J. Austral. Marh. Soc. 70 (2001), 189-197

THE PERTURBATION THEORY FOR THE DRAZIN INVERSE
AND ITS APPLICATIONS 11

VLADIMIR RAKOCEVIC and YIMIN WEI
(Received 3 November 1999; revised 26 July 2000)

Communicated by K. Ecker

Abstract

We study the perturbation of the generalized Drazin inverse for the elements of Banach algebras and
bounded linear operators on Banach space. This work, among other things, extends the results obtained
by the second author and Guorong Wang on the Drazin inverse for matrices.

2000 Mathematics subject classification: primary 47A05, 47A53, 15A09.
Keywords and phrases: generalized Drazin inverse, Banach algebra, perturbation, linear equation.

1. Introduction and preliminaries

Let us point out that the important applications of perturbation of the Drazin inverse
are to, for example, singular perturbations of autonomous linear systems of differential
equations and perturbation of continuous semigroups of bounded linear operators (see
[2-5]). The perturbation properties of the Drazin inverse for matrices were investigated
by Yimin Wei [10] and Yimin Wei and Guorong Wang [11]. In the present paper we
study the perturbation of the generalized Drazin inverse introduced recently by Koliha
[7] (see also Koliha and Rakd&€evié [8]). We start in the Banach algebra setting, and
then move to bounded linear operators.

We denote by & a complex Banach algebra with identity 1. For an element a € &
we denote by o (a) the spectrum of a. We write acc o (a) for the set of all accumulation
points of o (a). By qNil(&) we denote the set of all quasinilpotent element of .
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DEFINITION 1.1. Let a € o. Following [7], we say that a is Drazin invertible if
there exists b € & such that

1.1 ab=ba, ab’®=0b, a’b—acgNil(¥).

Such b, if it exists, is unique [7], it is called the generalized Drazin inverse of a,
and is denoted by a”. If a*b — a is in fact nilpotent, then a” is the conventional
Drazin inverse of a (see [6,7]). The Drazin index i(a) of a is equal to k if a’b — a is
nilpotent of index k, otherwise i(a) = 0o. If i(a) = 1, then a® is denoted by a* and
is called the group inverse of a. From this point on we use the term ‘Drazin inverse’
instead of ‘generalized Drazin inverse’ (see also [8]).Let us recall [7, Theorem 4.2]
that a has a Drazin inverse if and only if 0 ¢ acco(a).

With each Drazin invertible element a we associate the core part of a defined by
a*a® and the quasinilpotent part of a defined by a*a® —a. Now we have the following
core-quasinilpotent decomposition of a

a = (a’a®) + (a — a’a®).

For the applications of the core-quasinilpotent decomposition see ([7, 8]).
Let a € & be Drazin invertible. Following [11], we say that b € & obeys the
condition (W) at a if

(1.2) b—a=aa’( - a)aa® and "aD(b—a)" < 1.
Let us remark that the condition

(1.3) b—a=aa’ (- a)aa®

is equivalent to the condition

(1.4) b—a=aa’(b—a)=(b—a)aad®.

Basic auxiliary results are summarized in the following lemma (see also [11, Theo-
rem 3.1 and Theorem 3.2]). For the sake of completeness we include a proof.

LEMMA 1.1. Let a € & be Drazin invertible, and let b € o obey the condition
(#) at a. Then

i) b=a(l +a’b—a);
(i) b=+ (b—a)aP)a;
Gii) 1+ a®b —a) and 1 + (b — a)a® are invertible, and

(1.5) (1+a°(b—a) ' a® =a® (1+ (b —a)a®)™".
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PROOF. To prove (i) and (ii) let us remark that by (1.4) we have
b=a+(b—-a)=a+aa’(b—a)=a(l+a°®-a))
and
b=a+((®b-a)=a+(b-a)a’a=(1+®-a)")a.

Clearly, the condition ||a®(b — a)|| < 1 implies that 1 +a® (b —a) and 1 + (b — a)a®
are invertible. Finally, (1.5) follows by direct verification. ()

2. The perturbation results for the Drazin inverse in Banach algebras

Now we prove the main results of this section.

THEOREM 2.1. Let a € & be Drazin invertible, and let b € &f obey the condition
(#) at a. Then b is Drazin invertible, bb®? = aa®, b® = (1 + a®’(b — a)) 'a? =
a4+ b —-a)a®)'andi(a) = i(b).

PROOF. By Lemma 1.2 (iii) we know that 1 + a®(b — @) and 1 + (b — a)a® are
invertible and

(1+a°0- a))—l a®=a®(1+ - a)aD)_l .

Setb = (1 +aP(b—a))'a® = a®(1 + (b — a)a®)~'. We prove that b is Drazin
invertible and that b® = b. First we prove that b and b are commuting. By Lemma
1.2 (i) we have

2.1) bb=a(l+a(b-a)(1+a°®B-a)” a® =ad®
and by Lemma 1.2 (ii) we get

22 bb=a" (1+ (b —a)a®)” (1 + (b — a)a®) a = a’a.
Hence, by (2.1) and (2.2) we gg;

(23) bb = bb.

