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EQUIVALENCE RELATIONS AMONG
SOME INEQUALITIES ON OPERATOR MEANS

SHUHEI WADA AND TAKEAKI YAMAZAKI

ABSTRACT. We will consider about some inequalities for operator means for more
than three operators, for instance, ALM and BMP geometric means will be consid-
ered. Moreover, log-Euclidean and logarithmic means for several operators will be
treated.

1. INTRODUCTION

Let ‘H be a complex Hilbert space, and B(H) be the algebra of all bounded linear
operators on H. An operator A is said to be positive semi-definite (resp. positive
definite) if and only if (Az,z) > 0 for all x € H (resp. (Az,z) > 0 for all non-zero
z € H). Let P and S be the sets of all positive definite and self-adjoint operators,
respectively. From this, we can consider the order among S, i.e., for A, B € §,

A<B ifandonlyif 0<B-A.
A real valued function f on an interval J C R is called the operator monotone function
if and only if
A< B implies f(A)< f(B)

holds for all A, B € S whose spectral are contained in J.
Kubo-Ando [7] have shown the following important result:

Theorem A ([7]). For each operator connection o, there exists a unique operator
monotone function f : (0,4+o00) — (0, +00) such that

f@)I =1Io(tl) forallt € (0,+00),
and for A > 0 and B > 0, the formula
AoB = At f(A7 BAT)A:
holds, where the right hand side is defined via the analytic functional calculus. More-

over if f(1) = 1, then an operator connection o corresponding to f is an operator
mean. An operator monotone function f is called a representing function of o.

Typical examples of operator means are harmonic, geometric and arithmetic means
denoted by !, # and V, respectively. Their representing functions are [% + %t‘l]‘l, t3

and 1, respectively.
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Extending Kubo-Ando theory to three or more operators was a long standing prob-
lem, in particular, we did not have any nice definition of geometric mean of three
operators. Recently, Ando-Li-Mathias [2] have given a nice definition of geometric
mean for n-tuple of positive operators. Then many authors study about operator
means for n-tuple of positive operators, and now we have three definitions of geomet-
ric means which are called ALM, BMP and the Karcher means. Moreover, we have
an extension of the Karcher mean which is called the power mean. It is defined by
the unique positive solution of the following operator equation: For ¢ € [-1,1]\ {0},

i w,-XﬂtAi = X.
i=1

for Ay, ..., A, € P and probability vector w = (wy, ...,w,) € (0,1)" ie., Yo, w; = 1.
If t = 0, we can consider the power mean as the Karcher mean.

M. Uchiyama and one of the authors have obtained equivalence relations between in-
equalities for the power and arithmetic means as applications of a converse of Loewner-
Heinz inequality [16].

In this report, we shall investigate the previous research to other operator means
for n-tuples of operators. In fact, we shall treat ALM and BMP means, moreover
we shall discuss about some types of logarithmic means of several operators. This
report is organized as follows: In Section 2, we will introduce some definitions and
notations which will be used in the report. Then we shall consider the weighted
operator means in the view point of their representing functions in Section 3. In
Section 4, we shall consider about generalizations of the results by M. Uchiyama and
one of the authors. Especially, we shall consider about log-Euclidean and logarithmic
means. In the last section, we shall introduce some properties of the M-logarithmic
mean which is generated from an arbitrary operator mean via integration.

2. PRIMARILY

Let OM be the set of all operator monotone functions on (0,00), and let OM; =
{feOM: f(1)=1}. For f € OM,, there exists an operator mean oy such that

Ac;B = ATf(A7 BA7)A?
for positive operators A and B. It is well known that if
A!B < AoyB < AVB

holds for all positive operators A and B, where ! and V mean harmonic and arithmetic

means, then
1+ 1\ 1
( + ) < f(t) < +t

2 2
holds for all ¢ > 0.
For n-tuples of positive definite operators, the ALM and BMP (geometric) means
are defined as follows:

Theorem B (ALM mean [2]). For A = (A1, A;) € P2, the ALM (geometric) mean
Barm(A) of Ay and A, is defined by Sarp(A) = A1fjA;. Assume that the ALM



(geometric) mean Sapp(-) of (n — 1) tuples of positive definite operators is defined.
Let A = (Ay,...,A,) € P™ and {A }r—o (t = 1,...,n) be the sequences of positive
definite operators defined by

A§°) =A; and AETH) =&aLm ((Aﬁ-’))j#) .

