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HOW TO CHARACTERIZE COMMUTATIVITY EQUALITIES
FOR DRAZIN INVERSES OF MATRICES

YONGGE TIAN

ABSTRACT. Necessary and sufficient conditions are presented for the com-
mutativity equalities A*AP = AP A* ATADP = AD AT ATAAP = AD AAT,
AAP A* = A*AP A and so on to hold by using rank equalities of matrices.
Some related topics are also examined.

1. INTRODUCTION

The Drazin inverse of a complex square matrix A is defined as a solution X of
the following three equations

(1) A*X A= AF, (2) XAX =X, (3) AX =XA,

which uniquely exists and is often denoted by X = AP, where k is the index of A,
i.e., the smallest nonnegative integer k such that r(A*) = r(A**1). In particular,
when Ind A = 1, the Drazin inverse of matrix A is called the group inverse of A,
and is often denoted by A#. The Moore-Penrose inverse A of a complex matrix
A is defined by the four Penrose equations

(1) AATA=A, (2) ATAAT = AT (3) (AAT)" = AAT, (4) (ATA)* = ATA,

where (-)* denotes the conjugate transpose of a complex matrix. A well-known
result asserts that if A is square, then AP = AF(A2F+1)T Ak (see, e.g., [3]), which
implies that all problems for Drazin inverses of square matrices can be transformed
into the problems related to Moore-Penrose inverses of matrices.

The purpose of this paper is to examine commutativity of the Drazin inverse
AP of a matrix A with A* and Af, such as, A*AP = AP A* ATADP = AP AT,
AAP A* = A* AP A and so on. There have been many results in the literature re-
lated to commutativity of generalized inverses of matrices, one of the well-known
results is concerning the commutativity equality AAT = ATA for the Moore-
Penrose inverse and EP matrix, see, e.g., [1-3, 6-8, 11, 12]. In addition, the
commutativity equalities A*AT = ATA* AA*ATA = AATA*A, AFAT = ATA* and
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so on were also studied, see [7, 11].

An effective method in the investigation of equalities for generalized inverses of
matrices is to establish rank formulas associated with the corresponding matrix
expressions. In [11], the author shows that

rank (AAT — ATA) = 2rank [A, A*] — 2rank (A),
k
A*
rank (A* AT — ATA*) = rank (AA*ATA — AATA*A) = rank (AA* A% — A2A* A)

rank (AFAT — AT A*) = rank [A } + rank [A*, A*] — 2rank (A),

and so on. From the rank equalities one can immediately find necessary and
sufficient conditions for the commutativity equalities AAT = ATA, A*AT = AT A*,
AR AT = ATA*R AA*ATA = AATA*A and so on to hold. These results and the
equality AP = AF(A2k+1)T Ak motivate us to find various possible rank formulas
for expressions that involve the Drazin inverse of a matrix and then use them to
characterize the commutativity of the Drazin inverse of matrix A with A*, AT and
SO on.

The matrices considered in this paper are over the field C of complex numbers.
For A € C™*", we use A*, r(A) and R(A) to stand for the conjugate transpose,
the rank and the range (column space) of A, respectively.

Lemma 1.1 [11]. Let A€ C™*", B C™*k C € C*" and D € C**. Then

A*AA* A*B
(1.1) r(D—CATB):r{ CA* D ] —r(A).
In particular, if R(B) C R(A) and R(C*) C R(A*), then
A B
(1.2) r(D — CATB) :r[ C D } —r(A).
Let
_ _ | B A0
O—[Cl, 02], B_|:B2:| and A_|:O A2:|

Then (1.1) becomes

ATALAY 0 Al By
(1.3)  r(D—CAIB, — CLAIBy)) =7 0 A5 Ay A5 A3Bs

C1 A7 Cy A% D
- ’I"(Al) - T(AQ) .

In particular, if R(B1) C R(A1), R(CT) C R(A4}), R(B2) C R(A2) and R(C5) C
R(A%), then

A 0 B
(14)  r(D—=ClAIB, —CLAIBy) =r| 0 Ay By | —r(A1) —r(A4s).

Ci Cy D
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Lemma 1.2 [9] (Rank cancellation rules). Let A € C™*" B € C™** and C €
C™™ be given, and suppose that R(AQ) = R(A) and R[(PA)*] = R(A*). Then

rAQ. Bl=r[4, B], T{PCA] :[é} |

In addition, we shall also use in the sequel the following several basic rank
formulas.

