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Abstract

Several inequalities involving the Khatri-Rao products of two four-block pos-
itive definite real symmetric matrices are established by Liu in [1]. We extend
these to two general positive semi-definite real symmetric block matrices and nec-
essary and sufficient conditions under which these inequalities become equalities
are presented.

Let S(m) be the set of all real symmetric matrices of order m. Consider matrices
M € S(m) and N € S(p) which are partitioned as follows

M11 Mlt N11 Nlt
s N =

M, .. My NI, ... Ny

; (1)

where M;; € S(m;) and Ny; € S(p;) for i = 1,2, -+, t. Obviously,

t t
=1 =1

We denote by
Mx N = (Mij ® Nij),;
and
MON = (M;; ©N),;; = ((Mi; @ Nkl)kl)ij

the Khatri-Rao and Tracy-Singh products of M and N respectively, where ® represents
the Kronecker product. Obviously,

t
M ® N € S(mp), M*NeS(Zmipi> .

i=1
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118 Matrix Inequalities

When M and N are positive definite real symmetric matrices and ¢ = 2, the following
inequalities are obtained by Liu in [1]:

(MxN)" ' <M ts«NY (2)
_ _ A+ Amp)? _
1 1 < ( 1 mp 1,
M« N < 74>\1>\mp (M+N) (3)
MxN— (M1« N"H™< (VA — V)T (4)
A+ Amp)?
2 2 < ( 1 mp 2,
M?*x N S Dy (M« N)*; (5)
M« N? = (M N)? < 100~ AT (6)
A+ A
M? s« N?)V/2 < ZL 2272 (\f & N); 7
( )T < 2m( ) (7)
(>‘1 _)‘mp)Q

2 21/2 _
(M?* % N*) M*N§4(/\1+)\mp) ,
where \; and )\, are the largest and smallest eigenvalue of M ® N respectively, and
A > B (or B < A) means that A — B is positive semi-definite. We remark that the
inequality (6) is erroneously printed as (M * N)? — M? « N2 < 1(\; — X,;,,)?] in [1,
Theorem 8]). We remark further that conditions for equalities in (2)-(8) are not known.

The purpose of this paper is to extend these inequalities for general block matri-
ces. We also find necessary and sufficient conditions for equalities to hold. Liu [1,
p-269] also shows that the Khatri-Rao product can be viewed as a generalization of
the Hadamard product. Therefore, our results can also be viewed as a generalization
of those corresponding inequalities involving the Hadamard product, see e.g., [3, (1.4),
(1.5), (2.14), (2.15), (2.19), (2.20)].

For a matrix A € S(m), we denote by A(A) and 7(A) the largest and smallest
nonzero eigenvalue of A respectively. Let R(A) be the column space of matrix A. We
denote the n x n identity matrix by I, or by I when the order of matrix is clear. Let
S*(m) and S (m) be the set of all positive definite and semi-definite real symmetric
matrices of order m respectively.

LEMMA 1. ([1, Theorem 1 (a)(b)]) If A and B are compatibly partitioned, then
(A® B)(C ® D) = (AC) ® (BD) 9)

and
(A® By = A © B, (10)
where A7 is the Moore-Penrose inverse of A.

LEMMA 2. Let A and B be compatibly partitioned matrices, then (4 ® B)' =
Ao B.
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Indeed,

(A®B) = ((Aij @B)ij>/ = (((Aij ®Bkl)kl)ij)/
_ («AM®BM%Jjﬂ:(«Aq®BM”mL¢

= ((‘4;7 ® Bl/vl)zk)jz— = (A;j © B/)ji
= AoB.

LEMMA 3. Suppose A € S(m) and B € S(p). Then

i) A© B € S(mp), \(A® B) = AXA)AB), 7(A® B) =7(4A)7(B), and (A® B)" =
A™ ® B™ for any positive integer number n;

ii) A® B € Sf (mp) if A€ S3(m) and B € S{ (p);

iti) A©® B e ST(mp) if A€ St (m) and B € ST(p).

PROOF. Let A = U DUy and B = UpDgUpg be the spectral decompositions of
A and B respectively. Then using (9) and Lemma 2,

AGOB = (UADAUA)Q(UJ/BDBUB)
= (Uy0Up)(Da® Dp)(Ua©Up)
(UA O) UB)/(DA O) DB)(UA O) UB) (11)
and
(Ua0Up)(Ua®Up) = (UyoUp)(Us®Ug)
= (U4Ua) © (UpUsg). (12)

Substituting U4Ua = I, and UgUp = I, into (12), we see that
(UA © UB>/(UA ®© UB) = Imp- (13)
Combining (13) and (11) completes the proof.

t
THEOREM 1. There exists a real matrix Z of order mp X > m;p; such that
i=1
7Z'7Z = I and

