TWMS J. App. and Eng. Math. V.11, N.3, 2021, pp. 795-803

THE RE-NND SOLUTIONS OF THE MATRIX EQUATION AXB=C
WITH REFERENCE TO INDEFINITE INNER PRODUCT

D. KRISHNASWAMY"!, A. NARAYANASAMY", §

ABSTRACT. In this paper, we first consider the matrix equation AX A" = C | where
AeC™™™, C e C"" and establish necessary and sufficient conditions for the existence
of Re-nnd solutions. Further, we determine the necessary and sufficient conditions for
the existence of Re-nnd solutions of the equation AXB=C.
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1. INTRODUCTION

An indefinite inner product in C" is a conjugate symmetric sesquilinear form [z, y]
together with the regularity condition that [z,y] = 0, Vy € C; only when z = 0. Any
indefinite inner product is associated with a unique invertible complex matrix J (called a
weight) such that [z, y] = (x, Jy), where (-, -) denotes the Euclidean inner product on C™.
We also make an additional assumption on J, that is, J> = I, to present the results with
much algebraic ease.

Investigations of linear maps on indefinite inner product employ the usual multiplication
of matrices which is induced by the Euclidean inner product of vectors [3, 20]. This causes
a problem as there are two different values for dot product of vectors. To overcome this
difficulty, Kamaraj, Ramanathan and Sivakumar introduced a new matrix product called
indefinite matrix multiplication and investigated some of its properties in [20]. More
precisely, the indefinite matrix product of two matrices A and B of sizes m x n and n x [
complex matrices, respectively, is defined to be the matrix Ao B = AJ,B. The adjoint of
A, denoted by APl is defined to be the matrix J, A*J,,, where J,, and .J,, are weights.

Many properties of this product are similar to that of the usual matrix product [20].
Moreover, it not only rectifies the difficulty indicated earlier, but also enables us to recover
some interesting results with reference to Indefinite Inner Product in a manner analogous
to that of the Euclidean case. Kamaraj, Ramanathan and Sivakumar also established in
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[20] that in the setting of indefinite inner product spaces, the indefinite matrix product is
more appropriate that of the usual matrix product. Range symmetric (EP) matrices with
respect to indefinite inner product have been intensively studied in [10, 12, 13, 14, 15, 16,
26].

Recall that the Moore-Penrose inverse exists if and only if rank(AA*) = rank(A*A) =
rank(A). If we take A = <1 1) ,J = (é 01>, then AAF and A A are both the zero
matrix and so rank(AAM) < rank(A), thereby proving that the Moore-Penrose inverse
does not exist with respect to the usual matrix product. However, it can be easily verified
that with respect to the indefinite matrix product, rank(A o A¥) = rank(Al¥ o A) =
rank(A). Thus, the Moore-Penrose J-inverse with real or complex entries exists over an
indefinite inner product, whereas a similar result is false with respect to the usual matrix
multiplication. It is therefore really pertinent to extend the study of generalized inverses
to the setting of indefinite inner product.

The Hermitian part of X is defined as H(X) = %(X + X*). We say that X is Re-
nnd if H(X) > 0 and X is Re-pd if H(X) > 0. The Hermitian part of X is defined as
H(X)=3(JXJ+X () with reference to indefinite inner product. We will say that X is
Re-nnd if H(X) > 0 and X is Re-pd if H(X) > 0.

Many authors have studied the well-known equation AXB = C with the unknown
matrix X, such that X belongs to some special class of matrices. For example, in [4] and
[19] the existence of reflexive and anti-reflexive, with respect to a generalized reflection
matrix P, solutions of the matrix equation AX B = C was considered, while in [5, 11, 17,
18] necessary and sufficient conditions for the existence of symmetric and antisymmetric
solutions of the equation AX B = C were investigated.

The Hermitian nonnegative definite solutions for the equation AX A* = B were inves-
tigated by Khatri and Mitra [11], Baksalary [1], Dai and Lancaster [6], Gro8 [9], Zhang
and Cheng [25] and Zhang [24].

