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Abstract By the use of the matrix geometric mean #, the matrix Cauchy—Schwarz
inequality is given as Y*X < X*X # U*Y*YU for k x n matrices X and Y, where
Y*X = U|Y*X] is a polar decomposition of Y*X with unitary U. In this note,
we generalize Riccati equation as follows: X*ATX = B for positive semidefinite
matrices, where AT is the Moore—Penrose generalized inverse of A. We consider
when the matrix geometric mean A # B is a positive semidefinite solution of
XAYX = B. For this, we discuss the case where the equality holds in the matrix
Cauchy—Schwarz inequality.

2000 Mathematics Subject Classification 47A64, 47A63, 15A09

1 Introduction

One of the most important inequalities in functional analysis is the Cauchy—Schwarz
inequality. It is originally an integral inequality, but is usually expressed as follows:
Let H be a Hilbert space with inner product (-, -). Then

[, )1 < (x, ) 2y, )12 forx,y e H. (1.1)

Matrix versions of the Cauchy—Schwarz inequality have been discussed by Marshall
and Olkin [7], see also Bhatia and Davis [2] for operator versions.

Now we note that its right-hand side of (1.1) is the geometric mean of (x, x) and
(v, y). From this viewpoint, Fujii [3] proposed a matrix Cauchy—Schwarz inequality
by the use of the matrix geometric mean #, see [5, Lemma 2.6]. Let X and Y be k x n
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matrices and Y*X = U|Y*X| a polar decomposition of an n x n matrix Y*X with
unitary U. Then

|[Y*X| < X*X#U*Y*YU,
where the matrix geometric mean # is defined by
AH#B = AV2(A~12BA-12)12 4172

for positive definite matrices A and B, see [6].
On the other hand, the original definition of it for operators is given by Ando [1]
as follows: For A, B > 0, it is defined by

A#B:max{XZO; <A X)ZO}.
X B

Here a bounded linear operator A acting on a Hilbert space H is positive, denoted
by A > 0, if (Ax,x) > O for all x € H. It is obvious that a matrix A is positive
semidefinite if and only if A > 0, and A is positive definite if and only if A > 0,
i.e., A is positive and invertible. It is known that if A > 0, then they coincide, that
is,

max1x >0 (A %) >0l = AV2(A=12B A=1/2) 112 4172
p— 9 X B p—
holds for any B > 0.

Another approach of geometric mean is the Riccati equation. For A > 0 and
B > 0, A#B is the unique solution of the Riccati equation

XA™'X = B.
This fact is easily checked by multiplying A~!/2 on both sides. For importance of
Riccati equation, we refer [8]. Throughout this paper, we restrict our attention to
positive semidefinite matrices, by which we can consider the generalized inverse
X" in the sense of Moore—Penrose even if they are not invertible. Among others, we
generalize the Riccati equation to

XATX = B.

In this paper, we discuss order relations between A#B and A'/2((A'/%)T
B(A/2)T)1/2A172 for positive semidefinite matrices A and B. As an application,
we discuss the case where the equality holds in matrix Cauchy—Schwarz inequality.
Finally we generalize some results in our previous paper [4] by the use of the
generalized inverse X .
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2 A Generalization of Formula for Geometric Mean

Since A#B = A'2(A~1/2BA~1/2)1/2 A1/2 for invertible A, the geometric mean
A#B for positive semidefinite matrices A and B might be expected the same
formulae as for positive definite matrices, i.e.,

A#B = AV2((AV2)T B(A/2)T)1/241/2,

As a matter of fact, the following result is mentioned by Fujimoto and Seo [5].
For convenience, we cite it as Theorem FS:
Theorem FS Ler A and B be positive semidefinite matrices. Then

A#B < AV2((AV2)TB(AY2 )2 412,

If the kernel inclusion ker A C ker B is assumed, then the equality holds in above.

We remark that the point of its proof is that A and B are expressed as A = A1 PO
and B = B; @ Oonran A @ ker A, respectively, and AT = (Al)*1 @ 0.

Now Theorem FS has an improvement in the following way. Below, let P4 be
the projection onto ran A, the range of A.

Theorem 2.1 Let A and B be positive semidefinite matrices. Then
A#B < AV2((AV2)T B(AV2)T)12 4102,

In particular, the equality holds in above if and only if Py = AA" commutes
with B.

