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Abstract

We study the Poincaré disk D = {z € A: ||z|| < 1} of a C*-algebra A as a homogeneous
space under the action of an appropriate Banach-Lie group U(6) of 2 x 2 matrices with
entries in A. We define on D a homogeneous Kéhler structure in a non commutative sense.
In particular, this Kéhler structure defines on D a homogeneous symplectic structure under
the action of U(6#). This action has a moment map that we explicitly compute. In the
presence of a trace in A, we show that the moment map has a convex image when restricted to
appropriate subgroups of U(6), resembling the classical result of Atiyah-Guillmien-Sternberg.

2010 MSC: 53D20, 53D50, 53C5h5, 53C60, 46105, 58B20, 22E65, 46L.08.
Keywords: Positive invertible operator, Poincaré disk, C*-algebra, Kéhler manifold, sym-
plectic manifold.

1 Introduction
In the present paper we study the homogeneous geometry of the Poincaré disk
D={zecA:|z] <1}
or, equivalently, the Poincaré half-space
H ={h € A:Im h is positive and invertible}

of a unital C*-algebra A, under the action of an appropriate Banach-Lie group U(f) of 2 x 2
matrices with entries in A (the group that preserves a quadratic form € in A% with values in
A). A main motivation for this is the following: if G is the group of invertible elements of A
and G is the set of positive elements of G, then GT can be seen as the configuration space of
a quantum mechanical system, whose elements are equivalent metrics on a fixed Hilbert space
L - the element a € G defines the inner product (£,7n), = (a&,n), for &,n € L. The tangent
bundle can be considered as the phase space of the system, and also the bundle of observables
associated to the different metrics in ( -, - ),. The set {(a,X):a € G*,X € (TG"),} can be
identified with H = {X +ia: X € A, X* = X,a € G"}. Thus, we have a clear identification
between TG and H. On the other hand, D and H can be identified by means of a (Moebius)
diffeomorphism.



The present paper is the third in a series. In the first paper [1] of this series, we studied some
properties of D that derived from its structure as a homogeneous reductive space: connection,
geodesics, metric. In the second [2] we concentrated on properties of D as an open subset of
the projective line over the algebra A. Mainly, the relationship between geodesics in D and the
appropriate notion of cross-ratio of four points in the projective line over A.

Here, we focus on the properties of D that derive from its structure as a homogeneous
Kahler manifold in a non-commutative sense that we define. D turns out to be a homogeneous
symplectic manifold under the action of the group ¢(6). This action has a well defined moment
map that we compute explicitly. In the presence of a trace in A, we show that this moment map
has a convex image when restricted to appropriate subgroups of (), resembling the classical
result of Atiyah-Guillemin-Sternberg.

We briefly explain here the meaning of "non commutative Kéhler structure”. These con-
structions are carried out in the space Q, - a space of idempotents in Ms(.A) (2 x 2 matrices
with entries in A) which is equivalent to D and more convenient for these computations. First
we define a C*-algebra bundle C on Q, whose fibers are C*-algebras isomorphic to A, that we
call the coefficient bundle. It is the endomorphism bundle of the tautological bundle { on Q,:

£:(¢,x)—q, fora € Q, and x € R(q). (1)

Next, we define a Hilbertian inner product ( , ) on Q, such that (X,Y), € C, (fiber of C over
q) for g € Q, and X,Y € (I'Q,)4. Then we show that the imaginary part w of the Hilbertian
product is a C-valued 2-form that is the curvature of the canonical connection of the tautological
bundle §. In this context, the complex structure of the manifold Q, comes from the embedding
of D~ Q, as an open set in the C*-algebra A.

If the C*-algebra has a trace 7 : A — C, the Hilbertian product produces a complex inner
product 7(X,Y), € C for X, Y € (T'Q,)q, ¢ € Q,, and the 2-form 7wy(X,Y") turns out to be
exact.

We also define a non-commutative moment map in the following sense. For a in the Lie
algebra U(6) of the group U(#), and q € Q,, we define f5(q) € C;. This gives a map

[:Q,x ) —C.
We call this map the moment map of Q,. Again, in the presence of a trace 7, the map
Tf:Q,x () = C

defines a moment map Q, — £(f)* in the classical sense.

Section 2 contains a description of the set Q,. We also introduce the form 6 : A2 x A%2 5 A
and its unitary group U(6), which turns out to be a group of linear fractional transformations,
or the generalized symplectic group (see [17], [13], [16], [19], [8], [22]). We also introduce a
principal U 4-bundle pr : K — Q,, where K is contained in the unit sphere of 0, and Uy is the
unitary group of A. This principal bundle is a basic tool in the main constructions of this paper.

In Section 3 we describe three vector bundles related to Q, with their corresponding canonical
connections. The so called coefficient bundle C plays an essential role in this paper. In particular,
we show that the tangent bundle T'Q,, is a C-module.

In Section 4 we introduce a complex structure in Q,, which is compatible with the Hilbertian
product in Q, defined in Section 5, where we introduce what we call the symplectic form w of

Qp.



The main result of Section 6 is a kind of pre-quantization of Q, [21]: the curvature of the
tautological bundle ¢ is, essentially, the symplectic form w. The moment map of Q, is studied
in Section 7 and a U (f)-invariant Finsler metric is studied in Section 8.

The cases where A is C or a commutative C*-algebra are considered in Section 9, where it
is shown that these constructions coincide with those of the classical Poincaré disk. Section 10
contains a kind of Atiyah-Guillemin-Sternberg’s result, concerning the convexity of the restricted
moment map in presence of a wvaluation, which is a map v from the coefficient bundle C to a
commutative C*-algebra F, with a tracial property.

In Section 11 we do the following construction. First, we identify the disk D with the
Poincaré half-space H (see [1]) of A, which is then also naturally identified with TG™. Then, in
the presence of a trace in A, we explicitly compute in H the symplectic 2-form w. Finally, we
construct an invariant Liouville 1-form o on T'G™, and we show that w = da, as in the classical
cotangent construction.

2 The space Q,

We start with a review of polar decompositions of invertible elements of a C*-algebra. Every
invertible element g of a unital C*-algebra factorizes in a unique way as g = A\?p, with \ positive
and p unitary. In fact, g¢* = A\* and then p = (gg*)*1/2g. Analogously, g = pu? is the unique
factorization with the (same) unitary on the left and the positive on the right: the formula
(99")~Y? = (g*g)~'/%g shows that the unitary part p in both factorizations coincide. The
positive parts A2, 2 are related as A2 = (gg*)'/2 = |¢*| and p? = (9*g)"/? = |g|. In this paper
we only need these remarks for the case when g is a reflection, i.e., g = ¢g~'. In this case, it is
straightforward to prove that p = p* = p~! (a symmetry) and Ap = pA~! (see [7], Section 3 for
details). Therefore, if g? = 1 then |g*| = |g|~! and p? = 1.

Notice also that there is a natural correspondence between idempotents and reflections:
¢> = q if and only if (2¢ — 1)? = 1. Thus, for every idempotent g it holds that

2q—1=p|2¢— 1] =[2¢ = 1|"'p=[2¢ — 1|7/?p|2q — 1]'/*
and g = |2g — 1|7'/2p|2q — 1'/2,if p = 3(1 + p).
Notation 2.1. \; = |2g — 1|=1/2, for every idempotent ¢.

Thus, 2g — 1 = )\gp = p)\q_2 = )\q,o)\q_l and ¢ = )\qp/\q_l.
Let us apply these calculations in the context of the C*-algebra Mjy(A), with the fixed
Hermitian reflection p = ( (1) _01 > Note that p = ( é 8 >

The sesquilinear A-valued form 6 : A% x A%? — A induced by p,

0(x,y) = (px,y) = X*py = 2y1 — 3Y2

is symmetric and non-degenerate because of the properties of p.

Every matrix a € Ms(A) admits a unique adjoint with respect to the form 6, namely at =
pa*p. The group U(0) of invertible matrices which are unitary with respect to 6 will play a
central role in this paper:

UWB) = {acGly(A) :a* =a'}.



The group U(6) has appeared frequently in the literature: see the papers by Siegel [17], Krein-
Smuljan [13], Potapov [16], Phillips [14], de la Harpe [8], Young [22], among many others. Its
elements are also called generalized symplectic or linear fractional transformations.

Given an idempotent element q € Ma(A), we shall denote by R(q) = {gx : x € A%}, the
range of ¢, and by N(q) = {y € A% : qy = 0} its nullspace.

