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Preface

Matrix analysis is a research field of basic interest and has applications in
scientific computing, control and systems theory, operations research, mathe-
matical physics, statistics, economics and engineering disciplines. Sometimes
it is also needed in other areas of pure mathematics.

A lot of theorems in matrix analysis appear in the form of inequalities.
Given any complex-valued function defined on matrices, there are inequalities
for it. We may say that matrix inequalities reflect the quantitative aspect of
matrix analysis. Thus this book covers such topics as norms, singular values,
eigenvalues, the permanent function, and the Lowner partial order.

The main purpose of this monograph is to report on recent developments
in the field of matrix inequalities, with emphasis on useful techniques and
ingenious ideas. Most of the results and new proofs presented here were ob-
tained in the past eight years. Some results proved earlier are also collected
as they are both important and interesting.

Among other results this book contains the affirmative solutions of eight
conjectures. Many theorems unify previous inequalities; several are the cul-
mination of work by many people. Besides frequent use of operator-theoretic
methods, the reader will also see the power of classical analysis and algebraic
arguments, as well as combinatorial considerations.

There are two very nice books on the subject published in the last decade.
One is Topics in Matriz Analysis by R. A. Horn and C. R. Johnson, Cam-
bridge University Press, 1991; the other is Matriz Analysis by R. Bhatia,
GTM 169, Springer, 1997. Except a few preliminary results, there is no over-
lap between this book and the two mentioned above.

At the end of every section I give notes and references to indicate the
history of the results and further readings.

This book should be a useful reference for research workers. The prerequi-
sites are linear algebra, real and complex analysis, and some familiarity with
Bhatia’s and Horn-Johnson’s books. It is self-contained in the sense that de-
tailed proofs of all the main theorems and important technical lemmas are
given. Thus the book can be read by graduate students and advanced under-
graduates. I hope this book will provide them with one more opportunity to
appreciate the elegance of mathematics and enjoy the fun of understanding
certain phenomena.
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1. Inequalities in the Lowner Partial Order

Throughout we consider square complex matrices. Since rectangular matrices
can be augmented to square ones with zero blocks, all the results on singular
values and unitarily invariant norms hold as well for rectangular matrices.
Denote by M,, the space of n xn complex matrices. A matrix A € M, is often
regarded as a linear operator on C" endowed with the usual inner product
(z,y) = >, ;95 for ¥ = (x5),y = (y;) € C". Then the conjugate transpose
A* is the adjoint of A. The Euclidean norm on C" is |jz|| = (z,z)'/2. A
matrix A € M, is called positive semidefinite if

(Az,z) >0 for all x € C". (1.1)

Thus for a positive semidefinite A, (Ax,z) = (x, Az). For any A € M,, and
x,y € C", we have

3
Az, y) =Y iF(A(z +ity), 2 + i*y),
k=0
3
Ao, Ay) = iz +ity, A(z + i*y))
k=0

where i = /—1. It is clear from these two identities that the condition (1.1)
implies A* = A. Therefore a positive semidefinite matrix is necessarily Her-
mitian.

In the sequel when we talk about matrices A, B, C, ... without specifying
their orders, we always mean that they are of the same order. For Hermitian
matrices G, H we write G < H or H > G to mean that H — GG is positive
semidefinite. In particular, H > 0 indicates that H is positive semidefinite.
This is known as the Lowner partial order; it is induced in the real space of
(complex) Hermitian matrices by the cone of positive semidefinite matrices.
If H is positive definite, that is, positive semidefinite and invertible, we write
H > 0.

Let f(t) be a continuous real-valued function defined on a real inter-
val 2 and H be a Hermitian matrix with eigenvalues in (2. Let H =
Udiag(\1, ..., A\,)U* be a spectral decomposition with U unitary. Then the
functional calculus for H is defined as

X. Zhan: LNM 1790, pp. 1-15, 2002.
© Springer-Verlag Berlin Heidelberg 2002



2 1. The Lowner Partial Order

f(H) =Udiag(f(M),..., f(A)U™. (1.2)

This is well-defined, that is, f(H) does not depend on particular spectral
decompositions of H. To see this, first note that (1.2) coincides with the usual
polynomial calculus: If f(¢) = Z?:o c;jt! then f(H) = Z;C:o cjH7. Second, by
the Weierstrass approximation theorem, every continuous function on a finite
closed interval (2 is uniformly approximated by a sequence of polynomials.
Here we need the notion of a norm on matrices to give a precise meaning of
approximation by a sequence of matrices. We denote by ||A||~ the spectral
(operator) norm of A: ||A|| = max{||Az| : ||z|| = 1,z € C"}. The spectral
norm is submultiplicative: ||AB|loo < ||Al|oo||B|loo- The positive semidefinite
square root H'/2 of H > 0 plays an important role.

Some results in this chapter are the basis of inequalities for eigenvalues,
singular values and norms developed in subsequent chapters. We always use
capital letters for matrices and small letters for numbers unless otherwise
stated.

1.1 The Lowner-Heinz inequality

Denote by I the identity matrix. A matrix C is called a contraction if C*C <
I, or equivalently, ||C|l < 1. Let p(A) be the spectral radius of A. Then
p(A) < ||A]|co- Since AB and BA have the same eigenvalues, p(AB) = p(BA).

Theorem 1.1 (Lowner-Heinz) If A> B >0 and 0 <r <1 then
A" > B". (1.3)

Proof. The standard continuity argument is that in many cases, e.g., the
present situation, to prove some conclusion on positive semidefinite matrices
it suffices to show it for positive definite matrices by considering A+e€l, € | 0.
Now we assume A > 0.

Let A be the set of those r € [0,1] such that (1.3) holds. Obviously

0,1 € A and A is closed. Next we show that A is convex, from which follows
A =0,1] and the proof will be completed. Suppose s,t € A. Then

A—SI2BSA=SI2 < [ ATU2BAY? < T
or equivalently ||B*/2A47%/2| o < 1, | BY/2A7%/?||o, < 1. Therefore
HA—(s+t)/4B(s+t)/2A—(s+t)/4HOO — p<A—(s+t)/4B(s—|—t)/2A—(s+t)/4)
— p(A—s/2B(s+t)/2A—t/2)
— |’A_S/2B(S+t)/2A_t/2HOO
_ ||(Bs/2A—s/2)*(Bt/2A—t/2)||OO
< |B2AT R | B2 AT 2 o
<1
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Thus A-6H/4Bs+8)/2 A= (s+1)/4 < T and consequently B(s11)/2 < A(s+1)/2
i.e., (s+1t)/2 € A. This proves the convexity of A. 0

How about this theorem for r > 17 The answer is negative in general.
The example

_ |21 _ (10 5 o |43
S N R PR b

shows that A > B > 0 # A? > B2,

The next result gives a conceptual understanding, and this seems a typical
way of mathematical thinking.

We will have another occasion in Section 4.6 to mention the notion of a C*-
algebra, but for our purpose it is just M,,. Let A be a Banach space over C. If
A is also an algebra in which the norm is submultiplicative: ||AB|| < [|A] || B]|,
then A is called a Banach algebra. An involution on A is a map A — A* of
A into itself such that for all A,B€ Aand aa € C

(i)(A")*=A; (i) (AB)* =B*A*; (iii) (A + B)" = aA™ + B”.
A C*-algebra A is a Banach algebra with involution such that
|A* Al = ||A||*> for all A€ A.

An element A € A is called positive if A = B*B for some B € A.

It is clear that M, with the spectral norm and with conjugate transpose
being the involution is a C*-algebra. Note that the Lowner-Heinz inequality
also holds for elements in a C'*-algebra and the same proof works, since every
fact used there remains true, for instance, p(AB) = p(BA).

Every element T' € A can be written uniquely as T'= A +iB with A, B
Hermitian. In fact A = (T'+ T17™*)/2, B = (T — T*)/2i. This is called the
Cartesian decomposition of T.

We say that A is commutative if AB = BA for all A, B € A.

Theorem 1.2 Let A be a C*-algebra andr > 1. [fA> B >0, A,Be A
implies A" > B", then A is commutative.

Proof. Since r > 1, there exists a positive integer k such that 7* > 2. Suppose
A > B > 0. Use the assumption successively k times we get A > B,
Then apply the Léwner-Heinz inequality with the power 2/ r* < 1 to obtain
A? > B?. Therefore it suffices to prove the theorem for the case r = 2.

For any A, B > 0 and ¢ > 0 we have A 4+ e¢B > A. Hence by assumption,
(A+ eB)? > A2, This yields AB + BA + eB? > 0 for any € > 0. Thus

AB+ BA>0 for all A,B>0. (1.4)

Let AB = G +iH with G, H Hermitian. Then (1.4) means G > 0. Applying
this to A, BAB,
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A(BAB) = G? — H* +i(GH + HG) (1.5)
gives G2 > H?. So the set
Ir={a> 1:G? > aH? for all A,B >0 with AB=G+iH}

where G + ¢H is the Cartesian decomposition, is nonempty. Suppose I is
bounded. Then since I' is closed, it has a largest element \. By (1.4) H?(G?—
AH?) + (G? — MH?)H? > 0, i.e.,

G?H? + H*G* > 2)\H*. (1.6)
From (1.5) we have (G% — H?)? > \(GH + HG)?, i.e.,

G* + H* — (G*H? + H*G?)
> \[GH?*G + HG*H + G(HGH) + (HGH)G).

Combining this inequality, (1.6) and the inequalities GH?G > 0, G(HGH) +
(HGH)G > 0 (by (1.4) and G > 0), HG*H > AH* (by the definition of \)
we obtain

G*> (\V+2) - 1)H™

Then applying the Lowner-Heinz inequality again we get
G? > (N2 421 —1)Y/2H?

for all G, H in the Cartesian decomposition AB = G 4+ iH with A, B > 0.
Hence (A2 42X\ —1)'/2 € I', which yields (A% 42X — 1)'/2 < X by definition.
Consequently A < 1/2. This contradicts the assumption that A > 1. So
I' is unbounded and G? > aH? for all o > 1, which is possible only when
H = 0. Consequently AB = BA for all positive A, B. Finally by the Cartesian
decomposition and the fact that every Hermitian element is a difference of
two positive elements we conclude that XY =Y X for all X,Y € A. O

Since M,, is noncommutative when n > 2, we know that for any » > 1
there exist A > B >0 but A” ? B".

Notes and References. The proof of Theorem 1.1 here is given by G. K.
Pedersen [79]. Theorem 1.2 is due to T. Ogasawara [77].

1.2 Maps on Matrix Spaces

A real-valued continuous function f(¢) defined on a real interval {2 is said to
be operator monotone if

A< B implies f(A) < f(B)
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for all such Hermitian matrices A, B of all orders whose eigenvalues are con-
tained in (2. f is called operator convez if for any 0 < A < 1,

JAA+ (1 =X)B) < Af(A)+ (1= N)f(B)

holds for all Hermitian matrices A, B of all orders with eigenvalues in 2. f
is called operator concave if —f is operator convex.

Thus the Lowner-Heinz inequality says that the function f(t) =t", (0 <
r < 1) is operator monotone on [0, 00). Another example of operator mono-
tone function is logt¢ on (0, c0) while an example of operator convex function
is g(t) =t" on (0,00) for —1 <r <0or 1 <r<2/[17, p.147].

If we know the formula

: oo r—1

t

trzsmrﬂ/ " Cds (0<r<1)
T 0 $+t

then Theorem 1.1 becomes quite obvious. In general we have the following
useful integral representations for operator monotone and operator convex
functions. This is part of Lowner’s deep theory [17, p.144 and 147] (see also
(32]).

Theorem 1.3 If f is an operator monotone function on [0,00), then there
exists a positive measure p on [0,00) such that

F(t) = a+ Bt + /OOO SS—Ldu(s) (1.7)

where « is a real number and 8 > 0. If g is an operator convex function on
[0,00) then there exists a positive measure p on [0,00) such that

st?
s+t

o(t) = o+ Bt + 41> + / T s) (18)

where a, B are real numbers and vy > 0.

The three concepts of operator monotone, operator convex and operator
concave functions are intimately related. For example, a nonnegative contin-
uous function on [0,00) is operator monotone if and only if it is operator
concave [17, Theorem V.2.5].

A map @ : M,, — M, is called positive if it maps positive semidefinite
matrices to positive semidefinite matrices: A > 0 = ®(A) > 0. Denote by I,
the identity matrix in M,,. @ is called unital if ¢(I,,) = I,,.

We will first derive some inequalities involving unital positive linear maps,
operator monotone functions and operator convex functions, then use these
results to obtain inequalities for matrix Hadamard products.

The following fact is very useful.

Lemma 1.4 Let A > 0. Then
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A B
B* C

E
if and only if the Schur complement C — B*A=1B > 0.
Lemma 1.5 Let @ be a unital positive linear map from M,, to M, . Then
B(A2) = B(A)* (A2 0), (1.9)
P(AH >d(A) (A>0). (1.10)
Proof. Let A = Z;nzl A;E; be the spectral decomposition of A, where
Aj > 0(j = 1,...,m) are the eigenvalues and E; (j = 1,...,m) are the

corresponding eigenprojections of rank one with Z;n:l E; = I,,. Then since

A? =370 A2E; and by unitality I, = &(I,,,) = Y_7° | $(E;), we have

l@fﬁ) g(%))] :i Uj ié] ® B(E;),

where ® denotes the Kronecker (tensor) product. Since

1A
l% A?l =0

and by positivity @(E;) >0 (j =1,...,m), we have

Jj=1,...,m. Consequently

l I, ®A)

o(A) @(A%] =0

which implies (1.9) by Lemma 1.4.
In a similar way, using
A1
]z

o(A) I,
l I, (A1

we can conclude that
E

which implies (1.10) again by Lemma 1.4. O

Theorem 1.6 Let @ be a unital positive linear map from M,, to M, and f
an operator monotone function on [0,00). Then for every A > 0,
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f(®(A) = 2(f(A)).

Proof. By the integral representation (1.7) it suffices to prove
D(A)[sI +P(A)] "t > P[A(sI + A)71], s> 0.

Since A(sI + A)~! =1 — s(sI + A)~! and similarly for the left side, this is
equivalent to
[D(sI + A)] ' <D[(sI +A) Y

which follows from (1.10). 0

Theorem 1.7 Let @ be a unital positive linear map from M,, to M, and g
an operator convex function on [0,00). Then for every A >0,

9(2(A)) < D(g(A)).

Proof. By the integral representation (1.8) it suffices to show
P(A)? < P(A?) (1.11)

and
D(A)?[sI +DP(A)] L < P[A%(sT + A)7Y], s>0. (1.12)

(1.11) is just (1.9). Since
A?(sI 4+ A) P = A —sI +s%(sI+A)7 1,
D(A)?[s] +P(A)] ™ = P(A) — sI + s*[s] + D(A)] 1,
(1.12) follows from (1.10). This completes the proof. O

Since fi1(t) = t" (0 < r < 1) and fa2(t) = logt are operator monotone
functions on [0,00) and (0, 00) respectively, g(t) = t" is operator convex on
(0,00) for =1 < r < 0and 1 <r < 2, from Theorems 1.6, 1.7 we get the
following corollary.

Corollary 1.8 Let @ be a unital positive linear map from M,, to M,,. Then
P(A") <P(A)", A>0, 0<r<l;

P(A")>P(A)", A>0, —1<r<0or 1<r<2;
d(log A) < log(®(4)), A>0.

Given A = (ai;), B = (bij) € My, the Hadamard product of A and B is
defined as the entry-wise product: A o B = (a;;b;j) € M,,. For this topic see
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[52, Chapter 5]. We denote by A[a] the principal submatrix of A indexed by
a. The following simple observation is very useful.

Lemma 1.9 For any A,B € M,,, Ao B = (A® B)[a] where a« = {1,n +
2,2n + 3,...,n%}. Consequently there is a unital positive linear map ¢ from
M,z to M,, such that ®(A® B) = Ao B for all A, B € M,,.

As an illustration of the usefulness of this lemma, consider the following
reasoning: If A, B > 0, then evidently A ® B > 0. Since A o B is a principal
submatrix of A ® B, Ao B > 0. Similarly A o B > 0 for the case when
both A and B are positive definite. In other words, the Hadamard product
of positive semidefinite (definite) matrices is positive semidefinite (definite).
This important fact is known as the Schur product theorem.

Corollary 1.10

A"oB" < (AoB), AB>0, 0<r<l; (1.13)
A"oB" > (AoB)", AB>0, —1<r<0orl<r<2; (1.14)
(logA+logB)ol <log(AoB), A,B>0. (1.15)

Proof. This is an application of Corollary 1.8 with A there replaced by A® B
and @ being defined in Lemma 1.9.

For (1.13) and (1.14) just use the fact that (A ® B)! = A® ® B! for real
number t. See [52] for properties of the Kronecker product.

For (1.15) we have

d d
log(A® B) = — (A® B)!|i—o = E(At ® B)|¢=o

= (logA) ® I + I ® (log B).

This can also be seen by using the spectral decompositions of A and B. 0O

We remark that the inequality in (1.14) is also valid for A, B > 0 in the
case 1 < r < 2.

Given a positive integer k, let us denote the kth Hadamard power of
A = (a;;) € M, by A®) = (afj) € M,,. Here are two interesting consequences
of Corollary 1.10: For every positive integer k,

(AT)F) < (AN A >0, 0<r<I1;

(A")®) > (AR A>0, —1<r<0orl1<r<2

Corollary 1.11 For A, B > 0, the function f(t) = (A o BY)'/? is increasing
on [1,00),1.e.,

(A® o BH)/* < (Ao BHYE, 1< s<t.



1.2 Maps on Matrix Spaces 9

Proof. By Corollary 1.10 we have
Ao B% < (Alo Bt)s/t.

Then applying the Léwner-Heinz inequality with the power 1/s yields the
conclusion. 0

Let P, be the set of positive semidefinite matrices in M,,. A map ¥ from
P, x P, into P, is called jointly concave if

W(AA+ (1= N)B,AC + (1= A\)D) > AF(A,C) + (1 — \)¥(B, D)

forall A, B,C,D >0and 0 < A < 1.
For A, B > 0, the parallel sum of A and B is defined as

A:B=(A"1+B H

Note that A: B=A— A(A+ B) " 'Aand 2(A: B) ={(A '+ B71)/2}tis
the harmonic mean of A, B. Since A : B decreases as A, B decrease, we can
define the parallel sum for general A, B > 0 by

A:B= liﬁ)l{(A +e)P 4+ (Bel)7 N

Using Lemma 1.4 it is easy to verify that

o |A+B A
A.B—maX{XzO.l A A—X]ZO}

where the maximum is with respect to the Lowner partial order. From this
extremal representation it follows readily that the map (A,B) — A : B is
jointly concave.

Lemma 1.12 For 0 <r < 1 the map
(A,B)+— A" o BT
is jointly concave in A, B > 0.

Proof. It suffices to prove that the map (4,B) — A" ® B'™" is jointly
concave in A, B > 0, since then the assertion will follow via Lemma 1.9.

We may assume B > 0. Using A" ® B'™" = (A® B~1)"(I ® B) and the
integral representation

: oo r—1
S t

t" = 1nr7r/ i ds (0<r<1)
T 0 S"—t

we get
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sin rmw

A"®@ BT = / s"HA®B N (A®@B ' +sI® 1) (I ® B)ds.

T 0
Since A ® B~! and I ® B commute, it is easy to see that
(A B™YWA@B ' +sI®)"(I®B)=(s"'"A®1): (I® B).

We know that the parallel sum is jointly concave. Thus the integrand above
is also jointly concave, and so is A” ® B!'~". This completes the proof. O

Corollary 1.13 For A,B,C,D >0 and p,q > 1 with 1/p+1/q =1,

AoB+CoD < (AP +CP)/Po (BT + D)/,

Proof. This is just the mid-point joint concavity case A = 1/2 of Lemma
1.12 with r = 1/p. 0

Let f(x) be a real-valued differentiable function defined on some real
interval. We denote by Af(x,y) = [f(z)— f(y)]/(x—y) the difference quotient
where Af(z,x) = f/'(x).

Let H(t) € M,, be a family of Hermitian matrices for ¢ in an open real
interval (a,b) and suppose the eigenvalues of H(t) are contained in some
open real interval {2 for all t € (a,b). Let H(t) = U(t)A(t)U(t)* be the
spectral decomposition with U(t) unitary and A(t) = diag(A1(¢), ..., An(t))-
Assume that H(t) is continuously differentiable on (a,b) and f : 2 — R is
a continuously differentiable function. Then it is known [52, Theorem 6.6.30]
that f(H(t)) is continuously differentiable and

%f(H(t)) = UF[AS(Xil), A ()] o [U@)" H' (U B)FU(L)".

Theorem 1.14 For A,B >0 and p,q > 1 with 1/p+1/q =1,

AoB < (AP o )Y/P(B10o I)t/a,

Proof. Denote
C = (AP o )Y/P = diag(A1, ..., Mn),

D = (B%o 1)/ = diag(uu1,- - - , fin)-

By continuity we may assume that A\; # A\; and p; # p; for ¢ # j.
Using the above differential formula we compute

i(cp FtAP)/P = X 0 AP
dt t=0
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and

d
— (DT +tBNY1 =Y oB4
dt t=0

where X = (x;;) and Y = (y;;) are defined by
zij = (N — AW — )\?)_1 for i # j and z;; :p_l)\}_p,
yij = (i — pg) (i — pd)~" for i #j and yi; = gty
By Corollary 1.13

CoD+tAoB < (CP+tAP)/P o (DI 4 tB)1/4
for any ¢t > 0. Therefore, via differentiation at ¢ = 0 we have
d
AoB < (C7+ tAPYYP o (DT 4 tBNYY |,
=XoAPoD+CoY o B
=(Xol)(APo)D+C(Y oI)(Bi0olI)

=p 'CTP(AP o I)D + ¢ 'CD"" (B0 1)
= (AP o I)Y/P(Bo )/,

This completes the proof.

11

O

We will need the following result in the next section and in Chapter 3.

See [17] for a proof.

Theorem 1.15 Let f be an operator monotone function on [0,00), g an
operator convex function on [0,00) with g(0) < 0. Then for every contraction

C, ie., ||Cllc <1 and every A >0,
f(CTAC) = Cf(A)C,

g(C*AC) < C*g(A)C.

(1.16)

(1.17)

Notes and References. As already remarked, Theorem 1.3 is part of the
Lowner theory. The inequality (1.16) in Theorem 1.15 is due to F. Hansen
[43] while the inequality (1.17) is proved by F. Hansen and G. K. Pedersen

[44]. All other results in this section are due to T. Ando [3, 8].

