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General determinantal representation of generalized
inverses of matrices over integral domains

By PREDRAG S. STANIMIROVIC (Nis)

Abstract. In this paper we derive a determinantal formula of {1,2} generalized
inverses, for matrices over an integral domain and over a commutative ring. The corre-
sponding results are derived for the set of matrices which have rank factorizations as well
as for the matrices which do not have rank factorizations. The determinantal formula
of {1,2} inverses for matrices which do not have rank factorizations, is derived using
the characterizations of the class of reflexive g-inverses from [10] and [19]. For the set of
matrices which have rank factorizations, the determinantal formula of {1, 2} inverses is
derived using a general representation of {1,2} inverses and the general determinantal
representation from [20]. Also, we examine the existence of this determinantal formula.
Representations and conditions for the existence of {1,2,3} and {1,2,4} inverses are
introduced for the set of matrices which allow a rank factorization. Determinantal rep-
resentations of the Moore—Penrose inverse, the weighted Moore-Penrose inverse and
the group inverse are derived for arbitrary matrices. Moreover, we investigate represen-
tations of the minors from A(1:2), At A}LV[ N and AM2) by means of the expressions
involving minors of A and the correspondingj minors of randomly chosen matrices which
satisfy specified conditions. If A allows a full-rank factorization, we obtain additional
results for {1,2,3} and {1,2,4} inverses of A. Also, a determinantal representation of
the corresponding solutions of a given linear system is investigated.

1. Introduction and preliminaries

Let us consider the set of matrices over an integral domain I with an
involution A : @ — @ and with unity 1. The totality of m x n matrices of
rank r over I is denoted by . The adjoint matrix of a square matrix B
is denoted by adj(B), its determinant by |B|, and the trace of B is denoted

mXxn
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by Tr(()B). The determinantal rank p(A) of a matrix A is defined as the
size of the largest nonvanishing minor of A. A k x k identity matrix is
denoted by Ij.

For any m xn matrix A, consider the following Penrose equations in G,
where the superscript * denotes the transformation (a;;) —: (a;;)* = @j:

(1) AGA=A (2) GAG=G
(3) (AG)* = AG (4) (GA)*=GA
In the case m = n, consider the equation
() AG = GA.

A matrix G satisfying the equation (1) is called a g-inverse of A. If G
satisfies (1) and (2), it is called a reflezive g-inverse of A. The group
inverse of A, denoted by A# is the unique solution of the equations (1),
(2) and (5). The Moore-Penrose inverse of A, denoted by AT, is the unique
solution of the equations (1)—(4). For a sequence S of elements from the
set {1,2,3,4,5}, the set of matrices obeying the equations represented in
S is denoted by A{S}. A matrix from A{S} is called an S-inverse of A
and denoted by A(®).

The weighted Moore—Penrose inverse Aj\/[, ~ is the unique solution of
the matrix equations (1), (2) and the following matrix equations:

(6) (MAG)* = MAG (7) (NGA)* = NGA,

where M and N are nonsingular matrices of the order m x m and n X n,
respectively.

We follow the notation from [1-3], [10-14], [19]. Let A be an m x n
matrix of rank r over I; let o = {ay,...,..} and 8 = {f1,...,0,} be
subsets of {1,...,m} and {1,...,n}, respectively. Then ’Ag‘ denotes the
minor of A determined by the rows indexed by « and the columns indexed
by 8. By C.(A) is denoted the rth compound matrix of A with rows
indexed by r-element subsets of {1,...,m}, columns indexed by r-element

subsets of {1,...,n}, and the («, ) entry defined by ‘Ag‘
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For 1 < k < n, the collection of strictly increasing sequences of k
integers chosen from {1,...,n}, is denoted by

OQpn={a:a=(a,...,a5), 1 <a; < -+ <ap <n}.

Let N = Q, 1 X Q, . For fixed & € Qpm, € Qpm, 1 <k <7, let

() ={1:1€Qpm, IDa}, TPB)={J:J€Qrp, JDG},
N(a, ) = Z(a) x T(B).

If A is a square matrix, then the coefficient of ‘A ‘ in the Laplace

expansion of |A| is denoted by ———|A|. For the special case a = {i},

J45]

B ={j}, we give the cofactor of a;;: |Al.

8aij

Also, we use the following notation. Let Aj denote the submatrix of
A determined by the rows contained in a and the columns contained in
B, and ,z denote the vector {z,,, ..., 2a, Vo Let A(i — 2),i€{1,...,n}
denote the matrix obtained from A replacmg its column ¢ by the vector z.

All the reflexive g-inverses of a matrix over an integral domain are
characterized in [10].

Proposition 1.1 [10]. An arbitrary matrix A € I"*™ has a reflexive
g-inverse G if and only if there exist Ao 5 € I, (o, ) € N, satisfying

(1.1) > daslAg =1,

(a,8)EN
where the (") x (') matrix A = (X, g) satisfies
(1.2) rank(A) = 1.
In this case G = (g;5) is given by
(13 gy= Y \A\ 1<i<n, 1<j<m.
(0475)6/\/(3}1)

For the sake of completeness, we restate the determinantal represen-
tations and conditions for the existence of the Moore—Penrose inverse, the
weighted Moore—Penrose inverse and the group inverse over an integral
domain, introduced in [1], [11], [12], [13].
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Proposition 1.2 [1]. Let A be an m x n matrix of rank r over I, and
let A = PQ be a rank factorization of A. Then the following conditions
are equivalent:

(i) A has a Moore—Penrose inverse.

(i) P*P and QQ* are invertible over 1.

(iii) C ( ) has a Moore—Penrose inverse.
)

‘AO‘ Tr(C,(A*A)) is invertible in L.

