energy method arguments used in [CL20].

1.2.1 Finite difference operators

The basic unit for constructing all finite difference stencils will be the backward difference operator,
D @j = (I)j - qu—l . (5)

In order to define a parametric family of schemes with a three point stencil, we will use the standard first
and second order derivative approximations (the ”centered finite difference” and the ”discrete Laplacian”,
respectively). On normalized form with respect to the spacing Az, we thus consider,

1
Dy®; = 3 (Pjp1—Pj—1), (6)

Aq)j :D(I)j+1—Dq)j:q)j_l—Qq)j+<I>j+1. (7)

(D®j+D®jy1) =

DO =



Note that both of these operators can easily be shown to be of accuracy order 2. To define a family of
five point stencils, we also need to approximate the third and fourth derivatives, which we define using,
1
Dy A®; =3 (—Pj24+2P; 1 —2Pj11 + Pjy2), (8)
A? q)j :q)j_g —4(I)j_1 —I—Gq)] —4(I)j+1 +q)j+2- (9)

Since we will not consider schemes with more than a five point stencil, in this paper we will limit our
attention to only the finite difference operators introduced above.
1.3 Outflow boundary conditions

We close the discrete domain at the outflow boundary x = 0, and define a general vector on the grid as,
P = (...,(I>_2,<I>_1,<I>0) .

At the points nearest to the outflow boundary at x = 0, extrapolation to ghost points outside the
computational domain are needed in order to close the finite difference stencils and thus the numerical
scheme (3) itself. Namely, we need a method to define the ®i,...,®, values in order to compute
U, := A(z) ®; for all j € Z~. Note that this extrapolation step may or may not reduce the local accuracy
order from that of the interior stencil itself.

Next, we define an inner product on Z~ in the form of a quadrature rule, such that in general only
the last 7 quadrature weights h; > 0 are non-unity,

0
1@ = (2. ®)u, (2, %)= Y ¥+ Y hd; 0. (10)
Jj<—r Jj=-r+1

Now let’s assume that contractivity (4) holds for all sequences (®;) € ¢2(Z). Then, using an arbitrary set

of extrapolation conditions to define the ®; values with positive indices j = 1,...,¢,, we have,
0 0
ViEZT, W =AR)% = [®[F @l - Y] 8= (h—h) T+ > b = E,
Jj<-r j=-—r j=—r+1

(1)
where we have defined h_, := 1 and h; := 0. Since the local dissipation \S; is nonpositive for any j, we
get from (11):

VieZ . W= AR = |¥l} < @} +E.

The goal at this point is to determine the extrapolation procedure and the quadrature weights such that
E is, at least, non-positive. In that case, the combination of the operator A(z) with the extrapolation
procedure yields a contraction on £2(Z~) provided that the latter space is equipped with the norm (10).
We formalize this notion below.

Definition 1. Together with suitable extrapolation conditions at an outflow boundary, we say that the
operator A(z) in (3) is semi-bounded with respect to the inner product defined in (10) if, for a given z > 0,
the following two conditions are satified.

1. The scheme is contractive, that is A(z) admits a decomposition (4) with S; < 0.



2. The boundary contribution is mon-positive, i.e.

0 0
E=Y (hj—his)Ti+ Y ;8 <0, (12)

j:—fr ]:—r—l—l
where we use the convention h_, :=1 and h; := 0.

As a matter of fact, it is useful for the purpose of convergence proofs (see, e.g., [Gus75, GKO95, CL20])
to infer from (11) a trace estimate on the sequence ®. This will be the case provided that E is a negative
definite quadratic form of its arguments, as evidenced below on several examples. This energy argument
bypasses, as in [Wu95, CG11, CL20], the lengthy verification of the fulfillment of the so-called Uniform
Lopatinskii Condition. We refer to [GKS72, Coul3] for a general presentation of this topic.

The rest of this article is organized as follows. In Section 2, we examine the application of the energy
method described above in the case of three point schemes (/— = ¢4 = 1). Since such schemes have
at most second order accuracy [GKO95], we restrict our analysis to the case of first and second order
extrapolation at the outflow boundary. We then examine the case of five point schemes ({_ = ¢, = 2)
in Section 3. Since the involved algebra becomes heavier, we restrict sometimes the analysis to three
particular cases which are analogues of some well-known three point schemes. We give examples of
extrapolation procedures for which we can construct a suitable energy that yields semi-boundedness. In
contrast to what is more commonly used, these energy stable extrapolation procedures are not translation
invariant. Finally, in section 5 we demonstrate the limitation of more standard extrapolation procedures,
proving that for a fourth order five point scheme combined with the most common first and second order
extrapolation procedures, the energy method actually fails to work, though the corresponding closure of
the operator A(z) is known to be power-bounded. This shows that the normal mode analysis developed
in [GKS72] and subsequent works is sometimes necessary to capture stability in general.

2 Three point schemes

The family of three point stencils of at least first order accuracy can be defined using a single free
parameter v as follows (see [RM94, GKO95]),

A@):I—sz+%A. (13)

Famous examples include the Euler forward (v = 0), Lax-Friedrichs (v = 1), the two-point upwind (v = z)
as well as the second order accurate Lax-Wendroff (v = z2) schemes.

2.1 Contractivity on the whole real line

For the family of schemes considered in (13), our first result is the following.

Lemma 1. Let z,v € R, and consider the scheme (3) with A(z) as in (13). Then (4) holds with

vV —=z

T _
% D; _ : 2
CTJ T <D q)j+1> Q <D CI)]-_H) ’ Q T vV —Zz 14 (1 — Z) ’ (14)
2 2




and

T
o D ®; D ®; . 10 1 -1
5= (oun) ¥ (o) w=alo)re(h ) o
where
v — 22 V2 — 22
ay = — 2 s ag = 4

In particular, A(z) is a contraction on (*(Z), i.e. S; <0, if 2 and v satisfy the relation 2> < v < 1.

