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The Z-transform and linear multistep stability
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This paper makes systematic use of control-theoretic methods such as the Z-transform, small-gain the-
orems and frequency-domain stability criteria in the analysis of the stability behaviour of linear multistep
methods. Some of the results in Nevanlinna’s work are recovered and a number of new boundedness and
asymptotic properties of solutions of numerical schemes are obtained. In particular, we give a careful and
detailed analysis of the nonlinear stability properties of strictly zero-stable methods.
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1. Introduction

In this paper, we consider the ordinary differential equation (ODE) problem

d
d—fm: f(t.y), teRy, y(0) =y

where f: Ry x Hp — H and Hg C H is a subspace of the (possibly finite-dimensional) complex
Hilbert space H. This is to be approximated by a linear multistep method of the form

q q
D ajUngj=h> B f((n+))h,Unyj), nezy, (1.1)
j=0 j=0

with fixed time-step h > 0 and initial data Uo, ..., Ug—1. Our main concern here is to find conditions
on hf and the method under which the difference of two numerical solutions, U} — U2, is bounded
uniformly with respect to n (with bound in terms of the initial data). Closely related questions are:

(i) When does the error grow at worst linearly as a function of n?
(if) When is Uy, itself bounded uniformly in n?

These issues are also connected with previous work, the aim of which was to find error bounds independ-
ent of the Lipschitz constant of the nonlinearity f.

For A-stable methods, Dahlquist (1978) established that |U} — U?| is uniformly bounded for all
hf satisfying the monotonicity condition

Re(f(t,&) — f(t, &), & —&H)w <0, t>0, &,8 € Ho. (1.2)
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However, for the more commonly used A(a)-stable methods, the results of Dahlquist (1978) only es-
tablished stability for disks of the form

{zeC:|lz—c| < R} (whereceC)

contained in S, the linear stability domain of the method. More precisely, |U} — U2 || was shown to be
bounded uniformly in n for all hf satisfying the incremental circle condition,

[hf(t, &) —hf(t, &) —cér —&)In < RIIEL— &I, 120, &,8 € Ho. (1.3)

This is a less satisfactory condition for the integration of stiff systems as it implies an upper bound on h.
Related results were given by Nevanlinna (1977b).

Expanded regions of nonlinear stability for A(a)-stable methods were obtained by Nevanlinna &
Odeh (1981), who applied the theory of Popov multipliers from control theory, see Popov (1962). How-
ever, this was at the cost of additional assumptions on hf.

In this paper, our objective is to use the Z-transform method to investigate the nonlinear sta-
bility of A(a)-stable methods for hf satisfying an incremental circle condition. Although transform
methods have already been used by Nevanlinna (1977a,b), the proofs and assumptions in these papers
are somewhat difficult to follow. The presentation in this paper is in our opinion more transparent due
to a systematic use of the Z-transform and other control-theoretic techniques, such as ‘small-gain the-
orems’ (Section 4, see Remark 4.4(b)) and frequency-domain stability criteria (Sections 5 and 6, see
Remark 5.3). The methods of this paper will also form the basis of future work by the authors on Popov
multipliers in multistep stability which, in particular, will exploit insights from control theory on the
trade-off between the expansion of the stability region beyond a disk and further assumptions on the
structure of hf.

One class of new results in this paper is bounds on ||Ur} - Uﬁ | purely in terms of the initial data; i.e.
bounds independent of hf. These are especially important in applications to parabolic partial differential
equations. Additionally, we prove new results on the behaviour of (U} — U,%) as n — oo and bounds
are obtained for some classes of methods not considered in Nevanlinna (1977a,b), see Remarks 4.4(a)
and 6.7.

The objective of bounding a single solution (Uy) of (1.1) leads to a consideration of the (weak)
dissipativity condition

Re(f(t,¢),&)n <0, t>0, &€ Ho, (1.4)
and the nonincremental circle condition
[hf(t, &) —célln < RIEIH, t2>0, & e H, (1.5)

where ¢ € C and R > 0. While (1.4) is relevant for A-stable methods, (1.5) is important in the context
of A(a)-stable methods. Condition (1.5) bounds the deviation of hf (¢) from the linear function c&.
Assuming (1.5), we show that (Uy,) is bounded uniformly in n, provided that the closed disk |[z—c| < R
is in S. Under mildly strengthened hypotheses, new results on the qualitative asymptotic behaviour of
Uy, are also shown. Stability results involving the conditions (1.4) and (1.5) can frequently be invoked to
derive corresponding ‘incremental’ results in which (1.4) and (1.5) are replaced by (1.2) and (1.3), see
Sections 4 and 6.

The methodology used in this paper requires us to first write (1.1) as a convolution identity. If (Up)
is the solution of (1.1), then one may define sequences u, r and s, such that

,Bq—n, 0 < n < qa
0, n>q.

ag-n, 0<n<aq,

1.6
0, n>d, (16)

un) :=U,, r(n):= { and s(n):= {
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Method (1.1) may then be rewritten as the convolution identity

r«u=sx*(fhou)+o, (1.7)
where
(fhou)(n) :=hf(nh,Un), neZ,, (1.8)
(r=u)(n)—(s*(fhow)(m), 0<n<g-1,
o(n :={ (1.9)
0, n=aq,

and (a x b)(n) = ZEZO a(n — k)b(k), n € Z., denotes the convolution between two sequences.
Further analysis makes use of the Z-transform

o
a(2):=>Y amz™",

n=0
for z e C with |z| sufficiently large. While much of the Z-transform methodology is similar to more
familiar Fourier techniques, the Z-transform, as is well-known in control theory, is a more natural tool
in the context of stability analysis (see Section 2 for more details on the Z-transform).

The structure of the paper is as follows. In Section 2, standard results on sequences, convolutions

and Z-transforms are presented. In Section 3, the convolution identity (1.7) is proved, together with
related identities. In Section 4, we consider hf satisfying a “strict’ version of (1.3):

sup [hf(t, &) —hf(t, &) —cé — &)k “r

t20,81,5eHo,é1 45 €1 = Calim

A straightforward proof using the ‘small-gain’ idea shows that (Ur} - U,%) is bounded uniformly in n.
In Section 5, we derive a stability criterion of a control-theoretic nature which guarantees certain
boundedness and asymptotic properties for the solutions of a nonlinear discrete-time \olterra equa-
tion. This criterion, which we expect to be of independent interest in discrete-time and sampled-data
control theory, is used in Section 6 in the context of a careful and detailed stability analysis of strictly-
zero stable methods (1.1) with hf satisfying the (nonstrict) circle condition (1.3). Some of the results of
Nevanlinna (1977a,b) are recovered and a number of new boundedness and asymptotic properties of the
solutions of (1.1) are obtained.
Notation. LetZ, :={0,1,2,...}, N:=Z,\{0} and Ry := [0, c0). For c € C and R > 0 define

B(c,R):={zeC:|z—-c| < R}
For o > 0 set
E, :={ze C:|z| > a} = C\B(0, a).

Let H be a complex Hilbert space and Hp a subspace of H. The vector space of all unilateral sequences
(defined on Z,.) with values in H is denoted by S(H). For 1 < p < oo, let IP(H) denote the | P-space
of unilateral H-valued sequences. In the special case H = C, we write | P for IP(C) and S for S(C).
For K c H anonempty subset and & € H, we define

dist(&, K) 1= ;2}12 IS0 —<lIn-

For ¢: Z+ x Hyo — H and x: Zy — Ho, by slight abuse of notation, we denote the function n —
¢(n, x(n)) by ¢ o x.
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2. Preliminaries: convolutionsand Z-transforms

Fora e Sand b € S(H), we define the ‘convolution” a « b of a and b by

@+ b)(n) := > am - kyb(k).

k=0
The convolution product in the space S is commutative and the sequence o defined by

1, n=0,
on) :=
0, neN,

is the unit element. A sequence a € S is invertible (i.e. there exists a1 € S such that a » a=! =
a~l«a=/)ifandonly if a(0) # 0.
Defining 6 € S by

on) =1 neZ,4,
summation of a € S(H), X'a, can be represented by convolution with 9:

n

(Za)(n) := D a(j) = @ xa)®n).

j=0
It is easily verifiable that

1, n=20,

0'n):=1-1, n=1,

0, n>2.