1.3 Inequalities for Matrix Powers

The purpose of this section is to prove the following result.
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Theorem 1.16 If A > B > 0 then

(BrApBr)l/q > pp+2r)/q (1.18)
and

AlP+2r)/a > (AerAr)l/q (1.19)
forr>0,p>0,q>1 with (14 2r)q > p+ 2r.
Proof. We abbreviate “the Lowner-Heinz inequality” to LH, and first prove
(1.118f)(.) < p < 1, then by LH, AP > BP and hence B" AP B" > BP*2", Applying

LH again with the power 1/q gives (1.18).
Next we consider the case p > 1. It suffices to prove

(BTAPBT)(l—f—QT)/(p-l-QT) > Bl—|—27“
for r > 0, p > 1, since by assumption g > (p + 2r)/(1 + 2r), and then (1.18)

follows from this inequality via LH. Let us introduce t to write the above
inequality as

B 1+ 2r
_p+27"

Note that 0 < ¢ < 1, as p > 1. We will show (1.20) by induction on k =
0,1,2,... for the intervals (28=1 —1/2, 2¥ —1/2] containing . Since (0, c0) =
U (281 —1/2, 2% — 1/2], (1.20) is proved.

By the standard continuity argument, we may and do assume that A, B
are positive definite. First consider the case k = 0, i.e., 0 < r < 1/2. By
LH A?" > B?" and hence B"A~2"B" < I, which means that A~"B" is a
contraction. Applying (1.16) in Theorem 1.15 with f(z) = z* yields

(B"APB")' > B'** ¢ (1.20)

(BrApBr)t — [(A—TBT)*AP+2T(A—T‘B’I”)]t
2 (A—TBT)*A(p+2r)t(A—TBr>
— B"AB" > B1+27’,
proving (1.20) for the case k = 0.

Now suppose that (1.20) is true for r € (28=1 — 1/2, 2 — 1/2]. Denote
Ay = (B"APB")!, B; = B'*?". Then our assumption is

Since p; = 1/t > 1, apply the already proved case 1 = 1/2 to A1 > B to
get

1 —I- 27‘1
BirAPr gy > gl oy = - 2 0 1.21
(By' AV By')™ = By L= o (1.21)
Note that t; = 24"~ Denote s = 2r 4 1/2. We have s € (2F — 1/2, 2+k+1 —

ptar+1°
1/2]. Then explicitly (1.21) is
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_1—|—2s

BsAsz t1 > B1+23 t = —
( ) - 3 1 p—|—287

which shows that (1.20) holds for r € (2% —1/2, 2¥+1 — 1/2]. This completes
the inductive argument and (1.18) is proved.

A > B > 0implies B! > A=! > 0. In (1.18) replacing A, B by B~!, A~}
respectively yields (1.19). O

The case ¢ = p > 1 of Theorem 1.16 is the following
Corollary 1.17 If A> B > 0 then
(B"APBT)Y/P > BPp+2n)/p,
AP+20)/p > (AT P AT)/P
forallr >0 and p > 1.
A still more special case is the next
Corollary 1.18 If A> B > 0 then

(BA?2B)Y/2 > B?> and A% > (AB%A4)Y/2.

At first glance, Corollary 1.18 (and hence Theorem 1.16) is strange: For
positive numbers a > b, we have a? > (ba2b)1/2 > p2. We know the matrix
analog that A > B > 0 implies A2 > B? is false, but Corollary 1.18 asserts
that the matrix analog of the stronger inequality (ba?b)!/? > b? holds.

This example shows that when we move from the commutative world to
the noncommutative one, direct generalizations may be false, but a judicious
modification may be true.

Notes and References. Corollary 1.18 is a conjecture of N. N. Chan and
M. K. Kwong [29]. T. Furuta [38] solved this conjecture by proving the more
general Theorem 1.16. See [39] for a related result.

1.4 Block Matrix Techniques

In the proof of Lemma 1.5 we have seen that block matrix arguments are
powerful. Here we give one more example. In later chapters we will employ
other types of block matrix techniques.

Theorem 1.19 Let A, B, X,Y be matrices with A, B positive definite and
X, Y arbitrary. Then

(X*A™'X) o (Y*B7Y) > (X oY) (Ao B) Y (X oY), (1.22)
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X*A'X+Y*B7YY > (X +Y)"(A+ B) (X +Y). (1.23)

Proof. By Lemma 1.4 we have

A X B Y

Applying the Schur product theorem gives

> 0. (1.24)

AoB XoY
l(X oY) (X*A71X)o (Y*BlY)]

Applying Lemma 1.4 again in another direction to (1.24) yields (1.22).
The inequality (1.23) is proved in a similar way. 0

Now let us consider some useful special cases of this theorem. Choosing
A=B=1and X =Y =1 in (1.22) respectively we get

Corollary 1.20 For any X,Y and positive definite A, B
(X*X)o (YY) > (X oY) (X oY), (1.25)

Ao Bl > (AoB)™L. (1.26)

In (1.26) setting B = A™! we get Ao A™! > (Ao A71)~! or equivalently
AocA ™t >1, for A>0. (1.27)

(1.27) is a well-known inequality due to M. Fiedler.
Note that both (1.22) and (1.23) can be extended to the case of arbitrarily
finite number of matrices by the same proof. For instance we have

s (8] (£0) ()

for any X; and A; >0, 5 =1,...,k, two special cases of which are particu-
larly interesting:

S ($n) (5)

k k -1
d AT >k (ZAj> , each A; > 0.
1 1

We record the following fact for later use. Compare it with Lemma 1.4.
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Lemma 1.21
A B
(45]20 .
if and only if A > 0, C > 0 and there exists a contraction W such that
B = AY2WCY2,

Proof. Recall the fact that
I X
B
if and only if X is a contraction. The “if” part is easily checked.
Conversely suppose we have (1.28). First consider the case when A >
0, C' > 0. Then

I A_1/2BC_1/2
|:(A—1/2BC—1/2)* I ]
A2 0 A B|[A7Y2 0 -0
N 0o Cc-Y2||B*C 0o Cc2| ="

Thus W = A~Y/2BC~1/2 is a contraction and B = AY/2W(C1/2,
Next for the general case we have
A+m™1rI B
l B* C+m_111 >0

for any positive integer m. By what we have just proved, for each m there
exists a contraction W,, such that

B=(A4+m 'DY2W,,(C+m 1D (1.29)

Since the space of matrices of a given order is finite-dimensional, the unit
ball of any norm is compact (here we are using the spectral norm). It follows
that there is a convergent subsequence of {W,,,}5°_;, say, limg oo W,,, = W.
Of course W is a contraction. Taking the limit & — oo in (1.29) we obtain
B = AYV2WCl2, O

Notes and References. Except Lemma 1.21, this section is taken from
[86]. Note that Theorem 1.19 remains true for rectangular matrices X, Y.
The inequality (1.22) is also proved independently in [84].



2. Majorization and Eigenvalues

Majorization is one of the most powerful techniques for deriving inequalities.
We first introduce in Section 2.1 the concepts of four kinds of majorizations,
give some examples related to matrices, and present several basic majoriza-
tion principles. Then in Section 2.2 we prove two theorems on eigenvalues
of the Hadamard product of positive semidefinite matrices, which generalize
Oppenheim’s classical inequalities.

2.1 Majorizations

Given a real vector x = (1, z2,...,z,) € R™, we rearrange its components
as Ty > Z[2) > e 2> T[p)-

Definition. For x = (z1,...,2,), ¥y = (Y1,-.-,yn) € R, if

k

k
Zl’[i]SZy[i], k=1,2,....n
=1

=1

then we say that x is weakly majorized by y and denote x <, y. If in addition
t0 & <uw Y, Yoiq @i = i, y; holds, then we say that x is majorized by y
and denote x < y.

For example, if each a; > 0, Y] a; = 1 then

1 1
(n,...,n) < (a,...,a,) < (1,0,...,0).

There is a useful characterization of majorization. We call a matrix non-
negative if all its entries are nonnegative real numbers. A nonnegative ma-
trix is called doubly stochastic if all its row and column sums are one. Let
z,y € R™. The Hardy-Littlewood-Pélya theorem ([17, Theorem II.1.10] or
[72, p.22]) asserts that < y if and only if there exists a doubly stochastic
matrix A such that z = Ay. Here we regard vectors as column vectors, i.e.,
n X 1 matrices.

By this characterization we readily get the following well-known theorem
of Schur via the spectral decomposition of Hermitian matrices.

X. Zhan: LNM 1790, pp. 17-25, 2002.
© Springer-Verlag Berlin Heidelberg 2002
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Theorem 2.1 If H is a Hermitian matriz with diagonal entries hq,. .., hy,
and eigenvalues A1, ..., \, then
(R, oy hn) < (A1, -0y An). (2.1)

In the sequel, if the eigenvalues of a matrix H are all real, we will always
arrange them in decreasing order: Ay (H) > Ao(H) > --- > A\, (H) and denote
AMH) = (M(H),..., \(H)). If G, H are Hermitian matrices and A(G) <
AN H), we simply write G < H. Similarly we write G <, H to indicate
AMG) <w A(H). For example, Theorem 2.1 can be written as

Hol < H for Hermitian H. (2.2)

The next two majorization principles [72, p.115 and 116] are of primary
importance. Here we assume that the functions f(t), g(t) are defined on some
interval containing the components of x = (x1,...,2,) and y = (y1, ..., Yn)-

Theorem 2.2 Let f(t) be a convex function. Then

xz <y implies (f(z1),...,f(xn)) <w (f(¥1),---, [(yn))-

Theorem 2.3 Let g(t) be an increasing convex function. Then

T <y y implies (g(z1),...,9(xn)) <w (9(W1),---,9(Yn)).

To illustrate the effect of Theorem 2.2, suppose in Theorem 2.1 H > 0
and without loss of generality, hy > -+ > h,, Ay > --- > A,. Then apply
Theorem 2.2 with f(¢) = —logt to the majorization (2.1) to get

n

Hhizﬁ)\i, k=1,2,...,n. (2.3)
i=k

i=k

Of course the condition H > 0 can be relaxed to H > 0 by continuity. Note
that the special case k = 1 of (2.3) says det H < [[} h;, which is called the
Hadamard inequality.

Definition. Let the components of x = (z1,...,2,) and y = (y1,...,yn) be

nonnegative. If
k

k
Hx[i]SHy[i]’ k=1,2,....n
i=1 i=1

then we say that z is weakly log-majorized by y and denote <10 y. If
in addition to & <wiog ¥ [[ie; 2i = [[;—; ¥ holds, then we say that x is
log-magjorized by y and denote x <;o4 Y.
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The absolute value of a matrix A is, by definition, |[A| = (A*A)Y/2. The
singular values of A are defined to be the eigenvalues of | A|. Thus the singular
values of A are the nonnegative square roots of the eigenvalues of A*A. For
positive semidefinite matrices, singular values and eigenvalues coincide.

Throughout we arrange the singular values of A in decreasing order:
s1(A) > -+ > s,(A) and denote s(A) = (s1(A),...,s,(A)). Note that the
spectral norm of A, ||A|l, is equal to s1(A).

Let us write {x;} for a vector (x1,...,x,). In matrix theory there are the
following three basic majorization relations [52].

Theorem 2.4 (H. Weyl) Let A1 (A), ..., A\ (A) be the eigenvalues of a matriz
A ordered so that |\ (A)| > -+ > |\ (A)]. Then

{IX(A} <10g s(A).

Theorem 2.5 (A. Horn) For any matrices A, B

S(AB) <10g {5i(A)si(B)}.

Theorem 2.6 For any matrices A, B

s(Ao B) <y {si(A)s;(B)}.

Note that the eigenvalues of the product of two positive semidefinite ma-
trices are nonnegative, since A\(AB) = A(A/2BA1/2),
If A, B are positive semidefinite, then by Theorems 2.4 and 2.5

AMAB) <109 S(AB) <i0g {Ni(A)Ai(B)}.

Therefore
A,B >0 = )\(AB) <log {>\Z<A)>\Z<B)} (24)

We remark that for nonnegative vectors, weak log-majorization is stronger
than weak majorization, which follows from the case g(t) = e* of Theorem
2.3. We record this as

Theorem 2.7 Let the components of x,y € R™ be nonnegative. Then

T <wlog Y 1mplies = <,y

Applying Theorem 2.7 to Theorems 2.4 and 2.5 we get the following

Corollary 2.8 For any A, B € M,
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ltr A] < Zsi(A),
s(AB) <y {si(A)si(B)}.

The next result [17, proof of Theorem IX.2.9] is very useful.

Theorem 2.9 Let A,B > 0. If 0 < s <t then

(NP (A*B%)} =109 {N/1(A'BY)}.

By this theorem, if A, B >0 and m > 1 then
{A7(AB)} <109 {Aj(A™B™)}.
Since weak log-majorization implies weak majorization, we have
{(A(AB)} <w {A;(A™B™)}.
Now if m is a positive integer, AT (AB) = \;[(AB)™] and hence
{NIAB)™ ]} <w {A;(A™B™)}.

In particular we have
tr (AB)™ < tr A" B™.

Theorem 2.10 Let G, H be Hermaitian. Then

M@ <10, Me%ef).

Proof. Let G,H € M, and 1 < k < n be fixed. By the spectral mapping
theorem and Theorem 2.9, for any positive integer m

k G
[T Aleme
j=1

The Lie product formula [17, p.254] says

3k
3

k k
)" =TI emer) < [T As(ee). (2.5)

X
m

3=

lim (emem )™ =X 1Y
m—0o0

for any two matrices X,Y. Thus letting m — oo in (2.5) yields

AMeCTHY < i0g MeGef).
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Finally note that det e = det(e“ef). This completes the proof. 0
Note that Theorem 2.10 strengthens the Golden-Thompson inequality:
treCtH < treCel

for Hermitian G, H.

From the minimax characterization of eigenvalues of a Hermitian matrix
[17] it follows immediately that A > B implies A\;(A) > X;(B) for each j.
This fact will be repeatedly used in the sequel.

Notes and References. For a more detailed treatment of the majorization
theory see [72, 5, 17, 52]. For the topic of log-majorization see [46].

2.2 Eigenvalues of Hadamard Products

Let A, B = (b;;) € M, be positive semidefinite. Oppenheim’s inequality
states that

det(A o) B) Z (det A) f[ b“ (26)

1=1

By Hadamard’s inequality, (2.6) implies
det(A o B) > det(AB). (2.7)

We first give a generalization of the determinantal inequality (2.7), whose
proof uses several results we obtained earlier, and then we generalize (2.6).
Let x ={x;},y = {y;} e R" withzy > -+ > z,, y1 > -+ > y,. Observe

that if z < y then
n n
szzzyz, k’:l,...,n.
1=k i=k

Also if the components of x and y are positive and = <44 ¥ then
ﬁxi > ﬁyi, k=1,...,n.
i=k i=k
Theorem 2.11 Let A, B € M, be positive definite. Then
ﬁ/\j(AoB)Z ﬁ)\j(AB), kE=1,2,...,n. (2.8)
i=k j=k

Proof. By (1.15) in Corollary 1.10 we have
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log(AoB) > (logA+logB)ol

which implies

log[H Aj(AoB)| = Z Aj[log(A o B)]

j=k j=k
> i)\j[(logA +log B) o I]
j=k
for k=1,2,...,n. According to Schur’s theorem (see (2.2))
(log A+ log B) oI < log A + log B,

from which it follows that

Z)\j[(logAJrlogB) ol Z (log A + log B)
j=k =k
fork=1,2,...,n

On the other hand, in Theorem 2.10 setting G = log A, H = log B we

have
A(eloeAtloe By <, \(AB).

Since \;(elo& A+log BY — eAs(log A+log B) " thig log-majorization is equivalent to
the majorization

A(log A + log B) < {log \;(AB)}.
But log \;(AB) = log \;(AY/2BA/2) = \;[log(AY/2BAY?)], so

log A + log B < log(AY2BAY?).

Hence
D Aj(log A+logB) > ) Aj[log(A2BAY?)]
j=k j=k
= log[[ [ \;(AB)]
j=k
for k = 1,2,...,n. Combining the above three inequalities involving eigen-

values we get

n

- (Ao B) =12,...,n
=k
j=

which establishes the theorem. O
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Denote by G7 the transpose of a matrix G. Since for B > 0 log BT =
(log B)T, we have
(log BT) oI = (logB)" o I = (log B) o I.

Therefore in the above proof we can replace (log A + log B) o I by (log A +
log BT) o I. Thus we get the following

Theorem 2.12 Let A, B € M,, be positive definite. Then

[[)AeB) =] X(ABT), k=12,...,n (2.9)
j=k Jj=k

Note that the special case k = 1 of (2.8) is the inequality (2.7).
For A, B > 0, by the log-majorization (2.4) we have

Jj=k Jj=k

Combining (2.8) and (2.10) we get the following

Corollary 2.13 Let A, B € M,, be positive definite. Then

[[rAeB) = [T AANB), k=12, ,n
j=k =k

Next we give a generalization of Oppenheim’s inequality (2.6).

A linear map @ : M,, — M, is said to be doubly stochastic if it is positive
(A>0= ®(A) > 0), unital (¢(I) = I) and trace-preserving (tr@(A) = trd
for all A € M,,). Since every Hermitian matrix can be written as a difference
of two positive semidefinite matrices: H = (|[H| + H)/2 — (|[H| — H)/2, a
positive linear map necessarily preserves the set of Hermitian matrices.

The Frobenius inner product on M, is (A, B) = trAB*.

Lemma 2.14 Let A € M, be Hermitian and @ : M, — M, be a doubly
stochastic map. Then

P(A) < A
Proof. Let
A =Udiag(z1,...,x,)U", ®(A) = Wdiag(y1,...,yn)W"
be the spectral decompositions with U, W unitary. Define

U(X)=W*(UXU*W.
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Then ¥ is again a doubly stochastic map and

diag(y1, ..., yn) = ¥(diag(xy, ..., xn)). (2.11)

Let P; = ej , the orthogonal projection to the one-dimensional subspace
spanned by the jth standard basis vector e;, j = 1,...,n. Then (2.11) implies

Y1y yn)t = D(z1,...,z0)T (2.12)

where D = (d;;) with d;; = (¥(P;), P;) for all ¢ and j. Since ¥ is doubly
stochastic, it is easy to verify that D is a doubly stochastic matrix. By the
Hardy-Littlewood-Pdlya theorem, the relation (2.12) implies

(ylv"'ayn) = (xla"'axn)a
proving the lemma. O

A positive semidefinite matrix with all diagonal entries 1 is called a cor-
relation matriz.

Suppose C'is a correlation matrix. Define @¢(X) = X o C. Obviously ®¢
is a doubly stochastic map on M,,. Thus we have the following

Corollary 2.15 If A is Hermitian and C' is a correlation matrixz. Then

AoC < A.

Theorem 2.16 Let A, B € M, be positive definite and 31 > --- > (B, be a
rearrangement of the diagonal entries of B. Then for every 1 <k <n

ﬁ (Ao B) ﬁ (A)B;. (2.13)
j=k =k

Proof. Let B = (b;;). Define two matrices C = (¢;;) and H = (h;;) by

bij 1/2
i = G e M = (biibig)'

Then C is a correlation matrix and B = H o C. By Corollary 2.15
AoB=(AoH)o(C < Ao H.

Applying Theorem 2.2 with f(t) = —logt to this majorization yields

ﬁ)\j(AoB ﬁ (Ao H). (2.14)
=k =k



2.2 Eigenvalues of Hadamard Products 25

Note that Ao H = DAD where D = diag(v/b11, - - ., Vbnn) and \j(D?) =
Bjyj = 1,...,n. Thus \(A o H) = ADAD) = A AD?). By the log-
majorization (2.4) we have

HA (Ao H) :ﬁ (AD?) > ﬁxj(A)Aj(DZ)

Combining (2.14) and the above inequality gives (2.13). O

Oppenheim’s inequality (2.6) Corresponds to the special case k = 1 of
(2.13). Also note that since [[7_ 3; > [T, Aj(B), Theorem 2.16 is stronger
than Corollary 2.13.

We remark that in general Theorem 2.16 and Theorem 2.11 are not com-
parable. In fact, both A,,(AB) > \,,(4)5,, and \,,(AB) < A\,(A)S,, can occur:
For A = diag(1,2), B = diag(2,1)

A2(AB) — A2(A)B2 =1
while for

12
A2(AB) — A2(A)f2 = —

A=1I, B= [211

Notes and References. M. Fiedler [37] first proved the case & = n of
Theorem 2.12. Then C. R. Johnson and L. Elsner [58] proved the case k = n
of Theorem 2.11, and in [57] C. R. Johnson and R. B. Bapat conjectured the
general inequalities (2.8) in Theorem 2.11. T. Ando [6] and G. Visick [82]
independently solved this conjecture affirmatively. What we presented here
is Ando’s elegant proof. Theorem 2.12 is also proved in [6].

Corollary 2.13 is a conjecture of A. W. Marshall and I. Olkin [72, p.258|.
R. B. Bapat and V. S. Sunder [12] solved this conjecture by proving the
stronger Theorem 2.16. Corollary 2.15 is also due to them. Lemma 2.14 is
due to T. Ando [5, Theorem 7.1].



3. Singular Values

Recall that the singular values of a matrix A € M, are the eigenvalues of
its absolute value |A| = (A*A)'/?, and we have fixed the notation s(A) =
(s1(A),...,sn(A)) with s1(A) > -+ > s,(A) for the singular values of A.
Singular values are closely related to unitarily invariant norms, which are
the theme of the next chapter. Singular value inequalities are weaker than
Lowner partial order inequalities and stronger than unitarily invariant norm
inequalities in the following sense:

[ Al < |B| = 5;(A) < 5;(B), for each j = [|A] < [|B]

for all unitarily invariant norms.
Note that singular values are unitarily invariant: s(UAV') = s(A) for every
A and all unitary U, V.

3.1 Matrix Young Inequalities

The most important case of the Young inequality says that if 1/p+1/¢ =1
with p,q > 1 then

P |ple
]ab\gﬂ—l—u for a,beC.
p q

A direct matrix generalization would be

AlP B|?
|AB|§—’ | —l——’ |
p q
which is false in general. If A, B > 0 is a commuting pair, however, AB > 0
and via a simultaneous unitary diagonalization [51, Corollary 4.5.18] it is
clear that

holds.
It turns out that the singular value version generalization of the Young
inequality is true.

X. Zhan: LNM 1790, pp. 27-54, 2002.
© Springer-Verlag Berlin Heidelberg 2002
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We will need the following special cases of Theorem 1.15.

Lemma 3.1 Let QQ be an orthogonal projection and X > 0. Then
RX"Q < (QXQ)" if 0<r<1,

QX"Q > (QXQ)" if 1<r<2.

Theorem 3.2 Let p,q > 1 with 1/p + 1/q = 1. Then for any matrices
A, Be M,

AP 1Bl

sj(AB") < s; ( ) .

), i=1,2,...,n. (3.1)

Proof. By considering the polar decompositions A = V|A|, B = W|B| with
V, W unitary, we see that it suffices to prove (3.1) for A, B > 0. Now we make
this assumption.

