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COMMON LEAST-RANK SOLUTION OF MATRIX EQUATIONS A1 X1B; =C;
AND A;X;B; = C, WITH APPLICATIONS

Sihem Guerarra and Said Guedjiba

Abstract. In this paper we provide the necessary and sufficient conditions for the pair of
matrix equations A;X;B; = C; and A;X;B, = C, to have a common least-rank solution,
as well as the expression of this solution. We also give the necessary and sufficient condi-
tions for the matrix equation AXB = C to have a Hermitian least-rank solution. Using the
first results, we investigate the expression of the general Hermitian least-rank solution of
the matrix equation AXB = C.
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1. Introduction

Linear matrix equations play a very important role in matrix theory. For a given
matrix equation one always wants to know the consistency conditions, the general
solution or the least squares solution, the properties of least squares solution and
so on.

We consider the pair of linear matrix equations
(1.1) A1 X1B; =C; and AyXyB, =Cy

where A; € C™", By € CPX9,C, € C™9, Ay € C", B, € CP, C, € C>* are given,
X, € C™P, X, € C™P are unknown matrices.

There have been many results given in the literature. In [4] X. Fu Liu, Hu
Yang gave an expression of the general common least squares solution to the pair
of matrix equations (1.1). Furthermore, they determined the conditions for the
existence of a Hermitian least squares solution of the matrix equation AXB = C
and the expression of the general Hermitian least squares solution is also given,
[5]. In [14], the authors provided some necessary and sufficient conditions for
the existence of the reflexive extremal rank solutions to the matrix equation AX =
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B, and several representations for reflexive solutions are also given. A. Liao, Y.
Lei established the least squares solution with the minimum norm for the matrix
equation (AXB,GXH) = (C,D). In [6], [7] Y. Liu gave the conditions for the pair of
matrix equations (1.1) to have acommon least squares solution by using the external
ranks (the general common least squares solution, however, was not given), and
also gave the ranks of solutions of the linear matrix equation AX + YB = C. In
[8, 9, 10] S. K. Mitra, A. Navarra, P. L. Odell, D. M. Yong gave a representation of
the general common solution of (1.1). In [13] Y. Tian studied the relation between
least squares and least-rank solutions of the matrix equation AXB = C where he
established necessary and sufficient conditions for the two types of solutions to
coincide. In [15] F. Zhang established necessary and sufficient conditions for least
squares solutions of AXB = C to be Hermitian or local Hermitian.

The field of generalized inverses has grown much since its rebirth in the early
1950s. Numerous papers have developed both its theory and its applications see.
e.g. [1,2,11, 3]. In[1] and [2] the authors represented the theory of the generalized
inverses with applications in many areas, especially the Moore-Penrose generalized
inverse. In [11], P. S. Stanimirovic investigated computation of generalized inverse
by means of the introduced general representation and the rational canonical form,
or the Jordan canonical form. In [3], S Karanasios and D. Pappas computed the
generalized inverse of afinite rank operator on complex Hilbert space, and they also
gave necessary and sufficient conditions for reverse order law on the generalized
inverse of two rank-1 operators.

Motivated by the work of [4], [7], [13] we use the matrix rank method to drive
necessary and sufficient conditions for (1.1) to have a common least-rank solution,
and we give the expression of these common least rank solutions. In the last part
of this paper we derive necessary and sufficient conditions for the matrix equation
AXB = C to have a Hermitian least-rank solution, and we give the expression of
the general Hermitian least-rank solution of equation AXB = C.

Throughout this paper C™" stands for the set of all m x n complex matrices, the
symbols, A*, r (A), R (A), stand for the conjugate transpose, the rank, and the range
of A, respectively. I, denotes the identity matrix of order m. The Moore-Penrose
generalized inverse of a matrix A € C™", denoted by A", is defined to be the
unique matrix X € C™M satisfying the following four matrix equations:

(1) AXA = A, (2) XAX = X, (3) (AX)" = AX, (4) (XA)' = XA

The Moore-Penrose generalized inverse has been the object of several papers, see
[11, [2].

