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HOW TO SOLVE THREE FUNDAMENTAL LINEAR MATRIX
INEQUALITIES IN THE LOWNER PARTIAL ORDERING

YONGGE TIAN

(Communicated by M. Niezgoda)

Abstract. This paper shows how to derive analytical solutions of the three fundamental linear
matrix inequalities

AXB=C(-C,<xC,<C),
AXA* = B(>- B,<B,<B),
AX + (AX)" = B(- B,< B, < B)

in the Lowner partial ordering by using ranks, inertias and generalized inverses of matrices.

1. Introduction

Throughout this paper,

o C™ Cfj and Sy stand for the sets of all m X n complex matrices, all m x m
Hermitian complex matrices and all m x m skew-Hermitian complex matrices,
respectively.

e The symbols A*, r(A) and Z(A) stand for the conjugate transpose, rank and
range (column space) of a matrix A € C"*", respectively.

e [A, B] denotes a row block matrix consisting of A and B.

e i (A) and i_(A), called the partial inertia of A € C}!, are defined to be the num-
bers of the positive and negative eigenvalues of A counted with multiplicities,
respectively, where r(A) =i, (A)+i_(A).

e A =0 (A > 0) means that A is Hermitian positive semi-definite (positive defi-
nite).

e Two A, B € CJj are said to satisfy the inequality A = B (A > B) in the Lowner
partial ordering if A — B is Hermitian positive semi-definite (positive definite).
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e A positive semi-definite matrix A of order m is said to be a contraction if all its
eigenvalues are less than or equal to 1, i.e., 0 < A < I, to be a strict contraction
if all its eigenvalues are less than 1,1i.e., 0 A < I,,.

e The Moore—Penrose inverse of A € C"*", denoted by AT, is defined to be the
unique solution X satisfying the four matrix equations AXA = A, XAX = X,
(AX)* = AX and (XA)* = XA. The symbols E, and Fy stand for Ej = I, — AAT
and Fy = I, —ATA, their ranks are given by r(Es) = m —r(A) and r(F,) =
n—r(A). A well-known property of the Moore—Penrose inverse is (AT)* = (A*)7.
In particular AAT = ATA if A= A*. We shall repeatedly use them in the latter part
of this paper. One of the most important applications of generalized inverses is to
derive some closed-form formulas for calculating ranks and inertias of matrices,
as well as general solutions of matrix equations; see Lemmas 2.1-2.9 below.
Results on the Moore—Penrose inverse can be found, e.g., in [3, 4, 12].

e A matrix-valued function for complex matrices is a map between two complex
matrix spaces, which can generally be written as ¥ = ¢(X) for ¥ € C"™*" and
X € CP*4, or briefly, ¢ : C"*" — CP*4.

The Lowner partial ordering for matrices, as a natural extension of inequalities for
real numbers, is one of the most useful concepts in matrix theory for characterizing
relations between two complex Hermitian (real symmetric) matrices of the same size,
while a main object of study in core matrix theory is to compare Hermitian matrices in
the Lowner partial ordering and to establish various possible matrix inequalities. This
subject was extensively studied by many authors, and numerous matrix inequalities in
the Lowner partial ordering were established in the literature. In the investigation of the
Lowner partial ordering between two Hermitian matrices, a challenging task is to solve
matrix inequalities that involve unknown matrices. This topic can generally be stated
as follows:

PROBLEM. For a given matrix-valued function ¢ (X) that satisfies ¢(X) = ¢*(X),
where X is a variable matrix, establish necessary and sufficient conditions for the ma-
trix inequalities

9(X) =0, 9(X) >0, $(X) <0, $(X) <0 (L1)

to hold, respectively, and find solutions X of the matrix inequalities.

As usual, linear matrix-valued functions as common representatives of various
matrix-valued functions are extensively studied from theoretical and applied points of
view. When ¢(X) in (1.1) is a linear matrix-valued function, it is usually called a
linear matrix inequality (LMI) in the literature. A systematic work on LMIs and their
applications in system and control theory can be found, e.g., in [5, 20]. LMIs in the
Lowner partial ordering are usually taken as convex constraints to unknown matrices
and vectors in mathematical programming and optimization theory. This paper aims at
solving the following three groups of LMIs:

AXB=C(~C, <C, <C), (1.2)
AXA" = B(~ B, X B, <B), (1.3)
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AX + (AX)* = B(~ B, < B, < B). (1.4)

They are the simplest cases of LMIs and are the starting point of many advanced studies
on various complicated LMIs.

Recall that any Hermitian positive semi-definite (positive definite) matrix M can
be written as M = UU™ for certain (nonsingular) matrix U. Hence, the mechanism
of a matrix inequality in the Lowner partial ordering can be explained by certain ma-
trix equation that involves an unknown quadratic term. In fact, any matrix inequality
®(X) =0 (¢(X) > 0) can equivalently be relaxed to

O(X)—UU*=0 (1.5)

for certain (nonsingular) matrix U. Due to the non-commutativity of matrix algebra,
there are no general methods for finding analytical solutions of quadratic matrix equa-
tions, so that it is hard to solve for the unknown matrices X and U from the equation in
(1.5) for a general ¢(X). However, for the three fundamental LMIs in (1.2)—(1.4), we
are able to obtain their solutions in closed-form by using the relaxed matrix equation in
(1.5), and ordinary operations of the given matrices and their generalized inverses.

Matrix equations and matrix inequalities in the Lowner partial ordering have been
main objects of study in matrix theory and their applications. Many new theories and
methods were developed in the investigations of matrix equations and inequalities. In
particular, the concept of generalized inverses of matrices was introduced when Penrose
considered general solutions of the matrix equations AX = B and AXB =C, cf. [19].
The equalities of (1.2)—(1.4) correspond to the three matrix equations

AXB=C, AXA* =B, AX + (AX)" =B, (1.6)

respectively, which were extensively studied from theoretical and practical points of
view, while the three matrix-valued functions

¢1(X) =C—AXB, (1.7)
¢ (X) = B— AXA*, (1.8)
$3(X) = B—AX — (AX)* (1.9)

associated with (1.2)—(1.4) were recently considered in [15, 16, 22, 24, 25, 30, 31].
Because (1.2)—(1.4) and (1.6)—(1.9) are some simplest cases of matrix equations, matrix
inequalities and matrix-valued functions, they have been attractive objects of study in
matrix theory and applications. In fact, it is remarkable that simply knowing when the
LMIs in (1.2)—(1.4) are feasible gives some deep insights into the relations between
both sides of the LMIs.

This paper is organized as follows. In Section 2, we give a group of known results
on matrix equations, as well as some expansion formulas for calculating (extremal)
ranks and inertias of matrices. In Section 3, we solve for the inequality in (1.2), and
discuss various algebraic properties of the LMI and its solutions. In particular, we
give a group of closed-form formulas for calculating the extremal ranks and inertias
of D —AXB subject to AXB = C, and use the formulas to establish necessary and
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sufficient conditions for the two-sided matrix inequality D = AXB = C to be solvable.
In Sections 4 and 5, we establish necessary and sufficient conditions for the LMIs in
(1.3) and (1.4) to be feasible, respectively, and derive general solutions in closed-forms
of these LMIs.

2. Preliminaries

In this section, we present some known or new results on solving matrix equations,
as well as formulas for calculating ranks and inertias of matrices, which will be used in
the latter part of this paper.

LEMMA 2.1. ([14]) Let A, B € C"™*" be given. Then, the following hold.

(a) The matrix equation
AX =B 2.1

has a Hermitian solution X € C}; if and only if Z(B) C #(A) and AB* = BA*.
In this case, the general Hermitian solution X of (2.1) can be written in the
following parametric form

X =A"B+ (ATB)* —ATBATA+ FyWFy, (2.2)
where W € C} is arbitrary.

(b) The matrix equation
AXX* =B (2.3)

has a solution XX* if and only if Z#(B) C Z(A), AB* 3= 0 and r(AB*) = r(B).
In this case, the general solution XX* of (2.3) can be written in the following
parametric form

XX* = B*(AB") B+ F;ZWW*F}, (2.4)

where W € C"™" is arbitrary.
LEMMA 2.2. ([19]) Let A € C"™" B e CP*1 and C € C"*4 be given. Then, the

matrix equation
AXB=C (2.5)

has a solution X € C"4 if and only if Z(C) C Z(A) and #(C*) C %#(B*), or equiv-
alently, EAC =0 and CFp = 0. In this case, the general solution X of (2.5) can be
written in the following parametric forms

X =A'CB"+W — ATAWBB', (2.6)
X =A'CB" + FyU, + U,E3, (2.7)

respectively, where W, Uy, U, € C"*P are arbitrary.

LEMMA 2.3. Let A € C"™*" and B € Cfj be given. Then, the following hold.
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(a) [10] The matrix equation
AXA* =B (2.8)

has a solution X € CY if and only if Z(B) C Z(A), or equivalently, AA'B = B.
In this case, the general Hermitian solution X of (2.8) can be written in the
following parametric forms

X =ATBAT)" +U - ATAUATA, (2.9)
X = A'B(AT)* + F\V +V*Fy, (2.10)

respectively, where U € C{; and V € C"*" are arbitrary.
(b) [10, 14] There exists an X € C"" such that
AXX*A* =B (2.11)

if and only if B =0 and Z(B) C Z(A). In this case, the general solution XX*
of (2.11) can be written as

XX* =ATB(A")* + Fy,VB(AY)* + ATBV*Fy + F\3WW* Fy, (2.12)
where V. € C"" and W € C"™" are arbitrary.
(¢) [1] Under A, B € C"™*™ there exists an X € C"*™ such that
AXX*A* = B (2.13)

if and only if B =0 and Z(B) C Z(A). In this case, the general solution XX*
of (2.13) can be written as

XX* = (ATB? + F,V)(ATBY + FyV )", (2.14)
where V € C"™*™ is arbitrary.

LEMMA 2.4. ([31]) Let A € C™" and B € Cjj be given. Then, the following
hold.

(a) There exists an X € C"™ such that
AX + (AX)" =B (2.15)

if and only if EABE4 = 0. In this case, the general solution X of (2.15) can be
written in the following parametric form

1
X = EATB(ZI,,, —AAT)+VA* + By W, (2.16)

where both V € C§y and W € C™™ are arbitrary.
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(b) There exists an X € C"™ such that
AX 4 (AX)" = BB* (2.17)

if and only if Z(B) C Z(A). In this case, the general solution X of (2.17) can
be written as

1
X = EATBB* + VA" + FyW, (2.18)
where both V € C&y and W € C*™'™ are arbitrary.

LEMMA 2.5. Let Ay € C"*P By € C9*" Ay € C"™*", B, € C**"" and C € C"™"
be given. Then, the following hold.

(a) [18] There exist X € CP*1 and Y € C"™* such that
A1XB| +AYBy =C (2.19)

if and only if the following four rank equalities

¢ B

r[C7A17A2} = V[AhAQ}, r Bl = r|:B1:| , (220)
B> 2

r{g; [:)1} =r(A1)+r(B), r[gl %2} =r(Ay) +r(B) (2.21)

hold, or equivalently,

i
B B
[A1,Ar][A1L,Ar)fC=C, C [B;] [Bj =C, EsCFp, =0, E4,CFg =0.
(2.22)
(b) [21] Under (2.20) and (2.21), the general solutions of (2.19) can be decomposed
as
X=Xo+X1Xo+X3 and Y =Yy — Y1V, + Y3, (2.23)

where Xo and Yy are a pair of special solutions of (2.19), X1, X2, X3 and Y1, Y>, Y3
are the general solutions of the following four homogeneous matrix equations

AlX) +A2Y; =0, XoB +Y:B, =0, A\ X3B; =0, AyY3B,=0.  (2.24)

By using generalized inverses of matrices, (2.23) can be written in the following

parametric forms
X =Xo+[I,,0]FGWEy [I(ﬂ + Py Wi +W,Ep,, (2.25)
0
Y =Yy—[0,,]FGWER |:Is‘:| + Fp,W3 +W4Ep,, (2.26)

where G = [A1,Az], H = [gl], and the five matrices W, Wy, Wy, W3 and W,
2

are arbitrary.
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Lemmas 2.1-2.5 show that general solutions of some simple matrix equations can
be written as analytical forms composed by the given matrices and their generalized
inverses, as well as arbitrary matrices. These analytical formulas can be easily used to
establish various algebraic properties of the solutions of the equations, such as, their
ranks, ranges, uniqueness, definiteness, etc.