Defining the backward difference operator V : S(H) — S(H) by
a(0), n=0,

(Vay(n) =
a(n)—a(n—-1), neN,

it follows that Va = ! « a and
(ZV)@) = (VX))@ =a, aeS(H).
Leta € S(H). The Z-‘transform’ Za of a is defined by
0 .
a(2) = (Za)(2) := Y a()z (21)
j=0

where z is a complex variable. We say that a is Z-‘transformable’ if the series in (2.1) converges
for some z = zy € C\{0}, in which case it converges absolutely for all ze C with |z] > |z]. It is an
elementary fact from the theory of power series, see e.g. Conway (1978, p. 31), that a is Z-transformable
if and only if

ra := limsup [la(n)|[}" < oo,
n—oo
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in which case (2.1) converges absolutely if |z] > rg and diverges if |z| < ra. For > ry we have that

a(ne'’) =D @kn e ™, wel0,21),
k=0

showing that the function w — a(7 e'®) is the discrete Fourier transform of the sequence (a(k)n‘k)kez+.
If a € S(H) is Z-transformable, then, for every 5 > rj, the function & is holomorphic and bounded on
E,. Conversely, if 7 > 0 and A: [E, — H is holomorphic and bounded, then a € S(H) defined by

1 1 wn 2 i .
a(n) := P A(2)Z"tdz = —/ AW e')e"dw, wherev > 7,
Tl Jizl=v 27 Jo

is the unique Z-transformable sequence (with ra < #) such that &(z) = A(z) for all z € E, and we
write a = Z71(A).

Under the Z-transform, convolutions become multiplications: ifa € S and b € S(H) are Z-
transformable, then a = b is Z-transformable and

@+b)(2) = A@2)h(z), zeCst |z > max{ra, rp).

Fora,b e I1(H) c I2(H) the ‘Parseval-Bessel’ identity holds:

o0

1 2 . .
> @k, b} = 5 /0 (a(e"), BE) 1 do.

k=0
A sequence a € S(H) is said to be exponentially decaying if there exist # € (0, 1) and M > 0 such that
lan)ln < M7", neZ;.

Note that a € S(H) is exponentially decaying if and only ifry < 1.
The following three results contain some standard results on convolutions and Z-transforms and will
be used freely in the following sections.

LEMMA 2.1 Assume thata e I* and let 1 < p < oo. The following statements hold:
@ lla=Dbllie) < llalzliblliecn) forall b e IP(H).
(b) The I%-induced norm of the operator I2(H) — 12(H), b — a = b, is given by

sup  |a(e")| = sup a(2)!.
wel0,27) |z|>1

(c) Ifbe S(H), then
lim b(n) =0 — lim (a=*b)(n) =0.
n— oo n—o0
Proof. We refer to Desoer & Vidyasagar (1975, p. 244) for the proof of part (a) and to Partington (1997,

p. 85) for part (b). To prove part (c), assume that b(n) — 0asn — oo. Forevery n € Z, let m, denote
the largest integer less than or equal to n/2. Since

n

@by => am-kbk + > am-kbk),

k=0 k=mp+1
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we obtain

[@=*b)(M)[H < lIBllieo(H) Z la(k)| + llalljz sup IIb)[IH-
k>n/2 k>=n/2

By assumption b(k) — 0 as k — oo and, since a € |1,

im_ > lak)| =0.

k>n/2

Consequently, (a « b)(n) > 0asn — oo. 0
For every a € S, we define

i lla s blljacH)
lallzgeay '= sup ———=
belP(Hy  IIBlliecH)

b-£0

It is convenient to set [|lallzqpy = llallzar,ipy. If [l@llgqp, 10y < oo, then the operator b — a = b is
bounded from IP(H) into [9(H) and the norm of this operator is given by [|a|| £(p,ja). Lemma 2.1 says
that, fora e I,

lallzaey < llalljz, 1< p<oo,
and

lallcgzy = sup [aE'®)| = sup |a()|.
we[0,27) |1z|>1

Furthermore, if a € |1, it is easy to see that lall gy = llallzgey = llalls.
In the following, ifa € S and k € N, then

k

a ‘=a*xa*x---*xa.
R

k factors
For & € C, define
O = (0,1,&,¢2,88,..)).
Note that J:(2) = 1/(z — &).
A rational function A is said to be ‘proper” if limz o0 |A(Z)| < 00.

LEMMA 2.2 Let A be a proper rational function. Then there exists a Z-transformable sequence a € S
such that a = Z~1(A) and a is of the form

m Mg

a=y0+ > nivh (22)

k=1 j=1

where y, yxj € C are suitable coefficients, the zx are the poles of A and my denotes the multiplicity
of z.
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Proof. If py is the principal part of the Laurent expansion of A at z, then

Mk

pe@) =

==z

where the y; are suitable constants. The function B := A— Zﬂ“zl Pk is a rational function without any

poles, and hence B must be a polynomial. Since A is proper, it follows that B is a constant polynomial

equal to some y € C. Therefore, A=y + >, p, and thus a := Z71(A) is of the form (2.2). O
The following corollary is an immediate consequence of Lemma 2.2.

COROLLARY 2.3 For a proper rational function A, the following statements hold:

(@) If Aisholomorphic in Eg, then Z=1(A) is exponentially decaying; in particular, Z1(A) € I1.
(b) If Ais holomorphic in E1 and has only simple poles {z}}. ; on the complex unit circle, then

m
2 A =a+ D kg,
k=1

where ag € S is exponentially decaying and yx denotes the residue of A at z.

3. Themethod as a convolution identity

We assume throughout the paper that the method (1.1) has coefficients ao, . . ., aq, fo, . . ., fg € R with
aq > 0 and that the polynomials

q q
p(@ = ajz, o(2):=) B2 (3.1)
j=0 j=0
are coprime. We observe that
f(2)=z% (2, 82 =z% (2, zeC, (3.2)

where r and s are given by (1.6). The method is said to be ‘consistent’ if p(1) = 0 and p’(1) = o (1).
A polynomial p(2z) satisfies the ‘root condition’ if

p(2) = 0 implies either |z| < 1, or |zl = 1and p'(2) # 0.

The method (1.1) is said to be ‘zero-stable’ if p satisfies the root condition. The method (1.1) is “strictly
zero-stable’ if it is zero-stable and z = 1 is the only root of p on the complex unit circle. The “linear
stability domain’ Sfor method (1.1) is the set

S:={¢ € C: p(2) — ¢o (2) satisfies the root condition}.

We emphasise that the properties of consistency, zero-stability and strict zero-stability will only be
assumed where indicated.

In applications, the boundedness of several related quantities is considered: the numerical solu-
tion, the numerical error and the difference between two numerical solutions. The following lemma is
applicable in all these cases.
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LEMMA 3.1 Suppose that Dy € H forn > q, and that ¢: Z x Hy — H. Suppose also that X, € Ho,
n € Z,, satisfies
q

zannﬂ = Zﬁjfﬂ(n+ J» Xn+j) + Dntq, N € Zy.
- =

Then, for X € S(Hp) given by x(n) = Xp, n € Z4,andr, s € S as defined in (1.6),
r«Xx=sx*(pox)+uo, (3.3)

where o is given by

sn<qg-1,
2 Q.
Proof. Considering the left-hand side of (3.3), the finite support of r implies that

|y = (sx(pox))(n), 0
o(n) = 5 0

n-+q q q
e+ =2 r0+a-Kxk =3 r@-hxn+j) =3 ajXnsj. neZy.
k=0 j=0 i=0

Similarly, considering the right-hand side of (3.3),

q

(5% (pox)NM+a) +o+0) =D Bjg(+ j, Xntj) + Dnig, NeZy.
j=0

Hence, (r = x)(n) = (s * (¢ o X))(n) + o(n) for all n > g. By definition of » it now follows that (3.3)
holds. O
Consider the ODE problem,
d
2O =Ly, teR yO =y, (34)

where f: Ry x Hyp — H satisfies suitable regularity conditions. We describe three situations in numer-
ical analysis to which Lemma 3.1 applies.

