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Abstract

We introduce a class of real Jordan triple systems, called JH-triples, and show, via the Tits—Kantor—
Koecher construction of Lie algebras, that they correspond to a class of Riemannian symmetric spaces
including the Hermitian symmetric spaces and the symmetric R-spaces.
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1. Introduction

It is well known that Jordan algebras and Jordan triple systems can be used to give an algebraic
description of a large class of symmetric manifolds and thereby one can apply Jordan theory in
the study of these manifolds. In finite dimensions, the symmetric R-spaces are known to be in
one—one correspondence with the isomorphism classes of real Jordan triple systems equipped
with a positive definite trace form, called compact Jordan triples [27]. In any dimension, the
simply connected Hermitian symmetric spaces are in one—one correspondence with the complex
Hilbert triples called JH*-triples [18] and hence these manifolds can be classified by JH*-triples.
The one—one correspondence between bounded symmetric domains in complex Banach spaces
and JB*-triples was established in [17]. Motivated by the fruitful connections between Jordan
algebras, geometry and analysis (see, for example, [9,17,18,22,23,29,34,35]), and some recent
developments in [5,6,8,14,19,20], we investigate a class of Riemannian symmetric spaces which
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correspond to real Jordan triple systems, including Hermitian symmetric spaces and symmetric
R-spaces. We give a unified approach to these manifolds via the Tits—Kantor—Koecher construc-
tion of Lie algebras and show they correspond to a class of real Jordan triple systems called
JH-triples which include the compact Jordan triples and JH*-triples described above. In fact,
non-degenerate JH*-triples are exactly the JH-triples endowed with a compatible complex struc-
ture. Therefore one can also view the approach in this paper as a real extension of the complex
theory in [18] as well as an infinite dimensional extension of the work in [27].

At the outset, we give an outline of the main ideas and results in various sections, and refer to
[7,34] for undefined terminology and literature. We consider throughout Riemannian symmetric
spaces of any dimension, namely, connected smooth manifolds modelled on real Hilbert spaces
(cf. [21]), which are symmetric in that every point in the manifold is an isolated fixed point
of an involutive isometry. The Lie algebras associated with these manifolds are involutive, and
among involutive Lie algebras, the ones which are orthogonal correspond exactly to the symmet-
ric spaces. Our task is to identify the class of Jordan triple systems which give rise to orthogonal
involutive Lie algebras. This can be achieved in two stages. First, using the Tits—Kantor—Koecher
construction, one obtains a class of normed involutive Lie algebras which correspond to normed
Jordan triple systems with continuous triple product. Next, these involutive Lie algebras, called
quasi normed Tits—Kantor—Koecher Lie algebras , contain two Lie subalgebras which correspond
to a pair of mutually dual symmetric spaces if, and only if, they are orthogonal, in which case the
involutive Lie algebra is said to admit an orthogonal symmetric part. Finally, one characterises
Jordan triple systems which correspond to the quasi normed Tits—Kantor—Koecher Lie algebras
with an orthogonal symmetric part. They are the JH-triples. Although not all symmetric spaces
arise in this way, the class of symmetric spaces corresponding to JH-triples, which include Her-
mitian symmetric spaces and R-spaces, is sufficiently large to be of interest. It seems natural to
call this class Jordan symmetric spaces.

We show in Section 2 that the category of normed Jordan triple systems with continuous left
multiplication is equivalent to the category of quasi normed canonical Tits—Kantor—Koecher Lie
algebras. We define the symmetric part, so-called because of the correspondence with symmetric
spaces, of these Lie algebras and determine when the Lie product on the symmetric part is norm
continuous. In Section 3, we show the correspondence between symmetric spaces and orthogonal
involutive Lie algebras, where a Lie algebra g with involution 6 is called orthogonal if there is
a positive definite quadratic form on p which is invariant under the isotropy representation of
£ on p, with € and p being the 1 and —1 eigenspace of 0 respectively. A real non-degenerate
Jordan triple system V with Jordan triple product {-, -, -} is called a JH-triple if it is a real Hilbert
space with continuous left multiplication (x, y) € V2> {x,y,-}:V — V and the inner product
satisfies ({x,y, z}, z) = (z, {y, x, z}). We give examples of JH-triples and prove that a Jordan
triple system V is a JH-triple if, and only if, the corresponding Tits—Kantor—Koecher Lie algebra
£(V) admits an orthogonal symmetric part. This enables us to conclude the correspondence
between Jordan symmetric spaces and JH-triples in Section 4.

2. Jordan triples and Tits—Kantor—Koecher Lie algebras

For later applications, we begin by showing the correspondence between Jordan triple systems
and Tits—Kantor—Koecher Lie algebras which originate in the works of Tits [33], Kantor [15,16],
Koecher [22] and Meyberg [26], while we adopt the terminology in [25,36]. In finite dimensions,
this correspondence depends on a trace form which is not available in infinite dimension. We
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show a version of the correspondence, with norm and involution, to suit our purpose for arbitrary
dimension.

By a Jordan triple system, we mean a real vector space V, equipped with a trilinear triple

product {-, -, -}: V3 — V which is symmetric in the outer variables and satisfies the Jordan triple
identity

la.b{x,y. 2t} ={{a.b.x}.y, 2} = {x. {b,a. y}. 2} + {x, y. {a. b, 2}}
fora,b,x,y,zeV.
A complex Jordan triple system is one in which the vector space V is complex and the triple

product is conjugate linear in the middle variable instead. By restricting to real scalars, a complex
Jordan triple system is regarded as a real one.

Definition 2.1. A Jordan triple system V is called non-degenerate if for each a € V, we have
a = 0 whenever Q, =0, where Q, : x € V  {a, x,a} € V denotes the quadratic operator

defined by a.

Given a Jordan triple system V and x, y € V, we define a linear operatorxo y: V — V, called
a box operator or left multiplication operator, by

(xoy)) ={x,y,v} @WeV).

Let VoV ={xoy: x,y € V} and let V, be the real linear vector space spanned by Vo V. Then
Vo is areal Lie algebra in the bracket product

[, k]=hk — kh
due to the Jordan triple identity
[xoy,uov]l={x,y,u}ov—uo{v,x,y}.

Lemma 2.2. Let V be a non-degenerate Jordan triple system and let a € V. If x0a = 0 for all
x eV, thena=0.

Proof. We have
0={x.a,{y,a,y}}

:{{xvavy}’aay}_{y’ {arx’a}vy}+{yvav{x’a’y}}
=—{y7{a’xﬂ}7y}

for all y € V which implies Q4 y,4) =0 for all y € V. Hence {a,y,a} =0 for all y € V and
a=0. O

Lemma 2.3. Let V be a non-degenerate Jordan triple system and let Zj ajobj =7, ux0 .
Then we have Zj bjoaj =7y, vkOuy.
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Proof. We have
[Zajmbj,xljy} = (Z(ajljbj)x>\:|y—x\:| <ij|:|aj)y
J J J
= [Zukﬂ Uk,ny]
k
= (Z(uku vk)x)uy —x0O (kamuk>y
k k

which gives x0 (3°;bj0a;)y =x0 (3, vkDug)y forallx, y € V. By Lemma 2.2, we conclude
Y jbjoaj =3 vOur. O

In finite dimensions, non-degeneracy is sometimes defined in terms of the trace form. In fact,
a finite dimensional Jordan triple system V is non-degenerate if it admits a non-degenerate trace
form

(x,y)=Tr(xoy) (x,yeV)
in which case, we have
((xD yu, v) = <u, (ny)v> (u,veV)

and hence Tr(x O y) = Tr(yo x). Our definition of non-degeneracy applies to infinite dimensional
Jordan triple systems.