Ranks and inertias of matrices are both basic concepts and useful quantitative tools
in matrix theory. The following two lemmas are obvious from the definitions of rank
and inertia, which will be used in the latter part of this paper for solving the previous
problems.

LEMMA 2.6. Let A€ C™", B e C™", and C € C{}. Then, the following hold.
(a) A is nonsingular if and only if r(A) = m.
(b) B=0 ifand only if r(B) = 0.
() C=0 (C=0)ifandonlyifiy(C)=m (i—(C)=m),
d) C=0 (C<0) ifandonlyif i_(C) =0 (i (C) =0).

LEMMA 2.7. Let . be a set consisting of matrices over C"*" and let 7 be a
set consisting of Hermitian matrices over Cj. Then, the following hold.

(a) Under m=n, . has a nonsingular matrix if and only if maxyc o r(X) = m.
(b) Under m=n, all X € . are nonsingular if and only if minyc o r(X) = m.
(¢) 0€ .Y ifand only if minye » r(X) =0.

(d) ¥ ={0} if and only if maxxc.» r(X)=0.

(e) S has amatrix X =0 (X <0) if and only if

i (X) = (X)) = .
i (0) = (s (X) =)

(f) All X € S satisfy X =0 (X <0) if and only if
il (X) = i (X) = '
i 1:00) = (i i-(6) = )

(2) S hasamatrix X =0 (X <0) if and only if
ini_(X)=0 ini,(X)=0 ).
Jig i (X) (Q%”() )

(h) All X € S satisfy X =0 (X <0) if and only if

_(X)=0 i (X)=0].
maxi- (0)=0 (g, (0 =0)
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The question of whether a given matrix function is positive semi-definite or posi-
tive definite everywhere is ubiquitous in mathematics and applications. Lemma 2.7(e)—
(h) show that if certain explicit formulas for calculating the maximal and minimal iner-
tias of a given Hermitian matrix function are established, we can use them, as demon-
strated in Sections 2, 3 and 5 below, to derive necessary and sufficient conditions for
the Hermitian matrix function to be definite or semi-definite.

In order to simplify various matrix expressions involving generalized inverses of
matrices and arbitrary matrices, we need some useful expansion formulas for calculat-
ing ranks and inertias of matrices.

LEMMA 2.8. ([17]) Let A € C"™" B e C™* CeC*" and D € C**. Then,
the following rank expansion formulas hold

r[A, B] = r(A) + r(EsB) = r(B) + r(EgA), (2.27)

r{é — H(A) + r(CEy) = r(C) + r(AFe), (2.28)

r [é g =r(B) +r(C) + r(EpAFc), (2.29)

o] =i e (230
A B] 0 EB

r[c b= r(A) +r[CFA D—é‘ATB} : (2.31)

If Z(B) CZ(A) and Z#(C*) C Z(A*), then
FA Bl r(A)+r(D—CA'B) (2.32)
CcD . .
LEMMA 2.9. ([24]) Let A€ C{f, B C™", D € C}}, and define
A B A B
Ml:|: *0:|7 M2:|: *D:|

Then, the partial inertias of My and M, can be expanded as

ir(My) =r(B) +i+(EAEp), (2.33)
. . [ o EAB
ir(Mp) =is(A)+ix [B* E D BA B} (2.34)

In particular, the following hold.
(a) If A =0, then

i, (M) =r[A,B], i_(M;) = r(B). (2.35)
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(b) If A0, then

i (M) =r(B), i_(My)=r|A,B]. (2.36)

(©) If 2(B) C #(A), then

i+(Ms) = ix(A)+is(D—B*A'B). (2.37)

(d) it (Ml) =m<= i; (EBAEB) =0and r(EBAEB) = r(EB).

(€) My =0 < A=0, Z(B) C#(A) and D—B*A'B=0 < D=0, Z(B*) C
Z(D) and A — BCTB*>O.

f) My =0 ©A>=0and D—B*A"'B>0 < D >0 and A—BD'B* - 0.

(2) Under A =0 and A 3= 0, the inequality A = Ay holds if and only if Z#(A,) C
R(A) and Ay — AlATAl = 0.

LEMMA 2.10. Let A, B € Cjj and P € C"™*". Then the following hold.
(a) If A= B, then P*AP = P*BP.
(b) A=0 ifand only if AT =0
(¢) If I,—A =0, then I,,— PPTAPP" = 0.
(d) IfI,,—A > 0, then I,,— PPTAPP' = 0.
Proof. Result (a) is obvious from the definition of the positive semi-definiteness
of Hermitian matrix. Result (b) is obvious from similarity decomposition of A and the

definition of the Moore—Penrose inverse of a matrix. If A is Hermitian, then we can
find by Lemma 2.9(c), *-congruence transformation and (2.32) that

. [ A ApPT] .
li(lm—PPTAPPT):’i[PPTA I }—&(A)
m

_[A—APPTA 0] .
—l:i:[ 0 I,,J_li(A)

=is(Iy) +it(A—APPTA) —ii(A)

L R

[ “P— P*AP 0]
+l:|:

ir(PP*)—iy(A)
=it (Ly) +is[P —A)P]—iL(PP"),
namely

i (L, —PPTAPP") =m —r(P) 4 i [P*(I,—A)P], (2.38)
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i_(I,—PP'APP") =i [P*(I,—A)P]. (2.39)
If A X I, then (2.39) reduces to
i_(I,—PP'APP") =i [P*(I,—A)P]=0.

Hence, (c) follows by Lemma 2.6(d). If A < I,,,, then P*(1,,—A)P =0 and i [P*(1, —
A)P] =r[P*(Ly—A)P]=r(P). Thus, (2.38) reduces to

i (Ln—PP'APP") = m—r(P)+r(P)=m.
Hence, (d) follows by Lemma 2.6(c). [
In two earlier papers [22] and [30], an expansion formula for the rank of A —BXC

was established as follows

r(A—BXC):r[A

c] +r[A, B] — r(M) +r[Er, (X + TM'S)Fs, ], (2.40)

where

AB 0
M = [C 0], T=10,1,], S= [Ip]’ T\ =TFy, S1 = EuS,

and the following result was established.

LEMMA 2.11.([22,30]) Let A € C"™", B € C"™* and C € C!*" be given. Then
the global maximal and minimal ranks of A — BXC with respect to X € C**! are given
by

max r(A—BXC):min{r[A,B]7 r[ﬂ} (2.41)
XeCkxl C

. A AB
Xl;}clknxzr(A —BXC)=r[A,B]+ F[C} — I"|:C 0} . (2.42)

In particular,

max r(A—BX)=min{r[A, B], n}, min r(A—BX)=r[A,B]—r(B). (2.43)
XeCkxn XeCkxn
The matrices X that satisfy (2.41)—(2.43), namely, the global maximizers and min-

imizers of the objective rank function, are not necessarily unique and their general ex-
pressions can also be derived from the term E7, (X + TM'S )Fs, in (2.40); see [22, 30].

LEMMA 2.12. ([16, 25]) Let A€ Ci, B C™" and C € CP*™ be given. Then,
the global maximal and minimal ranks and partial inertias of A— BXC — (BXC)* are
given by

G . [AB] [ac
Xglé}?i,,r[A_BXC_(BXC) ]—mm{r[A,B,C I, r{ B O]’ r{c O}}’ (2.44)
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min r[A—BXC— (BXC)*] =2r[A, B,C]

XeCp
+max{sy+s_, ty+1_, 54 +1_, s_+11},
(2.45)
. o . f.[AB] . JacC
Xgl&)ipzi[A—BXC—(BXC) }—mln{zi [B* 0}, it {C O} }, (2.46)
min ii[A—BXC— (BXC)"] = r[A, B.C"] + max{ss, 11}, (2.47)
cCnxp
where
o _i[aB]_J[aBC]  _.[aC]_ [aBC
U0l BroOO) T FC0 cool
In particular,
max r[A—BX — (BX)*]=minqm, r A B (2.48)
XeCmm BT O] )’
min {A—BX — (BX)'] = r| 2 Bl _onp), (2.49)
XeCnxm 0
A B
i [A—BX — (BX)" ] =iy |5% 7|, 2.50
a4~ BX— (8] =iz . 0] 250)
min is[A—BX — (BX)"] =it |2 Bl —r(B) 2.51)
Xe(C”XmjE T B* 0 ' '

Egs. (2.44)—(2.51) were derived from some expansion formulas for the rank and
inertia of A — BXC — (BXC)* in [16, 25], while the matrices X that satisfy (2.44)—
(2.51) were also given in [16, 25] by using certain simultaneous decomposition of the
three given matrices and their generalized inverses.

We also need the following results on the ranks and inertias of the quadratic matrix-
valued functions

A+ (BX+C)(BX+C)"=A+ (BXX*B*+BXC"+CX*B*+CC")
and their consequences.

LEMMA 2.13. ([27]) Let A< Cjj and B € C™* and C € C™" be given, and let

[A+cCc*B] . [A-CcC*B] . [ABC

Then, the following hold.

(a) The maximal and minimal ranks and partial inertias of ¢(X) = A+ (BX +
C)(BX +C)* are given by

mcax r[¢1(X)] = min{r[A, B,C], r(G}), r(A)+n}, (2.52)
Xe kxn
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min r[61(X)] = 2r[A, B, €|+ max{u, ho, hs, ha}, (2.53)
X cChkxn
Xlgl&)iﬂi.,.[(bl (X)] =min{i;(Gy), i+(A)+n}, (2.54)
max i_[¢;(X)] =min{i_(Gy), i_(A)}, (2.55)
XeChkxn
Xrerclci,?xnbr[d)l (X)]=r[A, B,C]+max{iy(G,) —r(G3), i+(A)—r[A,B]},
(2.56)
min i[¢1(X)]=r[A, B, C]+max{i_(G1) —r(Gs), i-(4)—r[A, B]—n},
X cChkxn
(2.57)
where

|
e
|
=
ES
=
|
s

(b) The maximal and minimal ranks and partial inertias of ¢(X) = A — (BX +
C)(BX +C)* are given by

max r[02(X)] = min {r{A, B.C1, r(Ga). r(A) +n}. 25®)
XeCkxn
Hgn V[(PQ(X)] = ZV[A,B, C] +max{h5, he, hz, h8}7 (2.59)
X eChkxn
max i+[¢x(X)] =min{i.(G2), i+(A)}, (2.60)
X eChkxn
max i—[¢(X)]=min{i_(Gy), i—-(A)+n}, (2.61)
XeChkxn
Xn%:in l+[¢2(X)] = }"[A, B, C] +max{i+(G2) —r(Gs), i+(A)— F[A, B] _n}v
cCkxn
(2.62)
Hgn l_[¢2(X)] = }"[A, B, C] +max{i_(G2) —r(Gs), i-(A)— F[A, B]}7
XeCkxn
(2.63)
where

hg =i_(Gy) —r(G3)+ir(A)—r[A,B] —n.

The matrices X that satisfy (2.52)—(2.63) can be derived from those satisfying (2.44)—
(2.47).

When C =0, Lemma 2.13 reduces to the following result.



LINEAR MATRIX INEQUALITIES IN THE LOWNER PARTIAL ORDERING

13

COROLLARY 2.14. ([26]) Let A € C}} and B € C™" be given, and let M =

[A* I(ﬂ . Then, the following hold.

(a) The maximal and minimal ranks and partial inertias of A+ BXX*B* are given

by
max r(A+BXX*B*) =r[A, B],
XeCnxn
n(lcin r(A+BXX*B*) =i (A)+r[A,B]—ir (M),
Xe nxn
max iy (A+BXX*B*) =i (M),
XeCnxn
max i—(A+BXX*B")=i_(A),
XECHXH
min i (A+BXX*B*) =i (A),
XECHXH
min i (A+BXX*B*) =r[A, B] — i, (M),
Xe(cn)(n
and

max r(A—BXX*B*) =r[A, B],

XG(C”X"

min r(A—BXX*B*)=i_(A)+r[A,B]—i_(M),
XECHXH

max iy (A—BXX*B*) =i.(A),
Xe(cnxn

max i_(A—BXX"B*
XECHXHL ( ) ( )

min i, (A—BXX'B*) = r[A, B] —i_(M),
XeCnxn

min i_(A—BXX*B") =
min i ) =i (A).

