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Abstract. In the present article we introduce and study a class of topological reflection
spaces that we call Kac—-Moody symmetric spaces. These are associated with split real
Kac—Moody groups and generalize Riemannian symmetric spaces of noncompact split type.

Based on work by the third-named author, we observe that in a non-spherical Kac—
Moody symmetric space there exist pairs of points that do not lie on a common geodesic;
however, any two points can be connected by a chain of geodesic segments. We moreover
classify maximal flats in Kac-Moody symmetric spaces and study their intersection patterns,
leading to a classification of global and local automorphisms. Some of our methods apply to
general topological reflection spaces beyond the Kac—Moody setting.

Unlike Riemannian symmetric spaces, non-spherical non-affine irreducible Kac-Moody
symmetric spaces also admit an invariant causal structure. For causal and anti-causal geo-
desic rays with respect to this structure we find a notion of asymptoticity, which allows us
to define a future and past boundary of such Kac-Moody symmetric space. We show that
these boundaries carry a natural polyhedral cell structure and are cellularly isomorphic to
geometric realizations of the two halves of the twin buildings of the underlying split real Kac—
Moody group. We also show that every automorphism of the symmetric space is uniquely
determined by the induced cellular automorphism of the future and past boundary.

The invariant causal structure on a non-spherical non-affine irreducible Kac—-Moody sym-
metric space gives rise to an invariant pre-order on the underlying space, and thus to
a subsemigroup of the Kac-Moody group.

We conclude that while in some aspects Kac-Moody symmetric spaces closely resemble
Riemannian symmetric spaces, in other aspects they behave similarly to masures, their non-
Archimedean cousins.
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1. INTRODUCTION

Kac—Moody groups over a local field K as for instance studied in [54, 18, 23,
19, 22, 3] are infinite-dimensional generalizations of the groups of K-points of
(split) semisimple algebraic groups. From a geometric point of view, semisim-
ple groups over local fields arise as subgroups of the isometry groups of Rie-
mannian symmetric spaces (in the Archimedean case) and Euclidean buildings
(in the non-Archimedean case). It is thus natural to ask whether Kac-Moody
groups over local fields admit a similar geometric interpretation.

For Kac—Moody groups over non-Archimedean local fields such a geomet-
ric interpretation is described in [55], where Rousseau discusses the notion of
a masure affine ordonnée (sometimes translated as ordered affine hovel into
English in, e.g., [18]). Masures are certain generalizations of Euclidean build-
ings that admit an action by a Kac-Moody group over a non-Archimedean
local field K, generalizing the notion of a Bruhat—Tits building endowed with
the action of the K-points of a split semisimple group.

In the present article we investigate the Archimedean situation, focussing
on the split real case. We introduce a generalization of Riemannian sym-
metric spaces of noncompact split type, which we call Kac-Moody symmetric
spaces and on which split real Kac—-Moody groups act in a way that generalizes
the action of semisimple split real Lie groups on their Riemannian symmetric
spaces. It turns out that in this setting one can observe both phenomena that
one is familiar with from the finite-dimensional theory and phenomena that are
specific to the infinite-dimensional situation; some of these infinite-dimensional
phenomena in fact have non-Archimedean analogs in the theory of masures.

A key structural problem that one has to face when generalizing the notion
of a Riemannian symmetric space is that the latter is originally defined in
terms of a smooth Riemannian metric on a manifold; we are unaware of any
reasonable notion of smoothness on the kind of homogeneous spaces on which
a (non-spherical and non-affine) real Kac—-Moody group naturally acts, nor are
these spaces metrizable with respect to their natural topologies. Our starting
point is thus an alternative characterization of affine symmetric spaces, due to
Ottmar Loos [42, 43].

Fact 1.1 (Loos [42, 43]). Let X be an affine symmetric space, and given
z,y € X denote by x -y the point reflection of y at z. Then p: X X X — X,
w(x,y) ==z -y is a Cl-map satisfying the following axioms:

(RS1) For any z € X we have z -z = =.