Then there exists lim,_, o, A(T) (¢t =1,...,n) and it does not depend on i. The ALM
(geometric) mean & app(A) is defined by Lim, 0 Af.”.

Theorem C (BMP mean [4, 6, 10]). For A = (A;,A2) € P2 and w = (1 —w,w) €
(0,1)2, the BMP (geometric) mean & ppp(w; A) of Ay and A; is defined by B gprp(w; A)
Al As. Assume that the BMP (geometric) mean Sppp(-;-) of (n — 1)-tuples of pos-
itive definite operators is defined. Let A = (A;,...,A,) € P* and w = (wy, ..., wn) be
a probability vector. Define {AT}2, (i = 1,...,n) the sequences of positive definite
operators defined by

A? = A and AT = pyp (@i (A7) ) AL,

where Wy = Zj# wj. Then there exists lim, o Az(.r) (i =1,...,n) and it does not
depend on i. The BMP (geometric) mean &ppp(w; A) is defined by lim, o, Az(.").

We remark that it is not known any weighted ALM mean. Let A = (A4;,...,4,),B =
(By, ..., By) € P™ and probability vector w = (wy, ..., w,). Here we denote the above
geometric means of A = (A, ..., A,) for the weight w = (wy, ..., w,) by B(w;A), and
they have at least 10 basic properties as follows (in ALM mean case, we consider just
only w = (z,..., ) case):

(P1) If Ay, ..., A, commute with each other, then

n

B(w;A) = [ [ Ax*

k=1

(P2) For positive numbers ay, ..., ap,

B(w;a14, ..., anAn) = B(w;ay, ..., a,)B(w; A) = <Ha ) (w; A).

(P3) For any permutation o on {1,2,...,n},
B(Wo(1)s -» Won); As(t)s -y Ao(n)) = B(w; A).
(P4) If A; < B; for i =1, ...,n, then
&(w; A) < &(w; B).
(P5) &(w;-) is continuous on each operators. Especially,
d(B(w; A), B(w; B)) < iwid(Ai, By),
i=1

where d(-, ) means the Thompson metric.

109



110

(P6) For each t € [0, 1],
(1-1)8(w;A) +t&(w;B) < B(w; (1 —t)A + tB).
(P7) For any invertible X € B(H),
B(w; X*A1 X, ..., X\*AnX) = X*6(w; A) X.

(P8) B(w;A™1)"! = B(w;A), where A~1 = (A7, ..., AY).
(P9) If every A; is matrix, then det &(w; A) = []L., det A}".
(P10)

-1

< B(w;A) < ZwiAi.
i=1

[i 'thz_ 1
i=1

3. OPERATOR MEANS OF TWO VARIABLES

In this section, we shall consider the weighted operator means in the view point of
their weight.

Theorem 1. Let ® and f be non-constant operator monotone functions on (0, 00)
with ®(1) = f(1) = 1, and let o be an operator mean whose representing function is
®. Let w € (0,1). For self-adjoint operators A and B, they are mutually equivalent:
(1) Q1 —w)A<wB iff fAA+ o f(—AB+1I) < I holds for all sufficiently small
A>0,
(2) (1) = w.

Theorem 1 is an extension of the following Theorem D in [16]. It was shown as a
converse of Loewner-Heinz inequality.

Theorem D ([16]). Let f(t) be an operator monotone function on (0, 00) with f(1) =
1, and let A and B be bounded self-adjoint operators. Let o be an operator mean
satisfying ! <o < V. Then A < B if and only if fOM+ 1o f(—AB+I) < I for all
sufficiently small A > 0.