Proof. With A(z) as in (13), we have in (4),
2
U2 — 0 = —220; (Do ®;) + 2* (Do ®;)* + v ®; (A D)) — 21 (Do ;) (A ®;) + VZ (AD;)%.  (16)

In order to split this expression into telescopic and non-telescopic parts, we first note that the (Dg <I>j)2
term can be expressed as the sum of squares (this is nothing but the parallelogram identity),

1
(Do ®))* = 1 2D ®;)° +2(D®j11) — (AD;)*] . (17)
Moreover, we will use the purely telescopic formulas,
20; Dy ®; = & 0j41 — ;1@ = (D2 + ;DD ) — (O, + ;-1 D D) | (18)
2Dy ®;AD; = (D®;1)* — (D)2, (19)

Finally, the ®; A ®; term can be written as the combination of non-telescopic (sum of squares) and

telescopic parts’,

20;AD; = —(D®;)> — (D®j41)> + 07, — 207 + 37,
= —(D®;)* = (DPj11)* + 20, D®jy1 + (D Pj11)°] — 29,1 D+ (D D))*] . (20)

Inserting the formulas (17) through (20) into (16), we get the desired form \Ifi - <I>? =T;—Tj_1+S; with
T; directly as in (14) and S; given by

Sj = a1 [(D®;)* + (D ®j41)*] + a2 (A ;).

From the definition of the discrete Laplacian A in (7), we can further rewrite this into (15). This proves
the first part of the Lemma.

Next, an orthogonal set of eigenvectors to M is given by (1 1) and (1 — 1)T, and the associated
eigenvalues are,

2
V—2z v(l—-v
AN =a = — , )\2:a1+2a2:_¥
2 2
We have,
MN<0 < 22 < v,
<0 < velo,1].
and we have thus shown that the scheme defined by A(z) is a contraction if 22 < v < 1. O
!The decomposition mimics the equality 2uu” = —2 (u/)* + (u?)".



It is worth to mention here that the same exact bounds on z,v for £? stability given in Lemma 1
above can also be derived using Fourier analysis (they are both necessary and sufficient for A(z) to be
a contraction). However, for a wider stencil we can not in general guarantee that the energy method
will yield the same bounds as obtained with the Fourier method. Since we will use the energy method
to derive extrapolation boundary conditions leading to semi-boundedness, we shall in this paper only
consider stencils for which contractivity can be shown using the energy method in a similar fashion to the
one above.

To conclude this section, we write down the eigenvalues associated with the quadratic form S; for the
important special cases mentioned at the beginning of this section. The Euler forward method (v = 0)
yields,

showing that this scheme is not contractive for any z. Moreover, the Lax-Friedrichs scheme (v = 1) yields,

1— 22
)\1 = - 2 ) )\2 = 07
the upwind scheme (v = z) yields,
z(l—=z
Al = A2 = — ( 5 )7
and finally the Lax-Wendroff (v = 22) scheme,
2 1— 2
M= 0. A= _¥

This shows that the Lax-Friedrichs and Lax-Wendroff schemes are both contractive for all |z| < 1 (meaning
that we can freely change the sign in front of u, in (1) without modifying the stability property of the
scheme), while the upwind scheme is contractive for 0 < z < 1.
2.2 QOutflow boundary conditions
For simplicity, in (10) we let 7 = 1 from the start, i.e. the norm of ® € ¢2(Z~) in (10) is defined by
@7 = > @F +ho .
Jj<-1

and for now we consider the last quadrature weight hg as a free (positive) parameter. In (12) we then
have, using Lemma 1 from the previous paragraph,

E:(l—ho)T_1+h0T0+h(]So
o\ d_, By \ D, Ddy\ " D ®,
=010 (pa,) @ (pay) +10 (pa) @ (o) 0 (pa) ¥ (ay) @

Inserting (14) and (15) into the above expression (21) for E gives us right away a stability estimate for
the most popular first order extrapolation boundary closure.



Corollary 1. Let z € (0,1] and let v satisfy 2> < v < 1. Then the scheme (13) together with the first
order extrapolation condition ®1 = ®g is semi-bounded. In particular, the energy balance is given by,

D<) e -0f< > 9, (22)

J<0 J<0 J<0
which exactly mimics (2) with added dissipation.

Proof. We choose hg = 1 for the last quadrature weight. From the extrapolation condition we can use
D ®; =0in (21) to immediately get,

T T
_ P P D ® D ® _ 2
B (W) @ (W) (P0r) ar (P)r) = —sape s
The energy balance (22) then follows from (11) and the fact that S; < 0 for any j <0if 22 <v <1. O

We now examine the case of a second order extrapolation condition at the outflow boundary, that is
we impose A ¢y = 0. Our result is the following.

Corollary 2. Let z € (0,1] and let v satisfy 2> < v < 1, and consider the scheme (13) together with the
second order extrapolation condition A®y = 0. Then E in (12) is given by

T 1 v

0% 0N —z z(3 —ho) + 3
B — B B — . 23
(D ‘I’O> <D ‘I’0> ’ <2(% —ho)+ % hox? — U )

Moreover, B is negative definite (and thus the scheme is semi-bounded) for the choice hg = (1—z+v/z)/2.

Proof. From the second order extrapolation condition, we have,
Ady=0 = DP = Ddg.
We also have, from the definition of D in (5),
b1 = D)—DDy.

Going back to (21), we now write E as,
g — D®\. _ [(Dg—D® oy \ o Ddy\ " D&
_ o 00— 0 00— 0 0 0 0 0
E = (1-ho) < D ®, ) Q < D ®, >+h° <D<I>0> Q <D<I>0> +ho <D<1>0> M <D<I>0> )

which, using (14) and (15), can be further simplified into (23).
In order to see whether B in (23) is negative definite, we rotate to diagonal form using the similarity

V+z
R |1 < 2 _Zh())/z = RTBR:<_Z 0),
0 1 0 7

transformation,

where
v i= (w42 =22k +4ho 2 — 22 (1+ 2)v] /(42).



The minimum of v with respect to hg is obtained for

oy 9 Z—z+1_ 1
= =2 —z- 2hpz =0 & hyg=2——>—
oo z Z—V+ 0% 0 5 5

which in all cases leads to the same negative value of -,
v = —2%/4.

With this choice of hg, the quantity (10) (with 7 = 1) defines a norm on ¢?(—o0,0) and the second
condition of Definition 1 is always satisfied for z € (0,1] and v € [2%,1]. Semi-boundedness is thus
obtained as long as the interior scheme is contractive. O

In particular, the second order accurate Lax-Wendroff scheme (v = 2?) is associated with the likewise
second order accurate Trapezoidal rule with the constant value hg = 1/2 (independently of z € (0, 1)).
For all other three-point schemes, the above value for hg as obtained with this method depends on z and
grows to infinity as z approaches 0 (v being fixed).

