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Abstract

The asymptotic properties of solutions of the linear degenerate dis-
crete equations Bxn+1 = Az, (%) on a Banach space are considered,
where A and B are closed unbounded linear operators from a Banach
space X to a Banach space Y. Using a construction of a subspace L of
exponentially bounded solutions, an operator 7" on L such that x, sat-
isfies Eq.(*) on L if and only if 2, = T"xo, and using results on almost
periodicity of discrete semigroups of operators {T™ : n > 0}, we obtain
criteria for asymptotic almost periodicity of solutions of Eq.(*).

1. Introduction.
Consider the difference equation
Br,i1 = Az,,n=20,1,2, ..., (1)

where A and B are closed, densely defined, linear, generally unbounded
operators defined on a Banach space X, with values in a Banach space Y. A
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98 On the asymptotic behavior of solutions of...

sequence {x,}5° , is called a solution to (1) if z,, € D(A)ND(B) foralln >0
and (1) is satisfied.

Because of the presence of B, Eq.(1) is called degenerate, and it is not, in
general, well posed even in the finite dimensional case. The study of the solv-
ability and the asymptotic behavior of Eq.(1) is a natural problem which may
have important applications, since many equations in physics and engineering
have this form. On the other hand, to our knowledge, this problem has not
been sufficiently considered in the literature.

In this paper, we study the asymptotic behavior of solutions of Eq.(1).
Under a rather mild condition of the uniqueness of exponentially bounded
(respectively, bounded) solutions, we associate with Eq.(1) a bounded (resp.,
a power bounded) operator T' on a subspace L of exponentially bounded
(resp., bounded) solutions, such that BT = A. Using a criterion of almost
periodicity of discrete semigroups, we obtain a similar result on asymptotic
almost periodicity and stability of a bounded solution to (1).

For the case A, B are bounded operators such that the spectrum of the
operator pencil (A, B), o(A, B), is bounded, we show that there is a naturally
defined projection operator P on X, and a bounded operator T on X such
that TP = PT, and that Eq.(1) is equivalent to the non-degenerate equation
Tp+1 = Tz, on the subspace F := PX. Moreover, E coincides with the
subspace L of exponentially bounded solutions. This gives a natural splitting
of the phase space of Eq.(1) into “degenerate” and ‘non-degenerate” subspaces.

2. Generalized spectrum and resolvent.

In this preliminary section, we introduce the resolvent and the spectrum for a
pair (4, B) of closed operators and establish their basic properties. For similar
results for bounded operators A and B, let us refer the reader to [5] and the
literature cited therein.

Let A and B be closed, linear operators with dense domains, defined
on a Banach space X and with values in a Banach space Y. Assume that
D :=D(A)ND(B) is dense.

Definition 2.1 For a complex number A such that (AB — A) is one to one on
D, define the operator Ca g(A) : D(Ca,g(A)) C X — X as follows:

D(Ca,g(N) :={x € D: there exists a unique y € D 2)
such that Bz = ABy — Ay},

and
CaNz:=y.
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Furthermore, we introduce the set p(A4, B) by

p(A, B) :=={X € C:Cap(X) is densely defined and is bounded}.

The set p(A, B) is called the resolvent setof (A, B) and its complement
in C, o(4,B) :=C\p(A, B), is called the spectrum of (A, B).

If A € p(A, B), then we define

Ra (X)) :=Ca (N € B(X), the extension of C'4 g(A) by continuity

and call it the generalized resolvent of (A, B). Note that if A and B are
bounded, then A € p(A, B) if and only if (\B—A) is invertible, and R4 g()\) =
(AB — A)~!B, so that our definition coincides with the well known definition
of the resolvent for linear operator pencils (see e.g. [5]).

The following lemmas (Lemma 2.2-2.4) are extensions of the well known
facts of the operator theory. The proofs are adaptations of the classical proofs
to the new situation.

Lemma 2.2 (i) Assume that Ao € p(A,B) and u is a complex number
satisfying  |p— Mol < |Ca,s(Mo)||™'. Then p€ p(A, B).