(b) If A =0, then
max r(A+BXX"B*) =r[A, B],
XECHXH
min r(A+BXX*B*) =r(A),
XECHXH

and

max r(A—BXX*B")=r[A, B],

XGCMXM

min (A —BXX*B"*) = r[A, B] — r(B),
XGCMXM

max i, (A—BXX*B*) =r(A),
XeC)lX)l +( ) ( )

max i_(A—BXX*B*) = r(B),
XeCnxn

(2.64)
(2.65)
(2.66)
(2.67)
(2.68)

(2.69)

(2.70)
(2.71)
(2.72)
(2.73)
(2.74)

(2.75)

(2.76)

(2.77)

(2.78)
(2.79)
(2.80)

2.81)
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min i\ (A—BXX'B") =r[4, B]—r(B), (2.82)
XeCnxn

min i_(A—BXX*B")=0. (2.83)
XeCnxn

The matrices XX* that satisfy (2.64)—(2.83) can be derived from those satisfying
(2.44)—(2.47).

3. General solution of AXB = C (> C, < C, < C) and its properties

A necessary condition for (1.2) to hold is AXB = (AXB)*. In such a case, the
matrix X satisfying AXB = (AXB)* is called a symmetrizer of AXB; see [2]. In this
section, we derive an analytical presentation for the general solution of the LMI in
(1.2) by using the given matrices and their generalized inverses, and establish various
algebraic properties of the LMI.

THEOREM 3.1. Let A € C"*?, B € C¥*" and C € C{j be given, and define

CCADO
M = [Ey, Fg|, N= ;gg%* . (3.1)
0BOO
(a) Then, the following statements are equivalent.
(i) There exists an X € CP*1 such that
AXB = C. (3.2)

(i) M*"CM <0 and Z(M*CM) = %(M*C).
(iii) i—(M*CM) = r(M*C).
L CA O
(iv) i—(N) = r{c 0 B*}
In this case, the general solution X € CP*? of (3.2) and the corresponding AXB

can be written in the following parametric forms

X =A"CB' —ATcM(M*CM)*M*CB' + ATEy UU*EyBY +W — ATAWBB',
(3.3)
AXB=C—CM(M*CM)*M*C+ EyUU*Ey, (3.4)

where U € C"™"™ and W € CP*1 are arbitrary.
(b) There exists an X € CP*4 such that

AXB > C (3.5)
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if and only if

M*CM <0 and rA 0c =m+r[A, BY] (3.6)
o 0B*C| ’ ’ ’
In this case, the general solution X of (3.5) can be written as (3.3), in which U €
C™ ™ is any matrix such that r[CM, EyU] =m, and W € CP*4 is arbitrary.

Proof. Inequality (1.2) is obviously equivalent to the following linear-quadratic
matrix equation
AXB=C+YY". 3.7)

By Lemma 2.2, this equation is solvable for X if and only if

EA(C+YY*)=0 and (C+YY")Fp=0, (3.8)
that is,
Ej «_ _ |EaAC
|:FB] YY* = [FBC} . (3.9

By Lemma 2.1(b), this quadratic matrix equation is solvable for YY* if and only if

E E
[Fﬂ C|Ea, F3) <0 and r<[F2] C[EA,FB}> = r(C|Eq, F3)),
that is,
M*CM <0 and r(M*CM) = r(M*C). (3.10)
Note from i (M*CM) < r(M*CM) < r(M*C) that

M*CM <0 & i_(M*CM) = r(M*CM), (3.11)
r(M*CM) = r(CM) & Z(M*CM) = Z(M*C). (3.12)

So that (3.10) is equivalent to (ii) and (iii) in (a), respectively. It is easy to see from
(2.33) that

i (M"CM) = iy ( [ﬁﬂ ClEy, FB]) — i (N)—r(A) - r(B), (3.13)
r(M*CM) =r(N) —2r(A) — 2r(B), (3.14)
ccC
r(CM) =r(C[E4, Fgl) =1 |A* 0] —r(A) —r(B)
0 B
_ r[g e g} — r(A)— r(B), (3.15)

H(M) = r[Ex, Fy] = r[g e ﬁ:] — r(A) — r(B)

= m+r[A, B*] - r(A) — r(B). (3.16)
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So that (iii) and (iv) in (a) are equivalent. Under the conditions in (a), the general
solution YY* of (3.9) can be written as

YY* = —CM(M*CM)'M*C+ EyUU*Ey;, (3.17)
where U € C"™*™ is arbitrary. Substituting the YY* into (3.7) gives
AXB=C—CM(M*CM)"M*C + EyUU"Ey,. (3.18)
By Lemma 2.2, the general solution X of (3.18) is
X =A'CB" —ATCM(M*CM)"M*CB" + A"Ey UU*EyB" +W — ATAWBB',

establishing (3.3) and (3.4).
It can be seen from (3.18) that (3.5) holds if and only if

—CM(M*CM)"M*C + EyUU*Ey > 0 (3.19)
for some U. Under the conditions in (a), we have

r[—~CM(M*CM)"M*C+ EqUU*Ey | = r|—CM(M*CM)"M*C, EyUU*Ey]
=r[CM, EyU).
Hence,
mUaxr[—CM(M*CM)TM*c+EMUU*EM} = r[CM, Ey)
= r(MM'CM) + r(Ey) = r(CM) +m — r(M)
[A 0C
=r

e c} —r[A, B]. (3.20)

Thus, (3.19) is equivalent to (3.6). [

The following result can be shown similarly.

COROLLARY 3.2. Let Ac C"™P, B e C?™ and C € C{j be given, M and N be
as given in (3.1).

(a) Then, the following statements are equivalent.

(i) There exists an X € CP*1 such that

AXB < C. (3.21)

(i) M*CM =0 and #(M*CM) =% (M*C).
(iii) iy (M*CM) = r(M*C).

S A
(iv) i (V) = r[g 0 ﬂ
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In this case, the general solution X € CP*1 of (3.21) and the corresponding AXB
can be written in the following parametric forms

X =ATCB" —ATCM(M*CM)"M*CB" — A"EyyUUEyB" +W — ATAWBB'

(3.22)
AXB=C—CM(M*CM)'M*C — EyUU*Ey,, (3.23)

where U € C™™ and W € CP*1 are arbitrary.

(b) There exists an X € CP*4 such that
AXB<C (3.24)
if and only if
M*CM =0 and A0CH_ +r[A, B"] (3.25)
70 and 1| po | =m+r[A BT, .

In this case, the general solution X of (3.24) can be written as (3.22), in which
U is any matrix such that r[CM, EyU]| = m, and W € CP*4 is arbitrary.

We next establish some algebraic properties of the fixed parts in (3.3) and (3.22).

COROLLARY 3.3. Let Ac C"™P, Be C?™ and C € C{j be given, M and N be
as given in (3.1), and define

X =A'cB" —Afem(m*cm) m*CB'. (3.26)

(a) Under the condition that (3.2) has a solution, the X in (3.26) satisfies AXB >=C,
and

i+(AXB) = r(A) 4+ r(B) +i+(C) — i+ (N), (3.27)

r(X) = r(AXB) = 2r(A) 4+ 2r(B) 4+ r(C) — r(N), (3.28)

iy (AXB—C)=r(AXB—C)=2r A 0C —r(N). (3.29)

0B*C

(b) Under the condition that (3.21) has a solution, the X in (3.26) satisfies AXB <C,
and

i+(AXB) = r(A) + r(B) +i+(C) — i+ (N), (3.30)

r(X) = r(AXB) = 2r(A) 4 2r(B) 4 r(C) — r(N), (3.31)

r(AXB—C)=i,(AXB—C)=2r [g g* g} —r(N). (3.32)

Proof. Unq\er the condition that (3.2) has a solution, set U =W =0 in (3.3). Then
we see that the X in (3.26) is a solution of AXB >= C. Also note from (3.18) that

AXB = (AXB)* = C—CM(M*CM)"M*C, (3.33)
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AXB—C=(AXB—C)* = —CM(M*CM)'M*C = 0. (3.34)
In this case, applying (2.37) and (2.32) to (3.33) and (3.34), we obtain

r(X) = rlATcB" —ATcM (M cM) M*CBT]
_[mrem M*CBY
~|ATcM ATCBY

i+(AXB) = iL[C—CM(M*CM) M*C]
. [mrcm mC
lem
r(AXB—C)=i_(AXB—C) = r[CM(M*CM)"M*C]
M*CM M*C
cM 0

] — r(M*CM), (3.35)

} — i (M*CM), (3.36)

} — r(M*CM). (3.37)

Applying elementary matrix operations, congruence matrix operations and (2.29), we
obtain

o
M*CM M*CB' ] A
r =r| | Fg| C|Ea, Fp,B']
[ATCM A'CB? At
]
=r| | Fg| C[E4, 1., B'] | = r(C), (3.38)
AT
. [mrcm M) . Joo] .
li|: cM C ] =1+ [0 C] :li(C), (3.39)
{MCEM MOC] 2R (M7C) = 2r B . g] _2(A) —2r(B). (3.40)

Substituting these formulas into (3.35)—(3.37) yields (3.27)-(3.29). Results (b) can be
shown similarly. [J

COROLLARY 3.4. Let A€ C™?, B C™" and C € C{{ be given, and M and
N be as given in (3.1). Also assume that (3.2) is feasible, and define

A ={XeCrvAXB:=C}. (3.41)
Then, the following hold.

(a) The minimal matrices of AXB and AXB — C subject to X € ./} in the Lowner
partial ordering are given by

min{AXB | X € 71} =C—CM(M"CM)'M'C, (3.42)

min{AXB—C|X € 71} = —CM(M*CM)*M*C. (3.43)
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(b) The maximal and minimal ranks and partial inertias of AXB and AXB — C sub-
jectto X € .| are given by

max r(AXB) = max i1 (AXB) =r(A) +r(B) — r[A, B*], (3.44)
Xe XeAN

)?;1} r(AXB) = ;1151 i+(AXB) =r(A)+r(B) +i+(C) —it(N), (3.45)
max i (AXB) =r(A)+r(B)+i_(C)—i_(N), (3.46)
Xe

Jnin i (AXB) =0, (3.47)
max r(AXB—C) =r(N)—r(A)—r(B) — r[A, BY], (3.48)
Xe A

AO0C
Xnenﬁr}l r(AXB—C)= [O B* C} —r(A) —r(B). (3.49)

In consequence, the following hold.

(¢c) There exists an X € CP* such that AXB = 0 and AXB = C if and only if
r[A, B*] = r(A) +r(B) —m.
(d) There exists an X € CP*4 such that 0 = AXB = C if and only if C < 0 and

o 5 €] =+ @)

(e) There exists an X € CP*? such that 0 %= AXB = C if and only if C < 0.
(f) There always exists an X € CP*9 such that AXB = 0 and AXB = C.

Proof. From (3.18), both AXB and AXB — C subjectto X € .| can be written as
AXB=(AXB)"=C— CM(M*CM)TM*C—I—EMUU*EM

= AXB+EyUU*Ey, (3.50)
AXB—C=(AXB—C)* = —CM(M*CM)'M*C+ EyUU"Ey
= AXB—C+EyUU*Ey,. (3.51)
Hence,
AXB = C—CM(M*CM)'M*C, AXB—C = —CM(M*CM)'M*C (3.52)

hold for any U € C™*", which implies (3.42) and (3.43).
Applying elementary matrix operations, congruence matrix operations, (2.29) and
(3.16), we obtain

r(Ey) =m—r(M)=r(A)+r(B)—r[A, B"], (3.53)
r[Ey, AXB] = r(Ey) 4+ r(AXBM) = r(Ey) + r[ (AXB)*Ex, AX BFp]
=r(Ey) =r(A)+r(B) —r[A,B"], (3.54)

AR 0 E "
it [Aéi/lB EOM} = |:EM (;V[ =r(Ey) =r(A)+r(B) —r[A,B"]. (3.55)
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Applying (2.64)—(2.69) to (3.50) and (3.51) and simplifying by (3.53)—(3.55), we obtain

max r(AXB) = max r(AXB+EyUU*Ey)
Xe A UeCmxm
= r[Ey, AXB] = r(A) + r(B) — r[A, B*],

min (AXB) = min r(AXB+ EyUU*Ey)
Xe A UeCmxm

=i, (AXB) +r|Ey, AXB] — i Féf Eé”]

=r(A)+r(B) +i+(C) — i (N),
max iy (AXB) = max i+ (AXB+EyUU*Ey)
Ue ‘mxm

Xes|
— i [SXBEME ) 1 r(B) - r(a, B7],
Ey O
ini (AXB)= min ii(AXB+ EyUU*E
;g};lu( )= min_i+(AXB+Ey M)

=i (AXB) = r(A)+r(B) +i{(C) — i (N),

max i_(AXB) = max i_(AXB+EyUU"Ey)
XeAN UeCmxm

— i (AXB) = r(A)+r(B)+i_(C)—i_(N),

min i_(AXB) = min i_(AXB+EyUU"Ey)
XeAN UeCmxm

— r[Ey, AXB] — i [Agf Eﬂ —o,

establishing (3.44)—(3.49). Note from (3.18), that

r(AXB—C) = r[—CM(M*CM)"M*C+ EyUU*Ey|
r[~CM(M*CM)*M*C, EyUU*Ey ] = r[CM, EyU].