(iv

(a, B)eN

Furthermore, the Moore-Penrose inverse AT = (g;;), if it exists, is given
by AT = Q*(QQ*)~*(P*P)~'P*, and its determinantal representation is

-1

gi=1 > ‘Z} I

(7,9)EN (a,3)EN(5,%)

\A\

Proposition 1.3 [12], [13]. Let A be an m x n matrix of rank r over I,
M and N be invertible matrices of the order m x m and n X n, respectively,
and A = PQ be a rank factorization of A. Then the following conditions
are equivalent:

(i) A has a weighted Moore—Penrose inverse Ajvn N
(ii) P*MP and QN~'Q* are hermitian and invertible over I.

(iii) Cy(A) has a weighted Moore—Penrose inverse with respect to C,.(M)
and C,.(N).

(iv) Tr(C,.(N~1A*MA)) is invertible in L.
The weighted Moore—Penrose inverse, if it exists, is given by
A]]L\J,N _ N—IQ* (QN—IQ*)—I(P*MP)—IP*M
= (QN"H(QQNTH)")TH(MP)"P)~H(MP)*,
and the determinantal representation of its arbitrary (i, j)th element is

g = (Te(C/(NT'A"MA)) - Y (v larm ‘a 3]
(@ B)EN )
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Proposition 1.4 [11]. Let A be an m X n matrix of rank r over L.
Then the following conditions are equivalent:

(i) A has a group inverse.
(ii) C.(A) has a group inverse.
(i) Y |A?| is invertible in I.
vy

(iv) p(A) = p(A?), and A? is regular.
Furthermore, the group inverse G = (g;;), if it exists, is given by

—2

9 | 4a
9i) = (Z\Al\) > Al g 14l
y J

(a,B)EN(4,i) !

The main results of this paper are as follows:

(1) Generalization of the concepts of algebraic complement and de-
terminant. Incidentally, we derive a general determinantal representation
of {1,2} inverses and conditions for their existence, for matrices which
allow full-rank factorizations over an integral domain. In certain cases,
we introduce explicit determinantal representations and conditions for the
existence of {1,2,3}, {1,2,4} inverses, which contain known determinan-
tal representations and conditions for the existence of the Moore—Penrose
inverse. Also, we investigate determinantal representations and some more
characterizations of the weighted Moore—Penrose and the group inverse.

(2) For matrices which do not have rank factorizations we obtain a
determinantal formula for {1,2} inverses and introduce a few necessary
and sufficient conditions for the existence of this representation, using the
results of Proposition 1.1. In exactly defined cases we derive determinantal
representations and conditions for the existence of the Moore—Penrose,
weighted Moore—Penrose and the group inverse.

(3) Also, we introduce a determinantal representation of the reflexive
g-inverses, using their characterization introduced in [19]. For this purpose
we introduce the notion of a general determinantal representation of a
variable order.

(4) We investigate correlations between the minors of a given matrix
A, minors of the matrix W which satisfy certain conditions, and the cor-
responding minors selected from A(12) AT, A}L\/L N and A#If A allows a
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rank factorization, we obtain additional results for {1,2,3} and {1,2,4}
inverses of A.

(5) Furthermore, we obtain an explicit Cramer-type determinantal
representation and conditions for the existence of the solution of a given
system of linear equations Ax = z, by means of the derived determinantal
representation for {1,2} inverses of A. In partial cases we derive the de-
terminantal formula for the least-squares solution [4], the minimum norm
least-squares solution [5] and the weighted minimum norm least-squares
solution [12], [13].

2. General determinantal representation

The concepts of determinant, algebraic complement, adjoint matriz
and determinantal representation of generalized inverses are generalized
in the following definition (see also [20]):

Definition 2.1. Let A, R be m x n matrices of rank r.

(i) The generalized determinant of A with respect to R, denoted by
N(r,r)(A), is equal to

Nwn(D) = Y |R5||43] = T (7" ).
(e,B)eN

(ii) The generalized algebraic complement of A corresponding to a;; is

H,R) _ —a| O 1<i<n
Aij - Z ‘Rﬁ‘aa“ ’Ag" <1<j<m :
(a,B)EN (4,i) 7 -

(iii) The generalized adjoint matriz of A with respect to R is denoted by
adj( %) (A), and it is equal to the matrix whose elements are equal to

A(T’R) 1§Z§TL
¥ ) 1§]§m .

(iv) The general determinantal representation for generalized inverses of
A with respect to R is equal to

ACR) = (N (A4) 7 - adi T (4),

For two full-rank matrices A and R the following results can be veri-
fied:
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Proposition 2.1 [20]. If A is an m X n matrix of full-rank and the
matrix R has the same dimensions and rank, then:

() N (A):{ |AR*|, r=m
() |R*A|, r=n,
e B (-
(adj(R*A)R*),;, r=n, <
R*(AR*)™Y, r=m
(R*A)"'R*, r=n,
R*adj(AR*), r=m
adj(R*A)R*, r=n.
The main properties of the generalized adjoint matrixz, the generalized

algebraic complement and the generalized determinant are investigated
in [20].

Proposition 2.2 [20]. Let A = PQ be a full-rank factorization of an
m X n matrix A of rank r, Ry be an n X r matrix A of rank r and Ry be
an r x m matrix A of rank r. Then:

(i) adj(T’Rl)(Q) . adj(TvRQ)(P) — adj(T’Rle)(A);

(11) N(Rl’T) (Q) ’ N(RQ’T) (P) = N(R%T’) (P) ’ N(Rl,r) (Q) = N(R2Rl,7”) (A)’
(i) Q(hF1) . p(hR2) — A(TR2R1),

(iii) ATH) = {

(@) adi () = {

Remark 2.1. In the special case R = A the function N(g,)(A) reduces
to the function A2%(A) examined in [3]. Also, in the case Ry = Q, Ry = P,
the statement (ii) from Proposition 2.2 produces a well-known property of
the function AZ(A) [3]:

AY(PQ) = AL(P) - AX(Q).