(ii) p(A,B) is an open set.
Proof (i) We show that (uB—A) is one-to-one on D. For this, suppose that
y€D and puBy— Ay=0. Then \gBy — Ay = (Ao — p)By = B[(Xo — )y,
hence (Ao —p)y € D(Cy,) and (Ca,s(Mo)(Ao — 1)y =y, by the definition of
Ca.5(X\o). Therefore,

[yl = 1C,8(R0) (Mo — wyll < [Ao — pll|Ca,z(Ro)llllyll;
which implies y = 0. Thus, (uB— A) is one-to-oneon D.

Next, we show that Cs p(p) is densely defined and bounded. For this,
consider the set

E={z=[I—-(Mo—p)Ra )z :xe€D(Canr(r))}
Since [I— (Ao —p)Ra,5(Ao)] 1isinvertible, it follows that see that & is a dense
linear space. Moreover, & = x—(Ao—p)y, where y = Ra p(Ao)x = Ca p(Mo)z,
so that
Bz = B[z — (Ao — n)y] = Bx — A\ By + uBy = uBy — Ay.

Thus € D(Ca (1)), so that Ca p(r) is densely defined.
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To show that C4 g(r) is bounded, let x € D(C4 (1)) and y = Ca g(p)z.
Then y € D(A) ND(B) and

AoBy — Ay = Bz — (11 — Xo)yl,

which implies that [x — (r—Xo)y] € D(Ca (Mo)) and Ca g(Ao)[x—(—Xo)y] =
y. From this, it follows that

Ra,p(Mo)z — (11— Xo)Ra,5(Mo)y = v,
or
Ra(Mo)r =y + (11— Xo) Ry
Since [I + (i — Xo)Ra,B(No)] is invertible, we have
y=[I+ (n—Xo)Ras(Xo)] ' Rap(ho)z,

SO
Iyl < I+ (1 — Ao)Ra,B(Xo)] " Ra,z(Xo)llllz],
which implies that C4 () is bounded and

ICAB(Il < T+ (1 = Ao)Ra,5(X0)] ™ Ra,s(No)|-

Statement (ii) follows immediately from (i). O
Lemma 2.3 The resolvent identity holds:
RA7B()‘) - RA,B(,M) = (:u - )‘)RA,B()‘)RA,B(N)a fO?” all )‘a pe p(Aa B)

Proof As in the above, we have Ca g(p)z = [I 4+ (p — N Ra,s(N)] ' Ra (N,
for all x € D(Ca (1)), A, p € p(A, B). Therefore

I+ (u—NRaBN)]Cas(p)x = Ra Nz, forall € D(Ca p(n)),
which implies
[+ (u—= A Ras(N)|Rp = Rap(A),

or
Ras(A) = Rap(p) = (1= AN Ra M) ERa p(p)-

Lemma 2.4 R4 p(\) s an analytic function on  p(A, B).

Proof For p sufficiently close to A we have

o0

[I—A=mRasN] ' => (A= wFRa N,

k=0
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or

I—A=mRasWN] ' =T=> (A=) Ras(NF,
k=1

which converges to 0 as yt — A. By Lemma 2.3 we have

Rap(p) = RapN[I —(A—p)Rap(N)] ™,

hence
Rap(p)—Rap(\) = RapM\[I—A—p)Ras(N)] ' —Rap(N) — 0asu— A,

so that A — R4 p(\) is a continuous function. Applying the resolvent identity
(Lemma 2.3) again, we obtain that R4 g(A\) has derivative, hence is an analytic
function on p(A, B).

Lemmas 2.3 and 2.4 mean that the generalized resolvent R4 p(A) of (4, B)
is in fact a pseudo-resolvent. Assuch, Ker(Ra g()\)) and Image(Ra g(N)) are
independent of A. If Ker(Ra,g(\)) = {0}, then there exists a closed operator
T such that R4 p(\) is the resolvent of 7', i.e. R4 g(A\) = (A —T)"!. We
refer the reader to ([6], p. 428) for related facts about pseudo-resolvents.

