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Talet ar tankandets borjan och slut.

Med tanken foddes talet.
Utofver talet nar tanken icke.

Numbers are the beginning and end of thinking.

With thoughts were numbers born.
Beyond numbers thought does not reach.

Magnus Gustaf Mittag-LefHler, 1903



Abstract

In this thesis we consider means of several positive definite matrices based on
the 2-variable forms of mean functions. In other words the problem is to extend
a 2-variable mean to multiple variables. Our basis of study will be the Kubo-
Ando theory of 2-variable matrix means. This theory has been formulated in
1980 and since then it has been an open problem to provide an axiomatic theory
of multiple variable matrix means. Here we give three different axiomatic ex-
tensions for every possible 2-variable matrix mean and thus providing a solution
to the extension problem.

Two of these extension methods were considered quite recently by Ando-Li-
Mathias and Bini-Meini-Poloni. Both of these methods are based on so called
symmetrization procedures that extends a mean function to n+1 variables as a
limit using the n-variable forms of the mean function. The applicability of these
two procedures were proved only for the geometric mean by these researchers.
Proving applicability means showing the convergence of the process to a limit
point for all n, where n denotes the number of matrices. These two procedures
mentioned above are defined recursively, so we get the n+1-variable mean as
a limit point of a process that depends on the n-variable form of the mean
function. This potentially leads to computational problems, since it seems to
be almost impossible to get an explicit formula for the mean function even for 3
matrices. Therefore we study here a third procedure as well first considered by
the author which directly extends from the 2-variable formulas of matrix means,
since these mean are explicitly given by the Kubo-Ando theory. Although we
end up with a mean that is much easier to compute, we have to pay the price,
we loose permutation invariancy of the n-variables. We also prove that the
procedure converges for all possible 2-variable matrix means.

This direct process may be considered on complete metric spaces as well so
that it provides a mean function in this setting. The 2-variable formulas are
understood here as the unique metric midpoints between any two points of the
metric space. The aforementioned procedures were also considered before in
complete metric spaces of nonpositive curvature. Here we advance further by
proving applicability of the procedure for complete metric spaces with certain
upper curvature bounds, i.e. we let the curvature to take positive values as well.
Since these problems are more natural in this metric geometric setting we will
also investigate the problem of finding all possible matrix means that are metric
midpoints on certain affinely connected manifolds. During this process we will
completely classify all such matrix means and their corresponding manifolds.

In the metric geometric setting one also faces the problem of finding the
center of mass of points. The same problem can also be found in the case of
the geometric mean of matrices. Certain real life problems end up with the
calculation of the center of mass. This leads us to the practical applications of
our results, since the new results can be used to approximate the center of mass
in metric spaces.
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1 Introduction

The use of certain mean functions dates back to the antiquities. For example
the three Pythagorean means, the arithmetic mean

"oy
Az, ... xn) = Z:"Tl, (1.1)

the geometric mean

(1.2)

and the harmonic
n -1
H(zy,... 20) = <21$) (1.3)

of positive real numbers have been well known since the ancient Greeks. Several
properties of these means have been long known as well, for instance the chain of
inequalities H(z1,...,2,) < G(z1,...,2,) < A(z1,...,2,) between them, the
permutation invariance in their variables and that they are monotone functions
in their variables.

In the 1970s and 80s researchers in matrix theory started to consider means
of positive definite matrices, due to their usage in electric circuits theory [2, 3, 4].
A so called n-pole is the generalization of the resistor, which is a 2-pole, but with
n-poles. In this case if we consider the currents and potentials (with respect to
a reference point) at each node, by assuming linearity of the system, we have a
matrix correspondence between the vector formed by the currents at each node
I and the vector of potentials U as U = RI, where R is an n-by-n matrix and
it is called the resistance matrix of the network. Suppose we choose n/2 of
the poles as input poles and another n/2 as output poles. Then it is possible
to consider the series connection of two n-poles and one may ask the question
what is the overall resistance matrix of the network. It will be two times the
arithmetic mean AL2B of the two resistance matrices. If we consider parallel
connection then the overall resistance matrix will be two times the harmonic
mean 2(A~! + B71)7! of the two resistance matrices.

The generalization of these two means of positive definite matrices to several
variables is straightforward, we just have to use the several variable formulas
mentioned above for numbers. However it turns out that even the 2-variable
version of the geometric mean of positive matrices is not straightforward. At first
glance we have the problem of non commutativity of the matrix multiplication
therefore the scalar formula is not permutation invariant. There are also other
more serious problems with the classical formula that we will discuss later.

So, all in all, it was the study of electrical networks that derived the interest
in means of positive matrices. Several 2-variable functions were considered
as candidates of mean functions of two positive matrix. Basic requirements
were posed for such functions, for instance monotonicity in their variables and
continuity. These basic requirements led to the theory of Kubo and Ando, which
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Figure 1: Parallel connection of two n-poles.
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Figure 2: Series connection of two n-poles.



described 2-variable matrix means completely, by providing a characterization
of each matrix mean by an operator monotone function. These functions have
very strong analytical properties that we will discuss in the following section.

Kubo-Ando theory has been formulated in [36] in 1980, but since then, it
was an open problem to provide an axiomatic characterization of all n-variable
matrix means based on the 2-variable formulas. We will solve this problem
here by providing three different extensions for all 2-variable matrix means in
Section 7. One of these extensions will also be considered in a metric geometric
setting in Section 5, yielding us an n-variable mean in complete metric spaces
with some upper curvature bounds. Also in Section 6 we will find out when is a
symmetric matrix mean a midpoint operation on a certain manifold and during
this process we will carry out a previously unknown one, real parameter family
of affinely connected manifolds that have a midpoint operation which is also a
matrix mean. In the next section we build up the theory of operator monotone
functions and use it to carry out the theory of 2-variable matrix means of Kubo
and Ando in Section 3. After this we will move on to the study of the geometric
mean in Section 4. In Section 4 we will meet with the recent diverse ideas of
researchers that have been used to extend the 2-variable geometric mean to
several variables. After Section 4 we will concentrate on the new results of
the author. Section 9 contains the main results that were carried out by the
author in the same order that they appear in this thesis. All new theorems and
definitions of the author will be indicated by the name of the author and the
corresponding publication.

2 Operator Monotone Functions

In this section we will follow the lines of [9]. First of all we define functions of
hermitian matrices.

Definition 2.1. Let f be a real function on an interval I. If D is a diago-
nal matrix D = diag(A1,...,\,) with entries \; belonging to I, then f(D) =
diag(f(M1),..., f(An)). If A is hermitian, then we use the spectral theorem and
choose unitary U to have A = U*DU, where D is diagonal, and then define
f(4) = U f(D)U.

We will use the partial order > on the set of hermitian matrices defined as
B > A if and only if B — A is positive semi-definite, that is (z, (B — A)x) > 0
for all vectors z, (-,-) denoting the usual hermitian inner product.

Definition 2.2 (Operator Monotone Function). A function f is matrix mono-
tone of order n (or matrix n-monotone) if for all n x n hermitian matrices B > A
we have f(B) > f(A). If f is monotone for all order n, then it is said to be
operator monotone (or matrix monotone).

Similarly to the real case, we have convexity and concavity of functions.



Definition 2.3 (Operator Convexity/Concavity). A function f is matrix con-
vex if and only if for all hermitian matrices A, B and real 0 < A < 1 we have

F((A=XNA+AB) < (1 =N f(A)+ \f(B). (2.1)
If f is continuous as well, then this condition is equivalent to requiring
F(ALEY) s, 02)

Conversely we say that a function f is operator concave if — f is operator convex,
that is, we have reversed inequalities above for f.

It is obvious that the set of operator monotone and the set of operator convex
functions are closed under taking convex combinations, and taking pointwise
limits of functions. One might also suspect that being operator monotone of
order n for a fixed order is less restrictive than being so for all orders. Actually
this is true, but in our case we will be focusing on functions which are operator
monotone for all orders, since these functions have very strong properties that
we will exhibit later in this section.

We will use further notations, p(A) will denote the spectral radius of an
arbitrary operator A, i.e.

p(A) = max {|A| : A is an eigenvalue of A}, (2.3)

while [|A]| will denote its operator norm, ||Al| = supj, =y [|Az[]. It is easy to
see that if A is positive, then A < I if and only if p(4) < 1. Also an operator
will be called a contraction if and only if ||A]] < 1, equivalently A*A < I.

Lemma 2.1. If B > A, then for every operator X we have X*BX > X*AX.
Proof. For arbitrary vector r we have

(r, X*BXr)=(Xr,BXr) > (Xr,AXr) = (r, X*AXr) . (2.4)

O

The two functions below provide our first easy examples of operator mono-
tone functions.

Proposition 2.2. The function f(t) = —1/t is operator monotone on (0,00),
while g(t) = t*/? is operator monotone on [0,00).

Proof. The operator monotonicity of f follows from the order-reversing property
of multiplication by —1 and taking inverses.
For g let B > A > 0 and suppose that B is invertible. Then

1> HA1/2B—1/2H > p(AV2B1/2) = p(B-V/AAL2 B=1/4), (2.5)

that is I > B~1/4AY2B=1/4 5o BY/2 > AY2_ If B is not invertible then B + el
is for all € > 0. Repeating the above argument and letting ¢ — 0 we obtain the
operator monotonicity of g on [0,00) as well. O



2.1 Some Properties

Let K be a contraction. Let L = (I — KK*)'/? and L = (I — K*K)'/2. Then
the operators U,V given as

U:Hi f{}vz[ﬁ ;(L} (2.6)

are unitary. Alsofor 0 < A <1

/21 —(1 = N)V2r1 }

W= |: (1 _ )\)1/2[ )\1/2[ (27)

is unitary as well.

Theorem 2.3. Let I be an interval with 0 € I and f be a real function on I.
Then the following are equivalent:

1. f is operator convex on I and f(0) < 0.

2. f(K*AK) < K*f(A)K for all contractions K and hermitian A with eigen-
values in I.

3. f(K{AK,+K3BK,) < K f(A)K1+ K5 f(B)K; for all operators K1, K
such that K{ K1 + K5 Ko < I and for all hermitian A, B with eigenvalues
n I.

4. f(PAP) < P(A)P for all projections P and hermitian A with eigenvalues

in 1.
A 0 .
Proof. (1) = (2): Let T' = 0 0 and let U,V be unitary operators defined
n (2.6). Then
o[ K*AK  K*AL o, [ K*AK —K*AL

vy = [ LAK LAL ]’V = [ ~LAK  LAL } (28)

0
K*AK 0 Ut +vrrv (2.9)
0 LAL | 2 '

and

[ f(K’;AK) f(LOAL) ] _; <U*TU—|—V*TV>
_ JWUrTU) + f(VFTV) _ UH(T )U+V* TV _
- 2
_;{U* { SN }UW* { oo M o)
g;{U*[f%“) O}U”*{f(gx) g}v}:
B [ K*f(()A) Lf(OA)L ] '



That is f(K*AK) < K*f(A)K.
A0 K, 0 . .
(2) = (3): Let T = K = . Then K is a contraction.

0 0 Ky 0
We have . )
KT — [ K} AK, J(;KQBK2 8 } 7 (2.11)
SO
f(K{AK, + K3BKy) 0 ], . . -
0 £0) ] = f(K*TK) < K*f(T)K =
_ [ Kif(A)K, + Kif(B)K; 0
0 £(0)
(2.12)

(4) is trivial.
1): Let A, B be hermitian with eigenvalues in I and 0 < A < 1. Let
T = [ 8 } P = { o } and let W be the unitary operator defined by

00
(2.7). Then

PW*TWP = [ AL+ ((1)_ AB 8 } : (2.13)
s0
{ FOA + (01 —\)B) f?O) ] _ {(PWTWP) < PFW*TW)P — »
e SRS B
so f is operator convex, and £(0) < 0. O

Theorem 2.4. Let f be a function mapping [0, 00| into itself. Then f is oper-
ator monotone if and only if it is operator concave.

Proof. Suppose f is operator monotone. If f(K*AK) > K*f(A)K for all pos-
itive A and contraction K, then from Theorem 2.3 it would follow that f is

operator concave. Let T' = é 8 ] and let U be the unitary operator defined
by (2.6). Then U*TU = { 12214}? IZ/?LL } We can find A > 0 for any € > 0
such that A
“ K*AK +¢l 0
UTU < [ 0 N } . (2.15)

Replace T by f(T) to get

K*f(A)K K*f(A)L < f(K*AK + €I) 0 (2.16)

LiAK  LFAL | = 0 FOI |

10



by the operator monotonicity of f. Since € is arbitrary we have K*f(A)K <
f(K*AK).

Conversely, let f be operator concave. Let 0 < A < B. Then for any
0 < A <1 we have

/\B:/\A+(1—)\)%(B—A). (2.17)
Operator concavity of f then yields
A
FOB) = M)+ (1= f ({258 -0 (2.18)

Now f(X) is positive for every positive X, so f(AB) > Af(A) that is, by letting
A= 1, f(B) = f(A). 0

Corollary 2.5. Let f be a continuous function from (0,00) to itself. Then if f
is operator monotone then g(t) = 1/f(t) is operator convexz.

Corollary 2.6. Let I be an interval such that 0 € I, and let f be a real function
on I with f(0) < 0. Then for every hermitian A with spectrum in I and for all
projections P

f(PAP) < Pf(PAP)= Pf(PAP)P. (2.19)

Corollary 2.7. Let f be a continuous real fucntion on [0,00). Then for all
positive operators A and projections P

f (A1/2PA1/2) AV2P < AV2PF(PAP). (2.20)
Theorem 2.8. Let f be a real function on the interval [0, ). Then the following
are equivalent:
1. f is operator convex and f(0) < 0.
2. g(t) = f(t)/t is operator monotone on (0, ).

Proof. (1) = (2): Let 0 < A < B be matrices. Then 0 < AY2 < BY2 so
B~1/2A1/2 is a contraction by using the operator monotonicity of the square
root function, so using Theorem 2.3

f(A) — f(A1/2B71/23B71/2A1/2) S A1/2B71/2f(B)Bfl/2A1/2’ (221)
which implies that
ATV F(A)ATY2 < BTY25(B)BTY/2, (2.22)

This is equivalent to A~ f(A) < B~1f(B), in other words, g is operator mono-
tone.

(2) = (1): Since g is operator monotone on (0, «), we have f(0) < 0. We
will show that f satisfies condition (4) of Theorem 2.3. Let P be an arbitrary

11



projection and let A be positive with eigenvalues in (0, «). Then there exists
an € > 0 such that (1 4+ €)A has all its eigenvalues in (0,«) as well. Now
(1+e)P < (14 e, so AY?(P 4 eI)AY? < (1 + €)A. So considering the
operator monotonicity of g we get

ATY2(P 4 o)t ATY2f (AW(P + d)Al/?) <1+ AT (14 0)A)
A2y (A1/2(P + eI)A1/2) AV2(Pyel) <
<A+ PHe)f(1+e)A)(P+el).

(2.23)
Letting € — 0, this gives
A2 <A1/2PA1/2) AV2P < Pf(A)P. (2.24)
By the previous two corollaries, we get
f(PAP) < Pf(A)P. (2.25)
O

To advance further, we have to introduce some further notations related to
derivatives of certain functions.

Definition 2.4 (Divided Differences). Let f be a continuously differentiable
function. Then the function f[! is defined as

1] _f» f(ﬂ)i
) == . JAEANF (2.26)

FEOL ) = F/(N), if A = p.

The function fI(\, p) is called the first divided differences of f at (X, u). If T'is
a diagonal matrix with diagonal entries \;, then we denote by f[(T) the matrix
whose (i, j) entry is fI(\;, \;) and if A = U*DU is hermitian with unitary U
and diagonal D, then fl(A) = U*f0(D)U.

Similarly we define second divided differences f1?! for a twice continuously
differentiable function f as

S A2) = (AL, )

(2] = 2.2
f ()\1) A27 >\3) )\2 . )\3 ( 7)
for distinct A1, Ao, A3, otherwise we define
PPN = 570 (225)

by using continuity.

12



We will consider the derivative of functions considered over the space of
hermitian matrices. That is

Definition 2.5. We call a function f Fréchet-differentiable at A if there exists
a linear operator D f[A] on the space of hermitian matrices such that for all H

/(A + H) = f(A) = DFIAJH]| o([ HI)- (2.29)

Then the linear operator D f[A] is called the Fréchet-differential or derivative of
f at A. It follows that if f has a derivative at A, then

d

DfAIH] = &

f(A+tH). (2.30)
t=0

Now we will exhibit the connection between the derivative D f[A] and the
matrix fI1(A).

Lemma 2.9. Let f be a polynomial. Then for all diagonal T' and hermitian

matriz H, we have
Df[T][H] = ()0 H, (2.31)

where o denotes the Schur-product.
Proof. Both sides of (2.31) is linear in f, so it is enough to prove it for powers.
So let f(t) =t™. Then
Df[|[H] = > TF'HI"*, (2.32)
k=1

This is a matrix with (,j) entries equal to Y _, FZ_ll“?j_kHij. We also have
that the (i, ) entry of fII(I') is 3", I‘f{ll";?;k. O

Corollary 2.10. Let f be a polynomial. Then if A=UIL'U*
Df[A|[H] =U [f[” (I) o U*HU} U*. (2.33)

Proof. Since

d d
— f(UFU*—i—tH):U{ f(F—&-tU*HU)} U*, (2.34)
dt],_g dt],_o

and the assertion follows from Lemma 2.9. O

Theorem 2.11. Let f € CY(I) and A a hermitian matriz with eigenvalues in
1. Then
Df[A[H] = fM(A) o H, (2.35)

where o denotes the Schur-product in a basis where A is diagonal.

13



Proof. Let A =UTU*, where T is diagonal. We claim that
Df[A][H) = U [fU(r) o U HU| U", (2.36)

We have already proved this for all polynomials. Now we prove it for all f € C?.

Let us denote the right hand side of (2.36) by df[A][H]. By definition df[A]
is a linear map on hermitian matrices. Also all entries of the matrix fI1(T') are
bounded by maxj;<| 4 by the mean value theorem. Hence

<

ldf [A]LH]]| e [H]l. (2.37)
Let H be a hermitian matrix with such norm that the eigenvalues of A + H
are in I. Choose a closed interval [a,b] in I such that the eigenvalues of A and
A+ H are contained in it. Choose a sequence of polynomials such that f,, — f
and f/ — f’ uniformly on [a,b]. Let L be the line segment connecting A and
A + H in the space of hermitian matrices. Now the mean value theorem for
Fréchet derivatives yields

(A +H) — fulA+ H) — fA) + fo(A)]] <
< | H]|l sup 1D fm (X ) Df.(X)] =

= IIHII sup [|dfin (X) — dfn(X)],
XeL

(2.38)

since D f, = df, holds.
Let € be any positive real number. Then by (2.37) there exists a positive
integer Ny such that for all m,n > Ny

sup [[dfin (X) = dfu(X)]] < 3 (2:39)
X€L
and also c
sup [|dfn(4) —df (A)] < 5 (2.40)
XeL
hold. Let m — oo and use (2.38) and (2.39) to obtain
If(A+H) = f(A) = (fu(A+ H) = fu(A)]| < % IH][ - (2.41)

If ||H]|| is sufficiently small, then by the definition of the Fréchet derivative

€
£ (A + H) = fu(A) = dful A][H]I| < 3 [ HI (2.42)
so we have, using the triangle inequality

[fn(A+H) —fn(A) — df[A][H][| <
<[ f(A+H) = f(A) = (fu(A+ H) = fu(A)) ]| +
+ | fn(A+ H) = fu(A) — dfu[A][H]| +
+ [I(df [A] = dfulADH]I

(2.43)

14



and use the above estimations to conclude that
If(A+H) — f(A) — df[A][H]|| < e[| H]|, (2.44)
which is D f[A] = df[A] for sufficiently small | H]|. O

Theorem 2.12. Let f € CY(I). Then f is operator monotone on I if and only
if, for every hermitian matriz A with eigenvalues in I, fIU(A) is positive.

Proof. Let f be operator monotone, and let A be hermitian with eigenvalues
in I. Let H be the matrix with 1 entries. H is positive and A +tH > 0 if
t > 0, hence f(A+tH) — f(A) is positive for small ¢, so Df[A][H] > 0. So
fM(A) o H > 0 by Theorem 2.11, in other words fI*/(A) > 0.

For the converse implication, let A > B be hermitian with eigenvalues in
I. Let X(t) = (1 —t)A+1tB, for 0 <t < 1, so X(t) has eigenvalues in I as
well. So by assumption fIU(X(¢)) > 0 for all t. Since X'(t) = B— A > 0 and
the Schur-product of two positive matrices is positive, fI(X(t)) o X'(t) is also
positive. By the previous theorem fIU(X (1)) o X'(t) = Df[X(t)][X'(t)], so

f(B) = f(A) = f(X(1)) = f(X(0)) = /O FUI (1) 0 X' (t)dt = 0. (2.45)

O

Lemma 2.13. If f is continuous and operator monotone of (—1,1), then for
each —1 < X\ <1, the function gx(t) = (t + A\) f(t) is operator convez.

Proof. We will use Theorem 2.8 to prove this. Assume that f is operator mono-
tone and continuous on [—1, 1]. Then the function f(¢t—1) is operator monotone
on [0,2). Let g(t) =tf(t — 1), so g(0) = 0 and g¢(t)/t is operator monotone on
(0,2). So by Theorem 2.8 g(t) is operator convex on [0,2), which in turn im-
plies that the function hy(t) = g(t + 1) = (¢t + 1) f(t) is operator convex on
[—1,1). If we apply the same argument for — f(—t¢) which happens to be opera-
tor monotne as well on [—1, 1], we see that the function ho(t) = —(t + 1) f(—t)
is operator convex as well on [—1,1). So changing signes of ¢ preserves convex-
ity, therefore the function hs(t) = ha(—t) is also operator convex. Hence for
IAl <1, gx(t) = H2hi(t) + 152 ha(t) is also operator convex, since its a convex
combination of operator convex functions.

For operator monotone and continuous f on (—1, 1), the function f((1—e€)t)
is continuous and operator monotone on [—1, 1] for all e > 0. So by the argument
above (t + A\)f((1 — €)t) is operator convex. So by letting ¢ — 0 we get that
(t + A) f(¢) is operator convex. O

The next theorem shows that every operator monotone function is necessarily
continuously differentiable on its domain. This is the first step toward exhibiting
the strong smoothness properties of such functions. In order to be able to
prove this assertion we have to introduce a new tool. This is essentially a
smoothing technique, the so called regularization of a function using mollifiers
and convolution.
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Definition 2.6 (Mollifier). Let ¢ be a real function of C*° class with the
following properties: ¢ > 0, ¢ is even, the support of ¢ is [-1,1] and [¢ = 1.
For each € > 0 let ¢c(z) = 1¢ (£). Then the support of ¢ is [—¢, €] and ¢, has

all the other properties listed above. The functions ¢, are called mollifiers.

Definition 2.7 (Regularization). If f is locally integrable function, then

fol@) = (f  60)(x) = / F(x — y)de(y)dy (2.46)

is defined to be its regularization.
The following nice properties are fulfilled by the family f.:
1. Every f. is a C*° function.

2. If the support of f is contained in a compact set, then the support of f.
is contained in an e-neighborhood of the same compact set.

3. If f is continuous at xo then f(zo) = lime 4, fe(zo)-

4. If f has a first order singularity at x¢, then lim |, fe(zo) = %ﬂm_)

5. If f is continuous at z, then f.(z) converges to f(z) uniformly on every
compact set, as € — 0.

6. If f is differentiable, then (f¢)’ = (f')e.
7. If f is monotone, then f!(z) — f/(z) as e — 0, if f'(x) exists.
Theorem 2.14. Every operator monotone function f on I is in the class C*.

Proof. Let f. be a regularization of f of order € for 0 < ¢ < 1. Then f. is
in the class C* on (—1 +¢,1 —¢). It is also clearly operator monotone. Let
F(t) = lime_o fo(t). Then f(t) = LEHTI02),

Now let g.(t) = (t + 1) fe(¢). Then by Lemma 2.13, g. is operator convex.
Let g(t) = limc_0 gc(t), then also g(t) is operator convex. Since every convex
function is continuous, therefore g(t) is continuous as well. This in turn implies
that f(t) is continuous, which tells us that f(t) = f(t), hence f(t) is continuous.

Let g(t) = (t 4+ 1)f(t). Then g is a convex function on I, so it is left and
right differentiable and the one-sided derivatives satisfy the properties

9-() < ¢ (1), lim gl (s) = g (), lim gl (5) = 9~ (8). (2.47)

But ¢/ (t) = f(t) + (¢ + 1)f.(t), and since t + 1 > 0 the derivatives f (¢) also
satisfy the above relations.

s 0
LetA—[O ¢

€,1 —€). Since f. is operator monotone on this interval, the matrix fsm (A) is
positive by Theorem 2.12, which implies that

( Jels) = fe() > < F$)F0). (2.48)

s—t

}, s,t € (—1,1). If € is small enough, then s,t € (—1 +
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Since f. — f uniformly on compact sets, fc(s) — fe(t) = f(s) — f(¢). Also
fli(s) — M, so the above inequality gives, taking the limit ¢ — 0, that

(IO <o) o+ 0] e

Now as we let s | ¢, and considering the fact that the derivatives of f satisfy
similar relations as (2.47), we get

| =

[FL0]” < 2 [FL@+ O] [0 + L], (2.50)

which implies that f/ () = f’(¢), so f is differentiable, and also f’ satisfies
relations like (2.47), so it is continuous as well. O

We move on to study properties of operator convex functions, which could
be done via the study of their second divided differences mentioned earlier in
the section. We state the following three propositions without proofs. Their
proofs involve some straightforward calculation or similar techniques discussed
earlier in the preceding assertions.

Proposition 2.15. If A\, Ao, A3 are distinct, then f21(\1, Ao, A\3) is the quotient
of the two determinants

fa) Fx2) f(Xs) AA A
)\1 )\2 )\3 and )\1 )\2 )\3 B (251)
1 1 1 1 1 1

so the function f12 is permutation invariant in its variables.

Proposition 2.16. If f(t) =t"™ forn =2,3,... we have that

P22 08) = D0 AL (2.52)
0<p,q,r
p+q+r=n—2

Proposition 2.17. Let f(t) =t", for n > 2 integer. Suppose that A is a diago-
nal matriz with eigenvalues \; and P; denote the projections onto the coordinate
axes. Then for every hermitian H

2
d flA+tH)=2 Y  APHA'HA" =

A2
dt t=0 p+qg+r=n—2 (2.53)
N

which also holds for all C? function f.

Theorem 2.18. If f € C*(I) and f is operator convex, then for each j € I the
function g(t) = f(u,t) is operator monotone.
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Proof. Since f € C?%, g € C!, therefore by Theorem 2.12, it is enough to show
that the matrix with (i, j) entries fI1(\;, A;) is positive for all A; € I.

Choose any A1,...,Ap+1 € I. Let A be diagonal with entries A1, ..., A\py1.
Since f is operator convex and it is in the C? class, for every hermitian H,
% f(A+ tH) must be positive. Let P; denote the projections onto the

t=0
coordinate axes, so we have an explicit expression for this in (2.53). Let H be

of the form

o 0 --- Z
R (2.54)
21 zg -+ zp O

where z; are arbitrary complex numbers. Let x denote the (n + 1)-vector
(1,...,1,0). Then we have

<£L’,P1HPJHP]€(E> = Zkziaj,n—i—l (255)
for 1 <4,5,k <n+1 and d; ; is the Kronecker-symbol. So then we have by the

f(A+tH) and the above that
t=0

i s . d2
positivity of the matrix 7=

0< > BN, M) (@, BHP HPyz) =

1<i,j,k<n+1

(2.56)
= > PG M)z
1<ik<n+1
We also have that
M (Ang1, X)) = FH Agr, Ae)
(2] /\7, )\n ) = f n+1, \i n+1y Ak _
f ( ) +1, k) )\Z _)\k (257)
= g (s, Ap).
So we get that
0< > gM0u )z (2.58)
1<i,k<n+1

Since z; is arbitrary, this is equivalent to the positivity of the matrix with (i, j)
entries g (\;, ). O

Corollary 2.19. If f € C%*(I), f(0) = 0 and f is operator convez, then the

— @

function g(t) i

18 operator monotone.

Proof. By the above theorem f[1)(0,t) is operator monotone, which is just f(t)/t
in this case. 0

Corollary 2.20. If f is operator monotone on I and f(0) = 0, then the function
g(t) = B2 f(t) is operator monotone for all |\| < 1.

18



Proof. Let us assume that f € C?. By Lemma 2.13 the function gy () = (t +
A)f(t) is operator convex. By the previous corollary g(t) is operator monotone.
For the case if f is not in the class of C2, we consider its regularization f., and
apply the same argument to f.(¢) — fc(0), and then let € — 0. O

Corollary 2.21. If f is operator monotone on I and f(0) =0, then f is twice
differentiable at 0.

Proof. By the previous corollary, the function g(t) = (1 + %) f(t) is operator
monotone, and by Theorem 2.14 it is continuously differentiable. Therefore the
function h(t) = 1 f(t), h(0) := f’(0) is continuously differentiable, which yields
that f is twice differentiable at 0. O

2.2 Loewner’s Characterization

Consider all functions f on the interval I = (—1,1) that are operator monotone
and satisfy the conditions

f(0)=0,f(0)=1. (2.59)

Let K be the collection of all such functions. Clearly, K is a convex set. We will
show that this set is compact in the topology of pointwise convergence and will
find its extreme points. This will enable us to write an integral representation
for functions in K.