To prove it, we cite the following lemma:
A X i i
Lemma 2.2 [f X* B >0,then X =AA"X = Ps4X and B > XA'X.
Proof The assumption implies that

(AVHTOY (A X\ ((AVHT 0\ _ Py (AVHTX\ _
0 1)\Xx*B 0o 1) \x*@a»" B -

Moreover, since

1 —(A2)Tx\" Py (A2 X\ (1 —(A/2)Tx
0< .
= \0 1 X*(A1/2)] B 0 1

_(Pa 0
“\o0o B-—x*ATx )"’

we have B > X*ATX.
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Next we show that X = P4 X, which is equivalent to ker A C ker X*. Suppose
that Ax = 0. Putting y = —mx*x, we have

((2)G)-0)
0< ,
- X* B y y
= (Xy,x) +(X*x,y) + (By, y)

2 1
= — o X +
Bl 1B
IX*x|*
<- <
Bl

(BX*x, X*x)

Hence we have X*x = 0, that is, ker A € ker X* is shown.

Proof of Theorem 2.1 For the first half, it suffices to show that if (;} 2) > 0, then

X < AV2((AV2) T B(AV2)T)1/2 412

because of Ando’s definition of the geometric mean. We here use the facts that
(A1/2)T = (AT)I/Z, and that if (; );) > 0 for positive semidefinite X, then X =

AATX = P4X and B > XATX by Lemma 2.2.
Now, since B > XA X, we have

(AVHTBAT = 1A x AP,
so that Lowner—Heinz inequality implies
[(A2TBAYHT? = (A3 x (AT
Hence it follows from X = P4 X that
AV2[(AV2)TBAV2Y T2 A2 > X,

Namely we have Y = A/2[(A1/2)TB(A1/2)T]1/241/2 > A#B.
Next suppose that ker A C ker B. Then we have ran B C ran A and so

AV2(AV2\ T B(AV2)T A2 — B,
Therefore, putting C = (AY2HTB(A/2)T, since

Y = AV2((AV2)T B(AV2) T2 412 — g12¢ 124172,



Cauchy—Schwarz Inequality and Riccati Equation for Positive Semidefinite Matrices 345

AY A2 0 1 CYx\ (A2 0

yB) o a2)\c2 ¢ 0 az)=0
which implies that Y < A#B and thus Y = A#B by combining the result Y > A#B
in the first paragraph.

Now we show the second half. Notation as in above. If P4 = AAT(=
AY2(AY2)TY commutes with B, we have P4, B P4 < B. Therefore we have

AY\_ (A ¥ \_ (A0 I CcYX\ (A2 0 =0
Yy B) —\y PaBPy)] —\ 0 A2)\cV2 C 0 A2} ="

which implies that Y < A#B and hence Y = A#B.

we have

Conversely assume that the equality holds. Then <;‘ ;) > (. Hence we have

B>YA'Y = AV2CAY? = P,BP,,

which means P4 commutes with B, cf. Lemma 2.2.

3 Solutions of a Generalized Riccati Equation

Noting that A#B = A'/2(A=1/2BA~1/2)1/2 A1/2 for invertible A, the geometric
mean A#B is the unique solution of the Riccati equation XA~!'X = Bif A > 0,
see [8] for an early work. So we consider it for positive semidefinite matrices by the
use of the Moore—Penrose generalized inverse, that is,

XATX =B

for positive semidefinite matrices A, B.

Theorem 3.1 Let A and B be positive semidefinite matrices satisfying the kernel
inclusion ker A C ker B. Then A#B is a solution of a generalized Riccati equation

XA'X = B.

Moreover, the uniqueness of its solution is ensured under the additional assump-
tion ker A C ker X.
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Proof We first note that (A'/2)" = (AT)1/2 and P, = P,+. Putting Xo = A#B,
either Theorem FS or 2.1 says that

Xo = AV2[(AV2)T B(AV/2)T]1/2 412,
Therefore we have
— AV2[(AV2)TB(A/2) A1/

= Py,BPys =B

Since ran X C ran A!'/2, X is a solution of the equation.
The second part is proved as follows: If X is a solution of XA"X = B, then

(A2 x ATx (AV2)T = (A1/2)TB(Al/?)T,
so that

(A2 x (A2 = [(AV/2)T B(AV/2)T]1/2,
Hence we have

PaX Py = AVP[(AYHTBAYHTV2AY2 = X,

Since P4 X P4 = X by the assumption, X = X is obtained.

As an application, we give a simple proof of the case where the equality holds in
matrix Cauchy—Schwarz inequality, see [5, Lemma 2.5].

Corollary 3.2 Let X and Y be k x n matrices and Y*X = U|Y*X| a polar
decomposition of an n x n matrix Y*X with unitary U. If ker X C ker YU, then

IY*X| = X*X#U*Y*YU

ifand only if Y = XW for some n x n matrix W.

Proof Since ker X*X C ker U*Y*Y U, the preceding theorem implies that |Y*X]| is
a solution of a generalized Riccati equation, i.e.,

UY*YU = |V X|(X*X)T|Y*X| = U*Y* X (X*X) X*YU,
or consequently

Y'Y = VX (X*X) X*Y.
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Noting that X (X*X)" X* is the projection Py, we have Y*Y = Y*PxY and hence
Y = PxY = X(X*X)'X*Y

by (Y — PxY)*(Y — PxY) =0, so that Y = XW for W = (X*X)TX*Y.