Among all the idempotent matrices ¢ € M3(.A), we shall consider those which satisfy

1. ¢* =q,ie. pg=qp.

2. 0 is positive semidefinite in the image R(q) of ¢, and is negative semidefinite in the nullspace
N(q).

The set of all these idempotents is denoted Q,. We shall resume condition 2. above saying
that g decomposes 6.
We characterize the elements of Q, as follows.

Proposition 2.2. Let g € My(A) be an idempotent matriz. The following conditions are equiv-
alent:

1. q decomposes 0.
2. p(2q — 1) is positive.
3. There exists a positive invertible matriz A € Ma(A), such that \p = pA~! and ¢ = A\pA~1.

For the proof, the reader is referred to [7], Section 3. The positive matrix A of condition 3.
is precisely the one appearing in the polar decomposition 2¢ — 1 = /\2,0

Remark 2.3. Every idempotent ¢ € My(A) decomposes A% as A2 = R(q) ® N(q). If ¢ = ¢,
this decomposition is orthogonal with respect to 6. If, additionally, ¢ € Q,, then 6 is positive
semidefinite in R(q) and negative semidefinite in N (q).

Next, we shall characterize the positive part A\, of 2¢ — 1 for any ¢ € Q,. Write A\; =
b* .
( “ . ), with a,b, c € A; note that a,c > 0. If g € Q,, then A\jpAq = p, so

b
N a2 —b*'b  —ab* + b*c (1 0
Pa=\ pateb 2+ ) Lo -1
and we get a = (14 b*b)'/2, ¢ = (1 + bb*)"/2. Then

v ( (1+b*b)1/2 b* ) -1 ( (1+b*b)'/2 —b* )
qa ) -

b (1 + bb*)1/2 q —b (1 + bb*)1/2
and 12
B S 1+ —(1+b*D) /2"
4= 2abAg = ( b(1+ b*b)1/2 —bb* ‘
Thus, the map
bos 1400 —(1+b*b)Y/2p*
b(1 4 b*b)1/? —bb*
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b (1 + bb*)1/2 > parametrizes

from A onto Q,, is a parametrization, and the map b — <

the corresponding set {\;: ¢ € Q,}.
Notice that for any ¢ € Q,, it holds that A, € U(0) N Gla(A)", where Gla(A)T denotes the
set of positive elements in Gla(A). Indeed, it is easy to see that U(0) NGla(A)T = {N\;: ¢ € Q,}.

x7\1/2
Remark 2.4. Both columns of ¢ (in Q) are multiples of x = ( (I+ l;) b) > ,s0 R(q) = [x] =

{xa:a € A} and {x} is a basis of R(q), since z1 = (1 + b*b)'/? is invertible.
The other important set in this study is the following subset of the unit sphere of 6
K=Ky={xeA?:0(x,x) =1,z; invertible} = {x € A% : x*px = 1, z; invertible}.
K is a submanifold of A%, and for x € K it holds that
(TK)x = {Z € A>: Z*px + x*pZ = 0} = {z € A? : Re (0(x,2)) = 0}. (2)

For each x € K, define

T1TT  —T1x9*
=xx"p = 1 € My(A
Px P Towl  —Tox} 2(A)

Notice that px(z) = x 0(x,z) for all z € A%
Proposition 2.5. For each x € K, px € Q,,.

Proof. Since x*px = 1 for x € K, it is easy to check that px is an idempotent. Also pgc = ppip =
ppxx*p = px. It is clear that 6 is positive semidefinite on R(px):

O(pxy,pxy) = ¥y pxx*pxx*py = y*pxx*py > 0.

If z € N(px), then xx*pz = 0 and , since x; is invertible, x*pz = 0, i.e., xfz1 = x329, or
21 = (2%)"la32y Thus,
* —1 *\—1 % * * —1 *\—1 % * *
0(z,2z) = zowoxy (2]) " @r22 — 2522 = z5(xox] (x])” x5 — )29 = 25(aa™ — 1)z,

where a = foQZL'Il. It suffices to show that aa® < 1, or equivalently, that a*a < 1, i.e., x5z2 <
x2jz1. This last inequality holds because zjz1 = 1 4 z5x2. O

Remark 2.6. If x € K then {x} is a basis for R(px).
Define the map pr: K — Q,, pr(x) = px.
Proposition 2.7. pr(K) = Q,.

. _ 1400 —(1+b*b)Y2p*
Proof. For q € Q, it holds that ¢ = < b(1 + b*b)1/2 e . Then
*7\1/2
X:<(1+bw )eK
b
satisfies px = xx*p = q. O



Proposition 2.8. Let x,y € K. Then pyx = py if and only if y = xu for some unitary u € A.

Proof. If y = xu for u unitary, then py = (xu)(xu)*p = xuu*x*p = px.
For the converse statement, we claim that u = x*py is a unitary element of A if px = py.
Notice that in this case pxy =y and pyx = x. Then

wu* = xX"pyy*px = x"ppyx = x"px =1,
and
utu =y pxx"py =y ppxy =y py = 1.
Thus y = pxy = xx*py = xu. O

We need some facts concerning the tangent spaces of Q,. Let us recall the differential
structure of this space. If Q denotes the set of idempotents of My(A) and P the set of all
Hermitian idempotents, the polar decomposition defines a map II : @ — P as follows: if ¢ € Q
and 2g — 1 = )\gp as before, then p = p~! = p* and p = %(1 + p) € P; define II(q) = p. Then

Q, =17 ({p}).

This fiber is a C°°-submanifold of Q, which is a closed and complemented submanifold of
M>(A); we refer the reader to [7] for a comprehensive study of these matters. Since Q, can also
be described as

Q,={q€Q:pi"p=0q, (2¢—1)p >0}
it follows that, for ¢ € Q it holds
(TQp)g ={X € Mz(A) : pX*p =X, Xg+¢X =X}
Throughout, we denote by U4 the unitary group of A,
Uy ={ueG:ut =u*},
Theorem 2.9. The map pr : K — Q, is a principal fiber bundle with structure group Ua. It
has a global cross section sr : Q, — K defined by sr(q) = Age1. The map ® : K — Q, x Uy,

®(x) = (px, 0(x,8r(px))) is a trivialization for pr, with inverse ®~1(q,u) = sr(q)u*.
Proof. First note that the first column of Ay, for ¢ € Q,, belongs to K:
(Age1)"pAger = ejAgpAger = ejpe; =1,

because AgpA; = p. Also the first coordinate of Ajeq is (1 + b*b)1/2, which is positive and
invertible.
Next, we claim that pr(Aie;) = g, or equivalently, p e, = ¢. Indeed, since pp = p, we get

pr(Ager) = Agerei\gp = /\qpp/\q_1 = )\qp)\q_l =q.
Finally, note that 6(x, A\p, e1) is a unitary element of A, because
X pAp e1€] A, px = x*p)\pxpp)\;xlx = x*p/\pxp)\;xlx =xX"ppxx =x"px =1,

and similarly for the other product. The fact that ® is a trivialization for pr with the given
inverse is a straightforward verification. O



Remark 2.10. If x € K, then the square root A, of the positive part of 2py — 1 is

v (At mzpzaat) 173 .
Px Tox} (1+ ;ngfazlxg)lﬂ ’

and one has )\pxp)\;xl = Dx.

We remarked before that the range of ¢ = px € Q, has basis {x} (x € K), as right A-
submodule of A%. We complete this observation by showing that also N(q) has a basis, and that
together with x they form a @-orthonormal basis of A2.

Proposition 2.11. Let x € K. There exist a unique elements'y € R(px) and z € N(px),
Y,z € K, with y1, z1 positive and invertible.

Proof. Straightforward computations show that

ES * —1/2
y =xzi(@e}) "2 and 2= ( niai(l+ 252h) >

(1 +x2x§)_1/2

satisfy the properties above. Let us prove that they are unique. If y' € R(px) N K and y; is
positive and invertible, then y’ = ya for some a € A, because y is a basis for [x|. Note that
1=0(y',y') =a*0(y,y)a = a*a, and that yj = y1a. Then a is invertible, and therefore unitary.
Then the identity y; = yia can be regarded as a polar decomposition of y}, which is already
positive. By uniqueness of the polar decomposition, it follows that a = 1. The uniqueness of z
follows analogously. O

2.1 A lifting form

Using the principal bundle pr : K — Q, we introduce a lifting form ry, for x € K and ¢ = p«.
Given X € (T'Q,)q, ¢ = px € Qp, we define

rx(X) = Xx. (3)

This lifting #x(X) is an element of A2, which belongs to the nullspace of q. It holds that
N(px) C (TK)x. In fact, if z € N(q), then 0 = ¢(z)x0(x, z), and thus 6(x,z) = 0 because z; is
invertible, i.e. z € (T'K)x. Therefore kx is a map (7'Q,)q — N(q).