Passing to eigenvalues, (3.1) means

M((BA2B)Y?) < Au(AP fp + BY/q) (3.2)

for each 1 < k < n. Let us fix k and prove (3.2).

Since A\, ((BA2B)'Y?) = A\ ((AB%A)'/?), by exchanging the roles of A and
B if necessary, we may assume 1 < p < 2, hence 2 < g < oo. Further by the
standard continuity argument we may assume B > 0.

Here we regard matrices in M, as linear operators on C”.

Write A = A\, ((BA2B)'/?) and denote by P the orthogonal projection (of
rank k) to the spectral subspace spanned by the eigenvectors corresponding
to )\j((BAQB)l/2) for j =1,2,..., k. Denote by @ the orthogonal projection
(of rank k) to the subspace M = range(B~!P). In view of the minimax
characterization of eigenvalues of a Hermitian matrix [17], for the inequality
(3.2) it suffices to prove

AQ <QAPQ/p+QBQ/q. (3.3)
By the definition of ) we have
QB 'P=B"'P (3.4)
and that there exists G such that Q = B~! PG, hence BQ = PG and
PBQ = BQ. (3.5)
Taking adjoints in (3.4) and (3.5) gives

PB~'Q=pPB! (3.6)
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and
QBP =(QB. (3.7)

By (3.4) and (3.7) we have

(QB*Q)-(B~'PB™') =QB*-QB™'PB™"
= QB2 .B-1pp-1
= QBPB'=Q

and similarly from (3.6) and (3.5) we get
(B~'PB™") - (QB*Q) = Q.

These together mean that B~!PB~! and QB?Q map M onto itself, vanish
on its orthogonal complement and are inverse to each other on M.
By the definition of P we have

(BA2B)Y/2 > \P
which implies, via commutativity of (BA2B)'/? and P,
A* > NB~'PB71.
Then by the Lowner-Heinz inequality (Theorem 1.1) with » = p/2 we get
AP > \P . (B~tPB~1)P/2,
hence by (3.4) and (3.6)
QAPQ > NP . (B~*PB~1)P/2,
Since B~'PB~! is the inverse of QB%Q on M, this means that on M
QAPQ > N - (QB*Q) /2. (3:8)

To prove (3.3), let us first consider the case 2 < ¢ < 4. By Lemma 3.1
with r = ¢/2 we have

QBQ > (QB*Q)%2. (3.9)
Now it follows from (3.8) and (3.9) that on M
QATQ/p+QB'Q/q > N (QB*Q)™"?/p+ (QB*Q)"*/q.

In view of the Young inequality for the commuting pair,
M- (QB%Q)~Y/? and (QB2Q)'/?, this implies

QAPQ/p+QBIQ/q > X- (QB*Q)~Y? . (QB*Q)"/* = )\,

proving (3.3).
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Let us next consider the case 4 < ¢ < 0o. Let s = ¢/2. Then 0 < 2/s < 1
and ¢/s = 2. By Lemma 3.1 with r = ¢/s we have

QB1Q > (QB*Q)/*. (3.10)
On the other hand, by Lemma 3.1 with » = 2/s we have

(QB*Q)** > QB*Q,
and then by the Lowner-Heinz inequality with r = p/2

(@QB*Q)?/* > (QB*Q)*/?,

hence on M

(QBQ)™* < (QB*Q)™. (3.11)
Combining (3.8) and (3.11) yields
QAPQ = N - (QB*Q) /", (3.12)

Now it follows from (3.12) and (3.10) that

QAPQ/p+QBIQ/q > N - (QB*Q)™"*/p+ (QB*Q)"* /q.

In view of the Young inequality for the commuting pair,
A (QB*Q)~Y/* and (QB*Q)'/* , this implies

QAPQ/p+QBQ/q > X+ (QB°Q)™/* - (@B* Q)" = AQ,
proving (3.3). This completes the proof. O
The case p = ¢ = 2 of Theorem 3.2 has the following form:
Corollary 3.3 For any X, Y € M,

2s;(XY*) < s;(X* X +Y*Y), j=12,...,n. (3.13)

The conclusion of Theorem 3.2 is equivalent to the statement that there
exists a unitary matrix U, depending on A, B, such that

AP |Be

U|AB*|U* < -

It seems natural to pose the following

Conjecture 3.4 Let A, B € M,, be positive semidefinite and 0 < r < 1. Then

si(A"B'" + A""B") < s;(A+B), j=12,...,n. (3.14)
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Observe that the special case r = 1/2 of (3.14) is just (3.13) while the
cases r = 0, 1 are trivial.
Another related problem is the following

Question 3.5 Let A, B € M, be positive semidefinite. Is it true that

1
si*(AB) < 55i(A+B), j=12. . .n? (3.15)

Since the square function is operator convex on R, i.e.,

A+ B 2< A% + B?
2 - 2 ’

the statement (3.15) is stronger than (3.13).

Notes and References. Theorem 3.2 is due to T. Ando [7]. Corollary 3.3
is due to R. Bhatia and F. Kittaneh [22]. Conjecture 3.4 is posed in [89] and
Question 3.5 is in [24].

3.2 Singular Values of Hadamard Products

Given A = (a;;) € M,, we denote the decreasingly ordered Euclidean
row and column lengths of A by 7r1(A4) > r(A) > -+ > r,(A) and
c1(A) > c2(A) > -+ > ¢,(A) respectively, i.e., rx(A) is the kth largest
value of (2?21 la;ij|?)Y/%, i = 1,...,n and c(A) is the kth largest value of

iy la Y2, j=1,...,n.
The purpose of this section is to prove the following

Theorem 3.6 For any A, B € M,,

s(Ao B) <y {min{r;(A4),c;(A)}s;(B)}. (3.16)

The proof of this theorem is divided into a series of lemmas. The first fact
is easy to verify.

Lemma 3.7 For any A,B,C € M,, (Ao B)C and (Ao CT)BT have the
same main diagonal. In particular,

tr(Ao B)C = tr(Ao CT)BT.
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A matrix that has r singular values 1 and all other singular values 0 is
called a rank r partial isometry.

Lemma 3.8 For any C € M, and 1 < k < n, there is a rank k partial
isometry Cy, € M,, such that

Z 5:(C) = tr(CCy).

1=1

Proof. Let C = U|C| be the polar decomposition with U unitary and
U|C|U* = Y i, si(C)P; be the spectral decomposition where Pi,..., P,
are mutually orthogonal rank one projections. Then Cy, = U *(Zle P;) does
the job. O

Lemma 3.9 Every B € M, can be written as

B = z”: i K
i—1

where each p; > 0 and each K; is a rank i partial isometry such that

Zui:sk(B), kE=1,...,n.

i=k

Proof. Let B = U|B| be the polar decomposition with U unitary and |B| =
> 1 si(B)P; be the spectral decomposition where Py, ..., P, are mutually
orthogonal rank one projections. Then

i = si(B) —si41(B), i=1,...,n—1, up, = s,(B)
and _
KiEUZPj7 1=1,...,n

j=1
satisfy the requirements. O
Lemma 3.10 Let A € M,, and oy > ag > -++ > a, > 0 be given. If
s(Ao B) <y {ays1(B)} for all B € M, (3.17)

then
s(Ao B) <y {aisi(B)} for all B € M,. (3.18)
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Proof. Assume (3.17). We first show that if K., K; € M,, are partial isome-
tries with respective ranks r and ¢ then

min{r, t}
tr(Ao KK < ) o (3.19)

=1

In view of Lemma 3.7, we may assume, without loss of generality, that ¢ < r.
Using Corollary 2.8 and the assumption (3.17) we compute

|tr(A o) Kr)Kt‘ S Z Sl[(A ) KT)Kt]
=1

< si(Ao K,)si(Ky)

=1

proving (3.19).

Next for any k with 1 < k& < n, by Lemma 3.8 there is a rank k partial
isometry C} such that Zle si(Ao B) = tr(A o B)Cy. Using Lemma 3.9 and
(3.19) we have

Zsi(A o B) =tr(Ao B)Cy

=1

= tr[Ao (Z 115 K5)]Cr

= Z pitr(Ao K;)Cy

j=1

< Z/l,j’tl‘(A o KJ)Ck|

Jj=1
min{j, k}

<D ol Y, @)

j=1 =1
k
= Z OézSz(B)
i=1

This proves (3.18). 0



34 3. Singular Values

Lemma 3.11 For any A, B € M,

si(Ao B) <min{r;(A),c;(A)}s1(B), i=1,2,...,n.

Proof. By Corollary 1.20
(Ao B)*(Ao B) < (A*A) o (B*B).
Since B*B < s1(B)?I, the Schur product theorem implies
(A*A) o (B*B) < (A*A) o (s1(B)I).

Thus
(Ao B)*(AoB) < (A*A) o (s1(B)?I). (3.20)

Note that 0 < X <Y = s;(X) < 5;(Y), i = 1,2,.... By the definition of
ci(A), (3.20) implies
si(Ao B) < ¢;(A)s1(B). (3.21)

Now replace A and B in (3.21) by their adjoints A*, B* to get

This completes the proof. O

Proof of Theorem 3.6. Set o; = min{r;(A), ¢;(A)}. Lemma 3.11 gives

s(Ao B) < {a;s1(B)}.

Then applying Lemma 3.10 shows (3.16). This completes the proof. O
A norm || - || on M, is called wunitarily invariant if
[UAV] = [|A]

for all A € M,, and all unitary U,V € M,. The Fan dominance principle
(Lemma 4.2 in the next chapter) says that for A, B € M, ||A| < ||B|| for
all unitarily invariant norms if and only if s(A) <,, s(B).

Let us consider an application of Theorem 3.6. By a diagonal of a matrix
A = (a;;) we mean the main diagonal, or a superdiagonal, or a subdiagonal,
that is, a set of all the entries a;; with 7 — j being a fixed number. Let &, be
an operation on M, which keeps any but fixed k diagonals of a matrix and
changes all other entries to zero, 1 < k < 2n — 1. Denote by E € M, the
matrix with all entries equal to 1. Then for any A € M,,, Pr(A) = P(E) o A.
Applying Theorem 3.6 yields

126(A)] < VE|Al
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for all unitarily invariant norms. In particular, if 7(A) € M, is the tridiagonal
part of A € M,,, then
IT(A)] < V3[IA].
The constant v/3 will be improved in Section 4.7.
Finally we pose the following two questions.

Question 3.12 Is it true that for any given A, B € M, there exist unitary
matrices U,V € M,, such that

|Ao B| < (U|A|U*) o (V|B|V*)?

The next weaker version involves only singular values.

Question 3.13 Is it true that for any given A, B € M, there exist unitary
matrices U,V € M,, such that

si(Ao B) < s;[(UJA|U*) o (VIB|V*)], i=1,2,...,n?

Notes and References. Theorem 3.6 is proved by X. Zhan [85]. A weaker
conjecture is posed by R. A. Horn and C. R. Johnson [52, p.344].

Questions 3.12 and 3.13 are in [89].

See [52, Chapter 5] for more inequalities on the Hadamard product.

3.3 Differences of Positive Semidefinite Matrices

For positive real numbers a, b, |a —b| < max{a, b}. Now let us generalize this
fact to matrices.

We need the following approximation characterization of singular values:
ForGe M,, and1<j5<n

$;(G) = min{||G — X||oo : rankX <j—1,X € M, }. (3.22)

Let us prove this fact. The following characterization [52, Theorem 3.1.2]
is an immediate consequence of the minimax principle for eigenvalues of Her-
mitian matrices:

s;j(G) = min max ||Gul|.
Kccn uek
dmK =n—j+1 [jul| =1

Suppose rankX < j — 1. Then dimker(X) > n — j + 1. Choose any subspace
Ko C ker(X) with dimKy =n — j + 1. We have
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5;(G) < max  [|Gul| = max (G- X)u] < |G = X].
u € Ko u € Ko
lull =1 lull =1

On the other hand, let G = Udiag(s1(G),...,s,(G))V be the singular
value decomposition [52, Theorem 3.1.1] of G with U,V unitary. Then
X = Udiag(si1(G),...,sj—1(G),0,...,0)V satisfies rankX < j — 1 and
$;(G) = ||G — X||s. This proves (3.22).

Denote the block diagonal matrix lgl g] by A® B.

Theorem 3.14 Let A, B € M,, be positive semidefinite. Then
sj(A—DB)<s;(A®B), j=12,...,n (3.23)

First Proof. Note that s(A@® B) = s(A) Us(B). It is easily verified (say, by
using the spectral decompositions of A, B) that for a fixed j with 1 < j <mn
there exist H, F' € M,, satisfying 0 < H < A, 0 < F < B, rankH + rankF' <
j—1and

$5(A® B) = (A= H) & (B = F)||oo.

Thus s;(A @& B) = max{||A — H||x, |B — F|lcc} = 7. Recall that we always
denote by I the identity matrix.
Since

A—H>0,B—F >0, rank(H — F') <rankH + rankF' < j — 1,
by (3.22) we have
sj(A=B) < |A-B—(H - F)|«
= [(A=H—21)= (B~ F — 11)|

IN

i Y
I(A— 1) = 2lloe + (B - F) - 21
T,
2 2

IN

+ - =7=5;(A® B).

This proves (3.23). 0

Second Proof. In (3.13) of Corollary 3.3 setting

Al/2 _p1/2 A1/2 g1/2
AR Y

yields (3.23). 0

The above second proof shows that Theorem 3.14 follows from Corollary
3.3. Now let us point out that Theorem 3.14 implies Corollary 3.3, and hence
they are equivalent.
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X0 I 0
re il o)
Then U is unitary. By Theorem 3.14,

25, lXY y 1:254 0 XY]:sj[TT*—U(TT*)U*]

Let

0 XY~ YX* 0

_ [T 0

=% 0 UTT)U*

[T 0

—% o0 1T

 [(xX*X+Yy*Y)®o0 0

9 0 (X*X +Y*Y)®0

Thus 2s;(XY™*) < s;(X*X +Y*Y).

In the proof of Theorem 4.25 in Section 4.3 we will see that sometimes it
is convenient to use Theorem 3.14.

For positive real numbers a,b, |a — b| < max{a, b} < a + b. How about
the matrix generalization of the weaker relation |a —b| < a + b7 In view of
Theorem 3.14 one may formulate the following: A, B > 0 implies s;(A—B) <
s;j(A+ B), which is in general false for j > 2. Consider the example

6 —4 90
=55 2= 0]
s(A—B) = {5, 5}, s(A+B) = {16.21---, 1.78 - - - }. The correct matrix analog
is included in Theorem 3.16 below.

A unitarily invariant norm is usually considered as defined on M, for all
orders n by the rule
A0
o0

that is, adding or deleting zero singular values does not affect the value of
the norm. In this way, Fan’s dominance principle can be applied to matrices
of different sizes. Since Theorem 3.14 implies s(A — B) <, s(A® B), we have
the following

IA[l =

?

Corollary 3.15 Let A, B € M,, be positive semidefinite. Then
A= B| <[Ae B
for all unitarily invariant norms.

The next result contains two weak log-majorization relations for singular
values.
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Theorem 3.16 Let A, B € M,, be positive semidefinite. Then for any com-
plex number z

S(A — |2|B) <wiog S(A+ 2B) <uwiog S(A + |2|B). (3.24)

Proof. We first prove the following determinant inequality for positive
semidefinite matrices P, ) of the same order:

|det(P — |2]Q)] < |det(P + 2Q)|. (3.25)

Without loss of generality, suppose P is positive definite. Let the eigenvalues
of P7'Q be \y > --- >\, > 0. Then

|det(P — |2|Q)| = |det P - det(I — |z|P7'Q)]
=det P[] [1 - |2|if

< det P[] I1+ 2l

= |det P - det(I + zP~'Q)|
= |det(P + 2Q)]|.

This shows (3.25).
Since A — |z|B is Hermitian, for 1 < k < n there exists an n x k matrix
U such that U*U = I and

k
H — |2|B) = | det[U*(A — |2|B)U]|.

Using (3.25) and the fact that for any G € M, s;(U*GU) < s;(G), j =
1,...,k, we have

H s;(A — |z|B) = | det[U*(A — |2|B)U]]

= |det(U*AU — |z|U*BU)|
< |det(U*AU + 2U*BU)|
k
= [[ 51U (A +2B)U]
j=1
k
<[] si(A+2B).
=1

In the third equality above we have used the fact that for any F' € My,
|det F'| = H?Zl s;j(F"). This proves the first part of (3.24).
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Recall [17, p.268] that a continuous complex-valued function f on M, is
said to be a Lieb function if it satisfies the following two conditions:
(1) 0< f(A) < f(B) i0<A<B;
(i) |f(A*B)|? < f(A*A)f(B*B) for all A, B.

It is known [55, Theorem 6] that if N, R € M,, are normal, then for every
Lieb function f on M,

[f(N+R)| < fF(IN[ + |R]). (3.26)

It is easy to verify (see [17, p.269]) that f(G) = H§:1 s;(G) is a Lieb function.
Applying (3.26) to this f with N = A, R = zB yields

S(A+ 2B) <wiog S(A+ |2|B).
This completes the proof. O

Since weak log-majorization is stronger than weak majorization, Theorem
3.16 implies the following

Corollary 3.17 Let A, B € M, be positive semidefinite. Then for any com-
plex number z and any unitarily invariant norm,

A = [2[B]| < |A+2B| < [|A+[2|B]|.

Notes and References. Corollaries 3.15 and 3.17 are due to R. Bhatia and
F. Kittaneh [22, 23]. See also [17, p.280] for Corollary 3.15. Theorems 3.14
and 3.16 are proved in X. Zhan [90]. The formula (3.22) can be found in [40,
p.29].

3.4 Matrix Cartesian Decompositions

In this section ¢ = y/—1. Every matrix T can be written uniquely as T" =
A+ 1B with A, B Hermitian:

T+T* T-T

A , ,
2 21

(3.27)

This is the matrix Cartesian decomposition. A and B are called the real and
imaginary parts of T. We will study the relations between the eigenvalues of
A, B and the singular values of T.

We need the following two results [17, p.71 and p.24] on eigenvalues
of Hermitian matrices. Note that we always denote the eigenvalues of a
Hermitian matrix A in decreasing order: A;(A) > .-+ > A,(A4) and write

AA) = (M (A),. .. A (A)).
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Lemma 3.18 (Lidskii) Let G, H € M,, be Hermitian. Then

{N(G) + A—jr1(H)} < MG + H) < {N(G) + A (H)

Lemma 3.19 (The Minimum Principle) Let A € M, be Hermitian. Then
for every 1 <k <n

> N(A) =min{trU AU : U'U =1, U € M, ;}
j=n—k+1
where M, 1. ts the space of n X k matrices.

Throughout this section we consider the Cartesian decomposition T =
A+ 1B € M,, and denote by s; > --- > s,, the singular values of T, by «;
and (3; the eigenvalues of A and B respectively ordered in such a way that
|a1| > > |an| and ’Bll > > |Bn|

Theorem 3.20 The following majorization relations hold:
{‘Oéj + Z'Bn—j—i—1|2} = {85}7 (328)

{(s5 + snji1)/2} < {loy + 6]} (3.29)

Proof. By Lemma 3.18 with G = A2 and H = B? we have
{laj +iBn—jr1l?} < {5;(A% + B} < {|oy +i5;|*}. (3.30)

Next note that
A? £ B? = (T*T +TT%)/2

and
s;(T*T) = s;(TT*) = s3.

Applying Lemma 3.18 again with G = T*T'/2, H = TT* /2 gives
{(s? + s%_j+1)/2} < {sj(A2 + B?)} < {3?} (3.31)
Combining (3.30) and (3.31) we get (3.28) and (3.29). 0

An important class of unitarily invariant norms are Schatten p-norms.
They are the [, norms of the singular values:
1/p
n

JAl, = { Sos(47 | . p=1, A€M,

j=1
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Note that the case p = oo of this notation coincides with what we have used:
|Allcc = s1(A) is just the spectral norm. || - || is the Frobenius (or Hilbert-
Schmidt) norm: ||Alls = (trAA*)Y/? = (> ik |a;1]?)/? for A = (a;)) and
|| - ||1 is called the trace norm. ’

Theorem 3.21 Let T'= A+ B with A, B Hermitian. Then

2P AlZ + 1BI3) < IITIE < 222 (|l A7 + 11B]17) (3.32)
for2 <p < oo and

220 (Al + 1BIE) 2 ITIE = 2/ (J AL + I1B}) (3:33)
for1<p<2.

Proof. When p > 2, f(t) = t*/? on [0,00) is convex and when 1 < p < 2,
g(t) = —t?/? on [0, 00) is convex. Using Theorem 2.2 we get from (3.29)

{2772(s3 + sp_ 3 )"?Y < {lay +i6;7} for p>2,

(27723 4 52547} < {-lay +iG P} for 1<p<2

In particular, we get

s2 482 . )P/2<opr/? a; +1i6;P for p>2, 3.34
J n—j+1 J J

j=1 j=1

Z(s? + si_jﬂ)p/2 > op/2 Z la; +i6;|P for 1 <p<2. (3.35)
j=1 j=1

Since for fixed nonnegative real numbers a, b, the function t — (a® +bt)!/*

is decreasing on (0, c0),
P P 2 .2 2
Sit 81 < (sj+ sn_j+1)p/ for p>2

and this inequality is reversed when 1 < p < 2. Hence from (3.34) and (3.35)
we obtain

Zs? < op/2-1 Z laj +1iB3;[P for p>2, (3.36)
j=1 j=1

D st > 227N Moy iB)|P for 1<p <2, (3.37)
j=1 j=1

Finally applying the Minkowski inequality

s +ui))Y < Qe+ Qo =1,

J
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D (@ +y)) = Qe+ Q)Y 0<r<1
J J J
for nonnegative sequences {z;}, {y;} to the above two inequalities yields
the right-hand sides of (3.32) and (3.33). The left-hand sides of these two
inequalities can be deduced from the majorization (3.28) in a similar way.
O

From the majorization relations in (3.31), using a similar argument as
above we can derive the following two inequalities:

1(A% + B2l < [T, < 2'/27V/7|(A% + B*)'?|, (3.38)
for 2 < p < oo and
(A% + B> 2, > T, > 2"/27/7)| (A% + B, (3.39)

for 1 <p<2.
The example

r- [0 4 [00] m-]0)

shows that the second inequalities in (3.32), (3.33), (3.38) and (3.39) are
sharp, while the example

w<[a2). o= [2

shows that the first inequalities in both (3.32) and (3.33) are sharp. Note
that in this latter example, A and B are positive semidefinite, so even in this
special case, the first inequalities in both (3.32) and (3.33) are also sharp. But
as we will see soon, when A or (and) B is positive semidefinite, the second
inequalities in (3.32) and (3.33) can be improved. The first inequalities in
(3.38) and (3.39) are obviously sharp, since they are equalities when the
matrices are scalars.