Hence, we can find from (2.27), (2.28), (3.40) and (3.14) that
max r(AXB—C)= max r[CM,EyU]
XeAN UeCmxm
=r[CM, Ey] =r(M*"CM)+r(En)
=r(N)—r(A) —r(B) —r[A,B"],

min r(AXB—C)= min r[CM, EyU]
XeA yeCmx=m

=r(CM) =r [g ;)* g} —r(A) —r(B),

establishing (3.48) and (3.49). Result (b) can be shown similarly. [J
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COROLLARY 3.5. Let A€ C™*?, B C™" and C € C{{ be given, and M and
N be as given in (3.1). Also assume that (3.21) is feasible, and define

SH={XeCP*9|AXB=<C}. (3.56)
Then, the following hold.

(a) The maximal matrices of AXB and AXB — C subject to X € . in the Lowner
partial ordering are given by

max{AXB | X € 7} =C~ CM(M*CM)'M*C, (3.57)
max{AXB—-C|X € #} = —CM(M*CM) M C. (3.58)

(b) The maximal and minimal ranks and partial inertias of AXB and AXB — C sub-
jectto X € % are given by

max r(AXB) = max i_ (AXB) = r(A) + r(B) — r|A, B*], (3.59)
Xes XeS

XHeIE}z r(AXB) = Xrggz i—(AXB) =r(A)+r(B)+i_(C)—i_(N), (3.60)
max iy (AXB) = r(A) + r(B) +i.(C) — iy (N), (3.61)
XeSH

;Iéiyt}z i+(AXB) =0, (3.62)
max r(AXB—C)=r(N)—r(A)—r(B) —r[A,B*], (3.63)
Xes

. AO0C
}?;1;2 r(AXB—C)=r {O B* C} —r(A) —r(B). (3.64)

In consequence, the following hold.

(¢) There exists an X € CP*4 such that AXB < 0 and AXB < C if and only if
r[A, B*| =r(A) +r(B) —m.

(d) There exists an X € CP*4 such that 0 < AXB < C if and only if C > 0 and
r {g l(;* g] =r(A)+r(B).

(e) There exists an X € CP*? such that 0 < AXB < C if and only if C = 0.

(f) There always exists an X € CP*9 such that AXB <0 and AXB < C.

In what follows, we give some consequences of Theorem 3.1 for different choice
of Cin (1.2).

THEOREM 3.6. Let A€ C™7, B C?" and C € C{j be given, and M be as
given in (3.1), and assume that AXB = C is consistent. Then, the following hold.
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(a) The general solution of AXB = C and the corresponding AXB can be written as
X =A'CB"+ATEyUU*EyB" +W — ATAWBBT, (3.65)
AXB=C+EyUU Ey, (3.606)

where U € C™™ and W € CP*1 are arbitrary.

(b) There exists an X € CP*4 such that AXB - C ifand only if r(A) =r(B) =m. In
this case, the general solution X of AXB > C and the corresponding AXB can
be written as

X =A'CB"+A"UB" +W —ATAWBB', (3.67)
AXB=C+U, (3.68)
where 0 < U and W € CP*1 are arbitrary.

(c) The general solution X of AXB < C and the corresponding AXB can be written
as

X =ATCB" —A"EyUU*EyB" +W — ATAWBBT, (3.69)
AXB=C—EyUU Ey,, (3.70)
where U € C™™ and W € CP*1 are arbitrary.

(d) There exists an X € CP*4 such that AXB < C ifand only if r(A) =r(B) =m. In
this case, the general solution X of AXB < C and the corresponding AXB can
be written in the following parametric forms

X =A'CB"—A"UB" +W —ATAWBB', (3.71)
AXB=C-U, (3.72)

where 0 < U and W € CP*1 are arbitrary.

COROLLARY 3.7. Let A€ C"*P B C?" and C € C"™"™ be given, and let M
be as given in (3.1). Then, the following hold.

(a) The inequality
AXB = —CC* (3.73)

is always feasible; the general solution X of (3.73) and the corresponding AXB
can be written as

X =—A'CC*B" +ATCc(M*C) (M*C)C*B" + ATEyUUEyB" +W — ATAWBB'
(3.74)

AXB = —CC* +C(M*C)" (M*C)C* + EyUU*Ey,, (3.75)

where U € C"™"™ and W € CP*? are arbitrary.
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(b) There exists an X € CP*4 such that
AXB - —CC* (3.76)

. . 1A 0C
if and onlyzfr[o B C

of (3.76) can be written as (3.74), in which U € C™™ is any matrix such that
r[CC*M, EyU] =m, and W € CP*4 is arbitrary.

=m+r[A, B*]. In this case, the general solution X

(¢) The inequality
AXB < CC* (3.77)

is always feasible; the general solution X of (3.77) and the corresponding AXB
can be written in the following parametric forms

X =ATcC*B" —ATCc(M*C) (M*C)C*B" — ATEyUUEy BT +W — ATAWBBT,

(3.78)
AXB=CC*—C(M*C)T(M*C)C*+EMUU*EM7 (3.79)
where U € C"™"™ and W € CP*1 are arbitrary.
(d) There exists an X € CP*1 such that
AXB < CC* (3.80)
. . 1A 0C « . .
if and only if r 0B Cl =™ +r[A, B*]. In this case, the general solution X of

(3.80) can be written as (3.78), in which U is any matrix such that r[CC*M, EyU ]
=m, and W € CP*4 is arbitrary.

COROLLARY 3.8. Let A € C"*P B & CT*"™ and C € C"™™ be given, and let M
be as given in (3.1). Then, the following hold.

(a) There exists an X € CP*9 such that
AXB = CC* (3.81)

if and only if
Z(C) CH(A) and Z(C) C Z(B"). (3.82)

In this case, the general solution X of (3.81) and the corresponding AXB can
be written as

X =A'cC*'B" + ATEyy UU*Ey BT + W — ATAWBB', (3.83)
AXB = CC* + EyUU*Ey, (3.84)

where U € C"™"™ and W € CP*1 are arbitrary.
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(b) There exists an X € CP*4 such that
AXB ~ CC* (3.85)

if and only if r(A) = r(B) = m. In this case, the general solution X of (3.85) can
be written as (3.83), in which U € C™™ is any matrix with r(EyU) = m, and
W € CP*4 js arbitrary.

(¢) There exists an X € CP*9 such that

AXB < —CC* (3.86)
if and only if (3.82) holds. In this case, the general solution X of (3.86) can be
written as

X =-A'cC*B" —ATEyUU*Ey BT + W — ATAWBB', (3.87)
AXB = —CC*— EyqUU”Ey, (3.88)

where U € C"™"™ and W € CP*1 are arbitrary.
(d) There exists an X € CP*1 such that
AXB < —CC* (3.89)

if and only if r(A) = r(B) = m. In this case, the general solution X of (3.89) can
be written as (3.87), in which U € C™™ is any matrix with r(EyU) = m, and
W € CP*4 is arbitrary.

COROLLARY 3.9. Let A € C"™*P B € CI9*™ be given, and let M be as given in
(3.1). Then, the following hold.

(a) The general solution X € CP*1 of
AXB =0 (3.90)
and the corresponding AXB can be written as

X =A"EyUUEyB" +W — ATAWBB' (3.91)
AXB = EyUU*Ey, (3.92)

where U € C™™ and W € CP*1 are arbitrary.
(b) There exists an X € CP*4 such that
AXB >0 (3.93)

if and only if r(A) = r(B) = m. In this case, the general solution X of (3.93) can
be written as (3.91), in which U € C"™™ is any matrix such that r(EyU) = m,
and W € CP*4 is arbitrary.
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We next establish a group of formulas for calculating the ranks and inertias of
AXB— D subject to (3.2), and use the results obtained to derive necessary and sufficient
conditions for the following two-sided inequality

D= AXB=C (3.94)

and their variations to hold.

COROLLARY 3.10. Let A€ C™7, Bc C" and C, D € Cjj be given, and let
A be of the forms in (3.41), and define

cc c a0 DDA

cc ¢ 0B D D0 B* A 0D
Ki=|CCC-D0O0|, k=], , 3=[ g } (3.95)

g A*00 0 0B D

A0 0 00 0 B0 0

0B 0 00

Then, the maximal and minimal ranks and partial inertias of AXB — D subject to X €
S are given by

max r(AXB—D) = r(Ks) ~ r[A. B"], (3.96)
e
min r(AXB—D)=i.(Ky)+r(K3) — r(K2), (3.97)
Xe A
max i (AXB = D) =i (K2) = 1[4, B], (3.98)
max i (AXB—D) =i (K)) ~i-(K2), (3.99)
min is (AXB—D) =i (Ky) —is(K2), (3.100)
Xe
min i_(AXB—D) = r(K3) —i_ (K2). (3.101)
Xe

In consequence, the following hold.

(a) There exists an X € CP*4 such that AXB >~ D and AXB = C if and only if
i_(Ky) =r[A, B*] +m.

(b) There exists an X € CP*9 such that D = AXB = C if and only if D >~ C and
i—(Ky) =i_(Ky)+m.

(¢) There exists an X € CP*4 such that D = AXB = C if and only if D = C and
iy (K1) =i (K2).

(d) There exists an X € CP*4 such that AXB = C and AXB = D fand only if r(K3) =
i—(K).
Proof. From (3.17), AXB — D subjectto X € .| can be written as
AXB—D=C—D—CM(M*CM)'M*C+EyUU"Ey
=AXB— D+ EyUU"Ey. (3.102)
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where X and AXB are defined in (3.26) and (3.33). Applying (2.29), (3.13), (3.14),
(3.53)—-(3.55) and elementary matrix operations, we obtain

r[EM, A)/(\B — D] = V[EM, D] = V(EM) + r(DM) = r(EM) —+ r[DEA, DFB]

A0D . )
:’{0 B* D} —r[A, B"] = r(Ks) —r[A, B"], (3.103)
. [AXB—DEy| . [-DEu| ., .
’i{ En 0] —li[EM o] = i (M°DM) + r(Ew)
=iz(Kz) —r[4, B"], (3.104)
i+(AXB—D) = i+[C—D— CM(M*CM)"M*C]
[mrem mec
- i[ iy C_D}—zi(M M)
e om CCAO
cc ¢ 0B ceal
—i.|ccc-poo| il
\ 4000
A0 0 00 o0
0B 0 00
= (k) —ix (ko). (3.105)

Applying (2.64)—(2.69) to (3.102) and simplifying by (3.103)—(3.105), we obtain

max 7(AXB—D)= max r(AXB—D+EyUU"Ey) = r[Ey, AXB— D]

XeAN UeCmxm
=r(Kz) —r[A, BY],
min 7(AXB—D)= min r(AXB—D+EyUU"Ey)
Xes UeCmxm
— i (AXB— D)+ r[Ey,AXB—D] i, {Axg_D Eé”]
M

=i (Ky)+r(K3)—r(K),

) S . . [AXB—DEy
max i (AXB— D)= max AXB—D+EyUUEy ) =
Xe%hr( )= e, . u) l+[ Em 0}
=i_(Ky) —r[A, B*],
max i (AXB—D)= max i (AXB—D+EyUU*Ey)=i_(AXB—D)
XeAN UeCmxm

=i (K)—i-(K2),

min i, (AXB—D)= min i,(AXB—D+EyUU"Ey)=i,(AXB—D)
Xe S UeCmxm

=i (Ky) — it (K2),
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min i (AXB—D)= min i (AXB—D+EyUU*Ey)
Xe A UeCmxm

= r|[Ey, AXB—D] i, [Ang— b Eﬂ

=r(K3) —i-(K2),

as required for (3.96)—(3.101). O

4. General Hermitian solution of AXA* = B(> B, < B, < B) and its properties

The LMIs in (1.3) are the simplest case of all LMIs with symmetric pattern. Due
to the importance of matrix inequalities in the Lowner partial ordering, any contribu-
tion on this type of LMIs is valuable from both theoretical and practical points of view.
Some previous work on solvability and general solutions of (1.3) and their applica-
tions in system and control theory were given in [20] by using SVDs of matrices. In
a recent paper [24], necessary and sufficient conditions for the LMIs in (1.3) to hold
were obtained by using some expansion formulas for the inertia of the matrix function
B —AXA*, while general Hermitian solution of AXA* < B was established in [28]. In
this section, we reconsider (1.3) and give a group of complete conclusions on Hermitian
solutions of the LMIs and their algebraic properties.