We have the following:

Lemma 2.12. Let X € (T'Q,)q and x € K with ¢ = px. Then kx : (T'Q,)q — N(q) satisfies
(dpr)xrx(X) = X.
Proof. Since pr(x) = xx*p, its differential is given by
(dpr)x(Y) = Yx"p+xY"p.

Then
(dpr)xkx(X) = Xxx*p + xx*X*p = Xqg+ ¢X =X,

because X*p = pX and ¢ = px. O



If we lift X at another point y = xu in the fiber of ¢, we get
ky(X) = Xy = Xxu.

In view of this, we see that the tangent vectors X are given by pairs (x,z), with z € N(q),
subject to the identification

(x,2) ~ (xu,zu).
2.2 The equivalence between Q,, D and H

In this short subsection, we briefly recall from [1] the maps identifying the Poincaré disk and
halfspace with the space Q,, as well as the roles of U(6) and K in this identification. Let us
start with D = {2z € A : ||2|| < 1}. The counterpart of the fibration pr: K — Q, is the map

7: K — D, 7(x) = zox] .

For x € K, the bijection py +— zoz "' is a (well defined) diffeomorphism between Q, and D.

Thus one has the commutative diagram
K
X

The group U(f) acts on the three spaces, and the maps above are equivariant with respect to
these actions.

With respect to the half-space H = {h € A: Im h € G*}, the pertinent quadratic form to
study this space is 0y (x,y) = z]y2 — 23y1, which induces the group

(4)

D

Qp,

UOg) ={a € Gla(A) : Og(ax,ay) = 0g(x,y), for all x,y € AQ}

and the sphere Ky = {x € A% : 21 € G and 0(x,x) = 1}. The fibration corresponding to pr in
this context looks formally equal: Kz > x — xle_l € H. There is an analogous diagram as (4),
where the horizontal equivariant diffeomorphism is :ngfl — px-

Both settings are related by the unitary matrix

For instance, x € K if and only if Ux € K.
Finally, the diffeomorphism between D and H, induced by the identifications of both spaces
with Q,, Q,, respectively, is given by the Moebius transformation

I':H—D, T'(h) = (1+ih)(1—ih)"!

with inverse
I Do H, T H2)=i(l—2)(1+2)"L



3 Three vector bundles constructed from pr

The reader is referred to the classical text of Kobayashi and Nomizu [11] for all geometrical
notions appearing in this section.

Let us describe the following setting, which will allow us to present a unified approach of the
three main vector bundles which we shall use to study the geometry of Q,. They are based on
the principal bundle pr: K — Q,.

Let n: F — Q, be a fibre bundle, consider the commutative diagram

Fe 25 F
77* { b n, (5)
kK 2 9,

where Fix = {(f,x) : f € F,x € K,n(f) = pr(x)}. This diagram describes n* as the bundle over
K induced by pr. Note that Fj carries a natural action from U4, which lifts the action of U4
over K, and which presents the bundle n : F' — Q, as the space of orbits of n* : Fic — K under
this action.

We can argue that an element f € F over ¢ € Q) is represented by an element f € F in

the basis x € K (pr(x) = g, f lies over the same x). More precisely, (f,x) and ( f',x') represent
the same element if and only if there exists u € U4 such that f/ = fu and X' = xu.

Definition 3.1. Given a bundlen: F' — Q,, we call a K-presentation of n a bundle ¢ : Z — K,
with an action of Uy over T which lifts the action of U over IC, and a bundle isomorphism
® . Z — Fx preserving the action of U4,

[0
— FIC

Z
¢\ R
K

Let us give three examples of -presentations which will be relevant in this paper.

3.1  The tautological bundle over Q,

Consider
£:&—= Q,,

where £ = {(¢,x) € Ma(A) x A% : ¢ € Q,,x € R(q)} and £(g,x) = g. Over each idempotent ¢
we put the vectors in the range of q.

Proposition 3.2. £ is a locally trivial vector bundle.

Proof. Fix qo € Q,. The map 7y, : U(0) — Q,, Tgy(a) = agoa ! has smooth local cross sections:
there exists 74, > 0 and a map

9qo :qu = {q S Qp : Hq_ QO” < rqo} —>U(9),

such that g(¢)gog~1(q) = q (see [15]). Consider the set V,y = {(q,x) € £ : ¢ € By, }. Clearly V,,
is open in £. The map

Dy Vo = By X R(qo) , Pgo(g,%x) = (‘Lgil(q)x)

is a local trivialization for & near ¢q. O



Then we have the induced bundle over K, and the diagram (5) in this case:

& 2 ¢
& 1€,
kK = 9,

Consider the product bundle K x A — A and the isomorphism 8 : Kx A — &, 5(x,a) = (px, xa).
The action of Uy on K x A is given by (x,a) - u = (xu,u*a). The isomorphism S gives a K-
presentation for £. Thus, an element (¢q,y) of £ is represented by a pair (x,a), and two pairs
(x,a), (x',a") represent the same element of £ if and only if there exists u € Uy such that
x' = xu and @’ = u*a.

3.2 The coefficient bundle

Analogously, we shall describe the bundle over Q,, whose fiber over ¢ is the space of right
A-module endomorphisms of R(q), which we shall call the coefficient bundle

v:C— Q.

Formally, C = {(q,¢) € Q, x L4(R(q)) : ¢ € Q,}, where L4(R(q)) denotes the space of right
A-module endomorphisms of the module R(q), and the map v :C — Q, is v(q,¢) = ¢. Given
x € K with px = ¢, an endomorphism ¢ of R(q) gives p(x) = xa. We say that x is a basis for
R(q), and that a € A is the matriz of ¢ in the basis x. If we change x for y = xu € R(q) for
u € Uy, and denote by b the matrix of ¢ at y, ¢(y) = yb, then

xub = yb = ¢(y) = p(x)u = xau, (6)
i.e., b = u*au. In other words, the endomorphisms can be identified with the pairs (x,a) € KX A,
subject to the equivalence relation

(x,a) ~ (xu,u*au) , u € Uy. (7)

Notation 3.3. We denote by [(x, a)} the endomorphism of the module R(px) which has matrix

a in the basis x .

Proposition 3.4. The space C is a C* differentiable manifold and the map v : C — Q, is a
C™ trivial fiber bundle.

Proof. We define a smooth structure on C by constructing local charts. Fix (go, po) € C. Con-
sider the set

qu = {(C],SD) €C: ||q_QOH < qu},

where 7,4, is the radius given in the proof of Proposition 3.2. There exists a map g4, defined on
such idempotents ¢, with values in ¢(6), such that g, (q)qog(i)1 (¢9) = q. Note that this implies
that the A-module homomorphism gg, (acting in .A%) maps R(qo) onto R(g). Then gg g, is
a module homomorphism acting in R(qy). The map

Bay = Bo = {(a.%) : 4 € Qp, [l — oll < 7g9,% € LA(R(q0))}  (4,0) = (4, 9g0 g )
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is one to one. The set By is clearly a C* manifold, because it is an open subset of Q,x L 4(R(qo)),
which is itself a product of a manifold and a Banach space. If By, N By, # 0, the transition map
between By and B;, which is given by

Bo 3 (¢,%) = (4, 9993 ¥ 90094,") € B,

is clearly C°°. This defines a C*® structure on C, which makes the projection map v:C — Q, a
C* map.

Let us prove that it is a trivial bundle. Consider the map ® : C — Q, x A, ®(q,¢) = (q,a),
where a € A is the matrix of ¢ in the basis w = sr(q) of ¢. This gives a global trivialization for
~. O

As in the previous cases, the coefficient bundle v : C — Q,, induces the bundle v* : Cx — K
and the commutative diagram (5) in this setting becomes

G o
v Ly
K 2 9,

The fiber (Cx)x over x € K consists of the endomorphisms of R(px). Therefore, one has the
representation @ : I x A — Cx, given by

o(x,a) = (x,[(x,a)]).

3.3 The connection in the coeflicient bundle.

Since C4 consists of endomorphisms §;, ¢ € Q,, the standard connection on C is given by the
Leibnitz formula. Let X € TQ, and x = x(t) adjusted to X. Let o and ¢ be cross sections of £
and C, respectively. We define the covariant derivative Dxp by the rule

(Dx¢)o := Dx(po) — p(Dx0). (8)

Alternatively, write o(t) = x(t)a(t) and ¢i(z) = @i(xb) = x(t)\¢ b for \,b € A. Let us
compute both terms in (8).

