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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

Alwr, . ay) = 22i=1 % (1.1)

n

the geometric mean

(1.2)

and the harmonic
n -1
H(wy,... ) = (Zi=1 o ) (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 ALQB of the two resistance matrices. If we consider parallel
connection then the overall resistance matrix will be two times the harmonic
mean 2(A~! + B~1)~! 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. In order to understand monotonicity of matrix functions, we give an
introduction into their theory in the next section.
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Figure 1: Parallel connection of two n-poles.
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Figure 2: Series connection of two n-poles.



2 Operator Monotone Functions

In this section we will follow the lines of [7]. 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(\1,. .., \,) with entries \; belonging to I, then f(D) =
diag(f(A1),--., 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
£(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

(1= N)A+AB) < (1= N f(A) + Af(B). (2.1)
If f is continuous as well, then this condition is equivalent to requiring

(AR < s, )

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 || Al will denote its operator norm, [|A|l = supj = [Az|. It is easy to
see that if A is positive, then A < I if and only if p(A) < 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*AX7r) . (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> HA1/2Bf1/2H > p(AV2B=V2) = p(B~1/4AV/2B—1/4), (2.5)

that is I > B~1/4AY2B~1/4 5o BY/2 > AY2_ If B is not invertible then B + ¢l
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*)'/2 and L = (I — K*K)'/2. Then
the operators U,V given as

K L K —L
are unitary. Also for 0 < A <1
N2 (1= N2
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 1.

3. f(K{AK1+ K3;BK>) < K{ f(A)K1+ K3 f(B)K> for all operators Ky, K
such that K{ K1 + K5 Ky < I and for all hermitian A, B with eigenvalues
n 1.



4. f(PAP) < P(A)P for all projections P and hermitian A with eigenvalues
m 1.

Proof. (1) = (2): Let T' = { 61 8 ] and let U,V be unitary operators defined
n (2.6). Then

K*AK K*AL
LAK  LAL

K*AK —-K*AL

UTU:[ Sk 1AL } (2.8)

] VATV = {
SO
[ K*AK 0 ] _UTU + V*TV

0 LAL 2 (29)

and

0 f(LAL)
_ JUSTU) + f(V-TV) _ US(T )U+V*

- 2
:;{U*[f(gl) f(OO)}U—H/*[f f()) }
o [P0 0o [0 0]
- [ K*f(()A) Lf(oA)L ]

[ F(K*AK) 0 ] iy (U*TU+V*TV2

14 (2.10)

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
K*TK = [ KAk, JgK?BK? 8 } , (2.11)
SO
FK{AK, + K3BK) 0 ] . . . _
; oy | = 10 TH) < KoK =
_ { Kif(AK + K3 [(B)K, 0
0 f(0)
(2.12)

(4) is trivial.
1): Let A, B be hermitian with eigenvalues in I and 0 < A < 1. Let

T = [ g } P = { L0 } and let W be the unitary operator defined by

0 0
(2.7). Then
M+ (1-MNB 0

0 o | (2.13)

PW*TWP = [



SO

FOA+(1-NB) 0
0 f(0)

= PW*f(T)WP = {

] = f(PW*TWP) < Pf(W*TW)P =
(2.14)
Af(A) + (L =Nf(B) 0
0 0"

so f is operator convex, and f(0) < 0. O

Theorem 2.4. Let f be a function mapping [0, o0] 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
A 0
0 0
K*AK K*AL
LAK LAL

operator concave. Let T = [ ] and let U be the unitary operator defined

by (2.6). Then U*TU = {
such that

}.Wecanﬁnd/\>0f0ranye>0

UTU < [ K*AIO(“I AOI } . (2.15)
Replace T by f(T) to get
K*f(A)K  K*f(A)L FIK*AK +¢I) 0
[ LIAVK L)L ] < { 0 Foz ] (2.16)

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*)\)$(B7A). (2.17)
Operator concavity of f then yields
FOB) 2 M) + (-0 (258 4) (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 convez.

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) AY2P < 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 convez 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 < A2 < B2 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(A1/2B—1/QBB—1/2A1/2) < A1/2B_1/2f(B)B_1/2A1/2, (221)
which implies that
ATY2P(A)ATY2 < BTYV25(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
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,a) as well. Now
(1+e)P < (14 ), so AY2(P 4+ eI)AY? < (1 + €)A. So considering the
operator monotonicity of g we get

ATVAP 4 ey T ATV (APt eD)AY?) < (14 TTATI (14 O A)
ATV f (AVA(P 4 1) AY2) AVA(P 4 eT) <
<A+ M (PHel)f (1+e)A) (P +el).

(2.23)
Letting € — 0, this gives
A2 (Al/QPAW) AY2p < 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 fI is defined as

1] _J) = fw) ;
f ()‘7#) - /\—/.L ’ f)‘#/‘v (226)

FROL ) = (V) if A =

The function fIN(\, 1) is called the first divided differences of f at (X, u). If T is
a diagonal matrix with diagonal entries \;, then we denote by fI!I(I") the matrix
whose (i, 7) entry is fI(\;, \;) and if A = U*DU is hermitian with unitary U
and diagonal D, then fll(A) = U*fM(D)U.

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

SO, A2) — fI(Ag, Ag)

I\, Ao, Az) = 2.2
f ( 1, A2, 3) )\2—A3 ( 7)
for distinct A1, Ao, A3, otherwise we define
1
RO =S ") (2:28)

by using continuity.