3. Solution spaces and almost periodicity.

We now proceed to the study of the asymptotic behavior of Eq.(1). Our ap-
proach is to associate with each Eq.(1) a single linear operator T on a generally
non-closed linear subspace L, on which solutions of (1) coincide with orbits of
T. We introduce in L a new, generally stronger, norm, in which 7" is bounded
and o(T) C o(A, B). We then deduct results on the asymptotic behavior of
solutiuons of Eq.(1) from the corresponding well known results for asymptotic
behavior of orbits of single operators.

To formulate and prove the main results, we introduce some conditions of
uniqueness of solutions and give some simple spectral conditions of uniqueness
of solutions.

Definition 3.1 (cf. [1]). (i) We say that Eq.(1) satisfies the uniqueness con-
dition if for any solution {z,} with zo = 0, we have z,, =0 for all n.

(ii) We say that Eq.(1) satisfies the uniqueness condition for bounded so-
lutions if for any solution {x,} such that sup,~q[|z.[ < oo and z¢ = 0, we
have x,, = 0 for all n.

A solution {z, },n > 0, is called ezponentially bounded if there exist M > 0,
and w > 0 such that |x,|| < Mw™. Such a solution is called O(w)-solution.
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(iii) We say that Eq.(1) satisfies the uniqueness condition for exponentially
bounded solutions if for any exponentially bounded solution {z,} such that
ro9 = 0, we have z,, =0 for all n.

We introduce the following linear subspaces
L :={z € X : there exists a solution {z,},>0 such that zo = z},

L(w) := {x € X : there exists a O(w) solution {x,},>0 such that z¢ = z},

and

L :=UgerL(w) = {x € X : there exists an exponentially bounded solution
{zn}n>0 such that xo = x}.

The proof of the following proposition is straightforward.

Proposition 3.2  If Eq.(1) satisfies the uniqueness condition (resp., the
uniqueness condition for O(w)-bounded solutions,...), then L (resp., L(w),...)
is a linear subspace of X.

Proposition 3.3 Assume either (a) A is a bounded operator, or (b) there
exists i € p(B) such that (u — B)~*A s closed.

(i) If there is a set A such that for every w > 0, AN{z € C: |z] > w}
is not a zero set of an analytic function, and (A\B — A) s injective for all
A € A, then Eq.(1) satisfies the uniqueness condition for exponentially bounded
solutions.

(ii) If there is a set A such that AN {z € C : |z| > 1} s not a zero set
of an analytic function, and (A\B — A) is injective for all A € A, then Eq.(1)
satisfies the uniqueness condition for bounded solutions.

Proof (i) Suppose that {z,,} is an exponentially bounded solution of Eq.(1),
Le. |zp| < MAy for some Ao, M > 0, with zg = 0. We must show that
z, =0 foralln>0.

Let [A\| > A¢ and consider the vector-valued function

z(A) = Z APz
k=0

Assume that (a) holds, i.e. A is a bounded operator. Since the operator B
is closed, we have

Az(N) =30l A R Ay, =Y o AN FBayya

=AY A EFUBr L =AY AR By, — ABxg
= ABz(A),
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hence (AB — A)z(A) = 0. This implies, by the injectivity of (AB — A), that
z(A) =0 forall A\ e An{z:|z| > |N\o|}, or z(A) =0, so that 2,, =0 for all n.

Now assume that (b) holds, i.e. there exists u € p(B) such that (u—B)~1A
is closed. We have, for every n > 1,

n n n+1
Z )\_kAka Z )\_kak_H =\ Z )\_kak
k=0 k=0 k=1
n+1 n+1
=AY A By, — ABzg = AB Y. A *x, — ABxg (3)
k=0 k=0
n+1 n+1
=AB—p) XA Frp+An Y A Ezp — M(B — p)zo — Auo.
k=0 k=0
Applying (B — u)~! to both parts of (3) and taking into account that zg = 0,
we have
(B—m)~" [Cig A FAzy] =
= Zié ARzl + (B —p)~t ZZié ARz — Aeg — Au(B — )"t

= A | St ARy |+ Au(B — )~ [rE Ay

Since the right hand side converges and the operator (B — u) 1A is closed, it
follows that z(\) € D((B — pu)~tA) and

(B = 1)~ A2(A) = A2(A) + Au(B — p) ™2 (N),

hence z(\) € D(B) and
Az(X) = ABz()\),

or (AB — A)z(A\) = 0. This implies, by the injectivity of (AB — A), that
2(A\) =0, or x,, =0 for all n.