AxB=7(A0B)Z (14)
for any A € S(m) and B € S(p) which are partitioned as in (1).
PROOF. Let
Zi=(0n o Qiicv Imp, Onis1 . Qi) ,i=12.1, (15)

where O;y, is the zero matrix of order m;p; X m;py, for any k # i. Then Z!Z; = I and

ZZ/(A” ® B)Z2 = ZZ/(AU X Bkl)kle = Aij X Bij, 1,5 =1,2,..,t.
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Letting
Zy
Z = , (16)
Zy
the result then follows by a direct computation.
THEOREM 2. Suppose Z is defined as in Theorem 1, A € S; (mp), W = A(A),
w=17(A), and
R(Z) C R(A). (17)
Then the following conclusions hold.
(i) (Z7AZ)t < Z'A'Z, and the equality holds if, and only if, R(Z) = R(AZ).
(i) Z7A%Z < %(Z’AZ)*‘, and the equality holds if, and only if, Z/AZ =
Wiwl and Z'ATZ = 3Ee ).
(iii) Z'AZ — (Z'A*Z)* < (VW — yw)?I, and the equality holds if, and only if,
W =w or
ZAZ = (W +w—Ww)l, Z/AT7 = \/%I. (18)
w
(iv) 2/427 < WU (7/47)2 and the equality holds if, and only if, Z/AZ —
2w T and Z'A%Z = Wwl.

W 4w
(v) Z'A%Z — (Z'AZ)? < 3(W —w)?1, and the equality holds if, and only if, W = w

or
wW W2 2
Z'AZ = ;”“”L 7' A7 = %I. (19)
(vi) (Z'A22)Y? — 7' AZ < SEVW;_%I, and the equality holds if, and only if, W = w
or
w 2 w2 24+ 6W
gty = WHEO gy W w4 6w (20)
4(W + w)

PROOF. Tt follows from (15) and (16) that ZT = Z’ and ZZ’ < I. This, together
with [2, (23), and Propositions 3.1, 3.2, 3.3 and 3.4], yields the conclusions (i)—(v).
Now we prove (vi). Combining [2, (4)] and Z’Z = I yields

(Z'A22)YV? — 7' Az

1 Ww

< (ZTAZ)V? - 7'A%7 — I
< ) W +w W +w
_ 2 1 </ 2
= MI_ 7(Z'AQZ)1/2—MI
4(W + w) vW +w 2
(W —w)?
< V2T TR b
AW+ w)

and the above inequalities become equalities if and only if W = w or (20).

THEOREM 3. Suppose M € S (m) and N € Sg (p) are partitioned as in (1), Z is
defined as in Theorem 1, W = A(M)A(N), w = 7(M)7(N), and

R(Z)C R(M ® N). (21)
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Then the following conclusions hold.

(i) (M * N)* < M™% NT, and the equality holds if, and only if, R(Z) = R(M ®
N)Z).

(i) Mt « Nt < (W+w) (M x N)*, and the equality holds if, and only if, M x N =

W4+w _Ww
+ ITand MT « Nt = m‘,”wl

(111) M %N — (M* % NT)* < (VW — yw)?I, and the equality holds if, and only if,
W =w or

1
MxN=(W4+w—-vVWw)l, MY« Nt = —=1I. 22
( e VO (22)

(iv) M2 xN? < (W+;” and the equality holds if, and only if, M * N = 2% [ and
M? % N? = Wuwl.

(v) M? % N2 — (M % N)? < (W — w)?I, and the equality holds if, and only if,
W =w or

2 .2
M*N:LV;wL Aﬁ*NﬁzwiyiL (23)
(vi) (M?xN?)V/2 - MxN < 4(11(/VW-;:Uw I, and the equality holds if, and only if, W = w
or
W+ w)? W2+ w? + 6Ww
m2anz= WOy I 24
. i * AW+ w) @9

(vii) (M?% N?)Y/2 < V\‘;+—w(M * V), and the equality holds if, and only if, M x N =
Wiw] and M? « N* = Wwl.
PROOF. Noting i) and ii) of Lemma 3 and (10) and substituting A by M ® N in

Theorem 2, we can obtain the conclusions (i)—(vi). Furthermore, the conclusion (vii)
follows from (iv) and [2, Proposition 2.3].

REMARK 1. If t =2, M € ST (m) and N € ST(p), then M and N automatically
satisfy the assumptions of Theorem 3 by applying iii) of Lemma 3, and hence Theorem
3 extends the inequalities (2)—(8).

REMARK 2. We have shown that the condition (21) is sufficient for the inequalities
stated in Theorem 3. The following two examples will show that this is not a necessary
condition. It is still an open problem to determine a sufficient and necessary condition
under which these inequalities stated in Theorem 3 hold.