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

[f(A+H) = f(A) — Df[AJ[H]| 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

DfLAIH] = &

fA+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] = () o 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[I[H] = zn:r’cler"*’f. (2.32)
k=1

10



This is a matrix with (¢, j) entries equal to >, _; I‘ﬁflI‘;’f’“Hij. We also have
that the (i, j) entry of fI(I) is S, TH'T0 ", O

Corollary 2.10. Let f be a polynomial. Then if A =UTU*

DfAI[H] = U [f() o U HU| U". (2.33)
Proof. Since
d * d * *
— fUTU*+tH)=U | — fC+tU*HU) | U", (2.34)
dt|,_g dt],_g
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] = f"(A) o H, (2.35)

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

Proof. Let A =UTU*, where T is diagonal. We claim that
Df[A|[H] =U [f[ll () 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 maxs <) 4 by the mean value theorem. Hence

<

LA < o (157 (237
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

[ Fm(A+ H) = ful A+ H) = fA) + fu(A)] <
< | H]|l sup D fm (X ) Dfo(X)| =

= ||H|| 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 ||dfyn (X) — dfu(X)]| < (2.39)
XelL

Wl ™

11



and also

sup [[df, (4) — df (4)] < § (2.40)
XeL
hold. Let m — oo and use (2.38) and (2.39) to obtain
If(A+H) = f(A) = (fa(A+ H) = fu(A)] < % 1] (2.41)

If ||H|| is sufficiently small, then by the definition of the Fréchet derivative
€
1£n(A + H) = fu(A) = dful AJIH]I| < S IH1I (2.42)

so we have, using the triangle inequality

1/n(A+H) —fu(A) — df[A][H]|| <
<IfA+H) = f(A) = (fu(A+ H) = fu(A)] +

2.43
(A H) — £a(A) — dfJAH]] + (249)
+ [1(df [A] — df, [AD[H]]|,
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, fI1 (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
fH(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 fI(X(t)) > 0 for all . 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(t)) o X'(t) = Df[X (t)][X'(t)], so

1
f(B) = f(A) = f(X(1)) - f(X(0)) = /0 (1) o X' (t)dt 2 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 + ) f(t) is operator convez.

12



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 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(—¢) 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) = ho(—t) is also operator convex. Hence for
IAl <1, gr(t) = H2hi(t) + 152 ha(2) 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—¢€)t)
is continuous and operator monotone on [—1, 1] for all e > 0. So by the argument
above (¢t + \)f((1 — €)t) is operator convex. So by letting ¢ — 0 we get that
(t+ A\)f(t) 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.

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 fd) = 1.
For each € > 0 let ¢c(z) = 1¢ (£). Then the support of ¢ is [—¢, €] and ¢, has

G

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

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

fo(@) = (f * o)) = / F(x — 9)be(v)dy (2.46)

is defined to be its regularization.
The following nice properties are fulfilled by the family fe:
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 x¢ then f(z¢) = limey, fe(xo)-
4. If f has a first order singularity at x¢, then lim |, fe(zo) = w

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.

13



7. If f is monotone, then f/(x) = 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 gc(t) = (t + 1) fe(t). Then by Lemma 2.13, g. is operator convex.
Let g(t) = lim._,0 g.(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(¢) = f(¢), hence f(t) is continuous.

Let g(t) = (t + 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

g (t) < g\ (), 1;}319;(8) =g’ (1), lim gi(s) =g~ (t). (2.47)

But ¢/ (¢t) = f(t) + (t + 1) fi.(¢), 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 fgm (A) is
positive by Theorem 2.12, which implies that

(ﬂﬁ:f@fgﬂ@ﬂw (248)

}, s,t € (—1,1). If € is small enough, then s,¢t € (=1 +

Since f. — f uniformly on compact sets, fc(s) — fe(t) = f(s) — f(t). Also
/ FL+FL(8)
fi(s) = ==——=—

€

, so the above inequality gives, taking the limit € — 0, that

(f(S)—f(t)

s—t

) <il@+ ol ). e

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

£ 0] < = [F6) + F@)] o) + £0)] (2.50)

|

which implies that f\ () = f’(t), 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.

14



Proposition 2.15. If A1, A2, A3 are distinct, then 12! (A1, A2, A3) is the quotient
of the two determinants

fa) f2) f(Xs) AN A
)\1 )\2 )\3 and )\1 )\2 )\3 B (251)
1 1 1 1 1 1

so the function f1 is permutation invariant in its variables.
Proposition 2.16. If f(t) =t" forn=2,3,... we have that
0 A208) = >0 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 A\; and P; denote the projections onto the coordinate
axes. Then for every hermitian H

2
4 fAA+tH)=2 Y  APHA'HA" =

2
=0 prqtr=n—2 (2.53)
ik

which also holds for all C? function f.

Theorem 2.18. If f € C%(I) and f is operator convex, then for each p € I the
function g(t) = f0(u,t) is operator monotone.

Proof. Since f € C?, g € C', therefore by Theorem 2.12, it is enough to show
that the matrix with (i, ) entries fl()\;, \;) is positive for all \; € I.

Choose any A1,...,Ap+1 € I. Let A be diagonal with entries A1,..., Apy1.
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

0 0 zZ1
0 9 2 (2.54)
z21 29 zn O

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

<1‘7PZHP]HP]€(E> = Zk2i5j$n+1 (255)

15



for 1 <4,5,k <n+1 and §;; is the Kronecker-symbol. So then we have by the

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

positivity of the matrix 5—;

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

1<i,j,k<n+1 (2 56)
= > PG A M)z
1<i,k<n+1
We also have that
11, 0) = 1, M)
=IO, A1, A :f nt1, Ai ntls Ak)
f ( ) +1, k:) )\i*)\k (257)
= g™ (i, e).
So we get that
0< > g M)z (2.58)
1<, k<n+1

Since z; is arbitrary, this is equivalent to the positivity of the matrix with (4, j)
entries gltl(\;, \;). O

Corollary 2.19. If f € C*(I), f(0) = 0 and f is operator convex, then the
function g(t) = @ is operator monotone.

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

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.

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.(t) — 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(¢) 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
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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

FH < foro<it<1,

1—t
£ = 1%1& for —1<t<0, (2.60)
If" (<2
Proof. Let A = { (t) 8 } Then by Theorem 2.12, the matrix
£y = { ff(t()t/)t f(tl)/t (2.61)
is positive. Hence ,
! i? < Fb). (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)+ @ —=1)f'(t)>—1fort >0

F)+ (t+1)f/(t) < 1for t <0, (2.63)
Thus we obtain i
f+1> EIO s, .