Theorem 3.22 Let T = A+ 1B € M,, where A and B are Hermitian with
respective eigenvalues a; and (3; ordered so that |a1| > -+ > |oy,| and |B1| >
- > |Bnl|. Then

[det T| < [ lej +iBn—jsal-

j=1

Proof. Since the set of invertible matrices is dense in M,,, we may assume
that T is invertible. Then every s; > 0 and (3.28) implies |a; +i6,—j41| > 0
for each j. Applying the convex function f(t) = —% logt on (0, 00) to the
majorization (3.28) completes the proof. O
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Now we consider the case when one of the real and imaginary parts,
say, the real part A, is positive semidefinite. For the case when B > 0, by
considering —iT" we return to the former case and all the results are similar.

We take the same argument line as above: First establish a majorization
relation, and then apply majorization principles to obtain inequalities for
Schatten p-norms. The trace norm case will be treated separately.

Continue to use the notation sj, a;, 3;. From {3;} we define another
nonnegative n-tuple {v;} as follows. If n is an even number and n = 2m,

then ) ) _
J 10 for m+1<75<n.

If n is an odd number and n = 2m + 1, then
B3, 1+ 03; for 1<j<m,

%2.5 32 for j=m+1,
0 for m+2<j5<n.

Theorem 3.23 Let T = A+ iB € M, with A positive semidefinite and B
Hermatian. Then we have the majorization

{s7} < {af +77}. (3.40)

Note that the relation (3.40) is equivalent to the following three state-
ments together:

k
dos7<) al+) B for 1<k<n/2, (3.41)

k k n
Zs?ﬁZa?+Zﬂ? for n/2<k<n, (3.42)

dosi=) i+ 8 (3.43)
‘ : —
Of these, the equation (3.43) is a restatement of
1713 = IAlI3 + I1BI13 (3.44)

which is easy to verify.
For the proof we need the following lemma.

Lemma 3.24 Let k, n be positive integers with 1 < k < n/2. Let py > pg >
cee >y and Ay > Ao > - > N\_ i be real numbers satisfying the interlacing
inequalities
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pi > Nj > pjpr for j=1,2,...,n—k.

Then we can choose n — 2k distinct indices ji,...,Jn_ok out of the set
{1,...,n—k} so that

A,

> |pprs| for s=1,2,...,n—2k.

Proof. Three different cases can arise. We list them and the corresponding
choices in each case.
(i) If pp—r > 0, choose

(1s o gneont = {1,2,...,n — 2k}.
(ii) If for some r with n —k > r > k + 1, we have p, > 0 > p,41, choose
{1y s gnot={1,...;r—k,r+1,....n—k}.
(iii) If 0 > pg+1, choose

{1, sn—2kt={k+1,...,n—k}.

In each case the assertion of the lemma is readily verified. 4

Proof of Theorem 3.23. Let k£ < n/2. Because of (3.43), the inequality
(3.41) is equivalent to

n

Yo=Y+ Y 8 (3.45)

j=k+1 j=k+1 j=2k+1

By Lemma 3.19 there exists an n x (n — k) matrix U with U*U = I such that
Y s =trUTTU. (3.46)
j=k+1
Since UU* < I,
trU*T*TU >t UT*U - UTU.
From this, we obtain using the relation (3.44) (with U*TU in place of T)

tr U*T*TU > tr (U*AU)? + tr (U*BU)?. (3.47)

Let V' be an nxk matrix such that W = (U, V') is unitary. Then U* AU and
U*BU are principal submatrices of W*AW and W*BW respectively. Note
also that A(W*AW) = A(A) and A(W*BW) = A(B). Hence by Cauchy’s in-
terlacing theorem for eigenvalues of Hermitian matrices [17, Corollary I11.1.5]
we have
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Aj(UTAU) 2 Ajii(A), 1<j<n—k,

and
)\j(B) > )\j(U*BU) > )\j+k(B), 1<j<n-k.

The first of these inequalities shows that

n—=k n
tr (UFAU)® = ) [N(UAU)PP > > o (3.48)
j=1 j=k+1

Applying Lemma 3.24 to the second inequality, we deduce that there exist
n — 2k distinct indices ji, ..., jn_ok such that

A, (UBU)| > [Apgs(B)|, s=1,...,n—2k.

Therefore i
tr (U*BU)* = > [\;(U*BU))* > Z 3. (3.49)
j=1 Jj=2k+1

Combining (3.46)-(3.49) we obtain the desired inequality (3.45).
Now let n/2 < k < n. Again, because of (3.43) the inequality (3.42) is

equivalent to
n n
2 2
> sz ) )
j=k+1 j=k+1

The proof of this is easier. Just drop the last term in (3.47) and use (3.48).
O

To apply Theorem 3.23 we need to establish a relation between the norms
of the tuples {7, } and {3;}. Given an n-tuple 6 = {d1,...,d,} and an m-tuple
o={o1,...,0m} we write 0 Vo for the (n+ m)-tuple obtained by combining
them. We identify § V 0 with §. We write 62 for the tuple {6%,...,52}.

Note that from the definition of {v,} it follows that

Y2V 2 <232 (3.50)

Lemma 3.25 We have the inequalities

Iyl < 20722)18)15 for 2<p < oo,

V]2 =2 72/78)2 for 1<p<2.

Proof. For all values of p > 0,

V12 = 272/7||y v |2 = 272/P||42 v 42|, 2
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Using familiar properties of majorization, one has from (3.50)
172V A llp2 < 20182 for 2<p< oo,
and the opposite inequality for 1 < p < 2. Hence for 2 < p < oo, we have
Iylly < 22211822 = 2127 B3,

and for 1 < p < 2, the inequality is reversed. O

Theorem 3.26 Let T'= A + 1B with A positive semidefinite and B Hermi-
tian. Then
ITI; < [|All7 + 2" ~2/7||B]]2 (3.51)

for 2 <p < oo and
Il > (1415 + 24 ~2/7|1B]I3 (3.52)

for1 <p<2.

Proof. Denote I' = diag(v1,...,7n). Let p > 2. Using the convexity of the
function f(t) = tP/2 on the positive half-line, Theorem 2.2, and the Minkowski
inequality we obtain from (3.40) the inequality

IT||2 < ||A[% + || 712

Now use Lemma 3.25 to obtain (3.51).
All the inequalities involved in this argument are reversed for 1 < p < 2.
This leads to (3.52). 0

We now discuss the sharpness of the bounds (3.51) and (3.52). When
p > 2, the factor 2'72/P occurring in (3.51) can not be replaced by any
smaller number. Consider the example

10 0t
1=loo 2= [0
where ¢ is a real number. We see that in this case the right-hand side of (3.51)
is equal to 1+ 2t2 for all values of p. If for some 2 < p < 0o, we could replace
the factor 2'2/? in (3.51) by a smaller number, then we would have in this

case
(T+22 +V1+42) /2= ||T|% < |TIZ <14 (2 - e)t*.

But the left-hand side is larger than the right-hand side for small ¢.
Because of symmetry considerations one would expect the inequality
(3.52) to be sharp as well. But this is not the case as we will now see.

Theorem 3.27 Let T = A + iB with A positive semidefinite and B Hermi-
tian. Then
TN > [JA[} + 1 BII3- (3.53)
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Proof. First consider the case when the order of matrices n = 2. Because of
(3.44) the inequality (3.53) is equivalent to the statement

|det T'| > det A + | det B]. (3.54)

By applying unitary conjugations, we may assume

a c s 0
a=[23] = {57,

where a, b are positive and ¢, s, t are real numbers. The inequality (3.54) then
says
|(ab — ¢* — st) + i(at + bs)| > ab — ¢* + |st|.

If st is negative, this is obvious. If st is positive, this inequality follows from
(ab— c® + st)? — (ab — c® — st)? = 4(ab — c?)st
< 4abst < (at + bs)?.

Now let the order n be arbitrary. Again, because of (3.44) the inequality
(3.53) reduces to the statement

D sise =Y ajan+ Y188l

j<k j<k j<k

where s;, o; and |G;], 1 < j < n are the singular values of T, A and B
respectively. Let A2T denote the second antisymmetric tensor power [17] of
T. Then this inequality can be restated as

ATl > || A2 Ally + 1| A Bl (3.55)

For each pair j < k, let Cj,(T") be the determinant of the 2 x 2 principal

submatrix of T defined as lt‘jj ;j k] . These are the diagonal entries of the
kj Tkk
matrix A2T.
Since every unitarily invariant norm is diminished when we replace a

matrix by its diagonal part (see (4.76) in Section 4.7),
IA2 Tl =Y 1Ci(T))-
i<k

By (3.54), |Cjx(T)| > Cjx(A) +|Cjr(B)] for all j < k. By applying a unitary
conjugation we may assume that B is diagonal. Then, it is easy to see from
the above considerations that

| ATy > tr A2A+tr|A? B
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This proves (3.55). O

In view of Theorem 3.27, the inequality (3.52) for p = 1 is not sharp. So
it is natural to pose the following

Problem 3.28 For 1 < p < 2, determine the largest constant c, such that
1715 = Al + eI BII;

holds for all T = A+ iB with A positive semidefinite and B Hermitian. In
particular, is it true that c, =1 for all1 <p < 27

The majorization (3.40) can be used to derive several other inequalities.
Using the convexity of the function f(t) = —% logt on the positive half-line
we get from it the family of inequalities

ﬁ ﬁa —i—’yj 1/2, 1<k <n.
=k =k

The special case kK = 1 gives
|det T'| > Ha —|—’yj )2,
This sharpens a well-known inequality of Ostrowski and Taussky which says

n
|detT| > det A = Haj
j=1
whenever T' = A + iB with A positive semidefinite and B Hermitian.
Next we consider the still more special case when both the real and the

imaginary parts are positive semidefinite. Reasonably the results for this case
have the most pleasant form.

Theorem 3.29 Let T = A+ iB € M,, where A and B are positive semidefi-
nite. Then

{s7} < {af + B7}. (3.56)
Proof. By (3.43), to prove (3.56) it suffices to show
doosi> > (48, 1<k<n (3.57)

The left-hand side of (3.57) has an extremal representation (see Lemma 3.19)

Y 8 =min{trU"T*TU : U € My 4, U*U =T} (3.58)
j=n—k+1
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From the condition U*U = I we get I > UU*. This implies

U*T*TU = U*T*-1-TU > U*T*-UU* - TU
= U*(A—iB)U -U*(A+iB)U
= (U*AU)? + (U*BU)? +i[U* AU, U* BU|

where [X, Y] stands for the commutator XY — Y X. It follows that
tr U*T*TU > tr (U*AU)? + tr (U*BU)?. (3.59)

The operator U* AU is a compression of A to a k-dimensional subspace.
Hence, by Cauchy’s interlacing theorem [17, Corollary II1.1.5] we have

N(UFAU) > ajynop, 1< <k.
By the same argument
Aj(U*BU) 2 Bjyn—k, 1<j<k.

So, from (3.59) we have

wrUTTU > Y (o) +57). (3.60)
j=n—k+1
The inequality (3.57) follows from (3.58) and (3.60). 0

As before, the next two theorems follow as corollaries.

Theorem 3.30 Let T' = A + iB where A and B are positive semidefinite.
Then
1715 < Al + 1B]l;  for 2 <p < oo, (3.61)

||T||§ > ||A||f, + ||B||f, for 1<p<2. (3.62)

Proof. Using Theorem 2.2, apply the convex functions f(t) = tP/2 (p > 2),
g(t) = —t?/2 (1 < p < 2) to the majorization (3.56), and then use the
Minkowski inequality. ad

The inequalities (3.61) and (3.62) are obviously sharp.

Theorem 3.31 Let T = A + iB where A and B are positive semidefinite.
Then

n

[Isi=]]ley+iBl, 1<k<n. (3.63)
j=k j=k

Proof. Using Theorem 2.2, apply the convex function f(t) = —% logt on the
positive half-line to the majorization (3.56). O
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Note that the case k = 1 of (3.63) can be written as

[det T| > [ ] |a; +iB;1. (3.64)

j=1

Looking at the inequalities in Theorems 3.21, 3.26 and 3.30, we see a
complete picture for the three cases, from the general to the special.

Notes and References. Theorem 3.20 is due to T. Ando and R. Bhatia
[9]. Theorem 3.21 and the inequalities (3.38), (3.39) are proved by R. Bhatia
and F. Kittaneh [25] using a different approach. Theorem 3.22 is due to J. F.
Queiré and A. L. Duarte [80]; the proof given here is in [9]. The inequality
(3.64) is due to N. Bebiano.

All the other results in this section are proved by R. Bhatia and X. Zhan
in the two papers [27] and [28].

3.5 Singular Values and Matrix Entries

Let A1,..., A, be the eigenvalues of a matrix A = (a;;) € M,,. Then Schur’s
inequality says that

n n
DN lai = 1Al
j=1

1,j=1

and the equality is attained if and only if A is normal. This is a relation
between eigenvalues and matrix entries.

What can be said about the relationship between singular values and
matrix entries? Two obvious relations are the following: The modulus of each
entry is not greater than the largest singular value (the spectral norm), i.e.,

n

max |a;;| < s1(4) and D lagl? = s;(4)%

)

i,j=1 j=1
Now let us prove more.
Theorem 3.32 Let sq1,582,...,5, be the singular values of a matricx A =
(aij) € M,. Then
n n
D<) aglP for 0<p<2, (3.65)
Jj=1 t,5=1

Zs? > Z la;;[P for p>2. (3.66)
j=1

ij=1
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Proof. Let ¢; = (31, |ai;|?)*/? be the Euclidean length of the jth column

of A. Then ¢2,...,c2 and s?,...,s2 are respectively the diagonal entries and
eigenvalues of A*A. By Schur’s theorem (Theorem 2.1) we have
{3} < {s7}. (3.67)

First consider the case p > 2. Since the function f(t) = t*/2 is convex on
[0 00), applying Theorem 2.2 with f(¢) to the majorization (3.67) yields

(@) <u (s},

In particular,
Z <y St (3.68)

On the other hand we have

n n
Z|aij|p§(2|a’ij|2)p/2:c§a j:17"‘7n
=1 =1

and hence . .
D aglP <> (3.69)
ij=1 j=1
Combining (3.69) and (3.68) gives (3.66).
When 0 < p < 2, by considering the convex function g(t) = —t?/2, on
[000), all the above inequalities are reversed. This proves (3.65). 0

Note that taking the 1/p-th power of both sides of (3.66) and letting
p — 0o we recapture the fact that max; ; |a;;| < || A co-

Let A1, ..., A\, be the eigenvalues of a matrix A. By Weyl’s theorem (The-
orem 2.4) we have

NP} <iog {S?} for any p > 0.
Since weak log-majorization implies majorization (Theorem 2.7), we get
AP} <w {85} for any p > 0.

In particular,
n

Z AP < Zs‘? for any p > 0. (3.70).

j=1 j=1
Combining (3.70) and (3.65) we get the next

Corollary 3.33 Let Ai,...,\, be the eigenvalues of a matriz A = (ai;) €
M,,. Then
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S OINP <D aglP for 0<p<2. (3.71)
Jj=1

ij=1

Observe that Schur’s inequality mentioned at the beginning of this section
corresponds to the case p = 2 of (3.71).

Next let us derive two entrywise matrix inequalities, one of which is an
application of Theorem 3.32.

For two m-square real matrices A, B, we write A <. B to mean that
B — A is (entrywise) nonnegative. Denote N' = {1,2,...,n}. For « C N, a°
denotes the complement AN\« and |a| the cardinality of a. Given o, 3 C N
and A = (a;;) € My, we write A(a, 8) = Y2, jep Gij-

A proof of the following lemma can be found in [5, p.192].

Lemma 3.34 Assume that the n-square nonnegative matrices B and C' sat-
isfy C <. B. Then there exists a doubly stochastic matrix A such that

C<.A<.B
of and only iof

B(a,B) > C(a, 5°) + |a| + |B] —n for all a, 8 C N.

A nonnegative matrix Z is called doubly superstochastic if there is a doubly
stochastic matrix A such that A <. Z; correspondingly a nonnegative matrix
W is called doubly substochastic if there is a doubly stochastic matrix A such
that W <. A. The following corollary is an immediate consequence of Lemma
3.34.

Corollary 3.35 Let Z, W be n-square nonnegative matrices. Then
(i) Z is doubly superstochastic if and only if

Z(a,B) > |a| 4+ |B] = n for all o, 3 C N;

(i) W is doubly substochastic if and only if all row sums and column
sums of W are less than or equal to 1.

For A = (a;;) € M,, and a real number p > 0, we denote Al°lP = (|a;;[P) €
M,,. The following entrywise inequalities involve the smallest and the largest
singular values.

Theorem 3.36 Let A € M,, and let p, q be real numbers with 0 < p < 2 and
q > 2. Then there exist two doubly stochastic matrices B,C € M, such that

sn(APB <, AllP (3.72)

and
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Alla < 51 (A)aC. (3.73)

Proof. In view of Corollary 3.35(i), to prove (3.72) it suffices to show
AP (a, B) = (o] + (8] —n)sn(A)? (3.74)

for all ,a, 5 C N.

For an r x t matrix X, we define its singular values to be the eigenvalues
of (X*X)'/? or (XX*)'/2 according as r > t or r < t. This is just to avoid
obvious zero singular values. It is known [52, Corollary 3.1.3] that if X is an
r X t submatrix of an n-square matrix Y and r +¢ —n > 1 then

$j(X) 2 sjron—r—t(Y) for j<r+t—n.

In particular
Srat—n(X) > s, (Y). (3.75)

Since nonsquare matrices can be augmented to square ones by adding
zero rows or columns, Theorem 3.32 is also true for rectangular matrices.
For instance, given an r x t matrix X = (x;;), the inequality (3.65) has the
following form:

min(r,t) ro ot
Y s(X)P <Y P for 0<p<2. (3.76)
i=1 i=1j=1

Now we prove (3.74). If |a] + |8] —n < 0, (3.74) holds trivially. Assume
|a|+|B|—n > 1. Denote by A[«|f3] the submatrix of A with rows and columns
indexed respectively by « and 3. Then from (3.75) we have

51(AlalB)) > -+ > sjali91-n(Alal]) > 50 (A). (3.77)

Let A = (a;;). Using (3.76) and (3.77) we obtain

Alolp(a,ﬁ): Z |ai;|P
1€a,jeP
min(|al,[3])

> Y si(Alg)”

=1

> (laf + 18] = n)sn(A)P.

This proves (3.74) and hence (3.72).
Denote by v(X) the largest of the row and column sums of a nonnegative
matrix X. By Corollary 3.35(ii), the following inequality

v(Al°l1) < g (A) (3.78)
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will imply the existence of a doubly stochastic matrix C' satisfying (3.73).
But (3.78) is equivalent to
(AP < 51(A)
which is obvious since for ¢ > 2,
(AP < (AP < 50 (A).
This proves (3.73). 0

We remark that in (3.72) p can not be taken as p > 2 and in (3.73) ¢ can
not be taken as ¢ < 2. To see this just consider any unitary matrix that is
not a generalized permutation matrix and compare the row or column sums

of both sides in (3.72) and (3.73).

Notes and References. Theorem 3.32 is based on K. D. Ikramov [56] where
the case 1 < p < 2 is treated. The case p = ¢ = 2 of Theorem 3.36 is due to
L. Elsner and S. Friedland [34]; the theorem itself seems new.



4. Norm Inequalities

Recent research on norm inequalities is very active. Such inequalities are not
only of theoretical interest but also of practical importance.

On the one hand, all norms on a finite-dimensional space are equivalent in
the sense that for any two norms ||- ||, and |- || g there exist positive constants
c1 and co such that

cillzfla < llzlls < c2flzllo for all z.

Thus all norms on a finite-dimensional vector space generate the same topol-
ogy. So for topological problems, e.g., the convergence of a sequence of matri-
ces or vectors which is of primary significance for iterative methods, different
choices of norms have equal effect. On the other hand, in applications (nu-
merical analysis, say) to solve a particular problem it may be more convenient
to use one norm than the other. For example, the spectral norm has good ge-
ometric properties but it is difficult to compute its accurate value, while the
Frobenius norm is easy to compute but might not be suitable for describing
the problem. Therefore we need various kinds of norms.

Recall that a norm ||-|| on M,, is called unitarily invariantif |[UAV || = || A]]
for all A and all unitary U, V. The singular value decomposition theorem [52,
Theorem 3.1.1] asserts that for any given A € M, there are unitary ma-
trices U,V such that A = Udiag(s1(A),...,sn(A))V. Thus unitarily invari-
ant norms are functions of singular values. von Neumann (see [17] and [52])
proved that these are symmetric gauge functions, i.e., those norms @ on R"
satisfying

(i) @(Px) = &(x) for all permutation matrices P and x € R",

(i) P(e121, ..., enxn) = P(21,...,2y) if ¢, = £1.

In other words, we have a one to one correspondence between unitarily
invariant norms || - ||¢ and symmetric gauge functions ¢ and they are related
in the following way:

|Alle = @(s1(A),...,s,(A)) for all A€ M,.

In the preceding chapter we have talked about a class of unitarily invari-
ant norms: the Schatten p-norms. Another very important class of unitarily
invariant norms are the Fan k-norms defined as

X. Zhan: LNM 1790, pp. 55-98, 2002.
© Springer-Verlag Berlin Heidelberg 2002
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1Al = ZSJ(A 1<k<n.

Note that in this notation, || - [|1) = || - [[ec and || - [[(n) = || - ||1-
Let || - || be a given norm on M,,. The dual norm of || - || with respect to
the Frobenius inner product is defined by

|A||P = max{|tr AB*| : ||B|| =1, B € M,}.

It is easy to verify that the dual norm of a unitarily invariant norm is also
unitarily invariant. By Corollary 2.8, the dual norm of a unitarily invariant
norm can be written as

147 = max{zsj B =1, B e M,}. (4.1)

Thus we have (|| - [|?)P = || - || by the duality theorem [51, Theorem 5.5.14].
Given v = (71, .., Vn) With 74 > -+ >, >0, 71 > 0, we define

1Ally =) visi(A), A€ M,.
=1

Then this is a unitarily invariant norm. Using this notation and considering
the preceding remark, from (4.1) we get the following

Lemma 4.1 Let || - || be a unitarily invariant norm on M, and denote I" =
{s(X): | X||°P =1, X € M,}. Then for all A

[} = max{[[All : v € I'}.

From this lemma and the formula

n—1

141y = > (v = v+ All Gy + vl All

j=1
follows the next important
Lemma 4.2 (Fan Dominance Principle) Let A, B € M,,. If
|Al[xy < IBll(xy for k=1,2,...,n

then
|A]l < ||B]|

for all unitarily invariant norms.
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4.1 Operator Monotone Functions

In this section we derive some norm inequalities involving operator monotone
functions and give applications.
We need the following fact [17, p.24].