Also, we propose the following extensions of the presented notations,
which are based on the minors of the order s < r = rank(A):

Ns = Qsm X Qs.n, where s <r = rank(A);
for fixed a, B € Qpp, 1 <p < s, let

Toa) ={T: 1€ Qum, [Da}, Tu(B)={J:J€Qun JDB},
Ns(a, B) = Is(a) x Ts(3).
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We are now in a position to define the notions of generalized deter-
minant, algebraic complement, adjoint matrix and general determinantal
representation of a variable order.

Definition 2.2. Let A, R be m xn matrices which satisfy rank(A) = r,
rank(R) = s < r, where s is an arbitrary integer.

(i) The generalized determinant of the order s of A, denoted by N(g 5)(A),
is equal to

N(g,s)(A) = Z ’Eg’ A3
(a,8)EN

(ii) The generalized algebraic complement of the order s of A correspond-
ing to a;; is the following expression:

(1,R.s) _ =0
A= Y ‘Rﬁ
(a,B)EN(4,9)

0 o 1<1<n
D gl (JEPEnY.
80]‘1' 1<j<m

(iii) The generalized adjoint matriz of the order s of A with respect to R,
denoted by adj(f%*) (A), is the matrix whose elements are defined by
AP 1 <i<n 1< <m,

(iv) The general determinantal representation of the order s with respect
to R is equal to

ATRS) = (N (4)) 7 - adjBR9 (4).

3. General determinantal representation
with rank factorization

In the following theorem we investigate a determinantal formula for
the class A{1,2} as well as a few necessary and sufficient conditions for
its existence, under the supposition that the matrix A allows a full-rank
factorization.

Theorem 3.1. Let A be an m x n matrix of rank r over I and A =
PQ be a full-rank factorization of A. Then the following conditions are
equivalent:

(i) A is regular.
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(ii) There exist matrices Wy € I"*" and Wy € I"*™ such that QW; and
W5 P are invertible matrices over 1.

(iii)) Newy r)(Q) and Ny ,)(P) are invertible in I.
(iv) N(wrws)= ) (A) = Tr (C(W1 W3 - A)) is invertible in 1.
(v) Cr(A) is regular over L.

In the case when A is regular, the set of {1,2}-inverses of A is deter-
mined by the following general representation

A2 = W (QW,) T (WoP) Wy = Wy (W AW,) ™1,
and by the following determinantal formula

A(LQ) — Q(TVWF)P(LW;) — A(T:(WIWQ)*)

Proor. (i) = (ii): If AM) exists then A1) exists, and according to
[1], its general form is A1) = Q]}lPEl, where le and P; ' denote the
right inverse of () and the left inverse of P, respectively. In order to develop
an effective determinantal representation for A(12) we derive the general
representations of the right and left inverses. Applying the principles from
[17, p. 20], it is easy to conclude that le and P, ! exist if and only if there
exist m x m and n x n matrices U and V, respectively, such that QVQ*
and P*UP are invertible. In that case, their general representations are

Q' =VQ*(QVQ")~', P;'=(P'UP)'PU.

Consequently, when A is regular, there exist appropriate nonsingular ma-
trices QVQ* and P*U P, such that

A2 — v (QVQ*)"YP*UP) ' P*U.

Using the substitutions W; = VQ* and Wy = P*U, we conclude that
there exist matrices W7 and W5 of the order n x r and r X m, respectively,
such that QW7 and W5 P are invertible matrices in I, and

AL — W QW)Y (WoP) ™ Ws.

(ii) = (i): If there exist matrices W7 and Wy of the order n x r and
r X m, respectively, such that QW7 and W5 P are invertible, then it is not
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difficult to verify that W1 (QW1)~! (WoP)~'Wj is an {1,2} inverse of A.
This implies that A is a regular matrix.

(ii) < (iii): A square matrix over a ring R is invertible if and only
if its determinant is invertible in R [8], [9]. Hence, QW7 and W) P are
invertible matrices over I if and only if [QW;| and |W3P| are invertible in
I. From Proposition 2.1, we obtain

‘QWI‘ = N(Wl*,r) (Q)? ’WQP‘ = N(W;»T) (P)’

completing this part of the proof.
(iii) < (iv): The statement (ii) of Proposition 2.2 implies

Nw; ) (P) - Nows ) (Q) = Niw,wa)=,r) (A).

Therefore, N((w,w,)+,) (A) is invertible if and only if both Ny ,y(P) and
Nw: ) (Q) are invertible.

(i) < (v): Follows from the results of the paper [18].

Also, using the general representation of the reflexive g-inverses and
the results from Proposition 2.1 and Proposition 2.2, we obtain

AW = Wy (QWA) M (WoP) W, =
= (IQW1) ™" W1 adj(W1Q) - (W2P|)~" Wy adj(WoP) =

—1 . * -1 . *
= (N(Wl*,r)(Q)) adJ(T’Wl)(Q) : (N(W;,r)(P)) adJ(T’WZ)(P) =
_ QWD) phE) — 4 (WWa)"). 0

The determinantal representations and the conditions for existence of
{1,2,3} and {1,2,4} generalized inverses are introduced in the following
two statements:

Theorem 3.2. Let A be an m X n matrix of rank r and A = PQ be a
full-rank factorization of A. Then the following conditions are equivalent:
(1) A23) exists.

(ii) P*P is an invertible matrix over I and there exists W1 € I"*", such
that QW is invertible over L.

(iii) Ny ) (Q) and N(p,y(P) are invertible in I.
(iv) Npw; ,ry(A) is invertible in L.
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(v) C,(A) has a {1,2, 3}-inverse.