Further, Ea and Fp stand for the two orthogonal projectors Ea = | — AA*, Fa =
I — ATA induced by A. Their ranks are given by r (Ea) = m—=r(A), r(Fa) = n—r(A).

Some rank formulas that are needed in the paper are given by the following
lemmas:
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Lemmal.l. [12]Let Ae C™" Be C™k CeC™". Then,
i)r[ A B ]: r(A) + r (EaB) = r (B) + r (EgA).

i) r[ A ]: F(A) + 1 (CFa) = 1 (C) + r (AFc).

Lemmal.2. [15]Let Ae C™" Be C™k Ce C*". Then

H  min r(a-Bx-yo) =r| 2 Blor@-r(.
XECKX”,YEC"‘XI C O

i) if A e C™™ A" = —A. Then

minr(A-BX-XB) =r

A B
XeCkxm

B 0 ]—Zr(B).

Lemma 1.3. [12] Let A, Ay, By, By, Cyq, Cy, and D are matrices such that expression
D - C1AB; — C,AJB; is defined. Then

AAAT 0 AlB
0 AMAA;, AB;
AT CA, D

r(D-CiA{B; - czA;BZ) =r —r(A) = r(A).

We consider the matrix equation

(1.2) AXB=C

Where A € C™", B € CP*4, C € C™4, are given and X € C™P is unknown matrix.

In [13] The least-rank solution of (1.2) is the matrix X which minimizes the rank
of (C — AXB) or equivalently

X =arg xrycinrlpr (C - AXB).

We know that the general least-rank solution of the matrix equation (1.2) can be
written as
X=-TM"S +T;U + VS,

where

cC A 0
M:[B 0],T:[O |n],s:[|p], Ti=TFum, Si=EwmS,

and U, V are arbitrary.
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2. Common least-rank solution of matrix equations A;X;B; = C; and
AxXzB; = C

Following the work of [7], [13] in this section we use the matrix rank method to
drive the conditions for the matrix equations A; X;B; = C1, A2 X;B; = C;, to have
a common least-rank solution. Also in this section the expression of the general
common least-rank solution to system (1.1) is established.

Lemma2.1. [4]Let A; € C™", By € C™9, Ay € C™! B, € C>9, C € C™ be known
and X; € C™P®, X, € C™S are unknown.
Let M = Ea, A2, N = ByFg,, S = AyFw, then the following statements are equivalent.

i) The system
(21) A1 X1B1 + AyXoB, =C

is solvable.

ii) The following rank equalities are satisfied
rAlC—rAlorAZC—rAZO
0 B |~ 0 By |’ 0 B: |~ 0 By |/
B1 B
r[c A A2]=r[Al Ag], r| B, =r[ 1].
C B2

In this case the general solution of (2.1) can be expressed as

Xy = ATCB! — ATA;M*En,CB} — ATSASCFg N*B,B!
- AISVENBzBI + FA1U + ZEBl/
Xy = M+EA1CB; + F|\/|S+SA;CFBIN+ + Fm (V - S+SVNN+) + WEBZ,

where U, V, W and Z are arbitrary.

Theorem 2.1. Suppose that X; and X, are the least-rank solutions of (1.1). Then the pair
of matrix equations in (1.1) has a common least rank solution if and only if

(2.2) r

M1 0 S1 S
0 M, S :r[ Sl ]+r[ Ty, T2 ]+f(M1)+f(M2)-
T, T, O 2

Proof. The general least-rank solution of the matrix equation AXB = C can be writ-
ten as

X =-TM*'S+T,U +VS,,
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where

C A 0
M:[B 0],T:[O m],s:[%],leTamslzaﬁ

and U, V are arbitrary.