Dy (0) = Dy (p(xa)) = Dy (xAa) = x (Aa+ A+ 0(x, >'<)Aa>

On the other hand
(Do) = p(xa + px(X)a) = xAa + p(px(X)a.
Put px(x) = xb, where b = 0(x,x%), and then

o(Dy o) = xAa + x\0(x, X)a.

Substracting as in (8), one gets

(Dyp)o = x (A + (%, %), /\]) a. 9)
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3.4 The tangent bundle 709,

In the fibration pr : £ — Q,, note that for any x € K, the nullspace N(px) is a subspace of
(TK)x. We shall call N(px) the horizontal space over x, Hyx := N(px). The differential

(dpr)x : (TK)x = (T'Qp)p

is bijective when restricted to Hx. Then we have the bundle v : H — K, where H = {(z,x) :
x € K, z € Hx}, and the map is given by v(z,x) = x. Thus we have the IC-presentation

H -2 (TQ)«x
14 \ /T* )
K

where 7 : TQ, — Q, is the tangent bundle and 7* : (T'Q,)x — K is the induced bundle. The
isomorphism ® is given by the differential of pr restricted to H, namely

®(x,z) = (x, (dpr)x(z)) , for x € K, z € Hy. (10)

Then a tangent vector to Q, at px is represented by a pair (x,z), x € K, z € Hy; (x,2z) and
(xu,z') represent the same vector if and only if 2’ = zu (u € U,).

3.4.1 TQ, as a C-module

Recall that the fiber C, can be presented as the set of pairs (x,a) € K x.A modulo the equivalence
(x,a) ~ (xu,u*au) for u € U4. Since each submodule R(q) has a basis consisting of one element,
then £ 4(R(q)) is in one to one correspondence with A: having chosen a basis x € K for R(q),
the map A — C,4, a — (x,a) is a *-isomorphism. Thus, each fiber C, has the structure of a
C*-algebra, namely A. Clearly the structure does not depend on the choice of the basis; another
basis xu provides the same structure, because Ad(u) is a *x-automorphism of A.

On the other hand, we saw before that the tangent bundle has a similar presentation. Each
X € (T'Q,), is given by the set of pairs (x,v) € K x.4%, modulo the equivalence (x,Vv) ~ (xu, vu)
for uw € Uy and v = Xx = rx(X). Accordingly, we denote X € (1T'Q,)q as [(x,V)].

Definition 3.5. For X € (T'Q,), and ¢ € LA(R(q)) we define the product
X-p:=|[(x,va)] € (TQp)q
ifxe K, px =¢q, ¢ =[(x,a)] and X = [(x,V)].

Observe that this operation is well defined: if we change the basis to xu, then ¢ and X are
represented by (xu,u*au) and (xu,vu) respectively, and the product in the new referential is
(xu, vuu*au) = (xu, vau) which represents the same tangent vector X - ¢ as (x,va).

Thus, the tangent bundle T'Q, can be regarded as a bundle of right modules over the coef-
ficient bundle, which is a bundle of C*-algebras (isomorphic to .A).

Remark 3.6. The tautological bundle over K.
Let us consider the pullback & = pr*€ of £ by pr,

&8 ={x,v)eEKx A :pov=v} =K, xv)=x

12



Pick x € K and let & be the fiber of X’ over x. Then the map
a— &, arxa

is an isomorphism of right .A-modules, with inverse v — 0(x,v). It can be regarded as a chart
for & associated to x. Let y € &, (i.e., px = py = q); then there exists a unitary u € Uy such
that y = xu. The isomorphism between A and 5;, is A 3 b — ya. The coordinates a and b of
a given v € &, are related by xub = yb = v = xa, and thus, a = ub. Then we can regard the
vectors v € &, as pairs (x,a) € K x A, with the following equivalence relation:

(x,a) ~ (xu,u*a) , uwe€Uy.

Remark 3.7. The connection in the tautological bundle.
The covariant derivative in the tautological bundle § : &€ — Q, is given by

Dxo = Q(X.U)v

where o is a cross section for £ and X e ¢ is the directional derivative of o, considering o as a
function with values in A2. Let us write this explicitly, in referential terms: let ¢(¢) be a smooth
curve in Q,, with ¢ = X, and let x(¢) be a smooth lifting of q(t) in K, i.e, px4) = q(t). Then
o(t) = x(t)a(t) where a(t) € A is a smooth curve. We have

Dyo = %q(X(t)a(t)) = q(x(t)a(t) +x(t)a(t)) = x (a(t) + 0(x(t), x(t))a(t)) -

This formula can be read as follows: the covariant derivative has two terms in the fibers of &,
xa and the component of X in R(g) multiplied by a. Note also that since gx = x, X decomposes
as ¢x in R(q) plus Xx in N(q).

4 The complex structure of 9,

In this section, we shall define a generalized complex structure on Q,. This means a smooth
map q — Z,, where

Z,:(TQp)g — (TQy)g (11)

is a bounded linear map such that Z? = —1/p , with an integrability property. For general
q (T2p)q
ideas about complex structures in finite dimensional manifolds, we refer the reader to [11].
Recall, from Section 2, the map

pr: K — Q,, pr(x)=xx"p

and its tangent map (dpr)xY = (Yx* + xY*)p.
Fix ¢ € Q, and x € K such that ¢ = px. Then, for all Z € (T'Q,),, it holds that

(dpr)x iZx = i (Zxx" — xx"Z")p = i (Zq — qZ) = i Z(2q — 1),
because ¢ = px = xx*p, Z*p = pZ and Zq + qZ = Z. This shows that
Z,Z = (dpr)x i Zx =i Z(2q — 1)
is a well defined map Z, : (T'Q,)q — (T'Qp)q. The proof that Z,(Z,Z) = —Z is a simple

computation.
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1 0
0 0

Remark 4.1. In the particular case when ¢ = p = ( ), and x = e;, we have, in matrix

_ 0
form, Z = ( _Zr 0 ),and

(0 =iz (0 Z
nz=it=( )=z D)

In order to see that this complex structure is integrable we proceed as follows. First, we
note that it is invariant under the action of the group U(6). Next, we identify Q, with the disk
D={ac A:la| <1} C A (see [1], Section 7, in particular Theorem 7.3). The disk D has a
natural complex structure, as an open subset of the Banach space A, which is invariant for the
action of U(#) (the identification Q, ~ D is U(f)-equivariant [1], Lemma 7.2). In order to prove
that our complex structure is integrable, it suffices to show that these structures coincide at the
point ¢ = p, which corresponds to 0 € D in the identification Q, ~ D:

Lemma 4.2. The complex multiplication defined in Q, corresponds, under the identification
Q, ~ D, to the usual multiplication by the imaginary constant 1.

Proof. As noted in the remark above, it suffices to prove this fact at 0 € D, which corresponds
to p € Q,. Recall from Subsection 2.2 the coordinate diagram (4):

The corresponding elements 0 € D and p € Q,, lift to e; = < L ) e K. Let ( € (TD)y = A, and

0

g)mmmc@mwBy

the definition given above (11), multiplication by ¢ in (T'Q,),, consists in the usual multiplication

Z € (T'Q,), corresponding to the same vertical tangent vector v =

v = ( iOC > € N(p). Let us verifiy that this induces the usual multiplication by i in A. The
differential (d7)e, of 7 : K — D, #(x) = z92; " at ey, for w = ( 51 >, is given by
2
(d7t)e, (W) = wo.

Therefore iv is mapped to i(, the usual multiplication by ¢ in A. O

5 The Hilbertian product in 9,

We define now on Q, a generalization of the notion of Hermitian structure. It conmsists of a
Hilbertian product on each (T'Q,), with values in C4, which is invariant under the action of

Uo).

14



Definition 5.1. Given X,Y € (T'Q,),, we put
(X,Y), = the endomorphism of R(q) given by the pair (x, —0(kx(X), kx(Y)))

= | (%, —0(rx(X), rx(Y))) |,
where x € K is such that px = q, and the brackets denote the equivalence class as in (7).
Note that (regarding X and Y as matrices in Ms(.A))
0k (X), kx(Y)) = —(Xx)*p(Yx) = —x"X"pYx.
Remark 5.2. Some remarks are in order.