Now suppose that for some 0 < t < 1 we have f(t) > 5. Then f(t)? > 15 f(1),

so from the above we get f(t)+1 > @ But this gives the inequality f(t) < ﬁ,
which contradicts our assumption. This shows that f(t) < & for 0 < ¢ < 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

Loy o (LHEDI0) = F/(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 Thychonoff’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) = ﬁ, where o = %f”(O). (2.66)

Proof. Let f € K. For each —1 < A <1 let

A

aa(t) = (1 + t) F(t) — A\ (2.67)

By Corollary 2.20, g, is operator monotone. Note that g (0) = 0, since f(0) =0
and f/(0) = 1. Also, g4(0) =1+ 1Af”(0), so the function hy defined as

1 A
is in K. Since |f”(0)| < 2, we see that [3Af”(0)] < 1. We can write
f= % {1 + ;)\f”(O)} hy + % [1 - ;Af”(O)] h_x. (2.69)

So, if f is an extreme point of K, we must have f = hy. This says that

330 10 = (143) 70 (2.70)

from which we have that y
F) =1 YO (2.71)
]
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Theorem 2.25. For each f in K there exists a unique probability measure [
on [—1,1] such that

1
1) = [ . (2.72)

Proof. For —1 < A < 1, consider the functions hy(t) = ﬁ 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
{hy:—=1 <X <1} can also be written as [ hadv(X), 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) = [ hadv;(\) 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;(A) converges to [ hxdu()), so
F(t) = [ hadu(N) = [ 5zdp(N).

Now suppose that there are two measure p; and po for which the representa-
tion (2.72) is valid. Expand the integrand as a power series = = > o " T1A"
convergent uniformly in |A| < 1 for every fixed ¢ with [¢| < 1. This shows that

o 1 o0 1
> i / Ntdpy (A) = ¢! / A"dpig () (2.73)
n=0 -1 n=0 -1

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

/_ V() = /_ N () (2.74)

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

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

£ =10+ 0 | au(). (2.75)

Proof. We have that f is monotone and nonconstant, so f'(0) # 0. So the

function %(Of)@) isin 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 (b_T“t + aT+b) is operator monotone on (—1,1).
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Using Corollary 2.26 we may also analytically extend an operator monotone
f on (—1,1) by replacing t with complex z. In this way we may define f on the
whole complex plane excluding (—oo, —1] U [1,00). Since

5 z Sz .
I=Xz  |1- )¢

(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 [7].

Furthermore consider the following nice

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

oo /\rfl
/ 1+)\=7TCSCT7T,O<T<1. (2.77)
0

By change of variables we obtain from this that

sinrm [ t
= — X" laa 2.78
0 /0 T4 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.

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'),
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(ili) 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 [26]. 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,CBO). (3.1)

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 [26]). For each connection o and x > 0 real number,
the operator lox is a scalar. Furthermore the map, o — f, defined by

f(z) =1loz (3.2)

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

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

PAP=AP < Aand PBP = BP < B. (3.3)
Using property (ii) and (iii), it follows that
P(AoB)P < (PAP)o(PBP) = (AP)o(BP) < AcB, (3.4)

so the operator AcB — P(AoB)P is positive and also has a vanishing diagonal
block, hence
(I — P)[AcB — P(AocB)P]| P, (3.5)

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

[(AP)o(BP)] P = (Ao B)P. (3.6)

Since each scalar commutes with all projections, so does the the operator
lox, hence it is a scalar. So f(z) := loz 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 (3.6) that

IocA = Z [Pio(a; P;)] Py = Z(laai)Pi = Z flai) P = f(A), (3.7)

3
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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 = AY2f (A*l/QBA*/Z) A2, (3.8)

What remains to prove is that every operator monotone function is obtained
in the form (3.2). Let f be an operator monotone function. Then it has an
integral representation which can be written in the form

z(1+1)

f(z) = /[ dm (3.9)

for z > 0 and m is a positive Radon measure. Then we define a binary operation
o by

AoB = aA +bB +/ # ((tA) " + B~H) " dm(1), (3.10)

(0,00)

where a = m({0}) and b = m({oc}). Since ((tA)~'+ B_l)_1 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 z > 0

lox = f(z) (3.11)
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. FEvery connection o has the following properties:
1. (AoB) + (CoD) < (A+ C)o(B + D).
2. 5*(AoB)S < (S*AS)o(S*BS) for not necessarily hermitian S.

Definition 3.2. We say that a connection ¢ is symmetric if and only if AcB =
Bo A for arbitrary positive A, B. Symmetricity is similarly defined for matrix
means as well.
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Theorem 3.3. The map, n+— o, defined by

141t - _

AoB = E(A+B)+/ Lt [((ztA)—1 +B Y (AT (tB) Y 1} dn(t),
2 (071] 2t

(3.12)

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.

Proof. The fact that (3.12) 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) = zf(1/x) (actually a connection is symmetric if and only
if this holds). Hence

f(z) = w —
a+b T T
= (1 + l‘) + /(0700)(1 + t) <£L’+t + M) dm(t) = (313)

a+b 1+t T T
= 1+2)+ +
2 ( z) /(0_’00) 2 (ac +t  xt+ 1) dn(t),

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({oo}) = 4n({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 maximum of all symmetric means, while
the harmonic mean is the minimum.

Proof. We have the inequality

2x <1+t T n T <1+x
1+xz— 2 c+t xt+1)— 2

(3.14)

for x,t > 0, which yields

14+t - - A+ B

24+ B )l < Tt () B 4 (at ) ) ] < ; .
(3.15)
The integration with respect to the probability measure n yields the assertion.

O

So far we have met with the two basic matrix means, the arithmetic mean
# 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
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1 and an arbitrary positive real number ¢ is t'/2. This provides us the geometric
mean of two positive matrices

G(A,B) = A2 (A*WBA*V?) A2, (3.16)

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 Matrix Means to Multiple Vari-
ables

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 formulzlxs. ll’he arithmetic
mean is just Z:L:Tlx, while the harmonic mean is (%) . 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

Definition 4.1 (Multi-variable 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,...,X,) is invariant under the permutation of its variables,

3. min(Xy,...,Xp) < M(Xy,...,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,...,Xp,) is continuous,

6. CM(X1,...,Xn)C* < M(CX,C*,...,CX,C*).
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The above properties are fulfilled by the n-variable harmonic and arithmetic
mean. But what about the geometric mean (3.16)? 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 [9]. 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 =\ Jldp.dp), = o7 2app™ 2| = VT (G ap?). (43)

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

by ,
£ = [ e wn o)) (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(v) = L(X™X), (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 (3.16) 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) going through the 0 matrix. Additionally EMI
tells us that exp is metric non-decreasing, which tells us that the Riemannian
manifold P(r,C) with the metric (4.2) is nonpositively curved, refer to [12].