Lemma 2.22. If f € K, then

f(f)gifor0§t<1,

1—1t
Ff) > %Hfor —1<t<0, (2.60)
I (Hr<2.
Proof. Let A = [ (t) 8 } . Then by Theorem 2.12, the matrix
iy =| L5 19 (261)
is positive. Hence ,
! S;) < 1. (2.62)

Let g+ (t) = (¢t £1)f(t). By Lemma 2.13, both functions g4 (t) are convex,
hence their derivatives are monotonically increasing functions. Since ¢/, (t) =
f@®) + @ £1)f(t) and ¢/, (0) = %1, this implies that

fO)+@E—-1)f'(t)>—-1fort>0

FO+E+1D)f () <1fort<O0. (2.63)
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Thus we obtain ( V()2
1—-t)f(t

f)y+1> — for ¢t > 0. (2.64)
Now suppose that for some 0 < t < 1 we have f(t) > 1. Then f(t)? > 1% f(¢),
so from the above we get f(¢)+1 > @ But this gives the inequality f(t) < 1%,
which contradicts our assumption. This shows that f(t) < & for 0 <t < 1.
The second inequality of the lemma is obtained by the same argument using the
other inequality.

We have already seen in the proof of Corollary 2.21 that

i (070 = 1(0)

t—0 t

1
F10)+5"(0) = (2.65)
Let ¢ | 0 and use the first inequality of the lemma to conclude that this limit
is smaller than 2. Let ¢t 7 0 and use the second inequality to conclude that it is
bigger than 0. Together these two imply that |f”(0)] < 2. O

Proposition 2.23. The set K is compact in the topology of pointwise conver-
gence.

Proof. Let f; be a net in K. By the above lemma the set f;(¢) is bounded for
each t. So, by Thychonoft’s Theorem, there exists a subnet f;, that converges
pointwise to a bounded function f. The limit function f is operator monotone
and f(0) = 0. We show that f/(0) =1 so that f € K, and hence K is compact.

By Corollary 2.20 each of the functions (1 + 1) f;(t) is monotone on (—1,1).
Since for all 4, limy— (1+ 1) fi(t) = f/(0) = 1, we see that (1+ }) fi(t) > 1
ift>0andis < 1ift < 0. Hence if ¢t > 0 we have (1—|—%)f(t) > 1, and if
t < 0 we have the opposite inequality. Since f is continuously differentiable,

this shows that f/(0) = 1. O
Proposition 2.24. All extreme points of K have the form
f(t) = 1 jat’ where a = %f”(O). (2.66)
Proof. Let f € K. For each —1 < A < 1 let
ga(t) = <1 + ;\) HOERY (2.67)

By Corollary 2.20, g, is operator monotone. Note that g, (0) = 0, since f(0) =0
and f/(0) = 1. Also, g5(0) =1+ 1Af”(0), so the function hy defined as

ha(t) = H;if(o) {(1 + ?) £t) - A] (2.68)

is in K. Since |f”(0)
1
2

< 2, we see that [2Af”(0)] < 1. We can write

fe {1 + ;)\f”(o)} hy + % [1 - ;)\f”(o)] hoy (2.69)
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So, if f is an extreme point of K, we must have f = h). This says that

1530 10 = (143) 10 (2.70)

from which we have that ;
O =Tty NI (2.71)
O

Theorem 2.25. For each f in K there exists a unique probability measure p
on [—1,1] such that

1
10 = [ L. (2.72)

Proof. For —1 < X < 1, consider the functions hy(t) = ;. By Proposi-
tion 2.24, the extreme points of K are included in the family hy. Since K is
compact and convex, it is the closed convex hull of its extreme points by the
Krein-Milman Theorem. Finite convex combinations of elements of the family
{hx: =1 <X <1} can also be written as [ hadv(\), where v is a probability
measure on [—1, 1] with finite support. Since f is in the closure of these com-
binations, there exists a net v; of finitely supported probability measure on
[—1,1] such that the net f;(¢t) = [ hady;(\) converges to f(t). Since the space
of the probability measure is weak* compact, the net v; has an accumulation
point p. In other words, a subnet of [ hydy;(\) converges to [ hadu(N), so
F(&) = [ hadu(N) = [ h55dp(N).

Now suppose that there are two measure 1 and uo for which the representa-
tion (2.72) is valid. Expand the integrand as a power series =7 = > o "1 A"
convergent uniformly in |A| < 1 for every fixed ¢ with |¢| < 1. This shows that

[e%e] 1 e} 1
>t / Atdp (A) = Yt / A dpig(N) (2.73)
n=0 - n=0 -1

for all |¢t] < 1. The identity theorem for power series shows that

1 1
[ v = [ Xy (2.74)
1 1

for all n =0,1,2,..., which is only possible when p; = us. O

We assumed that the normalizations (2.59) hold for K in order to make
the set K compact. At this point we may remove these conditions to get the
following

Corollary 2.26. Let f be a nonconstant operator monotone function on (—1,1).
Then there exists a unique probability measure p on [—1,1] such that

1

Y

£ =50+ 70) [ au(). (2.75)
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Proof. We have that f is monotone and nonconstant, so f'(0) # 0. So the
function LU0 is in K. O

The above corollary can be extended to any operator monotone function
over an arbitrary interval (a,b), since f is operator monotone on (a,b) if and
only if f (25%t + “E) is operator monotone on (—1,1).

Using Corollary 2.26 we may also analytically extend an operator monotone
f on (—1,1) by replacing ¢ with complex z. In this way we may define f on the
whole complex plane excluding (—oo, —1] U [1,00). Since

3 z ¥ N
A I S Y1

(2.76)

so f maps the upper half-plane into itself and maps the lower half-plane into
itself as well. Similarly f(z) = f(Z), so it is invariant under reflections over the
real line. The converse is also true, an analytic function that maps the upper
half-plane into itself and is analytically continued to the lower half-plane via
reflection across the real line, then it is operator monotone.

We will omit the further study of such functions in detail from the point of
view of complex analysis, since the characterization obtained so far is sufficient
for our purposes. Actually such analytically continued functions have a very rich
theory, one may consult the class of Pick functions and their characterization
due to a theorem of Nevanlinna [9].

Furthermore consider the following nice

Example 2.1. By contour integration using the Residuum Theorem we have that

oo )\rfl
/ =mescrm, 0 <r < 1. (2.77)
o 142X

By change of variables we obtain from this that

sinrmw

ot
= — X" lda 2.78
0 /0 t+ A ( )

for all t > 0 and 0 < r < 1. That is, t" is operator monotone for all r € [0,1].

Actually it turns out that for other values of r, this function is not operator
monotone.

3 Matrix Means and Operator Monotone Func-
tions

In this section we present the theory of Kubo and Ando, which characterizes
matrix means by operator monotone functions. We denote by P(n,C) the open

convex cone of n x n positive definite matrices and by H(n, C) the space of n xn
hermitian matrices over the complex field C.
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Definition 3.1 (Matrix Mean). A two-variable function M: P(n,C)x P(n,C)
P(n,C) is called a matrix mean if

(i) M(I,I) = I where I denotes the identity,

(i) if A< A’ and B < B', then M(A, B) < M(A’, B'),
(iii) CM(A,B)C < M(CAC,CBC),
(iv) if A, | A and B, | B then M(A,, B,) | M(A, B).

The above definition were considered by Kubo and Ando in [36]. Actually
they considered the above definition without the normalization property (i), and
called such functions an operator connection with notation AcB. For the case
of matrix means they included property (i) as well. An immediate consequence
of property (iii) is that for all invertible C' we have

CM(A,B)C = M(CAC,CBC). (3.1)
Yet another consequence of the properties is that if A < B then
A=M(A/A) <M(A,B)< M(B,B)=B. (3.2)

The importance of operator connections comes from electric circuit theory
as it was mentioned in the first section. A remarkable property of operator
connections is that they can be characterized by operator monotone functions.

Theorem 3.1 (Kubo-Ando [36]). For each connection o and x > 0 real number,
the operator lox is a scalar. Furthermore the map, o — f, defined by

f(z) =1lox (3.3)

forx >0, is an affine order-isomorphism from the class of operator connections
onto the class of operator monotone functions.

Proof. Let o be a connection. Suppose that P is a projection that commutes
with positive operators A and B. Then commutativity implies

PAP = AP < A and PBP =BP < B. (3.4)
Using property (ii) and (iii), it follows that
P(AoB)P < (PAP)o(PBP) = (AP)o(BP) < AcB, (3.5)

so the operator AcB — P(AoB)P is positive and also has a vanishing diagonal
block, hence
(I — P)[AcB — P(AcB)P] P, (3.6)

in other words P and Ao B commute as well. Similarly P commutes with
(AP)o(BP), so what follows is that

[(AP)o(BP)] P = (Ao B)P. (3.7)
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Since each scalar commutes with all projections, so does the the operator
loz, hence it is a scalar. So f(z) := lox defines a real function. We will
show that it is operator monotone. Let 0 < A < B be arbitrary with spectral
decompositions A = ). a;P; and B = ). b;Q;. Then it follows from (3.7) that

and similarly JoB = f(B), so by property (ii) we get f(A) < f(B), i.e. f is
operator monotone. The above implies also using (3.1) that

AoB = AYV2f (A*I/QBA*/?) A2, (3.9)

What remains to prove is that every operator monotone function is obtained
in the form (3.3). Let f be an operator monotone function. Then it has an
integral representation which can be written in the form

z(1+1)
T) = ——=dm(t 3.10
s = [ S (3.10)
for z > 0 and m is a positive Radon measure. Then we define a binary operation
o by

AoB =aA+bB +/ vt ((tA)~' + B—l)’1 dm(t), (3.11)

(0,00)

where a = m({0}) and b = m({oo}). Since ((tA)~* + B’l)f1 and aA + bB
satisfy conditions (ii), (iii) and (iv), the operation o satisfies condition (ii) and
(iii) by convexity of the class of operator connections, while property (iv) is
proved by using the Monotone Convergence Theorem in measure theory, so o
is a connection. Finally for x > 0

loz = f(z) (3.12)

as well, so we obtain the function f from the connection. O

By the above theorem we say that f is the representing function of a connec-
tion (or a mean if property (i) is fulfilled as well). In the case of matrix means
we have the normalization condition f(1) = 1, which follows from property (i).
Operator monotone functions which have that f(1) = 1 are called normalized
operator monotone functions. It is also trivial that matrix means fulfill the
property M(A, A) = A. Actually it turns out that a connection is a mean if
and only if its representing function’s Radon measure is a probability measure.

By the above integral representation we have the following

Corollary 3.2. Every connection o has the following properties:

1. (AoB) + (CoD) < (A+ C)o(B + D).
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2. S*(AoB)S < (S*AS)o(S*BS) for not necessarily hermitian S.

Definition 3.2. We say that a connection o is symmetric if and only if AcB =
Bo A for arbitrary positive A, B. Symmetricity is similarly defined for matrix
means as well.

Theorem 3.3. The map, n+— o, defined by

(€)™ + B 4 (A7 + (1B) ™) | dn),

(3.13)
where ¢ = n({0}), establishes an affine isomorphism from the class of positive
Radon measures on the interval [0,1] onto the class of symmetric connections.

c 141
AocB=—-(A+B -I-/ —
A+ ) (01 2t

Proof. The fact that (3.13) is a symmetric connection is straightforward. Con-
versely, let o be a symmetric connection with representing function f. It is not
hard to see that f(z) = xf(1/x) (actually a connection is symmetric if and only
if this holds). Hence

o) = A afl1fe) _
a+b x x
= (1+x)+/(0700)(1+t) <x+t+xt+l>dm(t): (3.14)

a+b 1+t T T
1 dn(t
5 “”H/(Om) 2 (a;+t+xt+1) n(®),

where dn(t) = dm(t) + dm(t~1), and n({0}) = a +b.

It remains to prove that a measure n producing o is unique. We may consider
the measure dm(t) = 3dn(t) or dm(t) = Ldn(t=!) on [0, 00] according as 0 <
t<lorl<t<oo, and m({1}) =n({1}), m({0}) = m({oc}) = 2n({0}). Now

due to Theorem 3.1 and 2.25 the uniqueness of m, hence of n follows. O

In the above theorem to a symmetric mean corresponds a probability mea-
sure. Thus we obtain

Theorem 3.4. Arithmetic mean is the mazimum of all symmetric means, while
the harmonic mean is the minimum.

Proof. We have the inequality

2x 1+t T T 1+
< + <
1+x— 2 z+t xzt+1/)— 2

(3.15)

for z,t > 0, which yields

2047+ B < 12—? [((M)*1 +B) T 4 (AT ¢ (tB)*l)_l] <A JQF B
(3.16)

The integration with respect to the probability measure n yields the assertion.
O
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So far we have met with the two basic matrix means, the arithmetic mean
AJFTB and the harmonic mean 2(A~!+B~1)~!. But what would be the geometric
mean of two positive matrices? Kubo-Ando theory tells us that we should choose
the representing operator monotone function t'/2, since the geometric mean of
1 and an arbitrary positive real number ¢ is t!/2. This provides us the geometric

mean of two positive matrices
1/2
G(A,B) = A2 (A—1/2BA—1/2) A2, (3.17)

At first glance this does not seem to be symmetric, however it is easy to check
that it is so. It has other remarkable properties that we should study later,
for instance that it is the metric midpoint of the geodesic line connecting A

and B with respect to a Riemannian metric given on the differentiable manifold
P(n,C).

4 Extension of the Geometric Mean to Multiple
Variables

So far we have only met 2-variable matrix means. Kubo-Ando theory in the
preceding section exhaustively characterizes all matrix means by relating every
one of them to a normalized operator monotone function. The theory of operator
monotone functions is very rich, as we saw in section two, however no such theory
has been developed in several variables. A similar theory seems to be very far
away at the moment.

The problem to extend a 2-variable matrix mean to several variables is
straightforward if we consider the arithmetic or harmonic mean. In this case
the several variable formulas coincide with the scalar formulas. The arithmetic

n -1 -
%) . Most of the

properties fulfilled by the 2-variable forms are inherited by these two several
variable functions. For instance operator monotonicity is preserved, we also
have invariance under permutations of the variables. Property (i), (iii) and (iv)
in Definition 3.1 are also preserved. This gives us the motivation of the following

.. noX . . .
mean is just %, while the harmonic mean is (

Definition 4.1 (Multivariable Matrix Mean). Let M : P(r,C)" — P(r,C).
Then M is called a matrix mean if the following conditions hold

1. M(X,...,X) =X for every X € P(r,C),
2. M(Xy,...,X,) is invariant under the permutation of its variables,

3. min(Xy,...,Xp) < M(Xy,...,X,) < max(Xi,...,X,) if min and max
exist with respect to the positive definite order,

4. If X; < X!, then M(Xy,...,X,) < M(X},...,X"),

5. M(Xy,...,X,) is continuous,
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6. CM(Xy,...,X,)C* < M(CX,C*,...,CX,C*).

The above properties are fulfilled by the n-variable harmonic and arithmetic
mean. But what about the geometric mean (3.17)? It is not even straightfor-
ward anymore how to define the n-variable geometric mean. This is a nontrivial
problem, actually there are several competing definitions, which are indeed dif-
ferent and have nice properties. In order to understand these extensions, we
have to exhibit some of the special properties which are possessed by the geo-
metric mean. First of all the convex cone P(r,C) carries a unique Riemannian
structure which is related to the geometric mean.

4.1 The Riemannian Structure on P(r,C)

We will follow the lines of [11]. The set P(r,C) is an open subset of the vector
space of complex squared matrices, hence it is a differentiable manifold. This
vector space can be equipped with a norm called the Frobenius norm, which is

of the form
|Ally = VTr{A%}, (4.1)

where T'r denotes the trace of a squared matrix, that is TrA =), A, ;, where
A; ; denotes the (7, j) entry of the matrix A. Note that the set H(r,C) is a real
vector space with the norm ||-||, as well. Now consider the following Riemannian
metric

(X,Y), =Tr{p~'Xp~ 'Y}, (4.2)

where p € P(r,C) and X,Y € H(r,C). The above inner product is positive
definite for every p and is a smooth function in p. As it turns out, the tangent
space at every p is the space H(r,C). Using this Riemannian metric, we may
write it in the infinitesimal form

ds =\ Jldpdp), = o7 2app™ 2| = VT (G ap?). (43)

If we have a piecewise differentiable path v : [a, ] in P(r, C), we define its length

by \
£ = [ e wn o)) e (44)

Now let us denote the group of invertible r X » matrices over the complex field by
GL(r,C). The first important property of the above defined metric is captured
in the following

Proposition 4.1. For each X € GL(r,C) and for each differentiable path =,
the transformation p — X*pX is an isometry of P(r,C), that is

L(y) = L(X™7X), (4.5)

1

and similarly the transformation p — p~ is also an isometry.
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Proof. We have for each t that

e300 0 x) (0 x) 2 =

= Tr {(X*y()X) 7 (X7 () X) (X () X) 7 (X ™7/ (6)X) } =
=WM”>WUUH%H— (4.6)
=Tr {~(t) () (t)” t)} =

=Hv@y4ﬂw%ww@r*”uj

A similar calculation leads to the same argument for the map p — p~! using

that the Fréchet differential of this is
()71 = =)~ () (4.7)
O
For any two points A, B € P(r,C) we define the distance function
d(A, B) = inf {L(y) : v is a path from A to B}. (4.8)

Indeed it is a distance function, since the triangle inequality is fulfilled.
One of the crucial properties called the infinitesimal exponential metric in-
creasing property (IEMI) of this metric is captured in the following

Proposition 4.2 (IEMI). For all X,Y € H(r,C) we have
|exp(X) /2D explX]¥ ] exp(X) 2| = |1V, (4.9)
where D exp[X] denotes the Fréchet derivative of exp.

Proof. Let X have eigenvalues denoted by A;. Then by Theorem 2.11

eXP(X)—l/QD exp[X][Y] eXp(X)—1/2 _
= diag(exp(—X;/2)) exp[l] (X) o Ydiag(exp(—Xi/2)) =

(AH]-) ( Aﬂj) (4.10)
exp | =5 | —exp |(——5*
A — A

and the assertion follows form the fact that w >1forallt. O
Corollary 4.3. Let H(t) be an arbitrary path in H(r,C) with a <t < b, and
let y(t) = exp H(t). Then

L)z [ 1H O], (4.11)
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Proof. By the chain rule +/(¢t) = Dexp[H(t)][H'(t)], so the inequality follows
from the definition of L(v) and IEMI. O

Now if «(¢) is a path connecting A,B € P(r,C), then H(t) = log~y(t) is
a path connecting log A and log B in H(r,C). The shortest path connecting
these two points in the vector space H(r,C) is a straight line, which has length
|llog A — log B||,. Considering the above corollary we get that

L(y) = |[log A —log Bl|, , (4.12)
which yields us the exponential metric increasing property (EMI):
Proposition 4.4 (EMI). For any two points A, B € P(r,C)

d(A,B) > |[log A —log B, . (4.13)

Definition 4.2 (Geodesic). Let A, B € P(r,C). A path ~ connecting A and B
is called a geodesic if L(y) = d(A, B).

Proposition 4.5. Let A, B € P(r,C) be commuting matrices. Then exp maps
the line segment H(t) = (1 —t)log A+ tlog B to the geodesic connecting A and
B in P(r,C).

Proof. We have to verify that

A(t) = exp (H (1)) (4.14)

is the unique shortest path joining A and B in the metric space (P(r,C),d).
Since A, B commutes, we have v(t) = A1=¢B? and +/(t) = (log B — log A)~(t).
Then we have

1
L(y) = / |llog A —log B||, dt = ||log A —log B, . (4.15)
0

But EMI says that no path can be shorter than this. ~
For uniqueness suppose ¥ is another path that joins A and B. Then log~(t)
is a path in H(r,C) that joins log A and log B. By Corollary 4.3 it has length
|llog A — log Bl|,, but in the Euclidean space H(r, C), the unique shortest path,
which is a straight line connecting log A and log B has the same length, which
is a reparametrization of logy(¢). O

It is also straightforward, that the arc-length parametrization of y(¢) when
A, B commute is indeed
v(t) = At B! (4.16)

for0 <t <1.

Theorem 4.6. Let A,B € P(r,C). Then there exists a unique geodesic y(t)
connecting A and B with

t
At) = A2 (AT2BATIZ) A2 0 <<, (4.17)
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and ~y(t) has arc-length parametrization, i.e.
d(A,~(t)) =td(A, B). (4.18)
Moreover we have

d(A, B) = Hlog (A*l/QBA*/?) H2 . (4.19)

Proof. The matrices I and A~1/2BA~1/2 commute, so the geodesic connecting
I and A='/2BA~'/2 is arc-length parametrized as

t
ol(t) = (A*WBA*I/?) L0<t<l (4.20)

We apply the isometry p — AY/2pAl/2 according to Proposition 4.1 to obtain
the path

t
(1) = AV/? (A’l/QBA’1/2> AL/2 (4.21)

connecting the points A and B, so it must be the geodesic connecting the points
A and B and also (4.18) follows. O

What follows here from the above assertion is that the Riemannian distance
function is given in the form

d(A, B) = [Tr {log(A’l/zBA’l/z)z}} i (4.22)

on P(r,C). We may go the other way around and calculate the geodesic equa-~
tions corresponding to the metric (4.2). The geodesic equations will have the
form

’y// — 7/,7—17/7 (423)
and with given initial data v(0) = p € P(r,C) and v'(0) = X € H(r,C), one
gets the solution as

(1) = pH? exp (p_1/2Xp_1/2t) P2, (4.24)

If we consider the above geodesics for a fixed p and let X take arbitrary values
from the tangent space at p we arrive at the exponential map of this manifold

exp, (X) = p'/? exp (pfl/sz*”Q) p/2 (4.25)

We will discuss exponential maps of affinely connected manifolds later. The
inverse of the exponential map gives back the logarithm map, which is in this
case

log,(q) = p'/*log (pfl/qu*”Z) p'/2. (4.26)
Since for general Riemannian manifolds the distance function is given by
d(p,q)* = (log,(q),log,(a)),, (4.27)
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we again end up with the same distance function (4.22) corresponding to the
Riemannian metric (4.2).

At this point we must note that the geometric mean (3.17) is the midpoint
of the geodesic line connecting A and B, according to Theorem 4.6. This is
a very important observation, since in such a way the geometric mean has a
corresponding Riemannian metric with respect to it is the midpoint operation.
This is also the case with the arithmetic and harmonic mean as well. The
corresponding Riemannian metric to the arithmetic mean given on P(r,C) is
just the Euclidean metric

(X,Y), =Tr{XY} (4.28)

for X,Y € H(r,C). This metric is the induced metric of the Frobenius norm
|||, defined on the vector space of complex squared matrices. The geodesics
of this metric (connecting arbitrary A, B) are the straight lines in the space of
complex squared matrices

y(t)=(1—-t)A+tB (4.29)

and the midpoint operation is the arithmetic mean.
The harmonic mean is the midpoint operation of the Riemannian metric
given in the form

(X,Y), =Tr{p?Xp?Y}. (4.30)

This metric is isometric to the Euclidean vector space given above, which
corresponds to the arithmetic mean. The isometry is given by the function
f(X) = X! over the set P(r,C). Since the metric is isometric to a Euclidean
space it is itself Euclidean.

Let us turn back to the Riemnnian metric (4.2) corresponding to the geo-
metric mean. We have seen that the Riemannian metrics corresponding to the
arithmetic and harmonic mean is Euclidean. What about the metric (4.2) cor-
responding to the geometric mean? We have to investigate further properties
related to this metric to address this question.

Proposition 4.7. If for some A, B € P(r,C), the identity matriz I lies on the
geodesic connecting A and B, then A and B commute and

1—s

logB = — log A, (4.31)

s
where s = d(A,I)/d(A, B).
Proof. From Theorem 4.6 we know that

[=AY? (A*WBA*/?)S A2, (4.32)
where s = d(A,I)/d(A, B), thus

B=AYV2ATVsAY2 = A= (=9)/s) (4.33)
so A, B commute and (4.31) holds. O
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By the above assertion and Proposition 4.5 it follows that exp is isometric
on straight line segments in H(r, C) passing through the 0 matrix. Additionally
EMI tells us that exp is metric non-decreasing, which tells us that the Rie-
mannian manifold P(r, C) with the metric (4.2) is nonpositively curved, refer to
[16].

An equivalent way (in the class of Riemannian manifolds [16]) to formulate
this is showing that the semiparallelogram law holds.

Theorem 4.8. [Semiparallelogram Law] Let A, B € P(r,C) be arbitrary, and
let M = G(A, B) be the midpoint of the geodesic connecting A, B. Then for all
C € P(r,C) we have

d(A,C)?+d(B,C)* 1

d(M,C)? < 5 — Zd(A, B)?. (4.34)

Proof. Applying the isometry p — M~1/2pM~1/2 to all matrices involved, we
may assume M = I. Now [ is the midpoint of the geodesic connecting A, B so
we have by Proposition 4.7 that log B = —log A and

d(A,B) = ||log A —log B|, . (4.35)
We have the same for M = I and C,
d(M,C) = |[log M —logC||, . (4.36)

Since H(r,C) is a vector space, it is Euclidean with the norm ||-||,, hence it
satisfies the parallelogram law

log A —log C||5 + |[log B —log C|l; 1
fog 1 — g O3 = 1A= 18 PO =108l 2oy 4 10 3.
(4.37)
Since d(M,C) = |logM —1log C||, and d(A, B) = |[log A — log B||,,, EMI leads
us to the inequality of the assertion. O

Now we know enough about the metric (4.2) to turn back to the problem
of extending the geometric mean to several variables. First of all we should be
looking for extension methods which gives back the n-variable arithmetic and
harmonic means, when we try to extend them from their 2-variable formulas.
The first idea is to look for some external characterizations of the n-variable
arithmetic and harmonic means.

4.2 Matrix Means defined as The Center of Mass

Suppose W is a complete Riemannian manifold with metric tensor (-, -) , and

Riemannian distance function d(-,-). Then we define the center of mass of
p; € W for 1 < ¢ < n as the minimizer of the function

Clx) = Z d(z,p;)?. (4.38)
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If a minimizer exists and it is unique we denote it by arg min,ew C(z). Firstly
we will show the following

Proposition 4.9 (M. Pélfia [60]). In the complete metric space (W,d) a mini-
mizer of C(x) exists and it is unique, if the metric space is nonpositively curved,
i.e. the semiparallelogram law holds (4.34).

Proof. Let y(t) be an arc-length parametrized geodesic connecting z,y € W.
Then it is not hard to show using the semiparallelogram law that we have for
all 0 <t <1andze€ W that

d(y(t),2)? < (1 —t)d(z, 2)* + td(y, 2)? — t(1 — t)d(z,y)>. (4.39)

In order to show this first consider the above for dyadic rationals ¢, i.e. t = ¢277
which are dense in [0, 1], then use a continuity argument to obtain it for general
t.

So using the above inequality we get

C(y(t) < (1 =)C(4(0)) + tC(y(1)) = t(1 — )nd(y(0),¥(1))*. (4.40)

Now let o := inf, C'(2) and let z; be a sequence of points with lim;_, o, C(2;) = a.
Let z; 5, be the midpoint between z; and 2. Then for [,k — oo
Clz) +Cak) 1

— —nd(z, z1,)2. (4.41)

<C <
[0S (Zl,lc) S D) 1

Consequently, d(z;, z;) — 0, i.e. z is a Cauchy sequence, by completeness it
has a limit point Z. Moreover by continuity of C(z) we have C(2) = inf, C(z).
For uniqueness assume C(zg) = C(z1) = inf, C(2) = o and zy # 2. For
the midpoint z1 between zp,z; we get a contradiction, since a < C(z%) <
Clz0)+C (1) _
s = . O

We can further characterize the center of mass, since we already now that it
exists and is a unique point, by calculating the gradient of C'(x). We need a

Definition 4.3. Let W be a Riemannian manifold with metric tensor (-,-) .
Then we define the exponential map exp,, of W at point p € W as a function
mapping from the tangent space at p to the manifold W as follows. Let X, be
an element of the tangent space at p. Then exp, (X)) is the point v(1) on the
geodesic emanating from p in the direction of X, with arc-length parametriza-
tion, i.e. 7(0) = p and 7/(0) = X,,. The inverse of the exponential map exp,, (X))
at p is called the logarithm map and is denoted by logp(q), if we have the above
parametrization for v(t) and v(1) = ¢ then log,(q) = X,

By the above definition, it is not hard to see that

d(p,q) = \/ (log, (q), log,(a)) = \/ (log,(p),log,(p))

We will see later that it is possible to define exp,, for non-Riemannian manifolds
as well, if they are equipped with an affine connection.