1. The minus sign is needed so that the form is positive. Indeed, recall that 8 is negative in
N(q) and Xx € N(q),
<X) X>q = [(X’ —Q(XX, XX))]

Recall that the C*-algebra structure of the fibers C, of C is that of A: an endomorphism
¢ of L4(R(q) ~ A is positive if and only if any of its matrices is a positive element of A.
Recall from the definition of Q,, that the projection ¢ decomposes 0, i.e., 8 is positive in
R(q) and negative in N(g). On the other hand, as seen above, Xx € N(q).

2. If one changes x for xu for some u € Uy, then
0 (Fxu (X)), ixu(Yu)) = u*0(kx(X), kx(Y))u,
ie. (X,Y), is indeed an element of C,.

3. This Hilbertian product is linear with respect to the product defined in 3.5: if ¢ = px € Q,,
X,Y € (TQ,)q and ¢ € L A(R(q)), then

(X,Y - p)g = <X7Y>q " p.

Indeed, if we use the basis x € K for R(q), then Y - ¢ is represented by the pair (x, Yxa),
and

0(rx(X), rx(Y - ) = (Xx)*pYxa,
which is the element of A that one uses to define (X,Y), - ¢ (in terms of the basis x).

Theorem 5.3. The complex structure on Q, is compatible with the Hilbertian product in the

following sense:
(ZeX,Y)q = —(X,ZY)q,

forq=px € Qp and X, Y € (TQ,),-
Proof. We have that (for x such that px = q)

(X,Z,Y)y = — [(x, e(xx,zqyx))} _ [(x, ix*X*pY (2q — 1)x)} = i(X,Y),.
Here (2¢g — 1)x = x. On the other hand

(T,X,Y)y = — [(x, 0(T,Xx, YX))} - [(X,iX(2q — 1)X,Yx))] = —i(X,Y),.
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Remark 5.4. We saw earlier that the tangent space (1'Q,), is a right module over the corre-
sponding fiber C, of the coefficient bundle. The scalar field C lies naturally inside C, as

Coz+— [(X,ZI)} € Cy,

because uzlu* = zI for allu € U. Thus (T'Q,), is a C-vector space. It is clear that the complex
structure in 7'Q, which we defined above (in terms of the identification ® of (10)) coincides with
the one induced by operator 7.

Remark 5.5. One might wish extend the argument above, namely, to use the identification
Q, ~ D C A in order to endow the tangent bundle 7'Q, with a right action of the algebra A.
However, this action depends on the immersion (at the tangent level) and is not intrinsic. It
works in the case of C, as it works also for the center of A: endomorphisms with matrix in the
center of A have the same matrix for any basis of the given submodule.

5.1 The symplectic form w
If X,Y € (T'Q,)q, the decomposition in selfadjoint and anti-selfadjoint parts
(X,Y), =(X,Y), +iw(X,Y),
provides a generalized Riemannian form
(X,Y), = Re(X,Y),
and a generalized symplectic form
w(X,Y), =Im(X,Y),.

In this paper we are interested in w.

6 The curvature of the canonical connection in &£

To simplify the computation, we make the assumption that given X,Y € (T'Q,),, we can
construct a smooth map ¢(t,s) € Q, such that

0 0
q(0,0) = q, aﬂ(o,o) =X and %ﬂﬂ(o,o) =Y,

and this map ¢(¢,s) is lifted to a map x(¢,s) € K. We assume also the existence of a cross
section o defined on a neighbourhood of q. ¢ = xa, where both x and a are functions of (¢, s).
To abbreviate, we shall write with a dot ~the derivatives with respect to ¢, and with a tilde ’ the
derivatives with respect to s. Then, differentiating

D, o =x(a+0(x,%)a)
with respect to s, we get

x (a' +0(x',%)a + 0(x,X'a + 0(x,%)a’ + 6(x,x')(a + 6(x,%)a)) = D, Dy 0.
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Interchanging ’ with “we get
X (d’ +0(%,x)a + 0(x,x'a + 0(x,x")a + 0(x, %) (a' + O(x, x')a)) =D,D,o.

This should be specialized at (¢, s) = (0,0). Clearly, the lifting of ¢(¢, s) can be done in order
that x" and x are horizontal at (0,0) (i.e., that they belong to N(g)). Then we get

R(X,Y)o = DyDyo — D,Dyo =x(0(x,x") — 6(x',%))a.
Since x and x’ are horizontal, we have that
x = £x(X) = Xx and x' =Yx.

Then
R(X,Y)o = |(x,x(0(Xx, Yx) — 0(Yx, XX))a)] - [(x,xe(x, X, Y]x)a)|. (12)

Here we use that X and Y, being tangent vectors of Q,, are f-symmetric, i.e., X*p = pX.
Note that R(X,Y) is an endomorphism of &;. Recall the Hilbertian C-valued product in Q,

(X,Y), = — [(x, 9(Xx,Yx)}
for x € K such that px = ¢, which is an element of Cy, i.e., an endomorphism of &,. Its imaginary
part is

Im(X,Y), = —% [(x, _9(Xx, Yx) + 9(XX,YX)*)} - —% [(x, 0(Yx, Xx) — 0(Xx, Yx))
ot

2

Thus, we have proved the following result, which is a kind of prequantization of Q, [21]:

[(x, o(x, [X, Y]x)} .

Theorem 6.1. The curvature of the tautological bundle £ and the Hilbertian product in Q, are
related by the following formula

R(X,Y),=Im(X,Y); =w(X,Y),.

N | .

7 The moment map

Let us recall the Banach-Lie algebra $4(0) of the Banach-Lie group U(#) defined in Section 1.
Note that this Lie algebra decomposes

where

> € My(A) :a] = —a1,a5 = —as} (13)

and



If a € 44(6) and ¢ € Q,, we put

fala) = o [0 00 )] = 5 [ xpix) . (14

for x € K such that px = ¢. Again, a simple computation shows that if one chooses xu instead,
the element 0(x, ax) varies accordingly:

0(xu, axu) = (pxu, axu) = u*(px, ax)u = v 6(x, ax)u.

Thus, fa(q) € Cq. We call f5 : Q, — C is the moment map of the generalized symplectic manifold
Qp-

Proposition 7.1. The moment map is equivariant with respect to the action of U(0): if m €
U@), g€ Q, and a € (),
Fam—1 (mgm™1) = fa(q).

Proof. Pick x € K such that px = q. Recall that /m € () means that prm~' = m*p. Note that
for y € A2,
mgin "ty = m(xf(x,my)) = mxf(mx,y) = ppxy,

where clearly mx € IC (see [1]; in general ax € K for any a € U(#), x € K). Then

Fiam—1 (mgm™1) = | (mx, %H(Thx, mam 17%)())] = {(MX,%H(X, ax))| = fa(q).
O

Let us compute the covariant derivative of f;. We use a horizontal lifting x(t) € K of the
curve ¢(t) in the direction of X at ¢ (i.e., ¢(0) = ¢, ¢(0) = X and %(¢t) € N(¢(t))). Then

L 06k, ax) — 0(x, ax)"))

Dxfa =[x 5 (0,0 +00x.35%)) ] = [0 7

- (0%, ax) — 0(ax, %)) | = [(x,
i

= |(x, Im 0(x,ax)].
where we use that a is f-anti-symmetric. Since x is horizontal, it holds that x = Xx. Then

Dx fa = [(X, Im 6(Xx, dx)]

On the other hand, when computing the curvature of the canonical connection of &£, we
proved that for any X,Y € (T'Q,),

1
Im (X,Y), = [(x, 5 (6(Xx, Yx) - 0(Xx, Yx)*))} S [(X,Jm 0(Xx, Yx))).
(3
Now we consider for each a € £((0) the vector field in Q,

Xa(q) = (dmg)i(a) = [a, ql,

where 7, : U(0) — Q, denotes the action map: my(m) = mgm~!. Applying the formula above
with X = X3, we get

W(Xa,Y)g = Im (X3,Y)y = | (x, —~Im G(XaX,YX))].
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Observe that X;(q)x = [a, ¢]x = agx — gax = ax — gax (recall that gx = pxx = x). Note also
that 6(gax, Yx) = 0 because Yx € N(gq). Thus 6(X;x, Yx) = #(ax, Yx). Therefore

w(Xa,Y), = [(x, —Im e(ax,Yx))].

We proved before that Dy fz = [x, Im 0(Yx, ELX))] Thus, we have shown that
Dy fa = w(Xa,Y).

Suppose now that f is a section of C over some open subset W of Q,. Consider the covariant
derivative D f as a 1-form on W with values in C: Df(X) = Dx f. We say that a field Xy is
the symplectic gradient of f if

Dx f = w(X,Xy).