3 Five point schemes

In this preliminary work we do not aim for a complete theory encompassing finite difference schemes of
any order. Instead we go on to consider a slightly more involved example than in the previous section,
namely the family of schemes with a five point stencil and at least second order accuracy. Such schemes
can be parametrized with two free parameters o, 7 as follows,

2
A(z):f—zD0+%A+aDOA+TA2. (24)

We first derive a general integration by parts decomposition formula for A(z) and thereby obtain three
interesting examples for which A(z) is contractive.

3.1 Contractivity on the whole real line

Generalizing Lemma 1 to the family of operators in (24), our result is the following.
Lemma 2. Let z,0,7 € R, and consider the scheme (3) with A(z) as in (24). Then (4) holds with

D, T D
| D®jn D®;y
=1 a0, | ¢ as, |

DA, DA,

_2(1=2) o %—I—T

2
2(1—2) 22 (1—2) o a
0= |"2z Tz —° 3 RO-T (1+—)Z(§+T)
a z‘o d 4 a
(o) 5 —Z20—T =5 t+zT 5 (

Bar e (54r) MHH () -g FhiFaor—y




and

AD, \T [AD; {100 1 -1 0 1 -2 1
Sj=| Aa®;, | M| A, ,M::é 01 0f+a -1 2 —-1]4a3|-2 4 -2,
Ad; Ad; 00 1 0 -1 1 1 -2 1

where
22(22_1)+2 Ly . 2 2 a2+
a) = ——= zo T, = ——+———, a3z :i= —— +7°.
! 4 02 4 2 g

In particular, A(z) is a contraction on (*(Z) in each of the three following cases:
e 0=0,7=—(1-2%)/12 and z € [-1,1],
e 0=2(1-22/6,7=—0/2 and z € [0,1],
e 0=2(1-22)/6,7=—2%2(1-22)/24 and z € [-1,1].

Proof. Using (24) in (4), we now have,

U2 — @ = —22®; Dy + 2> (Do ®;)* + 2°0; A®; — 2 (Do ;) (A ®;) + %4 (A D)
+20®; DgA®; — 220 (Dg®;) (Do A®;) + 2% 0 (A®;) (Dg A®j) + 02 (Dy A D;)?
+27®0,; (A2D;) — 227 (Do ®;) (A2 ®;) + 27 (A D) (A2 D)) + 207 (Dg A D) (A% D))
+72(A%9;))%. (27)

The terms in the first line on the right hand side above are covered by the previous formulas (17), (18),
(19) and (20). Further, by substituting ®; for A ®; in the same formulas, we get,

(DoA®)” = T [2(DA®;)2+2(DAR; ) — (A28, (28)
as well as
2(A9;) (Do A®)) = [(AD;)* + AP;DAD; ] — [(A®;1)* + ADj 1 DAD] (29)
2(Do A®;) (A?D)) = (DAD;1)* — (DAD;)?, (30)
and

2AD;A’®; = — (DA®;)> — (DAD,,;)?

5 5 (31)
+ [2A<I>jDA<I>j+1—|—(DA<I>j+1) ] — [QA(I)]_lDAq)]—I-(DA(I)j) ] .

For the remaining terms on the right hand side of (27), we need to introduce the following four new high
order formulas, the proof of which can be found in Appendix,

1
2Dy ®; Dy AD; = —2(AD;)? + 1 [(DA®;)? + (DA®j41)?]

1 1
+ (D(I)j_H—ZDA(IDJ'_H)(DA(IDJ'_H—FQA(I)]')]—|:(D(I)j—ZDA(I)j)(DA(I)j—i-QA(I)j_l) , (32)

10



as well as,

2 q)j Dy A <I>j = [(I)] (D A <I>j+1 +2A <I>j) + (A q)j —D q>j+1) D <I>j+1] (33)
— [(I)j—l (DA <I>j +2A <I>j—1) + (A (I)j—l —D <I>j) D <I>J] R
2Dy ®; A*®; = [-(DAD; 1 + AP;)AP; +2DP; 1 DAD; ] (34)

~ [~ (DA®; +A®;_1)AD;_1 +2D®; DAD],
and
20, A’P; = 2(A®;)* +[20; DAD; 11 —2DP®; 1 A®;] — 20, 1 DAD; —2DD; Ad; 4] . (35)

Note that all the non-telescopic parts above are expressed in terms of the three variables (A ¢>j)2,
(A?®;)? and (DA ®;)% + (DA ®;j11)% The last two of these can be written as,

Ad,_ )\ /1 AD;_, Ad,_\" /1 -2 1\ [A®,_,
(A%d,)2 = | A 2|1 -2 1) | A®; | =| AP -2 4 -2 AD; |,
Aq)j+1 1 A(I)j+1 A(I)j+1 1 —2 1 Aq)j+1
and
Ad, \T /1 -1 0\ [Ad;,
(DA®)*+(DA®; 1) = | Ad; -1 2 -1 AD,
Aq)j+1 0 -1 1 Aq)j+1

Thus, in order to analyze the sign of the complete non-telescopic part, it is convenient to expand (A <I>j)2
into a similar matrix form with a telescopic correction,

L (AT (10 0\ [Ad,
(AD;)? = 3| A% 010 A®;
N 00 1) \Ad;,,
1 1
-3 (DA, +A D))+ (AD))?] + 3 (DA, +AD; )+ (A0 )]

Inserting (28) through (35) into (27) and then rewriting (A ®;)?, (A2®;)? and (DA ®;)? + (D A ®;j11)?
according to the above, the first part of the Lemma follows. Note that the term a; (A <I>j)2 has been split
between between the telescopic and dissipative parts.

The same orthogonal set of eigenvectors to each of the three terms in (26) is given by (1,1,1)7,
(=1,0,1)T and (1,—2,1)T, with the associated eigenvalues of M,

Y= %, Ay 1= %—I—ag, Ag = %—1—3(124—6&3.

The operator A(z) is a contraction on ¢2(Z) if all three eigenvalues Aj 23 of M are non-positive. In
contrast to the three point stencil case, we can not easily rewrite the conditions for contractivity into
explicit relations for o and 7. However, three special cases seem to be worth to mention. First, if we let
o =0and 7 = —(1 — 22)/12, then the eigenvalues of M simplify into,

(1—-22)(2+32%) (1—2%)(4+32%

1 36 ) 2 79 ) 3

1— 22
72
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Hence A(z) is a contraction for any z € [—1, 1] in that case. Recall that for the second order Lax-Wendroff
scheme, the dissipation approaches 0 as z approaches 0, which is not the case here. In terms of dissipation
properties, this new scheme can instead be seen in some sense to be analogous to the three-point Lax-
Friedrichs scheme (though one eigenvalue for the Lax-Friedrichs scheme is zero, which is not the case
here).