Lemma 4.3 Let A € M,, be Hermitian. Then for 1 <k <n

k
Aj(A) = max Z(A:Ej, xj)

where the maximum s taken over all orthonormal k-tuples
(r1,...,2K) in C™.

By Theorem 1.3, every nonnegative operator monotone function f(¢) on
[0,00) has the following integral representation

st
s+t

ft)=a+pt+ /Ooo dp(s) (4.2)

where a, f > 0 are constants and pu is a positive measure on [0, 00).
In this case, for any A > 0 and any vector u

(f(Au,u) = a(u,u) + f{Au,u) + /000 s(A(A+ sI)"tu,u)du(s).  (4.3)

Since f(t) is increasing, for j = 1,2,...,n, a unit eigenvector u; of A cor-
responding to A;(A) becomes a unit eigenvector of f(A) corresponding to
A (f(A)) = f(A;(A)), so that by the definition of Fan norms

k

Hf(A)H(k) :Z<f(A)ujauj>7 k=1,2,...,n (4'4)

j=1
Our first result is the following

Theorem 4.4 Let A, B be positive semidefinite matrices and || - || be any
unitarily invariant norm. Then the following assertions hold.
(I) For every nonnegative operator monotone function f(t) on [0,00)

IF(A+ B)[| < [lf(A) + F(B)]]- (4.5)

(II) For every nonnegative function g(t) on [0,00) with g(0) = 0 and
g(00) = 00, whose inverse function is operator monotone

lg(A+ B)| = llg(A) + g(B)]|- (4.6)



58 4. Norm Inequalities

The main part of the proof is to show successively two lemmas.
Now we denote by || X ||z the Frobenius norm (i.e., the Schatten 2-norm)
of a rectangular [ x m matrix X = (x;;) :

X[l = {tr (X*X)}/? = {tr (XX*)}/2 = {Z g7},

Obviously the Frobenius norm is unitarily invariant in the sense that
IUXV|F = [IX|r
for all X and all unitary matrices U € M; and V € M,,.

Lemma 4.5 Given a matric C > 0, let \y > Ao > -+ > N\, be its eigenvalues
with corresponding orthonormal eigenvectors vy, vs,...,v,. Take any integer
k with 1 < k <n and define an n x k matrizr Uy and an n x (n — k) matriz
Us as

Ui = (Un,Un—1y s Un—kt+1) and Us = (Vp—k, Up—k—1,---,V1).

Then for every Hermitian matrizc H

|HCU||r < ||CHU||Fr and |[HCUs||r > ||[CHUs||F.

Proof. Let
D1 = dlag(An, >\n—1; ceey )\n—k—l—l);

D2 = diag(kn—ka )\n—k—la S )\1)
Then by definition we have

CU1 = U1D1 and CUQ = U2D2.
Since the matrix W = (U3, Us) and its adjoint W* are unitary, we have

|HCUL||% = |W*HU, D1 |7
_|[[usHU, D,
~ | |UsHULD: ||| .
= ||[UfHU D1 || + ||[Us HU Dy ||
< ||U1*HU1D1||% +)\i_,€+1||U2*HU1||%

2

where we have used the fact

(U; HU,Dy)(U; HU, Dy )* = (U; HU,) D2(U HUL)*
< A2, (U3 HUY) (U HU ).
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In a similar way we have

ICHUL|[: = [(CHUD)* W%
= [UTHC - (U1, Us)|%
= [[Uy HU, D1, Uy HU> Do) |7
= Uy HUL D[ + ||Uy HU2 D2 |17
= Uy HULD: || + || D2Us HUL |
> U HULD: [[3 + X, | U5 HUA [
Combining these two inequalities yields the first inequality of the assertion. A

similar consideration proves the second inequality. This completes the proof.
O

Lemma 4.6 Let A, B > 0 and let u; be the orthonormal eigenvectors of A+ B
corresponding to A\j(A+ B), j = 1,2,...,n. Then the following inequalities
hold:

k
> {AA+ D + BB +1) Yy, uy)
7j=1

k
> ((A+ B)(A+B+1)""uy, uy)
=1

fork=1,2,....,n

Proof. Let C = (A + B + I)~/? and denote its eigenvalues by A; > Ay >
- > A\p. Since

(A+ B)(A+B+1)"' = CAC + CBC,

for the proof of the lemma it suffices to prove the following two inequalities:

k
Z {A(A+1) l}uja uj) >

k
j=1 J=1
and
k k
Z {B(B+ 1) '}uy, uj) > Z(CBC’uj, uj). (4.8)
Jj=1 Jj=1
For each j = 1,2,...,n the vector u; coincides with the eigenvector

Vp—j41 of C corresponding to A,_;11. Let

Ul = (Unavn—la- . -avn—k+1) = (U1,U2,. . .,uk).

Then the inequality (4.7) can be written as
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tr [Uf A(A+1)"'Uy] > tr (UFCACUY). (4.9)
Applying Lemma 4.5 with A'/2 in place of H, and using the obvious inequality
C?=(A+B+I)'<(A+D)7!
we obtain

tr (UFCACU,) = |AY2CUy||%
< ||CAY2UL||% = tr (UF AY2C? AV 2U)
< tr (UFAY2(A+ )T AY20))
=tr (UfA(A+ 1)),

which proves (4.9). Finally (4.8) follows from (4.7) via interchange of the
roles of A and B. This completes the proof. O

Proof of Theorem 4.4. It is easy to see from Lemma 4.6 that for every
s>0

M-

s((A+ B)(A+ B+ sI) " u;, u;)

<
Il
—

M;T

{sA(A+sI)™t +sB(B + sI) " }uj, uj).

I
—

J

Then by the representation (4.3) we have

=

k
D (F(A+ B)uy, uz) <> ({f(A) + f(B)}uy, u;),

J=1 J=1

and by (4.4) applied to A + B in place of A,

k
> A+ B)uy, uj) = [|f(A+ B)ll -
7j=1

On the other hand, Lemma 4.3 shows
k
D {F(A) + £(B)Yuy, wy) < [[F(A) + F(B)ll
7=1

and consequently

IF(A+ Bl < IIF(A) + F(B)llx)
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for kK = 1,2,...,n. Finally apply the Fan dominance principle (Lemma 4.2)
to complete the proof of (I).

To prove (II), apply (I) to the inverse function f(¢) of g(¢), which is
operator monotone, matrices g(A4), g(B) > 0, and the Fan norms to get

1A+ Bl = [I/lg(A] + Flg(B)]ll x)
> [[flg(A) + 9(B)Ill x)-

Thus
|4+ Bl = 1f[g(A) + 9(B)ll gy for k=1,2,....n. (4.10)

Since a nonnegative continuous function defined on [0, 00) is operator
monotone if and only if it is operator concave [17, Theorem V.2.5], f(¢) is
an increasing concave function. Hence ¢(t) is an increasing convex function.
Applying Theorem 2.3 with g(¢) to (4.10) we get

lg(A+ B)llwy = ll9(A) + 9(B)llxy for k=1,2,....n
which implies, by Lemma 4.2,
lg(A+ B)|| = [lg(A) + g(B)]

for all unitarily invariant norms. This completes the proof. O

Corollary 4.7 For all X, Y > 0 and every unitarily invariant norm || - ||,
I(X+Y) <X +Y7 (0<r<1) (4.11)
and

X+ > X7+ Y7 (1< <o), (4.12)

Proof. Since t" is operator monotone for 0 < r» < 1 and the inverse function
of t" is operator monotone for 1 < r < oo, applying Theorem 4.4 completes
the proof. O

Corollary 4.7 will be used in the proofs of Theorems 4.16 and 4.35 below.
Corollary 4.8 For all A, B > 0 and every unitarily invariant norm || - ||,
|log(A+ B+1)| < ||log(A+1I)+log(B+1I)|
and

le + P < e 5 + 1.

Proof. The first inequality follows from Theorem 4.4, applied to the operator
monotone function log(¢t+1). Again by Theorem 4.4, applied to the Fan norms
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and the function e’ — 1 whose inverse function is operator monotone, we have
forevery 1 <k <n

(e = 1) + (e = Dllry < lle™*F — Il xy.-
Since by the definition of Fan norms
I(e* = 1) + (" = Dllky = lle* +e®ll ) — 2k
and
17 — Iy = le*F + Il x) — 2k,
we can conclude
le® + e[y < Nle™P + Iy

for every 1 < k < n. Now the Fan dominance principle yields the second
inequality. ad

Corollary 4.9 Let g(t) be a nonnegative operator convex function on [0, 00)
with g(0) = 0. Then

lg(A+ B)[| = llg(A) + g(B)]
for all A, B > 0 and every unitarily invariant norm.

Proof. It is known [17, Theorem V.2.9] that a function g(¢) on [0, c0) with
g(0) = 0 is operator convex if and only if g(¢)/t is operator monotone. There-
fore we may assume that g(t) = tf(t) with f(¢) being operator monotone.
It is proved in [4, Lemma 5] that the inverse function of ¢f(¢) is operator
monotone. Thus applying Theorem 4.4(I1) completes the proof. O

We remark that the following result on matrix differences was proved
earlier by T. Ando [4] : Under the same conditions as in Theorem 4.4,

1F(A =Bl = [1£(A) = F(B)I;

lg(lA =Bl < [lg(A) — g(B)]|

which can be found in [17, Section X.1].

A norm on M,, is said to be normalized if ||diag(1,0,...,0)|| = 1. Evidently
all the Fan k-norms (k = 1,...,n) and Schatten p-norms (1 < p < c0) are
normalized.

If || - || is & unitarily invariant norm on M,, and A > 0, then Lemma 4.1
has the following equivalent form:

|A|| = max{tr AB: B>0,|B|” =1, Be M,}. (4.13)

Theorem 4.10 Let f(t) be a nonnegative operator monotone function on
[0,00) and || - || be a normalized unitarily invariant norm. Then for every
matrix A,
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FALALD < I1F(ADI- (4.14)

Proof. Since ||A|| = |||A] ||, it suffices to prove (4.14) for the case when A is
positive semidefinite. Now we make this assumption. By (4.13) there exists a
matrix B > 0 with | B||” = 1 such that

|A| = tr AB. (4.15)

It is easy to see [17, p.93] that every normalized unitarily invariant norm

satisfies
| X]oo < || X < || X1 for all X.

| P is also a normalized unitarily invariant norm.

Since || - || is normalized, || -

Hence
1= |B||P < |B|, = tr B. (4.16)

From ||A]lcc < [|A]] and (4.15) we have

slAl __slAl _ . sAB
s+ Al 7 s+ [[Alloo s+ [|A]l
_ B2 A pip
s+ || Alloo

< tr BY?{sA(sI + A)~1}BY/?
=trsA(sI + A)"'B

for any real number s > 0. In the above latter inequality we have used the
fact that sA/(s + || Al|cc) < sA(sI + A)~L. Thus

sl Al

T <trsA(sl + A)"!B. (4.17)
s+ [ 4]

Using the integral representation (4.2) of f(t), (4.16), (4.15), (4.17) and
(4.13) we compute
sl Al
dp(s)
s+ [

Al = A
FUAD = a-+ 814l + |
< oztrB—|—6trAB—|—/ trsA(sI + A) "' Bdu(s)
0
= tr {a1+5,4+/00 sA(sI+A)_1d,u(s)}B
0

=tr f(A)B
< [lFCAII

This completes the proof. O
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We say that a norm ||-|| is strictly increasingif 0 < A < B and || A|| = || B||
imply A = B. For instance, the Schatten p-norm || - ||, is strictly increasing
for all 1 < p < co. Now we consider the equality case of (4.14).

Theorem 4.11 Let f(t) be a nonnegative operator monotone function on
[0,00) and assume that f(t) is non-linear. Let || - || be a strictly increasing
normalized unitarily invariant norm and A € M,, withn > 2. Then f(||A]|) =

I F(|AD] if and only if f(0) =0 and rank A < 1.

Proof. First assume that f(0) = 0 and |A| = AP with P a projection of

rank one. Then ||A| = A||P|| = A by the normalization assumption and
LFAADT = IF NP = F(A) = FAIALD.
Conversely, assume f(||A]) = [|f(JA])|]. If A = 0, then since | - | is

normalized and strictly increasing we must have f(0) = 0. Next suppose
A # 0. Let p be the measure in the integral representation (4.2) of f(¢).
Since f(t) is non-linear, p # 0. From the proof of Theorem 4.10 we know
that £(|A]) = | £(|A])|| implies ]l = | A or equivalently

||diag(sl, 07 cet O)H = ||diag(817 82, Sn)”

where s; > s9 > --- > s, are the singular values of A. Now the strict
increasingness of || - || forces so = --- = s, = 0, that is, rank A = 1. So write
|A| = AP with P a projection of rank one. Since f(||A]|) = ||f(]A4])|| means

[FPI = FNP + FO)T = P,

we have f(0) = 0 due to I — P # 0 and the strict increasingness of || - || again.
This completes the proof. O

Theorem 4.10 can be complemented by the following reverse inequality
for unitarily invariant norms with a different normalization.

Theorem 4.12 Let f(t) be a nonnegative operator monotone function on
[0,00) and || - || be a unitarily invariant norm with ||I|| = 1. Then for every
matrixz A,

FAIAD = 11FAADI-
Proof. We may assume that A is positive semidefinite. Since
f(A)=al +BA+ /000 sA(sI + A) 1 du(s)
as in the proof of Theorem 4.10, we have
IF (A < a+ Al + /OOO IsA(sT +A) || du(s)

due to ||I|| = 1. Hence it suffices to show
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- Al
|A(sT + A)7H| < ——— (s > 0). (4.18)
s+ || Al
For each s > 0, since
T <2t
sS+x S

forallz >0 and 0 <t < 1, we get
AT+ A) P <PTI+(1-1)3*s 1A
so that
|A(sT 4+ A)7Y < 11T + (1 —t)%s PA|| <2 + (1 —t)%s7 1| Al (4.19)

Minimize the right-hand side of (4.19) over ¢ € (0,1) to obtain (4.18). This
completes the proof. O

Denote E = diag(1,0,...,0). Combining Theorems 4.10 and 4.12, we get
the following two corollaries.

Corollary 4.13 Let f(t) be a nonnegative operator monotone function on
[0,00) and || - || be a unitarily invariant norm. Then for every matriz A,

12| f(%) < IF(AD] < 111 f(%)

As an immediate consequence of the above corollary we have the next

Corollary 4.14 Let g(t) be a strictly increasing function on [0,00) such that
g(0) = 0, g(oo) = oo and its inverse function g—' on [0,00) is operator
monotone. Let || - || be a unitarily invariant norm. Then for every matriz A,

i g(%) < lg(1AD] < IE| 4%)

Next we study monotonicity properties of some norm functions by apply-
ing several special cases of Theorems 4.4 and 4.10.
Given a unitarily invariant norm || - || on M,,, for p > 0 define

IX(P) = X PP (X € My). (4.20)

Then it is known [17, p.95] (or [46, Lemma 2.13]) that when p > 1, || - ||®) is
also a unitarily invariant norm.

Theorem 4.15 Let || - || be a normalized unitarily invariant norm. Then
for any matriz A, the function p — ||A||®) is decreasing on (0,00). For any
unitarily invariant norm
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lim || A7 = [|A]l .
pP—00

Proof. The monotonicity part is the special case of Theorem 4.10 when
ft) =1t", 0 < r <1, but we may give a short direct proof. It suffices to
consider the case when A is positive semidefinite, and now we make this

assumption. First assume that || - || is normalized. Let us show
[A™ = Al (0 <r<1), (4.21)
JAT) < AT (<7< oo), (4.22)

Since ||Al|oo < ||A]], for r > 1 we get

1AT] = [ AA™H < AN A7 e
= [AILIAI" < 1ANIAI™ = 14",

proving (4.22). The inequality (4.21) follows from (4.22): For 0 < r < 1,
LAl = I(A) V)| < 17|
If 0 < p < q, then

| 4P| = [I(A%)P/9] > ||.A9)P/
so that ||AP||Y/P > ||A%||*/49. Moreover,
|Alloo = 14717 < [[AP[M7 < (AP = | All, = [|Allo0

as p — 0o, where ||-||,, is the Schatten p-norm. For the limit assertion when ||- ||
is not normalized, we just apply the normalized case to [|-||/||diag(1,0,...,0)]-
u

Next we consider the monotonicity of the functions p — ||(A? 4+ BP)/?||
and p > ||AP 4+ BP||'/P. We denote by AV B the supremum of two positive

semidefinite matrices A, B in the sense of Kato [60] (see also [5, Lemma 6.15]);
it is the limit of an increasing sequence: AV B = lim,_,,{(A? + BP)/2}1/P.

Theorem 4.16 Let A, B € M,, be positive semidefinite. For every unitarily
invariant norm, the function p — ||(AP + BP)Y/?|| is decreasing on (0,1]. For
every normalized unitarily invariant norm, the function p — ||AP + Bp||1/ p
is decreasing on (0,00) and for every unitarily invariant norm

lim ||A? + BP||Y/? = || AV B| .
p—00

Proof. Let 0 <p<g¢g<1l. Setr=gq/p(>1), X = AP, Y = BP in (4.12) to
get
I(AP + BP)4/7|| > || A + BY|. (4.23)
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Using a majorization principle (Theorem 2.3) and Fan’s dominance principle
(Lemma 4.2), we can apply the increasing convex function ¢'/7 on [0, 00) to
(4.23) and get

I(A” + BP)VP|| > || (A?+ B9

which shows the first assertion.
To show the second assertion we must prove

|47 + BP|1/P > | A9+ |V (4.24)

for 0 < p < ¢ and every normalized unitarily invariant norm || - ||. It is easily
seen that (4.24) is equivalent to

A+ B|" > [|A" + B"|

for all » > 1 and all positive semidefinite A, B € M,,, which follows from
(4.22) and (4.12):

A+ B[[" > [[(A+ B)"[| = |A" + B"|.

Again, to show the limit assertion it suffices to consider the case when
|| - || is normalized. In this case for p > 1,
I(A” + BP)/P || = | AP + BP|| L7
< |47+ Br|
< |47+ BP |y
= [[(4% + B")!/7|,
< |I(A” + B")YP — (AV B)|lp + | AV Bl|,
< [[(A” + B")YP — (AV B)[l + | AV Bl|,.

Since y
AP 4+ BP\ /P
lim (AP + BP)/? = lim <L> =AVB
p—+00 p—00 2
and
lim |AV B|,=||AV B|,
p—00
we obtain
lim [|AP + BP||Y? = ||AV B|so.
p—00
This completes the proof. O

We remark that there are some unitarily invariant norms for which p +—
(AP + BP)Y/?|| is not decreasing on (1,00). Consider the trace norm (here
it is just trace since the matrices involved are positive semidefinite). In fact,
for the 2 x 2 matrices
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10 2 t/1—+#2
A‘[oo}’ Bt_ltm 1—t2] (O<t<1),

it is proved in [10, Lemma 3.3] that for any pg > 2 there exists a ¢t € (0, 1) such
that p — tr {(AP + BY)1/P} is strictly increasing on [pg,o0). Also consider
the example 1(p) = tr { (AP + BP)!/P} with

12 1 -6
a=az)s 2= 55
Then (1.5) — ¢(8) ~ —1.5719. Thus ¥ (1.5) < (8). Hence v (p) is not
decreasing on the interval [1.5, §].

Notes and References Theorem 4.4 and its three corollaries are proved by
T. Ando and X. Zhan [11]. Part (I) of Theorem 4.4 is conjectured by F. Hiai
[46] as well as by R. Bhatia and F. Kittaneh [23]. The other results in this
section are proved by F. Hiai and X. Zhan [49].

4.2 Cartesian Decompositions Revisited

In Section 3.4 by establishing majorization relations for singular values we
have derived some Schatten p-norm inequalities associated with the matrix
Cartesian decomposition. Now let us prove an inequality for generic unitarily
invariant norms.

For x = (z;) € R™ define

k

P (x) = max{ Z |z,

m=1

:1§j1<j2<-~<jk§n}.

Then &;)(-) is the symmetric gauge function corresponding to the Fan k-
norm | - [l

1Al (k) = P(r) (s(A)).
We need the following useful fact.

Lemma 4.17 Let T' € M,,. Then for each k =1,2,...,n

1T (k) = min{[|X[|1 + k[[Y o : T =X +Y}.

Proof. If T'= X + Y, then
TN ey < M XM ey + 1Y Ny < 1K N2 + Y [|oo-

Now let A = Udiag(sy,...,s,)V be the singular value decomposition with
U,V unitary and s; > --- > s, > 0. Then
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X = Udiag(sy — Sk, 82 — Sky---,8k — Sk, 0,...,0)V

and
Y = Udiag(sg, - - - Sky Skt1y---58n)V
satisfy
T'=X+Y
and
1T ky = [ X1 A+ FIY oo
O
For z = (z;) € C" we denote |z| = (|z1],...,|x,]|). Note that the singular

values of a Hermitian matrix are just the absolute values of its eigenvalues.
In this section 7 = y/—1.

Theorem 4.18 Let T'= A + 1B € M, with A, B Hermitian. Let a; and [3;
be the eigenvalues of A and B respectively ordered so that |aq| > -+ > |au,|
and |B1| > -+ > |Bn|. Then

diag(as + B, .., an +iBa)| < V2T (4.25)
for every unitarily invariant norm.

Proof. Observe that

[diag (e + i1, - .. an +i0a) || = |[diag(lar| + 2|61, .. . [en] + 4] Bl

for every unitarily invariant norm.
By the Fan dominance principle (Lemma 4.2), it suffices to prove (4.25)
for all Fan k-norms, k = 1,2,...,n. We first show that (4.25) is true for the

two special cases when || - || is the trace norm || - ||,y (= || - [|1) or the spectral
norm || - |1y (= || - ||oc). The case p = 1 of the inequality (3.37) in Section 3.4
shows that (4.25) is true for the trace norm. From
T+T* T7-T*
Attt p 1
2 24

we have Ja1| = |4y < [Tllwy, 1811 = [Bllay < ITllr), and hence Jar +
iB1| < V2||T| 1) So (4.25) holds for the spectral norm.

Now let us fix £ with 1 < k < n. By Lemma 4.17 there exist X, Y € M,
such that T'= X +Y and

1T (k) = [ X ||y + EIIY || 1) (4.26)

Let X =C+iD and Y = F+¢F be the Cartesian decompositions of X and
Y, ie., C,D, E, F are all Hermitian. Thus T'= C + E + i(D + F'). Since the
Cartesian decomposition of a matrix is unique, we must have
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A=C+FE and B=D+F. (4.27)
By the two already proved cases of (4.25) we get
V2(|X[ltny = () (|5(C) + is(D)]) (4.28)

and
VYl = ) (1s(E) + is(F)). (4.20)

Combining (4.26), (4.28) and (4.29) we obtain

V2T x) 2 ¢(n>(\ s(C) +1s(D)]) + kP (1) (|s(E) + is(F)|)

> Z|53 ) +is;(D)| + k|s1(E) + is1(F)].
Thus
k
V2T r) > Z |55(C) 4 is;(D)| + kls1(E) +is1(F)]. (4.30)

A well-known fact [17, p.99] says that for any W, Z € M,,,

max 1s;(W) —s;(Z)] <s1(W — 2).