Case 1 (The numerical solution). For the method given by (1.1), Lemma 3.1 may be applied with
Xn = Un7 go(nn f) = hf (nhﬂ é)) é € HO: Dn+q = 09 ne Z+‘

Case 2 (The numerical error). Let y be the solution of (3.4). The ‘truncation error’ T.q € H, n € Z,
is defined by

q q
D ajy((+ Hhy=h>D " g f((+ PDh,y(( + D) +hTarg, neZy.
j=0 j=0

Lemma 3.1 may be applied with
Xn:=y(h)—-U,, neZ,,
p(n, &) :=hf(nh, y(nh)) — hf (nh, y(nh) —¢), neZ;, ¢ e H,
Dh:=hTy, n>q,

where Uj, is the solution of (1.1).
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Case 3 (Difference of two numerical solutions). If U, U2 € Ho,n € Z,, are two solutions of (1.1),
then Lemma 3.1 may be applied with

Xn:=Ul—-U2, neZy,
p(n, &) :=hf(nh,U}) —hf(nh, U} —¢), neZ;, ¢eHy,
Dnh:=0, neZ,.

4. A simplecirclecriterion

In this section, the initial aim is to establish boundedness of (Up), a solution of (1.1), under the assump-
tion that f satisfies the circle condition (1.5):

This is related to the incremental circle condition (1.3) assumed by Dahlquist (1978, Section 5) in
investigating the problem of bounding the difference between two solutions of (1.1). For the case of
bounding a single solution (Up), the results of Dahlquist (1978, Section 5), proved using G-norms and
M@bius maps, imply that if B(c, R) ¢ Sand f satisfies (1.5) then ||Up|ln is bounded uniformly in n.
In Sections 5 and 6, we give a different proof of this result, using the convolution representation of the
method, Z-transform theory and summation by parts.

Here, we give a simple proof of a somewhat weaker result, using the convolution representation
derived in Case 1 of Section 3, by means of a technique known as the small-gain argument in control
theory, see e.g. Desoer & Vidyasagar (1975) and Vidyasagar (1993). This essentially means that the
nonlinear bound is obtained as a perturbation of a linear, constant coefficient, problem: in this case, the
numerical solution of

dy ¢

a _n”
Such an argument is feasible because ||(r — cs)™! * Sl g2 can be ‘exactly” expressed in terms of the
polynomials p(z) and o (2) (see (3.2)) and thus be related to the stability domain S, as in the following
lemma.

LEMMA 4.1 Forc e Cand R > 0, the following equivalences hold for method (1.1):

B(c,R)CcS |i|n>f1 lp(2)/o(2) —c| >R <<= suplo(2)/(p(2) —co(2)| <1/R
zZ|> |z|>1

Proof. Assuming B(c, R) ¢ S, we deduce that B(c, R) c int(S). Hence, if ¢ € B(c, R), then p(z2) —
(o (z) = 0 implies that |z| < 1. Thus,

Izilrg1 lp(2)/o(2) —c| = R, (4.)
or, equivalently,
sup |a(2)/(p(2) —co(2)| < 1/R. (4.2)

lz|>1

Conversely, assume (4.2) or, equivalently, (4.1) holds. For ¢ € C\S, there exists zy € C with |zp] > 1
and such that p(z0) — ¢o(z0) = 0. Thus, by (4.1), |¢ — ¢| > R, which implies ¢ € C\B(c, R). We
deduce that B(c, R) Cc S. O
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Forme Z,, let PM: S(H) — S(H) be the projection such that

am), 0<n<m,

0. n>m. neZy, aeS(H).

(PMa)(n) = [
The following properties of P(™ are readily verified.
LEMMA 4.2 Fora e S, b € 12(H), limm_ o [|P™b — bf|j2(4y = 0 and
PM@xb) = PMax PMb, [[P™b|z2y) < [Iblli2gy, Me Zy.

The following theorem is the main result of this section.

THEOREM 4.3 Assume that for some c € C and R > 0, B(c, R) ¢ Sand that

[hf(nh, ) —cllin < RullSliH, (0, &) € Zy x Ho, (4.3)

for some Ry < R. Then the solution of (1.1) satisfies

0 1/2 q-1 172
sup||un||H<(Z||un||.i) <y (2|,
n=0 n=0 j=0
where
) R MaXoeozn) [P (€)] + (Re 16 MaXocio.2r) lo (€)] (4.4

R—R; MiNge[o,27) [(p — Co) (')

Proof. As c € int(S), p(z) — co(z) = 0 implies |z| < 1. Also, by Lemma 4.1, ,)—JW(Z) and

z4
. . (p—co)(2)
are proper rational functions. Hence, by Corollary 2.3 part (a) and Lemma 2.1, ’

1
= <

~
L (gioy _
E(»)—c

o

. 1
(e') R’

-1
r—cs *S = max
¢ ) ||£(|2) wel0.21)

p —Co .
MINge[0,27)

1
MiNge,27) [(p — Co)(€@)]

I =9l ggzy = L uy

where, of course, (r — cs)~! denotes the inverse of r — cs with respect to convolution. By (1.9),
r«u=ssx(fhou)+o, (4.5)
where fi: Zy x Hyp — H is given by
fh(n, &) :=hf(nh,¢), (n,¢) € Z4+ x Ho. (4.6)
Hence, form > q,

um = PM(r —cs)™Lxsx (frou™ —cu™)) + PM((r —cs)™t xv), (4.7)
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where um := PMy. From Lemma 4.2,
U™ flizy < R7H o u™ — cu™ 20y + alvlliz gy
Now, (4.3) implies that

m 1/2
I fn o u™ — cu™|z () = (Z Ihf (nh, u(n)) — cu(n)nﬁ) < RU™ iz ).
n=0

Hence, using Ry < R,

llo |||2(H)

R
(m) LM
U™ 24y < = v ™lz2eny + #llollizgy < R R_R (4.8)
To bound lolh2(hHy, we deduce from (1.9) and m > q that
(r+uM™)m) — (s* (fhou™))(n), 0<n<g-1,
o(n) =
0, n>q.

Now,
100 U™ 2y < Telu™ llzgry + 11 oo u™ = eu™ 2y < (el + ROIU™ o).

Using ||r l £q2) = MaXeelo,27) |P(eiw)| and Isll £g2y = MaXwefo,27) |0(eiw)| to bound lolhzeh) in (4.8),
we deduce that

m 1/2 q-1 1/2
(Z ||u(n)||2H) <y [ 2| . m=a
n=0 j=0
The proof is completed by letting m tend to co. O

REMARK 4.4

(&) While Theorem 4.3 has some overlap with a result by Nevanlinna (1977b) (see Theorem 3.1 in
Nevanlinna, 1977b, with 8 < 1 in the notation of Nevanlinna, 1977b), there are considerable
differences:

(al) The approach adopted in Nevanlinna (1977b) considers f that are independent of t and
requires that the map | — ahf is bijective and its inverse is globally Lipschitz,! where a is
a constant which appears in a frequency-domain condition involving p and o (in particular
1/a € int(S)), making the application of the main result in Nevanlinna (1977b) potentially
awkward if a #£ 0 (which, e.qg. is the case if Sis bounded).

(a2) The condition in Nevanlinna (1977b) on the linear stability domain involves disks with

centre on the real axis (see p. 60 in Nevanlinna, 1977b), while Theorem 4.3 allows for
disks with centre anywhere in the complex plane.

L An inspection of the proof of Theorem 3.1 in Nevanlinna (1977b) shows that, if it is the aim to obtain bounds on the numerical
solution rather than the error, then the global Lipschitz assumption on (I —ahf y~L can be replaced by a global linear boundedness
condition, i.e. supzep (1(1 —ahf) L&y /l1¢]n) < oco.
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(b) The proof of Theorem 4.3 is essentially a combined application of ‘loop-transformation’ and
small-gain ideas familiar in control theory (see Desoer & Vidyasagar, 1975; Vidyasagar, 1993):
loop-transformation applied to (4.5) gives (4.7) which satisfies the small-gain condition, as fol-
lows from the assumption that R; < R.