The proof of (ii) is analogous.

The results in the next corollary are immediate from Proposition 3.3 and
from the fact that p(A, B) is an open set.

Corollary 3.4 Assume that condition (a) or (b) in Proposition 3.3 holds.

(i) If (A, B) is bounded, then Eq.(1) satisfies the uniqueness condition for
exponentially bounded solutions.

(i) If 0(A,B) C {z:]2] <1} orp(A,B)N{z:|z| =1} #0, then Fq.(1)
satisfies the uniqueness condition for bounded solutions.

Definition 3.5 A complex number A is said to be in the point spectrum
op(A, B) if there exists x € D(A) N D(B),z # 0, such that (AB — A)x = 0.
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A complex number X\ is said to be in the approximate point spectrum
0a(A, B) if there exist {z,}52,, 0< 6 < ||lan|| < a for all n, z, € D, and
{yn}524, such that 1y, € D, |lyn|| — 0 as n — oo, and (ABx,, — Az,,) = Bys.
Equivalently, A € o,(A, B) if for every € > 0 there exist x,y € D such that
lz|| = 1, |ly|| < € and ABx — Ax = By.

Lemma 3.6 0,(A, B) C 0(A, B).

Proof Assuming the contrary, there exists A € o0,(A4,B) such that A ¢
o(A, B). Then, there exist x,, yn,n = 1,2, ..., such that (\Bz,, — Az,,) = Byn,
yn — 0, and 0 < 6 < ||z,|| < @ < 00. By the definition, y, € D(Ca,g(\)) and
Ra,B(N)yn = Ca,B(N)yn = x,. This implies that ||z,| < ||[Ra,5(N)|/||yn] — 0,
a contradiction. O

Assume that Eq.(1) satisfies the uniqueness condition for exponentially
bounded solutions. We introduce a construction, which associates with Eq.(1)
a linear subspace with a new norm on which solutions of (1) are orbits of a
bounded linear operator.

Recall that L(w) consists off x such that there exists a solution {z,} of
Eq.(1) with g = 2 and ||z,||/w™ are uniformly bounded.

Define, for every w > 0, a new norm ||| - ||| in L(w) by:
[lzl[| := sup {[lznll/w™ : n =0}, z € L(w).
n>0
Then L(w) is normed space with the new norm ||| - |||. Note that ||| < |||z,

so that the embedding L(w) — X is continuous, but in general the two norms
are not equivalent.

Note that if A and B are bounded, then, as can be easily seen, (L(w), ||| ])
is a complete normed space. But in general (L(w), ||| - |||) is not complete.

Definition 3.7 Define a linear operator T,, on L(w) by
T,z = x1,
where {x,} is the solution of Eq.(1) in L(w) with z¢ = x.

Note that T, is a bounded linear operator on (L(w), ||| - |||) and it is easy
to verify that |||T,||| < w and such that BT,z = Az for all z € L(w). We
summarize these facts in the following theorem.

Theorem 3.8 T, is a bounded linear operator in the norm space (L(w), |||-]I])

with |||T,||| < w and satisfies BT,z = Az for all z € L(w).

Below we denote by L,, the completion of (L(w), ||| - ||) and by 7,, the
extension of T,, from L(w) to L(w) by continuity.
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The following theorem shows that, if A and B are bounded operators,
then L(w) is invariant subspace for R4 p(A) and on L(w), Ra g(A) coincides
with the resolvent of the operator T,,.

Theorem 3.9 Assume that A and B are bounded. Then the following
statements hold:

(i) L(w) s invariant subspace for the resolvent Ra g(\). The operator
Ra,B(X) is a bounded in the norm ||| - ||| and ||[|Ra,BN)||| < ||Ra,B(N)], so
that it can be extended by continuity to an operator §A7B()\) on L(w).

(ii) For everyx € L(w) and X € p(A, B), we have Ry g(N)z = (A-T,,) " 'x.