THEOREM 4.1. Let A € C"™*" and B € Cjj be given, and let N = {B* g] .
(a) Then, the following statements are equivalent:

(i) There exists an X € C{j such that
AXA* = B. 4.1

(i1)) EpABEA <0 and <%(EABEA) = <%(EAB).
(lll) i (EABEA) = I"(EAB).
(iv) iy (N)=r(A) and i_(N) =r[A, B].

In this case, the general Hermitian solution X of (4.1) and the corresponding
AXA* can be written in the following parametric forms

X =A'B(ATY — ATBE,(EABE,) 'EAB(AT) +UU* +W —ATAWATA, (4.2)
AXA" = B—BEs(EsBEs) EAB+AUU"A", (4.3)

where U € C"" and W € CJ; are arbitrary.
(b) There exists an X € C{; such that

AXA* - B 4.4)
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if and only if
EABE4s <0 and V(EABEA) = V(EA). 4.5)

In this case, the general Hermitian solution X of (4.1) can be written as (4.2), in
which U is any matrix such that r[BE,, AU| =m, say, U =1,, and W € C}; is
arbitrary.

(c) [28] The following statements are equivalent:
(i) There exists an X € C{j such that

AXA* < B. (4.6)

(i) EpABEA =0 and %(EABEA) = %(EAB)
(111) i+ (EABEA) = V(EAB).
(iv) iy (N)=r[A,B] and i_(N) = r(A).

In this case, the general Hermitian solution X of (4.6) and the corresponding
AXA* can be written in the following parametric forms

X =A"B(ATY — ATBE,(EABE,)'EAB(AT) —UU*+W —ATAWATA, (4.7)
AXA* = B— BE4(EABE,) EAB — AUU*A*, (4.8)
where U € C"™" and W € Cf; are arbitrary.
(d) There exists an X € C such that
AXA* < B (4.9)

if and only if EABEs = 0 and r(EABE4s) = r(Ex). In this case, the general
Hermitian solution X of (4.9) can be written as (4.7), in which U is any matrix
such that r[BEs, AU| =m, say, U =1,, and W € CJ; is arbitrary.

Proof. Inequality (4.1) can be relaxed to the following quadratic matrix equation
AXA*=B+YY™. (4.10)

By Lemma 2.3(a), (4.10) is solvable for X if and only if Eq(B+YY*) =0, that is,
E YY" = —E\B. (4.11)

By Lemma 2.1(b), (4.11) is solvable for YY* if and only if EABE4 < 0 and r(EsBE4) =
r(EsB), establishing the equivalence of (i) and (ii) in (a). The equivalence of (ii) and
(iii) in (a) follows from (2.33) and i_ (EsBE4) < r(EABE4) < r(EsB). The equivalence
of (iii) and (iv) in (a) follows from (2.33). In this case, the general solution YY* of
(4.11) can be written as

YY* = —BEA(EABEA) EoB +AATVV*AAT,
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where V is an arbitrary matrix. Substituting the YY* into (4.10) gives
AXA* = B— BEs(EABE,) ExB+AATVV*AAT. (4.12)
By Lemma 2.3(a), the general Hermitian solution X of (4.12) can be written as
X = A"B(A")* — ATBEA(EABEA) EAB(AT)" + ATVV*(AT)* + W —ATAWATA, (4.13)

where V € C"™™ and W € Cl} are arbitrary. Replacing ATVV*(AT)* with UU* gives
(4.2), which is also the general solution X of (4.1).
It can be seen from (4.3) that (4.4) holds if and only if

—BEA(EABEA)TEAB—i—AUU*A* =0 (4.14)
for some U. Under (ii) in (a), we have

7| —BEs(EABE,) EsB+AUU*A*] = r[—BEA(EABE4) EAB, AUU*A*]
= r[BE,, AU .

Hence,
ml?x r[—BE, (EABEA)TEAB—I—AUU*A*] = ml?xr[BEA, AU |
= r[BEA, A} = V(EABEA) —+ r(A),

so that (4.4) holds if and only if r(E4BEs) + r(A) = m. Thus (b) follows. Results (c)
and (d) can be shown similarly. [

Concerning the constant term in (4.2), we have the consequence.
COROLLARY 4.2. Let A € C™" and B € C{} be given, and let
X = A'B(A")" — ATBE,(EABE,) EAB(AT)*. (4.15)
Then, the following hold.

(a) Under the condition that (4.1) is feasible, X is a Hermitian solution of (4.1), and

i (X) =i (AXA") =i.(B), (4.16)
i (X)=i (AXA*)=r(A)+i_(B)—r[A, B], (4.17)
r(X) = r(AXA*) = r(A) + r(B) — r[A, B], (4.18)

i (B—AXA*)=r(B—AXA") = r(B) —r(AXA*) = r[A, B] — r(A). (4.19)

(b) Under the condition that (4.6) is feasible, X is a Hermitian solution of (4.6), and

iy (X) =i (AXA") =r(A)+i.(B)—r[A, B], (4.20)
i (X)=i_ (AXA*)=i_(B), (4.21)
r(X) = r(AXA*) = r(A) + r(B) — r[A, B], (4.22)

iy (B—AXA") = r(B—AXA*) = r(B) — r(AXA*) = r|[A, B] — r(A). (4.23)
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Progf. Under the condition that (4.1) has a solution, set U = W =0 in (4.2), we
see that X in (4.15) is a Hermitian solution of AXA* >= B. In this case, applying (2.37)
to (4.15) and simplifying by congruence matrix operations, we obtain

i+(X) =i+[ATB(AT) — ATBE,(EABEA) EAB(AT)"]

[EABE, EzB(AT)*

=14 _ATBEA A}-B(A}')*:| - l:i:(EABEA)

. [ B BAT) .
~AtB ATB(AT)*] ~ F(EaBEs)
. [BO] . . .
=1+ O 0] — 1+ (EABEA) =14+ (B) — 1+ (EABEA), (4.24)
i+(AXA") = ii|B— BEA(EABE,)EAB|
. [EABE4 E4B]| .
=14 i 2EAA g :| —li(EABEA)
. fool .
=14+ _O B] — li(EABEA)
= i1 (B) — i+ (EABEy,). (4.25)

In consequence,

establishing (4.16), (4.17) and (4.18). Applying (2.37) and simplifying by congruence
matrix operations, we obtain
i+(B—AXA*) = ii|BEs(EABE,) E4B]

. [~EABEA EAB] .
= li|: BEA 0 :l - l;(EABEA)

. 0 E4B .
=14+ |:BEA ‘8 :| - l;(EABEA)
= V(EAB) - i;(EABEA). (426)

In consequence,

iy (B—AXA") = r(EsB) —i_(EsBEs) = r(EsB) — r(E4BE,) =0,
i_(B—AXA*) = r(EsB) — i (EABE,) = r[A, B] — r(A),

establishing (4.19). Result (b) can be shown similarly. [J

The following two corollaries are derived from Corollaries 3.3 and 3.4.
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COROLLARY 4.3. Let A€ C™" and B € C}j be given. Then, the following hold.
(a) Under the condition that (4.1) is feasible, define
A ={X eC}; | AXA" = B}. (4.27)

Then, the minimal matrices of AXA* and AXA* — B subject to X € .| in the
Lowner partial ordering are given by

min{AXA* | X € S} = B— BEy(EABE,)"E,B, (4.28)
k

min{AXA" —B| X € 71} = ~BEA(EABE+)'E4B, (4.29)

while the maximal and minimal ranks and partial inertias of AXA* and AXA* —
B subject to X € A are given by
max r(AXA") = max i (AXA") = r(A), 4.30
max r(AXA") = max i+ (AXA") = r(4) (430)

in r(AXA*) = min i, (AXA*) =i, (B 431
Jmin r(AXAT) = min i (AXA") = i;.(B), (4.31)

max i (AXA*) = r(A)+i_(B) —r[A, B], (4.32)
Xes|

in i (AXA") =0 4.33
f2 - =0 -

max r(AXA* — B) = r[A, B], (4.34)
Xes|

min r(AXA* —B) =r[A, B] — r(A). (4.35)
Xes)

(b) Under the condition that (4.6) is feasible, and define
SH={X eC};|AXA" < B}. (4.36)

Then, the maximal matrices of AXA* and AXA* — B subject to X € .5 in the
Lowner partial ordering are given by

max{AXA* | X € .5} = B— BEs(EABEs)"E4B, (4.37)
?

max{AXA® —B| X € %2} = ~BEs(EABEx)'ExB, (4.38)

while the maximal and minimal ranks and partial inertias of AXA* and AXA* —
B subject to X € ./ are given by

AXA*) = | (AXA*) = r(A 4.39

max r( ) i ( ) =r(A), (4.39)
in (AXA*) = min i_(AXA*) =i_(B 4.40
;gl;zr( ) Jnin i ( ) =i-(B), (4.40)
max iy (AXA*) = r(A) +i,(B) — r[A, B], (4.41)

XeS
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in i, (AXA*) =0, 4.42
Jnin i ( ) (4.42)

max r(AXA* — B) = r[A, B], (4.43)
XeS

min r(AXA* —B) = r[A, B] — r(A). (4.44)
XeS

COROLLARY 4.4. Let A€ C™" and B € CJj be given, and assume that AXA™ =
B is consistent. Then, the following hold.

(a) The general Hermitian solution X of AXA* = B and the corresponding AXA*
can be written as

X =A"B(A +UU* +W — ATAWATA, (4.45)
AXA* = B+ AUU*A, (4.46)

where U € C"" and W € CJ; are arbitrary.

(b) There exists an X € CJ; such that AXA* > B if and only if r(A) = m. In this
case, the general Hermitian solution X of AXA* > B and the corresponding
AXA* can be written as

X =ATBA"Y +UU"+W — ATAWATA, (4.47)
AXA* = B+ AUU*A*, (4.48)

where U € C"" is any matrix such that r(AU) = m and W € C}; is arbitrary.

(¢) The general Hermitian solution X of AXA* < B and the corresponding AXA*
can be written as

X =ATBAT —UU"+W — ATAWA'A, (4.49)

AXA* =B —AUU*A*, (4.50)

where U € C"" and W € CJ; are arbitrary.

(d) There exists an X € CJ; such that AXA* < B if and only if r(A) = m. In this
case, the general Hermitian solution X of AXA* < B and the corresponding
AXA* can be written as

X =ATBAT —UU"+W — ATAWAA, (4.51)
AXA* = B— AUU*A*, (4.52)

where U € C"*" is any matrix such that r(AU) = m and and W € C}; is arbi-
trary.



LINEAR MATRIX INEQUALITIES IN THE LOWNER PARTIAL ORDERING 33

THEOREM 4.5. Let A € C"™" and B € C"™™ be given. Then, the following hold.

(a) The inequality
AXA* = —BB* (4.53)

is always feasible; the general Hermitian solution X of (4.53) and the corre-
sponding AXA* can be written in the following parametric forms

X =ATB(EsB)" (EAB)B*(A")* —ATBB*(A")* + UU* + W — ATAWATA, (4.54)
AXA* = B(EAB)"(EAB)B* — BB* + AUU*A*, (4.55)
where U € C"" and W € CJ; are arbitrary.
(b) There exists an X € C"*" such that
AXA* -~ —BB"* (4.56)

if and only if r[A, B] = m. In this case, the general Hermitian solution X of
(4.56) can be written as (4.54), in which U is any matrix such that r(AU) = r(A),
say, U =1,, and W € C}; is arbitrary.

(¢) The inequality
AXA* X BB* (4.57)

is always feasible; the general Hermitian solution X of (4.57) and the corre-
sponding AXA* can be written in the following parametric forms

X =A"BB* (A" — ATB(EsB)" (EAB)B*(A")* —UU" +W —ATAWATA, (4.58)
AXA* = BB* — B(E4B)" (EAB)B* — AUU*A*, (4.59)
where U € C"" and W € CJ; are arbitrary.
(d) There exists an X € C"*" such that

AXA* < BB* (4.60)

if and only if r[A, B] = m. In this case, the general Hermitian solution X of
(4.60) can be written as (4.58), in which U is any matrix such that r(AU) = r(A),
say, U =1,, and W € C}; is arbitrary.