EXAMPLE 1. Consider matrices
7 1 0 1 00
M=[12 4|, N=[011]. (25)
0 4 9 0 1 1
It is easy to verify that M, N € S{(3). According (15) and (16), we can obtain

1000000O0GO0O
Z=(000010000|. (26)
0000O0O0O0O0 1
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Furthermore, we can easily show that matrices M, N and Z do not satisfy the condition
(21) and the inequalities stated in Theorem 3. Indeed, W = 21.7204 and w = 7.0747.

Furthermore,
0.4000  —1.8000  0.8000 1.0000 0 0
M*T = —1.8000 12.6000 —5.6000 |, N* = 0 02500 0.2500 |,
0.8000  —5.6000  2.6000 0  0.2500 0.2500
0.4000 0 0
Mt « Nt = 0 3.1500 —1.4000 |,
0  —1.4000 0.6500
0.1429 0 0
(M % N)* = 0 4.5000 —2.0000 |,
0  —2.0000 1.0000
50 9 4 100
M*=1| 9 21 4 |, N*=[0 2 2 |,
4 44 97 0 2 2
50 0 0 70711 0 0
M?xN%2=1| 0 42 88 |, (M?«N?*'2= 0 3.7366  5.2951 |,
0 88 194 0 52951 12.8826
2.5000 0 0
(Mt s« Nt = 0 7.4286  16.0000 |,
0  16.0000 36.0000
0.2571 0 0
Mt s« Nt — (M« N)* = —1.3500 0.6000 | # O,
0.6000  —0.3500
5 —0.2073 0 0
%(M « N)F — M+« Nt = 0 2.9204 —1.2979 | # O,
w 0 —1.2979  0.6990
—0.4973 0 0
(VW — Vw)* T — M * N — (M*T « N")* = 0 9.4313  12.0000 | # O,
0 12.0000 31.0027
) 16.0994 0 0
%(M «N)2— M2 N? = 0  —15.0207 —28.6455 | # O,
w 0 —28.6455 —63.1502
o 1.7912 0 0
%/—w)] — (M2xN%)Y2 M« N = 0 01257 —1.2951 | #O,
(W +w) 0 —1.2951 —2.0204
) 52.6243 0 0
Z(W —w)?I — M?* N* — (M x N)? = 0 31.6243  —44.0000 | # O,
0 —44.0000 —43.3757
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and
—3.0060 0 0
w
+w(M*N)—(M2*N2)1/2: 0 —2.5752 —2.9722 | #O.

2vWw 0 29722 —7.6561
EXAMPLE 2. Consider matrices

305 1 00

M=|0o0o0], N=|0 11 (27)
50 9 0 1 1

It is easy to verify that M, N € Sg(3). According to (15) and (16), we can see that
the matrix Z possesses the form (26). Furthermore, we can easily show that matrices
M, N and Z do not satisfy the condition (21), but they satisfy the inequalities stated
in Theorem 3. Indeed, W = 23.6619 and w = 0.1690. Furthermore,

4.5000 0 —2.5000 1.0000 0 0
Mt = 0 0 0 ,and Nt = 0  0.2500 0.2500
—2.5000 0  1.5000 0 02500 0.2500
Then
45000 0 0 03333 0 0
MT«NT = 0 0 0 , (M« N)t = 0 0 0 :
0 0 03750 0 0 0.1111
34 0 60 1 00
M?=| 0 0 0 |,N*=(0 2 2|,
60 0 106 0 2 2
34 0 0 5.8310 0 0
M? % N? 0 0 0 |, M?xN%H/2 0 0 0 ,
0 0 212 0 0 14.5602
02222 0 0
(Mt «NT)T = 0 0 0 :
0 0 26667
4.1667 0
M*T s« Nt —(Mx*N)* 0
0 02639
0

(W +w)?
Ww 0 3.5688
17, 0532 0
19. 8310 0 >0,
13.4976

0

73315 0
(M« N)t — Mt « Nt = 0 > 0,
(VW = Vw)> I — M « N — (M* « Nt)*+ (
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02855 0 0
W 2
%(M*N)Z—Mz*szlo‘i‘ o 0 0 >0,
v 0 0 26631
. 2.9580 0 0
73‘2] W (M2s NP MaN = 0 5789 0 >0,
(W +w) 0 0 0.2297
) 112.9786 0 0
Z(W —w)’ I = M?* N? — (M xN)? = 0 137.9786 0 > 0,
0 0 6.9786
and
31057 0 0
Wtw — (M2 % N?)1/2 = 0 0 0 > 0.
VWuw 0 0 12.2496

REMARK 3. Since Theorem 3 can be obtained by substituting A with M ® N in
Theorem 2, the condition (17) is not necessary for the inequalities stated in Theorem
2 to hold by choosing A = M ® N, where M and N are defined as in Examples 1
and 2 respectively. It is also an open problem to determine a sufficient and necessary
condition under which these inequalities stated in Theorem 2 hold.
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