(iii) Rap(A) = (A —Tw)™Y for all X € p(T,,) N p(A, B).

Proof (i) Assume that z € L(w), so that there exists in L(w) a O(w)-solution
{zn}n>0 of Eq.(1) with xg = z. From the equality Bz,+1 = Az, it follows
that

BRA7B()\)J3TL+1 = B()\B — A)_lB$n+1 = B()\B — A)_lAJZn
= B[AB— A)"Y (A= AB)z,]| + AB(AB — A) "'z,
= —Bz, + \B(AB — A)"'Bz,, = [-I + AB(AB — A)"!] Bz,
=[-I+(AB—-A)(AB—a)"' +A\B — A)~!| Bz,
= AAB — A)"'Bz,, = AR(\)z,.

So that y,, := Ra g(A)x,,n > 0, is a solution of Eq.(1). Clearly, |y.| <
|IRa,5(N)|||zn]] < Mw™, so that y,, belong to L(w). In particular, R4 p(A)z €
L(w).

Furthermore, we have, for every x € L(w),

[1Ra,B(N)zll| = sup,>¢ [|[Ra,B(N)zn /0™ < [Ra,B(N)| sup, o [[2n]l/w”
= [RasN[l[l=l,
which implies that R4 g()\) is a bounded in the norm |||-]|| and |[|Ra,B(N)||| <
[Ra,sN-

(i) We have, for every A such that |\ > || T,|| and z € L(w),

M =T,) e =AY A FThe =
k=0

. i A Fay,.
k=0

Therefore

AN =Ty) e =AY A F Az =Y A BBy (4)
k=0 k=0
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and

ABOI = T,) 'z =Y A *Bu (5)
k=0
From (4) and (5) it follows that

(AB—A)\ -T,) 'z = Z A By, — Z A=Y By = Bry = Ba.
k=0 k=0

Hence
(M —=T,) 'z =(AB - A)"'Bx = Ra p(\)z.

(iii) follows immediately from (ii). O

Proposition 3.10 Assume that Eq.(1) satisfies the uniqueness condition for
exponentially bounded solutions. Then o4(T,) C 04(A, B)N{z € C: |z| <w} .

Proof

Let A € 04(T.,). Then, for every ¢ > 0 there exists z € L(w) such that
Izl =1 and [Tz — Az[l] <e.

Let {z,} be solution of Eq.(1) in L(w) with 29 = z and put y, =
Tz, — Azp, = Znt1 — Azn. Then, as can be easily seen, {y,} is a solution in
L(w) of Eq.(1) and yo = 21 — A\zo = Tioz — Az. Since

sup [lynll /@™ = [llyolll = [[[Twz — Az[l] <e,
n>0

we have ||y, /w"|| < e for all n > 0. Since [||z||| = sup,,>¢ [|zn||/w™ = 1, there
is m such that 1/2 < ||z,,/w™|| < 1. Let u = 2, /w"™ and v = —y,, /w™. Then
1/2 < |jul| €1 and ||v|| < e. On the other hand,

(AB — A)u = (ABz, — Az,)/w"™ = (ABz, — Bzp41)/w" = —B(yn/w") = Bw.
Hence A € 04(4, B). O

Remark 3.11: (i) Since || 7,]] < w, we have o(T,) C {z € C: |z|] < w}. On
the other hand, 0o (T,) C 04(T,). Therefore, Proposition 3.10 implies that
o(T,)N{z:|z| =w} Co(4,B).

(ii) If A € 0,(T,,) and there exists an eigenvector z such that z € L(w)
and T,z = Az, then A € o,(4, B). In fact, by Theorem 3.8, (\B — A)z =
ABz—BT,z = B(Az—T,z) = 0. But in general we cannot claim that o,(T,,) C
op(A, B), since there might not exist an eigenvector in L(w).

(iii) The converse statement to (ii) always holds in the following form:
op(A,B)N{z:|z| <w} C0,(Ty,). Infact, if A <w and (AB— A)z =0, then
B\"z) — A(A\"2) = \*(AB — A)z = 0, so that z € L(w) and T,z = \z.
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From Proposition 3.10 we obtain the following criterion for non-emptyness
of the spectrum o(A, B).