Hence the general least rank solutions of matrix equations A;X;B; = C; and
A, XoBy = C, are

Xy = _TlMi—Sl + T11Ug + V1S13,
Xo = —TzM;SZ + TyoUs + VoSy,

where T; = TiFwv, , Sii = Em,Si, with i =1, 2, and U4, V1, Uy, V; are arbitrary. In this
case,

U S
X1 =Xz = TaMES, — TiM{ Sy + [Tag, Too] [ _Ul2 ] + [V, -Vol [ SZ ]

Thus, from Lemma 1.2 we get

ToMIS, —TiMIS; T Ta s
(2.3) minr(X; —X,) =r Su 0 O-%mﬂﬂ%[ﬂ}
X1,Xa S
Soo 0 o©0

We have that
311 _ Sl |V|1 0
r[ 322]_r[ SZ 0 M2 ]_r(Ml)_r(MZ)

:r[ 22 ]+r[ M, M, ]—r(Ml)—r(Mz),

and
T, T
T, Tel=r| M1 0 |-r(M;)-r(My)
0 M,

ﬂ“}T4+{m]%Nﬂ%Wﬁ

Applying Lemmas 1.2 and 1.3 and the block elementary operations we get
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ToM3S; —TiM{S; T Tz

r S11 0 0
Sx 0 o0
[ ToM3S, —TiMiS; T T, 0 0 0
S 0 0 My 0 O
=r SOZ ,\21 8 8 '\82 8 —2r (M) — 2r (M)
0 0 M, 0 0 0
| 0 0 0 0 0 0
MMM 0 MiS; 0 0 0 0
0 -M;MM; MiS, 0 0 0 0
TiM; T.M; 0 T, T, 0 0
=r 0 0 S 0 0 M; 0 [-3r(M)-3r(My)
0 0 S, 0 0 0 M,
0 0 0 My 0 0 0
0 0 0 0 M, 0 O
M{ 0 S 0 0 0 0 ]
0 -M, S, 0 0 0 O
. T, 0 0 0 0 O
=r] 0 0 0 0 0 M; 0 |=3r(M)=3r(My)
0 0 0 0 0 0 M,
0O 0 0 My 0 0 O
| 0 0 0 0 M, 0 0
(M, 0 S M
—rl 0 -M, 82]+r[Ml]+r[Ml, Mz]—Sr(Ml)—Sr(Mg).
| T, T, 0 2

Substituting into (2.3) yields (2.2). O

Theorem 2.2. Let
P1 =E1,Tu,
Q1 = SuiFs,,,
Ki = E1,Fp,,
Py = Er,, Ta,
Q2 = SxoFs,,,
K2 = E1,,Fp,,
Hi = Et,, TiM; SiFs,, — E1,,T2M; SoFs,,,
Hy = Er, T,MS,Fs,, — Er, TiM:S;Fs,..

Assume that the system (1.1) has a common least-rank solution. Then, the general
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common least-rank solution can be expressed as

Xy = =T1M[S; + PTH1Fs,, — PTET, K] Ep, HiFs,,
(24) + KIElelQI - PIETzz FK1V1Q1F522
+ TuFp,Us + TuZsEr + Fk,ViS11 + WiFq, Su1,
or
Xo = =ToM3'S; + Py H,Fs,, — PyEr, K Ep,HaFs,,
(25) + K;EPZ HZQ; - P;ETM FK2V2Q2F511
+ TooFp, Uz + ToZoEr | + Fk,V2S22 + WaFq, Sz,
where Uy, Uy, V1, Vo, W1, Wo, Z3, Z,, are arbitrary matrices with appropriate sizes.

Proof. In [13] the general least-rank solution of matrix equation AXB = C is the

solution of the consistent equation Er,XFs, = —Er, TM*SF;, such that I5(X) =
Et, (X + TM™*S)Fs, is called the rank reduced form of P (X) = C — AXB.

The general expression of the least-rank solution to A; X;B; = C; can be written
as

(26) Xy = —Tlesl + TlllNJl + \71811.

The pair of matrix equation (1.1) have a common least-rank solution if and only if

there exist some U;and V; such that X; is a least-rank solution to system A;X;B; =
C2 i.e.