We now consider Lie algebras. By an involutive Lie algebra (g, 0), we mean a real Lie alge-
bra g equipped with an involution 6, i.e. an involutive automorphism 6 : g — g. We will always
denote the 1-eigenspace of 6 by €, and p the (—1)-eigenspace of 6 so that g has the decomposition
g=tPp.

Lie algebras with a finite grading have been classified by Zelmanov in [36] where the Tits—
Kantor—Koecher construction plays an important part. Given a Lie algebra g which admits a
direct sum decomposition

g=9g-1DPgo D g1

into subspaces, g is said to be graded if (g4, 9] C ga+p With go =01if o # 0, £1. We introduce
the following definition for subsequent developments.

Definition 2.4. A graded Lie algebra g =g_1 @ go D g1 is called a Tits—Kantor-Koecher Lie
algebra or TKK Lie algebra if g admits an involution 0 satisfying

0(9a) = g—a-

We call g canonical if [g_1, g1] = go-
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We define the canonical part of g to be the Lie subalgebra

g =9g-1®[g-1.011D 3

which is also a TKK Lie algebra with the restriction of # as its involution.
The symmetric part of g is defined to be the following Lie subalgebra:

gs={a®h®—0a:aecg_1, 6h=h € go}
where
[a®h®—0a,bDkd—-0b]= ([a, k] + [h, b]) @ [h, k] ([—Ga, k1 — [h, Ob]).
The restriction of 6 to g is an involution. The Lie subalgebra
gi={a®h®0a: acg_i, Oh=h € go}
is called the dual symmetric part of g, which is the 1-eigenspace of 6.
We define the dual involution 6* on g by 6*(a ® h @ b) = —0b ® Oh & —6a, which restricts

to an involution on g7.

Remark 2.5. With the dual involution, (g, 0*) is also a TKK Lie algebra and g now becomes
the symmetric part of (g, 6*).

To facilitate later application, we outline below the Tits—Kantor—Koecher construction of Lie
algebras from Jordan triple systems.

Lemma 2.6. Let V be a non-degenerate Jordan triple system. Then there is a canonical Tits—
Kantor-Koecher Lie algebra £(V) with grading

LWV)=LV)-18LV)odL(V)

and an involution 0 such that £(V)_1 =V = £(V) and

{x,y, 20 =[lx, 0y], 2]
forx,y,ze £(V)_1.
Proof. Form the algebraic direct sum

LW)y=vVoieVod Vv,
where V_; = V; =V and V) is the linear span of VO V. By Lemma 2.3, the mapping

xoyeVoVeyoxeVoV

is well defined and extends to an involution *: Vy — Vj satisfying

[xOy,uo v]D =—[yox,vOu].
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This enables us to define an involutive automorphism 6 : £(V) — £(V) by
0xOh®Y)=yd—h"@®x (x@h®yeV_1®Vod V)
where we also write (x, &, y) forx @ h @ y, x for (x,0,0), y for (0,0, y), and & for (0, &, 0)
if there is no confusion. By identifying V,, naturally as subspaces of £(V), we see immediately
that 6(V,) =V_, fora =0, 1.
One can show that £(V) is a Lie algebra in the following product:
[x®h®y,u®k®vl=(h)—kx),[hkl+x0v—u0y, Q) —h )
and we have

{x,y, 2} =[lx.0yl.2] (x,y,2€V_p.

Given x € V_j and y € Vi, we have [x, y] = [(x,0,0), (0,0, y)] = (0, x0 y, 0) which gives
[V_1, Vi1 = Vp and hence £(V) is canonical. We also have [V_;, V_1]=[V1, Vi]1=0. O

Remark 2.7. The involution 6 in the Tits—Kantor—Koecher Lie algebra g = £(V) is the unique
involution satisfying

aob=la,0bl=—6(boa) (a,beV_1=V)

and is called the main involution (cf. [22, p. 793]).
The dual involution 6*: £(V) — £(V) is given by

X Dh®y)=—y®—h"d—x
and we have a0 b = —[a, 0*D].

Remark 2.8. The above construction translates the non-degeneracy of a Jordan triple system V
into the following property of its TKK Lie algebra £(V):

[[a, 0yl, a] =0 foralla,yefl(V).;y = a=0
which is equivalent to the condition
(ada)’=0 = a=0 (acl(V)) 2.1
since (ada)>(x ®h ®y) = —Qu(y) fora e £(V)_1andx ®h P y € £(V).
A TKK Lie algebra g =g_| @ go ® g1 is called non-degenerate if (ada)> =0 = a =0 for
a € g—1. We now show the correspondence between non-degenerate Jordan triple systems and
non-degenerate Tits—Kantor-Koecher Lie algebras. Given two Jordan triple systems V and V',

a bijective linear map ¢ : V — V' is called a triple isomorphism if it preserves the triple product:

o{x,y, 2} ={ox, 0y, 0z} (x,y,z€V).
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Two TKK Lie algebras (g, 0) and (g’, 0’) are said to be isomorphic if there is a graded iso-
morphism ¥ : g — g’ which commutes with involutions:

Yo =0"y.
Given a TKK Lie algebra g = g_1 @ go & g1 with involution 0, we can identify g; with g_

by 6. In fact, every TKK Lie algebra (g, 0) is isomorphic to, and hence identified with, a TKK
Lie algebra

g=9 99, ®0

in which g’ | = g} = g1 and g, = go, with involution 6'(x ® h & y) = y ® 6h & x and product
[-,-] defined by

[x,y]' =[x,0y], [, y]'=(0,0,[0h,y]) ((x,h,y)eg | xgyxg))
but otherwise identical with the product [-,-] of g. The graded isomorphism v : g — ¢’ is given
by y(xDh®y) =xDhDOy.
With the above identification, let G be the category of non-degenerate canonical TKK Lie
algebras in which the morphisms are graded isomorphisms commuting with involutions. Let )

be the category of non-degenerate Jordan triple systems in which the morphisms are triple iso-
morphisms.

Theorem 2.9. For each V in the category V of non-degenerate Jordan triple systems, let
L£(V) € G be the TKK Lie algebra constructed in Lemma 2.6. Then the functor £:V — G is

an equivalence of the two categories V and G.

Proof. Given a triple isomorphism ¢ :V — V' between two non-degenerate Jordan triple sys-
tems, we have

pad b= @(an b)ga_1 (a,beV).
Hence there is a graded isomorphism @ : (£(V), 6) — (£(V’), 8’) defined by
Fa®h®b)=9pa®php™" ® b
which satisfies
00 =0'¢.
Conversely, given a non-degenerate TKK Lie-algebra g = g_1 @ go & g1 with involution 6

and g; = g—1, we let V = g_1. Then it follows from the Jacobi identity and [g_1, g—1] = O that
V is a non-degenerate Jordan triple system with the Jordan triple product defined by

{x, v 2} =[x, 051, 2]

and we have £(V) = g if g is canonical.
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If ¢ : (£(V), 0) — (£(V'), 0") is a graded isomorphism satisfying 16 = 6’ then the restric-
tion ¥ |y : V — V' defines a triple isomorphism. O

We note that TKK Lie algebras are reduced. We recall that an involutive Lie algebra (g, 6) with
eigenspace decomposition g = €@ p is reduced if £ does not contain any nonzero ideal of g, which
is equivalent to the condition that the isotropy representation ade : X € € adgX|p € End(p) is
faithful (cf. [2, p. 21]).

Lemma 2.10. The Tits—Kantor—Koecher Lie algebra (£(V), 0) of a non-degenerate Jordan triple
system V is reduced.

Proof. Let £(V) =t @ p be the decomposition into eigenspaces of 6, where
t={ud®h®u:uecV, Oh=nhj.