Corollary 3.12 Assume that Eq.(1) satisfies the uniqueness condition for

exponentially bounded solutions and that there exists at least one such nonzero
solution. Then o(A, B) # 0.

Theorem 3.13 Assume that Eq.(1) satisfies the uniqueness condition for
exponentially bounded solutions and o(A,B) C {z € C : |z| < p}, and
let {zn}tn>0 be an exponentially bounded solution of Eq.(1). Then for every
€ > 0 there exists M > 0 such that ||x,|| < M(p+ €)™. In particular, if
0(A,B) C {z € C: |z| < 1} then every exponentially bounded solution of
Eq.(1) converge to zero exponentially (as n — 00).

Proof By Proposition 3.10 and Lemma 3.5, 04(T,) C 0(A,B) C {z€ C:|z]| <
p}, hence o(T,) C {z € C: |z| < p}. This implies that for every € > 0 there
exists Mo > 0 such that || T7'|| < Mo(p +¢€)". In particular, ||z, | < |[|z.]|] =
T, zolll < Mo(p + &)"[[|woll| = M(p + €)™, where M = Mo|[|zoll|- y

For power bounded linear operators on a Banach space E (i.e. operators
satisfying sup,,~o{||7"||} < oo) there have been established well known results
(see [9], [8]) on stability and almost periodicity of the orbits T"x for all z € E.
Recall that a sequence x = {z, }n>0 is called asymptotically almost periodic, if
the family of translates x; = {4 }n>0 is relatively compact in {*°(Z 4, X) (the
space of X-valued sequences with sup-norm). An operator T is said to generate
an almost periodic discrete semigroup, if every orbit {T™z : n > 0} is relatively
compact, or, equivalently, every sequence x = {T"z}, >0 is asymptotically
almost periodic. The main theorem in [8], when applied to the semigroup Z, of
non-negative integers, states that if T' is a power bounded operator on a Banach
space such that o(T) N {z : |z| = 1} is countable, and if the discrete semigroup
{T™ : n > 0} if totally ergodic (i.e. the sequence %ZZ;;H A"FTkg converges
uniformly in j), then T generates an almost periodic semigroup {T" : n > 0}
(see also [9] for details). Using Theorem 3.8 and Proposition 3.10, we can
extend these results to solutions of Eq.(1).

Theorem 3.14 Assume o(A, B)YN{|z| = 1} is countable. Then every bounded
solution x, of Eq.(1) is asymptotically almost periodic if (and only if) the
means %ZZ;JHJ A~kzy converge uniformly in j, for all A € o(A, B) N {|z| =

1}. In addition, if the above means converge to 0, for all X € (A, B)N{|z| = 1},
then limy, o ||zn| = 0.

Proof Since {z,} is a bounded solution of (1), we have z, € L(1), and
Tpt1 = Top,—00 < n < oco. Let T := T1 be the contraction defined on
L(1) as in Theorem 3.8 (with w = 1). By Lemma 3.6 and Proposition 3.10,
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o(T1)N{z € C:|z| =1} is countable. Assume that

1 n—1+4j
yflj) = E Z )\_kxk
k=j

converge uniformly in j, in the norm of X. Then for every € > 0 there exists
N such that sup;s, Iy — 4| < & whenever n,m > N. Then

' ' m—1+4j vm—1+j+1' ,
1y =y =sup | Y AN Fzppl=sup|X Y A a ) <e,
A 20 it

uniformly in j.
Let M be a subspace of L(1), which consists of such vectors z that

n—1
1
— E ARk
n

k=0

converges for all A € o(T)N{z : |z] = 1}. Then M is a closed invariant
subspace of T and T|M is ergodic. Consequently, by the Almost Periodicity
Theorem proved in [9] (see also [8], [4]), the operator T|M generates an al-
most periodic (discrete) semigroup. In particular, since o € M, the sequence
{zn}n>0 Is asymptotically almost periodic in L(1). But then {z,} also is
asymptotically almost periodic in the weaker original norm of X. O

Next, we present an extension of another well known result, due to Katznelson-
Tzafriri (see [7]), which states that if 7' is a power-bounded operator and
o(T)N{z:|z| =1} C {1}, then ||[T"" —T"|| - 0 asn — oo.