(4.42)

q
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Proposition 4.10. Let W be a Riemannian manifold with metric <~7~>p and
Riemannian distance function d(-,-). Then

gradC(z) = =2 Z log,, (p;). (4.43)

Proof. Let f be a smooth function on W. Then the gradient gradf(p) of f in
the direction of the vector field X at point p is defined as

(4.44)

3

d
radf (p), Xp), = —
lgradf (), ), = 0|

where v(¢) is a smooth curve with v(0) = p and v'(0) = X,,.
Since grad is a linear map, it is enough to calculate the gradient of f(z) =
d(a,z)?. Let v(t) be a smooth curve and let

ca(s,t) = exp, (slog,(¥(t))) - (4.45)
We will use ¢, to denote differentiation with respect to ¢ and ¢, to denote
differentiation with respect to s of ¢,. Then 2¢/(s,t) = 0 and ¢, (0,t) =

log, (7(t)), where 2 denotes covariant differentiation with respect to s. Since

ds
D ¢l (s,t) = 0 we have

2 <dDSc;(s, £), ¢ (s, t)> = 0. (4.46)

cq(s,t)

Since covariant differentiation is compatible with the metric by the Fundamental
Theorem of Riemmanian geometry, this is equivalent to

D d
2( D5, 1)) 0 =0 (44T

that is ||cl, (s, t)Hia(s’t) is independent of s. We also have that
(ca(0,£),¢4(0,8))¢, 0.0y = (1084 (V(1)), 10g, (¥(1)))4 (4.48)

and by the independence of ||c (s, t)Hia(s,t) from s we get that

d(a,v(1))* = (log,(7(t)), loga (¥(t)), = (ca(0,2),¢(0,1))., (0,0) =

(4.49)
= <C;(S, t), C:I(Sa t)>ca(s7t) :
Now we calculate
d ) o, /
dtd(a7 ’Y(t)) o - dt <ca(8’ t)7 CG(S’ t)>ca(87t) =0 B
(4.50)

=2 <thc;(s,t),c;(s,t)>
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now we use the fact that covariant derivatives commute with ordinary partial

ivati i Dd _ Dd
derivatives, i.e. T4- = =4

=2 <fgc'a<s,t),c;(s,t)>

Since d(a,~(t))? is independent of s we have that

(4.51)

ca(s,t)|4—q

/o d(a,~(t))*ds = d(a,y(t))>. (4.52)

Hence
d d !
—d(a,~(t))? :—/daﬁthS =
gler 2| =G [y
' /D
:/ 2<dc'a(s,t),c:1(s,t)> ds| =
0 S ca(s,t) =0

1
B D, , : D, —
- | <dsca<s,t>,ca<s,t>>ca(s’t)+<ca<s,t>,d8ca<s,t>> as| =

1
d .
:/0 2 % <Ca(37t)7ciz(57t)>ca(5:t) ds

t=0

=2 (¢a(1,1), C;(lat»ca(lﬂ:) —(¢a(0,1), C;(Oat»ca(o,t) =0 =
2(¢a(1,0), e (1, 0)>ca(1,0) — (¢a(0,0), ¢ (0, 0)>ca(0,0) :

(4.53)

Now since ¢,(0,0) = 0, ¢,(1,0) = 4/(0), ¢,(0,0) = log,(v(0)), ¢,(1,0) =
—log.,(py(a) and ¢,(1,0) = 7(0), we have that

d 9

— =2(~ -1 . 4.54

2 d(a,7(1)) . <7 (0), ogfy(m(a)%(o) (4.54)
This shows that gradd(a,p)* = —2log,(a). O

Corollary 4.11. An immediate consequence of the above proposition is that if
argmingcw C(z) exists and is unique, it can be found by solving the equation

0 = gradC(z) = -2 Zlogz(pi). (4.55)

Let us do this in the case of the arithmetic mean. Consider the convex cone
P(r,C) as a subset of the vector space H(r,C). The norm ||-||, on H(r,C) yields
us the Euclidean metric

dg(A, B) = \/Tr {(A— B)?} (4.56)

35



on the vector space H(r,C). The restriction of this metric to P(r,C) is also
Euclidean and we have already mentioned that the 2-variable arithmetic mean
is the geodesic midpoint operation on this space.

Corollary 4.12. The n-variable arithmetic mean Z;;nl Ai s the center of mass
of the points Ay, ..., A, € P(r,C) with respect to the Fuclidean metric (4.56).

Proof. Proposition 4.9 tells us that the center of mass exists and is unique since
the metric (4.56) is Euclidean, therefore the semiparallelogram law holds with
equality (parallelogram law) mentioned earlier. By Corollary 4.11 we need to
solve the equation

—Qi(X—Ai) =0 (4.57)
=1

for X € P(r,C), since in this case log,(q) = ¢—p. The solution is the n-variable
arithmetic mean. O

Proposition 4.13 (M. Palfia [64]). Let d(X,Y") be defined as

where f : P(r,C) — P(r,C) is a diffeomorphism. Then the unique minimizer X
of the function

C(X)= Zn: d(X, X;)? (4.59)

1S given as

X=f1 (Z?—l ﬂX“) : (4.60)

n

Proof. Since the corresponding metric d(+, -) is a pullback of the Euclidean met-
ric over the space of squared complex matrices it is also Euclidean. Using the
isometric embedding f, the object function of the minimization problem is of

the form
n

N d(X, X)) =Y dp (F(X), (X)) (4.61)
i=1 i=1
But since by the previous corollary the Riemannian center of mass of the set

S ={f(X1),...,f(Xn)} in the Euclidean space of squared complex matrices is
the arithmetic mean of the points {f(X1),..., f(X,)}, therefore

A Z?ﬂnf (Xs) (4.62)

minimizes the functional ", dg (X, F(X)?, s0o X = f~1(A) minimizes
S di (F(X), F(X0))% 0
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If we choose f(X) = X ! in the above proposition, we get that the n-variable
harmonic mean is also characterized as the center of mass on a Riemannian
manifold.

Now since the geometric mean G(A, B) has also a corresponding Riemannian
metric (4.2) where it is the center of mass of the two points A, B, we may
define the n-variable geometric mean as the center of mass similarly to the
arithmetic mean, since by Theorem 4.8 the metric space is nonpositively curved
and Proposition 4.9 ensures the existence and uniqueness of the center of mass
[47]. Since the logarithm map has the form (4.26) the center of mass of the points
X1...,Xn € P(r,C) with repsect to the metric (4.2) is the unique solution
X € P(r,C) of the equation

n n 71 2 71 2
0= logy, (X) =Y log (XZ. Pxx; Y ) . (4.63)
i=1 =1

This is a nonlinear matrix equation and it has not yet been solved analytically
so far, however if we consider it for mutually commuting X;, we can easily solve
it analytically and the solution is

X =[x (4.64)
1=1

which is the usual geometric mean of positive numbers. The invariance un-
der the permutations of the X; of the center of mass is trivial, while operator
monotonicity in its variables was an open question for several years, it has been
solved very recently in [39] using the Riemannian structure (4.2) and its non-
positive curvature combined with a characteirization of the center of mass using
probability theory.

4.3 Symmetrization Procedures and Weighted Means

Many researchers were focusing on the extension of the 2-variable geometric
mean to several variables, since it has the corresponding Riemannian structure
(4.2). This Riemannian metric space structure gives a very strong tool to extend
the geometric mean. We have already seen the analogy to the arithmetic and
harmonic means via the center of mass characterization. This idea essentially
appeared first in [47]. We mention a few other constructions very soon. But
before that we spend a few words on 2-variable weighted means. First of all it
must be noted that Kubo-Ando theory characterizes matrix means and gives
lower and upper bounds on possible symmetric means, however it tells nothing
further about how to ”weight” a symmetric mean. In the case of the arihtmetic,
harmonic and geometric means, this is more or less straightforward, we can
use the geodesic lines of the Riemannian structure to define 2-variable weighted
means. In this case for ¢ € [0, 1] the weighted arithmetic mean is given as

Ay(A,B) = (1 —t)A+1tB, (4.65)
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while the weighted harmonic mean is given as
Hy(A,B)=[(1—t)A ' +tB~] 7", (4.66)

Using the Riemannian structure the weighted geometric mean is
t
Gi(A, B) = AY? (A*l/QBA*/?) A2, (4.67)

We can see again the importance of the Riemannian structures corresponding
to symmetric matrix means, since it provides us with weighted matrix means
corresponding to symmetric ones as geodesic lines. Now we turn to other mean
extension procedures. Consider the following procedure called the Ando-Li-
Mathias procedure [5].

Definition 4.4. [ALM iteration] Let X = (X¥,..., XY9) where X? € P(r,C)
and define the mapping M (X1, ..., X,) inductively as follows. If n = 2 assume
that M (X1, X5) is already given. For general n > 2 assume that M (X, ...,
X, —1) is already defined. Then using M (X1, ..., X,_1), set up the iteration

X = M (Z (XL, X0)), (4.68)

where Z;(X1,..., X)) =X, ... ,XLDX%H, ..., XL . If the sequences X! con-
verge to a common limit point for every i, then define

Jim. X =Mm(X?,...,x9). (4.69)
Theorem 4.14 (Theorem 3.2 [5]). The limit in Definition 4.4 starting with
M(A,B) := G(A,B), M(Xy,...,X,) exists for all n, in other words the se-
quences converge to a common limit point for all n.

The above proof relies heavily on the Riemannian structure (4.2). In [38] it
was proved by Lawson and Lim that the above procedure converges in nonpos-
itively curved metric spaces, using the midpoint operation of the space as the
2-variable mean to extend from. The convergence in Theorem 4.14 was shown
to be linear. Temesi and Petz in [68] showed that the ALM procedure converges
for orderable tuples of matrices, however the general case still remained open.
Since the procedure recursively relies on itself, it is quite ineffective even for
small n. Hence in [15] the following similar procedure was defined. Both of the
above and the following procedures are referred to, in general, as symmetrization
procedures.

Definition 4.5. [BMP iteration] Let X = (X?,..., X?) where X? € P(r,C)
and define the mapping M (X, ..., X,,) inductively as follows. If n = 2 assume
that M (X7, X2) is already given. For general n > 2 assume that M (X1,..., X,,—1)
is already defined. Then using M(Xy,...,X,_1), set up the iteration

X = Mooy (XL M (Zy (XL, ..., X)), (4.70)
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where Z;(X1,..., X ) =X, ..., X!, X, |, ..., X]. If the sequences X! con-

K3
verge to a common limit point for every i, then define

Jim X =Mm(X?,...,Xx9). (4.71)
—00

Theorem 4.15 (Theorem 3.1 [15]). The limit in Definition 4.5 starting with
M(A,B) := G(A,B), M(Xy,...,Xy) ezists for all n, in other words the se-
quences converge to a common limit point for all n.

The most important property of this procedure is essentially summarized in

Theorem 4.16 (Theorem 3.2 [15]). The procedure in Definition 4.5 considered
for the geometric mean converges cubically.

The proofs of the above theorems were also relying on the metric structure
(4.2). The important properties of the ALM- and BMP-procedures considered
for the geometric mean are that their limit points fulfill the properties listed in
Definition 4.1 and also some additional properties which are intuitively expected
from a geometric mean [5, 15].

One of the major drawbacks, from the computational point of view of both
symmetrization procedures, is their recursivity. Namely in order to be able to
compute an n-mean we have to provide the (n-1)-variable version which is itself
defined as a limit point of the same iteration. Therefore even if n = 4 we run into
serious computational difficulties, since it is very hard to find the limit point of
either symmetrization procedures in closed form of their initial variables (to be
more precise this has not even been achieved yet). The author in [63] defined a
procedure which is similar to the above two, but relies directly on the 2-variable
form of means. In the next chapter we will discuss this procedure in a metric
geometric setting and then later for every matrix mean.

5 Means in Complete k-convex Metric Spaces

We have already seen that the geometric mean is the midpoint operation on a
Riemannian manifold of nonpositive curvature (4.2). This manifold is a com-
plete metric space and we have already mentioned that in [38] Lawson and Lim
considered the ALM-process in complete metric spaces of nonpositive curvature,
which is a generalization of the geometric mean to metric geometric setting.

We will define our procedure in a more general metric setting, namely we
will define our mean on complete metric spaces with a certain positive upper
curvature bound. In other words, our procedure will not only work in non-
positively curved complete metric spaces, but also in positively curved metric
spaces. These spaces will be called k-convex metric spaces.

5.1 k-convexity of Metric Spaces

Let (X,d) be a metric space. Let I C (R), then the length L(v) of a curve
v : I — X is defined as the supremum of >, d(y(ti—1),7(t;)) where ¢y <
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ty <---<tyandty,...,t, € I. Acurvey: I — X is called a geodesic if and
only if d(y(s),v(t)) = d (v(s),v(r)) + d(v(r),v(t)) for all s <r <t € I. The
metric space X is called a geodesic length space or geodesic metric space if any
two points z,y can be connected with a geodesic v such that L(y) = d(z,v).
We denote the open ball by B(x,r) with circumcenter « and radius r and with
B(x,7) its closed counterpart.

The following definition of k-convexity is due to Ohta in [53]. We will estab-

lish our results for spaces with such properties below.
Definition 5.1. Let k € (0,2].

e An open set U in a geodesic metric space (X, d) is called a Ci-domain if
for any three points z,y, z, any geodesic v : [0,1] — X between z,y and
for all ¢ € [0,1] we have

d(z,7(t))* < (1 = t)d(z, ) + td(z,y)* — gt(l —t)d(z,y)> (5.1)

e A geodesic metric space (X, d) is k-convex if it is itself a Cy — domain.

e A geodesic metric space (X, d) is locally k-convex if every point in X is
contained in a Cj-domain.

If the inequality (5.1) holds for ¢ = 1/2 then it holds for all ¢t € [0,1]. A
k-convex metric space becomes a C'AT'(0) space if the above inequality holds
for £ = 2. In this case the space is said to have nonpositive curvature in the
sense of Alexandrov, in other words the semiparallelogram law holds.

We begin with recalling and investigating properties of k-convex spaces.

Lemma 5.1 (Lemma 2.2 in [53]). If an open ball B(x,r) C X is a Cy-domain
then for any two points in B(x,r) a geodesic is unique between them. In par-
ticular any two points in a k-convexr metric space are connected by a unique
geodesic.

Proof. Fix two points y,z € B(x,r) and let a(t),B(t) : [0,1] — X be two
geodesics between y and z. For each ¢ € (0,1) take a minimal geodesic ~ :
[0,1] = X from «(t) to S(t). It then follows from the k-convexity that

Ay 1(1/2))” < 5ly, a))? + 5dly, 5O ~ wd(a(t), 5(1)? -
= Pd(y,2)? - Sd(a(t), 50))°
and similarly
d(z,7(1/2))” < (1 = t)%d(y, 2)* - gd(a(t), B(t))%. (5.3)
Therefore we have by using the triangle inequality that
k
d(y,z) <y/t?d(y,2)? — —d(a(t), B(t))?
! \/ ’ 8 (5.4)

= 02,22 - Eataw, sy
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ie., a(t) = B(¢). O

We will also say that a geodesic metric space is uniquely geodesic if any two
points can be connected by a unique distance minimizing geodesic. According
to the above lemma we have unique geodesics between two points, therefore we
also have unique metric midpoints as well, which will be the midpoints of these
geodesics.

The existence of minimal balls containing a bounded subset in a Cx-domain
is guaranteed by (5.1). The proof follows the case when k = 2.

Lemma 5.2 (M. Pélfia [60]). Let S be a bounded subset of a complete k-convex
metric space X. Then there exists a unique closed ball with minimal radius r
containing S.

Proof. We use a similar technique as the one in Proposition 5.10 in [6]. Let
r(z,8) = sup g d(z,y) for v € X and r(S) = infrex r(z,S). Forall z,y € X
we have

r(z,9)? +r(y,9)?% k
( ) 9 (y ) —gd(1'7y)27

where m = (1/2) is the unique midpoint between x and y. From the above it
is easy to conclude the following inequalities

r(m,5)2 < (5.5)

d(z,y)* < % [r(z,9)%+1(y,9)°] — %r(m,5)2
j ¢ (5.6)
< m [r(z,9)%+1(y,9)°] — ET(S)Q.

From the above the uniqueness of the circumcenter of the metric ball is obvious,
since if we had two circumcenters c¢1,co € X then from the above inequality
we get d(cq,ce) = 0. We also have that a sequence x,, with r(x,,S) — r(S) is
Cauchy since by the inequalities above

(T, 20)? < % [F(@m, S)? + r(2n, 5)?] - %T(S)? (5.7)

Hence by completeness x,, has a limit point x, which is the circumcenter of the
ball with minimal radius. So we have S C B(x,r(9)). O

It also follows that any metric ball in a Ci-domain is also a geodesically
convex set.

Lemma 5.3 (M. Palfia [60]). Let B(z,r) C D where D is a Cy-domain. Then
B(x,r) is a geodesically convex set which means that every geodesic which con-
nects two points in B(x,r) is also a subset of B(x,r).

Proof. Let y,z € B(x,r) so we have d(x,y) < r and d(z,z) <r. Let v: [0,1] —
D be a geodesic (which is unique according to Lemma 5.1) such that v(0) =y
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and (1) = z. Now for arbitrary ¢ € [0, 1]

so we have d(z,v(t)) < r. This means that v(t) C B(x,r) so B(x,r) is geodesi-
cally convex. O

An important consequence of the above lemmas is the existence of a geodesic
convex hull of a bounded set.

Definition 5.2 (Geodesic convex hull). The geodesic convex hull GCH(S) is
the intersection of all convex sets containing S.

We may construct this set in the following way:

Proposition 5.4 (Proposition 2.5.5 in [66]). GCH(S) can be obtained as
GCH(S) = U,>¢ Fn, where Fy = S and for n > 1 the set F,, consists of all
points which lie on geodesics with starting and ending points in Fy,_1.

Proof. The union |J,,~, Fy is an increasing union. Using the fact that the
convex hull GCH(S) is a geodesically convex set, it is easy to see by induction
that for each n > 0, the set F), is contained in GCH(S). Thus, we have
Unso Fn € GCH(S). Conversely if 2,y € |J,,~( Fn, then they belong to a set F,
for some n > 0. So the geodesic connecting z, y is contained in Fj, 1, therefore in
U,.>0 Fn- Thus, the set | J,,~ F» is geodesically convex and therefore it contains
GCH(S), i.e. GCH(S) = U,;>0 Fu- O

What follows from Lemma 5.3 is that the geodesic convex hull of a bounded
set is contained in a convex metric ball.

We will base the results in the next section on the above properties of k-
convex metric spaces.

5.2 The Iterative Mean

In this section we will provide an extension of midpoint maps as means between
two points on a k-convex metric space to several variables. This new mean
is called the Iterative mean. Important properties of this mean will also be
investigated here.

We will use the following notation to denote the unique midpoint between
two points in a uniquely geodesic metric space as

atb = 7as(1/2). (5.9)
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Definition 5.3 (Iterative process, M. Pélfia [60]). Let QY,...,Q% be points in
a uniquely geodesic metric space X and m = {7, 71, ...} be an infinite sequence

of permutations, where each 7; is a permutation of the letters {1,...,n}. With
respect to the infinite sequence of permutations 7 let
l l . .
Qi = {Q;n(i)ﬁQflrz(iJrl) iflsi<m, (5.10)
3
Qm(n)ﬁQm(n else.

The above procedure yields a sequence of n-tuple of points.

Theorem 5.5 (Iterative mean, M. Pélfia [60]). Let (X,d) be a complete k-
convex geodesic metric space. Let QY,...,Q% be points in the metric space X .
Let us set up the iteration in Definition 5.8 on these points in X with respect to
an infinite sequence of permutations m = {mg,m1,...}. Then the sequences Q'
converge to a common limit point.

Proof. We begin showing that the distances d( i, Qé) are converging to zero,
after that we will show that the Q! sequences are themselves convergent. For
the sake of simplicity of notations from now on we define m;(n + 1) := m(1).

Let us consider one iteration step in Definition 5.3. From the k-convexity of
X for every Q} and for arbitrary z € X we have

d (557 Q?m(i))Z +d (37, Q?ro(i+1))2 B Ed (
2 8

2
0 0
WQ(i)’QWU(i+1)> ’

(5.11)
where Q} = ng(?)ﬁng(i_‘_l). If we consider the sum of these equations above
for every i we arrive at

d(z,Q)" <

n

> d(x Z Q) N 32d (ngmv ng(m))zv (5.12)
i=1 i=1

i=1

as can be seen in Figure 3. Applying this to every iteration step we get

n

n 2
Zd Ql+1 Z —*Zd( (i) m(i+1)> : (5.13)
=1

aj41(x) ai(z) (]

Note that the above is valid for every possible infinite sequence of permutations
.

Now the sequence a;(x) > 0 measures the sum of the squared distances from
an arbitrary point z and the points of the n-tuple in the /th iteration step. By
(5.13) we have

aj+1(x) < ai(x) — (k/8)e; for all x € X. (5.14)

In other words the sequence a;(x) indexed by [ is monotone decreasing, since
e; > 0, and it is also bounded from below by 0 and above too by the initial
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Figure 3: One iteration step in the Theorem 5.5 in a k-convex metric space.

finite value ag(x), therefore it is convergent. From the convergence of a;(z) and
by (5.14) it is easy to see that ¢; — 0. This means that the points Q' are
approaching one another.

Let us consider the geodesic convex hull of the starting n points. This
geodesic convex hull exists and is bounded because it is a subset of a convex
metric ball according to Lemma 5.3. Set A' = GCH ({Qll,...,an}). By
the definition and construction of the convex hull in Proposition 5.4 we have
Al D Al We will show that the limit set A = lim;_,,, A" = Al is of
diameter zero, therefore a singleton according to Cantor’s intersection theorem
[72] (Theorem C of Ch. 2.12).

Firstly we will show that for arbitrary points z,y in the geodesic convex hull
Al we have , 2

d(z,y)” < 1%2?;”(1( p7Qq) . (5.15)
The geodesic convex hull A! itself can be obtained by the method given in
Proposition 5.4. Hence it is enough to show that for any two geodesics a(t) and
B(s) parametrized by arc-length with ending points in the set F; we have

d(at),B(s)* < max d(Q.,QL)". (5.16)

~ 1<p,q<n pra

One way to obtain this with the notations a(0) = a, (1) = b, 8(0) = ¢, B(1) = d,
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is the following

d(a(t), B(s)* < (1 —t)d (a, B(s))” +td (b, B(s))* — t(1 — t)gd (a,b)?
d(a,8())° < (1~ 8)d(a,)* + sd(a,d)” — s(1 — 5) 5 c. ) (5.17)
46, 8(3)) < (1= 8)d (b,0)° + sd (b, ) — s(1 — )~ (e, d)*.
Substituting into the first inequality above one arrives at the following

d(a(t), B(s))* <(1 —t)(1 — s)d (a,c)® + (1 — t)sd (a,d)?

+t(1—s)d(b,c)* + tsd (b,d)?
(5.18)

—t(1— t)gd(a, b)? — s(1 — s)gd(c, d)?

<max {d(a,c)? d(a,d)? d(b,c)* d(b,d)*} .

Applying the above inequality recursively in every step of the construction of
the convex hull in Proposition 5.4 one derives (5.16).
Now using the triangle inequality one automatically obtains the bound

! ! N
3 d (Qm(i),Qm(iH)) >2 max d(Q)Q,). (5.19)
i1 SPas
Now as e; — 0 we have d (Qﬁn(i), QL (i+1)> — 0, so one obtains easily
: I Aly _
lim max d( b Q) = 0. (5.20)

l—001<p,q<n

Thus also diam(A') — 0 so by Cantor’s intersection theorem the limit A is a
singleton, which by completeness implies that any sequence of points z! € Al
converges to this singleton A, so also every Qi converges to this singleton as
well. O

The above theorem ensures the convergence of the sequences Qé, but it does
not tell anything about the asymptotic rate of convergence to the common limit
point. The next theorem ensures that the convergence rate is at least linear.

Theorem 5.6 (M. Pélfia [60]). Let (X,d) be a complete k-conver geodesic
metric space. Let QY,...,Q0 be points in the metric space X. Let us set up
the iteration in Definition 5.8 on these points in X. Let R denote the common
limit point of these sequences. Then

al+1(R) <1 k

R (5.21)

s0 the points Q! are converging to R linearly.
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Proof. We will give a lower bound on e;/a;(R) and use (5.14) to provide an
upper bound on a;+1(R)/a;(R).
Again by the triangle inequality one automatically obtains a lower bound on
€] as
! 1 1 A

3 d (Qm(i),Qm(iH)) >2 max d(Q) Q). (5.22)

i=1 =0
Using the Cauchy-Schwarz inequality and the fact that all the above terms are
positive one gets

n

> d (erlu)vQﬁn(wl)) <[> d (Qﬁr,(inﬁn(m))Q =Vnye. (5.23)
i=1 =1

Hence we obtain the lower bound

4 max d ( ! Qé)zgel. (5.24)

n 1<p,g<n P’

According to the preceding proof, for arbitrary points x,y in the geodesic
convex hull A = GCH ({Qll, ey an}) we have

d(z,y)? < | Jnax ,d( ;,QZ)Q. (5.25)

€] 4
> 5.26
a;(R) — n? (5.26)
which together with (5.14) prove the theorem. O

If we consider the proof of the above theorem and (5.14), it is easy to see
that for different permutations m; between iteration steps in Theorem 5.5 we
may get slower and faster rates of convergence. One way to speed up the rate
of convergence to the common limit point R - which itself may depend on the
chosen sequence of permutations 7 in Theorem 5.5 - is to maximize the error
term ¢; by which a;(R) at least decreases.

Taking into account the above mentioned, we can modify our iterational
scheme with adding some heuristics, making it adaptive to the geometry of the
sets given by the points in every iterational step. The function Idealmapping
defined by Algorithm 1 by the author in [63] returns the array ma which contains
the indices of points Q! ..., Q!, in such an order, that if we set up one iterational
step as letting (i) = ma(i), we can sufficiently reduce the distance between
them.

For numerical results consult Figure 4, where we used the Riemannian man-
ifold P(r,C) with (4.2) as the complete k-convex metric space. Iteration 1 was
performed using the same permutation 7 for all iterations steps, i.e. m; = 7 for
all I > 0. At the same time Iteration 3 used the heuristic function Idealmapping
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in every iteration step. We have measured the distance from the the ”solution”,
which itself was calculated by letting Iteration 3 converge to under a certain
treshold. We have also calulated the center of mass of the starting points by us-
ing two procedures to approximate it, a gradient method and a newton method,
refer to [46].

Algorithm 1 Idealmapping

Require: zq,...,2,
cd<=n(n—-1)/2
ie=1,j<2
:for k=0toddo
rlk, 1] < d(z;, x;)
rlk,2] < i,rk,3] < j
if j =n then
jEn—i1+2,1<1
else
i<=i1+1,5<75+1
end if
: end for
. sort r by r[k, 1] descending
mall] < r[1,2]
L] <= 7”[1,3]
:fork=2tondo
find largest r[é, 1] for such 4 that (r[¢,2] = j or r[i, 2] = j) and r[i, 2] ¢ ma
and r[i, 3] ¢ ma
17: if r[i,2] = j then

e e e e e

18: j < rli, 3], malk] < r[i, 2]
19: else

20: Jj < r[i, 2], malk] < r[i, 3]
21:  end if

22: end for

23: return ma

It is also crucial to point out that the common limit point R appears to
depend on the infinite sequence of permutations 7 as numerical experiments
suggest. So therefore one might prefer to use the notation R, to express the
dependence on the sequence of permutations 7.

A major improvement of the Iterative mean over the ALM- and BMP-mean is
that it relies only on the 2-variable form of means, so this procedure is feasible
even for large number of variables. Also it is proved here that it has linear
convergence rate, like the ALM-process. We will see later that it also satisfies
almost all of the properties which are required from a matrix mean, except
permutation invariance. We will discuss these features in later sections, when
we consider this process for all possible matrix means.

In the next section we will use the extension method given in this section to
approximate the center of mass of the points QY,..., QY.
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10 matrices, 5x5

Devciation from solution
in logarithmic scale

1 2 3 4 5 6 7 8 9 10 11
—#—Iteration 1 138,125 6,60096 5,89085 3,20709 2,45091 2,30013 1,87634 1,73921 1,51615 137286 1,24908
—Iteration 3 138,125 5,57002 1,53546 0685128 | 0,274303 | 0,168374 | 0,086501
Gradient method 11,5653 0,38704 0,091855

—+— Newton method 11,5653 8,83367 3,1861 2,21497 168583 0422777 0,34093 0,163856 | 0,157451 |0,0743861

Number of Iterations

Figure 4: Convergence rate results for 10, 5 x 5 matrices.

5.3 Center of mass and k-convexity

Before one can study the center of mass of points in a metric space, it must be
made sure that it is a unique point and it exists. If the metric space is complete
and it has nonpositive curvature then this point exists and is unique as we have
seen it before in Proposition 4.9.

The first steps will be to show the uniqueness of the center of mass in k-
convex metric spaces.

Theorem 5.7 (M. Pélfia [60]). Let (X,d) be a complete k-conver geodesic

metric space. Let Q1,...,Q, be points in the metric space X. Then the center
of mass
n
arg minZd(m,Qi)Z (5.27)
reX i—1

exists and is a unique point in the space X where argmin C(z) denotes the
zeX
unique point that minimizes a function C(x).

Proof. The proof of this is essentially the same as the proof of Proposition 4.9.
O

Using (5.14) we can control the distance of an arbitrary point z € X and
the limit point R, of the procedure in the following

Theorem 5.8 (M. Pélfia [60]). Let (X,d) be a complete k-conver geodesic
metric space. Let Q, ..., Q, be points in the metric space X . Then for arbitrary
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x € X and for the limit point R, of the procedure in Theorem 5.5 set up on the
points Q1,...,Qn we have the following inequality

(R I)<\/Z?_1d($7Qi)2—§Z?ﬁ1€l
,T) < - .