Lemma 1.3 [11]. Let A € C™*™ be given, P € C™*™ and @ € C™™"™ be two
idempotent matrices. Then PA — AQ satisfies the rank equality

PA
(1.6) r(PA — AQ) = r{ 0 ] +r[AQ, P]—r(P)—7r(Q).
In particular, if P and Q are of the same size, then
P
(17) "P-Q=r| g | +ri Pl-rr) - (@)
Notice that if a matrix A is idempotent, then so is A*. Thus we also find from
(1.6) and (1.7) that for an idempotent matrix A,
(1.8) r(A—A") =r(AA" — A*A) = 2r[A, A"] —2r(A)

holds.

2. MaAIN RESULTS
Theorem 2.1. Let A € C™*™ with Ind (A) = k. Then

(a) r(ATAD — ADAT) = r{ f;: ] + (AR, A% — 2r(A).

(b) r(ATAAPA — AAP AAT) = r[ ﬁ’: ] +r[AF, A - 2r(A).
(c) r(ATAAD — AD AAD) = r[ ﬁ’: ] +r[AF, A7 = 2r(A).

(d) r(ATA# — A# AT) = 2r[A, A*] —2r(A), if Ind (A) = 1.

(e) r(ATAA# — A# AAY) = 2r[A, A*] —2r(A), if Ind (A) = 1.
In particular,

(f) ATAP = APAT & AT(AAPA) = (AAPA)AT & AT(AAP) = (APA)AT &
R(AF) C R(A*) and R[(A*¥)*] C R(A).

(g) ATA# = A7 AT & AT(AA#) = (AA#)AT & R(A*) = R(A), i.e., A is EP.
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Proof. Applying (1.3), block Gaussian elimination, R(AP) = R(APA*) =
R(A¥), and Lemma 1.2, we find that

[ A*AA* 0 A*AP
r(ATAP — AP AY) = ¢ 0 —A*AA* AT —2r(A)
| A AP A* 0
[ A*AA* A*APAA* A*AP
=r 0 0 A* —2r(A)
| A AP A* 0

[0 0 A* AP
=T 0 O A*

| A AP A~ 0

C D

L A*

—2r(A)

] +r[AP, A*]—2r(4)

_Ak k *
=r A* +T[A ) A ]_2T(A)7

as required for (a). Note that AAP = AP A and both AA' and At A are idempo-
tent. We get by (1.6), R(AAP AAT) = R(A¥), R(ATA) = R(A*), and Lemma 1.2
that
T AAD
r(ATAAP A — AAP AAT) = r[ 4 ﬁjf 4 } +r[AAP AAT, ATA] - 2r(A)

Ak k *

=7| 4 +r[A%, A*]—2r(A).

Similarly we can find (c). (d)—(g) are direct consequences of (a)—(c) of the theorem.
O

Theorem 2.2. Let A € C"™*™ with Ind (A) = k. Then

Ak
(@) rlAANA7 - AP aan] =r| ] o).
[ )| =

(b) r[(ATA)AP — AP(ATA)] = r[AF, A*] —r(A).
(c) r(ATAP — AP AT) = r[(AAT)AP AD(AAT)] r[(ATA)AP — AP (AT A)].
(d) r[(AAT)A# — A#(AAT)] = r[(ATA)A# — A#(ATA)] = r[A, A*] —7r(A), if
Ind (A) =
(e) AP commutes with AAT & R[(AF)*] C R(A).
AP

() commutes with ATA & R(AF) C R(A*).

(g) ATAP = APAT & (AAT)AD = AP(AAT) and (ATA)AP = AP(ATA) &

R(AF) C R(A*) and R(AF) C R(A*).

(h) ATA# = A7 AT & A7 (AAT) = (AAN)A* & A7 (ATA) = (ATA)A* &
R(A*) =R(A), i.e., Ais EP.

Proof. Note that both AAT and AT A are idempotent. Thus (a) and (b) can easily
be established through (1.6). Contrasting (a) and (b) with Theorem 2.9(a) yields
(¢). (d)—(h) are direct consequences of (a), (b) and (c) of the theorem. O

Theorem 2.3. Let A € C™*™ with Ind (A) = k. Then
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AF(AA* — A*A)AF 0 AR A*
(a) r(A*AP — APA*) =17 0 0 AP — 2r(AF).
A* AP AP 0
A(AA* —A*A)A 0 AA*
(b) r(A*A#* — A¥A*) =7 0 0 A |—-2r(A),
A*A A 0

if Ind(A) =1.

(c) 7(A*AP — AP A*) = r(AFTLA* AF — AF A* AR if R(A* AF) C R(AF) and
R[A(AF)] C R[(A%)*].