(c) Note that Theorem 4.3 cannot be applied if f is bounded and there exists a z € E; such that
p(2) = 0 (the latter is true if (1.1) is consistent), as follows from Lemma 4.1 and (4.3).

(d) Using a routine argument involving exponential weighting, the conclusions of Theorem 4.3 can
be strengthened (without changing the assumptions). In fact, it may be shown that there exist
I > 0and 7 € (0, 1), depending only on ¢, R, Ry and the method (p, o), such that the solution
of (1.1) satisfies

4-1 1/2
IUnlln < Iy ZMU,-HZH) , NeZ.
j=0

We now return to the problem of bounding the difference between two solutions of (1.1). Before
stating our result, we make an observation on the relationship between the two circle conditions (1.3)
and (1.5), the proof of which is self-evident.

LEMMA 4.5 Suppose that (U,})nez+ and (Uﬁ)nez+ are two solutions of (1.1) and that Condition (1.3),
Ihf(t, &) —hf(t,&) —cé — &) n < RIS —&ln, >0, 6,8 e Ho,

is satisfied for some c € C and R > 0. Then,

q q

Z“J (Ur%+j - Ur$+j) = Zﬁj y(n+j, Ur%+j - Ur%+j)’ neZy,

j=0 j=0
where y: Z, x Ho — H, defined by

w(n, &) :=hf(nh,& +U2) —hf(nh,U2), neZy, &eHo,

satisfies the (nonincremental) circle condition

Iy, &) —clll < RIS, neZy, ¢ eHo.

The following result, bounding ||U,} — Uﬁ |I, follows from a combination of Theorem 4.3 and Lemma
4.5 (or by analogy with the proof of Theorem 4.3).

COROLLARY 4.6 Assume that for some c € C and R > 0, B(c, R) c Sand that

[hf(nh, &) —hf(nh, &) — el — &)k < Rilliél — &lln, neZy, &,& € Ho, (4.9)
for some R; < R. Let (U}) and (U?2) be two solutions of (1.1). Then

1/2

0 1/2 q-1
supnur%—UEnH<(Z||U,%—U§na) N DNV V[
n=0 n=0 j=0

where y is given by (4.4).
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A conclusion similar to Corollary 4.6 is obtained, under weaker assumptions, in Corollary 6.8. Both
these results are directly comparable to the work of Dahlquist (1978, Section 5).

5. A stability result for a class of nonlinear discrete-time Volterra equations

Consider the nonlinear discrete-time Volterra equation

x(M) =>" g = e, x())) + wn),

j=0

where the convolution kernel g: Z, — C, the (time-dependent) nonlinearity ¢: Z, x Hg — H and the
forcing function w: Z, — H are given. The above equation can be written in the more compact form

X=g=* (poX)+w. (5.1)

A solution of (5.1) is a Hp-valued function x defined on Z.. satisfying (5.1). Trivially, there exists at
least one solution (a unique solution, respectively) of (5.1) if, for every n € Z., the map

Ho— H, ¢ ¢—-90)p(n <)

is surjective (bijective, respectively).
The subspace of all functions w € S(H) which admits a decomposition of the form w = wof + w1,
where wg € H and w; € IP(H), is denoted by H + IP(H) =: mP(H). Endowed with the norm

lwllmpH) = llwolln + llwilliecH),

the space mP(H) is complete. We say that a subset of H is ‘precompact’ if its closure is compact.
Occasionally, we shall impose the following assumption on ¢.

The function ¢ does not depend on t and ¢ ~1(0) N B] (52)

is precompact for every bounded set B c H.

It will be explicitly stated when (5.2) is assumed to hold.
The following theorem is the main result of this section. We use the convention a/oco := 0 fora € R.

THEOREM 5.1 Let g = gof + g1, where go € (0, o) and gy € 11, let ¢ be sector-bounded in the sense
that there exists d € (0, oo] such that

Re(p(n, &), &n < —llp(, OIIf/d,  (n,&) € Zy x H, (5.3)
and assume that there exists ¢ > 0 such that
1/d +Reg(e"”) > ¢, o e (0,27). (5.4)

(A) If ¢ > 0and w € m®(H), then every solution x of (5.1) has the following properties:

(A1) There exists a constant K > 0 (depending only on ¢, d and g, but not on w) such that

Xl (Hy + IV X2y + 9 © X2y + (IRefg 0 X, X))

+112(p o X)llieo(Hy < Kllwllmzhy- (5.5)
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(A2) The limit limp_ o [IX(N)||y exists and is finite; in particular, if dim H = 1, then limp_,
x(n) exists.
(A3) If (5.2) holds and if

infzeBnm, ll9 ()]l > 0 for every bounded cIosed] (5.6)

set B ¢ H such that p~1(0) N B = @,

then limp_, o0 dist(x(n), p~1(0)) = 0.
(B) If e =0and w € m*(H), then every solution x of (5.1) has the following properties:

(B1) There exists a constant K > 0 (depending only on d and g, but not on w) such that

1 1/2

Xl (Hy + (‘ Re <</J oX, X+ a(€0 o X)> 1) +12(¢ o X)lliee(H) < Kllwllpmihy-

i
(5.7)
(B2) If (5.2) holds and if

SUPzepH, Re(0($), & + ¢(&)/d) < 0 for every bounded 68

5.

closed set B  H such that ¢ ~1(0) N B = 4,

then limy_, o dist(x(n), p~1(0)) = 0.
REMARK 5.2

(@) Under the assumptions of statement (A1) (respectively, statement (B1)) of Theorem 5.1 and
the additional assumptions that ¢ does not depend on time, ¢ is continuous and Hg is closed,
it follows from (5.5) (respectively, (5.7)) that, if the limit lim,_, o x(n) =: x*° exists, then
x*® e p~1(0).

(b) Assume that ¢ does not depend on t. If dim H < oo and ¢ is continuous, then assumption (5.2)
is satisfied. If additionally Hg is closed, then (5.6) also holds.

Proof of Theorem5.1. We have
X—=gx*(poXx)=uw,
or equivalently,
X—0g1+*(@poX)—go@*(poX)=w. (5.9)

Forming the inner product with (¢ o X)(j) and summing from 0 to n in (5.9) yields,

D {@ o)) w(D =D (g o)) X(DN)H = D (@ o X)()), (@1 * (9 X)) ()
j=0 j=0 j=0
n j
— 90 D {9 0)(}), D (9 0 X)M))H. (5.10)

j=0 1=0
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A simple proof by induction on n yields,
2

+ Dl o (DI (5.11)

Ho =0

n j
2Re2<(¢ox><1),2(¢ox)a)> =
1=0

j=0 H

> (9 ox))
j=0

Taking real parts in (5.10) and using (5.11) gives,

2

> (9 ox)())

j=0

Re D ((p ox)(j), w(i))n =Re D ((p o X)(}) X(D))n — %

j=0 j=0

H

—Re > (9 0x)()). (@1 * (¢ 0 X)) ())n

i=0

=23 1w oM. (5.12)

j=0

Noting that §1(z2) = §(2) — goz/(z— 1) and

gl 1
Re— = - 0,2
Co_1- 5 ©@<021),
we obtain using (5.4)
, , 1
Re g1(€) = Re §(e'”) — % e %, e (0, 27). (5.13)

Definev: Z+ — H by

. (pox)(j), IfO<j<n,
v(j) = _
0, otherwise.