COROLLARY 4.6. Let A € C"™" and B € C"*"™ be given. Then, the following
hold.
(a) There exists an X € C"™" such that
AXA* = BB* (4.61)

if and only if Z#(B) C %(A). In this case, the general Hermitian solution X of
(4.61) and the corresponding AXA* can be written in the following parametric
forms

X =A"BB (AN +UU* +W — ATAWATA, (4.62)



34 YONGGE TIAN
AXA* =BB*+AUU"A", (4.63)
where U € C"" and W € CJ; are arbitrary.
(b) There exists an X € C"*" such that
AXA* > BB* (4.64)

if and only if r(A) = m. In this case, the general Hermitian solution X of (4.64)
can be written as (4.62), in which U € C"™" is any matrix such that r(AU) = m,
and W € C} is arbitrary.

(c) There exists an X € CJ; such that
AXA* X —BB* (4.65)

if and only if Z#(B) C #(A). In this case, the general Hermitian solution X of
(4.65) and the corresponding AXA* can be written in the following parametric
forms

X = —A"BB* (AT —UU*+W — ATAWATA, (4.66)
AXA* = —BB* — AUUA*, (4.67)

where U € C"" and W € CJ; are arbitrary.
(d) There exists an X € C{; such that
AXA* < —BB* (4.68)

if and only if r(A) = m. In this case, the general Hermitian solution X of (4.68)
can be written as (4.60), in which U € C"*" is any matrix such that r(AU) = m,
and W € C} is arbitrary.

COROLLARY 4.7. ([24]) Let A € C™*" be given. Then, the following hold.

(a) The general solution X of AXA* =0 and the corresponding AXA* can be written
in the following parametric forms

X =UU*+W —ATAWA'A, (4.69)
AXA* = AUU*A*, (4.70)

where U € C"™" and W € Cf; are arbitrary.

(b) There exists an X € C}y such that AXA* = 0 if and only if r(A) = m. In this
case, the general Hermitian solution X of AXA* = 0 can be written as (4.69), in
which U € C" with r(AU) = m and W € C{; are arbitrary.
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(¢) The general Hermitian solution X of AXA* < 0 and the corresponding AXA*
can be written in the following parametric forms

X =—-UU"+W—ATAWATA, 4.71)
AXA* = —AUU*A", (4.72)

where U € C"™" and W € CJ; are arbitrary.

(d) There exists an X € C}; such that AXA* < 0 if and only if r(A) = m. In this
case, the general Hermitian solution X of AXA* < 0 can be written as (4.71), in
which U € C"" is any matrix such that r(AU) = m, and W € C}; is arbitrary.

THEOREM 4.8. Let A€ C"™" and B € C"™™ be given. Then, the following hold.
(a) There exists an X € C"™*™ such that
AXX*A* = BB* (4.73)

ifand only if Z(B) C % (A). In this case, the general solution XX* of (4.73) and
the corresponding AXX*A* can be written in the following parametric forms

XX* = [A"(BB* +AUU*A" )" + FsW][AT(BB" + AUUA*)' > + F,W ],

(4.74)
AXX*A* = BB* + AUU*A*, (4.75)

where U € C™™ and W € C"™*™ are arbitrary.

(b) There exists an X € C™*™ such that
AXX*A* = BB* (4.76)
if and only if r(A) = m. In this case, the general solution XX* of (4.76) can be
written as

XX* =AY BB +UU" )AL, 4.77)
AXX*A* =BB*+UU", (4.78)

where U € C"™" is any matrix with r(U) = m.

Proof. The solvability condition of (4.73) follows from Corollary 4.6(a). In this
case, (4.73) is equivalent to

AXX*A* = BB* + AUU*A*
by (4.63), and its general solution is (4.74) by Lemma 2.3(c). U

An application to partitioned matrices is given below.



36 YONGGE TIAN

COROLLARY 4.9. Let

o0 =[5 o]

where A € C"™", B € C"™P and C € CP*? are given. Then, the following hold.

(4.79)

(a) There exists an X € C}; such that ¢(X) = 0 if and only if

A (B) CA(A) and %#(B*) C Z(C). (4.80)

In this case, the general solution X of ¢(X) = 0 can be written in the following
parametric form

X =ATB(CC*)' B (AT + UU* +W — ATAWATA, (4.81)

where U € C"*" and W € C}; are arbitrary.

(b) There exists an X € C"" such that ¢(X) = 0 in (4.79) if and only if

r(A) =m and r(C)=p. (4.82)

In this case, the general solution X of ¢(X) > 0 can be written in the following
parametric form

X =A"B(CC*)'B (AT +UU* +W — ATAWATA, (4.83)

where U € C"*" is any matrix such r(AU) =m and W € CY; is arbitrary.

Proof. Ttis easily seen from Lemma 2.9(e) and (f) that

0(X)=0= Z(B) C#(A), Z(B*) CZ(C) and AXA* = B(CC*)TB*, (4.84)
0(X)=0=r(A)=m, r(C)=p and AXA* = B(CC*)"B*. (4.85)

Solving the two inequalities in (4.84) and (4.85) by Theorem 4.1 leads to (a) and
(b). O

We next solve AXX*A* < BB*. It is obvious that the inequality has a trivial solu-
tion X = 0. However, the inequality may only have zero solution in some cases. For

example, the inequality
2
x° 0 11
o<l

only has a solution x = 0.
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(a)

(b)
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(d)
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THEOREM 4.10. Let A € C™" and B € C™™ be given. Then, the following

There exists an X € C"™" such that both AX # 0 and
AXX*A* < BB* (4.86)
if and only if
A(A)NZ(B) #{0}. (4.87)
In this case, a solution XX* of (4.86) and the corresponding AXX*A* can be
written in the following parametric forms
XX* = [AT(BFg,VFy,B)'/?> + F\W][AT (BFg,VFg,B)' /> + EAW]*,  (4.88)
AXX*A* = BFy,VFg,B*, (4.89)

where By = ExB, V is any matrix satisfying 0 <V < L,, and W € C"™ s
arbitrary. The rank of (4.89) is

max  r(AXX*A*) =r(A)+r(B) —r[A, B]. (4.90)
AXX*A*<BB*

There exists an X € C"™" such that AX # 0 and
AXX*A* < BB* (4.91)
if and only if
A#£0 and r(B) =m. (4.92)

In this case, a solution XX* of (4.91) can be written as (4.88), in which V is any
matrix satisfying 0 <V < Ly, and W € C"™ is arbitrary.

Under the condition #(B) C Z(A), there always exists an X € C"™" such that
both AX # 0 and
AXX*A* < BB, (4.93)

and a solution XX* of (4.93) and the corresponding AXX*A* can be written in
the following parametric forms
xx* = [AY(BVB")'/2 + R,W][AT(BVB*)' /2 + FyW ¥, (4.94)
AXX*A* = BVB*, (4.95)

where V is any matrix satisfying 0 <V < I, and W € C"™ is arbitrary.

Under the condition %#(B) C % (A), there exists an X € C"" such that AX #0
and
AXX*A* < BB* (4.96)

if and only if r(B) = m. In this case, a solution XX* of (4.96) can be written
as (4.94), in which V is any matrix satisfying 0 <V < L,, and W € C"" is
arbitrary.
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Proof. Ttcanbe seen from Lemma 2.9(g) that if there exists an X such that AX # 0
and (4.86) hold, then Z(AX) C Z%(B), which obviously implies that (4.87) holds. On
the other hand, it can be derived from EoBFg,p = 0 that

AA'BFg,p = BFg,p, (4.97)
and from (2.27) and (2.28) that
r(BFg,g) =r [EBB] —r(EsB) =r(A) +r(B) —r[A, B] = dim[Z(A) NZ(B)]. (4.98)
A
Hence if (4.87) holds, then BFg,g # 0 and Z(BFg,5) = Z#(A) NZ(B) by (4.97) and
(4.98). In this case,
AA"BFg, 3V Fg,5B* (A")*A = BFg, 5V Fr,5B".
Thus we can derive from (4.88) and Lemma 2.10(c) that
BB* — AXX*A* = BB* — BFg, 3V Fi,3B* = B(L, — Fz,8V Fg,5)B" = 0,

that is, (4.88) is a solution of (4.86). The two conditions in (4.92) are obvious under the
condition that both AX # 0 and (4.91) hold. Conversely, if (4.92) holds, we can derive
from (4.91) and Lemma 2.10(d) that I,, — Fg,pV Fg,p = 0 and

BB* —AXX*A" = BB" — BFg,gV Fg,pB* = B(L, — Fg,8VFg,5)B" = 0.
Results (c) and (d) are direct consequences of (a) and (b). [

A direct consequence of Corollary 3.10 is given below.

COROLLARY 4.11. Let A€ C™" and B, C € CJ| be given, and let .\ be of the
form in (4.27), and define

B B A
Ki=|BB-CO ,Kg:[
A* 0 0

¢ A} (4.99)

* 0 '
Then, the maximal and minimal ranks and partial inertias of AXA* — C subject to
X € A are given by

max r(AXA* —C) = r[A, C], (4.100)

XeAN

min r(AXA" —C) = i (K1) —r(K2) +r[A, C], (4.101)
e‘(ll

max iy (AXA* —C) =i_(K,), (4.102)

XeA

max i_(AXA* —C) =i_(Ky) —i_(K), (4.103)

Xes|

min iy (AXA* —C) =i (Ki) —i+(K), (4.104)

Xes|

min i_(AXA* —C) = r[A, C] —i_(K>). (4.105)

Xes|

In consequence, the following hold.
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(a) There exists an X € Cf; such that AXA* = B and AXA* > C if and only if
i (Kz) =m.

(b) There exists an X € Cjy such that C = AXA* = B if and only if C = B and
i—(Ky) =i_(Ky)+m.

(c) There exists an X € Cf such that C 3= AXA* = B if and only if C = B and
iy (K1) =i (K2).

(d) There exists an X € C{; such that AXA* = B and AXA* = C f and only if
i—(Ky)=r[A,C].

5. General solution of AX + (AX)* = B(> B, < B, < B) and its properties

The inequality in (1.4) was approached in [25] by using a relaxation method and
their general solutions were given analytically. In this section, we reconsider this in-
equality and give some new conclusions on algebraic properties of its solutions.

THEOREM 5.1. Let A € C™*" and B € Cj{ be given, and let M = {B* g] . Then,
the following hold.
(a) [25] The following statements are equivalent:
(i) There exists an X € C"*™ such that
AX + (AX)* = B. (5.1)

(i) EABE4 < 0.
(iii) i (M) = r(A).

In this case, the general solution X of (5.1) and the corresponding AX + (AX)*
can be written in the following parametric forms

Lipas Lyt } Py A4 VA
X = SATBA+ SAN AU+ T2 ) (AU + JE YA+ VA + BW,  (52)

1 1
AX + (AX)* =B+ (AU +J2 ) (AU +J2)*, (5.3)
where J = —EABE,, A= 2L, —AAT, and U, W € C™" and V € Cgy are
arbitrary.
(b) [25] There exists an X € C"™™ such that

AX + (AX)" =B (5.4)

if and only if
EABE4 <0 and %(EABEA) = %(EA)7 (5.5)

or equivalently, i_ (M) = m. In this case, the general solution X of (5.4) can

be written as (5.2), in which U is any matrix such that r(AU +J3 ) =m, say,
U=A"VecC§y and W € C™"™ are arbitrary.
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(c) Under (a), let
A ={XeC"" | AX+ (AX)" =B}. (5.6)
Then, the maximal and minimal ranks and partial inertias of AX + (AX)* and
AX + (AX)* — B subject to X € .| are given by

max r[AX + (AX)"] = min{2r(A), r[A,B]}, (5.7)
Xes|

)}1;1;1 r[AX + (AX)"| = max{2r(A)+2r[A,B]| —2r(M), r(B)—m,

i+(B)+r(A)+r[A,B]—r(M),
i_(B)+r(A)+r[A,B]—r(M)—m}, (5.8)

max i [AX +(AX)"] = r(4), (5.9)
max i_[AX + (AX)'] = min {r(4). i(B)}, (5.10)
Jnin i [AX +(AX)"] = max {r{A, B+ r(A) = r(M), ir(B)}, (1D
Jmin i [AX 4 (AX)"] = r[A, B] 4 r(4) (M), (5.12)
max r[AX + (AX)" ~ B = r(M) ~ r(4), (5.13)
Jmin r[AX + (AX)* —B] = r(M) — 2r(A). (5.14)

In consequence, the following hold.