Let X=u®h du €t be such that [X,Y] =0 for all Y € p. For each g € Vj satisfying
0g = —g, and for each v € V, we have

[u@h@u,v@g@—v]:O:(hv—gu)EB([h,g]—uDv—vDu)eB(gu—hv)

which gives hv = gu and in particular hv = 0 for all v € V if g = 0. Hence 7 = 0 and
uov+vou =0 for all v € V. Choose Y = (0, g,0) with g = vov, then (vov)(u) =0 and
hence (vOu)(v) = —(uov)(v) = (vov)(u) =0 for all v € V. This implies vou = 0 for all
v € V since {x + v, u,x + v} =0 for all x, v € V. Therefore u = 0 by Lemma 2.2 which proves
X=0. O

Remark 2.11. The above arguments also show that, in a non-degenerate Jordan triple system,
{v,u, v} =0 for all vimplies u = 0.

We now consider topological structures for Jordan triple systems and their Tits—Kantor—
Koecher Lie algebras. If a Jordan triple system V' is equipped with a norm, we denote by L(V)
the normed space of linear continuous self-maps on V.

A Lie algebra g is called a normed Lie algebra if g is a normed linear space and the Lie
product is continuous:

X, Y1 <ClIxYl (X.Yeg

for some C > 0. Further, g is called a Banach Lie algebra if g is a Banach space.

A non-degenerate Tits—Kantor—Koecher Lie algebra g = g_1 @ go @ g1 with involution 6 is
said to be quasi normed if g is a normed linear space such that the maps 6 :g_; — g1 and (a, b) €
9o X gp > [a, b] € gotp are continuous. In this case, the dual involution 9*|g_] = —0|g_, isalso
continuous on g_.

Let V be a non-degenerate Jordan triple system and let

LV)y=VoeWVhoeV
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be the corresponding Tits—Kantor—Koecher Lie algebra with the main involution 8. We denote
the symmetric part of £(V) by

o(V)={(a.h,~a): acV, 6h=h).

The restriction of 6 to g(V) is an involution, also denoted by 6. The dual symmetric part of £(V)
will be denoted by g*(V).

Lemma 2.12. Let V be a non-degenerate Jordan triple system and £(V) =V_1 & Vo & V
its Tits—Kantor—Koecher Lie algebra with symmetric part g(V). The following conditions are
equivalent.

(1) g(V) can be normed to become a normed Lie algebra.
(i1) g*(V) can be normed to become a normed Lie algebra.
@iii) V can be normed to have continuous inner derivations, that is, one can define a norm on 'V
such that the map (a,b) € V. x V> aob —boa € L(V) is continuous:

laob—boal <clalllbll (a,beV)
for some ¢ > 0.

Proof. (i) = (iii). Let g(V) be a normed Lie algebra with norm || - | 4(v). We equip V with the
norm

2|jall = | (a,0, (aeV).

—a) a(v)
Then there is some constant C > 0 such that

lanb —boallgw) = | [@,0,—a), 6,0, —B)]| . ., < 4Cllallb]

g(V)

for all a,b € V. It follows that anb — boa € L(V) and (a, b) € VZi>aob—boac L(V)is
continuous since, for x € V, we have

2|(@aob—boa))| = |(la, b, x} — {b,a,x},0,{b,a,x} — {a, b, x})|
= |[[(@.0,—a), (4,0, —b)]. (x,0,—x)] Hg(v)
< 8C?(la[1b][1x].

g(V)

(iii) = (i). Let V be equipped with a norm || - ||y so that the inner derivations are continuous.
Given h = Zj ajob; €V satisfying 6h = h, we have

2h=> (ajub;—bjoa;) e L(V).
j

We equip the Lie algebra g(V') with the norm

@, h,—a)|| =2llally + kllLvy for (a,h, —a) € g(V).
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Then we have

||[a®h@—a,u@g@—u]” = ||(hu—ga,[h,g]—al:lu+u|:]a,ga—hu)||
< 2| Alllull + 2lglHlall + 20 A1lgll + cllalllul
<Q2H+o))adh® —alllu®gd —ul

for some ¢ > 0. Hence g(V) is a normed Lie algebra with the above norm.
The equivalence of (ii) and (iii) is proved analogously since

[a@h@a,u@g@u]=(hu—ga,[h,g]+aDu—uDa,hu—ga). O

The continuity of the triple product in a normed Jordan triple V requires its TKK Lie algebra
£(V) be quasi normed, as shown below.

Lemma 2.13. Let V be a non-degenerate Jordan triple system and £(V)=V_1 & Vo @ V] its
Tits—Kantor—Koecher Lie algebra. The following conditions are equivalent.

1) £(V) can be quasi normed.
(1) V can be normed to have continuous left multiplication, that is, one can define a norm on 'V
such that the map (a,b) € V x V +— aob € L(V) is continuous:

laobl <cllalllioll (a,beV)
for some ¢ > 0.

Proof. (i) = (ii). Let £(V) be quasi normed. Then V = V_; inherits the norm of £(V). For
a, B € {0, L1}, there are positive constants ¢y, g such that

ILx. ¥ ||£(V) Scapllxlleayliyliewy for (x,y) € £(V)g x £(V)g.
Given a, b, x € V, we have
I (“Db)(x)”v =| [[a, 9b],x]||£(v)
€0,—1 ” [aa Gb] ||£(V)||-x||v

<<
<co,—1c—1,1llallv10bllvlxllv
<o

co.—1c—r1l0llallvliblviixv.

Hence V satisfies condition (ii).
(i) = (i). We have Vy C L(V) and £(V) can be equipped with a natural norm

lx®h @yl =lxlly + kLo +ylv (x@hdyeL(V)).
‘We have

16, 0,0)] o) = [0.0.2) | oy = lIxllv = 11(x, 0, 0)ll £y
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and hence 0:V_; — Vi is continuous. Given a € £(V), and b € £(V)g for a # B, we have
la,b] = +aob if o, B #0, and for «f =0, we have [a, b] = £h(x) for some h =), urD v
with x = a or b. It follows from condition (ii) that the maps (a, b) € £(V)q x £(V)g > [a, b] €
£(V)a4p are continuous. O

The symmetric part g of a quasi normed TKK Lie algebra g inherits the norm of g. The norm
completion g is called the complete symmetric part of g. The Lie product of g, extends to g;
and the involution @ extends to 8 on g,. The complete dual symmetric part g* is defined likewise.

We see from Theorem 2.9 and Lemma 2.13 that the category of quasi normed canonical TKK
Lie algebras is equivalent to the category of normed Jordan triple systems with continuous left
multiplication.

3. Symmetric spaces and orthogonal Lie algebras

In finite dimensions, Riemannian symmetric spaces correspond to orthogonal involutive Lie
algebras. The first objective of this section is to extend this correspondence to infinite dimen-
sional setting. This then leads to the second objective of characterising the class of Jordan triples
whose TKK Lie algebras admit orthogonal symmetric parts.

In what follows, we shall not distinguish a quadratic form and its associated symmetric bilin-
ear form, and use the same notation for both.

We adapt the notion of an orthogonal involutive Lie algebra in finite dimensions (cf. [13,
p. 213], [1, p. 35] and [2, p. 21]) to our setting below.

Definition 3.1. Let (g, ) be an involutive Lie algebra with the canonical decomposition g = ¢&p
into F1-eigenspaces of 6, with ¢ the 1-eigenspace. Then g is called orthogonal if there is a
quadratic form

g:pxp—>R

which is positive definite, i.e. g(X, X) > 0 for X € p\{0}, and invariant under the isotropy repre-
sentation adg of £ on p:

q(adZ(X),Y) +q(X,ad Z(Y)) =0
for X,Y €p and Z € ¢, where the second condition above is equivalent to
q(adZ(X),X)=0 (Zet Xep).
We note that ¢ is invariant under 6.