A skewed 4—point stencil of accuracy order 3, which can be seen as analogous to the two-point upwind
scheme, is given by o := 2 (1 — 22)/6 and 7 := —0/2 = —2(1 — 22) /12, yielding,

_z(l—z2)(2—z) 2(1—22)(142) (2 — 2)?

M= 36 R 72 ’
e = 2(1-22)(2—2)(2+32—32?)
3 - .
Again, A(z) is a contraction on ¢2(Z) for any z € [0,1]. Finally, the so-called Strang scheme of fourth
order accuracy [Str62] is given by o := 2 (1 — 22)/6 and 7 := —22 (1 — 2%)/24, with the corresponding
eigenvalues,

22(1—22) (4 — 22
Alzoa A2:_ ( 14)4( )7 )\3:_

22(1-22)(3-22)(4—2%
96 '

The operator A(z) is again a contraction on ¢2(Z) for any z € [—1,1]. This scheme is a high (i.e., fourth)
order analogue to the second order accurate Lax-Wendroff scheme. O

We note that the corresponding stability analysis for the fourth order Strang scheme in [Str62] is performed
by means of the Fourier transform and is therefore not applicable for the outflow problem, which will be
considered next.

3.2 Owutflow boundary conditions

We examine in this paragraph two sets of outflow boundary conditions based on second order accurate
extrapolation, and thus leave higher order boundary conditions as a topic for future work. As opposed
to the three point stencil case, we have not found a single set of second order boundary conditions which
is stable for all of the three example schemes listed in Lemma 2, which is why we consider two different
alternatives below.

In what follows, we shall use the inner product (10) with » = 1 and hg = 1/2. In (12), we thus have,

T T
o, Dy g D T
Ad_, Ad_,
1| D&, D &, 1| D&, D, 1
E—§ A¢_1 Q A¢_1 5 A¢0 A@O +§ iio M iio )
DA®, DA®, DA®, DA®, ! !
(36)

with @ given in (25) and M given in (26).

3.2.1 Second order extrapolation of type 1

We can prove

12



Proposition 1. Let r = 1, hy = 1/2, and consider the set of second order extrapolation conditions
ADy=DyAdPy=0. In (36), we then have,

5 z g

. Z g

20 20 2 32 _2

E=|D®o | B|D® |,B:= % _%_U —z0

2 2
D% o D% o o —z0 27'+ +5za 2227+2 9 22 (1 —22)

= — — +orT - — T — —
2 2 3 12 2 12

(37)
In particular, the scheme is semi-bounded (i.e. B is negative semi-definite) for all z € (0,1) at least in
the following two special cases,

e 0=0andT=—(1-2%)/12,
e 0=2(1-2%/6 and 7 = —a /2.
Proof. The two extrapolation conditions readily yield,
D®;, = DY Ad; = AdD_,.

By combining the two we also get D A ®; = A®_4, and by definition we also have ®_; = &g — D & as
well as A®_; = D? ®y. With these formulas, we can now simplify E in (36) into,

T T

q)o—Dq)o q)o—Dq)(] q)o q)() 2 T 2
1| D&, D @, 1| Do, Do, | 1 [P %o D” %
E = - 2 Q 2 + = Q +35 0 M 0 ’
2 D2 ®, D2 ®, 2 0 0 2 \p2g Do
—-D2®, —D2®, D2 ®, D2 ®, 0 0

which in turn, after some straightforward algebra, leads to (37).
For the semi-boundedness part of the Proposition, let us first consider the case ¢ = 0 and 7 =
—(1 — 2%)/12. The general expression for the matrix B in (37) reduces to,

-z 2%/2 0
53
B = 22/2 —7 0
0 0 _(1—22)(3+422)
72

It is a simple exercise to verify that the upper left 2 x 2 block is negative definite for z € (0,1), hence B
is negative definite for z € (0,1). We get in that case the conclusion of Proposition 1 as an immediate

consequence. We now focus on the case 0 = z (1 — 22)/6 and 7 = —0/2, for which the matrix B reads:
1 —z/2 —(1—2%)/12
14222
B s —2/2 T2z 2(1—22)/12
(1-2%)(1+2)(4-32)

—(1-22)/12 z(1—2%)/12 -

13



We then compute:

T

U U
V| BV
W W
z 1— 22 22 5 (1—22) z 2 14+4+42-82%_,

thereby showing that B is negative semi-definite for z € (0,1). This completes the proof of Proposition
1. O
3.2.2 Outflow boundary: second order extrapolation of type 2

We examine in this paragraph a second set of outflow boundary conditions with second order accuracy.

Proposition 2. Let r = 1, hg = 1/2, and consider the set of second order extrapolation conditions
APy =A2dy=0. Then we have

oy \ D —z 23/2 .,
E=|D& | B| D& |, B:=|[z2}2 -5 -0 2T
2 2
P A SR ST

(38)
In particular, the scheme is semi-bounded (i.e. B is negative semi-definite) for all z € (0,1) at least in
the following two special cases,

e 0=2(1-22)/6 and 7 = —0/2,
e 0 =2(1-22)/6 and 7 = —2% (1 — 2?)/24.

Proof. We use (36) and insert the second order extrapolation conditions A &y = A2 ®y = 0, from which
we deduce the relations D &1 = D ®y, and DA Py = APy = —AP_;. The boundary contribution F in
the energy balance (11) reads