(5.28)
Proof. From (5.14) for all x € X we have
k
3¢ < a(z) — ar41(x). (5.29)
Taking a finite sum of the above equations one arrives at the following
k m
=3 Zel < ay(z) — ame1 (). (5.30)
=1

We can take the limit of the sums S, as it is a monotone increasing sequence
bounded from above, so we conclude that

lim ap(z) <ai(x) — fZel, (5.31)

m—r oo

but lim,, 00 @, () is nothing but nd(x, R,)?. This yields

n d i 2k 0o
d(z,Ry) < \/Zl:l (@Q)" = § 20 for all x. (5.32)
n

O

Now since the center of mass is unique in complete k-convex metric spaces,
one can consider the following corollary of the above result.

Corollary 5.9 (M. Palfia [60]). Let (X,d) be a complete k-convex geodesic

metric space. Let Q1,...,Qy be points in the metric space X. Then the center
of mass
Y = argmmZd z,Q;) (5.33)
z€X i=1

and the limit point R, of the procedure in Theorem 5.5 set up on the points
Q1,-..,Qn fulfill the following inequality

d(Ry,Y) < Zz1 YQz) _le1el

n

(5.34)

It is interesting to consider the fact that if X is a Euclidean space then it
has zero curvature which turns (5.1) with & = 2 into an equality which is the
parallelogram law of the Euclidean space

Az, (1/2))2 = 222 ;d(z’w - id(w,y)z. (5.35)
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So in this case (5.14) turns into an equality as well

1
aj+1(z) = ai(x) — e for all z € X. (5.36)
One may minimize both sides with respect to x and conclude

argmin a;41(z) = arg min a; (). (5.37)
rzeX zeX
Here we used the basic fact that the error term e; is independent of x so therefore
it acts as a constant term with respect to the above minimization.
Therefore we have just proved the following

Proposition 5.10 (M. Pélfia [60]). If X is a Euclidean space then the limit
point R, of the procedure in Theorem 5.5 is the center of mass of the starting
points for every possible infinite sequence of permutations 7.

Following the path of the above proposition one can conclude that in certain
special situations even more is true.

Proposition 5.11 (M. Pélfia [60]). Let (X,d) be a complete k-convex geodesic
metric space. Let Q1,...,Q, be points in the metric space X that lie on a single
geodesic segment. Then the limit point R; of the procedure in Theorem 5.5 set
up on the points Q1,...,Q, is the center of mass of the points Q1,..., Q.

Proof. A single geodesic segment equipped with the distance function inherited
from the space X is a Euclidean space, therefore it is just the case of Proposition
5.10. O

It is worth noting that one must be aware of the fact that the limit point R,
of the procedure depend on the chosen infinite sequence 7. If (5.1) turns into
an equality, as in the case of a single geodesic segment or Euclidean space, then
the possibly different limit points depending on 7 of the procedure will collapse
onto one unique point, the center of mass.

Bhatia and Holbrook studied the question in [13] that whether the ALM-
mean is the same as the center of mass. It turned out by numerical simulations
that they are generally slightly different. In this context we can say a bit more
about this. Since the manifold P(r, C) has nonpositive curvature (Theorem 4.8),
it is automatically k-convex for k = 2, therefore we may use all the above
machinery presented above. Now the ALM-mean is the same as the one given
by Theorem 5.5 for n = 3 variables. By Theorem 5.11 we know that the above
two points are the same as long as the starting points lie on a single geodesic
segment. In the other cases we have an upper bound on their distance according
to Corollary 5.9. It seems so that the difference of the two points may be due to
nonzero curvature. Theorem 5.5 gives an extended geometric mean for several
matrices which is the same as the one defined by Jung-Lee-Yamazaki in [32] for
one particular infinite sequence of permutations 7.

This is also the case for the special orthogonal group which is also an actively
studied manifold in terms of averaging. The references are [46], [48]. SO(n)
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is locally k-convex which is the consequence of the following two important
propositions in [53].

Proposition 5.12 (Ohta). A CAT(1)-space (X, d) with diam X < 7/2—¢,e €
(0,7/2) is k-convex for k = (m — 2¢) sine/ cose.

Proposition 5.13 (Ohta). An Alezandrov space with a local upper curvature
bound is locally k-convex for any k € (0,2).

For these kind of spaces we may also use the machinery presented here in
the previous sections since they are themselves C-domains or they have subsets
small enough to be Ck-domains. Therefore the above claims for the case of the
geometric mean can be carried out also for these spaces. In these spaces we can
define means of several points as an extension of the midpoint maps in the spaces
as the limit point of the procedure in Theorem 5.5. The above two propositions
due to Ohta tells us how to translate the requirement of k-convexity to the
language of curvature. As we can see, an upper curvature bound suffices.

Interestingly enough in the case of the arithmetic and harmonic means, the
ALM-mean, the BMP-mean and the Iterative mean are all the same. This
follows from Corollary 4.12 which tells us that the n-variable arihtmetic mean is
the center of mass on P(r, C) with its inherited Euclidean metric, while similarly
by Proposition 4.13 with diffeomorphism f(X) = X!, we have that the n-
variable harmonic mean is the center of mass as well on the manifold P(r,C)
diffeomorphic to itself by f(X). Furthermore Proposition 5.10 tells us that
since these spaces are Euclidean, our Iterative procedure gives back the center
of mass. Actually Proposition 5.10 does not prove this explicitly for the ALM-
and BMP-process, but using the same ideas, similar proofs can be carried out for
these two procedures as well. While this argument work for these means which
are related to Euclidean spaces, it does not work in the case of the geometric
mean. Even more it seems so that if the metric space is not Euclidean, then all
these means are different.

6 Symmetric Matrix Means as Metric Midpoints

The kind reader probably noticed how important are these metric structures
corresponding to matrix means. Especially in the case of the geometric mean,
where the corresponding space is non-Euclidean, therefore the above discussed
extension problems are far from being trivial. The original program of the
author was to show that each symmetric matrix mean is a midpoint operation
on a complete metric space, thus all the matrix mean extension problems are
treatable through the above metric geometric framework. However it turned
out that this program was too ambitious, there are actually very few symmetric
matrix means which are midpoint operations on Riemannian manifolds. Even
there are very few if we just want the corresponding manifolds to be affinely
connected, but not necessarily metrizable.

In this section we will answer these questions. We will classify all possible
affinely connected manifolds which have a midpoint operation that happens
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to be a symmetric matrix mean. This classification will also show us which
symmetric matrix means have a corresponding weighted mean that is also a
geodesic in some affinely connected manifold. We will begin with some general
geometrical constructions, which will be applied later in the case of symmetric
matrix means. With the help of these tools we exhibit some symmetries of
the possible affine connections that can occur, which ultimately lead to their
classification. In fact it turns out here at the end that all symmetric matrix
means which are midpoint operations on P(r,C) have its corresponding affine
connection of the form

K _ _
Vx,Yp, = DY [p][Xp] — 9 (pr 1Yp + Ypp 1Xp) ) (6.1)

where 0 < k < 2 and the tangent space is H(r, C), the space of hermitian matri-
ces, at every point p € P(r,C). This result is summarized in Theorem 6.14 in the
end of this section. During the classification process we will exhaustively study
the properties of these possible connections, namely their parallel transports,
metrizability, symmetricity, etc.

6.1 Affinely Connected Manifolds and the Exponential
Map
Let W be a smooth manifold. The tangent bundle TW is the disjoint union of
all the tangent spaces T, at point p, i.e.
™ = |J {p} x T,W. (6.2)
peEW

Definition 6.1. [Affine Connection] An affine connection (or Koszul connec-
tion) V on a smooth manifold W is a mapping

C®(W,TW) x C(W,TW) s C®(W,TW)
(6.3)
(X,Y) = VxV

of smooth vector fields X,Y € C (W, TW), which satisfies the following prop-
erties:

1. VixY = fVxY, that is, V is C°°(W,R)-linear in the first variable.

2. Vx(fY) = df[X] + fVxY, that is, it satisfies the Leibniz-rule in the
second variable.

3. Vx(Y1 +Y3) = VxY; + VxYs, that is, linearity in the second variable.

The geodesics of an affine connection can also be defined as smooth curves
~(t) satisfying

Vyw () = 0. (6.4)
In this case the exponential map exp,(X,) is defined to be
exp, (Xpt) = (1), (6.5)
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where 7/(0) = X,,. Similarly to the Riemannian case, the logarithm map log,(¢)
is defined as the inverse of exp,(X,).

We also define the parallel transport vector field X(¢) of a given vector
X0y € TyyW along a smooth curve () as the solution of the ODE

Vo X(t) =0. (6.6)

A Riemannian structure automatically leads to a distinguished affine connection,
the Levi-Civita connection. The only connection which is compatible with the
metric (-, -) p» according to the Fundamental Theorem of Riemannian geometry
[27, 25]. The above definitions are given in the modern, index-less notation. We
may state them fixing a coordinate frame using indices. In particular to an affine
connection V, in the fixed coordinate frame e; = %, we have corresponding
Christoffel-symbols I'%; given as

Ve, ex = F;kei. (6.7)

This gives the equivalence between the index-less and the classical notation. If
we have a Riemannian metric g;;, that is, a given positive definite tensor at
every tangent space, smoothly varying over the manifold W, the corresponding
metric compatible Levi-Civita connection is determined by the assumption that

From this we obtain the Christoffel-symbols in the form

i 1 im gmk n 9gmi _ g1
ik = 99 O dzk  dxm )’

(6.9)

where ¢** denotes the inverse of g;;. It follows that the Levi-Civita connection
is a symmetric connection (torsion-free), i.e. I =T
The covariant derivative of a vector field X™ F,, is given as

oxm

VaX™ = Ox!

+ TP Xk, (6.10)

Similarly we define the covariant derivative of tensors as

aAik
o'

V., A% = + 10, AR 4 Tk At (6.11)
For covariant tensors we have a negative sign before each F; , and the indices
are lowered accordingly.

In the remaining of this section we reconstruct the exponential map of an
arbitrary affinely connected differentiable manifold based on its midpoint map.
Without loss of generality we fix a base point p as the starting point of the
geodesics. The basics of the exponential map of a manifold can be found for
example in Chapter I. paragraph 6 [27].
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Theorem 6.1 (M. Pélfia [56]). Let M be an affinely connected smooth mani-
fold diffeomorphically embedded into a vector space V. Suppose that the midpoint
map m(p, q) = exp,(1/2log,(q)) is known in every normal neighborhood where
the exponential map expp(X) s a diffeomorphism. Then in these normal neigh-
borhoods the inverse of the exponential map logp(q) can be fully reconstructed
from the midpoint map in the form

log,(q) = lim , (6.12)

n— oo

m(p,q)°" —p
1
o

where we use the notation m(p,q)°™ =m (p,m(p, q)o(”*l)),

Proof. We will use some basic properties of the differential of the exponential
map to construct the inverse of it, the logarithm map. Since in small enough
normal neighborhoods the exponential map is a diffeomorphism, it can be given
as the inverse of the logarithm map log,(q).

By the basic properties of the exponential map we have

Jexp,(Xt) i exp,(Xt) —p X

ot e 0 t ’

(6.13)

where X € T,M. Here we used the fact that we have an embedding into a
vector space. Suppose expp(X ) = ¢ is in the normal neighborhood. We are
going to provide the limit on the right hand side of the above equation. The
limit clearly exists in the normal neighborhood so

exp, (Xt) — exp, (X&) — on _
im M — lim M = lim w (6.14)
t—0 t n— o0 5 n—o00 5w
Here we use the notation m(p, ¢)°™ =m (p, m(p, q)o("_l)). We are in a normal

neighborhood so the exponential map has an inverse, the logarithm map, so the
limit may be written as
exp, (Xt) —p

X =lim———— = lim
t—0 t n—o00

m(p,q)°" —p
% = log, (q)- (6.15)
2TL

O

In the above assertion we used the midpoint map to reconstruct the expo-
nential map, but we can use any map that yields a point, other then the ending
points, on the geodesic connecting two points in the normal neighborhood. This
is summarized in the following

Proposition 6.2 (M. Pélfia [56]). Let M be an affinely connected smooth man-
ifold diffeomorphically embedded into a vector space V. In every normal neigh-
borhood N let v,.5(t) denote the geodesic connecting a,b € N with parametriza-
tion v4.5(0) = a and v,,5(1) = b. Suppose that the map m(a,b),, = Vo b(to) =
exp,, (tolog,(q)) is known for aty € (0,1) in every normal neighborhood N where
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the exponential map is a diffeomorphism and a,b € N. Then in these normal
neighborhoods the logarithm map can be fully reconstructed as

log,(q) = lim mip, 9y —p

, (6.16)

on — o(n—1)

with the notation m(p,q)gr =m (p,m(p, Qo ) . We also obtain the expo-
to
nential map by inverting log,(q).

We are going to use this construction in the next sections to characterize
matrix means which occur as midpoint maps on affinely connected manifolds.

6.2 Geometric Constructions Applied to Matrix Means

As we already know since Section 3, that an important consequence of Kubo-
Ando theory is that every matrix mean can be written in the form

M(A,B) = AV2f (A*I/QBA*I/Q) A2, (6.17)

where f(t) is a normalized operator monotone function. For symmetric means,
we have f(t) = tf(1/t) which implies that f’(1) = 1/2. Recall from Section 2
the integral characterization that an operator monotone function f(t), which is
defined over the interval (0, 00), possesses:

f(t)=a+6t+/0°o <A2A+1 —Ait> du(N), (6.18)

where « is a real number, 8 > 0 and p is a positive measure on (0, 00) such that

>~ 1
—du(\) < cc. 6.19
| e (619)
We will use this integral characterization at several points in order to show that
certain functions are analytic.

We are interested in finding all possible symmetric matrix means which are
also geodesic midpoint operations on smooth manifolds. We will call such a
matrix mean affine [64]:

Definition 6.2 (Affine matrix mean, M. Palfia [56]). An affine matrix mean
M : W? — W is a symmetric matrix mean which is at the same time a geodesic
midpoint operation M (A, B) = exp4(1/2log4(B)) on a smooth manifold W D
P(n,C) equipped with an affine connection, where B is assumed to be in the
injectivity radius of the exponential map exp 4(z) of the connection given at the
point A. The mapping log 4(x) is just the inverse of the exponential map at the
point A € W.

The following assertion will show that if a matrix mean is affine then the
exponential map of the corresponding smooth manifold has a special structure.
We will use similarly the notation M (A, B)°™ = M (A,M(A, B)O(”_l)) as be-
fore.
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Theorem 6.3 (M. Pélfia [56]). Let M (A, B) be a symmetric matriz mean.
Then

lim = AY?1og, (A*l/QBAfl/Q) AL/ (6.20)
n—o0 —

where the limit exists and is uniform for all A, B € P(n,C) and log;(t) is an
operator monotone function on the interval (0,00).

Proof. We will prove the convergence to a continuous function log;(¢) in a more
general setting. The operator monotonicity in the matrix mean case will be a
particularization.

First of all note that by the repeated usage of (6.17) we can reduce the above
problem to the right hand side of the following formula:

on __ A_l/zBA_1/2 o I
MAB)™ = A _ pf (ATPBAT) T =1 japy (o

b b

From now on we will explicitly use the notation g(¢)°" = g (g(t)o("_l)) for
arbitrary function g(t) where this notation is straightforward.

Due to the above formula it is enough to prove the assertion for a single op-
erator monotone function f(¢t). If the corresponding matrix mean is symmetric
then we have f(t) = ¢tf(1/t) which implies that the derivative of the operator
monotone function f(¢) is 1/2 at the identity, so f’(1) = 1/2. Actually this is
just the special case of this problem considered for arbitrary concave, analytic
functions f(¢) given in the following form

lim 7]”()()0” -1
n—oo  fI(1)7 ’

for X € P(n,C). As every operator monotone function which maps (0,00) to
(0, 00), is analytic on (0,00) and has an analytic continuation on the complex
half-plane, we can consider the functional calculus for hermitian matrices in the
above equations. Therefore we can further reduce the problem to the set of
the positive reals by diagonalizing X and considering the convergence for every
distinct diagonal element separately.

Without loss of generality we may shift the function f(¢) by 1 so it is enough
to show the assertion for

g(t)O’I’L

nl~>oo g’(O)” ’
where g(t) = f(t+ 1) — 1 and so ¢g(t)°" = f(t 4+ 1)°™ — 1. From now on we will
be considering the shifted problem for the sake of simplicity. At this point we
must emphasize the fact that the function g(¢) must have 0 as an attractive and
only fixed point on the interval of interest (—1,00). In the unshifted case this
is equivalent to f(t) having 1 as the only attractive fixed point on the interval

(0, 00), which is the case by Banach’s fixed point theorem for normalized opera-
tor monotone functions f(¢) with f'(1) = 1/2 (operator monotone functions are

(6.22)

(6.23)

96



also concave, so f”(t) < 0). We can also assume that 0 < ¢’(0) < 1. The rest of
the argument will be based on the claim that the above limit of analytic func-
tions of the form g¢(¢)°"/¢’(0)" is uniform Cauchy therefore the limit function
exists and is continuous.

First of all we have 0 as the attractive and only fixed point of g(t), so for
arbitrary z € (—1,00) the sequence z, = g(z)°" converges to 0. We have
9(0) = 0 and by the mean value theorem we have

n

oo = g(@)°" = g'(tn)g()°" D = [ ¢ (ti)=, (6.24)
i=1
where t; € [0,g(z)°C" V] if 2 > 0 or t; € [g(x)°0~1,0] if z < 0, since g(¢) is a
concave function on (—1,00). As x,, — 0 for arbitrary = we have ¢'(t;) — ¢'(0).
Now we have to obtain a suitable upper bound on

g(@)°"  g(x)™™
S~ S (029
We argue as follows
‘g(w)"" _ @) lg@)" = g'(0)" " g(x)°
g g g'(0)" B
[[ 19/ () — g'(0)" ™[ [I[Z, ' (t)]
< | - PIOR | |z = (6.26)
g ||,
R SRl ok

Now uniform convergence follows if |2, ¢'(¢;)/¢'(0)] < oo because then the
tail ]2, 1 9'(t:)/9'(0) = 1 so (6.25) can be arbitrarily small on any compact
interval in (—1,00) by choosing a uniform m. By the continuity of ¢’(¢) and
z, — 0 we have ¢'(¢;) — ¢’'(0) and by assumption 0 < ¢’(0) < 1, therefore
there exists N and ¢ such that for all i > N we have 0 < ¢/(¢;) < ¢ < 1. What
follows here is that 3K, Ky < oo such that |ty] < Ky and |¢”(t;)] < K for
all i > N. This yields the bound |t;| < K1¢*~" for all i > N. Considering the
Taylor expansion of ¢'(t) around 0 we get

9’/ (t:) _ 4'(0) fg”(té)ti (6.27)
g'(0) g'(0)
for 0 < ¢ < t;. What follows from this is that
ﬁ gll(ti) < ﬁ <1+ KlKZqiN>' (6.28)
P (O N 9'(0)
< K K

The infinite product on the right hand side converges because ijo 707 ¢
converges hence |[[:2, ¢/(£;)/¢'(0)| < oo for all z in the compact interval.
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At this point we can easily establish the convergence for normalized operator
monotone functions because they are concave functions by Theorem 2.4, so
f"(t) <0 and they have only one fixed point which is 1. The fact that the limit
is operator monotone in this case follows from the operator monotonicity of the
generating f(¢). O

Actually the above proof works for a larger class of functions then the family
of normalized operator monotone functions. The limit in (6.22) exists and it is
a continuous function if the twicely differentiable function f(¢) has 1 as the only
attractive fixed point and the derivative —1 < f/(¢) < 1.

Proposition 6.4 (M. Pélfia [56]). The limit function log;(t) in Theorem 6.3
maps P(n,C) to H(n,C) injectively and

I-X'<log/(X)<X-1T (6.29)
for all X € P(n,C) with respect to the positive definite order of matrices.

Proof. By Theorem 2.12 we know that an operator monotone function has non-
negative derivative, also by Theorem 2.4 we have that its second derivative is
nonpositive. Now suppose that log;(¢) has zero derivative at some point tq in
its domain. Then by the preceeding two observations, for all ¢ > ¢g, log;(t)
must be constant. Since this function is analytic on (0,00) and it has an ana-
lytic continuation by virtue of Corollary 2.26 to the upper half plane. So if it
is constant for all ¢ > tg, then its power series consist of a constant term. The
function, since it is analytic on (0, 00), equals to its power series on the domain
of its analyticity, so it should be constant on the whole (0, 00) interval.

Now we will show that this cannot happen. Suppose we have two normal-
ized operator monotone functions f(t) and g(t) corresponding to two symmetric
matrix means and f(X) < g(X) for all X € P(n,C). Then it is easy to see that
log; +(X) <log; ,(X) for the two log;(t) corresponding to f(t) and g(t) respec-
tively in Theorem 6.3. By Theorem 3.4 we know that the smallest symmetric
matrix mean is the harmonic mean, while the largest is the arithmetic mean, in
other words

5 5 (6.30)

for all symmetric matrix means M (A, B) and arbitrary A, B € P(n,C). This
inequality is equivalent to

Al 4B\ ! A+ B
(*) < M(4,B) < 27

I+X
2

(6.31)

I+ X1
2

>_1 < f(X) <

at the level of the representing normalized operator monotone functions. Now
the harmonic and the arithmetic means are affine means, in particular they
correspond to Euclidean manifolds. The logarithm map is log,;(X) = X —
I in the case of the arithmetic mean, while log;(X) = I — X! in the case
of the harmonic mean, by using Theorem 6.1 and 6.3 and the corresponding
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Euclidean metric structures. Now again we have log; ((X) < log; ,(X) for
two corresponding normalized operator monotone functions f(¢) and g(¢). This
combined with inequality (6.31) yield (6.29). Now it remains an easy exercise
to see that log;(X) cannot be constant on (0,00), since then it would violate
inequality (6.29).

These observations yield that log;(¢) is injective, since it is nonconstant
operator monotone, and it follows from the functional calculus that it maps
P(n,C) to H(n,C). O

Since log;(t) is operator monotone on (0,00), it is also analytic there, so
it has an analytic inverse exp;(t) by Lagrange’s Inversion Theorem, since its
derivative is nonzero due to Theorem 6.4. It is also easy to see that log(1) = 1,
so exp7(0) = 1 and since log;(1) = 0 we have exp;(0) = 1. This follows from

the fact that )
"__ ! t o1
log(t) = lim_ Ly FU®7) fi(f( ) ), (6.32)
2TL
since log;(¢) is a uniform limit of analytic functions, therefore its differential is

the limit of the differential of the functions %, which are also uniformly
converging due to a similar argument to the one given in the proof of Theo-
rem 6.3 and f’(1) = 1/2 by the symmetricity of the matrix mean. By these

considerations we have just arrived at the following

Proposition 6.5 (M. Pélfia [56]). If a symmetric matriz mean M (A, B) is an
affine mean, then the exponential map and its inverse, the logarithm map are of
the following forms

exp,(X) = p'/* exp; (p_1/2Xp‘1/2) p'/?

(6.33)
log, (X) = p'/* log; (p”“Xp*”Q) p'?

for p € P(n,C), where exp;(X) and log;(X) are analytic functions such that
exp; : H(n,C) — P(n,C) and log;(X) is its inverse and log;(I) = I,exp’(0) =
I,log;(I) = 0,exp;(0) = 1.

Note that by Weierstrass’s approximation theorem we also have
p'/? exp; (p*”sz*W) p'/? = pexp; (p7'X)

(6.34)

p'/?log; (p_l/QXp_l/z) p?* =plog; (p'X).

In some cases, to ensure easier reading, similarly as in the above formulas, we

will denote matrices with uppercase letters which are elements of some tangent

space, while at the same time we will use lowercase letters for denoting matrices
which are points of a differentiable manifold.
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6.3 Constructions of Invariant Affine Connections

Let us recall the Riemannian manifold with given metric (4.2). This is actually
the symmetric space GL(n,C)/U(n,C), where U(n,C) denotes the group of
unitary transformations. We did not cover the theory of symmetric spaces, but
we shall not need it, so the symmetricity of this space is just mentioned as a
fact, although it is a very important one from a certain point of view [16]. We
will turn back to this later. What we do need is that the Levi-Civita connection
corresponding to this Riemannian manifold is

vXpr = DY[p] [Xp] - % (pr_lyp + Ypp_lXp) ) (6.35)
here DY [p][X,] denotes the Fréchet-differential of ¥ at the point p in the di-
rection X,,. One important property fulfilled by symmetric spaces is that their
connection is invariant under their parallel transport. So the above connection
is also an invariant one.

The question that can be asked at this point is that are there other sym-
metric matrix means which correspond to symmetric spaces as midpoint maps
on P(n,C)? Two other examples are known, these are the arithmetic mean and
the harmonic mean. The symmetric spaces corresponding to these two means
are Euclidean while the symmetric space corresponding to the geometric mean
has nonpositive curvature. It has flat and negatively curved de Rham factors.

At this point we begin with the characterization of means that correspond
to affine symmetric spaces in general. What we know at this point is that the
two functions, which are of each others inverse, log;(t) and exp;(t) exist for
all symmetric matrix means, as it was proved in Theorem 6.3. The calculation
of the limit (6.22) might be complicated. We give examples where the limit
function may be calculated relatively easily.

Ezxample 6.1. Consider the one-parameter family of means

1/q
I+ (X 12y x-1/2)1
X1/2< * ) X2, (6.36)

2

These functions are actually matrix means if and only if ¢ € [—1,1] as we
will see later, but nonetheless we can consider the case now when ¢ is an
arbitrary nonzero real number. The corresponding generating functions are

fq(t) = \/W. We have

1/q
1 1429
1+ +T2

fal@)? = | —52— (6:7)

Examining the continued fraction that occurs here, it is easy to justify the
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following

on a1 1 1\1/4q
g Ja@ =1 Get st dar) -1
noo fH(L) oo o
z? 1\1/a
— lim (274—1—27) _l—lim (twq—t+1)1/q—1_ (6.38)
n— oo 2% t—0 t
CO(ta? —t+ D)V a1
ot —0 qg

In [25] and [27] there is an extensive study of affine connections on man-
ifolds. A well known fact is that the affine connection on a manifold can be
reconstructed by differentiating the parallel transport in the following way

Y0¥y — Yy
t b

Vx, Y, = tlgr(l) (6.39)
where ~(t) denotes an arbitrary smooth curve emanating from p in the direction
X, = 0v(t)/0t|t=0 and I'; (7)Y denotes the parallel transport of the vector field
Y along the curve v from ~(t) to y(s), refer to [25, 27]. The above limit does
not depend on the curve itself, only on its initial direction vector and it depends
on the vector field Y in an open neighborhood of p. On affine symmetric spaces
the parallel transport from one point to another is given by the differential of
the geodesic symmetries with a negative sign. The geodesic symmetry is given
as

Sp(q) = exp,,(—log,(q))- (6.40)
On affine symmetric spaces this map is an affine transformation so one can
conclude that Py ¥i)
e
P0(y)y = — 25072 (exPy( , (6.41)
ot t=0

where v(t) is a geodesic connecting p = v(0) and ¢ = ~v(1).
We have already proved the following formulas for the exponential and log-
arithm map at the end of the preceding section

exp,(X) = p'/?exp; (p_1/2Xp‘1/2) p'/? =pexp; (p7'X)

(6.42)
log, (X) = p*/?log; (p‘1/2Xp‘1/2) p'/? = plog; (p~'X).

The above identities already specify the geodesic symmetries with the notation
51(X) = exp;(—log; (X)) as

Sp(q) = exp,(—1log,(q)) = p"/*S; (p‘1/2qp‘1/2) p/?=pSr(p~'q). (6.43)

Now we are in position to prove the following
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Theorem 6.6 (M. Pélfia [56]). Let P(n,C) be subset of an affine symmetric
space with affine geodesic symmetries given as (6.43). Then the invariant affine
connection has the form

K _ _
Vx,Y, = DY[p][X,] — 5 (Xpp 'Y, + Yp ' X,), (6.44)

where k = S7(1)/2.

Proof. We are going to use (6.41) to obtain the connection (6.44). We make the
assumption that the geodesic symmetries are of the form (6.43). The functions
exp,(X) and log,(X) are of the form (6.42), where exp,(t) and log;(t) are
analytic functions on a disk centered around 0 and 1 respectively. We also have
that log; (1) = 0, exp;(0) = 1 and furthermore

dexp;(t)

5 =1. (6.45)

t=0

First of all we have to differentiate the map S,(¢) given in (6.43) to obtain
(7)Y =T,.,Y, where v(t) is a geodesic connecting p = v(0) and ¢ = v(1).

05y (exp,(Y't))
ot t=0
=pDS; [p~'q] [p7'Y]

We used the fact that 0 exp,(Y't)/0t|;=o = Y which is a consequence of exp?(0) =
1.