Wu [22] studied Re-pd solutions of the equation AX = C, and Wu and Cain [23] found
the set of all complex Re-nnd matrices X such that X B = C' and presented a criterion for
Re-nndness. Grof [8] gave an alternative approach, which simultaneously delivers explicit
Re-nnd solutions and gave a corrected version of some results from [23]. Some results from
[23] were extended in the paper of Wang and Yang [21], in which the authors presented
criteria for 2 x 2 and 3 x 3 partitioned matrices to be Re-nnd, found necessary and sufficient
conditions for the existence of Re-nnd solutions of the equation AXB = C and derived
an expression for these solutions. In addition to these papers many other papers have
dealt with the problem of finding the Re-nnd and Re-pd solutions of some other forms of
equations.

2. PRELIMINARIES
We first recall the notion of an indefinite multiplication of matrices.

Definition 2.1. [20] Let A€ C}'"" | B € Cf}:(kjk Let J, be an arbitrary but fized n X n
complex matriz such that J, = J* = J.'. The indefinite matriz product of A and B
(relative to Jy) is defined by Ao B = AJ,B.

Definition 2.2. [20] For A € CZ’ZLX’!’}M A = 7. A* ], is the adjoint of A relative to J,
and Jp,.

Definition 2.3. [20] A matriz A € C" is said to be J-invertible if there exists X €
((:7}:", such that Ao X = X o A= J,. Such an X is denoted by A=Y = JA=1J.
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Remark 2.1. For the identity matriz J, it reduces to a generalized inverse of A and
Aj{1} = A{1}. It can be easily verified that X is a generalized inverse of A under the
indefinite matriz product if and only if J,XJy, is a generalized inverse of A under the
usual product of matrices. Hence Aj{1} = {X : J,XJ, is a generalized inverse of A}.

Definition 2.4. [10] For A € C'"" | and X € C}*"} s called the Moore - Penrose
J-inverse of A if it satisfies the following equations:

(i) AoXoA=A ({1} inverse)

(i) XoAo X =X ({2} inverse)

(iii) (Ao X)) = Ao X ({3} inverse)

(iv) (X 0 A)F) = X o A. ({4} inverse)
such an X is denoted by Al and represented as ATl = J, AT J,,,.

Definition 2.5. [15] The range space A € CI'™"; is defined by Ra(A) = {y = Aox €
C™:x € C}. The null space of A € C'™") is defined by Nu(A) = {x € C": Aoz = 0}.

Property 2.1. [15] Let A € C7*". Then

(i) (AFHH = A,
(i) (A1 = 4
iii) (AB)lFl = Bl AL,

(
(iv) Ra(AF) = Ra(All).

(v) Ra(Ao AM) = Ra(A), Ra(A o A) = Ra(Al).
(vi) Nu(Ao AF) = Nu(AM), Nu(AM o A) = Nu(A).

Definition 2.6. [15] A is range symmetric in C';*" if and only if Ra(A) = Ra(AM) (or)
equivalently Nu(A) = Nu(AM).

Remark 2.2. In particular for J = I, this reduces to the definition of range symmetric
matriz in unitary space (or) equivalently to an EP matriz.

Theorem 2.1. [15] For A € C’?:", the following are equivalent:
(i) A is range symmetric in C;™".

(ii) AJ is EP.

(iii) JA is EP.

(iv) Nu(A) = Nu(AF).

(v) Ao Alll = Alfl o A,

(vi) (ATA)H = JATAT = AAT.

(vii) A is J-EP.

3. THE RE-NND SOLUTIONS OF THE MATRIX EQUATION AXB =C

Lemma 3.1. [13] Let A, B € C™*", then N(A*) C N(B*) if and only if Nu(AM) C
Nu(BH).

Theorem 3.1. [12] Let M € CH™X(4m) pe an J-symmetric matriz given by M =
<Bf[1*] g) , where A € C"" and D € C™*™. Then M > 0 if and only if A > 0, AAIB =
B, D — BFAB > 0.