Theorem 3.15 Assume o(A,B) N{|z| = 1} C {1} and let {zn}n>0 be a
bounded solution of Fq.(1). Then ||xn+1 —xn|| — 0 asn — co.

Proof By Theorem 3.8 and Proposition 3.10, 7} is a contraction on L(1) such
that o(Th) N {z : |2| = 1} C {1}. Hence, by Katznelson-Tzafriri’s Theorem,
TP+t = TP — 0 asn — oo. Since xg € L(1), we have |||z,41 — z,||| =
(T — TP ao||| — 0, so that [|2,41 — zp|| — 0 as n — oco. O.

4. Appendix: Eq.(1) with bounded operators A
and B.

In this section, we present a special functional calculus for a pair (A, B), which
is based on the resolvent identity (Lemma 2.3). This functional calculus nat-
urally generates a projection operator and we show that the image of this
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projection operator coincides with the space L(w), which has been studied in
Section 3.

Assume that A and B are bounded linear operators from X to Y such
that o(A, B) is a bounded nonempty set. Let I' be a Cauchy contour around
o(A,B) (see e.g. [2]). Assume that ¢(\) is an analytic function on a
neighborhood of o(A, B). Then we can define a bounded operator ¢(A, B) by

oA 2m/¢ JRas()

Thanks to the resolvent identity, we can reproduce the standard arguments
in the operator theory (see e.g. [2], [3]) to show that the above defined func-
tional calculus is a homomorphism from the algebra of analytic functions on
(A, B) to a subalgebra of bounded linear operators on X.

Proposition 4.1 The mapping ¢(\) — ¢(A, B) is a homomorphism from the
algebra A of analytic functions on o(A, B) into the algebra L(X) of bounded
linear operators on X :

(Z) If qb()\) =ai1¢1 ()\) + O[2¢2()\), then qb(A, B) = a1 (A, B) + (12¢52(A, B)
(”) If ¢()‘) = ¢1()\)¢2()\), then ¢(Aa B) = a1¢1 (Aa B)O‘2¢2(Aa B)

From Proposition 4.1 it follows that the operator P defined by

1
P:=— [ Rap(N)dA 6
57 | Ban () (6)
satisfies P2 = P, i.e. is a projection from X onto a subspace E := P(X).
Since the resolvents R4 p(A\) are commuting operators, they commute with
the projection P as well. Let

= 57 [ Man() (7

Then T is a bounded linear operator on X, such that T', P and the resolvent
Ra,g(X) are pairwise commuting. In particular, £ and its complement F =
(I — P)X are invariant subspaces of T, with X = F @ F.

Lemma 4.2 IfTx =y, then By = APx. In particular, if x € E, then Tz =y
implies By = Ax.

Lemma 4.2 implies that if {z,},>0 is an orbit of T' in F, i.e. z, = T o,
then it is a solution of Eq.(1).

Proof First remark that (AB — A)R4 p(A\)z = Bx for all z € X. In fact, this
is true for all x € D(Ca,p(N)) by the definition of C'4,5(A), and hence for any
x € X because A and B are bounded.
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From Tx =y we have

1 1
By =BTz = —— [ \BRA p(\zd\ = —— / (AB — A+ A)Rap(\)ad
27t Jp ’ 21t 1 ’

1 1
= — Bxd)\+A—,/ Ry g(N)xd\ =0+ APz = APz.
21t 1 2t Jp

Lemma 4.2 immediately implies the following fact.

Lemma 4.3 The equation Bx, 11 = Ax, have solutions in E for all zg € E,
and x, = T"xg.

Lemma 4.4 Ifxz € E and By = Az, then B(y — Txz) = 0. In particular,
if B s one-to-one, then y = Tx, and equations y = Tx and By = Az are
equivalent on E.

Proof If z = Tz, then, as shown above, Bz = APx = Az, hence B(y — 2) =
By — Az =0. O

Lemma 4.5 The operator B is one-to-one on E, A(E) C B(E), and B~*A|E =
T|E. In particular, if P = I, then B is one-to-one on X, B~1A is bounded,
and T = B~1A.