We are mainly interested in the case of functions of the form f3, for a € $4(9),

fala) = o 66, 000.a09)] = 5[0 xpix)

where ¢ € Q, and x € I satisfies px = ¢. Recall that the Lie algebra £((¢) consists of all matrices

a= < 6;1*1 ajg >, where af; = —a;;. Recall also the identity Dx f; = w(X, X3). This says that

Xj is the symplectic gradient of fj;. )
Recall also that Xz(q) = [a, q]. Now given a,b € 4(f), we want to find the value of w(Xz, X3).

at g = < (1] 8 ), and correspondingly x = e; € K. Since

Xa:[&,q]=<0?* _Oa> : XB:[E’Q]:<BO* _05>

for some a, 5 € A, then
coxso<o( £)(£)-r

1
w(Xg, Xj)q =Im (X5, X;)q = Z(ﬂa* —af").

and

We want to establish the relationship between w(X3, X;) and f[a B To this effect, observe first
that

O(e1, [a,ble1) = —6(aey, be1) + O(bey, dey) = —9(< ‘;jj >< %1,} >)+9(( bﬁli ) < fji ))

af* — Ba* + a11bir — biiars.

Then w(Xa,Xg) = 2%(501* — aﬁ*) and f[&@ = 2%(045* - 501* + allbll - bllall). So
1
w(Xa, X5) = —fla 5 + 27.(@11511 — bran).
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Finally, fa(q) = %9(81,(361) = %alla and

w(Xa, X;) = _f[aj)} + 2i[fa, f3)- (15)

1 0
00
q € Q,. Indeed, each of the terms involved is a function in ¢ € Q, with a,b € $(0) fixed. If we
change q by mgm~! for m € U(H), the values change by an inner automorphism. Finally, since
U(0) acts transitively on Q,, our claim is proven.

Given two sections f, g with their respective symplectic gradients Xy and X, the Poisson
bracket {f,g} is defined as

This equality holds at ¢ = < ), but a simple argument shows that (15) holds at every

{f,9} = w(Xy, Xy).
Then, we get
{f(ufi,} = _f[a,g} + Qi[f(la fg]
The term 2i[f3, f;] occurs because of the non-commutativity of the C*-algebras C,, where the

moment map takes its values.
Summarizing the facts of the last sections:

Theorem 7.2. Consider the manifold Q,, with the tautological bundle & and the coefficient
bundle C. Then

1. There exist invariant connections in € and C, linked by Leibnitz’ rule (see (8)).

2. There exists a Hilbertian product in T'Q,, with values in C. This product is compatible
with the right C-module structure of T'Q,.

3. The imaginary part w of the Hilbertian product in T'Q, is the curvature of the tautological
connection of €. In this sense, the symplectic form w is exact.

4. The map fz (@ € U(0)) is a moment map: the field X is symplectic gradient of the function
(cross section for C) fa. Here gradients are computed using the covariant derivative.

8 The invariant Finsler structure

The homogeneous space Q, studied in [7] has an invariant Finsler structure, i.e., a continuous
U(0)-invariant distribution of norms in the tangent spaces. If ¢ € Q, and X € (T'Q,),, define
the norm

1X1lg = ll12 — I|7"/*X|2g — I}'/?].

We recall that it is precisely this structure, which when translated to the disk D, gives the
Poincaré metric of the disk [1]. In this subsection we shall see that the Hilbertian product just
defined, induces also in a natural way the same Finsler structure. To prove this fact, we must
first indicate how to compute the norm of a given endomorphism ¢ € L 4(R(q)).

Definition 8.1. Let ¢ € L4(R(q)). Then

0(o(y), p(y))|[*/?
ol = sup 16(0(y) (1)/)2||
ozyer(q 10y, ¥)l
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Alternatively, 0 is a C*-Hilbert module (positively) inner product in R(q). Thus, the above
formula is just the usual way to compute the norm of an endomorphism, when the module R(q)
is endowed with the C*-module norm.

We show that, in the presence of a basis x € K of R(q) and a matrix a € A for ¢, the norm
of the endomorphism is the norm of the matrix.

Lemma 8.2. If o = [(x,a)], then |p| = ||a].
Proof. Let y = xb # 0 in R(q). Then ¢(y) = xab. Thus

10C(y), DI _ [l0(xab,xab)|['/* _ [[b*a*ab|*/* _ |lab]

10(y, y)[1'/2 16(xb, xb) |1/2 o[tz [lo]

10(p(x), o(x))|'/?
16Gx, )]/

Theorem 8.3. Let g € Q, and X € (T'Q,),. Then, with the above definition 8.1, one has

< laf.

On the other hand, taking y = x, one gets = ||al| O

(X, X)gl = IX]lg-

Proof. Since both distributions of norms are U(#)-invariant, it suffices to consider the case

qg=p= %(P +1) = < (1) 8 ) For the range of this projection we can choose the basis e;. If

X € (T'Q,)p then it is anti-Hermitian and co-diagonal, i.e., X = < g* x62 > Then
—T1
0 w2 0 zi2 1 x
e (X)) == (1 0) ( —z7p 0 >p< -z 0 ) ( 0 ) B

Therefore, by the above lemma, (X, X),| = ||z122%,]|*/? = ||z12]-

On the other hand, if ¢ = p, then clearly || ||, is the usual norm in M>(A). Then

2 *
_ _ s 11/2 — 0 T2 1/2 _ L1219 0 1/2
Il = 10 = X2 = (%) =g (L )

= max{||z12ay |2, etpziz] %} = e

9 The scalar case

In this section we shall consider the classical case when 4 = C. We shall check that the geometry
induced by A, on D is the classical hyperbolic geometry of the Poincaré disk. In the scalar case,
or more generally, when A is commutative, the coefficient bundle C consists of A in each fiber:
the Hilbertian product, the moment map, and so forth, take values in A. Indeed, if ¢ is an
endomorphism of R(q), with bases x and xu, then the corresponding matrices of ¢ in these
bases are

a and uau® = a.
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That is, the coefficient bundle C ends up being A.

In particular, in the case A = C, one obtains a complex structure for the unit disk D. The
goal of this section is to show that this structure is the classical complex structure of the Poincaré
disk.

We first recall the isomorphism

(I)D :D — Qp.

In the scalar case we get

1 1 —Zz
D”H“‘14w<z4w>'

The tangent spaces (1TD), identify with C. Given a € C, regarded as a tangent vector in T'(D).,
let us denote by X, = (d®p).(a) the corresponding tangent vector in 7'(Q,),,. Clearly, one

gets
< 1 az+az —a—az’
T A2\ ataz? —az—az )’

9.1 The complex inner product

1
For the module R(p.), we chose the basis x, = 1 . Thus, the lifting rx_ (X4
W2\ 2 z

(1= 1z
is given by

Xy —_ L (aztaz —a-—az 1y 1 [az
T (- 2292 \ a+az? —az—az 2 ) T @— |22\ a )
Therefore, if z € D and a,b € C (= (TD),)

e () (S )= ame

which is the classical complex inner product in the Poincaré disk.

<CL, b)z = _G(Xaxmxbxz) -

9.2 The linear connection

Let X be a tangent field defined on a neighbourhood of ¢ in Q,, and Y € (T'Q,),. Let ¢(t) be
a smooth curve adapted to Y: ¢(0) = ¢ and ¢(0) = Y. Then the covariant derivative in Q,, is
given by [7]
_d
Tt
Let now a = a(z) be a C-valued smooth map defined on a neighbourhood of zy € D, regarded
as a tangent vector field in D, and b € C a tangent vector at z9. To compute Vya,,, we have to
compute Vx, X, at z = 29, and identify this tangent vector as a matrix X, for certain ¢ € C
(at 2!), and then ¢ = Vja,,. In order to simplify this conputation, we shall consider the case
2o = 0. In fact, due to the invariance of the linear connection under the action of ¢(€), this will
suffice to identify the covariant derivative. In this case (z9 = 0), we have

X, (2) = 1 ( a(2)z +a(2)z —a(z) — a(z)z? ) X, = < 0 —b )

A= 1222 \ a(2) +a(2)2% —al2)z - al2)z

VyX, X lt=0 + [Xg, [Y, q]].
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Applying the formula above and choosing a smooth z(¢) € D such that z(0) = 0 and 2(0) = b
(for instance z(t) = tb), after straightforward computations one obtains

0 —Za(0)
X = b =X t z=0.
VX(L( b)El < %a(o) 0 ) %a(o) at 2z 0

Thus,
0
Vbao = % (0) (17)

This coincides with the Levi-Civita connection of the classical metric of the Poincaré disk (at
the origin).