So
Sj(C + E) S Sj(C) + Sl(E), Sj(D + F) S Sj(D) + Sl(F) (431)

for j=1,2,...,n
Using (4.31) and (4.27) we compute

|55(C) +is;(D)] + kls1(E) + is1(F)]

{|SJ( ) +isi(D)] + |s1(E) + sy (F)[}

Il
M- 1M 1M

v

[55(C) + s1(E)] + i[s;(D) + s1(F)]]

<
Il
—_

Mw

=

(k) (Is(A) +is(B)]).

Therefore
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k
Z |55(C) +is;(D)] + Els1(E) + is1(F)| = D) ([s(A) +is(B)]).  (4.32)

Combining (4.30) and (4.32) we obtain
VATl gy = Doy (I(A) +is(B)), k=1,2,....n.
This proves (4.25). O

We remark that the factor v/2 in the inequality (4.25) is best possible. To
see this consider the trace norm || - [|(2) with the example

01 0 ¢
A—ll 0] and B—l_i O]'

A matrix S is called skew-Hermitian if S* = —S. Let us arrange the
eigenvalues \; of G € M, in decreasing order of magnitude: |A1| > --- > |\,
and denote Eig(G) = diag(A1,...,A,). We can also interpret the inequality
(4.25) as the following spectral variation (perturbation) theorem.

Theorem 4.18' If H is Hermitian and S is skew-Hermitian, then
|Eig(H) — Eig(S)|| < V2| H - 5|

for every unitarily invariant norm.

Notes and References. Theorem 4.18 is conjectured by T. Ando and R.
Bhatia [9, p.142]; it is proved by X. Zhan [88]. The equivalent form Theorem
4.18' is a conjecture in R. Bhatia’s book [16, p.119]. Lemma 4.17 can be found
in [17, Proposition IV.2.3].

4.3 Arithmetic-Geometric Mean Inequalities

The arithmetic-geometric mean inequality for complex numbers a, b is |ab| <
(Ja]? + |b]?)/2. One matrix version of this inequality is the following result.

Theorem 4.19 For any three matrices A, B, X we have
1
|IAXB*|| < §||A*AX + XB*B|| (4.33)

for every unitarily invariant norm.

To give a proof we first make some preparations. For a matrix A we write
its real part as ReA = (A + A*)/2, while for a vector x = (z1,...,2,) we
denote Rex = (Rexy,...,Rex,) and |z| = (1], ..., |%n])-
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Lemma 4.20 (Ky Fan) For every matriz A
ReA(A) < A(ReA).

Proof. Since any matrix is unitarily equivalent to an upper triangular matrix
[51, p.79], for our problem we may assume that A is upper triangular. Then
the components of Re\(A) are the diagonal entries of ReA. Hence applying
Theorem 2.1 yields the conclusion. O

Lemma 4.21 Let A, B be any two matrices such that the product AB 1is
Hermitian. Then
|AB]| < [[Re(BA)|

for every unitarily invariant norm.

Proof. Since A\(BA) = A\(AB), the eigenvalues of BA are all real. By Lemma
4.20,
ABA) < AM(Re(BA)). (4.34)

Applying Theorem 2.2 to the convex function f(t) = |¢| on R, we know that
x < y implies |x| <, |y|. Thus from (4.34) we get

A(AB)| = A(BA)| <, [NRe(BA)].
Since AB and Re(BA) are Hermitian, this is the same as
s(AB) <4 s[Re(BA)].
Now Fan’s dominance principle gives
|AB| < [Re(BA)],

completing the proof. O

First Proof of Theorem 4.19. By the polar decompositions A = U|A|, B =
V|B| with U, V unitary, it suffices to prove (4.33) for the case when A, B are

positive semidefinite. Now we make this assumption. First consider the case
when A = B and X* = X. Then Lemma 4.21 yields

1
|AXA| < [Re(XA2)]| = ]| 42X + XA, (4.35)
Next consider the general case. Let

A0 0 X
T:lo B}’ YZ[X*O]'

Replacing A and X in (4.35) by T" and Y respectively, we get
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a5 = 2l Lm0 )

Note that for C € M,,,

([0 ]) = 6010052000, st

Using Fan’s dominance principle it is clear that the above inequality holds
for all unitarily invariant norms if and only if

1
|AXB| < 5[A4*X + X B|

holds for all unitarily invariant norms. This completes the proof. O
For 0 < 0 < 1, we set dug(t) = ag(t)dt and dvy(t) = bg(t)dt where

sin(70)
2(cosh(mt) — cos(mh))’

sin(70)
2(cosh(mt) + cos(mh))

ag (t) by (t) =

For a bounded continuous function f(z) on the strip 2 = {z € C: 0 <
Imz < 1} which is analytic in the interior, we have the well-known Poisson
integral formula (see e.g. [81])

f20) / F@)dug(t) / fli+t)dvg(t), (4.36)

and the total masses of the measures dug(t), dvg(t) are 1 — 6,0 respectively
[64, Appendix BJ. In particular, dju/2(t) = dvy/9(t) = dt/2cosh(rwt) has the
total mass 1/2. Now we use this integral formula to give another proof of the
inequality (4.33).

Second Proof of Theorem 4.19. The inequality (4.33) is equivalent to
1
|AY2X BY?| < 5 lAX + XB]| (4.37)

for A, B > 0. Further by continuity we may assume that A, B are positive
definite. Then the function

f(t)y=A"*XB™"  (tcR)

extends to a bounded continuous function on the strip {2 which is analytic in
the interior. Here the matrices A" and B~* are unitary. By (4.36) we have

AV2X B2 = / F(t)dpa o) / £+ ) ot)

dt

o 1t —1t
_ /_ AAX +XB)B
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The unitary invariance of || - || thus implies

dt

AYV2XBY?| < |AX XB/ e
| | < |AX + X B||  Jcosh(rd)

1
= SIAX + xB].

This completes the proof. O

Next we will give a generalization of the inequality (4.33). We need some
preliminary results.
If a matrix X = (z;;) is positive semidefinite, then for any matrix ¥ we
have [52, p.343|
| X oY < maxxy ||Y]| (4.38)

for every unitarily invariant norm.

A function f: R — C is said to be positive definite if the matrix [f(x; —
zj)] € M, is positive semidefinite for all choices of points {x1, z2,...,2,} CR
and alln =1,2,....

An integral kernel K (z,y) is said to be positive definite on a real interval
A if

[, [ ke @ sy o

for all continuous complex-valued functions f on A. It is known [51, p.462]
that a continuous kernel K(x,y) is positive definite on A if and only if the
matrix [K(z;,x;)] € M, is positive semidefinite for all choices of points
{z1,29,...,2n} CAand alln =1,2,....

Let f be a function in L!(R). The Fourier transform of f is the function
f defined as

fo-[ " @) da,

When writing Fourier transforms, we ignore constant factors, since the only
property of f we use is that of being nonnegative almost everywhere. A well-
known theorem of Bochner (see [45, p.70] or [31, p.184]) asserts that f(€) is
positive definite if and only if f(x) > 0 for almost all x.

Our argument line is as follows: First use Bochner’s theorem to show the
positive semidefiniteness of a matrix with a special structure; then use the
fact (4.38) to obtain a norm inequality.

Lemma 4.22 Let 01,...,0, be positive real numbers. Then for —1 < r <1

the n X n matrix
7 <of+o§)
o O'Z'—f-O'j

s positive semidefinite.
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Proof. By continuity, it suffices to consider the case —1 < r < 1. Since
o; > 0, we can put o; = e” for some real x;. Thus to show that the matrix

Z is positive semidefinite it suffices to show that the kernel
e’ 4 ey

K(r,y) = ——

@Y=t

is positive definite. Note that
erz/2 [ or(z—y)/2 +er(y—:c)/2 ery/2
em/2 ( e(m—y)/Q —+ e(y—ﬂﬁ)/2 > ey/2

_ e/ [coshr(z —y) /2 e"¥/?
~ e®/2 \ cosh(x —y)/2 ) ev/2’

K(z,y) =

So K (z,y) is positive definite if and only if the kernel

coshr(x —y)/2

Liz,y) = cosh(z — y)/2

is positive definite, which will follow after we show that

cosh rz

fz) =

cosh x

is a positive definite function on R. The function f is even. Its inverse Fourier
transform (see [41, p.1192]) is

cos(rm/2) cosh(wm/2)
cos(rm) + cosh(wm)

Jw) =

For —1 < r < 1, cos(rm/2) is positive. For all w # 0, cosh(wm) > 1. Thus

f(w) > 0. By Bochner’s theorem, f(x) is positive definite. 0

Note that the special case r = 0 of Lemma 4.22 is the well-known fact
that the Cauchy matrix

1
g; + 0o 4

is positive semidefinite.

Recall that the Schur product theorem says that the Hadamard product
of two positive semidefinite matrices is positive semidefinite. Therefore, if

A = (a;;) is positive semidefinite and z1,...,z, are real numbers, then the
matrices

(a¥) and (zixja;;) = diag(z, ..., z,)Adiag(z1, ..., 2,)
are positive semidefinite for any positive integer k.

Lemma 4.23 Let 01, ...,0, be positive numbers, —1 <r <1, and -2 <t <
2. Then the n X n matrix
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0277—1—0;7
W= o2 4+ to;o; + o2
i i0j j

is positive semidefinite.

Proof. Let W = (w;;). Applying Lemma 4.22 and the Schur product theorem
to the formula

r r 00 k
Wij . o j 2(2 B)* { .U UJ_ 2]
oi+o0;0i+0; (0i 4+ 0j)

completes the proof. a

Theorem 4.24 Let A, B, X € M,, with A, B positive semidefinite. Then
(24 1)|[|[A"XB* "+ A> "XB"|| < 2|A’X +tAXB + XB?|| (4.39)

for any real numbers r,t satisfying 1 < 2r < 3, =2 < t < 2 and every
unitarily invariant norm.

Proof. We first prove the special case A = B, i.e.,
(24 1)|A"XA?" + AZTTXA"|| < 2||A2X +tAX A+ X A?Y. (4.40)

By continuity, without loss of generality, assume that A is positive definite.
Let A = UXU* be the spectral decomposition with U unitary and X =
diag(oi,09,...,0,), each o; being positive. Since || - || is unitarily invariant,
(4.40) is equivalent to

24| Z7QI* "+ X TTQX|| < 2| X°Q + tXQX + QX7

where Q = U* XU, which may be rewritten as

@2+ t)ll(ofo; " + o7

oyl < 20[(0F + toios + o)yl
for all Y = (y;;) € M,,. This is the same as
IGoZ| < ||Z|| for all Z e M, (4.41)

where

24t 027702-_7” + 01-2_7"0’7
G = 5 5 | € M,.
2 o; +tojoj + o5

Since 1 < 2r <3, —1 <2(1 —r) < 1. By Lemma 4.23,

2(1—r) 2(1—r)
+ o + o
G=2Fts ( ! J ) =

2 o} +tojoj + o’
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is positive semidefinite. In fact, G is a correlation matrix; all its diagonal
entries are 1. Thus by (4.38), the inequality (4.41) is true, and hence its
equivalent form (4.40) is proved.

For the general case, applying (4.40) with A and X replaced by

s e [0

respectively completes the proof. O

Note that the inequality (4.33) corresponds to the case r = 1,¢ = 0 of
the inequality (4.39).
Finally we give one more arithmetic-geometric mean inequality.

Theorem 4.25 Let A, B € M,, be positive semidefinite. Then
4| AB| < [(A+ B)?| (4.42)
for every unitarily invariant norm.

Proof. By Theorem 4.19,
|AB|| = ||A1/2(A1/2Bl/2)B1/2” < %||A3/QB1/2 4 A1/233/2||-

So, for (4.42) it suffices to prove
2| A2 BY2 + AV2B2| < (A + B)?||.

We will show more by proving the following singular value inequality for each
1<7<n:
25; (A2 BY? 4 AY2B3/%) < 5,(A+ B)>. (4.43)

Let

A1/2 0 . A A1/231/2
X:lBl/Q 0] a,nd T=XX :lBl/zAl/Q B ]

Then T is unitarily equivalent to the matrix

Cwsw [A4+BO
a=xx- 410
and further
) % A3/2B1/2 4 A1/2B3/2
1° = BY/243/2 L B3/2 41/2 %

is unitarily equivalent to
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G — [(A%BV 81 |

In particular, 72 and G? have the same eigenvalues.
Let U =1 & —1I. Using Theorem 3.14 we have

A3/2B1/2 +A1/2B3/2 0
2s; 0 A3/2B1/2 4 A1/23/2
., 0 A3/2B1/2 4 A1/23/2
= 255 | g1/2 43/2 1 B3/241/2 0
= s5;(T?* - UT?U")
T2 0
=59 UTQU*]
[G? 0
“%lo @2
_8.'(A+B)2@0 0
- 0 (A+B)?a@0|"
Thus
A3/2B1/2 1 A1/233/2 0
25 0 A3/2B1/2 4 A1/233/2
<. |(A+B)2e0 0
=% 0 (A+B)2a0
which is the same as (4.43). This completes the proof. 0

Notes and References. For Hilbert space operators, the operator norm
version of Theorem 4.19 was first noticed by A. McIntosh [74]. The unitarily
invariant norm version of this theorem is due to R. Bhatia and C. Davis [19];
its first proof given here is taken from Bhatia’s book [17] and the second
proof is due to H. Kosaki [64]. For other proofs of this result see R. A. Horn
[50], F. Kittaneh [61] and R. Mathias [73].

The key Lemma 4.23 can be deduced from M. K. Kwong’s result [66]
on matrix equations (see [87, Lemma 5]). The natural proof using Bochner’s
theorem given here is due to R. Bhatia and K. R. Parthasarathy [26]. Theorem
4.24 is proved in X. Zhan [87].

Theorem 4.25 is due to R. Bhatia and F. Kittaneh [24].

See F. Hiai and H. Kosaki’s two papers [47, 48] for more inequalities on
many other means of matrices and Hilbert space operators. See [26] and [64]
for more norm inequalities. All these four papers use analytic methods.
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4.4 Inequalities of Holder and Minkowski Types

In this section we derive various matrix versions of the classical Holder
(Cauchy-Schwarz) and Minkowski inequalities.

Lemma 4.26 Let X,Y,Z € M,,. If

X Z
v]ze

then
1Z]" || < | XPr/2|| ey e/ /e

for all positive numbers r, p, ¢ with p~* +q~!

ant norm.

=1 and every unitarily invari-

Proof. By Lemma 1.21, there exists a contraction G such that Z =
X12QY1Y/2 Let v =(Y1,--+,Yn) With y3 > -+ >, > 0. Using Theorem 2.5
we have

{185(Z)} <wtog {17)/7s52(X) -~} 2 (V).

Since weak log-majorization implies weak majorization (Theorem 2.7), we
get

(1355(2)} <w {1175 2(X) 29672 (Y )}

from which follows via the classical Holder inequality
1/p 1/q

Zn:wﬁ( Z% r2(x) Z% Ry
j=1

ie.,

HZ)" 11, < 1XP 2037y e /2 ). (4.44)
See the paragraph preceding Lemma 4.1 for the notation || - ||,. By Lemma
4.1, given any unitarily invariant norm || - || there exists a set K depending

only on || - || such that

|A| = max||A|, for all Ae M,.
vyeK

Thus, taking maximum on both sides of (4.44) completes the proof. O

Setting X = AA*,Y = B*B and Z = AB in Lemma 4.26 gives the
following

Corollary 4.27 For all A, B € M,, and every unitarily invariant norm,
HABI™ || < [[JAPTH/ ]| Bl ||/ (4.45)

where T, p, q are positive real numbers with p~' +q~1 = 1.



80 4. Norm Inequalities

The next lemma is a consequence of Theorem 2.9.

Lemma 4.28 Let A, B be positive semidefinite matrices. Then for real num-
bersr>0,0<s<t,

(/545 %)} <, (N1 (ABY)}.

The following result is a matrix Holder inequality
Theorem 4.29 Let A, B, X € M,, with A, B positive semidefinite. Then

HAXBI™ | < || |APX|"||VP) | X B4 ||/ (4.46)

1

for all positive real numbers v, p, ¢ with p~* + ¢! = 1 and every unitarily

mvariant norm.

Proof. Let X = UT be the polar decomposition with U unitary and T' = | X|.
Write AXB = (AUTY/?)(T"9B) and use (4.45) to obtain

IAX B[ < |[(TV/PU*APUTP)Pr 2| V|| (BT 1 B)I/2||a. (4.47)
Since Y Z and ZY have the same eigenvalues, Lemma 4.28 ensures that
{)\?r/2(T1/pU*A2UT1/p)} _ {)\g’r/Q[(AQp)l/p<UT2U*)1/p]}
< w {A§/2(A2pUT2U*)} (since p~t < 1)
= {\2(A%XX")}
= (A X) (arx)])
— {s1(A"X))
and
IEBTHB)} = (AT B )
<w {N2(T2B%)} (since ¢! < 1)
= (\/2(X*XB%))}
= (B (XBY)}
= {sj(XB?)}.

Thus P
s 1 * A2 1 T
(NTE(TVPUT APUTVP)} <y, {ST(APX)} (4.48)

and
(\2(BTY4B)} <, {s}(XBY)}. (4.49)

By Fan’s dominance principle, the weak majorizations (4.48) and (4.49) imply
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(TP A2UTHP)Pr/2|| < ||| AP X7 ||
and
(BT 1B)™/?|| < ||| XBY|"||

for every unitarily invariant norm. Combining these two inequalities and
(4.47) gives (4.46). O

Now let us consider some special cases of Theorem 4.29.
The case p = g = 2 of (4.46) is the following matrix Cauchy-Schwarz
inequality:
HAYZXBY2" |12 < |[|JAX|"|| - || [ X B]" | (4.50)

for A, B >0, any X and r > 0, which is equivalent to
IAXB*["||* < | |A*AX|" || - | | XB*B|" || (4.51)

for all A, B, X and r > 0.
The special case X = I of (4.51) has the following simple form:

HA*B|" |2 < [[(A*A)" || - [[(B*B)"|| (4.52)
The case 7 = 1 of (4.46) is the following inequality:
IAX B|| < |APX |7 X B /1. (4.53)

Again we can use the integral formula (4.36) with the same function f as
in the second proof of Theorem 4.19 and 6 = 1/q to give a direct proof of
(4.53) as follows.

AVrxpBt/a — f(%) = /_Oo F(t)dpq(t) + /_OO f(@+t)dvy (1)

= [ A B 0+ [ ANB)B )

— 00 —

Hence
| AX|] N | X B

p q

for every unitarily invariant norm. Then for any real number o« > 0, replacing
A, B by a? A, a~ 9B respectively we get

||A1/pX31/q|| < ’

Y% —q
|AYPX BV < 2| AX || + “—||X B].
p q

Since the minimum of the right-hand side over all a > 0 is || AX||'/?|| X B||*/9,
we obtain (4.53).
Now we refine the Cauchy-Schwarz inequality (4.50).
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Theorem 4.30 Let A, B, X € M, with A, B positive semidefinite and X
arbitrary. For any positive real number r and every unitarily invariant norm,
the function

o(t) = [[|AXB " || - | [AT'X B |

is convex on the interval [0, 1] and attains its minimum at t = 1/2. Conse-
quently, it is decreasing on [0, 1/2] and increasing on [1/2, 1].

Proof. Since ¢(t) is continuous and symmetric with respect to ¢t = 1/2, all
the conclusions will follow after we show that

P(t) < {o(t+ )+ o(t —s)}/2 (4.54)
for t + s € [0,1]. By (4.50) we have
[A'XBH" || = ||[A*(A* > X B'™"*)B°|" |
S {H |At—|—sXBl—(t+s)|r H . H |At—sXB1—(t—s)|r H}1/2

and

A XBY" || = || [A*(A' "X B'=*)B*|"||
< {H ‘Al_(t_S)XBt_SV H . H |A1—(t—|—s)XBt+s‘r H}1/2

Upon multiplication of the above two inequalities we obtain
HA*XBYHT |- [JAT X B || < {o(t + 8)g(t — 5)}1/2. (4.55)

Applying the arithmetic-geometric mean inequality to the right-hand side of
(4.55) yields (4.54). This completes the proof. 0

An immediate consequence of Theorem 4.30 interpolates the Cauchy-
Schwarz inequality (4.50) as follows.

Corollary 4.31 Let A,B,X € M, with A, B positive semidefinite and X
arbitrary. For any r > 0 and every unitarily invariant norm,

HAYV2XBY2" |2 < [JA'X B4 || - | |AY X B |
< [[AX["[[- [[1XBI" |

holds for 0 <t < 1.
Another consequence of Theorem 4.30 is the following corollary.

Corollary 4.32 Let A, B, X € M, with A, B positive definite and X arbi-
trary. For any r > 0 and every unitarily invariant norm, the function

P(s) = [ [AXB|" || - [ [A™*XB~*|" |

is convex on (—oo,00), attains its minimum at s = 0, and hence it is de-
creasing on (—00,0) and increasing on (0, 00).
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Proof. In Theorem 4.30, replacing A, B, X and t by A2, B=2, A='XB and
(1 4+ s)/2 respectively, we see that ¥ (s) is convex on (—1,1), decreasing on
(—1,0), increasing on (0, 1) and attains its minimum at s = 0 when —1 < s <
1. Next replacing A, B by their appropriate powers it is easily seen that the
above convexity and monotonicity of 1(s) on those intervals are equivalent
to the same properties on (—oo, 00), (—00,0) and (0, c0) respectively. 0

Given a norm || - || on M, the condition number of an invertible matrix
A is defined as
c(A) = | A] - [|IA71]).

This is one of the basic concepts in numerical analysis; it serves as measures
of the difficulty in solving a system of linear equations.

The special case r = 1, X = B = I of Corollary 4.32 gives the following
interesting result.

Corollary 4.33 Let A be positive definite. Then for every unitarily invariant
norm,

c(A%) = [|A%]] - A7)
18 1ncreasing in s > 0.

Due to Theorems 4.15 and 4.16, || | X |P ||/ for p = oo is understood as
IX|Joc and [ [A[P + B[P [|'/? for p = oo as || |A] V| B [ls-
It is easy to see that the special case X = I of (4.53) can be written

equivalently as
1Y X < X PP et/ (4.56)

for all X and Y. Here note that || | X*|" || = || |X|" || for any > 0 and every
unitarily invariant norm.