Unless otherwise stated, all manifolds are modelled on a real Hilbert space where, as usual,
a complex Hilbert space is regarded as a real Hilbert space by restricting to real scalars and
taking the real part of its inner product. Given a Hilbert space H, we denote by L(H) the von
Neumann algebra of bounded linear operators on H. The group U/ (H) of unitary operators on H
is a topological group in the strong operator topology, and is right amenable, that is, there is a
unital positive linear functional ¥ : Cry (U(H)) — R on the space Cry (U (H)) of bounded right
uniformly continuous functions on U (H) and ¥ is invariant under right translations [12], it is
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called a right invariant mean on Cry(U(H)). If H is separable, then U/ (H) is a metric group and
there is a positive linear functional ¢ in the predual L(H), of L(H), which is faithful, that is,
@(TT*)=0implies T =0 forall T € L(H) (cf. [32, p. 78]), where T* denotes the adjoint of T'.

We denote by e, unless otherwise stated, the identity of a group. By a Banach Lie subgroup
of a Banach Lie group G, we mean a direct subgroup and a submanifold K of G, in which case
K is closed and a Banach Lie group in the induced topology of G [34, p. 128], and further, the
quotient space G/K of left cosets carries the structure of a Banach manifold and the quotient
map 7 :G — G/K is a submersion [34, Theorem 8.19]. We call M = G/K a homogeneous
space and will assume that G is connected in the sequel. The natural action of G on G/K is
denoted by

7,:aK € G/K+— gaK € G/K (g €G).
Let g be the Lie algebra of G and ¢ the Lie algebra of K, which is a split Lie subalgebra of g.
Let p =m(e) = K. Then the differential (dn).:g — T, M has kernel kerdn, =€ and gives the
canonical isomorphism g/¢~ T, M.
Definition 3.2. Let G/K be a homogenous space. Following [13, p. 209], we call (G, K) a

symmetric pair if there is an involutive automorphism o : G — G such that Gg C K C G, where
G, is the fixed point set of o and Gg the connected identity component.

Now let M = G/K be a Riemannian symmetric space, then (G, K) is a symmetric pair in
which the involution o of G is induced by the symmetry s, at p = (e) € M and satisfies

Ty =SpTo(g)Sp- 3.1
The tangent space T, M at p is a Hilbert space in the Riemannian metric and we denote the

unitary group of 7, M by U, which is an amenable group in the strong operator topology of
L(T,M). The Lie algebra g of G has the canonical decomposition

g=top
into £1-eigenspaces of the involution § = (do).. We have
[e,€]ce and [E p]Cp.

If K is compact, there is an adg-invariant inner product on £. In infinite dimension, there may
still be a nonzero positive semidefinite quadratic form on €, invariant under adg, as shown below.

Let ¢ = Ad9/K . K — Up C GL(T, M) be the isotropy representation of K on p =T,M
given by the differential map

AdYK k= (dr), : TyM — TyM

where (dt;), € U}, and ¥ induces a Lie algebra homomorphism

Vi i=d(AdYK) st — L(T,M).
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In the operator norm topology, U, is a Banach Lie group and the adjoint representation
Ady, :Up, — Autuy, of U, on its Lie algebra u, = {X € L(T,M): X 4+ X* =0} is given by

(Ady, )X =uXu* (uely, X €up).

Lemma 3.3. Let 8y > dimT, M > 1. Then there is a nonzero positive semidefinite quadratic
form q on the Lie algebra w, of Up, which is Ady, Uy, -invariant:

q((Ady, W)X) =q(X) (weldy, X ecuy)
and q is continuous in the norm topology of u.

Proof. We make use of amenability of I/, as a topological group in the strong operator topology
of L(T,M). Since T, M is separable, there is a faithful normal real state ¢ on L(T,M).
For X, Y €u,, we define a bounded function fx y :U, — R by

Fxy @) =o@XY*u*) (uely).

We have fxy = f,x and fx x > 0 for X # 0 by faithfulness of . Moreover, fx y is right
uniformly continuous on Up, in the strong operator topology, that is, given a net () converging
strongly to the identity operator I € L(T, M), we have

sup{| fx,y (Vue) — fx.y)|: veUd,} — 0.

Indeed, since multiplication and the *-operation are continuous in U/, in the strong operator
topology, we have, by the Cauchy—Schwarz inequality,

sup | fx,y (Wita) — fx,y )| = sup | (v(uaXY*ul — XY*)0*)|

veld, veld,
< (XY ul = XY*) (o X¥*u; = X¥%)) 7 — 0.

By amenability of U, there is a right invariant mean ¥ : Cyy () — R. We can define a
quadratic form g on u, by

q(X, X) =¥ (fxx) (Xeup).

Then g is positive semidefinite and Ady,Up-invariant since f,
fx.x:

yutaxex 18 @ Tight translation of

Suxur uxux (V) = <P(UMXX*M*U*) = fx,x (vu)
and right invariance of ¥ yields
quXu™) =¥ (fuxuruxu) =¥ (fx,x) = q(X).

The inequality SUp, iy, | fx,.v, ) — fx,y )| < |X, Y, — XY*| implies that ¢ is norm con-
tinuous.

Please cite this article in press as: C.-H. Chu, Jordan triples and Riemannian symmetric spaces, Adv. Math. (2008),
doi:10.1016/j.aim.2008.08.001




YAIMA:3107

14 C.-H. Chu / Advances in Mathematics eee (eeee) eee—eee

Finally, one can find X,Y € u, such that XX* + YY* > I. Indeed, if dim7,M =

2,4,6,...,00, we can pick X and Y having block diagonal matrix representation of the form
0 1
-1 0
0 1
-1 0

0 1 0

It follows that fxxu) + fry(w) > 1 for all u € U, and ¢(X,X) + q(¥,Y) =
Y(fxx+ fry)=>1.Henceq#0. O

Remark 3.4. If dim T, M < oo, then the quadratic form ¢ in Lemma 3.3 is positive definite by
compactness of U, since, for X # 0, we have fx x > ¢ > 0 on U, which implies ¥ (fx x) >
¥ (cl) = c > 0. We note that ¥ need not be unique.

Denote by Exp:u, — U, the exponential map. We have the commutative diagram

K —~ U, c GL(T,M)

exp T T Exp

P
g——u, C L(TpM)

where, for h = Ad%/K k € U, with k € K and for Y € u,, we have (Ady, h)Y =hYh~! and
hence

Exp(Ad®/® k)Y (Ad“/K k1) = (Ad9/¥ k)ExpY (Ad“/X k7).

Let X e tandr > 0. Let Ad: K — Aut(¥) be the adjoint representation of K. From the commu-
tative diagram above, we have

Exp 1. ((Adk) X) = Ad%/K (exp(Ad k)t X)
= Ad“K (k(exptX)k~1)
= (Ad9/® k) (Ad/K exprX)(AdO/K k1)
= (Ad9/® k) (Exp vt X) (AdY/ K k1)
= Expt (A% k) (v, X) (AdY/ K k1)
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which gives
Vi (AdK)X) = Ad“/ K k(. X) Ad“/ K k1 (ke K). (3.2)
The adjoint representation Ad” : G — Aut(g) splits when restricted to K:
AdC () (X +7Y) = (AdL)X + (Ad°/Kk)Y (keK, Xet, Y ep).

Let g be the quadratic form on u, in Lemma 3.3 and define a positive semidefinite quadratic
form g on ¢ by

Qo (X, X) =q(W X, ¥ X) (X €¥b).

Then g is invariant under adg since for k € K, we have from (3.2) that

g0((AdK)X) = g (V. (AdkX))
= q(AdK k(y X) AdYK k) = (¥ X)

and hence the infinitesimal version
q0(ad Z(X),Y) +qo(X,ad Z(Y)) =0 (X,Y,Z€¥).