(RS2) For any pair of points z,y € X we have z - (z - y) = y.

(RS3) For any triple of points z,y,z € X we have x - (y - z) = (z - y) - (z - 2).
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(RS4),.) Every z € X has a neighborhood U such that z-y = y implies y =
forally e U.

Conversely, if X is a smooth manifold and g : X x X — X is a C''-map
subject to (RS1)—(RS4joc) above, then X is an affine symmetric space, and
w(z,y) is the point reflection of y at z. If X is a Riemannian symmetric
space, then the isometries of X' are exactly the C'-maps o : X — X satisfying
a(z-y) = az) - a(y). If X is moreover of the noncompact type, then instead
of the local condition (RS4j,c) it satisfies the global condition

(RS4) z-y =y implies y =z for all y € X.

Since we are interested in generalizations of Riemannian symmetric spaces
of noncompact type, we define the following.

Definition 1.2. A pair (X, p) is called a topological symmetric space pro-
vided X is a topological space and p : XXX — X, u(x,y) := x-y is a continuous
map subject to the axioms (RS1)-(RS4) above. The automorphism group
Aut(X, p) of (X, ) is defined by

Aut(X, p) :={a: X = X | @ homeomorphism, a(z - y) = a(z) - a(y)}.

Loos’ theorem strongly uses the differentiability of i, and not much is known
about general topological symmetric spaces without any smoothness assump-
tion. For example, it is not even known to us whether a topological symmetric
space which is homeomorphic to a finite-dimensional manifold necessarily arises
from an affine symmetric space.

We pursue three goals in the present article:

(i) To develop a basic theory of topological symmetric spaces in the absence
of any smoothness assumption.

(ii) To associate a topological symmetric space to a large class of Kac—-Moody
groups over an Archimedean local field (focusing on the split real case
for simplicity).

(iii) To develop the structure theory of such Kac-Moody symmetric spaces,
studying their geodesics, maximal flats, (local and global) automor-
phisms, causal structures and boundaries.

Our results concerning (i) might actually be of interest beyond Kac—Moody
theory.

The three concepts of flats, geodesics and one-parameter subgroups of the
isometry group are of fundamental nature in the study of Riemannian symmet-
ric spaces. The former two are usually defined using the curvature tensor, and
the existence of the latter is derived from an existence theorem for solutions
of ordinary differential equations. In our topological setting we need to define
flats and geodesics without reference to the curvature tensor, and to establish
the existence of one-parameter subgroups without analytic tools.

Given a topological symmetric space (X, i), we call a subset v C X a geo-
desic if there exists a bijection ¢ : R — « such that ¢(2z — y) = u(e(z), ©(y))
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for all z,y € R. Compact connected subsets of geodesics will be called geo-
desic segments. We will now explain how geodesics in topological symmetric
spaces give rise to one-parameter subgroups of Aut(X,u). To formulate our
result we first observe that by (RS3) every x € X defines an automorphism
Sz € Aut(X, p) by sz (y) := x -y called the point reflection at x. The subgroup
of Aut(X, 1) generated by these point reflections will be denoted by G(X, u)
and called the main group of X.

Theorem 1.3 (Existence of one-parameter subgroups without differentiabil-
ity assumptions; cp. Proposition 2.24). Let (X, u) be a topological symmetric
space. Given a geodesic v C X, let

T, :={spos,|p,g €} C G(X,p).

(1) Ty = (R,+) is a one-parameter subgroup of G(X, p) (and in particular
of Aut(X, p)).
(i) Ty acts sharply transitively on v by Euclidean translations.
(111) If ti,t2 € T’Y and t1|»y = t2|»y, then t; = ts.
(iv) If any two points in X can be connected by a finite chain of geodesic
segments, then the one-parameter subgroups T generate a subgroup of
G(X, ) of index < 2.

As for the definition of a flat in a topological symmetric space, we offer two
notions, which we will later show to lead to the same concept in Kac-Moody
symmetric spaces. Firstly, we have the following purely synthetic definition.