_ OpSi(p~ exp, (Y1)
N ot

(6.46)

t=0

Now we are going to differentiate the parallel transport as given by (6.41) to
get back the connection. We use the holomorphic functional calculus to express
the Fréchet-differential in (6.46) as

DSI[X][U] = % / Sy()[] — X]~ U1 — X]~'de. (6.47)

It also easy to see that DS[I][I] = S7(1) = —1, so we may express the limit
(6.41) by the following differential

Tyiotiy = - LIPS OV e Yol | g

t=0
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we massage this further by using the holomorphic functional calculus

= Dt/ / ST = (/) (O] (/2 Yy

_%7’(0)7(0)*1&(0)1951 =

—’y(O)_/Sj(z){[zl—l]_1;7(0) Y(0) 2L — 1)y (0) Y[ — 1) +

211

2T —(t/2) 7 () Mz, =

21O O ~ 17+

BT 117|207 5 08(0) Va0, +2(0) DY B O] (0]

+ [2f = 17 'y(0) Yooy [ — 1] 7T

(2] — 17!} de =
(6.49)

by using the fact that DS;[I][I] and [2I — I]~! commutes with every matrix we
get

_ DSI[ H ]7/(0) (0) 1Y( 0)—

1 dzl -~
—A(0)-n / L (0)y(0) Vo)
g

277
05 5
27T g
05 7
2 g
at this point we are going to use the integral representation

: 1l
s§ﬂ>(1):‘7—ﬂ/ Si2) .
g

2ri J, (z — 1)i+

Yo 07 (0)7(0) ™' =

[ ; ) O(0) Y0y + () DY (O] (0)
(6.50)

to further simplify the above.

S//(l)
Voo Yy = ==

[ (0)7(0) ™Y 0) + Ya0)7(0) 71/ (0)] —

- 552(1) 7' (0)7(0) Yy 0) — 552(1) [/ (0)7(0) Y0y + 2DY [4(0)][/ (0)] =
= —SDY BT )] 2L [ 0300 + Vo007 (0)].
(6.51)
So we have that x = S7(1)/2.
U
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The above clearly tells us that all symmetric spaces occurring in such a way
that their midpoint operation is a matrix mean, have invariant affine connections
in the form (6.44). We are going to study these connections as x being a
parameter. We will find out in the next section for which values of k are these
spaces symmetric. Also for arbitrary real x (6.44) defines an affine connection
with corresponding exponential and logarithm map which are of the form (6.42).
This fact follows from considering the geodesic equations for the curves v, (t) =
expy (p~/2Xp1/t) and yo(t) = exp,(Xt) = p'/Zexp; (p~1/2Xp~1/2t) p'/2.
We will also determine if these connections are metric or not.

6.4 Properties of These Affine Connections

Our next step is to integrate the geodesic equations corresponding to the one
parameter family of connections (6.44).

Theorem 6.7 (M. Pélfia [56]). The geodesic equation corresponding to the
affine connection (6.44) is

5 = k5. (6.52)
The solution of this equation is the following one parameter family of functions

(1—r)X +1]TF  ifs#1,

exp(X) else. (6.53)

expr(X) = {

Proof. First of all note that by (6.42) it is enough to solve the equation (6.52)
for real numbers. Therefore the equation takes the form
exp/ (t) = kexp](t)* exp (). (6.54)

If we transform the equation to the inverse function of exp;(t) which will be the
logarithm map log;(t), then we get a separable first order differential equation
of the form

log? (t) = —klogh (t)t ™ . (6.55)
Solving the above we get the logarithm map as
XUl g £
log;(X) = I=r ’ 6.56
81(X) {log(X) else. (6.56)

From this by inverting the above function we get the assertion.
O

Since we have integrated the geodesic equations we can get back the means
which induce these affinely connected manifolds using (6.42)

MOXY) =exp (5 1o6x(Y)) =

(6.57)

2

1
1 _ 1-x] 1%
X1/2 {”(X XTI X2 i1,

1/2

X2 (x—12y x—12) 7 X2 clse.
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The above functions are matrix means if x € [0,2], see exercise 4.5.11 [11].
For other values of k the corresponding functions fail to be operator monotone,
however they still may be considered as means from a geometrical point of view.

If Kk = 0 we get back the arithmetic mean as the midpoint operation, and
the weighted arithmetic mean

A(A,B)=(1-t)A+1tB (6.58)

is the geodesic line connecting A and B with respect to the metric (X, Y>p =
Tr{X*Y}. If k = 2 we get back the harmonic mean as the midpoint operation,
and the weighted harmonic mean

Hy(A,B) = (1—t)A" +tB™ )" (6.59)

is also a geodesic with respect to the metric (X, Y>p =1Tr {p*QXp*QY}. We
have already mentioned that the second metric is isometric to the first one, so
it is also Euclidean.

In the case when k = 1 the midpoint is the geometric mean and the geodesics
are given by the weighted geometric mean

t
Gi(A, B) = AY/? (A*l/QBA*W) A2, (6.60)

The corresponding Riemannian metric is (X,Y) = Tr {pilprlY}. This
manifold, which is the symmetric space GL(n,C§/ U(n,C), satisfies the semi-
parallelogram law (see Section 4.1), so is nonpositively curved while the other
two has zero curvature.

So we already know that in the case of arithmetic, geometric and harmonic
mean (k = 0,1,2 respectively) we have a corresponding Riemannian metric.
These metrics are of fundamental importance in the theory of matrix means
as we have seen so far. Since all of the manifolds of this one-parameter family
are analytic, we can omit the study of holonomy groups and study the problem
directly using power series expansions as in [21]. It is also easy to see that these
connections are symmetric and torsion free so all of them can possibly be a
Levi-Civita connection of a Riemannian manifold.

Let W be an analytic manifold with a symmetric affine connection. Let
R;-kl denote its Riemann curvature tensor with respect to a coordinate frame.
Then W admits a Riemannian metric g;; if and only if every solution g;; of the
following system of equations

gs1 Ry + 9is R = 0 (6.61)
also satisfies the system of equations
gSlRfkl;m + giSR;kl;m = 0’ (662)

here we use the FEinstein summation convention for repeated indices and the
semicolon ; to denote the covariant differentiation with repsect to the index
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which follows the semicolon. The above theorem can be found in [75] as Theorem
1.3. Similarly one may also consult the classical paper [21].
In our case it turns out that

i K _ _
Uil = — 5 (Ep 'Ey, + Exp ' E))

; K KJ2
R Ei = (2 - 4> (Ejp ' Exp "By + Epp ' Eyp 'E;— (6.63)
—E;p 'Ep 'Ey — Exp ' EpT'E)),

where the E; form the standard basis of the vector space of hermitian matrices.
In order to determine which of these manifolds are symmetric spaces it is suffi-
cient to calculate the covariant differential RSy, since it vanishes everywhere
if and only if the underlying manifold is a symmetric space. So we have by
definition

i a]%;"lcl i n
iklm i = D E; + 1, R Ei—

n % n
- ijRnklEi Lk

(6.64)

% n i
ijnlE’L - 1—‘lﬂ% gk:mE‘Z

After some calculations one gets the following formulas
ORipy
dxm '

K /’€2 _ _ _ _ _ _
= (—) (=Ejp 'Enp 'Exp 'Ey— Ejp 'Exp ' Epnp ' E+

2 4

+Ejp 'Enp 'Epp By + E;jp ' Ep T Ep T B —
— Ep 'Enp 'Exp 'E; — Epp ' Eyp ' Enp 'Ej+
+Erp " Epnp "Epp 'E; 4+ Exp  'Epp” ' Epp ' Ej)

?r-zm ;’LklEi =
K [ KR KZQ _ _ _ — _ —
=-3 (2 - 4) (Ejp™ Evp™ ' Epp~ By — Ejp™ Eip™ ' Exp™ B+

+ Ep 'Ewp 'Ejp ' Em — Exp  'Eip ' EjpT Byt
+ Epp 'E;jp 'Exp 'Ey — Epp 'Ejp 'Epp ' Ex+
+Eup ' Ep 'Exp 'E; — Epp 'Exp 'EipT'Ej) .

(6.65)

It is possible to check using the above that Rj,, = 0 everywhere if and only
if Kk =0,1,2. This proves the following

Proposition 6.8 (M. Pélfia [56]). The only symmetric matriz means which are
affine means corresponding to symmetric spaces are the arithmetic, harmonic
and geometric means.

Now we turn to the metrization problem. First of all we compute the parallel
transport map over a geodesic connecting an arbitrary point and the identity.
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Proposition 6.9 (M. Palfia [56]). Let c(t) be a geodesic with respect to the
connection (6.44) and c(0) = I,c(1) = p. Then the unique solution of Vi)Y =
0 with respect to the connection (6.44) and the initial condition Y,y = Yo is
the vector field

Y (t) = c(t) 2 Yoe(t) . (6.66)

Proof. We have to integrate the equation V()Y ;) = 0. This is equivalent to

K

DY [e(][¢'(t)] = 5 (¢'(B)e(t) ™ Yeqr) + Yewe(®) ¢/ (¢)) = 0. (6.67)
We will be looking for the solution Y, ;) = Y'(t) in the form
Y(t) = fle(®)Yof(c(t), (6.68)

for some analytic function f(x). We have for the Fréchet-differential

= O _ TCO e + stetnyre LD,

Now substituting into the equation of the parallel transport above, we get

df (c()) df(c(t) _ &
dt dt 2

DY [e(t)][¢'(t)] (6.69)

Yof(c(t)) + f(c(t)Yo

(¢ (Be(t)™ Vo) + Yee®) /(1) -

(6.70)
Since c(t) = exp;(tlog;(p)), it has a power series expansion, as has f(x), so we
have by commutativity that

mewen o) = LD~ preiee) = e, @)

Since everything on the left and right hand side commutes with each other, we
arrive at the following separable differential equation

R KCH O (6.72)

which has its solution in the form f(c) = ¢*/2.

O

By the above proposition we should have the Riemannian metric in the form
<p—m/2Xp—n/2’p—m/2yp—m/2> (673)

for some positive definite bilinear form (-,-) given on the tangent space at I.
Due to the properties of R; » we conclude that a trivial solution of (6.61) is the
mapping Tr {XY} at I, since R§kz is the same for all k except for a constant
multiple and for £ = 1 we have the connection of GL(n,C)/U(n,C), for which
we have the solution Tr { XY} at I. But it is easy to see that Tr {XY} is not
a solution of (6.62) at I if k # 0,1,2. Similarly Tr {p‘lXp_1Y} is a solution
of (6.61) at arbitrary p for xk # 0,2, but it is not a solution of (6.62) if x # 1.
So we conclude
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Proposition 6.10 (M. Pélfia [56]). The smooth manifolds with affine connec-
tion (6.44) do not carry a Riemannian metric unless k = 0,1, 2.

So remarkably we have not found any previously unknown matrix mean so
far which is the midpoint map on a Riemannian manifold, although we have
already found a previously unknown, generally non-metrizable, one parameter
family of affinely connected manifolds where the midpoint operations are sym-
metric matrix means. Due to the above one would expect that these Riemannian
manifolds are sparse. Actually in the next section we show that this one param-
eter family of connections is exhaustive, there exists no other affinely connected
manifold where the midpoint map is a symmetric matrix mean.

6.5 Classification of Affine Matrix Means

Due to Proposition 6.5 we have the exponential and logarithm map in the form
exp, (X) = p'/? exp; (p‘l/QXp_l/Q) p'/?

log,(X) = p"/*log; (p_1/2Xp‘1/2) p'/?

for p € P(n,C), where exp;(X) and log;(X) are analytic functions. The function
exp; : H(n,C) — P(n,C) and log;(X) is its inverse, log}(I) = I,exp;(0) =
I,log;(I) = 0,exp;(0) = I. Suppose that (6.74) represent the exponential and
logarithm map of an affinely connected manifold. Then the analytic function
expy(t) is the solution of some geodesic equations

expy () + I (expy (t), expi (t), exp;(t)) = 0, (6.75)
where T'(+,+,+) : H(n,C) x H(n,C) x P(n,C) — H(n,C) is a smooth function
in all variables and linear in the first two. By Propostion 15 and Corollary 16
of Chapter 6 in [73] we know that connections which have the same torsion
and geodesics are identical and for an arbitrary connection there is a unique
connection with vanishing torsion and with the same geodesics. If we have an
affine connection with non-symmetric Christoffel symbols F;-k, it has the same
Diu+Thy

2

(6.74)

geodesics as its symmetric part , so without loss of generality we may
assume in our case that all connections are symmetric, so we will be considering
mappings I'(+, -, -) which are symmetric in their first two arguments.

Proposition 6.11 (M. Palfia [56]). Suppose that T'(-,-,-),exp(-), exp,(-) are
functions given with the above properties. Then

I'(X,X,p) =p'/*T (p‘l/sz_l/z,p‘l/QXp‘1/27 I) p/? (6.76)

forp € P(n,C) and X € H(n,C).
Proof. Let v(t) = exp; (p’1/2Xp*1/2t). Since exp; is an analytic function we
have

V() =p 2 Xp? exp) (p‘l/QXp‘1/2t)
(6.77)
V() = P2 Xp 12 exp”! (pfl/szq/zt) p2Xp 12,
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By the geodesic equations we have

V(1) = =T (' (1), (1), (1))

exp’! ( —1/2x )~ 1/2t) 1/2X 1p1/2F ( —1/2Xp—1/2 exp) (p—1/2Xp—1/2t) :
2 Xp 12 exp) (p—1/2Xp—1/2t) , exp; (p_1/2Xp_1/2t)) 12 x-1p1/2,
(6.78)

If we consider the geodesic equations for y(t) = exp,(Xt) we get
exp’! (p—l/sz—1/2t> _ —pl/QX_lF (Xp—l/Q exp) (p—1/2Xp—1/2t) p1/27

P/ exp) (p—l/sz—1/2t) 12X pl/2 exp; (p—l/sz—uzt) p1/2> X1pt/2,
(6.79)

The left hand sides of the two equations above are the same so as the right
hand sides. Taking ¢ = 0 and that exp’(0) = I,exp;(0) = I we get for all
p € P(n,C), X € H(n,C) that

p/2X~1pl/2r (p—l/QXp—l/Q7p—1/2Xp—1/27I) 12 x=1p1/2 _

(6.80)
= pl/inlr (X, Xap) X71p1/27

which proves the assertion.
O

By the above result we have just reduced the problem of characterizing
I' (X, X, p) to the characterization of ' (X, X, I'). Now we will show that " (X, X, p)
is invariant under similarity transformations.

Proposition 6.12 (M. Palfia [56]). For all p € P(n,C) and X € H(n,C) and
invertible S we have

I(SXS™',8XS5™ ", SpS™!) = 8T (X, X,p) S~ (6.81)
Proof. We have by the geodesic equations

X? exp] (Xt) = —T' (X exp(Xt), X exp](Xt),exp;(X1))

2 -1 / ' o (6:82)
SX?expf(Xt)S™" = —ST (X exp;(Xt), X exp;(Xt),exp,(Xt)) S~ .

Similarly if we consider the geodesic equations for the curve exp; (SX S _lt) we
get

SX2S expl(SXS't) = —T (SXS ' expj(SXS~'t), SXS " exp; (XS '),
exp;(SXS™'t))
SX?exp/(Xt)S™' = —I' (SX exp; (Xt)S™", SX exp}(Xt)S~,

Sexp,(Xt)S7).
(6.83)
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Again since the above two equations are identical we get the assertion.

By the above proposition we have for hermitian X that
N'Xx,XxX,I)=U0T(D,D,I)U", (6.84)

for some diagonal D and unitary U, so it is enough to characterize I' (X, X, I)
for diagonal X.

Theorem 6.13 (M. Pélfia [56]). Let D be diagonal with real coefficients. Then
I'(D,D,I)=—cD?, (6.85)
for some real valued constant c.

Proof. First we will show that " (I, I, 1) = cI for some real constant ¢. Consider
the case when ~(t) = exp;(AIt) for some real A. Then by the geodesic equations
for ~(t) we have

M expf (MTt) = —T (Nexp; (ML), Xexpy (AIt), exp;(AIt)) . (6.86)
By linearity of I'(+, -, -) in the first two variables, this is equivalent to
A2 expl (Mt) = —A?T (expl(At), exp; (ML), exp; (AIt)). (6.87)
Letting ¢ = 0 we get
el =-T(,I,I), (6.88)

where ¢ = exp/(0) is a real number, since exp; : H(n,C) — P(n,C) is an
analytic function with real coefficients in its Taylor series.

The next step is to show that for a projection P = P? = P* we have
['(P,P,I) = —cP. Consider again v(t) = exp;(Pt). Then the geodesic equa-
tions read

P? expl{(Pt) = —T (P exp}(Pt), Pexp;(Pt),exp;(Pt)) . (6.89)
Since P? = P and again letting ¢t = 0 we get
cP=-TI'(P,PI), (6.90)

where ¢ is trivially the same constant as determined above for T' (I, 1,I). Now
suppose that we have two mutually orthogonal projections P;, P, such that
P, P, = 0. Then we have for the projection P; + P, using linearity of I'(-, -, ) in
the first two variables that

T'(P, P, 1)+ T (P, Py, I)=—c(Pi+ P) =T (Py+ P>, P, + P2, 1) =

6.91
=0 (P, P, 1)+ T (P, P, I)+ T (P, P, 1) + T (P, P, 1), ( )

which yields that for mutually orthogonal projections P;, P, we get the orthog-
onality relation
[(P, P, I)=0. (6.92)
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Finally since a diagonal D can be written as D = .\, P; for mutually
orthogonal projections P;, we have

'(D,D,I)=T (Z AP Y AP, 1) —

=N N(P,PLI) =~ ) NP, = (6.93)

= —¢D?,

which is what needed to be shown.
O

The above three theorems with the other preceding results presented here,
lead us to the concluding

Theorem 6.14 (M. Palfia [56]). All affine matric means M (X,Y) are of the
form

g [IHGx Ay
M(X,Y) = 2
X1/2 (X—1/2YX—1/2)

1
1—r
X2 gfk#1,

(6.94)
2 x1/2 ifr=1,

where 0 < k < 2. The symmetric affine connections corresponding to these
means are .
Vx,Yp = DY [pl[X,] - 5 (Xpp 'Y, + Yp ' X,) . (6.95)

Proof. By Proposition 6.11, 6.12 and Theorem 6.13 we have that the functions
(- ) : Hn,C) x H(n,C) x P(n,C) — H(n,C) representing the Christoffel
symbols are of the form

(X, X,p) = —cXp 'X. (6.96)

This formula determines the functions that are the symmetric parts of the pos-
sible connections, and these connections have geodesics determined by The-
orem 6.7 in the form (6.94). Again by Proposition 15 and Corollary 16 of
Chapter 6 in [73] we know that connections which have the same torsion and
geodesics are identical and for an arbitrary connection there is a unique con-
nection with vanishing torsion and with the same geodesics. So in other words
since the connections (6.95) are symmetric, affine and have the same geodesics,
therefore they give the sought symmetric connections for each x if we choose
=K.

The corresponding midpoint operations have the form (6.57), and these are
matrix means if and only if £ € [0,2], since the representing functions f(t) in
(6.17) turn out to be operator monotone only in these cases (see again exercise
4.5.11 [11]). This gives us the complete classification of affine matrix means. [

71



It turned out so far that only 3 symmetric matrix means are midpoint oper-
ations on a Riemannian manifold. Even more, only a one real parameter family
of symmetric matrix means are midpoint operations on affinely connected man-
ifolds. These cases although do not cover the possible Finslerian manifolds,
or other metric spaces, however the sparsness of them suggests us that there
should be only slight hope for finding other such families of symmetric matrix
means. Even in this one real parameter family it is not hard to see that they
cannot be midpoints of a Finslerian space, since in that case the space should be
Riemannian, which is generally not the case, except the cases of the arithmetic,
geometric and harmonic means.

The above might be a disappointing result, since we cannot use the metric
space machinery of the previous section in general, however we will see in the fol-
lowing sections, that we do not have to. We will prove that the Iterative process
the ALM-process and even the BMP-process converges for all symmetric matrix
means. The BMP-process requires a weighted counterpart for each symmetric
matrix mean. At the moment, these are only given for affine matrix means as
geodesic lines, but we will show that it is possible to define a weighted counter-
part for every symmetric matrix mean without affine geodesy. Essentially the
next section will be about how to mimic these geometric structures and proofs,
or in other words: how to do geometry without geometric structures.

7 Extensions of Matrix Means without Metric
Structures

We have seen so far how well applicable are these metric structures. But this
purely geometrical framework works only in the case of the geometric mean,
the other two known cases are not of deep interest, the arithmetic and the
harmonic means are trivially extendable to several variables. At this point
our problem is that we cannot use the metric geometric machinery for other
symmetric matrix means to extend them to multiple variables. Clearly we
cannot talk about the center of mass, since without metric structures, it does
not exist. However we will be able to use somehow the Euclidean structure of
P(n, C) which corresponds to the arithmetic mean. We will combine it with the
partial order of P(n,C), the positive definite order. First we will consider the
Iterative mean process given in Definition 5.3 for all symmetric matrix means
and prove its convergence in general.

7.1 Iterative Mean for all Matrix Means

We will be considering not necessarily symmetric means, so we have to generalize
the procedure given in Definition 5.3. The following algorithm is by M. Palfia
[54].

The next section is devoted to the proof of the assertion that the sequences
(XF)k>0, @ = 1,...,n, generated by Algorithm 2 are convergent and have the
same limit point. Note that this limit point depends on the data X and M,
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Figure 5: Example of graph G* for step 4 of Algorithm 2. If this graph is chosen
in step 4, then step 6 yields Xf“ = M(XF, XxF), Xé““ = M (X%, XF), etc.

Algorithm 2 Iterative extension of a 2-variable matrix mean
1: Data: X = (X4,...,X,) € P(r,C)"; a 2-variable matrix mean M : P(r,C) x
P(r,C) — P(r,C).
. Initialization: X? := X;,i=1,...,n.
: for k=0,1,... do
4:  Choose a directed graph G* with n vertices labelled from 1 to n and n
edges labelled from 1 to n, such that G* is connected as an undirected
graph and every vertex has exactly two edges connected to it; see figure 5
for an example.

w N

5. fori=1,...,ndo

6: X = M(XF, XF), where j; is the tail vertex and I; the head vertex
of edge i in G*.

7. end for

8: end for
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and also, in general, on the graphs G* chosen in step 4 of Algorithm 2. In
order to emphasize this dependence, we will later on denote this limit point by
Mg (X1,...,Xn), where G stands for (G*)j>o.

7.1.1 Proof of the convergence of the procedure

In this section we will prove the convergence of the sequences of matrices given in
Algorithm 2 to a common limit point. We begin with showing the boundedness
of sequences in Algorithm 2, then we prove an inequality which is similar to
the semi-parallelogram law at a certain point in the set P(r,C). After these
preparations we move on to the main proof. At the end of the section, some
convergence related questions of the limit point of the sequences in Algorithm 2
are covered as well.

Lemma 7.1 (M. Palfia [54]). The sequences given in Algorithm 2 are bounded
for all n.

Proof. Let DY be matrices such that D? > X9 and DY < DY, ... < DY. Set up
the iteration given in Algorithm 2 on the DY matrices with the same infinite
sequence of graphs as given for the X matrices. Considering property (3.2)
and the monotonicity property, it is easy to see that Xf < Df and Df <DY
for all i and k. Therefore every XF is bounded above by DY for all i and k. In
the same way we may construct the lower bound as well. O

We advance further by showing that a ”semi-parallelogram law”

d(X,A)? +d(X,B)* 1

d(X, M(4, B))? < : Ld(A, By (7.1)
holds for X = 0 for the distance function defined by
d(A,B)* =Tr{(A- B)*(A-B)}, (7.2)

which is induced by the Hilbert-Schmidt inner product.

First of all, note that we are in the set P(r,C). Each element of this set
of finite norm is of finite distance from the 0 matrix measured with the above
distance function.

Lemma 7.2 (M. Pélfia [54]). For the distance function (7.2) and for any matriz
mean function M (A, B) < A%B the following holds

d(0,4)* +d(0, B)>
2

Proof. We will show that the above inequality can be reduced to an easier one,
which can be easily proved to be true. So using the distance function (7.2), the
above equation is equivalent to

d(0,M(A, B))? <

1
Zd(A, B)?. (7.3)

Tr {M(4, By M(4, )} < TAALIABEY

Tr{A’A} + Tr{B*B} - Tr {A"B} - Tr {B*A}
. .
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Noticing the fact that all of the matrices are hermitian we get

4 2
ogTr{(A;B)Q—M(A,BF}
0 <TT{<A;B —M(A,B)) (A;B +M(A,B)>} (7.4)

Thus we see that (7.4) is equivalent with the inequality of the assertion.

From the condition 252 > M(A, B) it is easy to see that 4t8 — M(A, B)

and # + M(A, B) are both positive definite as well, so
1/2 1/2
0< (A;B+M(A,B)) <A;‘BM(A,B)) (A;BJrM(A,B)) .

This yields (7.4), which proves the assertion. O

We will also need the following preparatory lemma, which involves the arith-
metic mean.

Lemma 7.3 (M. Pélfia [54]). Let XF be sequences given in Algorithm 2 with
M(A,B) < A48 then

n k+1 n k
2 i1 X < 2 im1 Xi ' (7.5)
n n
Proof. In one iteration step we have the following for every 4
Xk + XF
X =M (XL X)) < o (7.6)

It must be noted that every X lk appears twice when the Xf“-s are computed
since every vertex is one of the ending points of exactly two distinct edges in
the graph G*. So summing up these equations for every i we arrive at (7.5). O

Now we are ready to prove the main theorem of this section.

Theorem 7.4 (M. Palfia [54]). Let the matriz mean M in Algorithm 2 satisfy
M(A,B) < 448 for all A,B € P(r,C). Then the n sequences (XF)y>o, i =
1,...,n, generated by Algorithm 2 converge and have the same limit point.

Proof. We begin with showing that the distances d(XF, X Jk) are converging
to zero, where d(-,) is defined by (7.2). Later on we will show that the XF
sequences are themselves convergent.

Let us consider one iteration step in Algorithm 2, which actually maps pairs
of X¥ to a X" through a graph by taking the mean M (X, X¥) of the matrices
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Xf and X Jk corresponding to the two vertices of an edge. From Lemma 7.2 we
get

2 _ d(0,X;)" +d(0,X,,)°
- 2
where X} = M(X;,, X;,). Each vertex of the graph G* (step 4 of Algorithm 2)

has exactly two edges connected to it. So if we sum up the equations above for
every edge we arrive at

1
d(0,X}) - 4. X)), (77)

n

S (0,12 <Y d(0,X:)” - iZd(XJL,Xli)2. (7.8)

=1 1=1 i=1

i

Applying this to every iteration step we get

n

3 d (0, xF? Z (0, xF) —iZd(X]’-j,Xl’j)?. (7.9)
i=1 1=1

Ak+1 ag €k

Note that the above is valid for every possible infinite sequence of graphs.
Now the sequence a; > 0 measures the sum of the squared distances from
0 and the matrices of the m-tuple in every iteration step. This sequence is
monotonic decreasing and bounded from below by 0 and above by the initial
finite value ag, therefore it is convergent. From the convergence of aj and (7.9)
we have
Ak+1 S arp — (1/4)€k, (710)

which means that e, = > ., d (Xﬁ,X{jf — 0. Hence we know that the X
matrices are approaching one another.

Now from Lemma 7.1 it is easy to see that the matrix sequences in Algo-
rithm 2 are bounded, therefore they have a convergent subsequence of n-tuples
Xf 7 which must have the same limit point A. Let ij be another convergent
subsequence of tuples but with another limit point B. Without loss of generality
k; > 1;, we have from Lemma 7.3

n k; n l;
XY . ¢
ZZ:l 7 < Zzzl [ . (711)

n - n

But we may choose a subsequence of subsequences as k, < [,., then

ko, Ly
S b X
- n

. (7.12)

Taking the limits we have A < B and A > B, so A = B. Hence every convergent
subsequence of tuples has the same limit point (A4,...,A). Since the whole
sequence of tuples is bounded, it converges to (4,..., A) as well. O

At this point due to the Kubo-Ando theory of matrix means [36], we already
showed that the procedure converges for every symmetric matrix mean. This is
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so since the largest symmetric matrix mean is the arithmetic mean #7 refer

to Theorem (3.4).

Note that the above proof does not tell anything about the possibly different
limit points of the iterative procedures corresponding to different sequences of
graphs chosen in step 4 of Algorithm 2. These limit points generally seems to
be different, they depend on the graphs G* chosen in every iteration step k,
similarly to the metric space case. Therefore we also introduce the following
notation in order to express this dependence on the sequence of graphs. Let us
denote the infinite sequence of graphs with

G={G"G"..}. (7.13)

With this notation from now on we denote the common limit point of the se-
quences in Theorem 7.4 as Mq(X1,...,X,) to express the dependence of the
limit point on the sequence of graphs G.

The other question that one can ask (motivated by Theorem 5.6 in the
metric space case) is what is the rate of convergence of the sequences X¥ to
the common limit Mg (Xy,...,X,). Or more specifically how does the infinite
sequence of graphs G = {GO, Gl,.. } affect the rate of convergence. Generally
numerical experiments show that the rate of convergence should be linear for
all possible infinite sequences of graphs G. However it appears that the chosen
graphs can greatly affect the quotient of this linear convergence, similarly to the
metric space case, when we have the permutations w. The heuristic function
Idealmapping speeds up the convergence of the iterative procedure here as well.
Roughly speaking Idealmapping maximizes the length of the closed path in G*.
By length we mean the sum of the squared distances of the matrices X* from
one another measured over the edges of the closed path in G* with the distance
function (7.2). This is just the error term ey introduced in (7.10). Now one
can conclude that as Xf approaches the common limit point so does aj, its own
limit which is a nonnegative number. Therefore if we maximize ey in every step
we can speed up the convergence. This argument tells us how Idealmapping
works.