4., MORE THAN THREE OPERATORS CASE

n n -1
Let A = (4, ..., A,) € P*. Define A(A) = %ZAi and H(A) = (1 ZA;‘) :
=1 i

Let A, be the set of all probability vectors, i.e.,
A, = {Lu' = (wl, ...,wn) = (O, 1)n; sz _ 1}
i=1

An an extension of the Karcher mean, the power mean is given by Lim-P4ifia [11].
Let A = (Ay,...,As) € P" and w = (wy, ..., wn) € A,. For t € [-1,1] \ {0}, the power
mean Py(w; A) is defined by the unique positive definite solution of

X = weXfAx

k=1



We remark that P;(w;A) converges to the Karcher mean A(w; A) as t — 0, strongly.
So we can consider Py(w;A) as A(w;A). It is easy to see that Pj(w;A) = A(w; A)
and P_j(w;A) = H(w;A). Moreover P;(w;A) is increasing on ¢t € [—1,1]. Hence
the power mean interpolates arithmetic-geometric-harmonic means. In [16], we have
generalization of Theorem D as follows:

Theorem E ([16]). Let Ai, ..., A, be Hermitian matrices, and w = (w1, ..., Wn) € Ay.
Let f(t) be a non-constant operator monotone function on (0,00) with f(1) = 1. Then
the following are equivalent:

i=1

(2) Pi(w; fAA L+ D), .., fQAR + 1)) = Zwif()\Ai + I) < I for all sufficiently
i=1
small A > 0,
(3) for each t € [—1,1], Pyw; f(AA1 + I), ..., f(AAn + I)) < I for all sufficiently
small X > 0.

Here we shall generalize the above result into the following Theorem 2:

Theorem 2. Let f be an strictly operator monotone function on (0, 00) with f(1) = 1,
and let ®(w; A, z) : A, x S x H — R™* satisfying

(4.1) [H(w; Al < sup @(w; A, z) < || Aw; Al

z||=1
for all A = (A4, ..., A,) € S* and w € A,,. Then they are mutually equivalent:

i=1
(2) ®(w; fAAL+ 1), ..., f(ANAL, +I),z) < 1 for all sufficiently small A > 0 and all
unit vector x € H.

From here we shall consider another geometric mean for n-tuples of operators which
is called log-Euclidean mean E(w;A). It is defined by

E(w;A) = exp (Z w; log Ai> .

=1

Unfortunately, log-Euclidean mean does not have the monotonicity property.

Corollary 3. Let f be an strictly operator monotone function on (0, 00) with f(1) = 1.
Let A = (A, ..., A,) € S", w = (wy, ..., w,) € A, and let M(w; A) be ALM or weighted
BMP or log-Euclidean mean (in the ALM mean case, w should bew = (,...,1)). Then
the following assertions are equivalent:

(1) ) widi <0,
i=1
(2) M(w; f(AAL + 1), ..., f(AA + 1)) < T for all sufficiently small A > 0.
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5. LOGARITHMIC MEANS

We shall consider logarithmic means for more than 3-operators. Since the repre-
senting function of logarithmic mean is fa;—lt, logarithmic mean AAB of two operators
A and B can be considered as the following formula:

1
ANB = / A, Bdt.
0

So it is quite natural to consider the similar type of integrated means as follows:

Definition 1 (M-logarithmic mean). Let M : A, x P* — P. Then for A € P*, the
M -logarithmic mean L(M)(A) of A € P" is defined by

L(M)(A) = A M(w; A)dp(w)

if there exists, where dp(w) means an arbitrary probability measure.

In what follows, we consider the case of dp(w) = (n — 1)!dw. Since the weighted
Karcher mean A(w; A) is continuous on the probability vector according to the Thomp-
son metric [9], so L(A)(A) exists.

Corollary 4. Logarithmic mean L(A)(A) satisfies the same assertion to Corollary 3.

Proposition 5. Let M : A, x P* — P satisfy (P3), (P7), (P8) and (P10). Then
M -logarithmic mean satisfies (P3) and (P7) if it exists. Especially, L(M) satisfies
(P10), i.e.,

H(A) < L(M)(A) < A(A).

We remark that L(A)(A) = A(A), i.e., arithmetic mean is a fixed point for the
map L. As for the preparation, we define some notations. Let S be the cyclic shift
operator on C™ and let S be also the cyclic shift operator on B(#)"; namely,

S(wy, Wa, ..., Wy) = (Wa, W3, ..., W, W1).