T T

®y — D Py ®y — D D, d o
1 D ®, D &, 1| Do, D &,
E=51 pa, | | D20y |T3| o @1 o
—D2 &, —D? &, —D? &, —D2 &,
| [ Dy r D2 &,
+ = 0 M 0 ,
—-D? 9, —D?®,
which leads to (38).
We first focus on the case 0 = z (1 — 22)/6 and 7 = —0 /2, for which the matrix B reads:
1 —z/2 —(1—-2%)/12
1+222
B —y —2/2 tez 2(1— 2%)/12
1-22)(1 4 —
_(1— )12 21— 22)np L= ;;Z)( 32)
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which we have already analyzed in the proof of Proposition 1. In particular, we have already shown that
B is negative semi-definite for any z € (0,1) and the result of Proposition 2 follows in that case. Finally,
and most importantly, the fourth order Strang scheme o = z (1 — 22)/6, 7 = —2% (1 — 22)/24 yields the

expression,
1 —z/2 —z(1—2%)/24

14222
B = —z —2/2 +6 z 22 (1—2%)/24

2 (1—22) (4—2242 (1—22
—2(1—22)/24 22(1—2?%)/24 =)z dz(oz))

u\" (U
Vv BV
w w
B z z(1—22) S| g 2 1— 22 2 2(1-22)(4—-2%)
__Z<<U_§V_TW> +6V + 15 V+ 1 W) + Tid W=,

showing that B is negative semi-definite for any z € (0,1). Hence the result of Proposition 2 follows in
the case of the fourth order Strang scheme. O

In view of all above results, the energy method seems to be a rather efficient tool to prove stability
estimates for numerical schemes that are contractive in the whole space Z combined with some carefully
selected extrapolation conditions at an outflow boundary. It is the purpose of the next section to illustrate
the limitations of this energy approach, namely that it can not be applied to the more often considered
translation invariant extrapolation conditions. For such boundary conditions and more general schemes
(based for instance on multistep quadrature methods in time), the general theory for proving stability of
numerical boundary conditions initiated in [GKS72] remains the only available one.

4 On the limitation of the energy method for analyzing numerical
boundary conditions

In this paragraph, we consider the fourth order Strang scheme [Str62]:

2 z(1—2%)

201 .2
A(2) ::f—zD0+%A+ Zl=2)

DoA—Z

2
. A (39)

With a prescribed five point stencil, the finite difference scheme (39) is the only one that achieves fourth
order accuracy (with respect to both space and time), just like the Lax-Wendroff scheme is the only three
point scheme that achieves second order accuracy. Our goal is to study the semi-boundedness of (39) when
implemented on a half line Z~ with extrapolation numerical boundary conditions, be they for instance
of order 1 or 2. The extrapolation boundary conditions considered in [Kre66, Gol77, CL20] are, in the
terminology of [GT78, GT81], translatory, meaning that they are of the exact same form in each ghost
cell (as opposed to the extrapolation conditions considered in Propositions 1 and 2). The main results in
[Kre66, Kre68, Gol77, CL20] show that, whatever the extrapolation order at the outflow boundary, the
corresponding operator on £?(—o0,0) is power-bounded. The proof of this result in [Kre66, Kre68, Gol77]
relies on the normal mode decomposition and power-boundedness follows from the general result in [Wu95],
while the more direct proof of the same result in [CL20] relies first on the energy method for the Dirichlet
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boundary condition and on an induction argument with respect to the extrapolation order at the outflow
boundary. Our goal below is to determine whether, as in Corollary 2, such stability estimates can be
achieved by means of a straightforward energy method without using “auxiliary problems”. The answer
is negative, see Theorems 1 and 2 below, which seems to indicate that the induction argument in [CL20]
is more or less the shortest way to derive stability estimates for translatory extrapolation numerical
boundary conditions. Examples of uniformly stable, though non dissipative, boundary conditions have
been known for quite some time in the context of hyperbolic partial differential equations, see for instance
the examples provided in [BGRSZ02, Benl4]. As far as we are aware of, the example given by Theorem
1 seems to be the first in the fully discrete setting.
Our first main result for the Strang scheme (39) is the following.

Theorem 1. There does not exist a parameter zg > 0, an integer r € N, and a continuous map H
from [0, z9] with values in A-(R) such that for all z € [0,2], H(z) is a symmetric matriz satisfying
the following property: for any sequence ® € 2(—o0,2) satisfying the first order extrapolation boundary
condition &9 = &1 = B, the following energy inequality holds:

T T
\I’—r+1 \Ij—r—l—l q)—r—l—l q>—r+1

DU | H@ | s | =X e o | HE | | <0, (10)
js—r \IIQ \IIO gs=r (I)O (IDO

with the sequence ¥ € (2(Z7) being defined by:

2 z(1—2?)

2 1— 2
Vji<o0, ¥ ::A(z)<I>j:q>j—zDOq>j+%Aq>j+ (1-29)

z 2
Dy A®; — 51 A%D;.
Let us observe that we do not even assume the matrix H(z) to be positive definite, which would be
necessary to make the quantity:

T
q>—r+1 q)—r—l—l

the square of a norm on the space of sequences ® € ¢?(—o0,2) with the prescribed boundary conditions.
The obstacle for the existence of H(z) in Theorem 1 comes from the small values of z. It could very well
be that for some z € (0, 1), one can construct a real symmetric positive definite matrix H(z) of size r € N
such that one has the optimal energy balance:
T T
\I’—r+1 \Ij—r—l—l q)—r—l—l q>—r+1
> w4 : H(z) : R : H(z) : +c(®2,+83) <0,
j<—r T, 0 j<-r D 20

with ¢ a positive constant. Theorem 1 shows, however, that such a construction will not be possible for
all values of z € (0,1) with the additional requirement that H(z) extends continuously to z = 0 (as was
the case, for instance, for the Lax-Wendroff scheme with second order extrapolation by Corollary 2).

Proof of Theorem 1. The proof of Theorem 1 is based on an induction argument with respect to the
integer r. As will follow from the argument below, it appears that the initial step of the induction
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argument corresponds to r = 2. The first two cases » = 0 and r = 1 are dealt with separately, though the
argument is similar to the one for » = 2. Let us start with a general argument from which the conclusion
of Theorem 1 will follow.

e The derivative of the energy balance with respect to z at 0. In all what follows, we assume that the
opposite statement to Theorem 1 holds, meaning that we assume that there exist a parameter zy > 0, an
integer r € N, and a continuous map H from [0, zg] with values in .Z,.(R) such that for any z € [0, zo], H(z)
is a real symmetric matrix with the previously stated property. Let us consider a sequence ® € £2(—o0, 2)
that satisfies @9 = ®; = Py, and let us then denote with f(z) the quantity on the left hand side of (40).
Since the sequence ¥(z) depends in a ¢! fashion on z in 2, and since H is continuous at 0, the function
f is differentiable at 0 and it holds that,

T
(I)—r—i-l

F10) = " 21;(0) ¥(0) + 2 ; HO) [ |- (41)
js=r P5(0) P

/—7’+1(0)

Substituting the value of W’(0), (41) can be expressed in terms of the sequence @ only, i.e.