(d) 7(A*AP — AP A*) = r{
AR Ax AR

(e) A*AP = APA* & R(A*AF) C R(AF), R[A(A*)*] C R[(A*)*] and
Ak'HA*Ak — AkA*Ak'H.

(f) r(A*A#* — A#A*) = r(A2A*A — AA* A?), if R(A*) = R(A).

(g) A*A* = A A* & A2A*A = AA*A? and R(A*) = R(A).
Proof. Applying (1.4) and then block Gaussian elimination to A*AP — AP A*
yields

’I“(A*AD _ ADA*) _ T[A*Ak(A2k+l)TAk _ Ak(A2k+1)TAkA*]

r _A2k+1 0 Ak
=r| 0 AL ARA ] — 2r(A%FH)

AP A*

Ak ]+r[A’“, A% AR = 20(AR), if ARFLAT AR =

ArAR AF 0

r _A2k+l 0 Ak

=7r| —AFTATAR 0 AFA* | —2r(AF)
A* A¥ AR 0

[ 0 0 AF
—r AkA*AkJrl _ AkJrlA*Ak 0 AkA* _ 2T(Ak)
I A* AF Ak 0
[ AF(AA* — A*A)AR 0 AkA*
=r 0 0 AR | —2r(A%),
I A* AR AF 0

as required for (a) of the theorem. (b), (c) and (d) are special cases of (a). (e),
(f) and (g) follow from (a) and (b) of the theorem. |

Similarly we can also establish the following four theorems, which proofs are
omitted.

Theorem 2.4. Let A € C™*™ with Ind (A) = k. Then
AF(AZA* — A*A%)AF 0 AFA*A
(a) r(AA*AP —APA*A) = r 0 0 Ak
AA*AF Ak 0
(b) r(AFA*AP — AP A* AF) = r(AZRFTLA* AR — Ak A* A2R+1),
(c) r(AA*A# — A#A*A) = r(A3A*A — AA*A3), if Ind(A) =1.

—2r(AF).
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(d) AA*AD — AP A*A & R(AA*AF) = R(AF), R[(AFA*A)*] = R[(A*)*]
and Ak+2A*Ak — AkA*Ak+2,

(e) AkA*AD — ADA*Ak P Ak+1(AkA*Ak) — (AkA*Ak)Ak+1.

() AA*A#* = A#A*A & ABA*A = AA* A3,

Theorem 2.5. Let A € C™*™ with Ind (A) = k. Then
k
(a) r(AAPA* — A*APA) = r{ AéA* ] +r[Ak) A*AF] — 2r(AF).

(b) r(AA# A* — A*A#A) = 2r[A, A*] —2r(A), if Ind(A) = 1.

(c) AAPA* = A*APA & A(AR)T = (AF)TA & R(A*AF) = R(A*) and
RIA(AF)*] = R[(A%)"].

(d) AA#A* = A*A* A & R(A*) = R(A).
Theorem 2.6. Let A € C™*™ with Ind (A) = k. Then

(a) r[AAP(A*)F — (AP AP A] = 2r[AF, (AF)*] — 2r(AF).

(b) AAP(A*)k = (A*)FAP A & R[(AF)*] = R(AF).
Theorem 2.7. Let A € C™*™ with Ind(A) = 1 and X is a nonzero complex
number. Then

(a) r[AAF(AA* + NA*A) — (AA* + NA*A)A# A] = 2r[A, A*] —2r(A).

(b) AA¥ commutes with AA* + A\A*A & R(A*) = R(A), i.e., A is EP.

Theorem 2.8. Let A € C"™*™ with Ind (A) = k. Then

Dyx Dyx AkA*A * Ak k k
(a) r[(AAP)* AT — AT(AAD) ]:r[ A ]—FT[AA Ak, AF] — 2p(AF).
(b) (AAP)* Al = AT(AAP)* & R(AA*AY) = R(AY) and R[(A*A*A)] =
R[(A*)*].
(c) (AA#)*AT = AT(AA#)*, if Ind(A) = 1.

Proof. Apply (1.6) and Lemma 1.2 to (AAP)* AT — AT(AAP)* to yield

r[(AAP)* AT — AT(AAPY*] = 7‘[ (‘?fj,);*)fT ] + r[AT(AAP)* (AAP)*]— 2r(AAD)
k\x At
= r[ (?AL)IS ] + r[AT(AF)* (AF)*] — 2r(AF).
Next applying (1.1), we can also find that
ky* At k Ax*
r[ (?A{)f } — r[AA*AF, AF] and r[AT(AF), (AF)7] :r[ AﬁA] .
Thus we get (a) and then (b) and (c) of the theorem. O

Theorem 2.9. Let A € C™*™ with Ind (A) = k. Then

(a) r[AADP — (AAP)*] = 2r[AF, (AF)*] — 2r(AF).