We will use the following fact: Let A and B be positive semidefinite ma-
trices having the eigenvalues aqy > -+ > a, (> 0) and g1 > --- > 5, (> 0),
respectively. If a; < 6; (i = 1,...,n) (in particular, if A < B), then there
exists a unitary U such that A" < UB"U* for all r > 0.

The next result is another matrix Holder inequality.

Theorem 4.34 Let 1 < p,q < oo with p~t + ¢! = 1. Then for all
A,B,C,D € M, and every unitarily invariant norm,

1_

271573 C" A+ DB < |||AP + |BIP |7 [Cl° + |DJ* /e (4.57)

Moreover, the constant 9715721 s best possible.

Proof. Since |% — %| = % — %| and the inequality is symmetric with respect

to p and ¢, we may assume 1 < p < 2 < g < co. Note that

Co0l"[A0] [C*A+D*B0
DO| |Bo| 0 0]
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From (4.56) it follows that

caroon=| (53] [41]

AT

/p ‘ 1/q
= [[(JA* + [B)P2| V|| (|C? + |D[*)%/2|| /4.

Since 1 < p <2, (4.11) implies
(1A + [BI)P2 < [ |A]P + B

Since the operator concavity of t2/7 gives

C]+ D _ (|0|q+ |D|q)2/q
2 - 2 ’

by the remark preceding the theorem we get

2 2\ 4/2 q q
(CELIDEY™ (1100

for some unitary U. Therefore we have
I(|C1? + [D?)9/2| V7 < 22| |C| + | D || /2
= 25 4)|[CJ1 + |DJs /2

Thus the desired inequality (4.57) follows.
The best possibility of the constant is seen from the following example:

10 01
a=c=p= |yl B=[04)

with the operator norm || - || . 0
In particular, the case p = ¢ = 2 of (4.57) is
IC* A+ D*B|”> < |[|A]* + [BI?|| - [||C]* + [D?.
The following result is a matrix Minkowski inequality.

Theorem 4.35 Let 1 < p < oo. For A;,B; € M, (i = 1,2) and every
unitarily invariant norm,

2715721 | Ay + Aof? + | By + Bof? ||/7
<AL + By P |7 + ||| AP + | B P || V7.
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Proof. Since

p | l/p

A0
2 2\p/2)|1/p —
i + ey = | 40)]

is a norm in (A, B), we have

(| A1 + Ao|? + | By + Ba|?)P/2||M/P
< J(JAL? + [B12)P2 VP + [|(JA2|* + | Bo)P/21MP. (4.58)

When 1 <p <2/ (4.11) implies
A2 + B2 < (AP +1BifPll - (i =1,2). (4.59)

By the operator concavity of t — t?/2 we get

[ A1+ Aof” + |B1 + Bo|” _ <\A1 +1‘12\2+|Bl+192|2>p/2
2 - 2 ’

so that
257 [Ay + Ao|? + |By + BoP|| < ||(JA1 + As|* + | By + B2[%)P/?|]. (4.60)
Combining (4.60), (4.58) and (4.59) we have

2575 || |Ay + Asf” + | By + Ba|?|| M/
< |[|A1|P + |Bi [PV + || |Aa|? + | Baf?|| /7.

When p > 2, (4.12) implies
[ |A1 + A2P + | By + Ba|P|| < ||(|A1 + A2|® + |B1 + Bo[»)P?||. (4.61)

Since, as in the proof of Theorem 4.34,

2 12\ P/2 |p |p
(WEIBEY g (142150 g,

for some unitary U;, we have
21 E|(JAP + [BPPR < AP + 1Bl (i=1,2). (4.62)
Combining (4.61), (4.58) and (4.62) yields

2773 |||Ay + Asf” 4 | By + Byf? |/7
<AL + B[P |7 + || |Asl? + | Ba? ||/7.

This completes the proof. O
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The example

10 01 00 00
Sl () Bt B R ]

with the spectral norm shows that when 1 < p < 2 is fixed and || - || is

arbitrary, the constant 227% in Theorem 4.35 is best possible.

When A;, B; (i = 1,2) are positive semidefinite matrices, there is a pos-
sibility to obtain a sharper inequality. When || - || = || - [|oc and 1 < p < 2, it
is proved in [10, Proposition 3.7] that

(A1 + A2)P + (B1 + Ba)P|| P < || A} + BY|| 3P + || A% + BY|| 3P
We also have

25 I( Ay + Ao)? + (B + Bo)PI|VP < || AL + BY|MP + | 45 + BRIV

for every unitarily invariant norm and 1 < p < 2. (The constant 251 is

better than 2%~ 2! for 1 < p < 4/3.) Indeed, since the operator convexity
of tP gives

217P(Ay + A)P < AP+ AL, 2'7P(By + By)P < BY + BY,
we get

77U [(Ay 4 Ag)? + (B + By)?||M/?
< || A? + AL + BY + BB||M/P

< (| A% + B?|| + || AL + BE|))*/»

< || AP + BP||V/P + || AR + BE||V/P.

Notes and References. Theorem 4.29 is proved in H. Kosaki [64, Theorem
3] and independently in R. A. Horn and X. Zhan [55, Theorem 3]; the proof
given here is taken from [55]. A similar result is proved in F. Hiai [46, p.174].

The inequality (4.51) is due to R. Bhatia and C. Davis [20]. The inequality
(4.52) is due to R. A. Horn and R. Mathias [53, 54]. The inequality (4.53) is
due to F. Kittaneh [62]; its proof using the integral formula given here is in
[64].

Theorem 4.30, Corollaries 4.31 and 4.32, Theorems 4.34 and 4.35 are
proved by F. Hiai and X. Zhan [49]. Corollary 4.33 is due to A. W. Marshall
and I. Olkin [71].

See [49] for more inequalities of Minkowski type.
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4.5 Permutations of Matrix Entries

In this section we study norm variations of matrices under permutations of
their entries.

A map @ : M,, — M, is called a permutation operator if for all A the
entries of @(A) are one fixed rearrangement of those of A. Familiar examples
of permutation operators are the transpose operation, permutations of rows
and columns. A basic observation is that every permutation operator is an
invertible linear map.

Let M,, be endowed with a norm || - || and @ : M,, — M,, be a linear map.
We use the same notation for the operator norm of @ :

|2 = sup{[[@(A)[| : |All <1, A€ My}

The following result will simplify our investigations. It says that the maxi-
mum of operator norms of a linear map on matrix spaces induced by unitarily
invariant norms is attained at the norm induced by either the spectral norm
or the trace norm.

Lemma 4.36 Let & : M,, — M, be a linear map. Then for every unitarily
invariant norm || - || on M,

12 < max{[|®]|oc, [[@l1}- (4.63)

Proof. Denote by N,; the set of unitarily invariant norms on M,. By Fan’s
dominance principle (Lemma 4.2) we have

max{||@] : || || € Nui} = max{[[®|| ) : 1 <k < n}. (4.64)

On the other hand, Lemma 4.17 asserts that for any T € M, and each
1<k<n
||T||(k) = mln{k”X“oo + ||Y||1 T =X + Y} (4.65)

Suppose ||?| (k) = |P(A)| () with ||[Allxy = 1. Then by (4.65) there exist
X,Y € M, such that

A=X+Y, 1=|Alg =KIX]o+ V] (4.66)
Note that & is linear. Using (4.65) again and (4.66) we get

12ll(ky = [12(A) ) = [[2(X) + 2(Y) | (x)
< E[P(X) oo + 12(Y) 1

12(X) oo 12(Y) |1
= k| X|oo - —— + Y1 -
1 X |00 1Y]|1
1D(X)|lo  [|2(Y)]1
< max{ , }
| X oo 1Y[l1

< max{||?f|co, [|2]l1}
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Thus
9] (k) < max{[|®|oc, [|P]|1}

Combining the above inequality and (4.64) we obtain (4.63). O

Given a fixed A € M, let us consider the Hadamard multiplier 7'y :
M, — M, defined as T4(X) = Ao X. It is easily seen that the adjoint
operator of Ty with respect to the Frobenius inner product (X,Y) = tr XY™*
is T% = T; (A denotes the complex conjugate matrix of A). On the other
hand, the spectral norm and the trace norm are dual to each other in the
sense that

(A, X)| (A, X)|
|A]loc = sup ———— and ||A|;1 = sup ———.
xz0 || X1 x40 [ X0
Note also that || 74]lco = ||7°4]|co- Therefore the following corollary is a con-

sequence of Lemma 4.36.

Corollary 4.37 Given A € M,,, let T be the Hadamard multiplier induced
by A. Then for any unitarily invariant norm || - ||

[Tl < Tl oo

This corollary indicates that for some unitarily invariant norm problems
involving Hadamard products, it suffices to consider the spectral norm case.
The Frobenius norm |[(a;;)[l2 = (3=, |a;;|?)!/? plays the role of a bridge

in our analysis. Recall that [|A|l2 = (37 s;(A4)%)'/2.

Theorem 4.38 For every permutation operator @ and all unitarily invariant
norms || - || on M,,

T4l < [P < VAl A€, (4.67)

and the constants \/n and 1/y/n are best possible.

Proof. The first inequality follows from the second. Since a permutation
operator is bijective, in the second inequality we may replace A by &~1(A)
and then replace @ by @~ !. Thus it suffices to prove the second inequality.
The conclusion is equivalent to ||@|| < y/n. By Lemma 4.36 it suffices to show
|@]|oo < v/n and [|®]|; < y/n. But this follows from

12(A)]loe < [[P(A)ll2 = [[All2 < Vnl|Alloo

and

[2(A)[lr < Val@(A)]l2 = Vnl|All2 < Vnll Al
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Now consider the permutation operator ¥ which interchanges the first column
and the diagonal of a matrix and keeps all other entries fixed. Let I € M,
be the identity matrix. Then [|[¥(I)]c = Vn||I|lcc = v/n. Let e € C™ be
the vector with each component 1 and B = (e,0,...,0). Then [|[¥(B)|1 =
v/n||B||1 = n. Thus we see that the constant \/n in (4.67) is best possible for
the operator norm and the trace norm. O

For real numbers 1 > o > --- > x,, > 0 and integer 1 < k < n, we have
14+ ap < VE@Z 44222 < V(x4 xp).

We can use these two inequalities to give another proof of Theorem 4.38 as
follows.

12(A) |y < VEID(A)ll2 = VE[Allz < v/l All ry.
Thus
12Dy < VollAllgy, k=1,2,....n.
Finally applying the Fan dominance principle gives (4.67).
For general Schatten p-norms, the estimate (4.67) can be improved.
Theorem 4.39 For any permutation operator ® on M, and any A € M,

1_

1_ 1 1_ 1 .
nr 2| All, < [|@(A)[l, < nz7r|Allp, i 2<p < oo, (4.68)

1_1 11 :
n2r|[Allp, < |2(A)[lp <nr 2 |[Allp, i 1<p<2 (4.69)
and all these inequalities are sharp.

Proof. Again the left-hand side inequalities follow from the corresponding
right-hand side inequalities. Using the fact that if p > 2 then for any x € C",

|z]l2 < 027 [la]|, we have
1_1
1B(A)l, < |B(A)]|2 = | All2 < 025 | Al

This proves (4.68).

Now assume 1 < p < 2. Then for any z € C", ||z||, < n%_%Hng. Conse-
quently

1_1 1_1 1_1
[2(A)]lp < nr™2[|@(A)|l2 = nr—2[[Alla < nv™ 2 Allp.

This proves (4.69).
The examples with ¥, I, B in the proof of Theorem 4.38 also show both
(4.68) and (4.69) are sharp. 0

The idea in the above proofs is simple: The Frobenius norm is invariant
under permutations of matrix entries. The next result shows that the converse
is also true.
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Theorem 4.40 Let || - || be a unitarily invariant norm on M,,. If |®(A)| =
|A|| holds for all permutation operators @ and all A € M, then || - | is a
constant multiple of || - ||2.

Proof. Let ¥ be as in the proof of Theorem 4.38 and A = diag(s1, $2,---,Sn)
where (s1,52,...,5,) € R'}. Let ¢ be the symmetric gauge function corre-
sponding to || - ||. Then

n

(51,82, 580) = Al = [T(A)] = (3 sHY2,0,...,0)

= (D _s3)%p(1,0,...,0)
1
= (1,0,...,0)||A]2-
Since s1, S2, . .., S, are arbitrary, || - || = ¢(1,0,...,0)| - |2 O

A map @ : M,, — M, is called positive if it preserves the set P,, of positive
semidefinite matrices in M,, i.e., ®(P,) C P,. It is not hard to prove that
if & : M, — M, is a positive permutation operator, then there exists a
permutation matrix P such that

®(A) = PAP' for all A€ M,

or
d(A) = PA'P' for all Ac M,

where X' denotes the transpose of X. This result shows that among the
permutation operators, only the transpose operation and simultaneous row
and column permutations can preserve positive semidefiniteness.

Notes and Reference. The results in this section seem new. See [91] for
the forms of those permutation operators that preserve eigenvalues, singular
values, etc.

4.6 The Numerical Radius

Let || - || be the usual Euclidean norm on C". The numerical range (or the
field of values) of a matrix A € M, is defined as

W(A) = {(Az,x) : ||z]| =1,z € C"}.

For any A € M,,, W(A) is a convex compact subset of the complex plane
containing the eigenvalues of A. See [52, Chapter 1] for this topic.
The numerical radius of A € M, is by definition
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w(A) = max{|z| : z € W(A)}.

It is easy to see that w(-) is a norm on M,, and we have
1
1Al < w(4) < Al

The second inequality is obvious while the first inequality can be shown by
the Cartesian decomposition.
We call a norm || - || on M,, weakly unitarily invariant if

|TATU™| = [|A]l

for all A and all unitary U. Evidently the numerical radius is such a norm.

Since
02 _q
“Nlool) ™%

the numerical radius is not unitarily invariant (this example in fact shows
that w(-) is even not permutation-invariant); it is not submultiplicative:

w(AB) < w(A)w(B)
is in general false even for commuting A, B. Consider the nilpotent matrix

0100
0010
0001
0000

and set B = A?. Then w(A4) < 1, w(A?) = 1/2 and w(A43) = 1/2. But the
next best thing is indeed true. We have the following

Theorem 4.41 (Power Inequality) For every matriz A and any positive
integer k,
w(A*) < w(A)*. (4.70)

Proof. Since w(-) is positively homogeneous, it suffices to prove w(A*) <1
under the assumption w(A) < 1.

Denote by ReA = (A + A*)/2 the real part of a matrix A. Let a,z be
complex numbers. Then |a| < 1 if and only if Re(1 — za) > 0 for each z with
|z| < 1. Consequently

w(A) <1 if and only if Re(I —zA) > 0 for |2]| < 1. (4.71)

For a nonsingular matrix B, B+B* = B[B~'+(B~1)*|B*. Thus ReB > 0
if and only if Re(B~!) > 0. From (4.71) we get

w(A) <1 if and only if Re(I —zA)™! >0 for |2| < 1. (4.72)
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2mi/k

Observe next that if w = e , a primitive kth root of unity, then

E'T
H

11
1—2F k4~ 1—wiz

<.
I
en)

for all z other than the powers of w. ThlS 1dent1ty can be verified as follows.
First we have the identity 1 — 2* = H] 0(1 — wlz). Multiply both sides of
the identity in question by 1 — z*, observe that the right side becomes a
polynomial of degree at most k — 1 that is invariant under each of the k

substitutions _
z=wz (j=0,...,k—1)

and is therefore constant, and then evaluate the constant by setting z equal
to zero.
The above identity implies that if w(A) <1 then

s
(I — 2P AR~ EZI wlzA)~
7=0

whenever |z| < 1. Since w(w/A) < 1, by (4.72) each summand on the
right side has positive semidefinite real part. Hence the left side has pos-
itive semidefinite real part. Applying (4.72) again gives w(A¥) < 1. This
completes the proof. O

The above proof is, of course, very ingenious, but we can understand this
result in another way. Next we will establish a theorem characterizing the
unit ball of M, with the numerical radius as the norm, so that the power
inequality becomes completely obvious.

Let M be a subspace of M,, which contains the identity matrix and is
self-adjoint, that is, A € M implies A* € M. A linear map & : M — M, is
said to be completely positive if for any block matrix [X;;]| of any order with
Xij e M,

The following lemma is a special case of Arveson’s extension theorem on

C*-algebras [30, p.287].

Lemma 4.42 Let M be a self-adjoint subspace of M, containing the identity
matriz. If & : M — M, is a completely positive linear map, then ® can be
extended to a completely positive linear map from the whole space M,, into
M,.

Theorem 4.43 (T. Ando) Let A € M,,. Then w(A) <1 if and only if there
are contractions W, Z € M, with Z Hermitian such that

A= T+ 22w - 2)Y2 (4.73)
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Proof. Suppose A has the expression (4.73). Then for any u € C", by the
Cauchy-Schwarz inequality

1
[(Au,u)| < S{IT +2)!2ul® + (11 = 2)"ul?}
= [lul®.

Conversely suppose w(A) < 1. By Lemma 1.21 the existence of contrac-
tions W, Z with Z Hermitian satisfying the condition (4.73) is equivalent to
that of a Hermitian contraction Z such that

1+7 A
lA* I—Z]ZO'

Let M be the complex subspace of Ms spanned by
10 01 00
01|’ 00|’ 10"

Then M is a self-adjoint subspace of Ms, containing the identity matrix. Its
generic element is of the form

lx y] (x,y,z € C).

zZ X

Define a linear map @ from M to M,, by
R 1 N
P : lz x] — ] + 2(yA—I—zA ).

Let us show that & is completely positive. Let N be an arbitrary positive
integer. Suppose that a matrix in My ® M is positive semidefinite:

N
(),
Fig Tijl) =1

1 N
lxljl + 5(,%/1 + zijA*)] > 0.

1,j=1

We have to show that

In other words, we have to prove that for X,Y € My,
XY T 1
> — * ) >
ly* X] >0 implies X ® I, + 2(Y®A—|—Y ® A*) > 0.
We may assume X > 0. Applying the congruence transforms with diag(X —1/2 x-1/ 2)

and X~ 1/2 ® I,, to the above two inequalities respectively, we see that the
problem is reduced to showing
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1Y
Y* I

1
1 > 0 implies IN®In+§(Y®A+Y*®A*)20,

which is equivalent to the statement that for A € M,,, Y € My,
w(A) <1 and [[Y]|ee <1 imply w(Y ®A) <1.

Since every contraction is a convex combination of unitary matrices (in fact,
by the singular value decomposition it is easy to see that every contraction
Y can be written as Y = (U; 4+ Uz)/2 with Uy, Uz unitary), it suffices to
show that if w(A) <1 then w(U ® A) <1 for unitary U € My. To see this,
consider the spectral decomposition

U= leag()\l, ey )\N)V*

with V unitary and |[A;| =1, j =1,..., N. Then since w(-) is weakly unitarily
invariant we have

w(lU® A) =w[(V & I,)(diag(A, ..., A\v) @ A)(V & 1,)7]
= w(dlag()\l, ceey )\N) @ A)
= max w(\jA) =w(A) <L

1<j<N

Thus we have proved that @ is completely positive.
Now by Lemma 4.42, ¢ can be extended to a completely positive map
from Ms to M,,, which we denote by the same notation @. Hence

P o

b

([on]) +2(B5]) == (s

]) — Inv
there is a Hermitian matrix Z such that

qs(“) SD = (I +2) and @({8 ?D - -2

On the other hand, by definition,

o) -2 o((28) -t

Thus (4.74) has the form

b

_ o O

o O O O

o O O O

_ o O
|

— o

I+7z A
A I—-Z|— 7
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This completes the proof. O

Second Proof of Theorem 4.41. Suppose w(A) < 1. By Theorem 4.43 A
has the representation

A= T+ 2)Y*WI - z)Y?
where W, Z are contractions and Z is Hermitian. Then
AR = (I + 2)' 201 — 2)'/?

where C' = [W (I —Z?)Y/2]*=11/. Obviously C is a contraction. So A* is of the
same form as A in (4.73). Applying Theorem 4.43 again in another direction
yields w(AF) < 1. O

Notes and References. Theorem 4.41 is a conjecture of P. R. Halmos for
Hilbert space operators and it was first proved by C. A. Berger [13]. Later
C. Pearcy [78] gave an elementary proof. The proof given here, which is due
to P. R. Halmos [42, p.320], combines the ideas of Berger and Pearcy. For
generalizations of the power inequality see [59], [76], [14] and [15].

Theorem 4.43 is proved by T. Ando [2] for Hilbert space operators using
an analytic method. The interesting proof using the extension theorem given
here is also due to T. Ando [8].

4.7 Norm Estimates of Banded Matrices

Consider

11 11
A=[ 1] wa p=[11]

It is easy to see that ||[Allec = V2, ||Bllsc = (1 + v/5)/2. Thus replacing an
entry of a matrix by zero can increase its operator norm. On the other hand,
The Frobenius norm of a matrix is diminished if any of its entries is replaced
by one with smaller absolute value. It is an interesting fact that among all
unitarily invariant norms, the Frobenius norm (and its constant multiples, of
course) is the only one that has this property; see [21].

In this section we study the norm variations of a matrix when some of its
diagonals are replaced by zeros.

A matrix A = (a;;) is said to have upper bandwidth q if a;; = 0 whenever
J — 1 > gq; it has lower bandwidth p if a;; = 0 whenever i — 5 > p. For
example, tridiagonal matrices have both upper and lower bandwidths 1; upper
triangular matrices have lower bandwidth 0.

For A € M,,, let ©(A) be the diagonal part of A, i.e., the matrix obtained
from A by replacing all its off-diagonal entries by zeros. For 1 < j <n —1,
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let ©;(A) be the matrix obtained from A by replacing all its entries except
those on the jth superdiagonal by zeros. Likewise, let ©_,;(A) be the matrix
obtained by retaining only the jth subdiagonal of A.

Let w = 2™/ j = /=1 and let U be the diagonal matrix with entries

1,w,w?,...,w" ! down its diagonal. Then we have
1 n—1 . .
Do(4) =~ > UIAU. (4.75)
§=0

From this expression it follows immediately that for any weakly unitarily
invariant norm

Do (A < [|A]l (4.76)

Next comes the key idea. The formula (4.75) represents the main diagonal
as an average over unitary conjugates of A. It turns out that this idea can be
generalized by considering a continuous version, i.e., using integrals, so that
every diagonal has a similar expression. For each real number 6, let Uy be
the diagonal matrix with entries e?, 1 < r < n, down its diagonal. Then the

(r,s) entry of the matrix Ug AU} is €/("=*)%q,... Hence we have
| Y
D5(A) = o / ROy AU db. (4.77)

Note that when k = 0, this gives another representation of D¢(A). From
(4.77) we get
Dk <A, 1-n<k<n-1 (4.78)

for any weakly unitarily invariant norm. In the sequel all norms are weakly
unitarily invariant unless otherwise stated.
We can also use (4.77) to write

D(A)+ D p(A) = - / (2 cos kO)Up AU 6.