In the case when A23) exists, it is given by the general representa-
tion

A2 = Wy (QWA)TH(PTP) TP = WA (PR AWY) TP
and by the following determinantal representation

A(17273) — Q(val*)P(T:P) — A(T7PW1*)

Proor. (i) = (ii): If G = A(123) exists, then according to [1], it is
equal to G = lePEI. But, G = A123) also satisfies the equation (3),
which implies AGG*A*A = A. Hence,

(QGGTQY)(P*P) = I,

which means that P*P is invertible. From the equation (3), using G =
Q]_%IPL_I, we get
(P, Yy P =PP;t

Multiplying this equation by P from the right, we obtain
(P,H*P*P =P,
Using invertibility of the matrix P*P, we conclude
Pl =(P*P)" P
The right inverse of ) is defined as in Theorem 3.1: Q}_%l exists if there

exists a Wi € I"*", such that QW is invertible and Ql_%l = Wi (QWy)~ L.
(ii) = (i): If QW5 and P*P are invertible, it is not difficult to verify
that W1 (QW,)~1(P*P)~'P € A{1,2,3}.
The rest of the proof is similar to the proof of Theorem 3.1. O
Proposition 3.1. Assume that A is an m X n matrix of rank r and

A = PQ is a full-rank factorization of A. Then the following conditions
are equivalent:

(1) A2 exists.

(ii) QQ* is invertible over I and there exists Wy € I"*™  such that Wy P
is invertible over I.
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(iii) Ng,m(Q) and Nyy; ) (P) are invertible in L.
(iv) Nawyq.r(A) is invertible in I.
(v) Cy(A) has a {1,2,4}-inverse.

In the cases when A(124) exists, it possesses the following represen-
tations:

AL2D — Q*(QQ") L (WoP) " Wy = Q* (WL AQ™) ™1,
— QU@ p(hWs) — A W5 Q)

Representations and characterizations of the Moore—Penrose inverse
follow from Theorem 3.2 and Proposition 3.1.

Corollary 3.1. For an m x n matrix A of rank r, the full-rank fac-
torization of which is given by A = PQ, the following conditions are

equivalent:

(i) AT exists.

(ii) QQ* and P*P are invertible matrices in 1.
(iii) N, (Q) and N(p,)(P) are invertible in I.
(iv) N(a,r(A) is invertible in I.
(v) C

+(A) has a Moore—Penrose inverse.

When A" exists, it is given by

=Q*(QQ*) H(P*P)'P* = Q*(P*AQ*)"'P*
— Q@) p(tP) — A4,

Applying the principles of [12], [13] and the proof of Theorem 3.1,
we obtain known results from Proposition 1.3 and some complementary
results.

Proposition 3.2. For an m xn matrix A of rank r the full-rank factor-
ization of which is given by A = PQ and for invertible matrices M and N
of the order m and n, respectively, the following conditions are equivalent:

(i) ARLN exists.
(ii) P*MP and QN~1Q* are hermitian and invertible matrices over I.

(ili) Nov-1)-,n(Q) = Nign-1,»(Q) and Nr-pr)(P) = Norp, (P) are
invertible in 1.
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(IV) N(M*A(Nfl)*,r) (A) = N(MAN*I,T) (A) is invertible in I.

(v) Cy(A) has a weighted Moore—Penrose inverse with respect to C,.(M)
and C,.(N).

Moreover,
Al v = (@NTH(Q@QNH)TH(MP) P)"H(MP)*
—_ N—IQ*(QN—IQ*)—I(P*MP)—IP*M
— Q(T,Q(N_l)*)p(TvM*P) — Q(TVQN‘I)p(TyMP)
:A(T,M*A(N—l)*) :A(T,MAN_l).

PROOF. (i) < (ii) is a known result from [12] and [13]. Also,
A;W,N _ N—lQ*(QN—lQ*)—l(P*MP)—IP*M
= (QN"H(Q@QNTH)) T (MP)* P)~ (MP)*
can be proved using principles from [13]. O

In the following theorem we introduce a few complementary conditions
for the existence of the group inverse with respect to Proposition 1.4.

Theorem 3.3. For a square matrix A = PQ of order n the following
conditions are equivalent:

(i) A# exists.

(ii) QP is an invertible matrix over 1.

)
(iii) N¢p+ ) (Q) and N« y(P) are invertible in 1.
(iv) N(a~ -y (A) is invertible in L.

)

(v Z ‘A"Y! is invertible in I.

(vi) CT(A) has a group inverse
When A# exists, it is given by

A% = P(QP)7?Q = P(QAP)™'Q
_ Q@) ptP*) Z A(FA"),
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PROOF. (i) = (ii): The group inverse of A, when it exists, satisfies the
equation A2A# = A, which implies A2(A%)2A = A. Using the full-rank
factorization A = P(), we conclude that

(QP)(Q(A*)*P) = I,

so that QP is a nonsingular matrix.

In this case, starting from A% = Q;Pfjl and using the equation (5)
we get PP, 1— Q;Q. In view of the invertibility of QQP, we derive

Qr' =P(QP)™', P;'=(QP)'Q,

which yields A% = P(QP)~2Q = P(QAP)~'Q.
(ii) = (i): If QP is invertible, it is not difficult to verify

A* = P(QP)72Q = P(QAP)'Q.

(iv) < (v): Follows from the following result [11]:

(Neas i (4)) " = (2 yAzQ -

~

Remark 3.1. In Theorem 3.1, Theorem 3.2 and Proposition 3.1 we
present an elegant proof and generalize known results for the set of complex
matrices, introduced in [16]. Also, the result (i) < (ii) of Theorem 3.3 and
the general representation of the group inverse represent a transfer of the
known results from [6], concerning the group inverse of complex matrices,
to the set of matrices over an integral domain.

In the following theorem we examine the existence of the general de-
terminantal representation of generalized inverses, under the hypothesis
that full-rank factorization is allowed.