Next, we give necessary and sufficient conditions for the matrix equation AX = B to
have a Re-nnd solution X, where A and B are given matrices of suitable size and presents
a possible explicit expression for X with reference to indefinite inner product.
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Theorem 3.2. Let A € C"*™ B € C™"*™. Then there exists a Re-nnd matriz X € C™*™
satisfying AX = B if and only if AAT'B = B and AB™ is Re-nnd.

Proof. Suppose A € C"*™ B € C™*™. Assume that there exists a Re-nnd matrix X €
C™*m gatisfying AX = B implies that X = Al'B. Therefore AAB = B.
Next we show that AB® is Re-nnd.
For if ABM = A(AX) = AxP AN = (A X AK = (Ax A > 0.
Hence ABM is Re-nnd.
Conversely, let us assume that AAB = B and AB™ is Re-nnd.
It suffices to show that AX = B for any Re-nnd matrix X € C™*™,
AX = A(Xo+ (I - ANA)Y (1 - Alfl4)),
where X is one of the Re-nnd solutions of AX = B
= AXg+ (AY — AAlflay) (1 — Alfl4)
= AXg+ (AY — AY)(I — Alfl4)
= AXy
= B.
O

Our main aim is to generalize these results to the equation AX B = C' and to present a
general form of Re-nnd solutions of it. First we will consider the equation

AxAM = ¢ (1)

and find necessary and sufficient conditions for the existence of Re-nnd solutions. The next
auxiliary result presents a general form of a solution X of (1) which satisfies H(X) = 0.

Lemma 3.2. If A € C"*™, then X € C™*™ is a solution of the equation
AxAF =0 (2)
which satisfies H(X) = 0 if and only if
X =w(I - Alfl4) — (1 — At gyw (3)

for some W € C"™*™,

Proof. Denote r = rank(A). Let us suppose that X is a solution of the equation AX A =
0 and H(X) = 0. Using a singular value decomposition of A = UM(D @ 0)V, where
U e C™mV e C™*™ are unitary and D € C™ " is an invertible matrix, we have that

Al = v(DEY ¢ 0)U and X = VI <§; §i> V, for some X; € C™" and X4 €
Clm—r)x(m—r)
From AXAF = 0 we obtain that X; = 0 and, by H(X) = 0 that X3 = —X.7 and
H(X4) = 0. Hence X = VI < 0[*} X2> V.

~x x,
I X

0 ix,

Taking into account that H(X,) = 0, for W = VI <
2

W(I — Al A) — (1 — Al Ayw,

> V', we have that X =
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In the other direction we have to check that for arbitrary W € C™*™, X defined by
X =W - AA) — (1 — A A)WH is a solution of the equation AX A = 0. That is
AXAF = AW (1 - A A) — (1 — ATy Al

= AW —wAllla — w4 Al gpid) 4l

= Aw A — aw Al gal — AW Al 1 4 A AT Al¥]

= AwAF — Aw AT AAM — AW A L AW AM (By De finition 2.4)

= AwWAM — Aw Al — AW AN AW AN (By Theorem 3.2)

= 0.

—_

H(X) = 5(JXJJFX[*})

= —(JW(I - AH]A) —(I- A[T}A)W[*])J + (W - A[T]A) —(I- A[T]A)W[*])[*])

e

= (W —wAllg) — wh — Al AWt g+ (w — wAllla — w4 Al gy )i

=N

= (JW=w)— Wk —wbkhg 4w —w —wh £ Wty (By Theorem 3.2)

I
S

O

Theorem 3.3. Let A € C"*™, C € C™"™ be given matrices such that the equation (1) is
consistent and let v = rank H(C). Then there exists a Re-nnd solution of the equation
(1) if and only if C is Re-nnd. In this case the general Re-nnd solution is given by

X =4 cAHM 4 (1 - AMayvot(r — A Ay w1 — A4y — (1 — Al AYWH (4)
with X
A= = Al (1 — Al A) z((H (C)) )T, (5)
where A1l and (H(C)%)[H are arbitrary but fired Moore-Penrose inverses of A and (H(C’)%),
respectively, and Z € C™*"™, U € C™*(m=7) W e C™ ™ are arbitrary matrices.

Proof. If X is a Re-nnd solution of the equation (1), then AH(X)AM = H(C) > 0.