1
Fo)=>" —20; Dy ®;j + = @; Dy A D,

Jj<—r
T
_(q)—r+2 - (I)—r) + (q)—r+3 -2 q)—r+2 +2 q)—r - (I)—r—l)/6 q>—r+1
+ : H(0) :
—((I)l—(I)_1)+((I)2—2(I)1+2(I)_1—@_2)/6 P
4 1
= - g o, q)—r—l—l + 6 ((I)—r—l q)—r—l—l +o_, q>—r+2)
T
_((I)—r—i-Z - CI)—T) + ((I)—r—i-?) —2 cI)—r—i-2 +2 (I)—r - CI)—r—l)/G (I)—T’-i-l
+ : H(0) :
—(q)l—q)_l)+(q)2—2(1)1+2(1>_1—¢_2)/6 P

We observe that f vanishes at z = 0 because ¥;(0) = ®; for all j, and f takes nonpositive values on
[0, z0] by (40). Hence 0 is a maximum of f on [0, 29] and the derivative f’(0) is nonpositive. In other
words, we have just obtained that there exists a real symmetric matrix 7 of size r such that for any
sequence ® € £?(—o00,2) satisfying ®3 = ®; = @, the following inequality holds:

4 1
- g q)—r q)—r+1 + 6 (q>—r—1 q>—r+1 + <I>—r <I>—r+2)
T
_(<1>—r+2 - <I>—r) + (q>—r+3 -2 q>—r+2 +2 <I>—r - q)—r—l)/G q)—r—l—l
T : H : <0. (42)
—((I)l—(I)_1)+((I)2—2(I)1+2(I)_1—(I)_Q)/ﬁ P

It remains to examine the consequences of (42), which is where the specific value of r comes into play
because the values ®; and ®, are not arbitrary due to the extrapolation boundary conditions.

e The case r = 0. In that case, the inequality (42) reduces to:

4 1
_§CI)OCI)1+E((I)_1(I)1+(I)OCI)2) <0.
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Using the extrapolation boundary conditions ®9 = ®; = ®y, we end up with:

7 1

—— P2+ =Py P, <0,

6 Y0 T PP =

which is obviously impossible since the values ®q, ®_; are arbitrary. This means that we cannot use the
standard ¢? norm on Z~ for proving the stability of (39) with first order extrapolation condition. Let us

now deal with the next case (r = 1) in the induction argument.

e The case r = 1. In that case, the inequality (42) reduces to:

4 1 H
—§¢_1¢0+6(<I>_2<I>0+<I>_1q)1)—ij)o(q)l—<I>_1)+?(I)0(q)2—2q)1+2<1>_1—q)_g) <0,

where 77 is a real number. After using the boundary conditions ¢ = &1 = &, we get:

7 1 H
—6(1)_1(1304-6(1)_2@0—%@0((1)0—@_1)—F(I)()((I)Q—Q(I)_l-i-@_g) <0, (43)

where now the three values &y, ®_1, ®_5 are arbitrary. It is useful to introduce the new variables:
ys = o, yo 1= PPy, y1 = Pg—2P 1 +P o,

with which (43) is rewritten as follows:

6

5
VyeR?, —y§+<——%”> Y3 Y2 + ysy1 < 0, (44)

6
The latter inequality is obviously impossible since the only available parameter 5# should equal both 1
and 5/6 to cancel the off-diagonal terms ysy2 and ysy;. This completes the proof of Theorem 1 in the
case r = 1. Let us now deal with the case r = 2.

e The case r = 2. This is really the starting point of the induction argument, and we shall borrow the
methodology introduced for the case » = 1. Namely, when r equals 2, the inequality (42) reduces to:

(Do — B_o) + (B — 2B+ 2B_y — D_3)/6 T% o) _
—(q)l—q)_1)+((1)2—2<1>1—|—2q)_1—<I>_2)/6 d -

4 1
—3 d_, <1>_1+6 (P_3P_1+D_ ¢0)+<

(45)
After using the boundary conditions ®3 = ®; = P, (45) reduces to:

4 1 (Pog—P_2)+ (Pg—2P_o+ P_3)/6 T d_4
N _ _ — _ _ _ — < .
3(13 2 ® 1+6((I> 3P 14+ 2(1)0) <((I)0—q)_1)+((1)0—2¢_1—I—(I)_g)/ﬁ I o, <0 (46)

Let us extend the strategy used in the case » = 1, and introduce the new variables:
ya = Po, ys:= D&y, yy:=D*®y, y1 = D*P.
The inequality (46) can be equivalently rewritten as:

T
2 1 13 ) 1 1 (13y3 —5ys — —
—y4y2—6y4y1—€y§+—y3y2+—y3y1—— ( Y3 = ol y1> H <y4 y3> <0,

2
_ 3 _
Yatoyays—g 6 6 6 643 + Yo
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where (47) holds for all y € R*, since ®q, ®_1,®_o, ®_3 in (46) are arbitrary. It is useful at this stage to
introduce the coefficients of the symmetric matrix 7, and we thus write:

h11 h12>
H = .
<h12 hao
The quadratic form in y € R* on the left hand side of (47) is nonpositive, and furthermore it has no
y% term. This implies that the coefficients of the cross products y4 31 and y3y; must vanish. Computing

those coefficients, we get:
hin =1, hip =0,

10
%_<0 h22>’

1 — haoo

which means that the matrix /7 reads:

and then (47) reduces to:

5
—yi+<6—hzz> Yays + Yayz2 < 0,
which is nothing else but the inequality (44) we had obtained in the analysis of the case r = 1 except for
the shift in the indeces (one should only substitute (y4,ys,y2) in place of (y3,y2,y1) in (44), and hgy in
place of J#). As already observed in the analysis of the case r = 1, we are led to a contradiction, which

completes the proof of Theorem 1 in the case r = 2.

e The general case r > 3. We go back to (42) and assume r > 3. In particular, the first line on the left
hand side of (42) does not involve the ghost cell values @1, 5. Substituting the first order extrapolation
boundary conditions ®3 = ®; = & in (42), we get the inequality:

4 1
- g q)—r q)—r+1 + 6 (q>—r—1 q>—r+1 + <I>—r <I>—r+2)
T
_(<1>—r+2 - <I>—r) + (q>—r+3 -2 q>—r+2 +2 <I>—r - q)—r—l)/G q)—r—l—l
+ —(D_ —D_3)+ (Pg—20_1 +2D_35—D_4)/6 A | o, | £0. (48)
—((I)O — q)_g) — (<I>0 —20 5+ q)_g)/G D 4
Dy~ B_y) — (P —2®_; + D_s)/6 '

We introduce the variable y € R™*2 defined by:
VO=1,....,r+2, y = D1td,
which, conversely, corresponds to:

VO =0,....r+1, ®_ ;= D'yris.