Lemma 3.5. Let M = G/K be a Riemannian symmetric space. Then the Lie algebra g of G is
orthogonal with respect to an involution whose 1-eigenspace is the Lie algebra of K.

Proof. Let 0 : G — G be the involution satisfying (3.1) and let g = £ @ p be the canonical de-
composition of the Lie algebra g with respect to the involution 8 = (do).. We first show that the
1-eigenspace

t={Xeg: (do).X =X}

coincides with the Lie algebra {X € g: exptX € K, Vt € R} of K. Since (G, K) a symmetric
pair, we have Gg C K C G, where G, is the fixed point set of o with connected identity com-
ponent Gg. Hence o (exptX) = exptX for all ¢+ € R implies (do),X = X. Conversely, X € £
implies o (exp?X) =exptX for all # € R since the two one-parameter subgroups have the same
initial velocity. Hence exptX € Gg.

Next, let {-,-);, be the Ad®/X K -invariant inner product on the tangent space p = T, M induced
from the G-invariant Riemannian metric. Then (-,-), is ade-invariant on p and g is orthogo-
nal. O

We now extend the characterisation of finite dimensional symmetric spaces by orthogonal Lie
algebras [13] to infinite dimension. By [11, p. 73], if a Banach Lie algebra is the Lie algebra of
a Banach Lie group, then it is the Lie algebra of a connected and simply connected Lie group.
Hence, for our purpose in the sequel, we can confine our attention to simply connected Lie
groups.
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Proposition 3.6. Let M = G /K be a homogeneous space where G is a simply connected Banach
Lie group and K is connected. The following conditions are equivalent.

(i) M is a Riemannian symmetric space.
(ii) The Lie algebra g of G is involutive and orthogonal, and the Lie algebra £ of K is the
1-eigenspace of the involution.

In the above case, the involution of g is given by 0 = (do), where o : G — G is the involution
induced by the symmetry of M at p = 7 (e).

Proof. (i) = (ii). This follows from Lemma 3.5.

(ii) = (i). We show that M = G /K, equipped with a G-invariant metric, is a symmetric space.
The involution of g induces a local involutive automorphism of G, which can then be extended
to an involutive automorphism o of G by simply connectedness (cf. [4, p. 49]). Since K is
connected, we have K C {g € G: o0g = g} and (G, K) is a symmetric pair. We can define an
involution s on M = G/K by

s(gK)=0(9)K (gK € G/K).

Evidently p = K € G/K is an isolated fixed point of s. We complete the proof by showing that
G/K admits a G-invariant metric and s is an isometry for this metric.

Let g = € & p be the eigenspace decomposition with respect to the involution of g. Or-
thogonality provides a positive definite quadratic form ¢ on p, invariant under ade. Under the
identification p ~ T,G/K, where p = K is the identity of G/K, we have (ds),X = —X for
X € p and the quadratic form g is an AdK -invariant inner product on 7),G/K, which extends to
a G-invariant metric (-,-) of G/K:

(X,Y), =(dre(X), drg(Y)>gK (geGand X,Y € T,G/K)

where T, is the left multiplication by g.
Now we show that s : G/K — G/K is an isometry in this metric. We have

ST,-1 =T,

g HS

(&~

since, for each aK € G/K,

srg_l(aK):s(gflaK):a(gil)a(a)Kz _1)s(aK).

o(g

It follows from the G-invariance of the metric that
(X,Y)ex = (dl' a1X,dt —1Y)
(ds)pdty-1X, (ds)pdTg-1Y ),

=
= (A5 (1) (ds) gk X. Ty (1) (dS)gK Y ) (1) o)
=

(ds)ex X, (ds)gKY>s(gK)' =
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We now characterise Jordan triple systems which correspond to orthogonal involutive Lie
algebras. We first consider the algebraic structures. Let V be a non-degenerate Jordan triple
system and £(V) its Tits—Kantor—Koecher Lie algebra with the main involution 6. Let

Ve ={heVy: 0h=h}={heVy: h+h"=0}
which is a Lie subalgebra of V{ and the symmetric part g(V) is contained in V @ Vg @ V. The
dual symmetric part g*(V), with the dual involution 6*(a, h, a) = (—a, h, —a), is also contained

nveVviev.

Lemma 3.7. Let V be a non-degenerate Jordan triple system and let £(V') be its Tits—Kantor—
Koecher Lie algebra, with the main involution 6. The following conditions are equivalent.

(i) The symmetric part (g(V), 0) of £(V) is orthogonal.
(ii) The dual symmetric part (g(V), 0*) of £(V) is orthogonal.
(iii) V admits an inner product (-,-) satisfying
((aD b)x, x) = <x, (bDa)x) (a,b,x € V).
Proof. (i) = (iii). Let (g(V), 6) be orthogonal with eigenspace decomposition
g(V)=t@p
= {(O,h,O): 0h :h} ® {(a,O, —a). a € V}.

Let g be a positive definite quadratic form on p, invariant under ade. Then V is endowed with
the following inner product:

<-xv }’) :ZQ((XvO’ _-x)v (y707 _)’))
Leta,be V. Then 0(aob —boa) =aob — boa and the adg-invariance of g gives
0 =q([(0, aob—boa,0), (x,0, —x)], (x,0, —x))

= q(({abx} — {bax},0, {bax} — {abx}), (x,0, —x))
= ((aD b)x,x) — <(bD a)x,x).

(iii) = (i). Let € C g(V) be the 1-eigenspace of 6 and p the (—1)-eigenspace. We define a
positive definite quadratic form gy :p X p — R by the inner product (-,-) of V:

qv((a, 0, —a), (u,0, —u)) = (a, u) ((a, 0, —a), (4,0, —u) € p).

Then gy is adg-invariant. Indeed, let Z = (0, &, 0) € £. Then we have

qv([Z, (u, 0, —u)], (u, 0, —u)) = qv((hu, 0, —hu), (u, 0, —u))
= (hu, u)
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which vanishes. Indeed, let 1 =}, ajx;0y;. Then 0h = h implies } ; o;(x;0y; +y;0x;) =
0 and hence ' ‘

2(hu,u) = Z(2ozj(xjm yiu, u)
j

=D e rjoypu.u)+ (. aj(xjoy))u)
j

=Z<aj(xj|:|yj+yj|:|xj)u,u>=0.
J

Therefore g(V') is orthogonal.
The equivalence of (ii) and (iii) is proved similarly. O

We now consider topological structures. Our goal is to characterise Jordan triple systems V
whose Tits—Kantor—Koecher Lie algebra £(V') admits an orthogonal normed symmetric part.

Definition 3.8. A non-degenerate Jordan triple system V is called a JH-triple if V is a Hilbert
space in which the inner product (-,-) satisfies

((aD b)x,x) = <x, (bo a)x) (a,b,xeV)
and there is a constant ¢ > 0 such that
[@ob)| <claliblix] (a,b,x € V)

where the latter condition is equivalent to continuity of the left multiplication (a,b) € V? >
aob e L(V), where L(V) is the Banach space of continuous linear operators on V.

Let V be a JH-triple. Then V09 is a subspace of L(V) and by Lemma 2.13, the TKK Lie
algebra £(V) is quasi normed and the symmetric part g(V') is a normed Lie algebra with norm

| b —u) | =20, u)'7 + |11].
Let \/—09 be the closure of Vg in L(V). Then

V) ={G,h,—u)y: uecV, heVl)

is the completion of g(V'). The Lie product of g(V') extends naturally to g(V'). With the extended
involution

é(u9h’_u)=(_ushvu) ((l’t’h?_u)eg(v))’
(@(V), 0) is areal involutive Banach Lie algebra with involution # and eigenspace decomposition
V) ={0,h,0: heVi}aop (3.3)

where p = {(u, 0, —u): u € V}is also the (—1)-eigenspace of 6 in g(V).
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Likewise g*(V) = {(u, h,u): u€V, h e VOG} is the completion of the dual symmetric part
g*(V), which is a real involutive Banach Lie algebra with the extended involution 0*(u, h,u) =
(—u, h, —u) for (u, h,u) € g*(V).