Therefore
b—bb =b(1-bb) = (1+a°(b—a) " a” (1 - a"a) =0,

and bb* = b. Finally, using (2.1) and (1.4), we get
(2.4) b—b%b=b(1-bb) =b(1-aa)

=a(1—aaD)+(b—a)(1—aaD)=a—a2aD,
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which is quasinilpotent. We conclude that b is Drazin invertible with b® = b.
Equations (2.1) and (2.2) show that bb® = aa®. From (2.4) we conclude that
i(a) = i(b). a

Let us remark that as a direct corollary of Theorem 2.1 we obtain the known

result for matrices [11, Theorem 1]. The next corollary is a generalization of [11,
Theorem 3.2].

COROLLARY 2.2. Let a € & be Drazin invertible and let b € 2/ obey the condition
(#) at a. Then b is Drazin invertible, and we have
16° — a®l _ _lla®® —a)

2.5 .
@) la®ll = 1= lla®(b - a)l

PROOF. By Theorem 2.1 we have
@6) b —a®=(1+a°(b-a) " a®-a®=[(1+a"b-a)" 1]
=(1+a°0G- a))—l (a®(® — a)) a®.

Hence
en P -a®] s |(1+aPe- )| (@@ - )] o]
la®-a)ll |
= Toiwe—ap 11
and we get (2.5). O

COROLLARY 2.3. Leta € & be Drazin invertible, and let b € & obey the condition
(#) at a. Then b is Drazin invertible, and we have

la®|] D la®|l
@9 it —al = 1= Twe —ar
PROOE. By Theorem 2.1 we know that
2.9) b° =(1+a°(b—a) " a”,
hence
(2.10) a® = (1+a°®b-a)b®.
Now
ey 07 = |0+ a0 - @) | fa?] = e
= la?® - a)||
@12) o 2|1 +a”®~a)] [6°] = (1 + |a°@ - a)]) [£°] .
and we get (2.8). O
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COROLLARY 2.4. Let a € & be Drazin invertible, b € o/ obey the condition (¥)
at a, and ||a®(b — a)|| < 1/2. Then b is Drazin invertible, and a obeys the condition
(#) at b.

PROOF. By Theorem 2.1 we know that bb” = aa®. Hence a—b = bb®(a—b)bbP.
Again, by Theorem 2.1, we have
[9°@ - b)) = |(1+ - @) " aP@ - b)|

lla®(a - bl
<
— lla®(® - a)]

< | +a*e-) | |a"@-b)] =

This completes the proof. O
Let us remark that the next corollary can be obtained as in [11, Corollary 3.2] and
we omit the proof.
COROLLARY 2.5. Let a € & be Drazin invertible, let b € of obey the condition
(#) at a and let ||a®||||b — a|| < 1. Then b is Drazin invertible and we have

16° ~ a®ll _ _ kp(@llb—al/llall
el ~ 1 =kp(@l(d—)ll/lall’

(2.13)

where
(2.14) kp(a) = llallla®|

is defined as the condition number with respect to the Drazin inverse.

We finish this section with some algebraic properties of Drazin inverse. Let us
remark that it is well known that if a, b € & are Drazin invertible, then ab is not
necessary Drazin invertible, and if ab is Drazin invertible, then in general (ab)® #
bPa”. In the next propositions we show that if b obeys the condition (#') at a we can
be more precise.

PROPOSITION 2.6. Leta € & be Drazin invertible and let b € 2f obey the condition
(#) at a. Then: e
(i) abP has group inverse and (ab®)* = ba®.
(i) bPa has group inverse and (b°a)* = a®b.
(i) ba® has group inverse and (ba®)* = abP.
(iv) aPb has group inverse and (a®b)* = bPa.

PROOF. It is enough to prove (i) and (ii). To prove (i) let us remark that by
Theorem 2.1 we have bb? = aa®. Hence

(ab®)(ba®) = a(b®b)a® = a(aa)a® = aa®
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and
(ba®)(ab®) = b(a®a)b® = b(b°b)b® = bb® = aad®.

Thus we prove that

(2.15) (ab®)(ba®) = (ba®)(ab®).
Further,
(2.16) (ab®)(ba®)(ab®) = aa®(ab®) = a(a®a)b®
: = a(b®b)b® = a(b®bb®) = ab®.
Finally, N
(2.17) (ba®)(abP)(ba®) = (ba®)aa® = b(a®aa®) = ba®.

Now by (2.15), (2.16) and (2.17) we get (i). Let us remark that (ii) can be proved
similarly, and we omit the proof. t

PROPOSITION 2.7. Let a € &f be Drazin invertible and let by, b, € & obey the
condition (#') at a. Then b, b, is Drazin invertible and (b, b,)° = b bP.

PROOF. The elements b,, b, are Drazin invertible and b;b” = aa” by Theorem 2.1.
Hence

(2.18) b,aa® = aa®b; and b,.DaaD = aan? = biD, i=1,2.
Write ¢ = b?bP. We show that c is the Drazin inverse of b, b,. First,
(bi1by)c = by (bb?)b? = by(aa®)bP = (aa®)(bib}) = (aa®)’ = aa®.