19



Using from now on the coordinates of y € R"*2 as free parameters, (48) reads:

4 B 1 _ _
— =D Yo D"y o+ — (D" Yo D" g0 + DTy DT yp0)

3 6
_ _ _ _ T _
—-2D" 2yr+1+Dr 2y7‘+(2DT 3yr—1_Dr 33/7"—2)/6 Dr 13/7"—1—2
+ _2Dy7‘+1 + Dyr + (2 Yr—1 — yr—2)/6 % D2 Yr4-2 S 0. (49)
_(13 Yr+1 — 5y7’ - yr—l)/ﬁ Dyr+2
—Yr+1 — yr/6 Yr+2

We are not going to compute all the coefficients of the quadratic form (in y) arising on the left hand
side of (49). It is useful however to observe that the first two coordinates y; and yo of y do not appear in
the expressions of D" y,10, ..., D¥yyo, yry2. Therefore, if we rewrite the quadratic form (in y) arising
on the left hand side of (49) as y” Sy, with S a real symmetric matrix of size 4 2, then not only S is
nonpositive because of (49), but S also reads:

S Ty Ty
S={(xT o o[,
T 0 0

with Y1, € R", and S a real symmetric matrix of size r. Since S is nonnegative, we must necessarily
have T1 = T9 = 0. In other words, this means that no cross product of the form y; ys3,...,y1 Yyr+2 Or
Y2 Y3, - - -, Y2 Yr42 arises on the left hand side of (49), or, equivalently, that the quantity on the left hand
side of (49) does not depend on (y1,y2). Computing the partial derivative with respect to y;, we get the
relation:

—_1)r+1 B r B
% ((1—%”11)17 Yoo+ Y D" Zyr+2> =0,
=2

from which we deduce that the first line of .77 should read:
(10 - 0).

Since 7 is symmetric, (49) reduces to:

4 _ 1 _ _
— = D"y 2 D" M ypin + 5 (D" o D"V ypio + D" ypy2 D" 2y, 10)

3

_ _ 1 . 1 . _

+ (— 2D" 2 y,y1+ D"y, + gDT Py — EDT 3yr—2) D"y, (50)
_ _ _ _ T _

2D 3yr+1+Dr 3y7’+(2DT 4yr—1_Dr 4y7’—2)/6 Dr 2y7’+2
+ —2Dyrp1 + Dy + (2yr—1 — yr—2)/6 | D?yrn | =0,
_(13 Yr+1 — 5y7’ - yr—l)/ﬁ Dyr+2
—Yr+1 — yr/6 Yr42

where the real symmetric matrix .7 of size r — 1 corresponds to the block decomposition of .77:
1 0
=0 )
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We can simplify the first two lines of (50) by using the relation:
r—2 r—2 1 r—3 1 r—3
2Dy A DTy A g DT e — e DT

= - (DT_2 Yry2 — D" yr+2) + (l)r_3 Yry2 — 2 D2 Yrr2 +2D" yryo — D+l yr+2) )

[

and (50) can be rewritten as:

4 _ B 1 _ _ _
~3 D"y o D" 2y o + 5 (D" Y2 D" 2y + D" Ly o D" Py, 1)
T

—2 Dr—3 Yr+1 + DT_3 Yr + (2 DT_4 Yr—1 — DT_4 yr—2)/6 DT_2 Yr+42
+ -2 Dyr—l—l + Dyr + (2 Yr—1 — yr—2)/6 '%? D2 Yr+2 S 0. (51)
_(13y7’+1 - 5yr - yr—l)/G Dyr+2
—Yr+1 — yr/6 Yr+2

Shfiting the indeces in the variables, that is introducing the vector:

(g?“-i-la s 7@1) = (y?“+27 v 7y2)7

and forgetting about the tilde, we see that (51) is exactly the same as (49) with the integer » — 1 in place
of r. By a finite induction process, we can therefore show that the validity of (49) for some real symmetric
matrix J¢ of size r implies the validity of (47) (which is exactly (49) in the particular case r = 2), and
we have already seen that this leads to a contradiction. The proof of Theorem 1 is now complete. O

The exact same argument of proof can be used to deal with the case of second order extrapolation at the
boundary. We shall not reproduce the proof here and leave the (minor) modifications to the interested
reader. We thus only state the final result, which is entirely similar to Theorem 1 above except for the
extrapolation conditions.

Theorem 2. There does not exist a parameter zg > 0, an integer r € N, and a continuous map H
from [0, z0] with values in A, (R) such that for any z € [0, 2], H(2) is a symmetric matriz satisfying
the following property: for any sequence ® € ?(—o0,2) verifying the second order extrapolation boundary
conditions A &1 = A Py = 0, with the sequence ¥ being defined by:

2 1— 22 2(1 _ 2
Vi<0, U= A(z)®; = cpj—zpocpj+%A@+MDOA<1>J»—%A2@,
then the following energy inequality holds:
T T
\Ij—r—l—l \Ij—r—l—l q)—r—l—l q)—r—l—l
V| Hz) |+ |- 9| Hz) | | <o
j<—r U, U, js=r P @

Theorems 1 and 2 show that for the fourth order Strang scheme (39), stability for the translatory first or
second order extrapolation conditions:

(ﬁI‘St Order) (1)2 = (I)l = <I>0,
(second order) A®; = Ady = 0,
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cannot be obtained by a ‘straightforward’ energy argument (at least for all relevant values of the CFL
parameter z), meaning by the construction of an energy that is a finite rank perturbation of the identity
that is non-increasing for the associated evolution operator. It is known nevertheless that these numerical
boundary conditions satisfy the strong stability condition of [GKS72], see [Gol77]. These two above
examples clearly indicate that the theory initiated in [GKS72] is the only one able to capture stability for
numerical boundary conditions in general.