Invoking the Parseval-Bessel identity and using (5.13), we derive that

e . ) 1 2 o L
Re > (0(}). (@1 * 0)(}))m = 5/0 Re(0(€), (31 #0)(e))n do

j:O
st (-l /2” 166117 doo
27 d 2]/, H
1 g() ad . 2
=(e—a—3)2nvu>nH.
j=0
Hence,

n 1 n
Re > ((p o x)()). (@ * (9 0 X)) ()1 = (a - - %) Slwoxik.  (514)

j=0 d j=0
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Combining (5.12) and (5.14) gives

s o 1
Re >~ (v 0 x)(1). X(D) + 5 1w 0 ) (DI —sz It o ) (DI
j=0 j=0 j=0
>Re > ((p ox)()), w(}))n. (5.15)
H j=0

To prove part (A), assume that ¢ > 0 and w = wof + w1, where wo € H and w1 e 1?(H). Combining
the identity

2 2

z +Rez (9 0X)(j), wo)H

j=0

Z(¢0X)(J)+—

j=0

Z(qo oX)(j)

j=0

—EH 0||H

H
(5.16)

with (5.15) yields

. o 1o . . .
Re > ((p o X)(D). X(Dw + 5 > @ o ) (DIF = D7 6w 0 0 ()1
j=0 j=0 j=0

2

Z(¢ox>(1)+—
H

j=0

n
. . 1
>Re > (9 ox)()), wa())n — o lwolly.  (5.17)
j=0

In the following, K > 0 is a generic constant which will be suitably adjusted in every step and depends
only on ¢, d and g, but not on n or w. Invoking the inequality

, , , , . 1 :
Re((p 2 X) (1) wr(i)m > =10 20Dl lon(ln > =3l 0 ) (DI = o len(I.

we obtain from (5.17) after rearrangement

2

—Z||(¢ox>(1>nH+ Z(wox)(1>+— —Re2<(¢ox>(n x(i) + & (goox)(j)
j=0 j=0 j=0
—Zn wi (DIl + 5 IIwollH
< K w2 nez.,. (5.18)

mZ(H)’

By the sector condition (5.3), we have that

—ReZ((pox)(j) x()) + = <¢ox)<1> 0. neZ,

j=0
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showing that the left-hand side of (5.18) is the sum of three nonnegative terms. Inequality (5.18) is the
key estimate from which we will derive part (A) of the theorem.
By (5.18) we obtain immediately that

o o Xllizy + 112 (9 0 X) oy < Kllwllm(ny- (5.19)
Combining (5.18) and (5.19), we conclude that
(IRefp o X, X)1 12 < K[wllmz - (5.20)

Furthermore,
191 * (9 o XNMIIH < 1191 * (@ o X2y < N9ellll o X2y, N € Zyg,
and thus, invoking (5.9),
IX(M)[IH < 1191 * (@ o X))MIIH + Doll(@ * (9 o X)) (M1 + w(n)|IH
< Nellialle o Xllizeay + 9ol 2 (@ 0 X llico(Hy + lwllmeHy, N € Zy. (5.21)
It follows from (5.19) and (5.21) that
IXlloe(Hy < Kol - (5.22)
By (5.9) we have that
VX = V(g1 * (¢ 0X)) + GV * (p 0 X)) + Vw = V(31 * (¢ © X)) + Go(p 0 X) + Vw.

Since ¢ o x € 12(H) by (5.19), g1 € I* and Vw € 1?(H), we conclude that Vx e I12(H). Furthermore,
it follows from (5.19) that || VXl 24y < Kllwllyz(wy- Together with (5.19), (5.20) and (5.22) this yields
(5.5), completing the proof of statement (Al).

To prove statement (A2), note that, by (5.12),

2

21> wom| +ReD (0o x(), won
j=0 H j=0
=Re > ((p o) (). X(N)H —Re D _((p 0 X)(j), wa(}))n — % D e o) (DI
j=0 j=0 j=0
n
—Re > ((p o X)(), (91 * (9 2 X)) (]))H- (5.23)
j=0

By completing the square on the left-hand side of (5.23) (see (5.16)), we obtain
2 n
1 . .
& = > llwol} +Re > ((p 0 (). x(}))n
2 290 =

4 . wo
D (pox)+ ©

j=0

— L3 10 oI —Re D40 0 (1), wa(iNw

j=0 j=0

—Re > (g o X)()). (@1 * (9 0 XD (). (5.24)

j=0
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By statement (A1), ¢ o x € I12(H) and Re(p o X, X)n € I1. Since w1 € 12(H) and g; € |11, we see that
the right-hand side of (5.24) converges as n — oo and so the limit

(5.25)

‘(9* (0 o)) + 2
Jo

= lim lim ‘
n—oo n—oo H

n . wo
Jgo(«) x)(j) + "

exists and is finite. Now g (¢ o x) € 12(H), implying that (g1 * (¢ o X))(n) — 0as n — oo and thus,
by (5.9),

im (x(n) = Go(® * (9 X)) (M) = wo. (5.26)

Equations (5.25) and (5.26) imply that ||x(n)[lH — gol as n — oo. If dimH = 1, then, since
(Vx)(n) —» 0asn — oo (by statement (Al)), we conclude that limp_, o, X(n) exists, completing
the proof of statement (A2).

To prove statement (A3), assume that the additional assumptions (5.2) and (5.6) are satisfied. Since
x is bounded, there exists a closed bounded set B ¢ H such that x(n) € B for all n € Z. It follows
from (5.2) that ¢ ~1(0) N B is precompact. Consequently, for given 5 > 0, 9~1(0) N B is contained in a
finite union of open balls with radius #, each ball centred at some point in clos(p ~(0) N B). Denoting
this union by B,,, we claim that x(n) € B, for all sufficiently large n. This is trivially true if B c B,,.
If not, then the set C := B\ B,, is nonempty. Moreover, C is bounded and closed with p~0)NC =g,
and so infzecnm, lp (&)l > 0 by (5.6). We know from statement (Al) that ¢ o X € I2(H), hence
limn- 00 (@ o X)(N) = 0, and so also in this case x(n) € B, for all sufficiently large n. This implies that

lim_dist(x(n), p 1 (0)NB)=0

and, a fortiori,
lim dist(x(n), 9 ~1(0)) =0,
n— oo
completing the proof of statement (A3).

We proceed to prove part (B) of the theorem. To this end, assume that, in (5.4), ¢ = 0 and that
w = wof + w1, where wo € H and wy € I1(H). Setting

D)= (9 ox)()=(Z(pox)M), neZy, and d(-1):=0,
j=0

we invoke (5.15), with ¢ = 0, to obtain

d 1
Rez<(¢ ©x)(1). x(}) + 5o o x)(j)>H - D1emI

j=0

n
> Re(®(n), wo)H + Re D (®(j) — B(j — 1), wi(j))n. (5.27)
j=0
Partial summation yields the identity

n n

D @) =@ =D, w1 = D (@), wi(j) — wi(j + D)H + (@), w1 + D),
j=0 j=0
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which, combined with (5.27), leads to
% . 1
ZlemIf - ReZ<(¢ e X)(0).X()) + 50 o x)(j)>
j=0 H
< lwollH @MW + 2|Iw1II|1(H)OQ?§n IP(DIIH + lwilliz LM

Hence,
Jo " 1
Liowi —Re {0 o 0(0).x(0) + 3o o200
j=0

<30 lmt ) X (LD, 1€ Zy. (5.28)

In the following, K > 0 is a generic constant which will be suitably adjusted in every step and depends
only on d and g, but not on n or w. By the sector condition (5.3),

n
. . 1 .
—Rez<(¢ o)D) x() + 5@ ox)(Q)) >0, neZy,
j=0 H
and thus we may conclude from (5.28) that
@) < K||w||m1(H), neZy;. (5.29)
This implies that
12 (¢ o X)liee(H) = Si% @M < Kllwllminy- (5.30)
n/

Using (5.29) in (5.28) shows that

1 1/2
(’Re<¢ox,x+a(¢ox)> ) < Kllwllmihy- (5.31)
Hljt
To establish that x is bounded, note that, by (5.9),
X=(god+ g1 x07) % (0 % (9 0 X)) + w. (5.32)

It is clear that god + g1 * 0~ e 11 and, by (5.30),

SUFCJ) 1O * (9 o XN M1 = 112(9 0 X)lieH) < Klwllmi(ny.-

n>

Consequently, invoking (5.32),
IX[liee(Hy < 1900 + g1 % 0 12110 (9 0 X)llieoh) + Nwlliooy < Klw ey

which together with (5.30) and (5.31) shows that (5.7) holds, completing the proof of statement (B1).
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Yow

x
O a4 A
T g*(pox)

Fi1G. 1. Equation (5.1) as a feedback system.