Similarly

c(biby) = aa® = (biby)c.
Further, by (2.18)

c*(biby) = c(chiby) = caa® = b2 (bl aa®) = b7b} = c.
Finally, we observe that in view of Lemma 1.2,
bi(1 — aPa) = (a + (b; — a)a’a)(1 — a®a)

=a(l —aPa) = (1 —aPa)a, i=1,2.

Hence,
bib, — (b1by)’c = bi1by(1 — bybyc) = biby(1 — aPa)
= b;(1 —aPa)a = a(l — a’a)a,

where a(l — a’a)a = a(a — aPa®) = (a — aPa?)a is quasinilpotent. This show that
(bib)? =c. d
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As a corollary we have the following result.

COROLLARY 2.8. Let a € & be Drazin invertible and let b € < obey the condition
(#) at a. Then ab and ba are Drazin invertible, (ab)? = b a® and (ba)® = a’b®.

PROOF. The result follows from Proposition 2.7. O

3. Applications

In this section we give some applications of Theorem 2.1, Corollary 2.2 and
Corollary 2.3. The results in this paper extend the results obtained by Yimin Wei
and Guorong Wang [11, Applications].

Let X be an infinite-dimensional complex Banach space and denote the set of
bounded linear operators on X by B(X). Throughout this paper, N(T) and R(T)
denote the null space and the range space of T € B(X), respectively.

Let us recall that the following result was obtained by Koliha [7], and it is a
generalization of Lay’s result [9] for the finite index Drazin inverse.

THEOREM 3.1. Let A € B(X) be such that 0 ¢ acco(A). If AP is the Drazin
inverse of A as an element of the algebra B(X), then X = R(APA) & N(APA),
A = A, ® A, with respect to this direct sum and AP = Al_1 &® 0.

We shall consider error bounds for the Drazin inverse in B(X). Let us mention that
some related results were obtained for the Drazin inverse of matrix [11] and for the
Moore-Penrose inverse of matrix [1].

Let us consider the equation

Ax = b,

where A is Drazin invertible. We study the sensitivity of the solution x to variation in
the data b and A, provided that b and x are in R(AP).

THEOREM 3.2. Let A € B\(X ) be Drazin invertible and let b,c € R(AP). If
x,y € R(AP) satisfy Ax = band Ay = c, then
ly — x| llc — bl

< kp(A)
llxl ° 5]

PROOF. Since APA is the (oblique) projection onto R(AP), from x,y,b,c €
R(AP), Ax = band Ay = ¢, we have x = APAx = APband y = APAy = A®c.
Hence,

(3.2) Iy —xIl < 1AP]lllc - bl

3.1)
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and
(3.3) ol < IIAlxI].
Clearly, (3.1) follows from (3.2) and (3.3). O

THEOREM 3.3. Let A € B(X) be Drazininvertible, let B € B(X) obey the condition
(#)at A, andlet b € R(AP). Ifx,y € R(AP) satisfy Ax = band By = b, then

ly —xI JAP(B — A)|
kp(A .
= T B S Ay

3.4)

PROOF. By Theorem 2.1 we know that A’PA = BPB, and R(A?) = R(BP®).
Hence, x = APAx = APband y = BP By = BPb. Further,

(3.5 ly x|l < I1B® — APl < IB® — AP HIANilx]l.
Finally, (3.4) follows by Corollary 2.2 and (3.5). O

THEOREM 3.4. Let A € B(X) be Drazininvertible, let B € B(X) obey the condition
(#)at A, andlet b, c € R(AP). Ifx,y € R(AP) satisfy Ax = band By = c, then

AP

aocp =y (147 = A 161 + lle = b1

B8  ly—xl <o

PROOF. By Theorem 2.1 we know that A’A = BP”B, and R(AP?) = R(BP).
Hence, x = APAx = APband y = B? By = BPc. Further,

y—x=BPc—APb=(B? - A®)b+ BP(c—b)
and we obtain

3.7 ly = xIl < 1B® — APJHIBIl + | B”llllc — blI.

Clearly, (3.6) follows by Corollary 2.2, Corollary 2.3 and (3.7). 0O

Let us remark that if it is assumed in addition to all the other hypotheses that
lAP|iIB — A|| < 1, then the expression ||JAP(B — A)|| in Theorems 3.3-3.4 can be
replaced by [|AP||||B — A]l.

Now, as a corollary, we get a generalization of [11, Theorem 4.1]. Our formulation
of that result is somewhat different from that of Yimin Wei and Guorong Wang’s, but
consistent with Theorem 3.4.
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THEOREM 3.5. Let the hypotheses of Theorem 3.4 be satisfied together with the
inequality |AP||||B — A|| < 1. Then

- kp(A B—-A c—b
ly — x|l < p(A) <kD(A)” ll + Il II>.
fx 1 —kp(A)IIB — All/lIAll Al &l
PROOF. The proof follows by Theorem 3.4 and remark that ||b]| < ||A|ll|lx || O

Let us mention that Theorem 3.5, unlike Theorem 3.4, deals with relative errors.
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