An equivalent way (in the class of Riemannian manifolds) 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 ,
. — (A, B). (4.34)

d(M,C)* <

Proof. Applying the isometry p — M~/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) = |logM —log C||, . (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||2 + |[log B — log C||2
[log M —log C||3 = [log og C|l5 + ||log og C||3

1
~ $ llog A~ log B

2
(4.37)
Since d(M,C) = |[log M —log 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 < i < n as the minimizer of the function

Clz) = d(z,p;)* (4.38)
=1

If a minimizer exists and it is unique we denote it by arg mingew C(x). Firstly
we will show the following
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Proposition 4.9. In the complete metric space (W,d) a minimizer of C(x)
erists 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(L — 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(v(t) < (1 =1)C(4(0)) + tC(y(1)) = t(1 = t)nd(y(0), (1)), (4.40)

Now let « := 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

M — lnd(zl’ zk)z, (4.41)

< <
[0S C(Zlﬁk) ~ B 1

Consequently, d(z;, z,) — 0, i.e. z is a Cauchy sequence, by completeness it

has a limit point 2. Moreover by continuity of C'(z) we have C'(2) = inf, C(z).
For uniqueness assume C(zg) = C(z1) = inf, C(2) = « and zy # z;. For

the midpoint z1 between zy,z; we get a contradiction, since a < C’(z% ) <

C(20)+C(z1) _

Clza)tClan) — o, 0

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.

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 (1) on the
geodesic emanating from p in the direction of X, with arc-length parametriza-
tion, i.e. ¥(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 (t) and (1) = ¢ then log,(q) = X,,.

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

d(p.q) =/ (log, (4); log, (4)) = v (log, (p), log,(p)) - (4.42)

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.
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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

2 YA (1))?

= d/l d(a,~(t))?ds
dt o dt Jo 7

' /D
= / 2 <dc'a(s,t),cg(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

=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) :

t=0

t=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(x) exists and is unique, it can be find by solving the equation

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

Let us do this for 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)
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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. 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.
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 [28] 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 [30]. 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
-1 _17—1
Hy(A,B)=[1-t)A""+tB™"] . (4.66)

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

Although in [36] it has been shown that it is possible to define a weighted
mean corresponding to a symmetric one without the use of a corresponding
Riemannian structure. This weighted mean procedure gives back the above
weighted means corresponding to their symmetric counterparts. 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?,...,X?) where X? € P(r,C)
and define the mapping M (X, ..., X,,) inductively as follows. If n = 2 assume
that M (X1, X2) is already given. For general n > 2 assume that M (X, ...,
Xn—1) is already defined. Then using M (X1,...,X,_1), set up the iteration

X =M (Z (XL, X1)), (4.68)

where Z (X1, ..., X)) = X4, X, Xfﬂ, ..., XL. TIf the sequences X! con-
verge to a common limit point for every i, then define

Jim X =Mm(xP,...,x0). (4.69)
—00

Theorem 4.14 (Theorem 3.2 [5]). The limit in Definition 4.4 starting with
M(A,B) := G(A,B), M(Xy,...,Xy) 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 [27] it
was proved that the above procedure converges in nonpositively curved metric
spaces, using the midpoint operation of the space as the 2-variable mean to
extend from. In [36] it was also shown that the above procedure converges for
every symmetric matrix mean. The convergence in Theorem 4.14 was shown
to be linear, and it seems that this is the case for general symmetric matrix
means. Since the procedure recursively relies on itself, it is quite ineffective even
for small n. Hence in [11] the following procedure was defined. The following
procedure is similar to the ALM-process. Both of these procedures are referred
to in general as symmetrization procedures.

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

XA = Mooy (XM (Zg (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(xY,...,x9). (4.71)
hde el

Theorem 4.15 (Theorem 3.1 [11]). The limit in Definition 4.5 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 important property of this procedure is essentially summarized in

Theorem 4.16 (Theorem 3.2 [11]). The procedure in Definition 4.5 converges
cubically.

The proofs of the above theorems were also relying on the metric structure
(4.2), however in [36] the above two theorems were proved for all matrix means
without using explicitly corresponding metric structures. The important prop-
erties of the ALM- and BMP-procedures are that their limit points fulfill the
properties listed in Definition 4.1.

In [34] a new procedure was defined which directly extended 2-variable sym-
metric matrix means to several variables with a similar symmetrization porce-
dure. It was shown that the properties in Definition 4.1 are also fulfilled except
the permutation invariance. This procedure in [35] were also considered and
proved to converge in complete geodesic metric spaces with a certain upper
curvature bound.

Interestingly enough all the above extension procedures are the same for
the arithmetic and harmonic means, they all give back the expected n-variable
formulas. However in the case of the geometric mean they are all different as
was pointed out for the first time in [10]. There are certain special situations,
for instance when the matrices X; commute, when they are also the same,
and give back the usual geometric mean of scalars. It seems that curvature
controls this phenomenon. If we have a corresponding metric structure which is
Euclidean, then it can be shown that all the above extension are the same, the
symmetrization procedrues converge to the center of mass. Even spaces with
constant curvature does not have this property [35].

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-Fuclidean, therefore these extension prob-
lems are far from being trivial. This leads us at last to the main question of
this thesis, what are those matrix means which have corresponding Riemannian
metric structures? Or at least which one of them has an affine geometric struc-
ture? In the following sections we will answer these questions. We will classify
all possible affinely connected manifolds which have a midpoint operation that
happens 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, providing the solution of this
problem raised in [36]. We will begin with some general geometrical construc-
tions, which will be applied later in the case of symmetric matrix means. With
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the help of these tools we exhibit some symmetries of the possible affine con-
nections that can occur, which ultimately lead to their classification. In fact it
turns out here that all symmetric matrix means which are midpoint operations
on P(r,C) have its corresponding affine connection of the form

K _ _
Vx,Y, = DY[p][X,] — 3 (Xpp™ 'Y, + Yp ' X,), (4.72)

where 0 < k < 2 and the tangent space is H(r,C), the space of hermitian
matrices, at every point p € P(r,C). This result is summarized in Theorem 9.4
in the last section. During the classification process we will exhaustively study
the properties of these possible connections, namely their parallel transports,
metrizability, symmetricity, etc.

5 Affinely Connected Manifolds and the Expo-
nential Map

Let W be a smooth manifold. The tangent bundle TW is the disjoint union of
all the tangent spaces 1,W at point p, i.e.