>
>

w
+

To prove statement (B2), assume that the additional assumptions (5.2) and (5.8) are satisfied. Since
x is bounded, there exists a closed bounded set B c H such that x(n) € B for all n € Z. It follows
from (5.2) that ¢ ~1(0) N B is precompact. Consequently, for given 4 > 0, 9 ~1(0) N B is contained in a
finite union of open balls with radius #, each ball centred at some point in clos(p ~1(0) N B). Denoting
this union by B,;, we claim that x(n) € B, for all sufficiently large n. This is trivially true if B C B,,. If
not, then the set C := B\ B, is nonempty. Define y: Hp — (—o0, 0] by

y (&) ==Re(p(), ¢ +9)/d)n.
Since C is bounded and closed with ¢ ~1(0) N C = @, assumption (5.8) implies that

sup w(v) <O0.
veCNHp

We know from statement (B1) that y o x e |1, hence limy_, (7 o X)(n) = 0, and so also in this case
x(n) e By, for all sufficiently large n. This implies that

lim_dist(x(n), p~1(0)NB) =0,

completing the proof of statement (B2). ]

REMARK 5.3 Noting that (5.1) describes the feedback system shown in Fig. 1, Theorem 5.1 can be
viewed as a stability result in the spirit of the frequency-domain criteria for feedback system stability
(see Corduneanu, 1973; Desoer & Vidyasagar, 1975; Vidyasagar, 1993). Most of the control-theoretic
literature on this subject considers continuous-time systems. The two statements of Theorem 5.1 form
the discrete-time counterparts to recent continuous-time stability results given in Curtain et al. (2003,
2004). Note that the Condition (5.3) allows for a large class of bounded nonlinearities ¢. The conjunction
of convolution kernels g of the form g = go# 4+ g1 with go > Oand g; € I* (so that g ¢ I*) and bounded
nonlinearities ¢ is a distinguishing feature of Theorem 5.1.

Next, we derive a version of Theorem 5.1 which yields stability properties of the difference of two
solutions of (5.1). In this context, the following incremental sector condition

Relp(n, &) — p(N, &), & — &)n < —llo, &) — (0, &G /D, neZy, &,&eHy (533
is relevant. Note that if ¢ is ‘unbiased’, i.e.
p(n,00 =0, neZy,

then, trivially, (5.3) is implied by (5.33). Moreover, we will see that, if (5.33) holds, but ¢ is not unbiased,
then for the purpose of stability analysis, (5.1) can be be replaced by a modified Volterra equation,
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the nonlinearity of which is unbiased and satisfies (5.33) (and hence (5.3)). To this end, assume that
(5.33) holds, let w?, w? be forcing functions and let x* and x? be corresponding solutions of (5.1), i.e.
X' =gx* (pox")+ w' fori =1, 2. Define a new nonlinearity y as in Lemma 4.5,

yiZyx Hoo H, (0,8 5 o0, &+ X3(N) — p(n, X2(n)). (5.34)
Then y is unbiased,

v (n,x'() = x*(M) = p(n, X (M) — (N, X*(N)), neZy,
and y satisfies the same incremental sector condition as ¢. Therefore, in particular,

Re(y(n,&),&)n < —lw(,OIf/d, (&) € Zy x Ho.

The difference xI — x2 satisfies the Volterra equation
xt—x? =gx (yo(xt =x%) + w! —w?
Combining these observations with Theorem 5.1 yields the following result.

COROLLARY 5.4 Let g = gof + g1, Where go € (0, 00) and g1 € I, let ¢ be incrementally sector-
bounded in the sense that (5.33) holds for some d € (0, co] and assume that there exists ¢ > 0 such

that (5.4) is satisfied. Let x* and x2 be solutions of (5.1) corresponding to forcing functions w?! and w?,

respectively, and set Ax := x! —x2and dw := w! — w?.

(A) If ¢ > 0and 4w € m2(H), then the following statements hold:

(A1) There exists a constant K > 0 (depending only on ¢, d and g, but not on w?! and w?) such
that

14X oo(Hy + IV (AX) 2y + 19 0 X = 9 0 X214y + 112 (0 0 X' = @ 0 XP) 1o ()
+ (IRe(p o Xt — g o X2, AX) 1)Y2 < K| dw e ),

(A2) The limit limp_ oo [[(AX)(N)]|H exists and is finite; in particular, if dimH = 1, then
limp_ 00 (4X)(N) exists.

(B) If e = 0and 4w e m(H), then there exists a constant K > 0 (depending only on d and g, but
not on w?! and w?) such that
1/2
)

1
Il AX 1o (Hy + (‘ R6<¢ oxt—goxt, Ax+Spoxt—po x2>>

H

+ 12 o xt =g o xP)lieo(r) < Kl AWy

6. Application of Theorem 5.1 and Corollary 5.4 to linear multistep stability

In this section, we use Theorem 5.1 and Corollary 5.4 to derive results on the asymptotic behaviour of
the solutions of (1.1). Recall that a rational function A (with possibly complex coefficients) is called
‘positive’ if

Re A(z) > 0 forall ze C with |z| > 1 and such that z is not a pole of A.

The following lemma lists some simple (and well-known) properties of positive rational functions.
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LEMMA 6.1 Let A be a rational function such that A(z) # 0. If A is positive, then the following
statements hold:

(@) Ifze Cisazeroof A, then|z] < 1.

(b) Ifze Cisapoleof A then |z| < 1.

(€) limjz—0 A(2) exists, is finite and not equal to zero.

(d) Ife" isazeroof Aforsomev € [0, 2x), then it is simple (i.e. A'(e") # 0).

(e) If e is a pole of A for some v e [0, 27), then it is simple (i.e. (1/A)(e”) # 0) and e~

res(A, e") > 0, where res(A, e') denotes the residue of Aat z =e".
Note that part (c) says that a nontrivial positive rational function has no zeros or poles at co.

Proof of Lemma 6.1. The proof is essentially routine and therefore we do not give a complete proof here.
We only derive part (e) (parts (a)—(d) are even easier to prove). To this end, assume that e'" is a pole of
A. Then

A@2) = (z—e")""B(2),

where m is a positive integer and B is a rational function which is holomorphic at z = e and
B(")#£0.Fore > 0and w € [—xn /2, = /2], we define

Zoo =€V (1+ce®).
Itis clear that |z. | > 1 and so, fore > 0and w € [-7 /2, /2],
0 < ¢™Re A(z.,) = cos(mMw)Re(e™"™ B(z,.,,)) + sin(Ma)Ime™"™ B(z,.,,)). (6.1)

Since B(z;,,) — B(e") as & — 0 (uniformly in w), it follows from (6.1) that m = 1 (because otherwise
there would exist ¢ > 0 and w € [—7/2, 7 /2] such that the right-hand side of (6.1) is negative).
Consequently, the pole at z = e" is simple. Considering (6.1) when m = 1, choosing o to be —z /2, 0
and 7 /2 and letting ¢ — 0, shows that Im(e™" B(e"")) = 0 and Re(e™""B(e")) > 0. Since B(e") # 0,
we conclude that e~ B(e") > 0. The claim now follows from the fact that res(A, ") = B(e"). O

The next result shows that the inclusion of a disk of the form B(—c, ¢) (where ¢ > 0) in the linear
stability domain of (1.1) is equivalent to the positivity of the rational function 1/(2c) + o /p, where p
and o are given by (3.1).

LEMMA 6.2 Letc > 0. Then
B(—c,c) C S 1/(2c) + o/p is positive.

Moreover, if B(—c, ¢) C S, then the following statements hold:

(a) Method (1.1) is zero-stable.
(b) If p(e") = 0forsome v € [0, 27), thene "o (e")/p’(€") > 0.

Proof. A straightforward calculation shows that, for all z € C such that p(z) # 0, the following
equivalences hold:

1p(2)/c(2) +c|l = ce 1/ p@PIL+co@)/p @) = |o ()

& 1/(2¢) +Re(a(2)/p(2)) = 0.
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Now, by Lemma 4.1, B(—c, ¢) c Sifandonly ifinf;>1 |p(2)/o(2)4c| > c, showing that the inclusion

B(—c, ¢) C Sis equivalent to the positivity of 1/(2¢) 4+ o/p. Statements (a) and (b) are now immediate

consequences of Lemma 6.1. O
The following proposition shows that if B(—c, ¢) ¢ S, then B(—c,c) c S.