Definition 1.4. A closed subset F' C X of cardinality > 2 is called a weak

flat if it satisfies the following properties:

(F1) F is a reflection subspace, i.e., if x,y € F, then -y € F.

(F2) F is midpoint convez, i.e., if x,y € F, then there exists z € F with
z-x =y (and thus z - y = x).

(F3) F is weakly abelian, i.e., for all z,y, z € F one has

z-(z-(y-2) =y-(2-(z-2))

Denote a Euclidean symmetric space with multiplication u(z,y) := 2z —y
by E” = (R™, ). A closed reflection subspace F' of a topological symmetric
space X is called a Fuclidean flat of rank n if it is isomorphic to E™ as a topo-
logical reflection space. With this notion a geodesic is just a Euclidean flat of
rank 1, and every Euclidean flat is a weak flat, see Figure 1.

We now turn to the main objects of our interest in the present article
and introduce Kac—-Moody symmetric spaces, a class of topological symmetric
spaces associated with (split real) Kac-Moody groups. Given a generalized
Cartan matrix A (see Definition 3.4), we denote by G = G(A) the corre-
sponding simply connected centered split real Kac—Moody group of type A (see
Definition 3.6). Throughout this article we will assume that A is irreducible
and symmetrizable (see Definition 3.4), and we will consider G as a topological
group with the Kac—Peterson topology (see Definition 3.6). For some of our
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y-(z-(x-2))=z-(2-(y-2))

FiGUrE 1. Euclidean space is weakly abelian.

results we will need additional assumptions on A (e.g., non-spherical, non-
affine, on a few occasions two-spherical), but for the basic definitions we do
not need any of these assumptions.

There exists a canonical continuous involution 8 of G which on each standard
rank one subgroup restricts to the contragredient automorphism g +— ¢~ .
Any conjugate of the involution 6 in the semi-direct product G x () is called
a Cartan—Chevalley involution. The group G acts transitively by conjugation
on the set Xz of Cartan—Chevalley involutions, and we equip Xg with the
quotient topology with respect to this action.

Proposition 1.5 (cp. Corollary 4.17). The space Xg is a topological symmetric
space with respect to

pXe x Xg = Xg, pla,pB):=aocfoa.

Definition 1.6. The symmetric space (Xg, p) is called the unreduced Kac—
Moody symmetric space of the split real Kac—Moody group G.

In the spherical case, i.e., if the Kac-Moody group G actually is a Lie group,
this is the (involution model of the) associated Riemannian symmetric space.

If the Cartan matrix A is non-invertible, then the center Z(G) of G has
positive dimension, given by the corank of A. In this case, the unreduced Kac—
Moody symmetric space Xg fibers over a topological symmetric space X ¢ with
fiber given by a Euclidean space of dimension equal to the corank of A, and
the adjoint quotient Ad(G) of G acts on Xg. We refer to X as the reduced
Kac—Moody symmetric space of G. In the case where A is non-invertible, it
is this reduced version that resembles most closely a Riemannian symmetric
space.
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The following result describes flats in Kac—-Moody symmetric spaces.

Theorem 1.7 (Flats in Kac—-Moody symmetric spaces; cp. Section 5.16).
Let Xg be an unreduced Kac—Moody symmetric space, and let X be its reduced
quotient.

(i) Bvery weak flat in Xg or Xg is Euclidean. In particular, all weak flats
are finite-dimensional and locally compact.

(ii) Every weak flat in Xg or X is contained in a mazimal weak flat.

(iii) The projection Xg — X induces a bijection between mazximal weak flats
in Xg and mazimal weak flats in Xq.

(iv) G acts transitively on pairs (p, F') where F is a mazimal weak flat in Xg
(or Xg) and p € F. In particular, all mazimal weak flats in Xg
(respectively X¢) are Euclidean spaces of the same dimension r(Xg)
(respectively (X ) ).

(v) 7(Xg) equals the number of rows of A, and r(Xg) equals the rank of A.