T™W = | J{p} x ,W. (5.1)

Definition 5.1. [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) — C>(W,TW)

(X,Y) = VxV (5.2)

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) = VY] + 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. (5.3)

We also define the parallel transport vector field X (t) of a given vector Xy €
T, )W along a smooth curve (t) as the solution of the ODE

Vo X(t) = 0. (5.4)
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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
[19, 18]. 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; = %7 we have corresponding
Christoffel-symbols "%y, given as

Ve,ex = lpei. (5.5)

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

Velgik = 0. (5.6)
From this we obtain the Christoffel-symbols in the form

i 1 im (O9mk n Ogmi _ Ogri
ozt dzk  dxm )’

ik = 59 (5.7)
where ¢g** denotes the inverse of g;. It follows that the Levi-Civita connection
is a symmetric connection (or torsion-free), i.e. F;k =T,
The covariant derivative of a vector field X™ E,, is given as
oxm™

Ve XM = + ryxk. (5.8)

Similarly we define the covariant derivative of tensors as
o Aik
ozt

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 [19].

V., A = + 1% A™F L Tk g™ (5.9)

Theorem 5.1. Let M be an affinely connected smooth manifold diffeomorphi-
cally 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) is a diffeomorphism. Then in these normal neighborhoods the in-
verse of the exponential map logp(q) can be fully reconstructed from the midpoint
map in the form

. om(p,q)* —p
log,(¢) = lim ( l ; (5.10)

on —

2
where we use the notation m(p,q)°™ =m (p,m(p, q)o(”_l)).
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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

O expy(Xt) :hmwzx (5.11)

ot ieo =0 t

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=5) — on _
i SO Z0 o0y (Xan) =0 ) mp
t—0 t n—o00 o n— o0 P
Here we use the notation m(p, q)°™ = m (p, m(p, q)°("_1)). We are in a normal

neighborhood so the exponential map has an inverse, the logarithm map, so the
limit may be written as

e Xt) —
PR 0.0 it
t—0 t n—o0o

m(p, on __
W —log,(q).  (5.13)
271,

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 5.2. Let M be an affinely connected smooth manifold diffeomor-
phically embedded into a vector space V. In every normal neighborhood N let
Ya,b(t) denote the geodesic connecting a,b € N with parametrization v,,5(0) = a
and v4,5(1) = b. Suppose that the map m(a,b)s, = Ya,p(to) = exp,(tolog,(q)) is
known for a tg € (0,1) in every normal neighborhood N where the exponential
map is a diffeomorphism and a,b € N. Then in these normal neighborhoods the
logarithm map can be fully reconstructed as

log, () = lim m(p,q)i —p

n— 00 tg

; (5.14)

with the notation m(p,q)gr =m ( ,m(p, q)fén71)> . 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.
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6 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‘WBA‘”Z) A2, (6.1)

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, c0), possesses:

ft)=a+pt+ | N <A2A+1 - AL) du(), (6.2)

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

/000 )\21+ 1du()\) < 0. (6.3)

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 [36]:

Definition 6.1 (Affine matrix mean). 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 O 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
AeWw.

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)°("=Y) as be-
fore.

Theorem 6.1. Let M (A, B) be a symmetric matriz mean. Then

M(A,B)*" — A
1
b

lim
n— oo

= AM?1og, (A*l/zBAfl/Q) AL/ (6.4)

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).
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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 (6.1) we can reduce the above
problem to the right hand side of the following formula:
M(A,B)*" — A B A1/2f (Afl/ZBAfl/Z)on 7 s
==

- - A2, (6.5)
2n 27

From now on we will explicitly use the notation g(t)°™ = 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(¢) = 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(t) given in the following form

. f(X)O’!L _ I
lim ———
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)on
lim

n—00 g’(O)n ’
where g(t) = f(t+ 1) — 1 and so g(t)°" = f(t + 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
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(¢), so for
arbitrary « € (—1,00) the sequence z, = g(x)°" converges to 0. We have
¢(0) = 0 and by the mean value theorem we have

(6.6)

(6.7)

n

2y = g(2)°" = g (ta)g(x)°" D =[] ' (t:)z, (6.8)
i=1
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where t; € [0,g(z)°C V] if 2 >0 or t; € [g(2)°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

)on )Om

g(z

g(z
‘g’(O)" OR ‘ (69)
We argue as follows
9@ g(@)*™| _ lg(=)™" — g'(0)""g(x)"™] _
g’ g'(0)m g'om -
[T, 19 (t:) — g (0)" | [T ¢/ (t:)]
< Tz 70 I, x| = (6.10)
N s A I s AN
=1 1L gy 1 Ly

Now uniform convergence follows if |[];2, ¢’(;)/g’(0)] < oo because then the
tail [];2,,,1 9 (t:)/9'(0) — 1 so (6.9) 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 ¢'(t;) — ¢/(0) and by assumption 0 < ¢'(0) < 1, therefore
there exists N and ¢ such that for all ¢ > N we have 0 < ¢/(¢;) < ¢ < 1. What
follows here is that 3K, Ko < oo such that |tx]| < Ky and |¢”(t;)] < Ks for
all i > N. This yields the bound |t;| < K1¢'~% for all i > N. Considering the
Taylor expansion of ¢’(¢) around 0 we get

g't:) g (0)+g" ()t

= 6.11
70 " 90 (040
for 0 < ¢ < t;. What follows from this is that
' g'(t:) - ( K1 K3 -N>
11 <JI(1+ ¢ N). (6.12)
—n 9O T Iy 9'(0)
The infinite product on the right hand side converges because Z;io %qj

converges hence |2, ¢'(t;)/¢'(0)| < oo for all z in the compact interval.

At this point we can easily establish the convergence for normalized operator
monotone functions because they are concave functions by Theorem 2.4, so
1(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(t). O

Actually the above proof works for a larger class of functions then the family
of normalized operator monotone functions. The limit in (6.6) exists and it is a
continuous function if the twicely differentiable function f(t) has 1 as the only
attractive fixed point and the derivative —1 < f/(¢) < 1.
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Proposition 6.2. The limit function log;(t) in Theorem 6.1 maps P(n,C) to
H(n,C) injectively and

I-X1'<log;(X)<X-1T (6.13)
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;(t) has zero derivative at some point ¢y 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, c0) 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 6.1. 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

Al4 B! A+ B
(+ i (6.14)

2 2

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

)_1 < M(4,B) <

)1 << X (6.15)

I+ X1
2

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 5.1 and 6.1 and the corresponding
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 (6.15) yield (6.13). Now it remains an easy exercise
to see that log;(X) cannot be constant on (0,00), since then it would violate
inequality (6.13).