PROPOSITION 6.3 Letc > 0. If B(—c, ¢) C S, then B(—c, c)c S

Proof. Let ¢ be on the boundary of B(—c, ¢), i.e. |¢ + c| = ¢. We have to show that ¢ € S. To this end,
let zy € C be such that

p(z0) — ¢ (z0) = 0. (6.2)
Since B(—c, ¢) c S, itisclear that |zg| < 1. Therefore, it is sufficient to prove that if |zg| = 1, then
p'(z0) — o' (20) # 0. (6.3)

So let us assume that |zg| = 1. If ¢ = 0, then p(zo9) = 0. By part (b) of Lemma 6.2, p’(z0) — (o' (29) =
p'(z0) # 0, and so (6.3) holds. Hence, w.l.0.g. we may assume that ¢ # 0. Using that | +¢c| = ¢, a
routine calculation shows that

Re(1/¢) = —1/(20).

Invoking Lemma 6.2, we see that the rational function A := o /p — 1/¢ is positive. It follows from (6.2)
that A(zp) = 0. By part (d) of Lemma 6.1, A’(zy) # 0 and so

o (p(20) — (o (2))a’(z0) — (p'(20) — (o' (20))o (o) (p'(20) — (o' (20))o (20)
07 A= @) - @)

showing that (6.3) holds. O
For later purposes, it is convenient to introduce the following assumption on f.

The function f does not depend on t and f~1(0) N B}

>

6.4
is precompact for every bounded set B c H. (6.4)

It will be explicitly stated when (6.4) is assumed to hold.

We are now in the position to formulate the main result of this section. Recall that the function
fh: Z4 x Ho — H is defined in (4.6). As in Section 3, we use the (functional) notation U := (Un)nez, €
S(H) (i.e. u(n) = Uy forall n € Z) for a solution (Up)nez, of (1.1).

THEOREM 6.4 Assume that method (1.1) satisfies the following two conditions: p(1) = 0 and p (e'?)
0 forall w € (0, 27).

(A) Assume that there exists 0 < ¢ < oo such that

[hf(nh, &) +cllin < cliclin, (n,$) € Zy x Ho. (6.5)
Under these conditions the following statements hold:

(Al) If B(—cp, cg) c Sfor some ¢y > c, then there exists a constant K > 0 (depending only
on ¢, cand (p, o)) such that, for every solution (Un)nez, =: uof (1.1),

1ullicocry + VU2 + 1 fr o Ullizgy + (IReCfh o, w102 + 1.2 (fr o Wllieo(h)

4-1 1/2
<K (Z ||u(k)||2H) :
k=0
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Furthermore, the limit lim,_, » lu(n)||y exists and is finite (in particular, if dimH = 1,
u(n) converges as N — oo). If (6.4) holds and infscpnH, || T (&) > O for every bounded
closed set B  H such that f ~1(0) N B = @, then limp_, o dist(u(n), f ~1(0)) = 0.

(A2) If B(—c, c) C S, then there exists a constant K > 0 (depending only on cand (p, o)) such
that, for every solution (Un)nez, =: uof (1.1),

12
) + 12 (fh o W) flico(h)y
|l

1
Re<fhou,u+%(fhou)>H

lulliee 1y + (‘

g-1
<KD u®|H-

k=0
If (6.4) holds and if sup:cg~, Re(f($), < + hf($)/(2c)) < O for every bounded closed
set B c H such that f ~1(0) N B = @, then limy_, « dist(u(n), f ~1(0)) = 0.
(B) Assume that
Re(f(nh,<),&m <0, (n,¢) €Zy x Ho. (6.6)

If {z e C:Rez < 0} C S, then there exists a constant K > 0 (depending only on (p, o)) such
that, for every solution (Un)nez, =: uof (1.1),

ullioery + (IRe{ fr o u, ubn )2 + 112 (fa o U o (h)
gq-1
<KD (u®lin + Ihf (kh, u)k)-
k=0
If (6.4) holds and if supzcgnn, Re(f(¢), &) < O for every bounded closed set B  H such that
f~1(0) N B = @, then lim,_, « dist(u(n), f ~1(0)) = 0.

REMARK 6.5

(@) Inthe scalar case (i.e. H = C) the inequality (6.5) is equivalent to the condition that hf (nh, &)/
¢ e B(—c,c) forall (n,&) € Zy x Cwith & #£ 0.
(b) Assume that there exist ¢1, h; > 0 such that

Ihif(t, &) +cdlln <aldlin, (<) € Ry x Ho (6.7)

and B(—cy, ¢1) C S, so that the conclusions of part (A2) hold for c = ¢; and h = h;. Letting
h, € (0, hy) and setting ¢, := c1hy/hy < ¢, it follows trivially from (6.7) that

Ih2 f(t, &) + cllin < c2liKlin, (1, <) € Ry x Ho,

showing that the conclusions of part (A1) hold for c = ¢, h = hy and ¢y = ¢;.

(c) We emphasise that Theorem 6.4 deals with a situation which is not captured by Theorem 4.3.
In particular, Theorem 4.3 cannot be applied if f is bounded (see Remark 4.4(c)), while the
assumptions in Theorem 6.4 allow for a large class of bounded functions f.
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Proof of Theorem 6.4. Since u(n) := Uy, it follows from Section 3 that
u:g*(fhou)—i-r_l*v, (6.8)
where g:=r~!xsand
(r=u(n) —(s=(fhow)(n), 0<n<q-1,
o(n) =
0, n-=q.

Clearly, (6.8) is of the form (5.1): in order to apply Theorem 5.1 (withg =r~1xs,¢ = fh, w =r1xo
and d = 2c), we need to verify the relevant assumptions. It follows from the hypotheses on p and S,
via part (a) of Lemma 6.2 that (1.1) is strictly zero-stable. The residue of § at z = 1 is given by
go ;=0 (1)/p’(1) and, by part (b) of Lemma 6.2, gop > 0. Invoking part (b) of Corollary 2.3, we obtain
that g1 := g — gof e I1. Consequently, g is of the form required for an application of Theorem 5.1.
Furthermore, Lemma 6.2 shows that

1/(2¢) + Re §(e') = 1/(2c) + Re( (€'“)/p(e!”)) > &, w € (0, 27), (6.9)

with ¢ > 0 under the assumptions of (Al) and with ¢ = 0 under the assumptions of (A2). Also note
that under the assumptions of (B), (6.9) remains true with ¢ = 0 and ¢ = oo. Consequently, (5.4) in
Theorem 5.1 holds under the assumptions of both part (A) and part (B). Next we observe that (6.5) is
equivalent to

Re(fr(n, &), &)n < —1/Q0)| fr(n, OIIZ, (0, &) € Zy x Ho. (6.10)

Note that for ¢ = oo, inequality (6.10) is equivalent to (6.6). Therefore, ¢ = fy, satisfies the sector
condition (5.3) in Theorem 5.1. To show that w = r~1 % v satisfies the required assumption, we note
that by strict zero-stability, combined with statement (b) of Corollary 2.3, there exists ry e I such that

rt=y0+4ry, wherey:=1/p'(2).

Hence,

w:r_l*v=y(9*v+r1*o=y21)+rl*v.

Setting
q-1
wo =7y Zv(k), w1 = w — wol,
k=0
it is clear that w1 € I11(H) c 12(H). Consequently, w € m'(H) c m?(H), so that w satisfies the

requirement of Theorem 5.1. Furthermore,

lwolln < 1y lollizmy < 17 1VAllvllz) (6.11)
and
760 % v —wobllljny < 1y 1@ = Dllolhrpy, 176+ 0 —wobllizyy < 171(A = Dllvllizgyy-
The last two inequalities imply

lwillzmy < rallis + 1y 1@ =D lolliznys Twilizgy < Areliggz) + 1@ = D) lollizg. (6.12)
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To estimate ||w ||mp(H) in terms of u(0), u(1), ..., u(q — 1), we consider parts (A) and (B) separately.

To prove part (A), we use (6.5) to obtain

41 1/p
IolliecHy < Lp (Z ||u(k)||E.> . p=12
k=0

where L1 = ||r ”Il(H) + 2C||S|||1(H) and

L2 == 1Irllzg2y + 2¢lSligg2) = we%a%(”) 1p(e'”)] + ZCw’:[POa%(”) o ().