7.1.2 Properties of the extension Mq(Xy,...,X,)

Now that we have proved the convergence of this extension method, we advance
further by showing some useful properties of the limit point Mg (Xq,...,X,).

Proposition 7.5 (M. Pélfia [54]). The limit point Mg(X1,...,Xy) of the ma-
triz sequences given in Algorithm 2 satisfies 1.,3. and 4. in Definition 4.1 with
respect to an infinite sequence of graphs G.

Proof. Poperty 1. is trivial. We prove property 4. Let Xy,..., X, € P(r,C)
and X; < X! € P(r,C). Let us consider one iteration step with respect to
the mapping between the n-tuple of matrices and some graph g. Compute the
means with respect to the graph g on the two n-tuple given as Xy,...,X,, and
X1,..., X} . Considering the two iteration steps with respect to the same graph
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g we get the following inequalities

for all 4,5 pairs by the monotonicity property of mean functions. Using again
this property and (3.2), it is easy to see that throughout the iterative process
we will have these kind of inequalities so we can see that the order of matrices
is preserved by one iteration step, thus taking the limits we can see that the
two limits will have the same order as well.

Finally poperty 3. is an easy consequence of property 1. and 4., if minimum
and maximum exist. Setting up the same iteration on the new n-tuple formed
by the minimal element we get the inequality on the left in property 3., similarly
we can obtain the inequality on the right as well. O

Proposition 7.6 (M. Pélfia [54]). If M(A,B) < N(A,B) < (A+ B)/2 are
matriz means, then the same ordering is true for the induced limit points
Ma(Xy,...,X,) and Ng(X1,...,X,) of the matriz sequences given in Algo-
rithm 2 with respect to an infinite sequence of graphs G.

Proof. The proof of this assertion is very similar to the above one, the only
difference is that after one iteration we get X} < (X/)!, where X! = M (X, X))
and (X/)! = N(X,,X;) for all i. Now again considering the fact that the

monotonicity is preserved by one iteration step, we get the same ordering for
the limits. O

Proposition 7.7 (M. Pélfia [54]). The limit point Mq(Xq,...,X,) of the ma-
trixz sequences given in Algorithm 2 satisfies property 6. in Definition 4.1.

Proof. Let (X[)? = CX?C* and set up the same iteration on (X})°,..., (X})°
ason X7,..., X% Equation (3.1) implies

CXFHer =oM (XF,XF)Cr =M (CXEC,CXFCr). (7.15)
Applying this recursively in every iteration step we get

CXFC* = (X])F. (7.16)

Taking the limit k — oo the assertion follows. O

Proposition 7.8 (M. Pélfia [54]). The limit point Mg (Xa,...,X,) of the ma-
trixz sequences given in Algorithm 2 is a continuous function in its X1, ..., X,
variables.

Proof. We know that for a function f : Y7 — Y5 between two metric spaces
(Y1,dq) and (Ya,ds) sequential continuity and the usual topological continuity
are equivalent. A proof can be found for example in [44]. We will show that
sequential continuity holds therefore arriving at the desired result.

We will make use of the following multiplicative metric on P(r,C)

R(A,B) = max {p(A"'B),p(B~'4)} (7.17)

for all A,B € P(r,C) and p(A) denotes the spectral radius of A. The above
metric has the following properties [15]
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(i) R(A,B) >1,
(ii) R(A,B)=1iff A= B,

(ili) R(A,C) < R(A, B)R(B,C),
(iv) R(A,B)"'A< B < R(A,B)A,
(v) [[A= Bl < (R(A, B) — 1) [|A]].

An extension of this metric to P(r,C)™ can be given as follows. Let X =
(X1, ,Xpn) € P(r,C)" and Y = (Y1,---,Y,,) € P(r,C)", then we define

Rn(X,Y) = max {R(X;,Y3)}. (7.18)
Now suppose we have a convergent sequence of tuples X* = (Xl Yo ,Xﬁ) €

P(r,C)™ for which (Xf,...,XF) — (X1,...,X,) = X € P(r,C)". Using prop-
erty (iv) of R(A, B) we have the following inequalities

R,(X® X)7'XF < X; < R, (X*, X)X} (7.19)

Now applying the monotonicity property of Mg proved in Proposition 7.5 we
have with the notation ¢ = R, (X*, X) the following

Me (' XT, . e ' XE) < Mg (Xa, ..., Xn) < Mg (er XY, ..., e XE) . (7.20)
Using Proposition 7.7 we conclude that
e ' Ma (XT,....XF) < Mg (Xa,....X,) < Mg (XF,...,XF).  (7.21)

Taking the limit £k — oo we have ¢ — 1. This shows that

lim Mg (XT,...,X}) = Mq ( lim X},..., lim ij) (7.22)
k—o0 k—o0 k—o0
which is sequential continuity for M¢. O

Actually we have proved more above, we basically showed that for a function

Corollary 7.9 (M. Pélfia [64]). F : P(r,C)" — P(r,C) which satisfies proper-
ties

1. if X; < X! for all i, then F(X1,...,X,) < F(X/,...,X.),
2. F(eX1,...,¢X,) =cF(X1,...,X,) for real ¢ > 0,

it follows that F' is continuous.
This also shows

Corollary 7.10 (M. Pélfia [64]). Property (iv) is superfluous in Definition 3.1
of Kubo-Ando connection theory.
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We would like to point out that this is the second time so far that we have
seen an inequality of the form

ar+1 < a — (k/8)er. (7.23)

This inequality played a fundamental role in the proofs of Theorem 5.5 and 7.4
with k = 2 in the second case. We will meet with this inequality for a couple of
times later as well.

7.2 Weighted Means Revisited

In the previous subsection we have seen that it is possible to show that the
Iterative mean procedure works for all symmetric matrix means, without invok-
ing a strong geometrical framework attached to each symmetric matrix mean.
We will see in this section that even weighted counterparts corresponding to a
symmetric matrix mean are constructable without affine geodesic structures. In
this case as well, we will follow geometric intuition, although the proofs will be
of matrix analytical nature.

First of all we define a procedure for every symmetric matrix mean M (A, B)
and for all ¢ € [0,1] which will be our weighted mean. Our procedure will be
based on the fact that every ¢ € [0, 1] can be approximated by dyadic rationals

5w since dyadic rationals are dense in [0, 1].

Definition 7.1 (Weighted mean process, M. Pélfia [64]). Let M(-,-) be a sym-
metric matrix mean, A, B € P(r,C) and t € [0,1]. Let ap = 0 and by = 1,
Ag = A and By = B. Define ay,,b, and A,, B, recursively by the following
procedure for all n =0,1,2,...:
if a,, =t then
Gpt1 = ap and by = ayn, Apy1 = A, and By = A,
else if b,, = ¢ then
Gpt1 = by and by 1 = by, Any1 = B, and B, = By,
else if %b" <t then
apg1 = 2 and b4y = by, Apy1 = M(A,, By) and B,y = B,
else
bptr = 224 and apiq1 = an, Bns1 = M(Ay,, By) and Appq = A,
end if
According to the above a,41,b,41 and A, 41, Bhy1 are clearly defined with
respect to ay,b, and A,, B, recursively.

This algorithm may also be regarded as a kind of binary search with recur-
rence relation:
ift = % then
My(A, B) = M (My, (A, B), My, (A, B))
end if

Theorem 7.11 (M. Palfia [64]). The sequences A,, and B,, given in Definition
7.1 are convergent and have the same limit point.
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Proof. In the case if t = m2~* for some integer m and k then there is nothing
to prove, the procedure converges after finite steps. So suppose that ¢ is not a
dyadic rational. We will make use the already introduced (7.17) multiplicative
metric on P(r,C) [5]

R(A,B) = max {p(A™'B),p(B~'4)} (7.24)
for all A, B € P(r,C) and p(A) denotes the spectral radius of A. Since R(4, B) =
R(I,A=Y2BA~'/2) we have

R(A,M(A,B)) =R (I, f (A—1/2BA—1/2)) : (7.25)

where f(t) is the corresponding normalized operator monotone function. Now
since M (A, B) is symmetric Theorem 3.4 holds. From this for the corresponding
normalized operator monotone function f(¢) we have

I+X

2(1+X7) < fX0) < (7.26)

This also yields that R(I, f(X)) < max {p(IJFT)m(I*);_l)} = 1+RgI’X) for
every X € P(r,C), so
1+ R(A, B)

R(A,M(4,B)) < ——= ==, (7.27)

By the above inequality we can easily conclude the following for the sequences
An7 Bn

1+ R(A,, B, 1
R(Api1,Bpi1) < % =1+ [R(A,, Bn) — 1]
1
R(Ana Bn) S 1+ on [R(AOa BO) - 1]
2 (7.28)

1
R(Ana An-i-l) <1+ 5 [R(Ana Bn) - 1]

1
R(An; An—i—l) < 1+ 27 [R(A(Ja BO) - 1] .

There exists K € P(r,C) such that A < K,B < K and by property (ii) of
matrix means A, < K, B,, < K so by property (v). of R(-,-)
A1 — Anll < (R(Apy1, An) — 1) || K|
1
[nis = Al < o [R(Ag, B) — 1] ||
s ~ (7.29)
Z [Ani1 — Anll < Z on [R(Ao, Bo) — 1] || K| =
n=0 n=0
= 2[R(Ao, Bo) — 1] | K] .

This means that A,, is a Cauchy sequence therefore convergent and by the above
we also have that |4, — By|| — 0 so both A, and B,, converge to the same
limit point. U
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We will base our weighted mean on the above theorem.

Definition 7.2 (Weighted mean, M. Palfia [64]). The common limit point of
Ay, By, in Theorem 7.11 will be denoted by M;(A, B) and from now on in the
article is considered as the corresponding weighted mean to a symmetric matrix
mean M(-,-).

What are the properties of this weighted mean? First of all it is not hard to
prove the following

Proposition 7.12 (M. Palfia [64]). M:(A, B) yields the correct corresponding
weighted means in the case of the arithmetic, geometric, harmonic means.

The above is a consequence of the affine geodesy of the corresponding man-
ifolds mentioned above. There are further important properties which are ful-
filled by M:(A, B):

Proposition 7.13 (M. Pélfia [64]). M.(A, B) for A,B € P(r,C) and t € [0,1]
fulfills the following properties

(i’) My(I,1) =1,
(i) if A< A" and B < B’, then My(A,B) < My(A", B’),
(i1i)) CM(A, B)C < M;(CAC,CBC),
(iv)) if A, L A and By | B then My(An, B,) L My(A, B),
(v’) if N(A,B) < M(A, B) then N;(A, B) < M;(4, B),
(o)) Myjs(A, B) = M(A, B),
(vii’) My(A, B) is continuous in t,

Proof. Property (i’) and (ii’) are trivial consequences of the similar properties
for symmetric matrix means.

For property (iii’) consider A’ = CAC and B’ = CBC and start the
procedure in the definition of M.(-,-) for the pair A, B and A’,B’. Then
we have CA1C = CM(Ap,Bo)C < M(CA\C,CByC) = A} if t > 1/2 or
CB,C = CM(Ay,By)C < M(CA\C,CByC) = Bj. Now for every n we
use property (ii) for symmetric matrix means so we have CA,C < A] and
CB,C < B/, for every n > 1. Taking the limits we conclude the assertion of
property (iii’).

What immediately follows from this property is that M(CXC*,CYC*) =
CM(X,Y)C* for all invertible C. Now using Corollary 7.9 see that M;(A, B) is
continuous in A, B so by property (ii’) and the continuity we get property (iv’)
as a consequence.

At this point we already have by the Kubo-Ando theory of matrix means that
M;(A, B) is a matrix mean as well, so it fulfills the additional properties (v)-
(ix). Consequently it has a representation with a normalized operator monotone
function.
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Property (v’) is an easy consequence of repeated usage of property (ii) for
matrix means for every n. Property (vi’) is also trivial.

To prove property (vii’) we have to do a bit more work. We have to show that
if [t; — ta] — O then also ||M, (A, B) — M, (A, B)|| — 0. Suppose t; < to and
take the smallest j for which we have t; < m277 < t, for some m. Let us set up
the iterative procedure in Definition 7.1 on A, B with ¢; and t; respectively. Let
us denote the yielded matrix sequences in the case of t; with A? , Bit ! and in the
case of ty with A’ B> and similarly for the numbers with a!',b!* and a}*,b}>.
Notice that the iterative procedure in the jth step for ¢; will yield b;l =m27J
and similarly aﬁ-’“ = m277 in the jth step for t5. Suppose t; # m277. Then
there exists 4 > 7 such that aﬁl <t < bﬁl but (aﬁ1 + bﬁl)/Q > t, this means
that b}, # bi*. If ty = m277 then we have a’! = b’ =t; for p > j and in this
case we define i := 4o0. Similarly either there exists a smallest [ > j such that
afj_l # aj?, or we have t; = m277 so a? = bj? =t, for p > j and again then we
define | := +o00. Notice that ¢ and [ cannot be infinite at the same time, so we
define k := min {i,1}. Tt is easy to see that as t; — t2, kK — oco. We also have
that B;' = A}?, so we can bound the distance of the limit points M, (4, B) and
My, (A, B) from B} = A}? as follows:

A E 2 113 - B
= 1
> ||Bi, - Bi|| < 2 [R(Ao, Bo) — 1] | K| = (7.30)
i=k
1
= it [B(Ao, Bo) — 1] [ K]

We also have the same bound for HA?C2 —limj_ oo A;"’H. Since BZl = AZ", we
have

My, (Ao, Bo) — My, (Ao, Bo)|| < || My, (Ao, Bo) — By || +

+ || My, (Ao, Bo) — A2| < (7.31)
1
<gr=z [B(Ao, Bo) — ][I K]
Since k — oo as t; — ta, by the above ||M, (A, B) — M, (A, B)|| — 0. L

By the above proposition we have that M;(A, B) is a continuous function
in t. So M(A, B) is a one parameter family of matrix means corresponding to
every symmetric matrix mean. Since every matrix mean by virtue of property
(ix) is representable by a normalized operator monotone function f(x), we may
represent such one parameter family of matrix means by a one parameter family
of normalized operator monotone functions fi(x),t € [0,1]. So in other words
we have the following

Corollary 7.14 (M. Palfia [64]). For every symmetric matriz mean M (A, B)
there is a corresponding one parameter family of weighted means My(A, B) for
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t €[0,1]. Let f(x) be the normalized operator monotone function corresponding
to M(A,B). Then similarly we have a one parameter family of normalized
operator monotone functions fi(x) corresponding to M(A, B). The family fi(x)
is continuous in t, and fo(x) =1 and f1(x) = x are the two extremal points, so
fi(x) interpolates between these two points.

Based on this phenomenon we can conclude the following

Proposition 7.15 (M. Pélfia [64]). Let M (A, B) be a symmetric matriz mean.
Then
(1—t)A" +tB™)) ' < My(A,B) < (1 — t)A+ B, (7.32)

where M(A, B) is the weighted version of M (A, B).

Proof. For every symmetric matrix mean M (A, B) we have by Theorem 3.4 that

>_ < M4 B) < 2B (7.33)

2 2

(A1 + B!
Now what follows from Propostion 7.12 is that the harmonic mean on the left
hand side above has the weighted harmonic mean H;(A, B) defined in (4.66) as
its weighted counterpart, and similarly we have the weighted arithmetic mean
At(A, B) defined in (4.65) as the weighted counterpart for the arithmetic mean
on the right hand side above. Thus by property (v’) in Proposition 7.13 and
the above inequality we have

Hy(A, B) < My(A, B) < A/(A, B). (7.34)
0

We are going to use the above definition M;(A, B) of a weighted matrix
mean to set up the Bini-Meini-Poloni procedure for every symmetric matrix
mean, but before we do that we turn to the Ando-Li-Mathias procedure in the
following section and prove its convergence for every symmetric matrix mean.

7.3 Ando-Li-Mathias Procedure Revisited

In this section we will prove the convergence of the Ando-Li-Mathias procedure
for every possible symmetric matrix mean. In order to do that we will generalize
the argument given for the Iterative mean in the case of all symmetric matrix
means by applying induction. First of all let us recall Definition 4.4, the Ando-
Li-Mathias procedure [5]:

Definition 7.3 (ALM iteration). Let X = (X{,..., XY) where X! € P(r,C)
and define the mapping M (X1, ..., X,,) inductively as follows. If n = 2 assume
that M (X, Xs) is already given. For general n > 2 assume that M (X, ...,
X, —1) is already defined. Then using M (Xy,...,X,—1), set up the iteration

X =M (Z (XL, X1)), (7.35)

84



where Z;(X1,..., X ) =X, ..., X!, X, |, ..., X]. If the sequences X! con-
verge to a common limit point for every i, then define

lim X! = M(X?,...,Xx°). (7.36)

l—o0

Theorem 7.16 (M. Palfia [64]). Let F : P(r,C)? — P(r,C) and suppose that
F (A, B) fulfills one of the inequalities below:

-1 —1\ 1 2 2 1/2
(‘4_|2_B> <F(AB) < A;B _ g(A _ 3)2 (7.37)
for ak €(0,2], or
A+ B
F(A,B) < ; . (7.38)

Then in Definition 4.4 starting with M (A, B) := F(A, B), M(Xy,...,X,) exists
for all n, in other words the sequences converge to a common limit point for all
n.

Before we prove the above theorem we mention a few remarks and several
lemmas which we will make use of later. First of all condition (7.37) might seem
a bit strange at first glance although it immediately becomes straightforward if
we consider k = 2, since in this case the right hand side becomes the arithmetic

1/2
mean. If £ = 0 then the right hand side is the square mean (#) . This

literally means that the above theorem automatically covers every symmetric
matrix mean due to Theorem 3.4 as a special case.

Now we have to study some properties of the square mean in order to pre-
pare the necessary steps for the proof of the above theorem. First of all one
should notice that the square mean is an affine mean. The underlying man-
ifold is a Riemannian manifold defined as a pullback metric of the Euclidean
metric (A, B), = Tr {A*B} over the space of squared complex matrices. This

Euclidean metric has corresponding distance function
dp(A,B)> =(A—B,A—B), = (7.30)
=Tr{(A-B)"(A-B)}. '

The isometry is f(z) = 22 and it embeds P(r,C) into P(r,C). The distance
function of the pullback metric on P(r, C) is

di/2(A, B)® = (f(A) = f(B), f(A) = f(B))p =

=Tr{(4% - B?)" (42~ B%)}. (740)
The geodesics of this metric are of the form
Yas(t) = - OF(A) +tf(B)] = [(1-0A%+1B2]"* . (7.41)

This shows that square mean is an affine mean, so the weighted mean process
M, (A, B) for the square mean gives back the corresponding point on the geodesic
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above. Furthermore since the above metric is a pullback of a Euclidean metric,
it is also Euclidean.

Actually the isometry f(z) can be chosen arbitrarily, particularly any dif-
feomorphism will suffice. We are going to derive some properties of the ALM-

1/2 N |
procedure with F/(A, B) = (%) and F(A,B) = (%) on P(r,C)

endowed with the above corresponding pullback metrics. We are going to denote
the general pullback of the distance function dg(-,-) for an arbitrary f by

dy(A, B)* = (f(A) = f(B), f(A) = f(B))g =
=Tr{[f(4) - f(B)]"[f(4) - f(B)]}.

The metric space P(r,C) with the distance function (7.42) is Euclidean,
since its metric is a pullback metric of the standard Euclidean metric on the
space of complex 7 x r matrices. Let z; € P(r,C) for ¢ € {1,...,n} and define
S ={x1,...,2,}. We already know that the function

(7.42)

x) = Zd(m,mi)2 (7.43)

has a minimum for d(-,-) = ds(-,-) and this minimal value is attained at a
unique point & which is called the center of mass of S. Moreover the center of
mass is explicitly given for these metric spaces on P(r,C) by Proposition 4.13.
If we perform one ALM-iteration step on n points in the space P(r,C) with this
map then the iteration leaves the center of mass of the points invariant.

Proposition 7.17 (M. Palfia [64]). Let X? € P(r,C) fori = 1,...,n. Then
the ALM-procedure (Definition 4.4) set up on the matrices XY, ..., X0 with the
n—1 variable function M(x1,...,2p_1) = f7! (%) leaves the Riemann

centroid of the points XY, ..., XY invariant with respect to the distance function
(7.42).
Proof.
f—l Z?:lf(Xil) if Z#Z Xlw-ng))) _
n ~ n

(7.44)

n n

— f—l Zn: Z?:_llﬁéz fr(z]l) _ f—1 <Z?—1f (Xzo)>

i=1

Similarly we obtain the above equality for every iteration step, so

(zl (X )) _ <Z?_1£(X£)> _ (zy_lg(X?)> |

(7.45)
O
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We turn our attention to more general functions than these pullback means.
The following inequalities will turn out to be useful tools later.

Lemma 7.18 (M. Pélfia [64]).

k 1/2
[(1 —t)A% +tB* - 3%(1 —1)(A - 3)2] <
By " (7.46)
< {(1 —t)A* +tB? — Elt(l —1)(A— 3)2]
for any A, B € P(r,C) and t € [0,1] if ky < k.
Proof.
0 <k ; klt(l —t)(A - B)?
kQ 2 kl 9
5t =)A= B)" < - St -1)(A-B)
(1—-1)A* +1tB* - %t(l —t)(A-B)? <
ky ,

<(1—t)A? +tB* - 5:5(1 —t)(A—-B)

Taking the square root of both sides and considering the fact that the the square
root is operator monotone we get the inequality of the assertion.
O

Notice that for ky = 0 and ko = 2 we get the weighted arithmetic-square
mean inequality

1/2

(1-t)A+tB < [(1 - t)A* +tB? (7.47)

We will prove an important inequality which will play a fundamental role in
our further investigations. An important part of the proof of the convergence
of the ALM- and BMP-process will rely on this inequality.

Lemma 7.19 (M. Pélfia [64]). Let k € [0,2], F : P(r,C)? = P(r,C) and
k 1/2
F(A,B) < |(1—t)A? +tB? — St =1)(A - B?| . (7.48)
Then with the distance function dg(A, B)?> = Tr{(A - B)*(A - B)},

dg (0, F(A, B))?> < (1 —1t)dg(0, A)? + tdg(0, B)? — gt(l —t)dg(A, B)?. (7.49)
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Proof. By substitution the assertion has the following form
k
Tr{F(A,B)*} <Tr {(1 —t)A? +tB? - 5t(l —t)(A - B)Q} : (7.50)

This holds, since we have the following identity for hermitian positive definite
X<Y
0<Tr{Y?-X*} =Tr{(Y Y +X)}. (7.51)

X)
By choosing X = F(A, B)— [(1— ) A + B2 — k(1 —t)(A— B)?]* and ¥ =
1/2

F(A,B)+ [(1—t)A? +tB? — (1 — t)(A— B) ] we get the assertion.

O

Notice that the above lemma is already true for every matrix mean M (A, B)
and their weighted M;(A, B) counterparts by Lemma 7.15 and (7.47). By
Lemma 7.18 we also have a relatively wide family of functions which fulfills
the conditions of the above lemma.

Now we are in position to prove Theorem 7.16.

Proof. (Theorem 7.16) The proof will be based on induction on the number of
matrices n. We are going to measure the sum of the squared distances of the
matrices X! from the zero matrix with respect to the distance function (7.39)

with
Z dg(0, X} Z Tr{ (7.52)

We will also measure sum of the squared distances of the X! from one another.
We will form this sum over all possible pairs of X! as

Yoodp(xhxhr= Y Tr{(x!-Xx})?%}. (7.53)

1<i<j<n 1<i<j<n

We are going to denote the common limit point of the sequences X! by
Fo(X9,...,X2) for n. We will need the following lemmas which will be proved
by induction as well on the number of matrices n, so we have to embed these
lemmas into this proof of Theorem 7.16. All three lemmas will be proved by
assuming that they hold for n matrices and also that the ALM-procedure con-
verges to common limit for n matrices. Making this assumption we show that
the lemmas hold for n + 1 and that the ALM procedure converges to common
limit for n 4 1 as well. For the first step of the induction (n = 3) we will prove

the lemmas directly. First we are going to treat the case of the first inequality
(7.37).

Lemma 7.20 (Monotone Iteration, M. Palfia [64]). In the first case of inequality

(7.37) we have
<2<X>> y (zm) } (750

n n
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In the second case of inequality (7.38) we have

l
Z?:l Xi+1 < Z?:l X?%
n - n

(7.55)

Proof. We argue by induction on the number of matrices n by making the
assumption that the ALM-procedure converges for n > 3 to common limit
point F,(X?,...,X?), in other words X! — F,(X?,...,X?) for n and that
the lemma holds for n. Consider the first case of inequality (7.37). Then the
inequality of the lemma for n implies that

(zm) . <2<X>> (7:56)

and if we take the limit on the left hand side for n we get the inequality

(Z?:l (Fn(X?va;)))l)_l _ Fn(X?,,XO) Z (Z?:l (Xzo)il

-1

n n

(7.57)
The above inequality also holds directly for n = 2 by the assumption of inequal-
ity (7.37), so this will also provide the first step in our induction.
Now we prove the lemma for n + 1 if it is true for n. By (7.57) we have

1

n+1 n—l\ ©
T (X
XM =F (Zu(X, . X)) > (Zﬂ_l’”’z( ) ) . (7.58)

The n+1-variable harmonic mean is operator monotone in its variables, therefore
if we take the n + 1-variable harmonic mean of the above on the left and right
hand side, we get

—1\ —1 —1y\ —1
Z?:-Fll Fn (Z?fi(Xi? e 7X7ZL+1)) > Z?:-i_ll (HZZ) 7.59
n+1 - n+1 ’ (7.59)

n+1 1\ —1 -1
where B! = (25025 ) Then by Proposition 7.17 with f(t) = -1,

n

the harmonic mean of the n+ 1 matrices is left invariant on the right hand side,
so this is equivalent to

<W> B > <W> B , (7.60)

n+1 n+1

The second case given by inequality (7.38) is very similar to the proof of the
first case. Instead of inequality (7.56) we have

S xS, X

- - (7.61)
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and instead of (7.57) we have

n 0 0 n 0
Z’i:l Fn(Xl""7X’n) :Fn(X?7...,X2) S Zi:l X’L .
n n

(7.62)

The rest of the argument is just the same, although we have the m-variable
arithmetic mean replacing the n-variable harmonic mean, and the inequalities
are reversed. The lemma is proved. O

Lemma 7.21 (Decreasing Distances, M. Pélfia [64]). We have

k
atl <al — gznefl (7.63)

in the case of (7.37), or we have (7.63) with k = 2 in the case of (7.38). In
2

both cases zp, = =5 .

Proof. We will prove this for the case (7.37). The second case of (7.38) is just
the same with k& = 2, we will only use that the right hand side of (7.37) holds,
so we do not have to treat the second case (7.38) separately due to (7.47) with
t = 1/2. The first step is to show the above for n = 3. By Lemma 7.19 and
that the right hand side of (7.37) is equivalent to the assumption of the lemma
for t = 1/2, we have

2 < dE(OaX£)2+d(0aXl)2 k

dg (0, F(X!, X)) 2 T e XG) (7.64)
dp(0, X2 +d(0,X!)? |
dE (O’Xi+1)2§ E( 2) 5 ( J) 7§dE(Xll,X]l)27

where i,7,s € {1,2,3} and i # j # s,s # i. There are 3 distinct inequalities of
the above for s = 1,2, 3. By summing these inequalities for s we get (7.63) for
n =3 and z3 = 1.

Now suppose (7.63) holds for n and that Xf converge to a common limit
point for n denoted again by F,(X?,..., X?). Then we have

k
al <ab — gzneg (7.65)
and by taking the limit on the left hand side we get
k
lim a!, = ndg (0, F, (X7, ... ,XS))2 <al — =z,
al kg '

dg (0, Fu(X?,...,X9)* < S,

Then set up the ALM-procedure on X? € P(r,C);i =1,2...,n+ 1 with
M, (X1,...,Xn) = Fp(X1,...,Xp). Inequality (7.66) can be applied in any of
the iteration steps, so we get
2
dp (0’ Ey (Z7éi (Xiv i 7X£L+1))) <

n+1
< D it ki dE(Ongl‘)z _kan Z
- n 8 n

(7.67)

l 1\2
dp(X!, X1)2.
1<j<s<n+1,j7#1i,5%1
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If we sum these inequalities for ¢ we arrive at the following

n+1
2
=1
n+1 n+1 (0 X n+1 (768)

kz" Y 3 dp(X!, X102,

i=1 1<j<s<n+1,j#i,s#1

<Z J 1,]75;

The left hand side of the above is just aijf‘_ll. The first term on the right hand
side is easily written as

n+1 Zn-‘rl dp 2 n+1

o= 1’”’“ ZdE 0, X2 =dl,,. (7.69)

i=1

We have to carefully analyze the second term

n+1

> > dp(X}, X1)2. (7.70)

i=1 1<j<s<n+1,j#i,s%#1

Consider the complete graph K, ;1 on n + 1 vertices labelled from 1 to n +
1. In this way we have a natural bijective mapping between the matrices
X! and the vertices of K, 1. Then for every squared distance dg(X jl-,X 2
we have a corresponding edge in K, 11 of the form (j,s). Then the sum
DN s<ntl jobi st dp(X!, X!)? is just the sum of the squared distances corre-
sponding to the edges of the complete graph K,, given on the vertices {1,...,
i—1i41,...,n+1}. This is almost >, ., 1 de(X}, X!)?, but we leave
out from the sum every squared distance corresponding to an edge that has the
vertex ¢ as an ending vertex. So actually (7.70) almost equals to

n+1

Z Z dE(XJl?XDQ (n+ 1) €nt1s (7.71)

=1 1<j<s<n+1

but in the sum (7.70) every vertex has been left out once, so every squared
distance corresponding to an edge has been left out twice, hence

n+1

> > dp(X}, X))? = (n—1)el 4. (7.72)

i=1 1<j<s<n+1,j#i,s7#1

This shows us that z,41 = "T_lzn and also z3 = 1, so in other words by solving

the recursion we get
2

n—1

Zn = (7.73)

This concludes the lemma for every n. O

Lemma 7.22 (Boundedness, M. Palfia [64]). The matriz sequences X! are
bounded for all n.
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Proof. We have the trivial lower bound Xf > 0, since by assumption F(A, B) >
0, so we have X! > 0 for n = 3. Now assume again that the ALM-procedure
converges to common limit point denoted by F,(XY{,...,X?) for n and
Fo(X9,...,X%) > 0. Then trivially for n + 1 the sequences X! > 0 since
F(X9,...,X2%) > 0. This also shows that if the sequences converge for n+1 to
a common limit F,,;1(X?,..., X?), then this limit is also bounded from below,
so B (XP,...,XY) >0.