Theorem 3.4. Let A, R be m X n matrices of rank r over I, A = PQ
be a full-rank factorization of A and R = ST be a full-rank factorization
of R. Then the following conditions are equivalent:

(1) AGR) exists.

(ii) QT™ and S*P are invertible matrices in L.
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iii) N (@) and N g, (P) are invertible in I.
(Tr) (i)
(iv) N(r,r)(A) is invertible in I.
(v) The reflexive g-inverse (C,.(A))51) of C,.(A) exists, where Ry is an

arbitrary (Z) X (T) matrix of rank 1.

PRrROOF. From Proposition 2.2 and part (iii) of Proposition 2.1 we get
AR — Q(tT) . phsS) — T*(QT*)_I(S*P)_IS*.

Now the proof is implied by Theorem 3.1. U

4. Determinantal representation
without rank factorization

In the following theorem we derive a determinantal formula and con-
ditions for the existence of {1,2}-inverses, using the characterization of
{1,2}-inverses from [10] (restated in Proposition 1.1.) The results are
valid for arbitrary matrices over an integral domain.

Theorem 4.1. For a given matrix A € I"*™ the following conditions
are equivalent:
(i) A is regular.
(i) There exist W € I*™, such that Ny« ,)(A) = Tr (C.(W - A)) is
invertible in I.
(iii) Cy(A) is regular over L.
In the case when AW exists, the corresponding reflexive g-inverse
G = (gi;) of A possesses the following determinantal representation:

G = AEW),

PrOOF. (i) = (ii): If A is regular, then A has a reflexive g-inverse.
According to Proposition 1.1, an arbitrary reflexive g-inverse G = (g;;) of
A is of the form (1.3), where the matrix A = (A, ) satisfies the conditions
(1.1) and (1.2). We give an explicit representation of the matrix A and
conditions for its existence. The matrix A is of the order (') x () and
rank(A) = 1, so that it can be generated in the form

A=c-C.(WT),
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where W is an n x m matrix of rank r and c is a constant from I. In
this way, the existence of the matrix A is defined by the existence of the
constant c¢. In the case when such a constant ¢ exists, we can write

(4.1) Ay =c-|W?

, forall (v,d) e N.

Now, from (4.1) and (1.1) we get

I
=

e | D0 WL = X2 Wl 1Ayl e
(v,0)eN (v,0)eN

It is evident that ¢ € I exists if and only if
D0 WL IAZ] = Nov-.n(4) = T (Co(W - 4))
(v,0)eEN

is an invertible element in I. According to Proposition 1.1, this condition
for the existence of the matrix A is also a condition for the existence of an
arbitrary reflexive g-inverse of A. In this case, we obtain

¢ = (Nay-m(A) 7,

which implies, together with (4.1), the following:

-1
(4.2) A = (Nawery(A) " [W3|, for all (v,6) € N.
According to Proposition 1.1, when an arbitrary G = A2 exists,
it is given by (1.3). Substituting (4.2) in (1.3), for arbitrary 1 < i < n,
1 <5< m we get

_ 0 |
gii = (Now-y () D (W] 5|43
(,B)EN (4,4) I

— (N (4) 7 AS’W*)

which means that G = AHW™),

(ii) = (i): On the other hand, assume the existence of a matrix W €
Ip*™, such that Ny« ,) is invertible. Consider the matrix A = (Aa,3),

defined by
1

A= (N(W*,T)(A))i ’ CT(WT)
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This implies
rank(A) = rank(C,(W7)) = 1

and

Z Aa,s |AG] = 1.

(a,8)eN

In this way, the conditions of Proposition 1.1 are satisfied, and A(?) exists,
which implies that AM) exists. a

Problems 4.1. (i) In Theorem 4.1 it is shown that the matrix
(Naw=m(A4) 0. (W), W eI ™

satisfies the conditions imposed on the matrix A, defined in Proposition 1.1.
In the light of this result, it seems interesting to state the following prob-
lem: To find alternative representations of the matrix A, if possible.

(ii) The results from [14] provide a reason to state the following prob-
lem: develop an effective determinantal representation of an arbitrary {1}-
inverse G = (g;;) of A = (a;;) in the form

)

9 |
9ij = Z A Oa ‘Aﬁ
(o, 8)EN (j,) I

finding the constants A, g, which solve the following system [14]:

Aij Z )\a,B ‘Ag‘ = Qjj, for all Z,]
(a,B)EN

A partial solution of this problem is given in Theorem 3.1 and Theorem 4.1,
appropriate for the class of reflexive g-inverses.

(iii) Using the known result from [18], it is possible to derive a deter-
minantal representation of A{1}, solving the system of equations (1.1).

Remark 4.1. (i) For A € C**", if the matrix W € CI'*™ satisfies
|WE| =1 for all (o, 8) € NV, then the determinantal representation from

Theorem 4.1 reduces to the determinant and generalized inverses intro-
duced in [7].
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(ii) If the matrix W € C*™ is selected according to the condition
(Wg| = (1)t tortbitatie for all (a,8) €N,

then the general determinantal representation from Theorem 4.1 yields the
definition of determinant and generalized inverses introduced in [15].

(iii) In the cases W = A*, W = N"1A*M (or W = (MAN~1)*) and
W = A, from Theorem 4.1 we obtain the determinantal representations
and characterizations of the Moore—Penrose, the weighted Moore—Penrose
and the group inverse, respectively (introduced in [1], [12], [13], [11]).

In the case rank(A) = 1 we obtain the following representation and
characterization of the reflexive g-inverses of A:

Lemma 4.1. Assume that A is a given m X n matrix of rank 1 over 1.
Then A is regular if and only if there exists an n X m matrix W of rank 1,
such that Tr(W A) is invertible.