T o .

Hence

1 ™
1Dk(A) +D_r(A)]] < %/ |2 cos k0|dB|| Al

It is easy to evaluate this integral. We get
4
1D (A4) + D-r(A)ll < _[|A]. (4.79)

Let T3(A) = D _1(A)+D¢(A)+D1(A) be the tridiagonal part of A. Using
the same argument we see that

1 ™
I < 5 [ 1+ 2cosolas Al
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Once again, it is easy to evaluate the integral. We now get

I1Ta(4)] < (§ M)

The constant factor in the inequality (4.80) is smaller than 1.436, and that
in (4.79) is smaller than 1.274.

More generally, consider the trimming of A obtained by replacing all its
diagonals outside the band —k < j < k by zeros; i.e., consider the matrices

1A][- (4.80)

k
Tonr1(A)= > D;(4), 1<k<n-—1.
j=—k
In a similar way we can derive
[T2k+1(A)[| < L[| Al (4.81)

where the number L, is the Lebesgue constant:

1
L, = — e"91d0.
b= |j_Zk |

It is known that

2 1
L <logk+logm+— 1+ —
s 2k
and that

4

Let A be the linear map on the space of matrices of a fixed size that takes
a matrix B to its upper triangular part; i.e., A acts by replacing all entries of
a matrix below the main diagonal by zeros. Given a k x k matrix B, consider

. 0 B*
the matrix A = lB 0 ] . Then

Tops(A) = [A(OB) A(f)*]

Since the singular values of A are the singular values of B counted twice as
often, from (4.81) via the Fan dominance principle we obtain

IAB)]| < Li||1B]

for every unitarily invariant norm.

Now let us show that the bounds (4.79) and (4.80) are sharp for the trace
norm in an asymptotic sense and therefore, by a duality argument they are
sharp for the operator norm.
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Let A = F, the n X n matrix with all entries equal to 1. Then
D1(A) +D-1(4) =

where B is the tridiagonal matrix with each entry on its first superdiagonal
and the first subdiagonal equal to 1, and all other entries equal to 0. The
eigenvalues of B are 2cos(jn/n+1), 7 =1,...,n [17, p.60]. Here

I1Bll1
Al

‘ (4.82)

Let f(0) = |2cos6|. The sum

n+1

1
n—|—1z

Jj=1

2 cos

gm
n—+1

is a Riemann sum for the function 7=1 f(#) over a subdivision of the interval
[0, 7] into n 4 1 equal parts. As n — oo, this sum and the one in (4.82) tend
to the same limit

1 [" 1 (7 4
—/ 12 cosf|df = — |2 cos0|do = —.
T Jo 2 J_, s

This shows that the inequality (4.79) can not be improved if it has to be valid
for all dimensions n and for all unitarily invariant norms.
The same example shows that the inequality (4.80) is also sharp.

Notes and References. This section is taken from R. Bhatia [18]. S.
Kwapien and A. Pelczynski proved in [65] that the norm of the triangular
truncation operator A on (M, || - ||) grows like logn and they gave some
applications of this estimate.



5. Solution of the van der Waerden Conjecture

Let A = (a;j) be an n x n matrix. The permanent of A is defined by

perA = Z Haw(i)

cesS, i=1

where §,, denotes the symmetric group of degree n, i.e., the group of all
permutations of N’ = {1,2,...,n}. We will consider the columns aq,...,a,
of A as vectors in C™ and write

perA = per(ay,az,...,a,).

It is clear that perA is a linear function of a; for each j and we have the
following expansion formulae according to columns or rows:

perd = Za”perA ilg) = ZamperA il7) (5.1)

for all ¢ and j, where A(i|7) denotes the matrix obtained from A by deleting
the ith row and jth column. The permanent function is permutation-invariant
in the sense that

perA = per(PAQ)

for all permutation matrices P and Q.

Recall that a square entrywise nonnegative matrix is called doubly stochas-
tic if all its row and column sums are one. Let J,, be the n x n matrix whose
all entries are 1/n.

The purpose of this chapter is to prove the following theorem.

Theorem 5.1 If A is an n X n doubly stochastic matrix, then
perA > n!/n", (5.2)
with equality if and only if A = J,.

The assertion in Theorem 5.1 is known as the van der Waerden conjecture
posed in 1926 [83]. It had been a long-standing open problem which, according

X. Zhan: LNM 1790, pp. 99-109, 2002.
© Springer-Verlag Berlin Heidelberg 2002
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to D. E. Knuth [63], had resisted the attacks of many strong mathematicians.
Around 1980 this famous beautiful conjecture was proved independently by
G. P. Egorychev [33] and D. I. Falikman [35]. Their proofs are different but
both use a special case of the Alexandroff-Fenchel inequality on the geometry
of convex sets [1, 36]. Falikman’s method proves the inequality (5.2) without
showing that J, is the unique minimizing matrix.

In the course of looking for a proof of the van der Waerden conjecture, M.
Marcus, M. Newman, and D. London made key contributions. Let {2,, be the
set of all n X n doubly stochastic matrices. Call a matrix A € §2,, satisfying

perA = Xnell(r)ln perX
a minimizing matriz. Marcus and Newman hoped to prove the van der Waer-
den conjecture by establishing properties of minimizing matrices and then
showing that only the matrix .J, satisfies these properties. This attacking
strategy turns out to be correct.
Now we give a self-contained proof of Theorem 5.1 following Egorychev’s
argument.

Lemma 5.2 (Frobenius-Konig) Let A be an n x n nonnegative matriz. Then
perA = 0 if and only if A contains an s X t zero submatrix such that s +t =
n+ 1.

Proof. For nonempty «,3 C N we denote by A[x|f] the submatrix of A
with rows indexed by « and columns by 3, and denote a® = N'\«. Obviously
for any n x n matrix A, if Ala|a®] = 0, then

perA = perAlala] perAla|ac]. (5.3)

If A is nonnegative then for any «, 5 C N with |a| + || = n (|| means the
cardinality of «),
perA > perAla|B¢] perAla‘|]. (5.4)

Now suppose Ala|f] = 0 with |a| + |8] = n + 1. Since the permanent
is permutation-invariant, we may assume o« = {1,...,k}, 6 = {k,...,n}
for some k. Then Alaja] = 0 and since the last column of Alala] is 0,
perAlala] = 0. By (5.3) we get perA = 0.

Conversely suppose perA = 0. We use induction on n. The cases n =1, 2
are trivially true. Assume that the assertion is true for all orders less
than n. We may assume the (n,n) entry of A, a, > 0. Then (5.4) im-
plies perAJN\{n}|N\{n}] = 0. By the induction assumption, there exist
ay, B € {1,...,n — 1} with |ay| + |B1] = n such that A[a;|B1] = 0. Since
perA = 0, (5.4) implies that one of perA[a;|5{] and perA[a§|F;] vanishes. We
may assume perAfag|Bf] = 0 (the other case is similar). Using the induction
assumption again, there exist as C aq, fo C ¢ with |ag| + |B2| = |aa| + 1
such that A[az|f2] = 0. Now
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laa| + (81 U Ba| = |az| + |B1] + |B2] =n + 1

and

A[O&z’ﬁl U 62] =0.
This completes the proof. O

Lemma 5.2 is equivalent to the following: A necessary and sufficient con-
dition for every generalized diagonal of an n X n arbitrary matrix A, i.e.,
(@15(1)s - -+ Ano(n)) for some o € Sy, to contain a zero entry is that A have
an s X t zero submatrix such that s +¢t=n+ 1.

Corollary 5.3 The permanent of a doubly stochastic matriz is positive.

Proof. Let A be an n x n doubly stochastic matrix. If perA = 0, then, by
Lemma 5.2, there exist permutation matrices P and () such that

rao=[25)

where the zero submatrix in the bottom left corner is s x t with s+t =n+1.
Denote by 7(X) the sum of all the entries of a matrix X. Since A € (2,
implies PAQ € (2,

n = y(PAQ) > ~(B) + (D).

Now all the nonzero entries in the first ¢ columns are contained in B, and
thus y(B) = t. Similarly v(D) = s. Hence

n>vB)+~vy(D)=s+t
which is impossible, since s +t =n + 1. O

An n x n matrix is said to be partly decomposable if it contains a k X
(n — k) zero submatrix for some 1 < k < n — 1. In other words, there exist
permutation matrices P and () such that

o= [1)

where B and D are square. If A is not partly decomposable, it is called fully
indecomposable.

Corollary 5.4 A nonnegative n-square (n > 2) matriz A is fully indecom-
posable if and only if

perA(i|j) >0 for all ¢ and j.
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Proof. By Lemma 5.2, perA(i|j) = 0 for some 4, j if and only if the submatrix
A(i]j) and hence A contains an s X t zero submatrix with s+t = n. In other
words, perA(i|j) = 0 for some pair 7, j if and only if A is partly decomposable.

g

Lemma 5.5 If A is a partly decomposable doubly stochastic matriz, then there
exist permutation matrices P,Q such that PAQ is a direct sum of doubly
stochastic matrices.

Proof. Since A is partly decomposable, there exist permutation matrices P
and () such that
B C
PAQ = [O D]
where B and D are square. Using the same argument as in the proof of
Corollary 5.3 it is easy to show C' = 0. O

Denote by e € R™ the vector with all components equal to 1. Then the
condition that all the row and column sums of an n-square matrix A be 1
can be expressed as Ae = e and A”e = e. From this it is obvious that if A4 is
doubly stochastic then so are AT A and AAT.

Lemma 5.6 If A is a fully indecomposable doubly stochastic matriz, then so

are ATA and AAT.

Proof. We have already remarked that both ATA and AAT are doubly
stochastic. Suppose AT A is partly decomposable and A is n x n, i.e., there
exist nonempty «, 3 C N such that

la| + (8| =n and AT A[a|8] = 0.
The latter condition is equivalent to
(ANa])T AIN6] = 0,

which implies that the sum of the numbers of zero rows of A[N|a] and of
A[N|f] is at least n.

Let ¢ be the number of zero rows of AN |a]. If t > n — |a|, then A[N|q]
and hence A has an |a| X (n — |a|) zero submatrix, which contradicts the
assumption that A is fully indecomposable. But if ¢ < n — |a| (= |3]), the
number s of zero rows of A[N|3] satisfies s > n —t¢ > n — |3], so that A is
partly decomposable, which again contradicts the assumption.

In the same way we can show that AA” is fully indecomposable. O

Lemma 5.7 If A is a fully indecomposable doubly stochastic matriz and
Ax = x for some real vector x, then x is a constant multiple of e.
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Proof. Suppose, to the contrary, that  has some components unequal. Since
A is doubly stochastic, Az = z implies A(x+Ee) = z+&e for any real number
&. Thus we may assume that all components of x are nonnegative and some
are zero. Let x = (z;), A = (a;;) and o = {i : x; = 0}, 8 = {j : ; > 0}.
Then
Z a;jr; = x; implies a;; =0
J

whenever ¢ € o and j € (3. Hence A is partly decomposable, contradicting
the assumption. 0

Lemma 5.8 (M. Marcus and M. Newman [70]) A minimizing matriz is fully
indecomposable.

Proof. Let A € (2, be a minimizing matrix. Suppose that A is partly de-
composable. Then by Lemma 5.5 there exist permutation matrices P and @)
such that PAQ = B @ C where B = (b;j) € {2, and C = (¢;5) € 2,—. We
will show that there exists a doubly stochastic matrix whose permanent is
less than perA.

Denote A = PAQ. Since perA = perA > 0 by Corollary 5.3, using the
expansion formula (5.1) and the permutation-invariance of the permanent
function we can assume without loss of generality that

brrperA(klk) >0 and cpperA(k + 1|k + 1) > 0.
Let € be any positive number smaller than min(bkg, ¢11) and define

G(e) = A — e(Exk + Egr1,6+1) + €(B g1 + Ert1k)

where F;; is the matrix whose only nonzero entry is 1 in (4, j). Then G(¢) €
(2,, and

perG(e) = perA — eperA(k|k) + eperA(k|k + 1)
—eperA(k + 1|k + 1) 4 eperA(k + 1|k) 4+ O(€?)
= perA — e[perA(k|k) + perA(k + 1|k + 1)] + O(€?),

since perA(k|k + 1) = perA(k + 1|k) = 0 by Lemma 5.2. Also,
perA(k|k) + perA(k 4+ 1|k +1) > 0
and therefore for sufficiently small positive e
perG(e) < perA,
contradicting the assumption that A is a minimizing matrix. O

Lemma 5.9 (M. Marcus and M. Newman [70]) If A = (a;;) is a minimizing
matriz and apr > 0, then
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perA(hlk) = perA.
Proof. Let C(A) be the face of the convex set (2, of least dimension con-
taining A in its interior, i.e.,

where A = {(¢,7) : a;; = 0}. Then C(A) is defined by the following condi-
tions:
ZL’Z‘]‘ZO, i,j:1,...,n; ZL’Z‘]‘:O, (i,j)EA;

n n
E l'ijzl,izl,...,n; E Zl?ij:l,j:l,...,n.

According to the Lagrange multiplier method, there exist A = (A1,..., \,) T, p =
(g1, .., pn)T € R™ such that the real function f defined on C(A) by

f(X) =perX — Z)\i (szk — 1) — Zﬂj (Zajkj — 1)
i=1 k=1 j=1 k=1

attains its local minimum at A. Therefore for (i,j) € A

— perA(ilj) — A — p;. (5.5)

In view of (5.1), (5.5) implies

perA =\, + Z aijp; for all 7,
j=1

perA = Z Niai; + p;  for all j
i=1

which can be written equivalently as
(perA)e = A+ Ap,
(perA)e = AT\ + pu.
These two relations, together with A7e = e and Ae = e, yield
ATAp=p, AATX =\ (5.6)

By Lemma 5.8, A is fully indecomposable. Therefore both AT A and AAT are
fully indecomposable and doubly stochastic by Lemma 5.6. Then applying
Lemma 5.7 to (5.6) we deduce that both A and p are constant multiples of
e, say, A = ce and p = de. It follows from (5.5) that
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perA(ilj) = c+d for all (i,5) ¢ A.
Hence

perA = Z a;;perA(i|j)

Jj=1

for all (i,7) ¢ A. O

Lemma 5.10 (D. London [69]) If A is a minimizing matriz then

perA(i|j) > perA for all i and j.

Proof. Let P = (p1,...,pn) be the permutation matrix corresponding to a
permutation o € Sy, i.e., p; = €,(;) where eq,..., e, are the standard basis
for R™. For 0 < 6 <1 define

Yp(f) =per((1—0)A+0P).
Since perA is a linear function of each column of A = (aq,...,a,),

Yp(0) = per((1 —0)A+6P)
= (1 —0)"perA + 6%¢(h)

+(1 - 9)71—10 Zper(ala ceey At—1,Pty Gt41y - - -, a’n)
where () is a polynomial in §. Thus
ZperA t)|t) — nperA. (5.7)

Since ¢ p(0) = perA is the minimum value and (1—-6)A+6P € (2,,¢%(0) >0
From (5.7) we get

ZperA t)[t) > nperA (5.8)

for all o € S,,.

Lemma 5.8 asserts that A is fully indecomposable. Then it follows from
Corollary 5.4 that for every pair i, j, perA(i|j) > 0. Hence there is a permu-
tation o such that ¢ = o(j) and ay > 0 for 1 <t < n, t # j. By Lemma
5.9 we have
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perA(o(t)|t) = perA, 1<t <n,t#]. (5.9)
Combining (5.8) and (5.9) yields perA(i|j) > perA for all 4, j. 0

Next we derive another key ingredient of the proof of van der Waerden’s
conjecture: the Alexandroff-Fenchel inequality. A real n x n symmetric matrix
() defines a symmetric inner product (z,y)g = zTQy on R™. If Q has one
positive eigenvalue and n—1 negative eigenvalues, then the space R" equipped
with the inner product defined by @ is called a Lorentz space. We call a vector
x € R™ positive if (z,x)g > 0.

Lemma 5.11 Let a be a positive vector in a Lorentz space with a symmetric
inner product (-,-)q. Then for any b € R™

(@, > (a,a)q (b, b)q
and equality holds if and only if b = Aa for some constant .
Proof. Consider the quadratic polynomial
fO) = Qa+b,da+bg = (a,a)g\* + 2{(a,b)oA + (b, b)o.
We have assumed that the inner product is defined by @, i.e.,
(z,9)q = 2" Qy.

By the minimax principle for eigenvalues of Hermitian matrices, for any sub-
space S C R™ with dimS = 2,

0> A >  min (x,x)0Q. 5.10
(Q) = _min_(r.a)g (5.10)

Assume b # Aa for all A € R. Then a and b spans a 2-dimensional subspace
of R™. Tt follows from (5.10) that there are «, 3 € R such that

(aa + Bb, aa + b)) < 0.

But since (a,a)g > 0, 8 # 0. Thus f(a/B) < 0. Therefore f(\) has a positive
discriminant, i.e., (a,b)?, > (a,a)q(b,b)q- 0

Given vectors aq, as, ..., a,_o in R™ with positive components, we define
an inner product on R" by

<$’y>Q EPer(a17a2,-~-aan—2>$,y), (511)
that is, (z,y)g = 27 Qy where Q = (g;;) is given by

¢ij = per(ai,az,...,an—2,¢€;¢€;). (5.12)

Lemma 5.12 R™ with the inner product (5.11) is a Lorentz space.
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Proof. We need to show that the symmetric matrix @ defined in (5.12) has

one positive eigenvalue and n— 1 negative eigenvalue. Use induction on n. For

1 . .
n=2 Q= {(1) 0] and the assertion is true. Now assume that the assertion

is true for R"~! (n > 3) and consider the case n.
We first show that 0 is not an eigenvalue of ). Suppose Q¢ = 0 for some
c € R™. Then el Qc = 0, which means

per(a,...,an_2,¢,6,) =0, 1<i<mn. (5.13)
For a fixed i, by the induction hypothesis,

per[(al, ey n-3,7,Y, 61)(7’|n)]

defines an inner product with which R®~! is a Lorentz space. Applying
Lemma 5.11 with the assumption that a4, ..., a,_o have positive components
and (5.13) we obtain

per<a1, -+, 0n-3,C,C, ei) <0 (514)

for i =1,...,n. On the other hand, from

n
0=c"Qc={c,c)g = Z an—2(i)per(a,...,an—3,¢,¢,€;),
i=1

each a,_2(i) > 0 and (5.14) we have
per(ay,...,an_3,¢,¢6;) =0 1<i<n. (5.15)

Therefore the equality case in (5.14) holds. By Lemma 5.11, for each i there
is a number \; such that ¢ = \;a,,_s except the ith component. Since n > 3,
this is possible only when all \;, i = 1,...,n are equal. So, in fact, ¢ = Aa,_o.
In view of (5.15) we must have A = 0, that is, ¢ = 0. This proves that @ is
nonsingular,or equivalently, 0 is not an eigenvalue.

Next consider the matrix QQy whose (i, ) entry is given by

per(fa; + (1 —Oe, ..., 0a,_2+ (1 —0O)e, e;,€5)

where e = (1,1,...,1)T. Then for each § € [0, 1], by what we have just
proved, 0 is not an eigenvalue of Q. Since eigenvalues are continuous func-
tions of matrix entries, ) = @)1 and )y have the same number of positive
eigenvalues. It is easy to see that )y has exactly one positive eigenvalue. This
completes the proof. O

Lemma 5.13 (Alexandroff-Fenchel) Let aq1,as,...,a,-1 be vectors in R"
with positive components. Then for any b € R"
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(per(ay,...,an—1, b))2

> per(ay,...,apn—1,0n—1)per(ay,...,an—2,b,b), (5.16)
with equality if and only if b = Aa,_1 for some constant \. The inequality
(5.16) itself also holds when a1, as,...,a,—1 have nonnegative components.
Proof. This is a consequence of Lemmas 5.12 and 5.11. O

Lemma 5.14 If A is a minimizing matrix, then

perA(ilj) = perA for all i and j.

Proof. Let A = (a;;) = (a1,...,ay,). Suppose the assertion is false. Then by
Lemma 5.10, there is a pair r, s such that perA(r|s) > perA (> 0). Since A is
fully indecomposable by Lemma 5.8, every row of A has at least two positive
entries. Hence there is a t # s such that a,; > 0.

Now apply Lemma 5.13 to get

(perA)? = [per(ai,...,as, ..., as,...,a,)]°
> per(ay, ... gyeenygynneyQp)PET(A1, ey Gpyeney Qpyeeny Gp)
(Z agsperA(k|t) ) <Z aptperA(k|s )) (5.17)
k=1

Every subpermanent above is at least perA by Lemma 5.10 and perA(r|s) >
perA. Since perA(r|s) is multiplied by a,:, which is positive, the last product
in (5.17) is greater than (perA)?, contradicting the inequality (5.17). 0

Lemma 5.15 If A = (aq, . . ., ay) is a minimizing matriz and A’ is the matriz
obtained from A by replacing both a; and a; by (a; + a;)/2 for any pair i, j,
then A’ is again a minimizing matriz.

Proof. Obviously A’ is doubly stochastic. By (5.1) and Lemma 5.14 we have

1 1
perA’ = —perA + —per(at, ..., Q.. Qi ., 0p)

2 4
1
+Zper(a1,...,aj,...,aj,...,an)
1
= §perA + - Z ar;perA(k|j) + ; ar;jperA(kli)
= perA.
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Proof of Theorem 5.1. Let A = (aq,...,a,) be a minimizing matrix. We
consider an arbitrary column of A, say, a,. Since A is fully indecomposable
by Lemma 5.8, every row of A has at least two positive entries. Hence a finite
number of applications of Lemma 5.15 to the columns aq,...,a,_1 yields a
minimizing matrix A’ which also has a,, as its last column and whose other
columns af,...,a, _; all have positive components.

Now apply Lemma 5.13 to per(af, . ..,al,_4,a,). By expanding the perma-
nents on both sides of the inequality using Lemma 5.14, we see that equality
holds. It follows that a,, is a multiple of a/,_; and similarly we find that a,
is a multiple of a} for all 1 < ¢ < n — 1. But since the sum of the components
of each of a},...,a,,_;,a, is 1, we obtain a,, = a}, i = 1,...,n — 1. Thus
e = Z?:_ll a, + a, = na, and hence a, = n"le.

In the same way we can show that each column of A is n~le, that is,
A = J,. This completes the proof. O

Notes and References. The presentation of the proofs given here follows
the expositions by H. Minc [75], J. H. van Lint [67] and T. Ando [5]. For the
history of the van der Waerden conjecture see [75] and [68].
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