Inequality (6.13) together with (6.11) yields

k=0 k=0

1/2
q-1 q-1
lwolln < Laly 1D Iu®ln. lwolln < Laly|v/@ (Z ||u(k>||f4> :

Furthermore, by (6.12)-(6.14),

||w||mp<H><Mp(ZIIU(k)IIE) , p=12,

k=0

for suitable Mp > 0. Part (A) follows now from Theorem 5.1.
To prove part (B), we estimate

q-1
o1y < LD A + [Ihf (kh, uk)w),
k=0

where L := max(||r |1, [IS]lj1). Therefore, by (6.11),

g-1
lwolln < L|V|Z(||U(k)||H + [Ihf (kh, u(k)([H).
k=0

Furthermore, by (6.12), (6.15) and (6.16),

q-1
ity < MO (lu) I + I (kh, uk) 1),
k=0

for some suitable M > 0. Part (B) follows now from Theorem 5.1.

EXAMPLE 6.6

(6.13)

(6.14)

(6.15)

(6.16)

(@) Let p and o be given by p(z2) = z— 1 and o(2) = 1 (Euler’s method). It is clear that S =

B(—1, 1). Define f: R — R by

-2, ¢=-2,
Q)= {4 &< =2



(b)
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so that f(&)/& e B(—1,1) for all & # 0. It follows from part (a) of Remark 6.5 that the
conclusions of statements (A1) of Theorem 6.4 hold if h € (0, 1), while statements (A2) of the
same theorem applies if h = 1. In particular, the numerical solution (Un)nez, converges to 0 as
n — oo for every choice of h € (0, 1). If h = 1, then (Un)nez, does not converge in general as
n— oo (e.g.ifUp =2, thenU, = (=1)"2foralln € Z).

Let p and o be given by p(2) = (3/2)2 — 2z + 1/2 and o (2) = Z° (two-step backwards
differentiation method). Define f: R? — R? by

f(é,&) = (=283 + &, - - &).

Then {z € C: Rez < 0} c Sand (f(¢),¢&) < 0forall & € R?\{0}. Hence, the conclusions
of statement (B) of Theorem 6.4 hold for every h > 0. In particular, the numerical solution
(Un)nez, converges to 0 as n — oo for every h > 0.

While Theorem 6.4 has some overlap with results by Nevanlinna (1977a,b), there are also consid-
erable differences. Theorem 6.4 assumes p to be strictly zero-stable, rather than merely zero-stable as
in Nevanlinna (1977a,b); on the other hand, numerous aspects of Theorem 6.4 are more general than
in Nevanlinna (1977a,b), the assumptions in Theorem 6.4 are easier to check than those in Nevanlinna
(1977a,b) and some of the conclusions are stronger as compared to Nevanlinna (1977a,b). The following
remark gives more details.

REMARK 6.7

(@)
(b)

(©

(d)

The same comment as in statement (al) of Remark 4.4 applies in the context of comparing
Theorem 6.4 with the main result in Nevanlinna (1977b).

The situation considered in part (B) of Theorem 6.4 is dealt with in Nevanlinna (1977b) under the
additional assumption that the method is strictly stable at infinity, i.e. the roots of ¢ are contained
in the open unit disk B(0, 1).

The constant K in Theorem 6.4 does not depend on h in contrast to Theorem 3.1 in Nevanlinna
(1977b) (see Remark 3.1 in Nevanlinna, 1977b). Moreover, Theorem 3.1 in Nevanlinna (1977b)
does not give estimates for || Vulliz(yy, [| faoUlliz(yy, [IRE(fhou, uy lljx and || >-(fhou)flieo(m).
Let p, o and f beas in part (a) of Example 6.6. Let a € R be such that 1/a € int(S), which holds
if and only if a € (—oo0, —1/2). A routine calculation shows that for every a € (—oo, —1/2)

b — inf PP _
C Zz10(2 - ap(2)
Set ¢ := —1/(2a). Then, using the notation of Nevanlinna (1977b), D(a,b) = D(a,0) =

B(—c, c). For given a € (—oo, —1/2), Theorem 3.1 in Nevanlinna (1977b) applies for all 0 <
h < —1/(2a). Note that if h = —1/(2a), then

(I —ahf)() =<+ f($)/2=0, ¢>-2

so that (I — ahf) is not invertible. Consequently, Theorem 3.1 in Nevanlinna (1977b) does not
apply in this case (see part (a) of this remark). Furthermore, if a = —1/2, then 1/a =
—2 & int(S). It follows that Theorem 3.1 in Nevanlinna (1977b) is not applicable (see p. 60 in
Nevanlinna, 1977b). In particular, Theorem 3.1 in Nevanlinna (1977b) does not give a result for
the stepsize h = 1.
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(e) Using Theorem 6.4, it was shown in Example 6.6 that (for certain values of h) the numerical
solution (Un)nez, converges to 0 asn — oo. It seems to be difficult to obtain these convergence
properties by applying the results in Nevanlinna (1977a) on the behaviour of (Un)nez, atinfinity.
In part (a) of Example 6.6, the method is not A-stable, while A-stability is assumed throughout in
Nevanlinna (1977a). Furthermore, in part (b) of Example 6.6 the nonlinearity f is not a gradient
field, and hence Corollary 2 in Nevanlinna (1977a) (which assumes that the nonlinearity is a
gradient mapping) cannot be used.

The following result is a version of Theorem 6.4 which yields stability properties of the difference
of two solutions of method (1.1).

COROLLARY 6.8 Assume that the method (1.1) satisfies the following two conditions: p(1) = 0 and
p(e'®) £ 0forall w € (0, 27).

(A) Assume that there exists 0 < ¢ < oo such that
[hf(nh, &) —hf(nh, &) + ¢ — &)k <cllé —&lln, neZy, &,& € Ho.

Let (Ubnez, =: ul and (U2)nez, =: u? be solutions of (1.1) and set Au := u® — u?. Then the
following statements hold:

(A1) If B(—cp, cp) c Sforsome ¢y > c, then there exists a constant K > 0 (depending only
on ¢p, cand (p, o)) such that

I Aullioeqry + IV (AW 2y + [l Fro ut = fro U2z

+ 12 (fhoul = fn o U?)[l1soehy + (IRe(fr o ut — fr o U2, Auyy [|j1)Y?

k=0

-1 1/2
<K (2 ||(Au)(k)||2H> :

Furthermore, the limit limn_  [|[(4U)(n)||H exists and is finite; in particular, if dimH =
1, then limp_ oo (4U)(N) exists.

(A2) IfB(—c,c) C S, then there exists a constant K > 0 (depending only on cand (p, o)) such

that
1 1/2
| Aulljoo(Hy + ( Re<fh out — fr o u2, Au+ —(fho ul — fn o u2)> )
2c H i1
q-1
+ 12 (fr o ut = fro U)oy < K D (AU K) 1.
k=0

(B) Assume that

Re( f (nh9 51) - f(nh9 52)5 51 - fz)H g 09 ne Z-l-ﬂ élﬂ 52 € HO

Let (Ubnez, =t ut and (U2)nez, =: u? be solutions of (1.1) and set Au := u® — u?. If
{z e C:Rez < 0} C S, then there exists a constant K > 0 (depending only on (p, o))
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such that
| Aullieohy + (IRe(fr o ut — frou?, Auyp §1)Y2 + 1 2 (fr o ut = fr o UP)fise(h)

q-1
< KD (4w @1 + [Ihf (kh, ut () — hf (kh, u*(K)[|n).
k=0

Corollary 6.8 follows from an application of Corollary 5.4 and arguments are similar to those used
in the proof of Theorem 6.4.

Finally, noting that for f in part (a) of Example 6.6, (f (&) — f(&2))/(é1 — &) € B(—1, 1) for
all &, & e R, & # &, and, for f in part (b) of Example 6.6, (f(&1) — f(&), &1 — &) < 0 for all
&, & e R2, & + &, it follows that a suitably modified version of Remark 6.7 holds for Corollary 6.8.
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