9.3 The moment map

Note that the Lie algebra $4(6) is given in this case by all matrices of the form

a:<i§‘ Zé):i((g g>+<g %’) _a,BeR, weC.

Recall that if ¢ = px € Q, and a € {(f), then the moment map is given by

fa(0)) = ~0(x, ax).

27
If z€ D and h bove the basi ! 1 dais gi b
z and g = p,, we choose as above the basis ———— , and a is given as above,
o = P77\ 2 :
then
1 1 1 a 0 1 1 1 0 w 1

o) ) (e (1)

1 (1 o 1 .

=1 P <2(a—ﬁ|z| )+ Qi(wz—wz)). (18)

9.4 Commutative C*-algebras

If A is commutative (i.e., A = C(Q,C) for some compact Hausdorf space 2), the coefficient
bundle also reduces to A, as remarked at the beginning of this section. Moreover, it is clear
that the computations done in this section can be carried over exactly in the same way. Thus,
one gets a near classical situation, in which the Hilbertian product, the metric and the moment
map take values in A, and the formulas look the same as in the scalar case, replacing complex
numbers by continuous functions.

10 Valuations

In this section we introduce valuation maps. Once a valuation map onto a commutative C*-
algebra is chosen, the non commutative Kahler structure becomes a classical Kahler structure:
measurements take values in a fixed scalar field, instead of being elements of the coefficient
bundle C. Most important, valuation maps will allow us to examine the convexity properties of
the moment map.

In what follows, F denotes a commutative C*-algebra.
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Definition 10.1. A valuation v in Q, is a differentiable map v : C — F with the following
properties:

1. v is positive in the following sense: for any q € Qp, Vi, : Cq — F is a positive linear map
between C*-algebras. In particular, this implies that v|c, is bounded.

2. v is tracial: for any q € Q, and a,b € Cq, v(ab) = v(ba).
Additionally, we say that v is faithful if

3. for any q € Q, and a € Cy, v(a*a) = 0 implies a = 0.

Let us introduce the following examples, which show that the existence of v is not an unlikely
event.

Examples 10.2.

1. If the base algebra A admits a trace 7 with values in a commutative subalgebra F C A,
then naturally a valuation v is defined: v(p) = 7(a), where a is the matrix of ¢ in x, for
any q € Cq.

2. A need not admit a trace. Suppose that there exists a x-homomorphism onto a com-
mutative algebra m : A — F (here F need not be a subalgebra of A). In this case,
mw(ab) = 7w(a)w(b) = 7w(b)w(a) = mw(ba). One such example is the Toeplitz C*-algebra
T(C(T)) = {Ty : f € C(T)}, where Ty denotes the Toeplitz operator with symbol f.
T(C(T)) does not admit a trace, but it has a x-homomorphism onto a commutative alge-
bra, namely

m: T(C(T)) — T(C(T))/K(L*(T)) ~ C(T).

Another example of this sort is the algebra D+K = { D+ K : D diagonal and K compact} C
B(¢?). In this case, there is a homomorphism

7D+ K = D+ K/K(A2) ~ 12 /cy.

3. A third sort of example is obtained if A has a positive tracial map onto a commutative
algebra.

Let us fix a valuation v : C — F.

The structures that we have defined in Q,, with values in C, have valuations which transform
them in structures with values in F. The main quantity is the C-valued Hilbertian product: if
q = Px,

(X, Y)g = —0(rx(X), ky (Y)) = —=0(Xx,Yy) € Cq,

and applying v
<X7Y>Z = —VG(X,X,Yy). (19)

This F-valued inner product defines a Hermitian structure in Q,, where the scalar "field” is F.
Note that if v is not faithful, ( , )” is positive semi-definite.

Next, we consider the connection and curvatures, and the symplectic form. We saw in Section
6 that the canonical connection in the tautological bundle { — Q, has curvature equal to the
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imaginary part of the Hilbertian product (both terms in this assertion, considered as 2-forms in
Q, with values in C).

Let us consider now the following: pick a field of bases x € K defined on an open set and a
cross section o of £ on this open set. We can write

Dxo=x(X":a+ a(X)a)

where o = xa, a is an A-valued function, X - a is the directional derivative of a in the direction
X, and o(X) is an A-valued 1-form in Q, (what we called the 1-form of Q, in the basis x) . If
we compute

DxDYa - DyDXa - D[X7y]0'

for fields X, Y in (7'Q,),, we obtain the following expression for the curvature R(X,Y)o:
R(X,Y)o = x((da)(X, Y)a + [(X), «(Y)]a),
where [a(X), a(Y)] = a(X)a(Y) —a(Y)a(X). On the other hand, we saw in Theorem 6.1 that
S RXY), = I (X, ),
where both terms are C-valued, and X,Y € (T'Q,),. Applying the valuation v we get
V(R(X,Y),) = v(da(X,Y) + [a(X), (Y)]) = vda(X,Y).

Note that (X - a(Y)) = X - da(Y), because v is linear and bounded (it commutes with the
derivatives). Hence

vdoX,Y)=v(X - a(Y) = Ya(X) — (X, Y] =X - va(Y) = Y - va(X) —va([X,Y)).

In other words: v da(X,Y) = d va(X,Y). Therefore

) 1 1
Im (X, Y)y =v Im((X,Y), = —2%,1/R(X,Y)q =gV da(X,Y) = —2—id va(X,Y).

Thus, recalling that w(X,Y) = Im (X,Y), we have that the alternate F-valued 2-form vw over
Q, satisfies the equality

(X, Y) = —Ziid va(X,Y). (20)

We shall call vw the valuated symplectic form over Q,, with values in F. Then we have that the
valuated symplectic form vw is exact. Indeed, there exist global bases x defined in the whole
Qp.

’ Recall the moment map defined in Section 7: for a € U(8), fz : Q, — C, is defined by
falq) = % [(x, X*pdx)} . Recall also the equality Dx fz = w(X, X3). Let us apply the valuation
to the moment map

fi=vfa:Q,— F.

Note that
X fi =X vfz=vDx- fa,
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Therefore X f¥ = vw(X, X3). This means that f” is a moment map. Let us understand now the
map [ as a map from Q, to the dual of 4l(#). Here "dual” means the space of bounded linear
”functionals” with values in F. To do this, we shall consider the following tracial functional :

1
T:My(A)—F, 1 < o1 12 > = —v(an + az2).
az; 22 2

Apparently, 7 is positive, 7(I) = 1 and verifies 7(ab) = 7(ba). Then, if ¢ = px, we have
F2(q) = vB(x, x) = v(x" pax) = (x" pax),
where the last equality uses the fact that, on elements a of A (regarded as scalar matrices

( 8 2 )), v coincides with 7. Then, using the trace property of 7, 7(x*pax) = 7(xx*pa) =

7(qa), i.e.,

f7(q) = 7(qa). (21)
This formula allows one to clearly identify (by means of ) the moment map as a map from Q,
with values in the tangent space of the Lie algebra £((6) of the group U(6): to ¢ € Q, corresponds
the F-valued linear functional 7(q -), with density matrix q.

Remark 10.3. The dual space considered is subordinated to the valuation v. It consists of
bounded linear functionals defined on $4(#), with values in F. If, additionally, the algebra of
scalars F in which one chooses to take measurements is a subalgebra of A, then these functionals
7(q -) are also F-linear.

Next we shall discuss a property of the moment map, which mimicks the theorem of [12],
[4] and [9] on compact symplectic manifolds acted by a torus. We shall consider therefore a
subgroup of the full group U () acting in Q,, namely the diagonal group

0 ) Cug € Ua) CUD),
Uz

uq

o) = ([

which will play the role of a torus. Note that D(6) = U(0) NU2(A), i.e., the unitary matrices in
M>(A) which preserve the form 6.

In classical symplectic geometry, the restriction of the action to the subgroup induces a
restricted moment map, which, when regarded as a map from the manifold to the dual of the
Lie algebra of the acting group, consists in composing the moment of the full group with the
projection of the Lie algebra of the full group onto the Lie algebra of the subgroup.

In our case, we shall restrict the action to D(6). Note that the Lie algebra of D(6) is the
subalgebra o (#) given in (13)

wo(®) = (( o) ) sei = -ad

a2

The projection is given by

al b al 0
U(O) — Up(B) , <b* a2>+—><0 a2>'
The following is an Atiyah-Guillemin-Sternberg’s type of convexity result [12],[4], [9].
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Theorem 10.4. The image of moment map f* of the restricted action of the group D(0),

Q,3q+5 (g ) € L(8(6), F),
regarded as a subset of the space L(Uy(0),F) of linear functionals o(0) — F, is a convex set.