Remark 6. Let M : A, x P* — P be a map satisfying (P3), (P7), (P8) and (P10).
We put

Mo(w; A) == M ((% %); M(w; A), M(Sw; A), ..., M(s"-lw;A)> .

Then M, satisfies the assumption of the above theorem. So L(M,) satisfies (P10).
Moreover, the following inequalities hold

H(A) < L(Mo)(A) < L(M)(A) < A(A).

If M is a geometric mean, then it can be seen as an extension of harmonic-geometric-
logarithmic-arithmetic means inequalities.



REFERENCES

[1] T. Ando and F. Hiai, Log majorisation and complementary Golden-Thompson type inequalities,
Linear Algebra Appl., 197, 198 (1994), 113-131.
[2] T. Ando, C.-K. Li and R. Mathias, Geometric means, Linear Algebra Appl., 385 (2004), 305-
—334.
[3] R. Bhatia and J. Holbrook, Riemannian geometry and matriz geometric means, Linear Algebra
Appl., 413 (2006), 594-618.
[4] D.A. Bini, B. Meini and F. Poloni, An effective matriz geometric mean satisfying the Ando-Li-
Mathias properties, Math. Comp., 79 (2010), 437-452.
[5] T.Furuta, Characterizations of chaotic order via generalized Furuta inequality, J. Inequal. Appl.,
1 (1997), 11-24.
[6] S. Izumino and N. Nakamura, Geometric means of positive operators II, Sci. Math. Jpn., 69
(2009), 35-44.
[7] F. Kubo and T. Ando, Means of positive linear operators, Math. Ann., 246 (1979/80), 205-224.
[8] J.D. Lawson and Y. Lim, Monotonic properties of the least squares mean, to appear in Math
Ann.
{9] J.D. Lawson and Y. Lim, Karcher means and Karcher equations of positive definite operators.
Trans. Amer. Math. Soc. Ser. B, 1 (2014), 1—-22.
[10] H. Lee, Y. Lim and T. Yamazaki, Multi-variable weighted geometric means of positive definite
matrices, Linear Algebra Appl., 435 (2011), 307-322.
[11] Y. Lim and M. P4lfia, Matriz power means and the Karcher mean J. Funct. Anal., 262 (2012),
1498-1514.
[12] Y. Lim and T. Yamazaki, On some inequalities for the matriz power and Karcher means, Linear
Algebra Appl., 438 (2013), 1293-1304.
{13] M. Moakher, A differential geometric approach to the geometric mean of symmetric positive-
definite matrices, SIAM J. Matrix Anal. Appl., 26 (2005), 735-747.
[14] M. Pélfia, Semigroups of operator means and generalized Karcher equations, preprint, arXiv
1208.5603.
[15] M. Uchiyama, A Converse of Loewner-Heinz inequality, geometric mean and spectral order,
Proc. Edinb. Math. Soc. (2), 57 (2014), 565-—571.
[16] M. Uchiyama and T. Yamazaki, A converse of Loewner-Heinz inequality and applications to
operator means, J. Math. Anal. Appl., 413 (2014), 422-429.
(17] T. Yamazaki, An elementary proof of arithmetic-geometric mean inequality of the weighted Rie-
mannian mean of positive definite matrices, Linear Algebra Appl., 438 (2013), 1564-1569.
(18] T. Yamazaki, On properties of geometric mean of n-matrices via Riemannian metric, Oper.
Matrices, 6 (2012), 577-588.

DEPARTMENT OF INFORMATION AND COMPUTER ENGINEERING,, KISARAZU NATIONAL COL-
LEGE OF TECHNOLOGY,, 2-11-1 KiyoMIDAI-HIGASHI, KISARAZU,, CHIBA 292-0041, JAPAN
E-mail address: wada@j.kisarazu.ac. jp

DEPARTMENT OF ELECTRICAL, ELECTRONIC AND COMPUTER ENGINEERING, TOYO UNIVER-
SITY, KAWAGOE 350-8585, JAPAN
E-mail address: t-yamazaki@toyo. jp

113