In the other direction, if C' is Re-nnd, then Xy = AflC(A) is a Re-nnd solution of the
equation (1).

Let us prove that a representation of the general Re-nnd solution is given by (4). If X is
defined by (4), then X is Re-nnd and AX A = AAllC(AAlH = C.

If X is an arbitrary Re-nnd solution of (1), then H(X) is a J-symmetric non-negative
definite solution of the equation AZAM = H(C),

H(X) = A=H(C)(AS)H 4+ (I — AW A)UUH(1 — AT A where A= is given by (5), for
some Z € C™™ and U € C™*(m=7),

Note that, H(X) = H(A=C(A=)M + (I — AMA)UUH (1 — ATl A)lH),

implying X = A=C(A™)F 4 (1 — AMAUUH(T — AMA)M + Z where H(Z) = 0 and
AZAM = 0.

Using Lemma 3.2, we have that Z = W (I — AlflA) — (I — AT A)W, for some W € C™*",
Hence, we obtain that X has a representation as in (1). O

Now, let us consider the equation
AXB=C, (6)
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where A € C™*™ B € C™*™ and C € C™*" are given matrices and find necessary and
sufficient conditions for the existence of a Re-nnd solution.

This follows from the fact that whenever AXB = C is solvable then X is a solution
of that equation if and only if X is a solution of the equation AMAXBBM = AFCBH,
Hence from now on, we assume that A and B are non-negative definite matrices from the
space C™"*"™. when m = n is particular.

The following theorem presents necessary and sufficient conditions for the equation
AXB = C to have a Re-nnd solution.

Theorem 3.4. Let A, B,C € C™™™ be given matrices such that A and B are non negative
definite and the equation (6) is consistent. Then there exists a Re-nnd solution of (6) if
and only if T = B(A+ B)1C(A + B)MA is Re-nnd, where (A+ B)1 is a M-P inverse of
(A+ B). In this case a general Re-nnd solution is given by

(A+B)=(C+Y +Z+W)(A+ B)~)H
X =+ —(A+B)(A+ B)UUM(I — (A+ B)lil(A+ B))X (7)
+QUI = (A+ B)(A+B)) - (I - (A+ B)(A+ B)QU,

where Y, Z, W are arbitrary solutions of the equations

Y(A+ BB =c(A+ B)lflA,
A(A+ Bz = B(A+ B)llC, (8)
AA+BIwWA+ BB =T,

such that C +Y + Z + W is Re-nnd, (A+ B)~ is defined by
1
(A+B)~=A+BH+ (T - A+BINA+B)P(H(C+Y +Z+W))2),
where U € C™*("=7) @ € C™", P € C"™ are arbitrary, r = rank(C +Y + Z + W).

Proof. Denote by E = (A + B)H]B,F =C(A+ B)[T]A’
K =A(A+ Bl L =B(A+B)lC.

Now equations (8) are equivalent to
YE=FKZ=LKWE=T. (9)

Using Definition 2.4 and the fact that E is invertible with reference to indefinite inner
product and Elfl = BIfl(A + B), we have that
FENE = Cm+BﬂMHWA+BxA+BWB

C(A+ B)1ABIIB

C(A+ B)llA

= F
which implies that the equation Y E = F' is consistent. In a similar way, we can prove that
the other two equations from (9) are consistent. Furthermore, T = FME = KLF is
Re-nnd which implies by Theorem 3.2, that the first two equations from (9) have Re-nnd
solutions.
Now, suppose that the equation (6) has a Re-nnd solution X. Then
H(T)= H(B(A+ B)1IAXB(A + B)lf14)
= (B(A+ BWA)H(X)(B(A + B)1A)X > 0.