In this case, the corresponding reflexive g-inverse G of A is given by

G = (Te(WA) "W,

ProoF. Using the result of Theorem 4.1, we conclude that A is reg-
ular if and only if Tr (C1 (W A)) = Tr(W A) is invertible (which also means
that rank(WA) = 1).

Furthermore, in this case we show that the corresponding reflexive g-
inverse of A is given by G = (Tr(W A)) ™" W. Since rank(A) = rank(W) =
1, it is well-known (see for example [11]) that A and W can be represented
by A = xy”, W = w”, where x, v are arbitrary matrices of the order
m x 1 over I, and y, u are arbitrary n x 1 matrices over I. Also, y* and
v” denote the transpose of the matrices y and v, respectively.

Now, for arbitrary 1 < k < m, 1 <1 <n, we get the following:
(AW A) = Z AW 0 = Z :J:ky;‘ruivijle
%,J 1,
_ T .. T T_ _ .
—(Z uv; T;Y; )xkyz —(Z(WA)ii)akl—Tr(WA) NONE
1,J

T T, T T, T T
(WAW )= g w; TiY; ujv = ( E Ty ujv; >ulvk
1,7 ,J

:<Z(WA)jj>alk =Tr(WA) - ap.

J
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Consequently, we get
AWA =Tr(WA)A, WAW = Te(WA)W.

Now, it is not difficult to verify that the matrix G = (Tr(WA))™" - W
satisfies the equations (1) and (2).

AGA = (Te(WA)) ™ - AWA = (Tx(WA)) ' Tr(WA)A = A
GAG = (Tr(WA) > WAW = (Te(WA)) > Te(W AW
= (Tex(WA) ' W =G. O

In the following theorem we derive a determinantal representation of
the reflexive g-inverses in the category of finite matrices over a commuta-
tive ring by means of their characterization introduced in [19], and using
the result of Theorem 4.1 and Lemma 4.1. For this purpose, suppose that
R is a commutative ring with 1 and with involution A : ¢ — @. For a finite
matrix A from R, let p(A) denote the determinantal rank of A, and let
Cs(A) be the ideal of R generated by the s x s minors of A.

Theorem 4.2. Let A be an m x n matrix over R with Rao index t,
idempotents ig = (ey,...,e;) and ranks pa = (r1,...,r¢). If A is regular,
then an arbitrary reflexive g-inverse G of A is equal to

t—1 t—1
G = ZA(Tv(eSW)*,rs) _ Z(eSA)(TV(esW)*ms%
s=1 s=1

where W is an arbitrary n X m matrix of rank r.

PROOF. According to Theorem 2 from [19], an arbitrary reflexive g-
inverse G = (g;;) of A can be represented in the form

t—1 t—1
9 | sa
(43)  gy=> (Ap)y=)_ > (B, 5|43
s=1 s=1 (a,8)EN,, (j,1) Tt
where B is a reflexive g-inverse of C,_(esA), s =1,...,t — 1. In view of

Lemma 4.1 we can use

B, = [Tr(H, - Cy (esA)] " Hy, s=1,....t—1
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where H is an arbitrary (f) X (;”) matrix of rank 1. We can use Hy =
Cy.(Ws), where Wy = esW are n x m matrices of rank 75, s =1,...,t—1,
and W is an n x m matrix of rank r. The element e, is an idempotent,

which produces

Tr (H, - Cp, (€. A)) = Tr (Cr (e W)Cy, (es4)) = >

(esW)3] Ies A3

(v,6)EN,
=e. Y |(eW)I]1A]] = es Tr (Cp, (esWA))
(v,6)EN,
=es > WiIAI= Y0 [(esW)i] 143
(7:0)EN7, (,0)EN,.

=Tr (C,,(esWA)).

s

Hence

B, = [Tr (Cy, (esWAN] ' Oy (esW)
= [es Tr (CTS(eSWA))]fl Cy, (esW).

s

(4.4)

Now, from (4.3) and (4.4), using that e, is an idempotent, we get

o~
|
=

S [ WA Cr (e, 2

s Bra .
s=1 (a,B)EN,, (4,4) 9ai

t—1
_ o
[Nieawyan@] ™ 3 @)l eay— |45
(,B)EN;., (4:i) 7

|45]

)
<
I

[l
~~ V)
T M
_ =

_ 0 | .
Newyra ] 30 el 5 [A43]
(a,8)EN, (5,1) 7

o~ w0
Il
—_ =

_1 7eSW *77‘5
[N((eawy ) (A)] 7 AETT7)

@
Il
—

This implies
t—1
G = ZA(T, (esW)"rs).

s=1
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Finally, it is not difficult to verify the following:

0y =S M (O e Wed) Y \<esw>§|a(ei%|<esz4>g|

s=1 (a,B)EN,, (4,1)
t—1

esW)™ rg
=3 [Ny iy (esA)] " (egd)SH )
s=1

which is equivalent to

t—1
G = (eSA)(T7(eSW)*7T'5)_ |:|
1

s

Remark 4.2. (i) As a motivation for the results of Theorem 4.2 we use
the following facts. From Theorem 4.2, in view of Theorem 4.1, we get

t—1

A12) _ Z(esA)(l’z),

s=1

which is a known result from [19].
(ii) If R does not contain zero divisors, then in the case i4 = (1,0),
pa = (r,0) the result of Theorem 4.2 reduces to the result of Theorem 4.1.

For the sake of underpinning of Theorem 4.2 we prove the following

Lemma 4.2. Let the matrix A satisfy the conditions as in Theo-
rem 4.2. Also, suppose that W is an n X m matrix of rank r = rank(A)
and that the W, = e,W are n X m matrices of rank ry, s = 1,...,t — 1.
Then the matrices Bg, s =1,...,t — 1, defined by

B, = [Tr (C,. (es WA ' Cy(esW), s=1,...,t—1

s s

satisfy the following conditions which are imposed in Theorem 3 from [19):
(i) Bs is an (;‘) X (;”) matrix of rank 1 with elements in e;R;
(ii) esBs = Bs;
(iii) es = Tr (Bs - Cy,(esA)).
PROOF. (i): It is easy to see that By is an (f)

X ( ) matrix of rank 1.
Also, using that ey is idempotent, we get C,._(e W)

=e,C, (W), and

B, =e, - [es -Tr (C’l’s (WA))] C (W)
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This means that the elements of the matrix By are in egR.
(ii): Follows from the idempotency of es.