Now we provide a suitable upper bound as well. By the previous assertion
Lemma Decreasing Distances we have (7.63) for n > 3. In particularly for
n = 3 it holds providing the first step, while for n > 3 we need the induc-
tional hypothesis that the ALM-procedure converges to a common limit point
F, 1(XY,...,X0% |) for n — 1. The rest of the argument is just the same for
all n > 3. So by (7.63) we have al! < al, which means that the sequence is
monotone decreasing. So we have the bound

<al =b. (7.74)

I <. (7.75)

This means that the norm ||Xf|| is bounded from above by b since
il =7 { (x1)"} = a (0. x1)° (7.76)

This concludes the proof of the lemma. O

Now we move on to the final step of the induction. We prove that for n = 3
the ALM-procedure converges and that if it converges for n then it converges
for n + 1 in both cases of inequalities (7.37) and (7.38). This last step will be
based on the three lemmas: Lemma Monotone Iteration, Lemma Decreasing
Distances and Lemma Boundedness. It is not necessary to prove separately the
n = 3 case since these three lemmas hold for n = 3 and the argument will be the
same as for general n + 1 requiring the inductional hypothesis, the convergence
of the procedure to a common limit point for n.

So by Lemma Decreasing Distances we have

k
altl <al — gzneil, (7.77)
in other words @/, is a decreasing nonnegative sequence in [, therefore convergent.
Since z, > 0 and has fixed value for each n by Lemma Decreasing Distances,
this means that e, — 0 as | — oo, so the matrices X! are approaching one
another. By Lemma Boundedness we have that these sequences are bounded,

hence they have convergent subsequences. But since e, — 0 these subsequences
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are converging to a common limit point. Let X' denote a subsequence con-
verging to say A and X' another subsequence converging to B. Without loss
of generality we can take s; > r;. By Lemma Monotone Iteration for the case
of inequality (7.37) we have

<2<X>> . (va)) | (.79

n n

Now choose a subsequence of subsequences s; < r; so then again by the lemma

(Zn—l(X)l> o <Z"—1(X)1> h . (7.79)

n - n

Taking the limits we have A > B and A < B so A = B. In the second case
(7.38) we have the same argument but using the n-variable arithmetic mean
instead of the n-variable harmonic above.

Now this argument shows the convergence of the ALM-procedure to a com-
mon limit point directly for n = 3 and inductively for n assuming convergence

to common limit for n — 1.
O

We are going to study some properties of this limit point later, jointly with
the case of the BMP-mean, after showing that the BMP procedure converges.
In the next section we will show a similar theorem to Theorem 7.16 for the
BMP-procedure.

7.4 Bini-Meini-Poloni Procedure Revisited

In this section we will treat the case of the Bini-Meini-Poloni procedure. We
may do that for matrix means since we have defined a weighted mean M;(A, B)
corresponding to any symmetric matrix mean M (A, B). The outline of the
proof of the convergence of the BMP-procedure will roughly follow the one of
the ALM-procedure, although some lemmas will be formulated differently.

Firstly let us recall again Definition 4.5, the Bini-Meini-Poloni procedure
[15]:

Definition 7.4 (BMP iteration). Let X = (X?,..., X?) where X? € P(r,C)
and define the mapping M (X, ..., X,,) inductively as follows. If n = 2 assume
that M;(X7, X2) is already given. For general n > 2 assume that M (X, ...,
Xp—1) is already defined. Then using M (Xy,...,X,—_1), set up the iteration

X = Maon (XL M (Zy (XL, .., X)))), (7.80)

where Z_;(X1,..., X)) = X{, ... ,Xf?l,XfH, ..., XL . Tf the sequences X! con-
verge to a common limit point for every ¢, then define

Jim X =M(X?,...,Xx9). (7.81)
—00
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Theorem 7.23 (M. Pélfia [64]). Let F : [0,1] x P(r,C)? — P(r,C) and suppose
that Fy(A, B) fulfills one of the inequalities below:

[(1—t) A" +tB'] "' < F(A4,B) <

. 1/2 (7.82)
< |(1—-t)A% +tB% - St 1= t)(A - B)?
for a k € (0,2] and every t € [0,1], or
F,(A,B) < (1—t)A+1B, (7.83)

for every t € [0,1]. Then in Definition 4.5 starting with My(A, B) := Fy(A, B),
M(Xy,...,X,) exists for all n, in other words the sequences converge to a
common limit point for all n.

Before we turn to the proof of the above theorem, we again consider some
lemmas which will be similar to the ALM case. Let us recall again the metric
space P(r,C) with the distance function (7.42). We already know that the
minimum of

b(a) = dyp(x,2;)? (7.84)
=1

is attained at a unique point in P(r,C) denoted by & and we also know that

i=f (Z?—l f@”)) . (7.85)

n
We will need a similar theorem to Proposition 7.17.

Proposition 7.24 (M. Pélfia [64]). Let X? € P(r,C) fori = 1,...,n. Then

the BMP-procedure (Definition 4.5) set up on the matrices X¥,..., X0 with the

weighted mean function My(A,B) = f~'((1—1t)f(A) +tf(B)) and the n —
n—1

1 variable function M(xy,..., 2, 1) = f! (%) leaves the Riemann

centroid of the points XY, ..., X9 invariant with respect to the distance function

(7.42).

Proof.

n | n f (Maos (X0, M (Z24(X0, ..., X0)
o (B0 [ (o2 (021 24 )]

i=1

n f(X?) n—1 n f(XO) n
_ |y T 2= nmd :f—1<2i=1f(Xi0)>

‘ n n
i=1

(7.86)
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Similarly we obtain the above equality for every iteration step, so

= (zzzlf (Xf“)) _ (zzg 7{(}9@)) _ (zzg (X?)) |

n n
(7.87)
]

Proof. (Theorem 7.23) The proof again will be based on induction on the num-
ber of matrices n. We will use the same notations to denote the sum of the
squared distances of the matrices X! from the zero matrix with respect to the
distance function (7.39), so

al, = dp(0,X}))* =) Tr{(X})*} (7.88)
=1 i=1
e,= Y de(XLX)?= > Tr{(Xx|-Xx)?}. (7.89)
1<i<j<n 1<i<j<n

We will denote by F(X?,..., X?) the common limit point of the sequences
X! for n. The proof will rely on similar three lemmas to the ones in the proof of
the ALM-procedure. First we are going to treat the case of the first inequality
(7.82).

Lemma 7.25 (Monotone Iteration, M. Pélfia [64]). In the first case of inequality

(7.82) we have
<2<X>> § (zm) (1.0

n

In the second case of inequality (7.83) we have

l
E?:l Xi+1 < Z?:l Xf

n - n

(7.91)

Proof. The proof uses similar ideas to the case of Lemma Monotone Iteration
for the ALM-process. We again argue by induction on the number of matrices
n. Consider the first case of inequality (7.82). Suppose that the BMP-procedure
converges for n > 3 to common limit point F(XY,..., X?) in other words X! —
F(XY),...,X0) for n. Also the inequality of the lemma for n implies that

_ —1 —1\ 1

no(xh7 n(X0

<Zz—1 ( Z) ) Z (Zz_l ( l) ) (792)
n n

and if we take the limit on the left hand side for n we get the inequality

<Z?_1 (F<x9,...,X2>>_1>1 = F(X..... X)) > <m>1

n
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The above inequality also holds for n = 2 by the assumption of inequality (7.82),
so this provides the first step for n = 3 in our induction.

Now we prove the lemma for n + 1 if it is true for n. Similarly to the case of
Lemma Monotone Iteration in the ALM process, we make use of the operator
monotonicity of the n + 1-variable harmonic mean, and use (7.93). Then we use
Proposition 7.24 with f(t) = t~! and the same argument as in the ALM case,
performed using instead one BMP iteration step, yields

<W> B > <Z—+11(Xl)_l> h , (7.94)

n+1 n+1

The second case given by inequality (7.83) again can be treated similarly to
the ALM-case. O

Lemma 7.26 (Decreasing Distances, M. Pélfia [64]). We have

k

abtt <al, - gzne;, (7.95)

in the case of (7.82), or we have (7.95) with k = 2 in the case of (7.83). In
4

both cases z, = =D

Proof. The situation is similar again to the ALM case. We will prove this for
the case (7.82), the second case of (7.83) is just the same with & = 2, since
we will only use that the right hand side of (7.37) holds, so we do not have to
treat the second case (7.83) separately due to (7.47). The first step is to show
the above for n = 3. By Lemma 7.19 and that the right hand side of (7.82) is
equivalent to the assumption of the lemma, we get

dg(0, XH2 +d(0,XH)?
dp (OvF(leaXJl))Q < E( Z) 9 ( J) 7§dE(le7Xgl)2

2 1 2
dp (0. Foys (X F(X[ X)) <5dp(0, X9 + 2d(0, F(X], X)))?

k12
— 22 Zdp(XL F(X!, X1)?
233 E( 59 ( i j))

1 2
Sng(O,Xé)Q + gd(ov F(le, le'))2
<dE‘(07X£,:)2 +dp(0,X])? +d(0, X})?
= 3
k2

k2, iyl xiy2
83 E( (2 j)

(7.96)
in other words the last inequality is equivalent to

dp(0,X1)? +dp(0, X))? +d(0,X})? k2

a5 (0.X17)" < 3 53

l 1\2
dp (X!, XH2,
(7.97)
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where i,j,s € {1,2,3} and ¢ # j # s,s # i. There are 3 distinct inequalities of
the above for s = 1,2,3. By summing these inequalities for s we get (7.95) for
n=3and z3 = %

Now suppose (7.95) holds for n and that X! converge to a common limit
point for n. Then we have

k
al <al — gzneg (7.98)
and by taking the limit on the left hand side we get
k
lim a!, = ndg (0, F(XY,... ,Xg))2 <al — gzne%
Frree . (7.99)
a, kz, g

dp (0, F(XY,...,X%))° <

Then set up the BMP-procedure on X? € P(r,C);i =1,2...,n+ 1 with
M, (X1,...,Xn) := F(X1,...,Xp). Inequality (7.99) can be applied in any of
the iteration steps, so we get

dg (0, F (Z4 (Xi7"'7X£L+1)))2 <
S de(0,X)? kg,
i et SD DR (C 1P i

n
1<j<s<n+1,j#i,57#1

(7.100)

Then we have to compute X/ 71 = Foa (XLF (Zsi (X,...,X)44))) and
bound its squared distance from the zero matrix

1
n+1
(0,F (Zei (X1,..., x4 00)))° (7.101)

n
d
n+1 E

2
di (XL F oy (XL F (Zgs (XL XL0))) )

+

E 1 n
8n+1n+1

We drop the last term, as it seems that it is hard to estimate it from below, and
substitute in using inequality (7.100), we get

1

2 n
— e (0.X7)" +

n -+

de (0.X141)" < -

1 2
— e (0.x))

i (0, F (Zy (X, X010)))°

n 1\2
n Zj:l J#i dE(Oan) k'Zn l 1\2
, _ dp(X: X
+n+1 n n ) Z L. E( I S)
1<j<s<n+1,j#i,5%1i

n+1 1\2
< 2 i1, 4e(0, X7) _k z Z dp(X, X2
= n+1 8n+1 e

1<j<s<ntl i, s
(7.102)
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If we sum these inequalities for ¢ we arrive at the following

n+1
Z d Xl+1
n+1 n+1 dE(O Xl) n+1 <7103)
<Z 2=t D) 3 d (X}, X1)?,
n+ n+ i=1 1<j<s<n+1,j#i,57#1
which is equivalent to
n+1 5
5 s (0,X07)’ <
=1
i ntl (7.104)
k Zn

i=1

i=1 1<j<s<n+1,j#1,57#1

The left hand side of the above is just afjjrll and the first term on the right hand
side is al, +1- By the proof of the convergence of the ALM-process the second

term
n+1

> > dp(X}, XD)? = (n—1)el ;. (7.105)

i=1 1<j<s<n+1,j#i,s#i

Thus 2,41 = %=Xz, and also z3 = 5 2 by solving the recursion we get

n+1

4
(n—1)n

Zn =

(7.106)

This concludes the lemma for every n. O

Lemma 7.27 (Boundedness, M. Palfia [64]). The matriz sequences X! are
bounded for all n.

Proof. We have the trivial lower bound Xf > 0, since by assumption F;(A, B) >
0, so we have X! > 0 for n = 3. Now similarly to the case of the ALM-process
we assume again that the BMP-procedure converges to common limit point
denoted by F(X?,...,X?) for n and F(X{,...,X?%) > 0. Then again if the
sequences converge for n + 1 to a common limit F(X?,..., X% ), then this
limit F(X?,..., X% ;) >0.

We provide the suitable upper bound similarly to the ALM case. We again
have aﬁlﬂ < al, | = b so we similarly get HXZZH < b for n + 1 if the procedure
converges to common limit for n. This finishes the proof of the lemma. O

Now the last step of the proof is exactly the same as in the case of the
ALM-procedure, we just have to use the three lemmas: Lemma Monotone Iter-
ation, Decreasing Distances and Boundedness adapted for the case of the BMP
iteration.

O
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Notice that for matrix means we have the weighted mean procedure M; (A, B)
introduced here. By Proposition 7.13 we have that every such mean is smaller
than the weighted arithmetic mean and larger than the weighted harmonic
mean. So as a consequence of Theorem 7.23 we get that the BMP-procedure
converges for every symmetric matrix mean if we identify their weighted coun-
terparts with our weighted mean M;(A, B).

7.5 Properties of the ALM and BMP mean

We will show that the limit point of the ALM and BMP processes, denoted
by Mapy(X1,...,X,) and Mpyp(Xy,...,X,) respectively, as extensions of
symmetric matrix means, fulfill the following properties.

Theorem 7.28 (M. Pélfia [64]). If M (A, B) is a symmetric matriz mean, then
the M := Mapm(Xq,...,Xy) and M := Mpyp(Xa,...,X,) extensions fulfill
the following properties

(I) M(X,...,X)=X for every X € P(r,C),
(IT) M(X1,...,Xp) is invariant under the permutation of its variables,

(III) min(Xy,...,X,) < M(X1,...,X,) < max(Xy,...,X,) if min and max
exist with respect to the positive definite order,

(IV) If X; < X!, then M(X,,...,X,) < M(X],...,X.),
(V) M(Xy,...,X,) is continuous,
(VI) M(CX,C*,...,CX,C*) = CM(Xy,...,X,)C* for all invertible C.

Proof. The proof of each property will be based on induction. Each of them
trivially holds for n = 2 by properties of matrix means. So it remains to prove
them for n + 1 assuming that they hold for n.

Property (I) and (II) trivially holds for n + 1 if it holds for n. We prove
property (IV). Let X?,..., X0, € P(r,C) and X? < (X/)? € P(r,C). If we
iterate by the ALM process, it is easy to see that the order X? < (X/)° is
preserved due to the inductional hypothesis on property (IV), so X! < (X%
Taking the limits [ — oo we get the assertion. In case of the BMP-process
the argument is similar but we have to use also that M;(A, B) < M(A’, B') if
A< A" and B< B'.

Property (III) is an easy consequence of property (I) and (IV), if minimum
and maximum exist. Setting up the same iteration on the new n-tuple formed by
the minimal element we get the inequality on the left in property (III), similarly
we can obtain the inequality on the right as well.

To prove property (VI) let (X/)? = CX?C* and set up the ALM or BMP
process on (X7)%,...,(X/)% as on X{,..., X%, Property (VI) implies in the
case of ALM

CXMC* =CM (Zy (XL, X)) O =
=M (Zy (CXIC*,...,CX], ,C")).

n

(7.107)
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In the case of the BMP process we have similarly

CX;HC" = OM = (X5 M (Z4i (X1, Xp41))) CF =

1
. . . (7.108)
=M 2 (CX[C*,M (Zy; (CX|C*,...,CX},,C"))).
Applying the above recursively in every iteration step we get
oxtcr = (X)) (7.109)

Taking the limit I — oo the assertion follows.
Property (V) is a consequence of properties (IV) and (VI) by Lemma 7.9. O

Now we can see that the assumed properties in Definition 4.1 are fulfilled in
general by these two means as well.

We also have that the ALM and BMP procedures preserve the ordering of
functions. So we have for the ALM process the following

Proposition 7.29 (M. Palfia [64]). If M (A, B) < N(A, B) are functions satis-
fying the properties of F(A, B) in Theorem 7.16, then the same ordering is true
for the ALM limit points M (X1,...,X,) and N(X1,...,X,).

Proof. Again we argue by induction. The inequality
M(Xq,...,X,) < NXy,...,X,) (7.110)

holds for n = 2 by assumption. Let us denote the matrices in the ALM iteration
steps performed with M (Xi,..., X,,—1) and N(X1,...,X,,—1) on X?,.... X} €
P(r,C) by X! and (X/)! respectively. Now again we have M(Xq,..., X, 1) <

N(Xi,...,X,_1) by the inductional hypothesis so we have X! < (X/)!. Taking
the limits we get the assertion. O

A similar, although a bit different assertion holds for the BMP process.

Proposition 7.30 (M. Pélfia [64]). If M(A, B) < Ny(A, B) are functions sat-
isfying the properties of Fy(A, B) in Theorem 7.23, then the same ordering is
true for the BMP limit points M (X4, ..., X,) and N(Xq,...,X,).

Proof. We have an inductional argument similarly to the preceding case of
the ALM process. The inequality M (A, B) < N(A, B) holds for by assump-
tion since M(A, B) = My /5(A, B) and N(A, B) = Ny/2(A, B). Let us denote
the matrices in the BMP iteration steps performed with M (X3,..., X, —1) and
N(X1,...,Xn_1) on X9 ..., X% € P(r,C) by X! and (X!)! respectively. Now
again we have M (Xy,...,X,_1) < N(Xy,...,X,,—1) by the inductional hy-
pothesis and also M;(A, B) < N(A, B) so we have X! < (X/)!. Taking the
limits we get the assertion. O

In the next section we will consider some convergence rate properties fulfilled
by the BMP process.
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7.6 Convergence rate of the BMP process

A nice property of the BMP process, discussed in Theorem 4.16, is its cubic
convergence rate in a small neighborhood of its limit point. This is an advantage
over the ALM process which is known to converge linearly. In this section we
will show that the BMP process generally converges cubically for every possible
matrix mean in a small neighborhood of the limit point of the process. The
proof will be similar to the one presented in [15]. In order to be able to use
such an argument we have to obtain a series expansion for the weighted mean
M;(A, B) in the neighborhood of the identity matrix I.

We are going to use the big O notation. This means that we have X =
Y + O(€*) if and only if there exist constants ¢y < 1 and 6 such that for each
0 < e < ey we have || X — Y| < @é.

Proposition 7.31 (M. Pélfia [64]). Let M (A, B) be a symmetric matriz mean
and f(t) be its corresponding normalized operator monotone function. Let f(t)
have a series expansion around I as

f(X)—I+E+§:b (X — 1)k (7.111)
= 2 k . .
k=2
Then we have a series expansion for My(I,X) = fi(X) whenever | X —I|| <
€ <1 in the form

[i(X) =T+ (X — 1) +4bot(1 — t)(X — I)* + O(€®). (7.112)

Proof. Since M;(A, B) is a matrix mean if the generating M (A, B) is a sym-
metric matrix mean therefore it has the following representation

M,(A, B) = AY2§, (A‘l/QBA‘1/2) AV2 = Af, (AT'B), (7.113)

where f;(X) is a normalized operator monotone function in X, therefore analytic
on (0,00), hence we have the second equality as well. Since it is generally
analytic only on (0, 00), we expect (7.111) to be convergent only for | X — I|| <
1. By the above representation for M;(A, B) and the fact that M, (A, B) =
M (A, B) by definition, it is enough to show that the expansion in the assertion
holds for f;(X). In other words we have to consider the mean M;(Ap, By) of
Ag = I and an arbitrary By = X. We also have a natural expansion in the
neighborhood of I for the inverse function as

X =Y (-nFx - Dk, (7.114)

k=0

which is convergent for || X — I|| < 1. Now in every step of the Weighted mean
process we have to compute a symmetric mean of two matrices and by the
assumption of the assertion we have || X — I|| < e < 1. Without loss of generality
we may write A; and B; in the following forms

Aj=T+y{(X =)+ (X - I)> + O(e")

: _ , ) (7.115)
Bj =I1+2{(X—1I)+ (X —1)"+0(¢).
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Now we will make use of the above expansions to get an expansion for M (A;, B;)
up to the O(e3) term as follows

M(45, B;) = A3 (A7 By) = (I +y{(X = 1) + g}(X - 1)* + O("))

f [A;l (I +A (X -+ 24X -1)°+ 0(63))} =

= (I+W (X =D+ (X =12 +0(H) 1 (1 -w(X = D+

()2 = @)X = 12+ 0() (I+ (X = D +2(X = D+ 0())
(7.116)

where we have used (7.114) to express A;l and (7.111) to express f(X) up to
O(e®) terms. After some calculation and taking into account that the terms
(X — I)¥ with k > 3 are of O(¢?), we get that

vi+ 2

M(A;,Bj) =1+ (X—1)+

J J . .
w;%+mw—fﬁhx—W+o@»

(7.117)
Note that since Ag = I and By = X we have yJ = 0 and 2§ = 0. Hence it can
be easily proved by induction that the terms

y% = b2pj (y?a Z?a t)

; (7.118)
Z% = b2qj (y?a Z(l)v t)7

where p; and ¢; are functions which do not depend on bs. Also since f;(X
is an analytic function due to Kubo-Ando theory, therefore the limits p =
lim; o p; = lim;_,o ¢; and this limit function is also independent of bs.

Now since the weighted geometric mean

Gi(A, B) = A2 (A‘l/QBA‘l/Q)t AV2 = A(A7'B)* (7.119)

is an affine mean, therefore the Weighted mean process gives back Gt(A, B) for
every t € [0,1] and A, B € P(r,C). In other words in this case if we expand the
function X* into a Taylor series around I we get

tH1—t)
2

G, X)=X"'=T+tX 1) - (X —D?*+0(e) (7.120)

and this equation for ¢ = 1/2 gives that by = —1/8. Since G;(A4, B) is an affine
mean and p does not explicitly depend on by we get p = 4¢(1 — ¢). Similar
consideration can be applied in the case of the linear term ¢(X — I). O

The above proposition tells us that no matter how we choose the symmetric
matrix mean M (A, B), the series expansion of M;(A, B) around I will have
similar structure up to the (X — I)? term:

2
My(A,B) = (1 — t)A + tB + 4byt(1 — t) A/ (A*I/QBA*/Z - 1) AV 4
(7.121)
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Actually by < 0 for every matrix mean since the corresponding operator mono-
tone function is concave. It is not hard to prove using Proposition 7.15 that
—1/2 < by <0 for every matrix mean.

A remarkable consequence of the above series expansion is that the BMP
procedure converges at least cubically if the matrices are sufficiently close to
each other for all symmetric matrix means.

To prove this assertion we will prove the following more precisely formulated

Theorem 7.32 (M. Pélfia [64]). Let 0 <e <1, K, X € P(r,C),i=1,...,n,
and E; = K1 X? —I. Set up the the BMP process on the X? with a symmetric
matriz mean M (A, B) which has series expansion given as in Proposition 7.51.
Now suppose that |E;|| < € for all i. Then for the matrices X} the following
hold.

C1: We have
K'X}! —I=T, +0(), (7.122)

where
2b2 )
Z Ej + (Ei — Ej)>. (7.123)
ij=1

C2: There are positive constants 0,0 and € < 1 (all of which may depend on
n) such that for all € <€,

KX — 1)) < 6¢° (7.124)
for a suitable matriz Ky satisfying HK‘IKl — IH < oe.
C8: The BMP iteration in Definition 4.5 converges at least cubically.

C4: We have
K 'Mpyp(X90,...,X0) — T =0(e), (7.125)
where Mppnp(XY, ..., X0) denotes the limit point of the BMP-process in
Definition 4.5.

Proof. Let A,B € P(r,C) such that K 'A=1+F, and K'B=1+ F, and
I1F1]] < 96, ||F2|l < 6,0 < 6 < 1. Then we have by the series expansion in
PrOpOblthD 7.31 that
K 'My(A,B)=K '"Afy(A"'B) = (I+ F\)f (I + F)"'(1
=(I+F)fi (I-F+F+0()I+F))
=(I+F)fi I+ F—F —FiF+F +0(8°)
=T+ (1 —t)F| +tFy + 4dbot(t — 1)(Fy — F1)? + O(8°).

+ Fy))

(7.126)

Now we will prove the theorem by induction on n. Let C,, denote the assertion
C'i of the theorem (i = 1,2,3,4) for a given value of n. Then we show

(1) C1, holds,
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(2) C1, = C2,,
(3) €2, = C3,,C4,,
(4 C4n = Cln+1.

)

)

)

(1): This is equation (7.126) for ¢t = 1/2.

(2): Tt is obvious that T,, = O(e), so choosing K1 = K (I + T;,) we have

X} = KI+T,+0(e*) = Ki(I+ (I +T,) ' 0(€%)) = K1 (I+0(€%)). (7.127)
Using explicit constants in the big-O estimates, we get
K7 X] — 1| <06, | KKy — || < oe (7.128)

for some constants 6, o.

(3): Suppose now that € is small enough to have 0¢* < ¢ and let ¢, =
0e3. Now we apply C2 with starting matrices X}, with €; replacing € and K;
replacing K, getting

| K5 X! =1 <06, || Ky P Ky — 1| < oey. (7.129)

Repeating this for all steps of the iterative process, we get for all [ = 0,1,...
that
K 'XE — I <060, = e, | K Ky — 1| < oe (7.130)

with €41 = 06?.
Let us introduce the notation

dX,Y)=| X'y —I| (7.131)
for any X, Y € P(r,C). Notice that
IX = Y[ < IX] | XYY = 1] < [ X d(X, ). (7.132)
Similarly we also have

AX,2)=||(X'Y-DNY'Z-D+ XY - I+Y 'Z-I|

(7.133)
<d(X,Y)d(Y,Z)+d(X,Y)+d(Y,Z).
Using the introduced notation we have according to (7.130) that
d(Kl,Xf) S GZ;d(Kvil—&-l) S ge]. (7134)

Now we will show by induction that, for ¢ smaller than a fixed constant, it
follows that

1
d(Kl,KH_t) S (2 - 21&) g€]. (7135)

First of all, for all t > 1

ar =077 €, (7.136)
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which, for € smaller than min(1/8,6~1), implies

st 1
it (7.137)

Let us suppose that € < o~!. Then by (7.133) we have

d(Ky, K1) <d(Kp, Kigg)d(Kge, Kipigr)
+ d(Kp, Kie) + d(Kitt, Kigig1)

1 €
< (2 - 2t> oe +og (aelH - Ht) (7.138)

€]

1 1 1
< 275 JelJrJelﬁ: 27% oe.