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
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derivative is nonzero due to Theorem 6.2. 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
logy(t) = lim_ iz / U07) flf( ) )7 (6.16)
271

since log;(¢) is a uniform limit of analytic functions, therefore its differential is

the limit of the differential of the functions £ (tl)/o;nfl
converging due to a similar argument to the one given in the proof of Theo-
rem 6.1 and f/(1) = 1/2 by the symmetricity of the matrix mean. By these

considerations we have just arrived at the following

, which are also uniformly

Proposition 6.3. If a symmetric matric 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‘l/QXp‘l/z) p'/?

(6.17)

log, (X) = p*/?log; (p~/2Xp™1/2) 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) =
IaIOgI(I) = anxpl(o) =1.

Note that by Weierstrass’s approximation theorem we also have

p'/%exp; (p‘l/QXp_1/2) p'/? = pexp; (p7'X)

(6.18)

p*/?log; (p*”sz*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.

7 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 very important, from certain point of views [12]. We will
turn back to this later. What we do need is that the Levi-Civita connection
corresponding to this Riemannian space is

1 _ _
vXpr = DY[p][Xp] ) (pr 1Yp +Yyp 1Xp) ) (7-1)
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here DY [p][X,] denotes the Fréchet-differential of Y 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 6.1. The calculation of
the limit (6.6) might be complicated. We give examples where the limit function
may be calculated relatively easily.

Ezample 7.1. Consider the one-parameter family of means

—1/2 —1/2\1 1/q

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

o 1/q
1 1429
1+ 2

falw)® = | 52— (73)

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

on x4 1/q
W BT (@bt )1
lim = 1i T —
(21— 2)Y 1 (ta? —t +1)V/7 — 1
= g T = i _ (4
n— oo 2171 t—0 t
Otz —t+ 1)l Cxt—1
ot =0 qg

In [18] and [19] 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

T (7) Y54 — Yy (0
t 9

Vx,Y, = lim (7.5)

46



where «y(t) denotes an arbitrary smooth curve emanating from p in the direction
X, = 0v(t)/0t|t=0 and T'{ ()Y denotes the parallel transport of the vector field
Y along the curve v from ~(t) to 7(s), refer to [18, 19]. 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)). (7.6)
On affine symmetric spaces this map is an affine transformation so one can
conclude that oy ( 1)
ex
TY(y)Y = — 2201/2 1P , (7.7)
ot 0

where (t) is a geodesic connecting p = v(0) and g = 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‘l/sz””) p'/? = pexp; (p7'X)

(7.8)
log,(X) = p'/*log; (pfl/sz*”Q) p'/? = plog; (p~'X).

The above identities already specify the geodesic symmetries with the notation
S1(X) = exp;(—log;(X)) as

Sp(q) = exp,(—log,(q)) = p'/*S; (p4/2qp*1/2> p/*=pSr(ptq). (7.9)
Now we are in position to prove the following

Theorem 7.1. Let P(n,C) be subset of an affine symmetric space with affine
geodesic symmetries given as (7.9). Then the invariant affine connection has
the form

K _ —
Vx,Yp = DY plIX,] - 5 (Xpp 'Y, + Yp ' X)), (7.10)
where k = S7(1)/2.

Proof. We are going to use (7.7) to obtain the connection (7.10). We make the
assumption that the geodesic symmetries are of the form (7.9). The functions
exp,(X) and log,(X) are of the form (7.8), where exp,(t) and log(t) are an-
alytic functions on a disk centered around 0 and 1 respectively. We also have
that log; (1) = 0, exp;(0) = 1 and furthermore

Oexp;(t)

o =1. (7.11)

t=0
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First of all we have to differentiate the map S,(¢) given in (7.9) to obtain
()Y =T,.,Y, where y(t) is a geodesic connecting p = v(0) and ¢ = (1).

9Sp(expy(YT))|  _ 9pSi (p~'exp,(Yt))
ot 1=0 ot (7.12)

=pDS; [p~lq] [p7'Y]

We used the fact that d exp,(Yt)/0t|=o = Y which is a consequence of exp?(0) =
1.

Now we are going to differentiate the parallel transport as given by (7.7) to
get back the connection. We use the holomorphic functional calculus to express
the Fréchet-differential in (7.12) as

DS;[X][U] = 2% / S1(2)[z] — X|7 U [2I — X]'dz. (7.13)

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

v(t/2) DSt [v(t/2)7 v (1)] [v(£/2) 7 Y]

Vo ©)Yyo0) =~ g (7.14)

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

T / S1(2)[2] = (t/2) (0] (t/2) Vg

(e = A(t/2) (1)) 2],y = ~ 57 (013(0) Yy DS -
05 [ 8162 {[zf— 17590 O] — 117(0) Yo 117 +
LT = 179(0) gy [oT — 117 51 (0) O] — 1)

el — I [7(0)1 %W'(omo)*%w) +7(0) " DY [y(0)][y/(0)]

(2] — 17!} de =
(7.15)

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

= D5 000, 0
1055 [ % (07 OO0 Y0~
1055 | ZEG 510 Y07 010) -
1055 [ 25 [57007 @0 Y, +90) DY O] )

(7.16)

at this point we are going to use the integral representation

s (1) = ]'/(ZSI(Z)dz

2mi —1)it+l

to further simplify the above.

S (1 B B
Vi Yy0) = — 14( ) [/ (0)7(0) 'Y 0) + Yoy0)v(0) 1/ (0)] —

=000~ I [ 010 Yoo + 2DV HOIH )] =
= 50D HOIY O] - 2 [ 030V + Y0307 0]
(7.17)
So we have that x = S7(1)/2.
U

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 (7.10). We are going to study these connections as k 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 (7.10) defines an affine connection
with corresponding exponential and logarithm map which are of the form (7.8).
This fact follows from considering the geodesic equations for the curves v (t) =
expy (p71/2Xp~1/%t) and o(t) = exp,(Xt) = p'/Zexp; (p~ /2 Xp~1/2t) p'/2.
We will also determine if these connections are metric or not.

8 Properties of These Affine Connections

Our next step is to integrate the geodesic equations corresponding to the one
parameter family of connections (7.10).
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Theorem 8.1. The geodesic equation corresponding to the affine connection
(7.10) is

e 1.