The integers r(Xg) and r(X¢) are called the rank of Xg and X ¢, respec-
tively. In the sequel we refer to a maximal weak flat simply as a mazimal flat,
and to a pair (p, F') as in (iii) as a pointed mazimal flat. Besides maximal flats,
we are also interested in minimal nontrivial flats, i.e., geodesics.

Theorem 1.8 (Geodesic connectedness of Kac-Moody symmetric spaces; cp.
Section 5.7). The Kac—Moody symmetric spaces Xg and X ¢ have the following
properties:
(i) Xg and X are geodesically connected, i.e., any two points in Xg or
Xa can be connected by a finite chain of geodesic segments.
(ii) If A is not spherical, then Xg and X ¢ are non-geodesic, i.e., there exist
points x,y € X (and also in X g ) which do not lie on a common geodesic
(and hence are not contained in a common mazimal flat).

Note that (ii) is in stark contrast to the case of Riemannian symmetric
spaces, which are always geodesic. It is, however, reminiscent of the cor-
responding property of masures: not every pair of points is contained in
a common apartment. In fact, this property is the key feature that separates
the class of masures from the class of buildings.

By construction, the group G acts by automorphisms on Xs and thus on its
quotient Xg. The latter action (but in general not the former) factors through
a faithful action of Ad(G). As in the spherical case, the full automorphism
group of X ¢ is slightly larger than Ad(G).

Theorem 1.9 (Automorphisms of reduced Kac-Moody symmetric spaces;
cp. Proposition 6.4, Proposition 6.5 and Theorem 6.12). The group Ad(G) is
a finite index subgroup of the automorphism group Aut(Xg). More precisely,
Aut(Xg) is isomorphic to Aut(G) = Aut(Ad(QG)), and every automorphism
in Aut(Ad(Q)) can be written as a product of an inner automorphism, a diag-
onal automorphism, a power of a fired Cartan—Chevalley involution and an
automorphism of the Dynkin diagram T'a. Moreover, Aut(Xg) embeds into
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the automorphism group of the twin building associated with G, and if A is
non-spherical, then - -

Aut(Xg) = Aut™ (X g) x (s,),
where Aut™(Xg) < Aut(Xg) is the index two subgroup preserving the two
halves of the twin building (instead of interchanging the two halves).

Convention 1.10. For the rest of this introduction we assume that A is
non-spherical and non-affine (on top of our standing assumptions that A be
irreducible and symmetrizable).

Besides the global automorphisms in Aut (X ) one can also consider local
automorphisms of X' in the following sense: Fix a pointed maximal flat (p, F)
and let

Stab(p, F) := {g € Aut(X¢) | g.F = F, g.p = p},
Stabg(p, F') :=={g € G | g.F = F, g.p = p},
Fix(p, F) = {g € Aut(X¢g) |Vf € F: g.f = f},

Fixg(p, F) :={g € G |VfeF:g.f=f}

Then W(Aut(Xe ~ X¢g)) := Stab(p, F)/Fix(p, F) is independent of the
choice of (p, F) and acts on F' fixing p, and the same is true for the group
W(G ~ Xg) = Stabg(p, F)/ Fixg(p, F). The groups W(Aut(Xe ~ X))
and W (G ~ Xg) are called the geometric Weyl groups of Aut(X¢) and G,
respectively. Note that the action of these groups on F' preserve the subset
Fsing(p) C F of points of F which are contained in more than one maximal flat
containing p. Moreover, if ¢ : E” — F is an arbitrary isomorphism of reflection
spaces with ¢(0) = p, then ¢ intertwines the elements of the geometric Weyl
groups with linear automorphisms of E". It thus follows that the geometric
Weyl groups are contained in the group

GL(p, F, F*"8(p)) := {a : F — F | a(F*"¥(p)) = F*"¢(p) and
a:=¢p toaoypec GL,(R)}.

We refer to elements of GL(p, F, F*"8(p)) as local transformations of (p, F);
one can show that the notion of a local transformation does not depend on the
choice of ¢.