Proof. As done previously in Section 9, we shall use the model D ~ Q,, to prove our statement.

1 __ %
Recall that each ¢ = p,, for some z € D, where p, = (1 — zz*)~! ( . —zzz* ) Then, if

ap = ( %1 0 > € Up(0), we get

a2

o) = (== (D T2 (0 )) = ula - ) - s

z —zz as

a2

:y(( (1—22%)"1 —(1—22%)"lz2*) ( “ ))

Therefore, if the elements of $ly(6) are represented as pairs (a1, a2) € A%, via the valuation v,
the image of the moment map of the group D(6) identifies with the set of pairs

{(61,62) S A2 1c1 € G+,Cl +c = 1},

which is clearly a convex set. O

11 The Poincaré disk as a ”cotangent bundle”

In this appendix we present the Poincaré disk as the dual T*G™ of the tangent bundle TG,
represented as the Poincaré half-space H of A.
We give a brief the description of the half-space model H of Q,. Recall that

H={(=z+iycA:2* =2,y GT}.
The quadratic form 0y of H is given by
On(x,y) = x"puy = —i(21y2 — 2311),

—1

where pg = < (3 0 ) The hyperboloid Ky is then

ICH = {X S A2 1x1 € G and QH(X,X) =92 TIm xsz — 1}.

Note the fact that x1 € G implies that also z2 € G. As in the other model, every x € Ky gives
rise to a projection (its representative in Q,): px = xx*py. Consider its complement

Lk .
1 —py = 1 —iz125 1127 '
—ixox] 14 iwex]
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Note the second column e « | = N _Zfl . x7], which means that N _Zfl :
1+ izox] (7)™ + iz (x7)7 + iz

generates the nullspace of px. Let us denote this vector by

= (o Thins ) =

Note that fy(x,,x,) = —1. . The pair {x,x,} forms a fy-orthogonal basis for A2. Any
element z € A? is written
z=x0p(x,2) —x,0p(x,,2).

Note also that x| = xi + ez(z}) ™!, which gives x| = x — eqi(x}) L.
The map Ky — H, x+— ( = xgxfl is the H valued version of the projection map x — px.
Its differential at x, sends the v € (TKg)x to

VU= vgxl_l — azgxl_llel_l.
T

Suppose now that v € N(px): v = < 2o — i(ah)"!

) A, so that

b= (w2 —i(x}) Ayt — zoa e ATt = (@) —i(x]) TN — 2Nyt = —d) () Tl

and thus A = ¢ 270x1. Then, given x in Ky which projects over ¢ in H, and v € (TH),, we have
the (lifting) form, as in Section 2

*
. T ke T .
k() = b Jiatoa = )i v
xo — i x1(x7) xTox ] — i

H
x

Or equivalently

k(D) = (x i —eqi () 71)i 20w = (—x2] + )z,

There is a natural global cross section for the map K 3 x — ( € ‘H, namely

(=z+iy— < 2 ) (2y)_1/2.

Then we have

k() = ( <(£§§)I{—' ) i 5(2y) "1/, (23)

1

We want to compute the Hilbertian product in H. Consider the expressions (23) for two
tangent vectors ©,w in (TH)¢:

-1 -1
v—<qgahﬁ>ﬂﬁwlﬂ,w—(“ggh4>iﬂw)m.

Then we have

outvow) = (o) = )20 ( () (o) Yt

1/ % 1. _ 1, 1. _ v, —1/2 . —
= —(2y) %0 (2y) i (2y) 1/22—1(?; 20y =12)* (y =1 2appy =1/2).
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Suppose now that the algebra has a trace 7 onto a commutative subalgebra B C A. If we take
the trace of the above expression, we get

7(0,w) = ~7((2y) 10" (2y) ). (24)

1/2 of the vector ©. Note that

Here y~1/20y~1/2 is the translation to the point y~'/2¢y~
Y20y 12 =y 2y 1/2 gy,

Therefore (0, W) = (o, Wo)¢,, where (o =y~ + 4. When the imaginary part equals
1, the inner product has the simpler expression (0, w0)<O = ii){ﬁ wo. Or explicitely, if vg = &+i y

and 1wy = £ + 14 7, then 05wy = (£€ + §7) + i(i1 — y€), and

12y~ 1/2

i b, = — 3 (7@€ + ) + i 7i0 — 1)),

Both traces in the above expression are selfadjoint elements of B (or real numbers if the trace is
numerical). The imaginary part of 7(7p, wo)¢, is essentially the (trace of the) symplectic form
w. This expression corresponds strictly to dp A dg in the classical setting, where p varies in the
imaginary part and ¢ in the real part. This shows that H = TG as a true dynamical system.

Let us write down the real and imaginary part of 7( , ) at any point ¢ € H (non necessarily
with I'm ¢ = 1). With the current notation, we get

(0, )¢ = —*{T(xé + i) +i (@0 — 96)}, (25)
where & +i g =y Y20y Y2 and £ +i 9 =y~ 2wy /2.

Let us compute now the 1-form of Liouville which induces the symplectic form w of H. The
1-form of Liouville is a form on the cotangent bundle of the manifold. Here it shall be presented
as a l-form in the tangent bundle TGT ~ H, identifying the tangent bundle T'G™ with the
co-tangent bundle T*G™. To perform this identification, we shall use the trace 7, and the action
of G on GT. Given a vector ¢ = & + iy € (TH)¢, for ¢ =z +i y € H, the Liouville form «
maps ¢ into an element of B. We must project ¢ from its tangency point ¢ to the point y € G,
having in mind that {( = x + ¢ y represents the tangent x at the point y. Finally, we evaluate z
in §. To perform this task, we translate to y = 1, and compute

ac($) = Ty~ V2ay 2y 2y V) = 7(y ey 1g). (26)

This is the Liouville 1-form.

Now we differentiate this 1-form in 7, i.e., we compute do(¢, (') = Ca(¢") = a(¢) —a([C, C).
Consider a function in the variables s,t whose derivatives produce the fields ¢, ¢’ when differ-
entiated with respect to ¢t and s, respectively. We must compute

o ., 9 .
i0c(¢) = 5-ac(©),

S

because there is no need to substract a([¢, ¢’]) since it is trivial. Then
0 1.1 - 1. - 1 1. - 11
Arac(() ==y gy ey Ty Fy ey Ty —y ey Ty g ey )

and

0 . _ _ 1. _ 1. 1 1. _ 1.
—ac(Q)=7(—y Wy ey gy +y y Ty —y ey Yy gy ey ).
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Therefore

(da)e(¢,¢) =7y iy —y 'y 9).
Now, comparing this last expression with the imaginary part of the trace of the Hilbertian
product form, and adapting the notation of both computations, we get

Theorem 11.1. (da)¢({,0) coincides with w(C,) up to a constant factor.

Remark 11.2. If 21,29 € (I'G™),, we have that (; = x1 + i y and (o = 22 + ¢ y belong to H.
Define

(21, 22]y = T((y_l/QéUly_l/Z)(y_1/2$2y_1/2)) = 7(y tz1y an).

It is a B-valued, bilinear (it takes selfadjoint values) and positive semidefinite form. Note also
that this form is invariant under the action of G on G*. In fact, g -y = (¢7)*yg~!, for g € G
and y € GT. The action defines a linear isomorphism in A, so that the same formula gives the
induced action in the tangent spaces of G: g-z = (¢71)*xg, if x € (TGT),. A straightforward
computation shows that

[g "T1,9 ‘Tg}g.y = [xla x2]y'

If A= M,(C), B=C and 7 is the usual trace for n x n matrices, this inner product is the usual
Riemannian metric for the homogeneous space of positive definite n x n matrices.

On the other hand, if we embed G < H, by means of y — i vy, i.e., we regard GT as the
imaginary positive axis of H, then for x1,z € (T'G™), it holds

. ) 1, 1. _ v —1/2. _ 1, _ _ _ _
(i 21,0 w2)iy = =7 (y Y25 w1y ) (y M2 oy 1/2)2—1(?; V200 Y2) (g~ a0y~ 1?),

and, thus,
1

T<i xl,i 1’2>i y = —1[.%'1,.%2]11.

This means that the trace of the Hilbertian product, restricted to the positive imaginary
axis in H, gives, essentially, the Riemannian metric of the space G.
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