4 Geometric Mean in Operator Cauchy—Schwarz Inequality

The origin of Corollary 3.2 is the operator Cauchy—Schwarz inequality due to
Fujii [3] as in below. Let B(H) be the C*-algebra of all bounded linear operators
acting on a Hilbert space H.

OCS Inequality If X,Y € B(H) and Y*X = U|Y*X| is a polar decomposition of
Y*X with a partial isometry U, then

IY*X| < X*X#U*Y*YU.

In his proof of it, the following well-known fact due to Ando [1] is used: For A, B >
0, the geometric mean A#B is given by

A#B:max{XzO; <A X) 20}
X B

First of all, we discuss the case Y*X > 0in (OCS). That is,
Y*X < X*X#Y*Y
is shown: Noting that Y*X = X*Y > 0, we have
XX XY\ _ (XY (xY)_,
yv*xv*vy) \oo) \oo)~"
which means Y*X < X*X#Y*Y.
The proof for a general case is presented by applying the above: Noting that
YU)*X = |Y*X]| = 0, it follows that
[Y*X| = (YU*X < X*X#(YU)*YU.

Incidentally, we can give a direct proof to the general case as follows:

X*X |Y*X| \ _ (XYU\ (XYU 0
\y*x| U*y*yu) \0 0 00/~
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Related to matrix Cauchy—Schwarz inequality, the following result is obtained
by Fujimoto—Seo [5]:
Let A = (?* ;) be positive definite matrix. Then B > C*A~!'C holds.
Furthermore it is known by them:

Theorem 4.1 Let A be as in above and C = U|C| a polar decomposition of C with
unitary U. Then

|IC| < U*AU #C*A~!C.

Proof Tt can be also proved as similar as in above: Since |C| = U*C = C*U, we

have
U*AU |C| AV2U A-120N\" (AV2U A-V2C 0
fr— > .
<|C| C*A‘c> ( 0 0 )( 0 0 )-

The preceding result is generalized a bit by the use of the Moore—Penrose
generalized inverse, for which we note that (A!/ Ot = AHY 2 for A > 0:

Theorem 4.2 Let A be of form as in above and positive semidefinite, and C = U|C|
a polar decomposition of C with unitary U. If ran C C ran A, then

|IC| < U*AU # C*ATC.

Proof Let P4 be the projection onto the range of A. Since PAC = C and C*Py4 =
C*, we have |C| = U*P4C = C*P,U. Hence it follows that

U*AU |C| . A2y (ahHl2c a2y AH2c o
Ic| c*Afc)\ 0 0 0 0

5 Solutions of Generalized Algebraic Riccati Equation

Following after [4], we discuss solutions of a generalized algebraic Riccati equation.
Incidentally Px means the projection onto the range of a matrix X.

Lemma 5.1 Let A and B be positive semidefinite matrices and T an arbitrary
matrix. Then W is a solution of a generalized Riccati equation

W*ATW = B + T*AT
ifand only if X = W + AT is a solution of a generalized algebraic Riccati equation

X*ATX — T*P4X — X*P4sT = B.
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Proof Put X = W + AT. Then it follows that
X*ATX —T*PoX — X*PsT = W*ATW — T*AT,

so that we have the conclusion.

Theorem 5.2 Let A and B be positive semidefinite matrices. Then W is a solution
of a generalized Riccati equation

W*A'W = B withran W C ran A

if and only if W = AY2U B2 for some partial isometry U such that U*U > Pg
and UU™* < Py.

Proof Suppose that W*A™W = B and ran W C ran A. Since [|[(AY®)TWx|| =
| BY/2x|| for all vectors x, there exists a partial isometry U such that U B2 =
(AY2)TW with U*U = Pg and UU* < P,4. Hence we have

AV2UBY? = pyw =W,

The converse is easily checked: If W = A!/2UB'/? for some partial isometry U
such that U*U > Pg and UU* < P4, thentan W C ran A and

Corollary 5.3 Notation as in above. Then X is a solution of a generalized algebraic
Riccati equation

X*ATX —T*X — X*T = B

withran X Cran A ifand only if X = AV2U(B+T*AT)"/?>+ AT for some partial
isometry U such that U*U > Ppyrsar and UU* < Py.

Proof By Lemma 5.1, X is a solution of a generalized algebraic Riccati equation
X*ATX — T*PyX — X*PsT = B if and only if W = X — AT is a solution of
W*ATW = B+ T*AT. Since ran X C ran A if and only if ran W C ran A, we have
the conclusion by Theorem 5.2.
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