(b) r[(AAP)(AAP)* — (AAP)*(AAP)] = 2r[AF, (AF)*] - 2r(AF).

(c) r[AA* —(AA#)*] = r[(AA*)(AAT)* —(AA#)*(AA7)] = 2r[A, A*]-2r(A),
if Ind (A) = 1.

(d) AAP = (AAP)* & (AAP)(AAP)* = (AAP)*(AAP) & R(AF) = R[(AF)*],
ic., A* is EP.
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(e) AA#* = (AA#)* & (AAF)(AA#)* = (AA7)*(AA?) & R(A*) = R(A),
i.e., A is EP.
Proof. Note that both AAP and (AAP)* are idempotent. It follows from (1.7)
that

AAP

(AAP)*
= 2r[AAP | (AAP)*] — 2r(AP)
= 2T[Ak7 (Ak)*] - 2T(Ak) )

r[AAD — (AAP)*] = r[ ] +7[AAP, (AADY] — r(AAD) — r[(AAP)]

as required for (a). The rank equality in (b) follows from (a) and (1.8). The results
in (c), (d) and (e) follow immediately from (a) of the theorem. O

Finally we present a rank equality for the difference of AAP — BBP.
Theorem 2.10. Let A, B € C™*™ with Ind (A) = k and Ind (B) = 1. Then
k

(a) r(AAP — BBP) = T‘|: gl } +r[ Ak, B! — r(A*) — r(B).

(b) r(AA# —BB#) = T‘|: g ]—l—r‘[A7 B]—r(A)—r(B), if Ind(A) =Ind(B) =
(c) AAP = BBP & R(AF) = R(B') and R[(A*)*] = R[(B")*].

(d) AA¥ = BB < R(A) = R(B) and R(A*) = R(B*).

(e) In particular, if Ind {Ig g =1, then

(o 208 B[ obe]) - mer[ B[ D]

Proof. Note that both AAP and BBP are idempotent, and R(AAP) = R(AF),
RI(AAP)*] = R[(A%)*], R(BBP) = R(BF) and R[(BBP)*] = R[(B*)*]. Then it
follows from (1.7) that

AAP

D Dy _
r(AA” — BB )—T[BBD

} +r[AAP, BBP] —r(AA”) —r(BBP)
= r{ glf ] +r[A*, B']—r(A*) —r(B'),

as required for (a). The results in (b)—(e) follow immediately from (a) of the
theorem. 0

In a recent paper [5] by Castro, Koliha and Wei, some other equivalent state-
ments for the equality AAP = BBP to hold are presented, one of which is

(2.1) AAP = BBP <= BP — AP = AP(A - B)BP
In fact, noting that
R(I, — AAP )N R(AP) = {0} and R[(I, — AAP)*|nR[(AP)*] = {0},
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and using the two rank formulas (cf. [9])
r[A, Bl =r(4) +r[(I,, — AA™ )B] and r{ é } =r(A) +r[C(L, —A”A)],

we find that
r[BP — AP — AP(A — B)BP] = r[(I,, — AAP)BP — AP(I,, — BBP)]
= 7[(I,, — AAP)BP] 4 r[AP(1,, — BBP))

_ r[ gi } 1+ r[AP, BP) — r(AP) — r(BP)
k

= 7‘[ gl } + r[A*, BY —r(A*) —r(BY

=r(AAP — BBP)

Thus the equivalence (2.1) follows.

Remarks. In this paper, we have presented a method for establishing rank for-
mulas for matrix expressions that involve Drazin inverses of matrices. Using the
rank formulas obtained, one can characterize various matrix equalities for Drazin
inverses of matrices. Besides the results shown in the paper, one can also es-
tablish various rank formulas for the differences (AB)P — BP AP (AB)P — BT AT,
(AB)P —BT(ATABBNP AT, (AB)P —BP (AP ABBP)P AP, (ABC)P —CPBP AP,
(ABC)P — CP(APABCCPYP AP, (ABC)P — CTBP AT and so on, and then find
from them necessary and sufficient conditions for the corresponding reverse order
laws for products of Drazin inverses to hold. We shall present the corresponding
results in another paper. In addition, it is also worth considering how to partially
extend the work in the paper to Drazin inverses of bounded linear operators over
a Banach space and elements in C*-algebras, some similar work can be found in
[4, 5, 8].
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