Given h € Vg, we have (hu,u) =0 for all u € V, by the proof of (iii) = (i) in Lemma 3.7.
Hence £ is skew-symmetric with respect to the inner product of V:

(hx,y)+ (x,hy)=0 (x,y€V),
in other words, h* = —h = h* where h* is the adjoint of & in L(V).

Theorem 3.9. Let V be a non-degenerate Jordan triple system and (£(V), 0) its Tits—Kantor—
Koecher Lie algebra, with symmetric part g(V) and (—1)-eigenspace p C g(V) of 0. The follow-
ing conditions are equivalent.

(1) V is a JH-triple.

(i) £(V) is quasi normed such that p, with the inherited norm, is a Hilbert space and, with the
extended involution 6 from @, the complete symmetric part §(V) is an involutive Banach Lie
algebra, orthogonal with respect to the inner product of p.

Proof. (i) = (ii). Let (V, (-,-)) be a JH-triple. By the above remarks, £(V) is quasi normed and
the norm on p is a Hilbert space norm:

“ (u, 0, —u)H =2(u, u)l/z.

The symmetric part g(V) is a normed Lie algebra and its completion g(V), with the extended
involution 6, is an involutive Banach Lie algebra. It remains to show orthogonality.

Let §(V) = €@ p be the eigenspace decomposition with respect to 6, where £ = {(0, h,0):h €
Voe}. Let (-,-)p be the inner product of p. For & € Voe with A =1lim, h, and h, € VOG, we have
(hu,u)p, = 4lim,(h,u,u) = 0 for all u € V. Hence, as in the proof of Lemma 3.7, (-,-)p is
invariant under ad & that is, g(V) is orthogonal.

(ii) = (i). Let (§(V), 6) be orthogonal with respect to the complete inner product (-, Jp of p.
Then g(V) =€ ® p is also orthogonal with respect to (-,-),. We equip V with the complete inner
product

(x,y) =((x,0, =x), (5,0, =),
whose norm is equivalent to the inherited norm on V from £(V). By Lemma 3.7, we have
((an)x,x) = (x, (b a)x) (a,b,x V).
Finally, by Lemma 2.13, we have
laobl <cllalivlblly  (a,beV)
for some ¢ > 0. Hence (V, (-,-)) is a JH-triple. O

Remark 3.10. Evidently, there is an equivalent version to condition (ii) above, in terms of the
dual symmetric part g*(V). We omit the details to avoid repetition.
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Remark 3.11. If V is finite dimensional in Theorem 3.9(i), then one can define an inner product
(,)e on €= {(0,h,0): h € V{} by the trace:

((0,7,0),(0,8,0)), =Tr(hg*) (h,g e V)

which is adg-invariant since
<[(0, h,0), (0, g, 0)], ©, g, 0))E = Tr([h, g]g*) =0

where [h, glg* = hgg* — ghg®™ = —hg? + ghg by skew-symmetry of g. It follows that the posi-
tive definite quadratic form ¢ : g(V) x g(V) — R defined by

CI((a’ hv _a)v (av hv _a)) = <(0’ ha 0)7 (07 ha 0))3 + ((av 0’ _a)a (a’ Oa _a)>p
is invariant under 6 and adp.

By [1, p. 40], a finite dimensional reduced orthogonal involutive Lie algebra g = ¢ @ p is
semisimple if, and only if, the centralizer 3(p) = {X € g: [X, p] = 0} is trivial.

Corollary 3.12. Let V be a finite dimensional JH-triple. Then the TKK Lie algebra £(V) is
semisimple.

Proof. By Lemma 2.10, £(V) is reduced. Hence 3(p) C p by [1, Proposition 4.26]. We show
that 3(p) ={0}. Fix X =a ® h & —a € 3(p) where Oh = —h. Foru & p & —u € p, we have

0=[aDh®—a,udp®—ul
:(hu—pa,[h,p]—al:lu—}—ul:la,hu—pa).
Choose p =0, then hu = pa =0forall u € V and hence h =0 and a0 u = un a. If we choose

p=ubu,then udu(a) =0 implies una(u) =aOu(u) =0 for all u € V. By Remark 2.11, we
have a = 0. This proves 3(p) ={0}. O

We now give some examples of JH-triples.
Example 3.13. A finite dimensional real Jordan algebra V is called formally real if a> + b*> =0
implies a = b =0 in V. Such a Jordan algebra admits a non-degenerate trace form [24, p. 118].
A finite dimensional real Jordan algebra is formally real if, and only if, it has an identity and is
equipped with an inner product (-,-) which is associative, that is,

(ab, c¢) = (b, ac)

(cf. [9] and [3, p. 320]). It follows that a finite dimensional formally real Jordan algebra V is a
JH-triple in the canonical Jordan triple product

{a,b,c} = (ab)c +a(bc) — b(ac).
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We note that the finite dimensional formally real Jordan algebras are exactly the finite dimen-
sional JB-algebras defined in [10].

The real Jordan algebras, called JH-algebras, introduced in [29] are also JH-triples. A familiar
example is the spin factor which is an orthogonal direct sum H @ R of a real Hilbert space
(H, (-,-)) and R, with the Jordan product

x @)y ®B) = (Bx+ay) ® ((x,y) +ap).

Example 3.14. A finite dimensional Jordan triple system V is called positive if the trace form
Tr(xOy) is positive definite. A positive Jordan triple V is a JH-triple with the inner product
(x,y) =Tr(xoy). These Jordan triple systems are also called compact in [27] because they
correspond to symmetric R-spaces which are compact. This will be seen later as a special case
of the correspondence between JH-triples and symmetric spaces.

Example 3.15. A JH*-triple, as defined in [18], is a complex Jordan triple system V which is a
complex Hilbert space in which the triple product is continuous and every operatorata:V — V
is Hermitian. The latter condition is equivalent to the associativity of the inner product:

(@ob)x,y)=(x,(boa)y) (a.b,x,yeV).
JH*-triples can be regarded as real Jordan triple systems with associative real inner product
Re(-,-), in which case the non-degenerate ones are JH-triples. However, the inner product of a
JH-triple need not be associative in the above sense, even in finite dimensions. Let M> be the

C*-algebra of 2 x 2 complex matrices, regarded as a real non-degenerate Jordan triple system,
with the triple product

1
{x,y,z} = E(xyz + zyx).

Define a faithful positive functional ¢ : M, — C by

s t
go(u v>—2s+v.

Let V be areal subtriple generated by a single element a = ( (1) ;) in M>. Then V is a real Hilbert
space with the inner product

(x,y)=Repxy") (x,yeV)

and is a JH-triple since boc = cOb for all b, c € V, by power associativity. Nevertheless, we
have ((aDa)a,a’) # (a, (ana)a’).

In fact, non-degenerate JH*-triples are exactly those JH-triples which admit compatible com-
plex structures and they have been classified in [18,28].

Proposition 3.16. Let V be a non-degenerate Jordan triple system. The following conditions are
equivalent.
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(i) V isa JH*-triple.
(1) V is a JH-triple with an inner product (-,-) and a complex structure J : V — V satisfying

(Jx,Jyy={x,y) and J(xoy)=xoy)J
forx,yeV.