Proof By the definition, if Bx = 0, then € D(C4 g()\)) and Ca p(N)z =
Rap(N)x = 0 for all A\ € p(A, B), which implies Pz = 0. Hence, B is
one-to-one on E. By Lemma 4.4, from y = Tx (x € E) it follows By = Az,
so that Te = B~ 'Az. Hence A(E) C B(E) and T|E C B 'A|E. Since
both operators are defined on E, they must be identical. This implies that
Ar € D(B™!') and B~'Azx =Tz forallz € E.

We collect the facts from Lemmas 4.2-4.5 in the following theorem.

Theorem 5 Suppose that A and B are bounded operators from X toY such
that o(A, B) is a bounded nonempty set. Let P: X — X and T: X — X
be defined by (6) and (7). Then the following holds;

(i) TP = PT;

(ii) The subspace E = P(X) coincides with L(w), where w = ||T||, and
T =T,, Rap(\|E =\ —T)"YE;

(#ii) Eq.(1) is equivalent to xp41 = Tx, on E:= P(X);

(iv) B is injective on E;

(v) P =1 if and only if B is injective and B~*A =T.

Proof It remains only to prove (ii). Suppose z € E. Let xg = x, 2 = T*x
for all k > 1. By Lemma 4.3, {z,}n>0 is a solution of Eq.(1). Clearly,
|zl = |T2|| < | T™||||xol|, so that z € L(w), where w = ||T)).
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Conversely, let © € L(w), where w = ||T||. By Theorem 3.9, Ra g(\)z =
(M —T,)"'z. Therefore

1 1
— | RapNzd\ = — [ (M —T,,) tad\,
2wt Jr BNz 2mi /1“( )
where the convergence in the above integrals is in the norm || - ||. Since ||| - |||
is a strongger norm and in this norm we have
1
— I—T,)  zd\ =
i F()\ ) xd\ =z,
it follows that
1 1
Pr=— [ Rap(Nxzdr= —,/()\I —T,) twd\ =z,
2wt Jr i Jr

so that « € E. For x € L, = E, there exists a solution {x,},>0 of Eq.(1),
with z¢g = x, and we have T,z = Tx = x1. Hence T = T,,, and from Theorem
3.9. it follows that R4 g(\)|[E = (M —T)~"Y|E. O

To our knowledge, Theorem 4.6 is new even for Eq.(1) on finite dimensional
spaces.

References

[1] R. deLaubenfels, FEzistence Families, Functional Calculi and Evolution
Equations, Springer, 1994.

[2] Yu. Daletskii and M.G. Krein, Stability of Differential Equations in Ba-
nach Spaces, Amer. Math. Soc., Providence RI, 1974.

[3] H.R. Dowson, Spectral Theory of Linear Operators, Academic Press, 1978.

[4] R.deLaubenfels and Quoc-Phong Vu, The discrete Hille- Yosida space, sta-
bility of individual orbits, and invariant subspaces, J. Functional Analysis
142 (1996), no. 2, 539-548.

[5] I. Gohberg, S. Goldberg , M.A. Kaashoek, Classes of linear operators. Vol.
1. Operator Theory: Advances and Applications, 49. Birkhauser Verlag,
Basel, 1990.

[6] T. Kato, Perturbation Theory for Linear Operators, Springer, 1966.

7] Y. Katznelson and L. Tzafriri, On power bounded operators. J. Funct.
Anal. 68 (1986), no. 3, 313-328

[8] Quoc-Phong Vu, Almost periodic and strongly stable semigroups of oper-
ators. Linear operators (Warsaw, 1994), 401-426, Banach Center Publ.,
38, Polish Acad. Sci., Warsaw, 1997.

[9] Quoc-Phong Vu and Yu.I. Lyubich, A spectral criterion for asymptotic al-
most periodicity for uniformly continuous representations of abelian semi-
groups. (Russian) Teor. FunktsiiFunktsional. Anal. i Prilozhen. No. 50
(1988), 38-43, translation in J. Soviet Math. 49 (1990), no. 6, 1263-1266.