¥ =ryrA- (8.1)

The solution of this equation is the following one parameter family of functions

(1—r)X +1]77F  ifr#1,

exp(X) else. (82)

|

Proof. First of all note that by (7.8) it is enough to solve the equation (8.1) for
real numbers. Therefore the equation takes the form

expy () = rexp (t)* exp (). (8.3)

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

of the form
log’ (t) = —klogh ()t 1. (8.4)

Solving the above we get the logarithm map as

Xi=c—_1 .
ifk#1
log;(X) = I=r ’ 8.5
B1r(X) {log(X) else. (8.5)
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 (7.8)

expx (3 losx(1)) =

M(X,Y)

(8.6)

1
X1/ {H(XWYQXW)1 X2 g1,

X2 (x-12y x-1/2)? x1/2 else.

The above functions are matrix means if k € [0, 2], see exercise 4.5.11 [9]. 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+tB (8.7)

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

1

Hy(A,B)= ((1-t)A""+tB™")" (8.8)
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is also a geodesic with respect to the metric (X, Y>p =1Tr {p_QXp_2Y}. We
have already mentioned that the second metric is isometric to the first one, so
it is also Euclidean.

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

t
Gi(A, B) = AY/? (A*1/2BA*1/2) A2, (8.9)

The corresponding Riemannian metric is (X, Y>p =1Tr {pleple}. 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 [16]. 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

gst By + gis R =0 (8.10)
also satisfies the system of equations
gisfkl;m + gisRikz;m =0, (8.11)

here we use the Einstein summation convention for repeated indices and the
semicolon ; to denote the covariant differentiation with repsect to the index
which follows the semicolon. The above theorem can be found in [40] as Theorem
1.3. Similarly one may also consult the classical paper [16].

In our case it turns out that

i K — _
U Ei = — §(Ejp 'Ey + Exp 'E))
i KR IiQ _ - _ B
Rjp b = (2 - 4> (Ejp 'Ewp 'E, + Ejp 'Ewp 'E;— (8.12)
—E;jp 'Epp 'E, — Exp 'Ep'Ej),
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 R, , since it vanishes everywhere
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if and only if the underlying manifold is a symmetric space. So we have by
definition

g g p g
jkl;m l_al,m 7 nm* ikl

n % n % n %
_ijR klEi - kajnlEi —Ltim jkmEi'

mn

(8.13)

After some calculations one gets the following formulas
oxm

K I'iz _ _ _ _ _ _
:(_> (—E;jp ' Emp ™ Exp™'E; — Ejp ' Exp™ ' Emp™ ' Ert

P =

2 4
-1 I | 1 —1 -1
+Eijp” Enp Ep  Eip+ EjpT EpT Enp Ep—
— Ep 'Enp 'Ewp 'E; — Epp ' Ewp” ' Enp ' Ej+
+Ewp Epp ' Eyp ' Ej + Exp ' Eyp Ep ' Ej)
F:LmR;lklEi =
k (kK2 _ _ _ _ _ _
=-3 <2 - 4> (Ejp~ ' Bxp™  Ep™ By — Ejp~  Eyp~ Eyp™ Ept
+ Ep 'Ewp 'Ejp 'E, — Exp 'Ep Ejp tEp+
+ Emp 'Ejp 'Exp 'Ey — Enp 'Ejp ' EppT ' Ep+
+Enp 'Epp 'Eyp 'Ej — Enp ' Exp ' EipT'Ej) .
(8.14)
It is possible to check using the above that Sktzm = 0 everywhere if and only
if Kk =0,1,2. This proves the following

Proposition 8.2. The only symmetric matrix 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.

Proposition 8.3. Let ¢(t) be a geodesic with respect to the connection (7.10)
and c(0) = p,c(1) = I. Then the unique solution of V.Y = 0 with respect to
the connection (7.10) and the initial condition Y. 0) = Yo is the vector field

Y (t) = c(t) ™2 Yoc(t) " 2. (8.15)

Proof. We have to integrate the equation V. (4) Y ;) = 0. This is equivalent to

K

DY) ~ & (¢ (@elt) Yoy + Yepel)0) =0, (816)
We will be looking for the solution Y, = Y (t) in the form
Y (t) = f(c(t)Yof(c(t)), (8.17)
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for some analytic function f(x). We have for the Fréchet-differential

= O _ Ty ey + pleteyrn LA,

DY [e(t)][¢'(t)] (8.18)

Now substituting into the equation of the parallel transport above, we get
df(C(t)) df(C(t)) o B .
dt I = 5 (c/(t)c(t) 1Yc(t) + Yc(t)C(t) lc/(t)) .
(8.19)

Since ¢(t) = exp;((1 — t) log;(p)), it has a power series expansion, as has f(x),
so we have by commutativity that

_ df(elt)
dt

Yof(e(t)) + f(e(t))Yo

R _

3¢ (Oe®) 7 f(e(®) = Df[e®)]lc'®)] = f'(e)c (1) (8.20)
Since everything on the left and right hand side commutes with each other, we
arrive at the following separable differential equation

= fe)f(e)7 (8.21)
which has its solution in the form f(c) = ¢*/2.
O

By the above proposition we should have the Riemannian metric in the form
<p7m/2Xp7n/2’pfn/2Yp7m/2> (822)

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 (8.10) is the
mapping Tr {XY} at I, since R;-kl is the same for all k except for a constant
multiple and for k = 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 (8.11) at I if K # 0,1,2. Similarly T'r {p’lXp’lY} is a solution
of (8.10) at arbitrary p for k # 0,2, but it is not a solution of (8.11) if k # 1.
So we conclude

Proposition 8.4. The smooth manifolds with affine connection (7.10) does not
carry a Riemannian metric unless kK = 0,1, 2.

So remarkably we have not found any previously unknown matrix means
so far which are midpoint maps 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.
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9 C(Classification of Affine Matrix Means

Due to Proposition 6.3 we have the exponential and logarithm map in the form

exp,(X) = p'/?exp; (p‘l/sz‘”Z) p'/? o)
1
log,,(X) = p'/*log; (p*”sz*W) 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 (9.1) represent the exponential and
logarithm map of an affinely connected manifold. Then the analytic function
exp;(t) is the solution of some geodesic equations

expf (t) + T (expf (t), exp7(t), exp; (1)) = 0, (9-2)

where I'(+,+,+) : 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 [39] 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

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.