(iii): It is easy to verify the following:

Tr (B, - C,, (esA)) = Tt <[Tr (Cr (es WA O, (esW) - O, (esA)>
= [Tr (C,, (esWA)] ' - e Tr (Cy. (esWA)) = es. O

Remark 4.53. In Lemma 4.2 it is shown that in Theorem 4.2 there is
obtained an effective representation of the matrices B, which are used
in generating the class of reflexive g-inverses in [19]. Also, in the cases
W = A and W = A*, from (4.4) we obtain the well-known determinantal
representations of the group inverse and of the Moore—Penrose inverse of
A, respectively, introduced in Theorem 3 in [19].

5. Correlations between the minors

In this section, minors of generalized inverses of a given matrix A over
I are expressed in terms of minors of the matrix A and minors of arbitrary
selected matrices which satisfy exactly defined conditions.

Theorem 5.1. Let A be an m X n matrix of rank r over I, and G =
(gi) be a reflexive g-inverse of A. Then there exists an n x m matrix W
of rank r, such that

G| = (Naw-.n)(4) " [Wg

, forall (a,3) € N.

ProoOF. If G = (g;;) is a reflexive g-inverse of A, then, according to
Theorem 4.1, we get

B 9 @ 1< <n
ot 2 ke (252)
(o, B)EN (45,4) Ji <7<

Now the proof can be completed by comparison of this result with the

following relation, proved in [1]:
1< <
: == 0
I<j<m

P
gi =y, |G35—|43
(uB)EN i) daji
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Corollary 5.1. If A is a matrix of type m x n and rank r over I, then
for all (o, ) € N we have:

|ATS| = (Nean(4) A5
¥ = (z !Az\) 143] = (Noae ()~ [43].

If M and N are invertible matrices of the order m X m and n X n,
respectively, then

(AL 8] = (Neare gy (4) ™ [N 4% Dy
= (Nran—1.(A) " [(MAN=Y*g

If A admits a full-rank factorization A = PQ, P*P is an invertible
matrix over I and W1 is an arbitrary n X r matrix over I, such that QW;
is invertible over I, then we obtain the following additional result:

‘A(1,2,3)g‘ = (Npws m(4) " [(W P

If A = PQ is a full-rank factorization of A, Wy € 1I"*™ and QQ*,
Wy P are invertible matrices in I, then we get

40295 = (Nowza.(4) " (@ W23

Remark 5.1. (i) It is a known result from [2] that the matrix W €
"™ chosen so that Ny« ,y(A) = Tr(C,(WA)) is invertible, has mi-
nors proportional with an arbitrary g-inverse G of A. In Theorem 5.1 we
show that in the case when G is a reflexive g-inverse of A, the minors
‘Gg and ‘Wg“ are proportional with the coefficient (N(W*,r)(A))fl for
all (o, 3) eN.

(ii) Correlations between the minors of A and the corresponding mi-

nors of the Moore—Penrose inverse and the group inverse of A are intro-
duced (in another way) in [1] and [11].

Using the results of Theorem 5.1, Theorem 4.1 and Lemma 1.1 from
[19], we give the following
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Theorem 5.2. Let A be an m xn matrix of rank r over a commutative
ring R. If A is regular then there exists an n X m matrix W over R, such
that Ny« (A) is an invertible element in R and (N(W*VT)(A))2 is an
identity element in the ideal C,(A).

PROOF. Suppose that G is a g-inverse of A. According to Theo-
rem 4.1, there exists an n x m matrix W over R, such that Ny« ,y(A) is
invertible. Applying the result of Theorem 5.1, we get

Navey(A) = S [WE[A5] = (Nav-n(A) Y |GE] |43
(a,B)EN (a,B)EN
= (Nawen(4)) " Tr (C(GA))

which means
2

According to Lemma 1.1 from [19], Tr (C,.(GA)) is an identity element in
C.(A), and the proof is completed. O

In the category of finite matrices over a commutative ring R with 1
and involution we get the following

Corollary 5.1. Let A be an m x n matrix over R with Rao index t,
idempotents iy = (e1,...,e;) and ranks pa = (r1,...,7r¢). If A is regular,
then the minors of generalized inverses of A satisfy the following relations:

t—1

= Z (N(e.w)=,r) (4))
t—1

S (Ne,ar () [(eaA) 5]
s=1

1A#S] =37 (N(eoay ) (A) 7 [(esA)3] -

s=1

?

093 g

(esW)3;

|AT5]

= (N(eSW)*,rs)(A))il ‘(SSW)%‘ ;
(s A)1 5] = (Neary(4)) | (es4)*5] 5
(s A)#5| = (Nie.ay ry(A)) " [(esA)5].

[CE
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t—1

ProOOF. Follows from Theorem 4.2 and ‘A(1’2)g =5 ’(esA)(l’Q)g

6. Cramer-type solutions of linear systems

An explicit determinantal representation of the Moore—Penrose solu-
tion of an arbitrary linear system is derived in [5]. Using this representa-
tion, it is proved that the Moore—Penrose solution is a convex combination
of the solutions of all uniquely solvable partial subsystems. In [4] there is
derived an equivalent determinantal representation for the least-squares so-
lution of an overdetermined linear system. From this formula, it is proved
that the least-squares solution lies in the conver hull of the solutions to
the square subsystems of the original system. Also, in [4] this result is
extended, and it is proved that this geometric property holds for a more
general class of problems which includes the weighted least-squares and
the [, norm minimization problems. In [12] and [13] there is derived a
determinantal representation of the weighted Moore—Penrose solution of a
given system of linear equations, for matrices over an integral domain.