So we have for each t < 0 that

1K, — K < IK] || K1, — T < 20 | Kl (7.130)
which yields || K;|| < 2| K] for all ¢. By a similar argument we have

[ Kt — Kil| < [ K| d(Kige, Ki) < 20 [|K e (7.140)

What follows here from the bounds already imposed on €, the sequence ¢; tends
monotonically to zero with cubic convergence rate, thus K is a Cauchy sequence
as well and therefore converges. Let us denote its limit point with K*. K; also
converges cubically since if we let ¢ — oo in the above inequality, we get

|K* — K| <20 ||K]|| €. (7.141)
Now using the relations in (7.130), we get
1 = | < ||XF = Kl + 1 K = K7
< 2|K |l d(£, X) + 20 | K]l e (7.142)
< (20 +2) || K]l e,

which means that X! converges to K* with cubic convergence rate, so C3 is
proved. By (7.130), (7.133) and (7.135) we get that

d(Ky, X)) < d(Ky, K)d(K, X5+ d(Ky, Ky) + d(Ky, X

) (7.143)
< 20616 + 20€1 + € < (4o + 1)e; = O(€?),

which is C4.
(4): Using C4,, and (7.126) with Iy = Eniy, Fs = K~ Mparp(X0,..., X0) =
T, + O(€3),d = 2ne, we have
K1X1,, =K (M#I(XQH,MBMP(X?, . 7X2))>

1 n
Tt (7.144)

2
4ban 1< 3
+ m (En+1 — E ;Ez> + 0(6 )
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Notice that

1
T = =S, + 4by d (7.145)
n n

where S, = Y0 E;, Qn = >0 EZ, P, = > i j=1.z; BiEj. We also have
S»?L = Pn + Qn and Sn+1 = Sn +En+17 Qn-i—l = Qn +E3L+17 Pn+1 = Pn +
En+1Sn + SpEn41, which yields according to the above that

— 1 4()2’11 4b2
K 1X711+1 =I+ n+1s7l+1 + (n+1)2Qn+1 -

=1+ Thy1 +O(E).

mpwrl +O(€%)

(7.146)

Since this expression is symmetric with respect to E;, it follows that it is the
same for all X}. O

The above proof is almost the same as the one presented for a similar theorem
in [15] for the geometric mean. The major differences are in the series expansions
for the weighted mean M;(A, B) and the limit point Mgy p(Xy,..., Xn)-

8 Practical Applications

Calculation of means naturally appear in practical applications when smoothing
of multisampled data is needed. The arithmetic mean plays a central role in
statistics and the arithmetic mean of matrices appears in multivariate statistics.
Probability theory and statistics also benefits from certain inequalities between
classical means. For instance the inequality between the multi-variable forms of
the arithmetic and the square mean can be used to prove that a certain random
variable that has vanishing variance must have Dirac-delta distribution, i. e.
the support of its distribution function is a point.

We will consider two areas of possible practical applications. One of them
is the problem of calculating averages of points in a complete metric space, the
other is calculating averages of positive definite matrices, which itself in a way
is a subcase of the former problem.

8.1 Averaging in complete metric spaces

In many applications, such as the study of plate tectonics [70] or sequence-
dependent continuum modeling of DNA [45], the experimental data is given as
a sequence of three dimensional orentation data. This set of data is usually
thought of as three dimensional orthogonal matrices, i. e. elements of the
group SO(3). This group is a connected, simply connected compact Lie group,
therefore also a Riemannian manifold with a bi-invariant metric. The curvature
of the manifold in the case of SO(3) is constant, its value is 1/4 while in the
higher dimensional cases it varies over the manifold. As we have mentioned
before, by Proposition 5.12 and 5.13 of Ohta we already know that SO(r) is a
complete, locally k-convex metric space.
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To do averaging in SO(r), one can use the fact that this manifold is au-
tomatically embended into the space of squared complex matrices. So if we
have Q; € SO(r) for i = 1,...,n, we may take the arithmetic mean of Q;,
although then we will end up with a matrix that is not an element of SO(r).
One possibility is to orthogonally project back to the manifold SO(r). This
method is widely used although has several major drawbacks. For instance we
may end up with a projected element of SO(r) that is not in the convex hull of
the initial data with respect to the Riemannian structure of SO(r). Moreover if
we consider this method on P(r,C) with Riemannian metric (4.2), we may end
up with points which are on the boundary of the cone P(r,C), although any
boundary point is of infinite Riemannian distance from any inner points of the
cone P(r,C). This is a serious problem which is discussed in [23, 47]. However
if we consider the Iterative mean on SO(r) we can eliminate this problem by
using the Iterative mean, if the initial points are in a small enough metric ball
according to Proposition 5.12.

The other widely used mean is the center of mass defined by (5.27). Theo-
rem 5.7 ensures the existence and uniqueness of the center of mass in a small
enough metric ball. Then according to Proposition 4.10 the center of mass can
be calculated as the solution of the equation

ZlogX(Qi) = 0. (8.1)

This is a nontrivial and often nonlinear equation. A gradient or newton method
may be applied for finding the solution of it, although one must ensure the
convergence of the methods. A gradient method combined with a certain line
search algorithm ensures the global convergence, although the line search rule
significantly increases the computational time. One may use the Iterative mean
to approximate the center of mass, since the distance of the two points are
generally bounded due to Corollary 5.9. Numerical experiments suggests that
the centroid is very close to the Iterative mean, so we can speed up the gradient
method with line search rule by starting from the Iterative mean, i. e. we
approximate the Iterative mean sufficiently by its defining iteration, then start
the gradient method from the approximating point. This method can be applied
in the case of the geometric mean as well, since P(r, C) is a nonpositively curved
Riemannian manifold with the trace metric (4.2).

8.2 Averaging elements of P(r,C)

Averaging points in the nonpositively curved Riemannian manifold P(r,C) can
be regarded as calculating matrix means. In 1980 Kubo and Ando formulated
the axiomatic theory of 2-variable matrix means, see Section 3 again. Since
then several researchers were trying to extend the theory to several variables.
Here we have given three different axiomatic extensions, the Iterative mean, the
ALM mean and the BMP mean. The properties considered by Kubo and Ando
carries over to these n-variable extensions nicely. This provides us with matrix
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inequalities between n-variable means, which can possibly be used in several
situations. Some of these means can be used in the future for certain averaging
problems where the arithmetic mean does not fit well to the problem. Some of
these situations have already been mentioned earlier.
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9 Summary

Means of two positive matrices were characterized by Kubo and Ando in 1980.
Their theory was based on the classical Loewner theory of operator monotone
functions. They showed that every two-variable matrix mean is isomorphic to a
normalized operator monotone function. Since then the theory has found many
applications in quantum information theory and operator theory.

However since it has been an open problem to extend the axiomatic theory
to three or more variables. The arithmetic and harmonic means were trivial
in several variables even for positive definite matrices, but no other matrix
mean can be easily extended to several variables. The first ideas were given
for the logarithmic mean by Carson [19]. Then Horwitz [30] considered a so
called symmetrization method, which were considered by Ando, Li and Mathias
(the ALM process) [5] as well to extend the geometric mean to several variables.
Later the convergence of this process were proved in nonpositively curved metric
spaces by Lawson and Lim [38]. Later other geometric means were proposed,
for instance the Riemannian mean of Moakher [47] and the Bini-Meini-Poloni
mean which is again a sort of symmetrization process (BMP-process) [15].

Even after these successes it has been not known whether these procedures
can be applied to all matrix means. We will give a general theory here which
solves this problem. The whole theory has a geometrical picture which makes it
possibe to consider the theory in complete metric spaces with a certain curvature
bound. Therefore the first results will be presented in this metric geometric
setting. We will denote explicitly which theorems and definitions were given
and proved by the author.

9.1 Means in Complete k-convex Metric Spaces

The results in this section form the first thesis group. The following definition
of k-convexity is due to Ohta in [53]. We establish our results for spaces with
such properties below.

Definition 9.1. Let k € (0, 2].

e An open set U in a geodesic metric space (X, d) is called a Cgx-domain if
for any three points z,y, z, any geodesic v : [0,1] — X between z,y and
for all ¢ € [0,1] we have

d(z,7(t))* < (1 = t)d(z, ) + td(z,y)* — gt(l —t)d(z,y)> (9.1

e A geodesic metric space (X, d) is k-convex if it is itself a C, — domain.

e A geodesic metric space (X,d) is locally k-convex if every point in X is
contained in a Cj-domain.

If the inequality (9.1) holds for ¢ = 1/2 then it holds for all ¢t € [0,1]. A
k-convex metric space becomes a C'AT'(0) space if the above inequality holds
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for £ = 2. In this case the space is said to have nonpositive curvature in the
sense of Alexandrov, in other words the semiparallelogram law holds.

The following definition gives a process, which can be applied to extend
means to several variables.

Definition 9.2 (Iterative process, M. Pélfia [60]). Let QY,...,Q% be points in
a uniquely geodesic metric space X and m = {mg, 71, ...} be an infinite sequence
of permutations, where each 7; is a permutation of the letters {1,...,n}. With
respect to the infinite sequence of permutations 7 let
l l . .
Q' = {QW)WWH) " (0.2)
i l l :
Qm(n)ﬁQm(l) else.

The above procedure yields a sequence of n-tuple of points.
The following result ensures the convergence of the process in general.

Theorem 9.1 (Iterative mean, M. Palfia [60]). Let (X,d) be a complete k-
convex geodesic metric space. Let QY,..., Q% be points in the metric space X .
Let us set up the iteration in Definition 9.2 on these points in X with respect to
an infinite sequence of permutations ™ = {my, m1,...}. Then the sequences Q'
converge to a common limit point.

The rate of convergence is linear due to the following

Theorem 9.2 (M. Pélfia [60]). Let (X,d) be a complete k-conver geodesic
metric space. Let QY,...,Q0 be points in the metric space X. Let us set up
the iteration in Definition 9.2 on these points in X. Let R denote the common
limit point of these sequences. Then

al+1(R) k

o Sl e (9.3)

so the points Q! are converging to R linearly.

The heuristic function Idealmapping defined by Algorithm 1 gives us a tool
to speed up the rate of convergence to the common limit point. It must be noted
however that the limit point depends on the infinite sequence of permutations
7 in Definition 9.2, so therefore it is denoted by R,.

The following theorems partially answer a question proposed by Bhatia and
Holbrook in [13] that whether the center of mass is the same point as the limit
of certain symmetrization procedures.

Corollary 9.3 (M. Palfia [60]). Let (X,d) be a complete k-convex geodesic

metric space. Let Q1,...,Qy be points in the metric space X. Then the center
of mass
n
Y = argminZd(a:,Qi)2 (9.4)
re€X i
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and the limit point R, of the procedure in Theorem 9.1 set up on the points
Q1,-..,Qn fulfill the following inequality

d(R:,Y) < \/ZL1 4t Qfl i PYEL) (9.5)

Proposition 9.4 (M. Pélfia [60]). If X is a FEuclidean space then the limit point
R of the procedure in Theorem 9.1 is the center of mass of the starting points
for every possible infinite sequence of permutations .

The limit point R, of the procedure depends on the chosen infinite sequence
. If (9.1) turns into an equality, as in the case of a single geodesic segment or
Euclidean space, then the possibly different limit points depending on 7 of the
procedure will collapse onto one unique point, the center of mass.

Theorem 9.1 gives a mean for the special orthogonal group as well which
is also an actively studied manifold in terms of averaging [46], [48]. SO(n) is
locally k-convex due to propositions in [53]. These propositions due to Ohta tells
us how to translate the requirement of k-convexity to the language of curvature.
It turns out that an upper curvature bound suffices. So this mean exists not
only in nonpositively curved spaces as the ALM mean does which was shown
by Lawson and Lim [38], but also in positively curved metric spaces as well.

In the next section we solve the problem, that whether the arithmetic, har-
monic and geometric means are the only matrix means which are midpoint
operations on certain manifolds.

9.2 Symmetric Matrix Means as Metric Midpoints

This section contains the second thesis group. Here P(n,C) denotes the convex
cone of positive definite n-by-n matrices over the complex field C and similarly
H(n, C) denotes the vector space of hermitian n-by-n matrices over C. We begin
with general theorems for affinely connected manifolds.

Theorem 9.5 (M. Pélfia [56]). Let M be an affinely connected smooth mani-
fold diffeomorphically embedded into a vector space V. Suppose that the midpoint
map m(p, q) = exp,(1/2log,(q)) is known in every normal neighborhood where
the exponential map expp(X) s a diffeomorphism. Then in these normal neigh-
borhoods the inverse of the exponential map logp(q) can be fully reconstructed
from the midpoint map in the form

log,(q¢) = lim , (9.6)

m(p, )" —p
n—oo L

27L
where we use the notation m(p,q)°™ =m (p,m(p, q)o("_l)).

By the Kubo-Ando theory of 2-variable matrix means it is known that every
matrix mean can be written in the form

M(A,B) = AV2f (A*I/QBA*I/Q) A2, (9.7)

111



where f(t) is a normalized operator monotone function. For symmetric means,
we have f(t) = tf(1/t) which implies that f/(1) = 1/2. Recall from Loewner
theory [9] the integral characterization that an operator monotone function f(t),
which is defined over the interval (0, c0), possesses:

F(t) = a+ Bt + /OOO <A2A+1 - AL) du(), 9.8)

where « is a real number, 8 > 0 and p is a positive measure on (0, cc) such that

/000 %_Hdu()\) < 0. (9.9)

We are interested in finding all possible symmetric matrix means which are
also geodesic midpoint operations on smooth manifolds. We call such a matrix
mean affine [64]:

Definition 9.3 (Affine matrix mean, M. Palfia [56]). An affine matrix mean
M : W2 — W is a symmetric matrix mean which is at the same time a geodesic
midpoint operation M (A, B) = exp4(1/2log4(B)) on a smooth manifold W D
P(n,C) equipped with an affine connection, where B is assumed to be in the
injectivity radius of the exponential map exp 4 () of the connection given at the
point A. The mapping log 4 (z) is just the inverse of the exponential map at the
point A € W.

The following assertion shows that if a matrix mean is affine then the expo-
nential map of the corresponding smooth manifold has a special structure. We
will use similarly the notation M(A, B)°" = M (A, M (A, B)°™~Y) as before.

Theorem 9.6 (M. Palfia [56]). Let M (A, B) be a symmetric matriz mean.
Then
M(A,B)" — A

L
on

lim
n— oo

= AM?1og, (A*l/QBAfl/Q) AL/2 (9.10)

where the limit exists and is uniform for all A, B € P(n,C) and log;(t) is an
operator monotone function on the interval (0,00).

As a consequence of the above we conclude the following

Proposition 9.7 (M. Palfia [56]). If a symmetric matriz mean M (A, B) is an
affine mean, then the exponential map and its inverse, the logarithm map are of
the following forms

exp,(X) = p'/* exp; (pfl/sz*”Q) p'? o)
9.11
Ing(X) = p1/2 log; (p_l/QXp_1/2> p1/2

for p € P(n,C), where exp;(X) and log;(X) are analytic functions such that
exp; : H(n,C) — P(n,C) and log;(X) is its inverse and log;(I) = I,exp’(0) =
IaIOgI(I) = anxpl(o) =1.
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After investigating the properties of the possible affine connections that can
occur we derive the main result of the section.

Theorem 9.8 (M. Palfia [56]). All affine matriz means M(X,Y) are of the
form

gz [ (A X
M(X,Y) = 2
X1/2 (Xfl/QYX71/2)

1
f=r
/2

X5 e A1 (9.12)
2 x1/2 if k=1,
where 0 < k < 2. The symmetric affine connections corresponding to these
means are .

Vx,Yp = DY plIX,] - 5 (Xpp ™'Y, +Yp ' X)) (9.13)

These connections are only metrizable (Riemannian) if and only if k = 0, 1,2,
i which case we get back the arithmetic, geometric and harmonic means re-
spectively.

We can see due to the above result, that generally we cannot treat the exten-
sion problem of matrix means to several variables as a purely metric geometric
problem. Although some of the geometric ideas can be applied somehow. The
following sections are all based around this idea. This is the longest and possi-
bly most complicated part of the thesis. The results here can be found in the
section ”Extensions of Matrix Means without Metric Structures”.

9.3 Iterative Mean for all Matrix Means

In general our goal is to construct several variable functions with the following
properties. Most of these properties were considered by Ando, Li and Mathias
in [5] and also by Petz and Temesi [68].

Definition 9.4 (Multivariable Matrix Mean). Let M : P(r,C)” — P(r,C).
Then M is called a matrix mean if the following conditions hold

1. M(X,...,X) =X for every P(r,C),
2. M(Xy,...,Xp,) is invariant under the permutation of its variables,

3. min(Xy,...,X,) < M(Xq,...,X,) < max(Xy,...,X,) if min and max
exist with respect to the positive definite order,

4. Tf X; < X!, then M(X1,...,X,) < M(X}, ..., X"),
5. M(Xy,...,X,) is continuous,
6. CM(Xy,...,X,)C* < M(CX,C*,...,CX,C*).

The next algorithm is the extension of the Iterative mean for metric spaces
to the matrix mean setting.

The next result is the first general result which gives a solution to the long
standing problem of axiomatic extension of 2-variable matrix means.
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Algorithm 3 Iterative extension of a 2-variable matrix mean
1: Data: X = (X4,...,X,) € P(r,C)"; a 2-variable matrix mean M : P(r,C) x
P(r,C) — P(r,C).

2: Initialization: XZ-0 =X;,t=1,...,n.

3: for k=0,1,... do

4:  Choose a directed graph G* with n vertices labelled from 1 to n and n
edges labelled from 1 to n, such that every vertex has exactly two edges
connected to it.

5. fori=1,...,ndo
6: X = M(Xﬁ,Xl’j), where j; is the tail vertex and [; the head vertex
of edge i in G¥.
end for
8: end for

Theorem 9.9 (M. Palfia [54]). Let the matriz mean M in Algorithm 3 satisfy
M(A,B) < 448 for all A,B € P(r,C). Then the n sequences (XF)y>o, i =
1,...,n, generated by Algorithm 8 converge and have the same limit point.

These limit points generally seems to be different, they depend on the graphs
G”* chosen in every iteration step k, similarly to the metric space case. Therefore
we also introduce the following notation in order to express this dependence on
the sequence of graphs. Let us denote the infinite sequence of graphs with

G={G"G,.. }. (9.14)

With this notation from now on we denote the common limit point of the se-
quences in Theorem 9.9 as Mg (X1,...,X,) to express the dependence of the
limit point on the sequence of graphs G.

The limit points clearly provides us with n-variable extensions that possess
the required properties.

Proposition 9.10 (M. Pélfia [54]). The limit point Mq(X1,...,X,) of the
matriz sequences given in Algorithm 8 satisfies 1.,3. and 4. in Definition 9.4
with respect to an infinite sequence of graphs G.

Proposition 9.11 (M. Pélfia [54]). If M(A,B) < N(A,B) < (A+ B)/2 are
matriz means, then the same ordering is true for the induced limit points
Mg(Xy,...,X,) and Ng(X1,...,X,) of the matrixz sequences given in Algo-
rithm 8 with respect to an infinite sequence of graphs G.

Proposition 9.12 (M. Pélfia [54]). The limit point Mg(X1,...,X,) of the
matrix sequences given in Algorithm 3 satisfies property 6. in Definition 9.4.

Proposition 9.13 (M. Palfia [54]). The limit point Mg(X1,...,X,) of the
matriz sequences given in Algorithm 8 is a continuous function in its X1, ..., X,
variables.
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During the proof of the last theorem the author also carried out a notable
generally applicable result.

Theorem 9.14 (M. Pélfia [64]). Let F : P(r,C)" — P(r,C) which satisfies
properties

1. if X; < X! for all i, then F(X1,...,X,) < F(X!,...,X"),
2. F(eX1,...,¢X,) =cF(X1,...,X,) for real ¢ > 0.

Then F is continuous.

9.4 Weighted 2-variable Matrix Means

Kubo-Ando theory does not give us any hint on how to find the weighted 2-
variable versions of a symmetric matrix mean. Here we provide a suitable pro-
cess that defines us a weighted 2-variable matrix mean corresponding to every
symmetric one.

Definition 9.5 (Weighted mean process, M. Palfia [64]). Let M(-,-) be a sym-
metric matrix mean, A,B € P(r,C) and t € [0,1]. Let ap = 0 and by = 1,
Ag = A and By = B. Define ay,,b, and A,, B, recursively by the following
procedure for all n =0,1,2,...:
if a,, =t then
Gnt1 = p and by = ayp, Apt1 = A, and By = A,
else if b,, =t then
Gpt1 = by, and by 1 = by, Ay = B, and By = By,
else if LL"T“)” <t then
Ap41 = %,TW and bn+1 = bn, An+1 = M(An,Bn) and Bn+1 = Bn
else
bni1 = % and ap4+1 = an, Bpy1 = M(A,,B,) and A, 11 = A,
end if
According to the above a,41,b,41 and A, 41, Byy1 are clearly defined with
respect to a,, b, and A,, B, recursively.

This algorithm may also be regarded as a kind of binary search with recur-
rence relation:
if ¢ = 842 then
M(A, B) = M (My, (A, B), My, (A, B))
end if

Theorem 9.15 (M. Palfia [64]). The sequences A,, and B,, given in Definition
9.5 are convergent and have the same limit point.

Definition 9.6 (Weighted mean, M. Pélfia [64]). The common limit point
of A,,, B, in Theorem 9.15 will be denoted by M;(A, B) and from now on is

considered as the corresponding weighted mean to a symmetric matrix mean
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The following results will give us the nice porperties which a weighted matrix
mean should possess.

Proposition 9.16 (M. Pélfia [64]). M(A, B) yields the correct corresponding
weighted means in the case of the arithmetic, geometric, harmonic means.

The above is a consequence of the affine geodesy of the corresponding man-
ifolds mentioned above. There are further important properties which are ful-
filled by M:(A, B):

Proposition 9.17 (M. Pélfia [64]). M(A, B) for A,B € P(r,C) and t € [0,1]
fulfills the following properties

(i") My(I,1) =1,
(i) if A< A" and B < B’, then My(A,B) < My(A", B’),
(i1i’) CMy(A,B)C < M;(CAC,CBC),
(w’) if A, L A and B,, | B then M(A,, By) | M;(4, B),
(v') if N(A, B) < M(A, B) then N,(A, B) < M,(A, B),
(vi") Mija(A, B) = M(A, B),
(vii’) My(A, B) is continuous in t,

Corollary 9.18 (M. Palfia [64]). For every symmetric matriz mean M (A, B)
there is a corresponding one parameter family of weighted means My(A, B) for
t €[0,1]. Let f(x) be the normalized operator monotone function corresponding
to M(A,B). Then similarly we have a one parameter family of normalized
operator monotone functions fi(x) corresponding to M(A, B). The family fi(x)
is continuous in t, and fo(x) =1 and f1(x) = x are the two extremal points, so
fi(x) interpolates between these two points.

Based on this phenomenon we can conclude the following

Proposition 9.19 (M. Palfia [64]). Let M (A, B) be a symmetric matriz mean.
Then )
(1-t)A™'+tB™") < My(A,B) < (1-t)A+1B, (9.15)

where My(A, B) is the weighted version of M (A, B).

We are going to use the big O notation. This means that we have X =
Y + O(€*) if and only if there exist constants €y < 1 and @ such that for each
0 < € < o we have | X — V|| < 6.

Proposition 9.20 (M. Pélfia [64]). Let M (A, B) be a symmetric matriz mean
and f(t) be its corresponding normalized operator monotone function. Let f(t)
have a series expansion around I as

f(X) :I+¥+ibk(X—I)k, (9.16)
k=2
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Then we have a series expansion for My(I,X) = fi(X) whenever || X —I|| <
e < 1 in the form

fi(X) =T+ X —I) +4bot(1 — t)(X — I)? + O(e?). (9.17)

This important result will ultimately lead us to the cubic convergence of the
BMP-process later.

9.5 Ando-Li-Mathias Procedure for all Matrix Means

Here in this section we will give an affirmative answer to the conjecture for-
mulated by Petz and Temesi in [68, 69] that the ALM-process converges for all
matrix means. The convergence of this process for the geometric mean were
proved by Ando, Li and Mathias [5] and later by Petz and Temesi [68]. The last
two were also able to prove the convergence of the process for orderable tuples.
A general proof however was out of reach at that time.

Definition 9.7 (ALM iteration). Let X = (X{,..., XY) where X? € P(r,C)
and define the mapping M (X1, ..., X,) inductively as follows. If n = 2 assume
that M (X1, X5) is already given. For general n > 2 assume that M (X, ...,
X, —1) is already defined. Then using M (X1, ..., X,—1), set up the iteration

X = M (Zy (XL, X)), (9.18)

where Z_;(X1,..., X)) = X4, X, Xfﬂ, ..., XL . If the sequences X! con-
verge to a common limit point for every i, then define

lim X! = M(X?,...,X9). (9.19)

l—o0

Theorem 9.21 (M. Pélfia [64]). Let F : P(r,C)* — P(r,C) and suppose that
F(A, B) fulfills one of the inequalities below:

1/2

1 —1\ 1 2 2
<A;FB> < F(A,B) < A;B — g(A — 3)2 (9.20)
for a k€ (0,2], or
P, B) <2 ; B (9.21)

Then in Definition 9.7 starting with M (A, B) := F(A, B), M(X,...,X,,) exists
for all n, in other words the sequences converge to a common limit point for all
n.

The next section concludes a similar result for the BMP process.
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9.6 Bini-Meini-Poloni Procedure for all Matrix Means

This result is similar to the above one and also gives us an axiomatic extension
of 2-variable matrix means in general. This process were considered by Bini,
Meini and Poloni in [15]. They were only able to prove the convergence of this
process for the geometric mean. Here we prove it in full generality.

Definition 9.8 (BMP iteration). Let X = (X{,...,X0) where X! € P(r,C)
and define the mapping M (X, ..., X,,) inductively as follows. If n = 2 assume
that My (X7, X2) is already given. For general n > 2 assume that M (X, ...,
Xp—1) is already defined. Then using M (X1,...,X,—1), set up the iteration

X = Maoy (XL M (Zy (XL, .., X)))), (9.22)

where Z; (X!, ..., X)) =X, ... ,Xf?l,XfH, ..., XL Tf the sequences X! con-
verge to a common limit point for every i, then define

Jim X =Mm(xP,...,x9). (9.23)
—00

Theorem 9.22 (M. Pélfia [64]). Let F : [0,1] x P(r,C)? — P(r,C) and suppose
that Fy(A, B) fulfills one of the inequalities below:

[(1—t)A'+tB'] "' < F(4,B) <

1/2 (9.24)
2 sk 2
< |[(1—t)A® +tB* — §t(1 —t)(A - B)
for a k € (0,2] and every t € [0,1], or
F,(A,B) < (1—-t)A+1tB, (9.25)

for every t € [0,1]. Then in Definition 9.8 starting with M(A, B) := Fy(A, B),
M(Xy,...,X,) exists for all n, in other words the sequences converge to a
common limit point for all n.

Proposition 9.20 tells us that no matter how we choose the symmetric matrix
mean M (A, B), the series expansion of M;(A, B) around I will have similar
structure up to the (X — I)? term:

My(A, B) = (1 — t)A + LB + dbyt(1 — t) A/ (A—1/2BA—1/2 - 1)2 AV 4
(9.26)
Actually bo < 0 for every matrix mean since the corresponding operator mono-
tone function is concave.

A remarkable consequence of the above series expansion is that the BMP
procedure converges at least cubically if the matrices are sufficiently close to
each other for all symmetric matrix means. This was proved by Bini, Meini and
Poloni [15] for the geometric mean and this result was a major improvement
over the ALM mean which were known to converge only linearly.

To prove this assertion we will prove the following more precisely formulated
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Theorem 9.23 (M. Palfia [64]). Let 0 < e <1, K, X? € P(r,C),i =1,...,n,
and E; = K=1X? —I. Set up the the BMP process on the X? with a symmetric
matriz mean M (A, B) which has series expansion given as in Proposition 9.20.
Now suppose that ||E;|| < € for all i. Then for the matrices X} the following
hold.

C1: We have
K'X! —I=T,+0(), (9.27)
where
1< 20y )
o=~ > B+ = D (Bi—E)”. (9.28)
j=1 i,j=1

C2: There are positive constants 0,0 and € < 1 (all of which may depend on
n) such that for all € <€,

K7 X! — 1| <06 (9.29)
for a suitable matriz K1 satisfying HK‘lKl — IH < oe.
C3: The BMP iteration in Definition 9.8 converges at least cubically.

C4: We have
Kl_lMBI\/IP(X?P-'vXS)_120(63)) (930)

where Mppnp (XY, ..., X0) denotes the limit point of the BMP-process in
Definition 9.8.

The last section ensures that the properties mentioned in Definition 9.4 are
fulfilled.
9.7 Properties of the ALM and BMP mean

We will show that the limit point of the ALM and BMP processes, denoted
by Mapa(Xy,...,X,) and Mppyp(X1,...,X,) respectively, as extensions of
symmetric matrix means, fulfill the following required properties.

Theorem 9.24 (M. Pélfia [64]). If M (A, B) is a symmetric matric mean, then
the M := Mapm(Xy,...,Xy) and M := Mpyp(Xy,...,X,) extensions fulfill
the following properties

(I) M(X,...,X)=X for every X € P(r,C),
(II) M(X1,...,Xp,) is invariant under the permutation of its variables,

(IIT) min(Xy,...,X,) < M(Xy,...,X,) < max(Xy,...,X,) if min and max
exist with respect to the positive definite order,

(IV) If X; < X!, then M(X1,...,Xn) < M(X],...,X"),
(V) M(Xy,...,X,) is continuous,
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(VI) M(CX;,C*,...,CX,C*)=CM(Xy,...,X,)C* for all invertible C.

Proposition 9.25 (M. Pélfia [64]). If M (A, B) < N(A, B) are functions satis-
fying the properties of F(A, B) in Theorem 9.21, then the same ordering is true
for the ALM limit points M (X4,...,X,) and N(Xy,...,X,).

Proposition 9.26 (M. Pélfia [64]). If M(A, B) < N:(A, B) are functions sat-
isfying the properties of Fy(A, B) in Theorem 9.22, then the same ordering is
true for the BMP limit points M (X1,...,X,) and N(X1,...,X,).
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