(d) There exists an X € C™™ such that AX + (AX)* > 0 and AX + (AX)" =B if
and only if r(A) = m.

(e) There exists an X € C"™™ such that 0 = AX + (AX)* = B if and only if r(A) =m
and B < 0.

(f) There exists an X € C"™™ such that AX 4+ (AX)* = 0 and AX + (AX)* = B if
and only if r(N) =r[A, B] +r(A).

(2) There exists an X € C"™™ such that 0 = AX + (AX)* = B ifand only if B< 0
Proof. Inequality (5.1) can be relaxed to the following quadratic matrix equation
AX+ (AX)" =B+YY", (5.15)

where Y € C™™ . From Lemma 2.4(a), there exists an X that satisfies (5.15) if and
only if YY* satisfies Ex(B+YY*)E4 =0, that is,

E YY*Epn = —EABEy =J. (5.16)

Further by Lemma 2.3(c), there exists a YY™* that satisfies (5.16) if and only if (ii) of
(a) holds, in which case, the general solution of (5.16) can be written as

= (AU +J2 ) (AU +J7 )", (5.17)
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where U € C"™' is arbitrary. Substituting this YY* into (5.15) gives
1 1
AX+ (AX)" =B+ (AU+J2)(AU +J2)". (5.18)

Applying Lemma 2.4(a) to this equation, we obtain (5.2).

Setting (5.13) equal to m gives r(M) — r(A) = m, i.e., r(EsBEs) = r(E4) by
(2.33), which is further equivalent to (5.5). The equivalence of i_ (M) = m and (5.5)
follows from (2.33) and i_ (E4BEs) < r(EABEs) < r(Ey).

Applying Lemma 2.13(a) to (5.18), we obtain

max r[B+ (AU +J3)(AU+73) ] =mind (4, B, 7], | P57 A 1By +m),
UeCnxm A 0
(5.19)
 min F[B+ (AU +J2 (AU +J2)*] = 2r[A, B, J? |+ max{hy, hy, h3, hs},
e nxm
(5.20)
max is[B+ (AU + 73 ) (AU +03 ) ] =mind i BT A iy +m !\, 21
UeCnxm A 0
max i_[B+ (AU +73) (AU +73) ] =mind i BT/ 4| iy L, (5.22)
UcCnxm A O
min iy [B+ (AU +J2)(AU +J2 )]
UECnXm
B 1 - [B+JA]  [B A .
_r[A,B,J2]+max{z+_ A0 —r_A* 00 z+(B)—r[A,B]}, (5.23)
min i_[B+ (AU +J2)(AU +J2)*]
UEC"XITI
| C[B+7A]l  [BAJY .
= 2 — _ _
r|A, B, J ]—I—max{l__A* 0| r_A*O 0] i—(B) —r[A, B] m}, (5.24)
where
_ [B+JA (B A J?]
hl—r[ A 0} 2r_A*0 0’
hy =r(B) —2r[A, B] —m,
_[B+7TA]  [BAJE] .
h3—l_|:A* 0}_r_A*O 0] +i+(B) —r[A, B],
- I
m:@ﬁ‘;]ﬂ —rﬁgj(;_ +i_(B)—r[A,B]—m.

Simplifying the ranks and partial inertias of the block matrices in (5.19)—(5.24) gives

r[A, B,J?] =r[A, B,J] = r|A, B, EBEs] = r[A, B], (5.25)

[B+JA] . [B—EsBEsA] . [0 A] _
li|: A* O:| =1 |: A* 0:| =1t |:A* 0:| _r(A)a (5.26)
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BAJI] [BAJ] [B AEsBE,
"laso o] ~lar00l T ar0 0
- BAB
:rzﬁgBoEA}:r A*0 0| —r(A)
: 0 0A*
[BA O
—r|A*0 0 —r(A):r[f*‘é} (5.27)
10 04

Substituting (5.25)—(5.27) into (5.19)—(5.24) gives (5.7)—(5.12). It can be seen from
(5.18) that
1
r[AX + (AX)* —B]|=r(AU+J2). (5.28)

Hence, we derive from (2.43) that
maxr[AX + (AX)"—B] = mﬁxr(AU—FJ% ) =r[A, J%]
=r[A, EABEs] = r(A) +r(EABE,) (by (2.27))
minr[AX + (AX)* — B] = mJnr(AU—!—J% ) =r[A,J2] - r(A)
=r[A, EABEs| — r(A) = r(EABE,) (by (2.27)),
establishing (5.13) and (5.14). O

The following results can be shown similarly.

THEOREM 5.2. Let A € C"™*" and B, C € CJj be given, and let M = [ ol

Then, the following hold.

B A}

(a) [25] The following statements are equivalent:
(1) There exists an X € C"™ such that
AX + (AX)* < B. (5.29)
(ii) EABE4 = 0.
(iii) i (M) =r(A).

In this case, the general solution X of (5.29) and the corresponding AX + (AX)*
can be written in the following parametric forms

Lpa_ Lyt } R
X = SATBA— SAT(AU +K2 (AU + K2 )" A+ VA" + W, (5.30)

AX + (AX)* =B — (AU +K? )(AU +K? )*, (5.31)

where K = E4BEy, A= 2L, —AAT, U, W e C™™ and V € C§y are arbitrary.
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(b) [25] There exists an X € C"™™ such that
AX + (AX)* < B (5.32)

if and only if
EABE4 =0 and #(EABEs) = Z(E,), (5.33)

or equivalently, i1 (M) = m. In this case, the general solution X of (5.32) can

be written as (5.30), in which U is any matrix such that r(AU —|—K% ) =m, say,
U=A"VecC§y and W € C"™"™ are arbitrary.

(c) Under (a), let

S ={X €C™" | AX + (AX)* < B). (5.34)
Then,
max r[AX + (AX)"] = min{2r(A), r[A,B]}, (5.35)
XeS
min r[AX + (AX)"] = max{2r(A) 4+ 2r[A, B] —2r(N), r(B)—m,
XeSH
iy(B)+r(A)+r[A,B]—r(N)—m,
i—(B)+r(A)+r[A,B]—r(N)}, (5.36)
max i, [AX + (AX)*] = min{ r(4), i (B)}, (5.37)
XeSH
max i [AX+ (AX)] = r(4), (5.38)
min iy [AX + (AX)*] = r[A, B] + r(4) — r(N), (5.39)
XeSH
;1;{1} i_[AX + (AX)"] = max {r[A, B] +r(A) —r(N), i—-(B)}, (5.40)
2
max r[AX + (AX)"—B]=r(N) —r(A), (5.41)
XeS
min r[AX + (AX)* — B] = r(N) — 2r(A). (5.42)
XeS

In consequence, the following hold.

(d) There exists an X € C"™ such that 0 < AX + (AX)* < B ifand only if r(A) =m
and B > 0.

(e) There exists an X € C"™" such that AX + (AX)* <0 and AX + (AX)* X B if
and only if r(A) = m.

(f) There exists an X € C™ such that AX + (AX)* < 0 and AX + (AX)"* <X B if
and only if r(N) = r[A, B] +r(A).

(2) There exists an X € C™" such that 0 < AX + (AX)* < B if and only if B 3= 0.
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Theorem 5.1 established identifying conditions for the LMI in (1.4) to be solvable,
and gave general expression of the matrix X satisfying (1.4). In particular, the general
solutions in (5.2) and (5.30) are represented in closed-form by using generalized in-
verses of the given matrices and arbitrary matrices. Hence, they can be directly used
to deal with various problems on the inequality in (1.4) and its properties. In what fol-

lows,

we present some consequences of Theorem 5.1 when A and B satisfy some more

conditions.

COROLLARY 5.3. Let A € C"™*" and B € C}} be given, and assume that there

exists an X € C"™ such that AX + (AX)* = B. Then, the following hold.

(a)

(b)

()

(d)

The general solution X € C"™™ of
AX + (AX)" = B (5.43)

and the corresponding AX + (AX)* can be written in the following parametric
forms

X = %ATB( 21, —AAT) + UUA* + VA* + W, (5.44)
AX + (AX)* = B+ 2AUUA", (5.45)
where U € C"™", W € C"™" and V € C§y are arbitrary.
There exists an X € C"™"™ such that
AX + (AX)" - B (5.46)

if and only if r(A) = m. In this case, the general solution X of (5.46) can be
written as (5.44), in which U is any matrix such that r(AU) = m, and W € C"™
and V € Cgy are arbitrary.

The general solution X € C"™"™ of
AX + (AX)* X B (5.47)

and the corresponding AX + (AX)* can be written in the following parametric
forms

X = %ATB(ZIm —AAT) —UU*A* + VA" + W, (5.48)
AX + (AX)" = B—2AUU*A", (5.49)
where U € CV", W € CY" and V € Cgyy are arbitrary.
There exists an X € C"™"™ such that
AX + (AX)" < B (5.50)

if and only if r(A) = m. In this case, the general solution X of (5.50) can be
written as (5.48), in which U is any matrix such that r(AU) = m, and W € C"™
and V € Cgy are arbitrary.
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COROLLARY 5.4. Let A € C"™" and B € C"** be given. Then, the following

There exists an X € C"*™ such that
AX + (AX)" = BB* (5.51)

if and only if Z(B) C #(A). In this case, the general solution X of (5.51) and
the corresponding AX + (AX)* can be written as

1
X = EATBB* +UU*A* + VA" + FAW, (5.52)
AX + (AX)" = BB* + 2AUU*A", (5.53)
where U € CV", V € Ciy and W € C™ are arbitrary.
There exists an X € C"™ such that
AX + (AX)" =~ BB* (5.54)
if and only if both %#(B) C %(A) and r(A) = m. In this case, the general solution
X of (5.54) can be written as (5.52), in which U is any matrix with r(AU) = m,
and V € Cgy and W € C*™™ are arbitrary.
There exists an X € C"™ such that
AX + (AX)* < —BB"* (5.55)

if and only if #(B) C #(A). In this case, the general solution X of (5.55) and
the corresponding AX + (AX)* can be written as

X=- %ATBB* —UU*A* +VA* + F,W, (5.56)
AX + (AX)" = —BB* — 2AUU*A", (5.57)
where U € C"™", V € C§y and W € C"™™ are arbitrary.
There exists an X € C"™"™ such that
AX + (AX)" < —BB" (5.58)
if and only if both %#(B) C % (A) and r(A) = m. In this case, the general solution

X of (5.58) can be written as (5.56), in which U is any matrix with r(AU) = m,
and V € Cgyy and W € C**™ are arbitrary.
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COROLLARY 5.5. Let B € C"™" be given. Then, the following hold.
(a) The general solution X € C"™" of
X +X" = BB" (5.59)
and the corresponding X + X* can be written as
X:%BB*+UU*+V—V*, (5.60)
X+X*=BB*+2UU", (5.61)
where U, V € C"™" are arbitrary.
(b) The general solution X € C"" of
X +X" - BB" (5.62)
can be written as (5.60), in which U, V € C"™" are arbitrary with r(U) = n.
(¢) The general solution X € C"™" of
X+X" < BB (5.63)
and the corresponding X + X* can be written as
X:%BB*—UUH—V—V*, (5.64)
X +X*=BB*—2UU", (5.65)
where U, V € C"™" are arbitrary.
(d) The general solution X € C'"" of the inequality
X+X* < BB* (5.66)
can be written as (5.64), in which U, V € C"™" are arbitrary with r(U) = n.
COROLLARY 5.6. Let A € C"™" be given. Then, the following hold.
(a) The general solution X € C"™™ of
AX + (AX)* =0 (5.67)
and the corresponding AX + (AX)* can be written as

X =UU*A* + VA" + W, (5.68)
AX + (AX)* = 2AUU*A*, (5.69)

where U € C"", V € C§y and W € C™™ are arbitrary.
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(b) There exists an X € C"™ such that
AX 4+ (AX)" =0 (5.70)

if and only if r(A) = m. In this case, the general solution X can be written as
in (5.68), in which U € C"" is any matrix with r(AU) = m, V € C§y and
W e C"™"™ are arbitrary.