Conversely, let T' be Re-nnd. We can check that

Xo=A+BHC+Yy +72+wW)A+ B, (10)
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is a solution of the equation (1), where Y, Z, W are arbitrary solutions of the equation (6).
This follows from
AXoB = (A+ B)(A+ B)lflc(A + B)ll(A + B)
= (A+B)(A+ B)laAlflcBYIB(A + B)Il(A + B)
— AAllloBl B
=C.
Now, we have to prove that for some choice of Y, Z, W, the matrix C +Y + Z + W is
Re-nnd which would imply that Xy is Re-nnd.
Let Y = FEII — (FE[T])[*] + (E[T])[*]F[*]EE[T] + (I - EEW)[*}(I — EEW),
7 — K, — (KWL)[*] + K g+ (K[ﬂ)[*} + (I - K[T]K)Q(I — K[ﬂ[()[*}7
W = KWTEWN — (1 - KK)S — S(I — EE),
where Q = (CI — KHITHEl) (CH — KHITHEINE and § = KIKCOkF + cHEE,
Obviously, Y, Z, W are solutions of the equation (1) and
H(Y) = (E[T})[*}H(T)E[ﬂ + (I - EE[T])[*](I — EE[T])
H(Z) = K[HH(T)(KH])[*] + (I - K[ﬂK)H(Q)(I — K[T]K)[*}
H(W) = KOTER 4+ (E[T})[*}T[*] (K[ﬂ)[*} — H(C’[*]EEW + Kllgok — QK[T]T[*}E[T]),
Usin
K[T}[%K[HT[*]E[H = KWK KNKLHEN = kI gL FEH = gHTHEH
KUTHEHNEEN = kKWFHEENEEN = g FH BRI = gHTH B
KCWE = KL = 7k,
we compute,

H(C+Y +Z+W) = (B + KIhg(T) (B + KT

; I — EEL]
+[(I — EEM(T1 — KWK D <(1 ~ KK )

B I C— (E[T]>[*]T(K[ﬂ)[*]
where D = (C’[*} _ gl gli] H(Q) .

By Theorem 3.1, it follows that D is nonnegative definite, so H(C' +Y +Z + W) > 0.
Hence, with such a choice of Y, Z, W, it can be seen that Xy defined by (10) is Re-nnd
solutions of (6). So, we proved the sufficient part of the theorem.

Let X be an arbitrary Re-nnd solutions of (6). It is evident that Y = AX A, Z = BXB
and W = BXA are solutions of (9), and that (A+ B)X(A+B) =C+Y +Z+ W is
Re-nnd. Now, using Theorem 3.3, we get that X has the representation (7).

Note that if the equation AX = C' is consistent then X is a solution of it if and only
if AMAX = AFC. By Theorem 3.4, we get that there exists a Re-nnd solution of the
equation AX = C if and only if T = (AMA + NI=UAFC(AMA + NETAM A is Re-nnd.
Note that in this case (I + A*A) is invertible matrix.

Let us prove that T is Re-nnd if and only if C A is Re-nnd. By (AFA + =AM A =
A AAHA 4+ DY

we have that T = (AMA + NIEYAM(CAF)(AMA + DIEYAFYE | That is H(T) =
(AH A+ DEYAY H(CAM) ((AMA + DAY, From the last equality, H(CAF) >0
implies that H(T") > 0.

Now, suppose that H(T) > 0, then, by the consistence of the equation AX = C, it
follows that AAC = C which implies that (A (AMA + NT((AMH(AFA 4 1) =
(A[T})[*}A[*]CA[*]AAW — AATlCc Al = oAl

That is H(CAF) = (AMMAHA + n)H(T)((AMHAMA 4+ 1) > 0. O
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Example:

. 0 0 11 4 4 0 1
Letuscon&derA-(1 1>’B_<O O)’C_<4 4> andJ<1 0>.

A*

0 1 0 1\ /0 O . 0 1
— * A — * — T — A 1
<0 1) , A*A (O 1) <1 1> , trace(A*A) =2, A Frace(AA) = 3 (0 1>,

(A+B)[T}:J(A+B)U:i<

11

1 1). Hence B(A + B)1C(A + B)[1 A is Re-nnd.

4. CONCLUSION

In this paper we consider some special cases and give a complete characterization of
the set of Re-nnd solution of AX A = C. The necessary and sufficient conditions for the
existence of Re-nnd solutions of the equation AX B = C with reference to indefinite inner
product is determined.
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