ETZZ (_T]_MIS]_ + T]_]_U]_ + Vlsll) FSZZ = —ETZZTZM;SZFSZZ.
So
(2.7) Er,, TuUiFs, + Er,ViSuFs, = ETzleMISlFSzz - ETzzTZM;SZFSﬂ'
So by applying Lemma 2.1 to (2.7), the general solution of system (2.7) is

U = PIHlFszz - PIETzzKIEP1H1F522

(2.8)
— PIET22 FKllelFszz + Fp1U1 + ZlEFSzz’

(29) V. = KIElelQI + FKIVl + WlEQll

where U, V1, Wy, Z3, are arbitrary matrices.
Substituting (2.8) and (2.9) into (2.6) yields (2.4), similarly the expression (2.5) can
be found. O

Remark 2.1. The expressions of X; and X, are different, under the condition (2.2), the sets
{X1} and {X,} are equivalent.
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3. Hermitian least-rank solution of matrix equation AXB = C

In this section we will obtain necessary and sufficient conditions for least-rank
solution of matrix equation AXB = C to be Hermitian, and give the expression of
the general Hermitian least-rank solution of AXB = C.

Consider the matrix equation
(3.2) AXB=C

where A € C™", B € CP*4 C € C™4 are given, and X € C™P is unknown matrix.

Lemma3.l. [4] Let A € C™" B e CP4, C € C™4, be known matrices. The matrix
equation (3.1) has a Hermitian solution if and only if the pair of the matrix equation

(3.2) AXB = C and B'XA* = C*

have a common solution, provided a Hermitian solution exists, a representation of the
general Hermitian solution to (3.1) is of the form

X+ X
X5: 2 1

where X is the representation of the general common solution to equations (3.2).

Theorem 3.1. The matrix equation (3.1) has a Hermitian least-rank solution if and only
if

M 0 S
(3.3) rl o -m T :Zr[T, S*]+2r(M).
T S 0

In this case the general Hermitian least-rank solution can be expressed as

X+ X
(34) XS = —; 1

where

X=-TM*S + P"HFs, — P*Fg,K*EpHFs, + K"'EpHP™
- P_"ET22 FKV1PF51 + T1FpU + TlZEF51 + FkVS; + WFpS;.

Proof. The general least-rank solution of (3.1) can be written as
X =-TM*S + T;U + VSy,
where U, V are arbitrary. So,

X' =—(TM*S)" + U'T; +S;V™.



Common Least-Rank Solution of Matrix Equations 321

Therefore,
x-x*:(TM+S)*—(TM+S)+[ T S ][ v ]+[ VAL ][ S1 ]
Yy T

Thus, from Lemma 1.2 we get

(TM*S)' = (TM*S) T, S
(3.5) minr (X — X*) = r Sy 0 0 —2r[ T S ]
X
T 0 0
We have that
T s
r[Tl S, ]:r M 0 [-2r(m)
(3.6) U

:r[ T, S ]+r[ ll\/l/l ]—Zr(M).

And itisnotdifficultto find by Lemmas 1.2 and 1.3 and block elementary operations

(TM*S)' = (TM*S) T, S;
r S, 0 0
T 0 0
C(TM*S)' —(TM*S) T S 0 0 0
s 0O 0 M 0 0
T 0 0 0 M 0
=r 0 M 0 0 0 o %M
0 O M 0 0 0
_ 0 0O 0 0 0 0
F MMM 0 MS 0 0 0 O
0 -MM'M MT* 0 0 0 O
™" S*M 0O T & 0 0
-r| 0 0 S 0 0 M 0 |-6r(M)
0 0 ™ 0 0 0 M
0 0 O M 0 0 0
0 0 0O 0 M 0 0
M 0 S v
3.7) =rl 0 -M*" T +r[ M +r[ M M| -6r(m).
T s 0

A substitution of (3.6) and (3.7) into (3.5) gives (3.3). O

Now we want to find the expression of the general common Hermitian least-
rank solution.
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From Lemma 3.1 the matrix equation (3.1) has a Hermitian least-rank solution
if and only if the pair of matrix equations

ET1XF81 =-E7 (TM+S) F81 and F81XET1 = —FS1 (TM+S)* ET11

has a common solution. So by the formula (2.4) we have

X =-TM*S + P*HFg, — P"Fs K*EpHFs, + K"EpHP™

3.8
( ) - P-'—ET22 FKV;LPFSl + T1FpU + leEF51 + FkVS) + WFpS,,

where
P=Er, H=-Er(TM*S)Fs, — Fs, (TM*S)"Er,.

Substituting (3.8) into (3.4) we get Xs.
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