A Higher order integration by parts decompositions

This appendix is devoted to the proof of the relations (32)-(35) which we have used in the proof of Lemma
2. Let us start with the proof of formula (32), which we rewrite here for the reader’s convenience:

1
2Dy ®; Dy A®; = —2(AD;)? + 1 [(DA®;)?+ (DA®j41)?]
1 1
+ (D@41 = 7 DAL (DA +2A<I>j)] - [(chj —;DA®) (DA +2A8;)| . (52)
We first apply the formula (20) to get:

2Dy ®; ADy®; = —(D Dy ®;)? — (D Do ®jy1)?
+[2Dy®; DDy @41 + (D Do ®;11)*] — [2Do ®j—1 D Dy ®; + (D Dy ®;)*] . (53)

and then rewrite the first line on the right hand side of (53) (that is, the symmetric terms) as:
1 1
(D Do ®;)? + (D Dy ®j41)* = 1A% +A ®,;)% + (A2 +A D)
1
=—(-DA®; +2AD;)* + ;200 + DA, )
1
(AP +AD;A®; + 1 (DA®)*+ (DA®j)?)
We use again (20) for the term A ®; A% ®; and get:
1
(D Dy ®;)? + (D Dy ®j41)* = 2(AD;)? — 1 (DA®;)? + (DA®j41)?)
1 o 1 2 1 2 1 2
+ §(A ®j1)” - §(A @)% - §(A ®;)” - §(A ®j1)

Substituting this relation in the first line on the right hand side of (53), we have thus obtained the
decomposition:

2Dy B; ADy®; = —2(AD;)? + i (DA®)?> + (DAD; 1)) + T — Ty,
with
Ty =20 @; D Doy + (D Do @j11)* — S (A®;0)° + S(AD))?
= (Do ®j41)° = (Do ®;)° — %(A ®11)% + %(A ®;)°.
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The decomposition (52) then follows by just rewriting the quantity 7} in terms of D®;;, A®; and
DA ®;1. The (small) details are left to the reader.

We now wish to justify the purely telescopic formula (33), which we also rewrite here for convenience:

2q)j Dy Aq)j = [(I)] (DAq)j+1 + 2Aq)]) + (A q)j — Dq)j+1) D<I>j+1]
—[®; 1 (DA®; +2A3;_ 1)+ (AD; 1 — DB;) DB;] . (54)

Let us write the left hand side of (54) as:

i\ /0 0 1/2 0 0 @1
L 0 0 -1 0 0 L
20, DyAD; = | @, /2 -1 0 1 —-1/2| | @ |,
o4 0 0 1 0 0 o4
o, 0 0 -1/2 0 0 O,

and decompose the corresponding symmetric matrix in a telescopic way:

0 0 1/2 0 0 0 0 1/2 0 0 00 0 0 0
0 0 -1 0 0 0 0 -1 1/2 0 0 0 0 1/2 0
/2 =1 0 1 —1/2|=1]1/2 =1 0 o0 of-]o o o -1 12
0O 0 1 0 0 0 1/2 0 0 0 01/2 -1 0 0
0 0 —1/2 0 0 0 0 0 0 0 0 0 1/2 0 0

At this stage, we have obtained the telescopic decomposition:
20; Do A®j = [ Pjyy = 2P Pjp1 + Pjg Pjga] = [@j1 Pjp1 — 2851 B+ D2 ],
and the proof of (54) follows by rewriting the telescopic term as:

DDy —20; B4+ D1 By =D AD 4 +D;AD; — DD; DD
:(I)j (DA(I)j_H +2A(I)j) + (A(I)j —D(I)j+1)D(I)j+1.

This completes the proof of (54).

We now turn to the proof of the telescopic formula (34), which we also rewrite here for convenience:
2 Dy q)jA2 <I>j = [— (DA(I)]'+1 —l—Aq)])A(I)j —|—2Dq)j+1DAq)j+1]
— [—(DA <I>j + A q)j_l) Aq)j_l +2D (I)j DA <I>J] . (55)
We expand the left hand side of (55) as follows:
2 DO <I>j Az <I>j = (q)j+1 — q)j—l) (<I>j+2 — 4(I)j+1 +6 (I)j — 4q)j_1 + q)j_g)
=6 (Pjp1 —Pj1) —4(PF — 5 1) + (D1 — Dj1) (Pj2 + Pj2)
= [60;Pj4 —40F — 407, ] — [6D,_1D; —4DF | — 407]

+ (@)1 — Pj—1) (P42 + Pj—2)
=T1; = Tj,
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with

Tj =70 a1 — 407 —4 @7, + Pj1 Py — 0j1 Pjyn + @1 B
= —4(D®j11)* + (Pjso — B)) (Pjy1 — Bj-1)
= —4(D®j11)? + (A®ju1 +2D ®ji1) (2D Djy1 — A D))
= AG AP +2DD  DAD = —(DAD +AD)AD; +2D D DAD,,; .

This completes the proof of (55).
It only remains to prove the formula (35), that is:
B;A2D; = (AD)2+ [0, DAD; | — DB Ad;|— [0, DAD; —DO;AD;_y],  (56)

which is the discrete counterpart of the relation uu””" = (u”)? + (v — v’ u")’. We compute:

i\ /0 0 1/2 0 0\ /[P
D4y 0 -1 0 -1 0 D4y
P;A%D; — (AD;)? = | B /2 0 2 0 1/2 ®; |,
o; 0 -1 0 -1 0 ®;
Do 0 0 1/2 0 0 P, _o
and decompose the corresponding symetric matrix in a telescopic way:

0 0 1/2 0 0 0 0 1/2 0 0 0 0 0 0 0
0 -1 0 -1 0 0 -1 0 -1/2 0 0 0 0 1/2 0
1/2 0 2 0 1/2| =]1/2 0 1 0 0| —-—10 0 -1 0 -1/2
0O -1 0 -1 0 0 -1/2 0 0 0 0 1/2 0 1 0
0 0 1/2 0 0 0 0 0 0 0 0o 0 -1/2 0 0

We have thus obtained the telescopic decomposition:

;A% D — (AD))” = [®Pjyo — (Pjs1)? + (9))7 — @j1 Pjiy1]
— [®jo1 @41 — (®;)° + (®j-1)° — @2 ;] ,

and (56) eventually follows from rewriting the telescopic quantity in terms of ®;, D®;,, A®; and
D A (I)j+1:

Qj @y —(j41)°+(2))* =Bt @ja1 = Bj (Djr2—3 L1 +3 8= Dj_1) —(Pj1— ;) (2j11 - 28+ Pj1) .
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