Proof. We only need to show (ii) = (i). As usual, V is a complex Hilbert space with the complex
inner product

((x, y) = {x, y) =i(Jx, ).

Further, it is a complex Jordan triple system with the Jordan triple product
e,y 2 ={x, y, 2 +ifx, Iy, 2}
which is conjugate linear in the middle variable. Substituting x + y and x + iy for z in the identity
{((anb)z, z)) = (z, (bOa)z))
yields (((aob)x, y)) = {(x, (boa)y)). Hence (V, {-,-, -}}, (-,-))) is a JH*-triple. O

Remark 3.17. If we define a general JH-triple to be a Jordan triple system satisfying all the
conditions for a JH-triple except non-degeneracy, then the above proof shows that the JH*-triples
are precisely the general JH-triples with a compatible complex structure. In a quasi normed TKK
Lie algebra g_1 @ go @ g1, without non-degeneracy, g_ is a general JH-triple if the complete
symmetric part g is orthogonal as in Theorem 3.9(ii).

Proposition 3.18. Every finite dimensional real JB*-triple carries the structure of a JH-triple.
Proof. We note that every non-degenerate subtriple of a JH-triple is also a JH-triple with the in-
herited inner product. The real JB*-triples are norm closed real subtriples of complex JB*-triples.
Therefore we need only consider complex JB*-triples. Let H be a finite dimensional complex
Hilbert space and L (H) the complex JB*-triple of linear operators on H. Then [[ac b| < |la||||]]|
for all a,b € L(H) and every subtriple of L(H) is non-degenerate since Q, = 0 implies
{a,a,a} =aa*a =0. Define the canonical inner product (-,-) on L(H) by the trace:

(x,y) =ReTr(xy*) (x, yE€ L(H)).

Then (-,-) is associative:

1
((@aob)x, y)= 3 ReTr(ab*xy* + xb*ay™)

1
=5 Re Tr(xy*ab* 4+ xb*ay™)

= (x, (bo a)y) (a, b,x,ye€ L(H)).
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It follows that L(H) and all finite dimensional JW*-triples are JH-triples.

We now consider the exceptional ones. The JB*-triple M3(0) of 3 x 3 Hermitian matrices
over the Cayley algebra O is a JB*-algebra which is the complexification of a JB-algebra and by
Example 3.13, admits an associative inner product via complexification.

Finally the JB*-triple M12(O) of 1 x 2 matrices over O is a subtriple of M3(QO) and is there-
fore a JH-triple. O

We refer to [28] for a complete list of simple positive JH*-triples.

4. Jordan triples and symmetric spaces

We show in this final section the correspondence between JH-triples and Riemannian sym-
metric spaces, and conclude with some examples. We denote the centre of a Lie algebra (g, [-, -])
by

3(9)={X eg: [X,g]=0}.

Although not all infinite dimensional Lie algebras are enlargeable, we have the following useful
condition for enlargeability (cf. [11, p. 7] or [30]).

Lemma 4.1. A Banach Lie algebra with trivial centre is the Lie algebra of a Banach Lie group.
We first consider the centre of the complete symmetric part g(V') for a JH-triple V.

Lemma 4.2. Let V be a JH-triple and g(V') the symmetric part of its Tits—Kantor—Koecher Lie
algebra (£(V), 0). The centre of g(V) is given by

3(@(V)) ={(a,0,—a): aox=x0a, Vx e V}.
Proof. Let X =a® ho® —a e g(V).If X € 3(g(V)), then for x & g & —x € g(V), we have

0=[a®ho®—a,xDgd —x]
=(h0x—ga,[h0,g]—al:lx+x|:la,ga—hox).

Choose g =0, then hox = ga =0 for all x € V and hence 7y =0 and abx = x0a. The argu-
ments can be reversed since a0 x = x0Oa for all x € V implies ga =0 for all g € V09 . O

The above lemma leads to the definition of the following closed subspace of a JH-triple V:
Z(V)y={aeV:aox=x0a, Vxe V}.
As V is a Hilbert space, we have the direct sum decomposition
V=2Z(V)®Z(V)"

Lemma 4.3. Given a JH-triple V, the subspace Z(V) is an associative subtriple of V.
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Proof. We need only to show that Z(V) is a subtriple of V for which, it suffices to show a €
Z(V) implies a’ = {a,a,a} € Z(V), by the polarization formulae

6{b,a,b}=(a+b)*+ (a —b)> —24°,
2{a,x,by={a+b,x,a+ b} —{a,x,a} —{b, x, b}.

Leta € Z(V). We have

{a,x,{a,a,y}} {a,x,a},a, y} {a,{a,x,a},y} + {a,a,{a,x,y}}

{

{a,a {a, x, y}}

{a3, } { {a,a,x},y}+{a,x,{a,a,y}}
~{a' 5]

where {a, {a, a, x}, y} ={a, y,{a,a,x}} ={a,a, {a, y, x}}. Hence

(@3ox)(y) ={a,a, (x,a, y}}

anda’ e Z(V). O

Lemma 4.4. Let V be a JH-triple and let 3(g) be the centre of g(V). Then we have the decom-
position g(V) = 3(g) @ 3(g)° where

3(8)° = {(x, h,—x): x€ Z(V) and h € V_(;;}
is a Lie subalgebra of g(V) with trivial centre.

Proof. The direct sum decomposition follows from Lemma 4.2 and the decomposition V =
Z(Vye 7z (V)J-. ‘We note that Vg C L(V) and by the remarks before Theorem 3.9, each g € V09

is skew-symmetric with respect to the inner product of V. Given x € Z(V)' and g € \7, we
have

(gx,a) = —(x,ga) =0

for all a € Z(V), as in the proof of Lemma 4.2. Hence gx € Z(V)'.
Let X =(x,h, —x), Y = (y,&, —y) €3()°. We have

[X.Y]=(hy —gx.[h. gl —xOy+yOx, gx — hy)

where hy — gx € Z(V)L implies [X, Y] € 3(§)°.
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Further, if [X, Y] = 0, then choosing ¢ = 0, we have Ay = 0 for all y € Z(V)' and hence
h =0since ha=0foralla € Z(V).Itfollows thatxoy =yox forall y € Z(V)L.Butxoa=
aox for all a € Z(V). Hence x € Z(V) N Z(V)* and x = 0. This proves the triviality of the
centre of 3(g)°. O

Given a JH-triple V' with TKK Lie algebra (£(V), ), we note from (3.3) that the (—1)-
eigenspace of 6 in g(V) coincides with the (—1)-eigenspace of 8 in the complete symmetric part
g(V). This motivates the following definition.

Definition 4.5. A Riemannian symmetric space G/K is said to be associated to a TKK Lie
algebra if the involutive Lie algebra (g, o) of G is the complete symmetric part (b, 6) of a quasi
normed Tits—Kantor—Koecher Lie algebra (), 6) and the (—1)-eigenspace of 8 in h; coincides
with that of 6 in b;, in which case, G/K is called a Jordan symmetric space.

Remark 4.6. A symmetric space G/K is a Jordan symmetric space if the Lie algebra (g, o)
of G is the complete dual symmetric part (h_;“, 6*) of a quasi normed TKK Lie algebra (h, 0)
and the (—1)-eigenspace of 6* in h* coincides with that of 6% in h*. Indeed, h* is the complete
symmetric part of (h, 6*) by Remark 2.5.

Theorem 4.7. We have the following correspondence between JH-triples and Jordan symmetric
spaces.

(i) Let V be a JH-triple. Then there is a Riemannian symmetric space G/K such that the Lie
algebra of G is the complete symmetric part g(V) of the TKK Lie algebra £(V) of V.