Dty
2

Proposition 9.1. Suppose that I'(-, -, ), exp;(-),exp,(-) are functions given with
the above properties. Then

I'(X,X,p) =p'/*T (pfl/sz““,pfl/sz*”zv I) p/? (9.3)

forp € P(n,C) and X € H(n,C).

Proof. Let ~(t) = exp; (p~*/2Xp~1/2t). Since exp; is an analytic function we
have

V() =p 2 Xp 2 exp) (pfl/sz*”"’t)

() = p 2 X p V2 exp! (p—l/QXp—1/2t> 2 Xp 12, (9-4)
By the geodesic equations we have
YI(t) = =T (v (£),7'(t), (1)
exp’! ( _1/2Xp_1/2t) _pl/2X1pl/2r ( —1/2 xp=1/2 exp) (p_1/2Xp_1/2t) ’
p 2 Xp 12 exp) (pfl/sz71/2t> , exXp; (pfl/szq/zt)) p2X1pl/2,
(9.5)
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If we consider the geodesic equations for v(t) = exp,(Xt) we get
exp’! (pfl/sz71/2t> — _pl/2x-1r (Xpil/Q exp’ (pil/szfl/Qt) P2

p1/2 exp) (p_1/2Xp_1/2t) p_1/2X,p1/2 exp; (p—1/2Xp—1/2t) p1/2) X—1p1/2_
(9.6)
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/21r (p71/2Xp71/2’p71/2Xp71/2’ I) p/2X1pl/2 =
(9.7)
=p'2X'T (X, X,p) X 'p'/?,

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 I' (X, X, I'). Now we will show that I" (X, X, p)

is invariant under similarity transformations.

Proposition 9.2. For all p € P(n,C) and X € H(n,C) and invertible S we
have
L (SXS™,SXS571,9pS™) =ST(X,X,p) S~ (9.8)

Proof. We have by the geodesic equations
X? exp(Xt) = =T (X expp(Xt), X exp7(Xt), exp;(Xt))

2 1/ —1 / / —1 (9'9)
SX?exp] (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
SX2S5 exp(SXST't) = —T (SXS ' expj(SXS~'t), SXS " exp; (XS '),
exp;(SXS™'t))
SX%exp/(Xt)S™! = T (5X exp}(Xt)S™", SX exp}(Xt)S~,
Sexp,(Xt)S7).

(9.10)
Again since the above two equations are identical we get the assertion.
O
By the above proposition we have for hermitian X that
rXx,x,I)=U0r(D,D,I)U~, (9.11)

for some diagonal D and unitary U, so it is enough to characterize I' (X, X, I)
for diagonal X.
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Theorem 9.3. Let D be diagonal with real coefficients. Then
I'(D,D,I)=—cD?, (9.12)
for some real valued constant c.

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

M exp(AMt) = =T (Aexp;(At), Xexp; (AIt), exp;(At)). (9.13)
By linearity of T'(+,-,-) in the first two variables, this is equivalent to
A2 expl (Mt) = —A?T (expl(AIt), expf (ML), exp; (AIt)). (9.14)
Letting ¢t = 0 we get
cl=-I(1,1,I), (9.15)
where ¢ = exp/(0) is a real number, since exp; : H(n,C) — P(n,C) is an
analytic function with real coeflicients in its Taylor series.

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

P?exp(Pt) = —T (P exp}(Pt), Pexp(Pt),exp;(Pt)). (9.16)

Since P? = P and again letting ¢t = 0 we get
¢P=-T(P,P,I), (9.17)
where ¢ is trivially the same constant as determined above for I' (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 Py + P, using linearity of I'(-, -, -) in
the first two variables that

L(P, P, 1)+ T (P, Py, I)=—c(Pi+ P) =T (P + P, P, + P, 1) =

9.18
:F(PhPl)I)+F(PlaP2aI)+F<P25P1aI)+F(P27P27[)7 ( )

which yields that for mutually orthogonal projections P;, P, we get the orthog-
onality relation
I'(P, P, I)=0. (9.19)

Finally since a diagonal D can be written as D = ) .\, P; for mutually
orthogonal projections P;, we have

I'(D,D,I)=T <Z)\ipi,z>\ipi,[> =
=D NP P T) = =" NeP, = (9-20)

= —¢D?,

which is what needed to be shown.
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The above three theorems with the other preceding results presented here,
lead us to the concluding

Theorem 9.4. All affine matrix means M (X,Y) are of the form
e [ty

M(X,Y) = 2
X1/2 (X71/2YX71/2)1/2 x1/2 ifr=1,

1
1—k
X2 ifg#£1,

(9.21)

where 0 < k < 2. The symmetric affine connections corresponding to these
means are

K _ —
Vx,Yp = DY [pl[X,] - 5 (Xpp ™'Y, +Yp ' X)) (9.22)

Proof. By Proposition 9.1, 9.2 and Theorem 9.3 we have that the functions
I'(-,-,-) : Hn,C) x H(n,C) x P(n,C) — H(n,C) representing the Christoffel
symbols are of the form

I'(X,X,p) = —cXp 'X. (9.23)

This formula determines the functions that are the symmetric parts of the pos-
sible connections, and these connections have geodesics determined by The-
orem 8.1 in the form (9.21). Again by Proposition 15 and Corollary 16 of
Chapter 6 in [39] 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 (9.22) are symmetric, affine and have the same geodesics,
therefore they give the sought symmetric connections for each k if we choose
=K.

The corresponding midpoint operations have the form (8.6), and these are
matrix means if and only if x € [0, 2], since the representing functions f(t) in
(6.1) turn out to be operator monotone only in these cases (see again exercise
4.5.11 [9]). This gives us the complete classification of affine matrix means. O

10 Conclusions

The results presented in Section 5-9 are completely new and have been taken
from the article [37] of the author. From the point of view of the applicability of
Riemannian structures in the theory of matrix means, it is a bit disappointing
result, since it turns out that there exist no other Reimannian structures then
the ones corresponding to the arithmetic, the harmonic and the geometric mean.
However it may turn out that there are Finsler structures, this can be taken as
a future research project. If the kind reader consults [1, 5, 10, 11, 15, 17, 30,
34, 35, 36], it is evident that the extension of 2-variable matrix means to several
variables are governed by geometrical analogies and most of the constructions
are inherited from a geometrical framework provided by the geometric mean.
However the proofs tend to become more difficult if we abandon the realm of
metric geometry.
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