(¢) The general solution X € C"™"™ of
AX + (AX)* <0 (5.71)
and the corresponding AX + (AX)* can be written as
X =—-UU'A"+ VA" + F,W, (5.72)
AX + (AX)" = —2AUU*A", (5.73)
where U € C"™", V € C§y and W € C"™™ are arbitrary.
(d) There exists an X € C"*™ such that
AX + (AX)* <0 (5.74)

if and only if r(A) = m. In this case, the general solution X can be written as
(5.72), in which U € C"™" is any matrix with r(AU) =m, and V € C§y and
W e C"™™ are arbitrary. In particular, if A is square and nonsingular, then the
general solution X of (5.74) can be written as

X = —UU*A* + VA", (5.75)
where U € C"*" is any matrix with r(AU) =m, and V € C{y is arbitrary.

As an application of Theorems 5.1 and 5.2, we next give solutions of the inequality
(A+B)X +X*(A+B)* = AB+ BA, which was considered for A 3= 0 and B = 0 in Chan
and Kwong [6].

COROLLARY 5.7. Let A, B € C"™" be given. Then, there always exists an X €
C™™ that satisfies
(A+B)X+X"(A+B)" = AB*+BA". (5.76)
The general solution X of (5.76) and the corresponding (A+ B)X +X*(A+ B)* can
be written as

1 1
X=S(A+B) + 5 (VU +V =V )(A+B) + FapW, (5.77)
(A+B)X +X*(A+B)* = (A+B)(A+B)* + (A+ B)UU*(A + B)", (5.78)

where U, V. W € C"™" are arbitrary. In particular, there exists an X € C"™ "™ such that
(A+B)X+X"(A+B)" = AB+BA (5.79)
if and only if r(A+ B) = m.
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We next establish a group of formulas for calculating the ranks and inertias of
AX + (AX)* — C subject to (5.1), and use the results obtained to derive necessary and
sufficient conditions for the following two-sided LMI

C= AX+(AX)" =B (5.80)
and their variations to hold.

THEOREM 5.8. Let A € C"™*" and B, C € C{] be given, and assume that (5.1) is
solvable for X. Also let ./ be as given in (5.6), and let

BCA
N:Lﬁfﬂ,m: A*oo,KzzLﬁ;fﬂ. (5.81)
0 A* 0

Then, the maximal and minimal ranks and partial inertias of AX 4+ (AX)* — C subject
to X € A are given by

}1{11225 r[AX 4+ (AX)" —C] =min{r(Ky) —r(A), r(N)}, (5.82)
€7

min V[AX—F(AX)*—C} :max{tl, 1, 14, l‘4}, (5.83)
Xe

)?éay)% i+[AX + (AX)" = C] =i_(N), (5.84)
max i_[AX + (AX)" —C]=min{i_(B-C), i+(N)}, (5.85)
Xe

min iy [AX + (AX)" — C] = max{r(Kz) +i_(N) — r(K}),

Xe

r(Ky) +i.(B—C)—r[A,B—C]—r(A)}, (5.86)
min i [AX 4+ (AX)" — C] = max{r(Kz) +i+(N) — r(Ky),

Xe S
r(Ky)+i-(B—C)—r[A,B—C]—r(A) —m},
(5.87)
where
11 =2r(Ka) + r(N) — 2r(Ky),
ty =2r(Ky)+r(B—C)—2r[A,B—C|—2r(A) —m,
t3 =2r(Ky) +it(N)+iy(B—C)—r(A) —r[A,B—C] —r(K)),
ty =2r(K2)+i-(N)+i-(B—C)—r(A) —r[A,B—C] — (K1) — m.

In consequence, the following hold.

(a) There exists an X € C"™ such that C = AX + (AX)* = B ifand only if i+ (N) =
m and C >~ B.

(b) There exists an X € C"™ such that AX 4+ (AX)* %= B and AX + (AX)* ~ C if
and only if i_(N) = m.
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(c) There exists an X € C™™ such that AX + (AX)" = B and AX + (AX)" = C if
and only if

r(K)+it(N)—r(Ky) =0 and r(Ky)+i-(B—C)=r[A,B—C]+r(A)+m.
(d) There exists an X € C"™ such that C = AX + (AX)* = B if and only if
C=B,i_(N)=r(A) and r(Ky) =r[A, B—C]+r(A).
Proof. Note from (5.3) that
AX+(AX) = C=B—C+(AU+J?)(AU+J?)". (5.88)
Applying Lemma 2.13(a) to (5.88), we obtain

max r[B—C+ (AU +J2 )(AU +J7)*]

Ue([:nxm
:min{r[A,B—c,Ji], r[B_AC*”/(ﬂ, r(B—C)—l—m}, (5.89)
. 1 1
min r[B—C+ (AU +J2)(AU +J7 )" ]
UeCnXm
=2r[A,B—C,J? ]| +max{hy, hy, h3, hs}, (5.90)
max i [B—C+ (AU +J? ) (AU +J7 )]
Ue nxm
—mind i (BT ) 4m |, (5.91)
L A 0_
max i_[B—C+ (AU +J2 ) (AU +J7 )]
e nxm
.. [B=C+JA] .
—mln{z oA o) z(B—C)}, (5.92)
min iy [B—C+ (AU +J7 )(AU +J7 )]
Ue(cnxm
=rA,B—C,J?]
. [B—C+JA B—CAJZ] .
+max{l+[ A O] —r[ A 0 0}, l+(B—C)—r[A,B—C]}, (5.93)
min i_[B—C+ (AU +J? )(AU +J2 )]
Ue([:nxm
=rA,B—C,J?]
. [B—C+JA B—CAJZ] .
+max{l_[ A O] —r[ A 0 0}, l_(B—C)—r[A,B—C]—m}, (5.94)
where

o [B=CHIA]_, [B-—CAJ:
11— A* 0 A* 00 )
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hy=r(B—C)—2r[A,B—C]—m,

1
hy =i [B_C“A} —r[B_CAJZ] Vil (B—C)—r[A,B—C],

B AT 0 A* 00
. [B-c+7A] [B-caJi] ..
h4—z+[ A 0}—;’[ A0 O]—I—l_(B—C)—r[AB—C]—m.

Simplifying the ranks and partial inertias of the block matrices in (5.89)—(5.94) gives

F[A,B—C,J% ] =r[A,B—C,J] = r[A, B—C, ExBEs] = r|A, B— C, BE, ]

AB—C B B CA
A RO A R (5.95)
. [B=C+JA] . [B—C—EsBE,A] . [C A]
li|: A* 0:| :l:t|: A* A 4 0:| :l:F|: * 0 ) (596)
B—CAJY|  [B—CAJ] [B—CAE\BE,
a4 00| " A o0l T a* 0 o0
B—CA B]
:r[B;CngA}:r A* 0 0] —rA)
0 0A"
= r(K1) —r(A). (5.97)

Substituting (5.95)—(5.97) into (5.89)—(5.94) gives (5.82)—(5.87). U

The following result can be shown similarly.

THEOREM 5.9. Let A € C"™" and B, C € Cfj be given, and assume that (5.29)
is solvable for X. Also let %> be as given in (5.34), and let

B CA
N:[C;I(ﬂ, K= 1A* 0 0], Kg:{;;g}
0 A* O

Then, the maximal and minimal ranks and partial inertias of AX 4+ (AX)* — C subject
to X € . are given by

max r[AX + (AX)" —C] = min{r(Kz) — r(A), r(N)},

XeSH

min r[AX + (AX)" — C]| =max{t), tp, ta, ta},
XeSH

max i [AX + (AX)*—C]=min{i (B—C), i—(N)},

Xes

i [AX + (AX)*—C]=i. (N
;gfggzl[ + (AX) ] =i (N),

)?gl,iyr}z i+[AX + (AX)" — C] = max{r(Kz) +i_(N) — r(Ky),
r(K2)+iy(B—C)—r[A,B—C]—r(A)—m},



LINEAR MATRIX INEQUALITIES IN THE LOWNER PARTIAL ORDERING 51

min i [AX 4+ (AX)* — C] = max{r(Kz) +i+(N) — r(K1),

XeSH
r(Ky)+i_(B—C)—r[A,B—C]—r(A)},
where
= 27‘([(2) +V(N) —Zr(Kl),
tr =2r(K2) +r(B—C)—2r[A,B—C]—2r(A) —m,
t3 =2r(Ky)+i_(N)+i_(B—C)—r(A)—r[A,B—C]—r(K)),
ty =2r(Ky) +it(N)+iy(B—C)—r(A)—r[A,B—C]—r(K|) —m.

In consequence, the following hold.

(a) There exists an X € C"™" such that C < AX + (AX)* < B ifand only if i_(N) >
m and B~ C.

(b) There exists an X € C"™ such that AX + (AX)* < B and AX + (AX)* < C if
and only if iy (N) = m.

(c) There exists an X € C"™™ such that AX + (AX)* < B and AX + (AX)* < C if
and only if

r(K)+i-(N)—r(K1) =0 and r(K2)+iy(B—C)=r[A,B—C]+r(A)+m.
(d) There exists an X € C"™™ such that C < AX + (AX)* < B if and only if

C=xB, i (N)=r(A) and r(K;) =r[A,B—C]+r(A).

6. Concluding remarks

In the previous sections, we started a fundamental work on finding analytical so-
lutions of three types of simple LMIs in (1.2)—(1.4). We first converted the LMIs to
some equivalent quadratic matrix equations and then derive necessary and sufficient
conditions for these LMIs to be feasible and obtained general solutions of these LMIs
by using the theory of generalized inverses of matrices. Since the results obtained in
the previous sections are represented in closed form by using the ranks, inertias and
ordinary operations of the given matrices and their generalized inverses, they can be
easily used to approach various problems related to these basic LMIs in matrix theory
and applications. In particular, they can be used to solve mathematical programming
and optimization problems subject to LMIs in (1.2)—(1.4).

Based on the results in the previous sections, it is not hard to establish analytical
solutions of the following constrained LMIs:

(a) AXB»=C(>C,<C,=<C) subjectto PX = Q and/or XR = S;

(b) AXA* = B(> B, < B, < B) subjectto PX =Q and X = X*, or PXP* = Q and
X =X*;
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(c) AX+ (AX)* = C (> C,=<C, <C) subjectto PX = Q.

The results obtained altogether will greatly enrich the fundamental theory of LMIs. In
addition, the work in this paper will also motivate finding possible analytical solutions
of some general LMIs, such as,

(d AX+YB=C(-C,<C,<C(C);
(e) AXA*+BYB*=C(~C,<xC,<C);
(f) AXA*=B(>B,<B,<B) and CXC* =D (> D,<D,<D);
(g) AXB+(AXB)" =C(~C,<C,<0),
which are equivalent to the following linear-quadratic matrix equations:
(dl) AX+YB=C+UU*,
(el) AXA*4+BYB*=C+UU";
(f1) AXA*=B4+UU* and CXC*=D+VV*;
(gl) AXB+ (AXB)"=C+UU".

A special case of (g) for C = 0 was solved in [32].

In system and control theory, minimizing or maximizing the rank of matrix with
variable entries (partially-specified matrix) over a set defined by matrix inequalities in
the Lowner partial ordering is referred to as a rank minimization or maximization prob-
lem, and is denoted collectively by RMPs. RMPs now are known to be NP-hard in
general case, and a satisfactory characterization of solution set of a general RMP is not
available. Notice, however, from the results in this paper that for some types of ma-
trix inequality in the Lowner partial ordering, their general solutions can be written in
closed form by using the given matrices and their generalized inverses in the inequal-
ities. Hence, it is expected that the results in this paper can be used to solve certain
general RMPs. These further developments are beyond the scope of the present paper
and will be the subjects of separate studies.

After a half century’s development of the theory of generalized inverses of ma-
trices, people now are widely using generalized inverses of matrices to solve a huge
amount of problems in matrix theory and applications. In particular, one can utilize
them to represent solutions of matrix equations and inequalities. Since linear algebra is
a successful theory with essential applications in most scientific fields, the methods and
results in matrix theory are prototypes of many concepts and content in other advanced
branches of mathematics. In particular, matrix equations and matrix inequalities in the
Lowner partial ordering, as well as generalized inverses of matrices were sufficiently
extended to their counterparts for operators in a Hilbert space, or elements in a ring with
involution, and their algebraic properties were extensively studied in the literature. In
most cases, the conclusions on the complex matrices and their counterparts in general
algebraic settings are analogous. Also, note that the results in this paper are derived
from ordinary algebraic operations of the given matrices and their generalized inverses.
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Hence, it is no doubt that most of the conclusions except those on ranks and inertias
of matrices in this paper can trivially be extended to the corresponding equations and
inequalities for linear operators on a Hilbert space or elements in a ring with involution.
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