(i) Let G/K be a Jordan symmetric space. Then there is a JH-triple V such that £(V) is the
canonical part of the TKK Lie algebra associated to G/K. Further, if G/K is associated
to a canonical TKK Lie algebra, then the complete symmetric part g(V) of £(V) is the Lie
algebra of G.

Proof. (i) Let V be a JH-triple and let £(V) be its TKK Lie algebra with involution 6. Then
the complete symmetric part (V) is a Banach Lie algebra and 6 extends to an involution 6 on
g(V). By Lemma 4.4, we have g(V) = 3(g) @ 3(g)° where the centre 3(g) is the Lie algebra of
itself as a Lie group, and the Lie algebra 3(g)° has trivial centre and is therefore the Lie algebra
of a Banach Lie group. It follows that g(V) is the Lie algebra of a simply connected Banach
Lie group G, and the 1-eigenspace ¢ = {(0,/,0): h € VOQ} C §(V) of 0 is the Lie algebra of a
connected Banach Lie subgroup K of G. By Theorem 3.9, g(V) is an orthogonal involutive Lie
algebra and by Proposition 3.6, G/K is a Riemannian symmetric space.

(ii) Conversely, let G/K be a symmetric space such that the Lie algebra (g, o) of G is the
complete symmetric part (b, @) of a quasi normed Tits—Kantor—Koecher Lie algebra (h, 8) and
the (—1)-eigenspace of 6 in by coincides with that of § in b,. Then, by Theorem 2.9 and the
construction in Lemma 2.6, there is a normed Jordan triple V such that

hb=b_1®hdhDLV)=VaVypV

with b1 = V and by contains the complete symmetric part (V) of the TKK Lie algebra £(V)
which is the canonical part h° of .
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By Proposition 3.6, (hy, #) is orthogonal with respect to a complete inner product (-, -)p on the
(—1)-eigenspace of 8, which equals the (—1)-eigenspace p = {(a, 0, —a) :a € h_1} of 6 in b;.
Since p is also the (—1)-eigenspace of 6 in g(V), it follows that (g(V), 0) is also orthogonal with
respect to {-,-)p. Hence V is a JH-triple by Theorem 3.9.

Finally, if § is canonical, then fh = £(V) and (hs,0) = (§(V),0). DO

In the correspondence between Jordan symmetric spaces and JH-triples, a pair of mutually
dual symmetric spaces corresponds to the symmetric part and the dual symmetric part of a TKK
Lie algebra £(V). Let (g, o) be the involutive Lie algebra of a Jordan symmetric space G/K and
let V be a JH-triple such that g = g(V) and o = 6, where g(V) is the symmetric part of the TKK
Lie algebra (£(V),0) of V. Let g = £ @ p be the eigenspace decomposition. The dual of G/K
has the Lie algebra (g’, o’) where

g =t@ip and o' (k+ip)=k—ip.
Given g=g(V)={(0,h,0): Oh=h € V—Oa} @ {(a,0,—a): a e V}, we have

g ={0,h,0):0n=heV}&{(a,0,—ia): ac V).
The following Lie algebra isomorphism identifies g’ with the dual symmetric part g(V):
Yi(ia, h,—ia)eg — (a,h,a) € g=(V)
where o' = 0%y and 0* is the dual involution of £(V).
We conclude with the following examples showing the correspondence between JH-triples,

Hermitian symmetric spaces and R-spaces. Other examples of infinite dimensional symmetric
spaces have been studied in [11].

Example 4.8. The correspondence between Hermitian symmetric spaces and JH*-triples have
been shown by Kaup [18]. This correspondence can be seen from the perspective of TKK Lie
algebras.

Let M be a Hermitian symmetric space and let g = £ @ p be the associated Lie algebra and
decomposition with respect to the involution 6§ = Ad sy, induced by the symmetry sy, at a base
point xo € M. Let

J:ip—p

be the complex structure of p satisfying 8J = J6. Let p. be the complexification of p and extend
J to a complex linear map on p, also denoted by J. Let

pr={Xep: JX=iX}, po={Xep: JX=—iX}
be the +i-eigenspaces of J so that

Pe=p+Dp-
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and hence the complexification g, of g has a decomposition
ge=p+ Bt Dp-

where

Xep—=>X—-iJXepy
is a complex linear isomorphism. The real Lie algebra g. has an involution given by

oX =0X

where the natural extension of 6 to g, is still denoted by 6. We have o (p4) =p_ and

(€, p+1] Cp+1, [P+, p+]=0

since [JX,JY]=[X, Y] forall X,Y €p. We also have [p4, p_] C &. Hence (g, o), as a real
Lie algebra, is a Tits—Kantor—Koecher Lie algebra and the space p4 & p is a Jordan triple system
with Jordan triple product

{X,Y,Z}=[[X.0Y], Z].

Moreover, g is orthogonal by Lemma 3.5, and identifies with the complete symmetric part of g,
by the map

Y, X)eg=t®p> (X —iJX,Y, X +iJX) € g.

where X +iJX = —o (X —iJX). Hence p is a general JH-triple and also a JH*-triple by Re-
mark 3.17.

If g is finite dimensional, reduced and semisimple, then it is the symmetric part of a canonical
TKK Lie algebra since in this case, we have [p, p] =€ by [2, p. 23].

Conversely, let V be a non-degenerate JH*-triple and let

LWV)y=VoieoVoe v
be its Tits—Kantor—Koecher Lie algebra with the main involution 6. Define
oX=(—1D*X (XeVy
and X = 06X for X € £(V). Let g={X € £(V): X = X} be the real form of X — X. Then
o is an involution on g. Since X € g if, and only if, X = 060X, in which case X is of the form
(a,h,—a) witha € V and 6h = h, it follows that 0|y = 0|4 and (g, o) is the symmetric part of

£(V) with orthogonal completion g = ¢ & p, where p = {(a, 0, —a): a € V} inherits the Hermi-
tian structure from V and g gives rise to a Hermitian symmetric space.
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Example 4.9. Loos [27] has shown the one—one correspondence between symmetric R-spaces
and finite dimensional positive Jordan triple systems.

The construction in [27], same as in [31], is essentially equivalent to the TKK construction in
Lemma 2.6 apart from a sign difference. Indeed, given a finite dimensional positive Jordan triple
system (V,{-,-, -}), which is a JH-triple, the Lie algebra £ constructed in [27] is the TKK Lie
algebra (£(V"), ), where (V’, {-,-,-}’) is the Jordan triple (V, —2{-,-, -}).

The positive definiteness of the trace form

x,y)eVxxVrTr(xoy)eR

implies that 6 is a Cartan involution since the Killing form B of £(V’) satisfies

B(X,0X) = —Bgyn, (h, h®) — 2Tr(hh") 4+ 2 Tr(an'a) + 2 Tr(bob)
= —Be(yy,(h, h®) = 2Tr(hh®) — 4 Tr(aa) — 4 Tr(bO b)

which is negative definite for X = (a, h,b) € £(V'), where Bg(yr, is the Killing form of
£(V)o =Vyand an'b(-) = {a,b,-} = =2acb (cf. [31, p. 38]). The Lie algebra of the cor-
responding symmetric R-space is the dual symmetric part g*(V’) of £(V’), with dual involution
0*(x,h,y) = (—y, —h", —x), where

g"(V)Y={(a.h,a): ae V', 0*h=h}
— E/ @ p/
= {(O,h,O): 0*h =h} <) {(a,O,a): ae V/}.
The restriction of the Killing form B on p’ is negative definite:
B((a,0,a),(a,0,a)) =4Tr(an’a) = —8Tr(ana) < 0.

We note that (£(V'),0) is orthogonal with respect to the positive definite quadratic form
—B(X,0X) and g*(V') is the 1-eigenspace of § on £(V'), which is the Lie algebra of a compact
subgroup of the Lie group of £(V’).
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