In this paper we obtain an explicit determinantal representation for
the solution of a linear system, by means of the general determinantal
representation for generalized inverses.

Theorem 6.1. Let be given a system of linear equations Ax = z,
where A € I""*™ and x, z are vectors of the order n and m, respectively.
Then a solution z(*2) = A12)z of the linear system Ar = z exists if
and only if there exist constants Ao g € I, (o, 3) € N, which satisfy the
conditions (1.1) and (1.2).

In this case an arbitrary ith component of the solution (2 can be
represented by the following determinantal formula:

xgl’z) = Z Ao, ‘A%‘ (1 — 0Lz)‘ .
(v, 3):3€p

PrROOF. Clearly, (12 exists if and only if A2 exists, i.e. there
exist constants A\, g € I, (o, ) € N, which satisfy the conditions (1.1)
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and (1.2). Starting from a:gm) = 3 (A1), - 21, we obtain
k=1

m ) 0
xgl’g)zz Z )\aﬂ% ‘A%‘ Pk = Z Ao Z Oay; 451 =

k=1 (a,8)EN (k,i) (a,B)EN (ki) k=1
= Z )\a,g‘A(iﬁz)g’ = Z )\a’g‘Ag (i—>az)|. O
(a,B)EN:iER (a,B)EN:iER

Corollary 6.1. Let A be a given m X n matrix of rank r, and let
x, z be vectors of the order n and m, respectively. Then the solution
W = AGWT) 2 of a linear system Ax = z exists if and only if there
exists an n x m matrix W of rank r, such that Ny - ,)(A) is invertible.
In this case, an arbitrary ith component of the vector z'F'W™) can be
represented by the following determinantal formula:

2P = (N(W*,r)(A))il : Z [WEI|AS (i — o2)].
(a,B8)ENEB

ProOOF. The proof immediately follows from Theorem 6.1 and the
result (4.2), derived in Theorem 4.1. O

Remark 6.1. Tn the case W = N"1A*M or W = (M AN~1)*, where
M and N are appropriate nonsingular matrices, we obtain from Corol-
lary 6.1 a result known from [12] and [13]. Similarly, for W = A* we get a
known result from [5]. Also, in the case W = A*, where A is a matrix of
full column rank, the result of Corollary 6.1 yields a representation of the
least square solution [4].

If a full-rank factorization of the matrix A is allowed, we obtain the
following additional result:

Theorem 6.2. Let A = P(Q be a rank factorization of A € I"*" and
let W1, W5 be matrices of the order n xr and r X m, respectively. Consider
a system Ax = z of linear equations. Then the following conditions are
equivalent:

(1) J:‘(T7(W1W2)*) = A(Tv(W1W2)*)Z exists.

(ii) QW1 and Wo P are invertible matrices over 1.
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(ii)) Newy ) (Q) and Nayy ) (P) are invertible matrices over L.
(iv) N(w,w,)=,r)(A) is an invertible matrix over L.

In the case when z(H:W1W2)") exists, it can be represented by the
following linear combination of the solutions of all uniquely solvable r X r
subsystems of the system Ax = z:

x(T?(W1W2)*) — Z paqﬁxOé?/B’
(a,B)EN: €S

where .
Pa = (N(Wz*,r) (P))

g5 = (Nowe. (@)1 |(W1)?] Q4]

|(Wa)al [P,

and 7 is the unique solution of the subsystem

AG - 0T = o2

PROOF. It is clear that z(F:(W1W2)") exists if and only if A(f:W1W2)")
exists, which implies equivalence of the presented conditions (i)—(iv). It is
not difficult to derive the following representation for z(f:(WiW2)").

mET:(W1W2)*) _ (N((W1W2)*,r)(A))_1 Z \(W1W2)§\ {Ag (i — az)‘ .
(a,B)EN:ER

Applying the results of Proposition 2.1 and Proposition 2.2, we get

P — (N (@)™ (Nwg i (P)

x| [(Wa)al A (i — 2))|
(a,B)EN:ES

= > (Naren(@) )] 1Qs] (Naws . (P))

(a,B)EN €S

-1

X |(Wa)al [P2] |AS]7"|AG (i — o2))|

= > pager’

(a,B)EN i€



248 Predrag S. Stanimirovié¢

In the case ’Ag #£ 0, it is easy to verify that

B -1 .
z " = [AG[ A5 (i = a2)]
represents the unique solution of the r X r subsystem

a
B‘aw:az.

= 0 we define %7 to be the zero vector. O

In the singular case ’Ag
Remark 6.2. The identities Y  p, = 1 and ) gg = 1 can easily be
o B

verified. In the case W = A*, we conclude p, > 0 and gg > 0, which
implies that the Moore—Penrose solution of a linear system over an integral
domain can be represented as the convex combination of the solutions of
all uniquely solvable r x r subsystems.

Corollary 6.2. Let be given a system of linear equations Ax = z,
where A is an m X n matrix over a commutative ring R with Rao index t,
idempotents i = (e1,...,e;) and ranks py = (r1,...,7r¢). Then an arbi-
trary solution (12 = A2z of the linear system Ax = z exists if and
only if e;,A = 0, and

t—1 t—1
212 — 4(12), ZA(Tv(esW)*,Ts) ” = Z(CSA)(T’(%W)*’TS) P
s=1 s=1
t—1 t—1
2= Aty = ZA(T’%A’”) 5 = Z(GSA)(T,ESA,TS) 2,
s=1 s=1

where W' is an arbitrary n X m matrix of rank r.
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