It turns out that the subset o~ '(F®*"8(p)) C E" is a hyperplane arrange-
ment, and hence every homothety of E™ gives rise to a local transformation.
More generally, there exists a non-degenerate bilinear form on E” (unique up
to multiples) such that elements of GL(p, F, F*"8(p)) act by similarities with
respect to this bilinear form (see Corollary 6.19). This yields a splitting

GL(p, F, F*"%(p)) = R>" x Aut(p, F),
where R>? is the group of positive homotheties and Aut(p, F') is the subgroup
of GL(p, F, F¥8(p)) which preserves the canonical bilinear form. Elements

of Aut(p, F) are called local automorphisms of (p,F'), and by the following
theorem the geometric Weyl groups acts by local automorphisms. Concerning
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the statement of the theorem we recall that one can associate to the general-
ized Cartan matrix A a Coxeter system (W, S) whose Coxeter diagram I'(yy, 5
has the same underlying graph as the Dynkin diagram I'a of A, but whose
labelling carries less information (see Subsection A.18); hence the automor-
phism group Aut(I'a) can be considered as a subgroup of the automorphism
group Aut(W,S) := Aut(I'(w,s)) of the Coxeter diagram.

Theorem 1.11 (Local vs. global automorphisms; cp. Theorem 6.25). Let X g
be a reduced Kac-Moody symmetric space of irreducible non-spherical, non-
affine type and let (p, F') be a mazimal pointed flat in Xq.

(i) The action of the geometric Weyl group W (Aut(Xg) ~ Xg) on (p, F)
is by local automorphisms.
(ii) The local automorphism group Aut(p, F') is isomorphic to

(W x Auwt(W, S)) x Z/2Z,
and hence the group GL(p, F, F*8(p)) is isomorphic to
R x (W x Aut(W, S)) x Z/2Z.
(iii) Under the isomorphism from (ii) the subgroup
W(Aut(Xg) ~ Xg) < Aut(p, F)
corresponds to the finite index subgroup
(W x Aut(Ta)) X Z/2Z < (W x Aut(W, S)) x Z/27Z.

(iv) Bvery local automorphism is the restriction of a global autormorphism if
and only if Aut(W,S) = Aut(T'a).

In fact, the group W x Aut(W, S) appearing in (ii) is nothing but the (simpli-
cial) automorphism group of the simplicial Coxeter complex 3 (W, S) associated
with the Coxeter system (W, S). Concerning the Weyl group of G we observe
the following.

Corollary 1.12 (Algebraic Weyl group equals geometric Weyl group; cp.
Corollary 6.24). The geometric Weyl group W(G ~ X ) of G is isomorphic
to the algebraic Weyl group W.

With the notable exception of Theorem 1.8 (ii) the part of the theory of Kac—
Moody symmetric spaces described so far follows closely the classical theory
of Riemannian symmetric spaces. On the other hand, it turns out that (irre-
ducible, non-spherical, non-affine) Kac—-Moody symmetric spaces also carry
additional structure, which is not shared by Riemannian symmetric spaces of
the noncompact type, but which is shared by a different class of affine sym-
metric spaces called causal symmetric spaces (see [27]).
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Proposition 1.13 (EiiJsrtence of an invariant causal structure; cp. Section 7.2).
There exist families (C,) and (C,) of subsets of X ¢ with the fol-

lowing properties:

IG?G 16?(}

(i) (ﬁj)weyc and (6;)906?5; are cone fields, i.e., for every x € Xg the
subsets U;r C Xg and C, C X¢ each intersect every flat containing x
in an open cone with tip x.

(ii) (C, ecwe and (Cy),cx, are invariant under Autt(Xg), that means,

a(aj) = Uj;(m) and a(C, ) = U;(m) for all « € Aut™ (Xg) and z € Xg.

In analogy with the theory of causal symmetric spaces we refer to the invari-
ant cone fields (C, )ecw, and Cc, )ecw, @ causal structures on X . Roughly
speaking, the causal structures are a global version of the Tits cone, resp. its
negative in the underlying Kac-Moody Lie algebra. We refer to Subsection 7.2
for a precise definition.

From the choice of a positive causal structure (UI)QCE;G we infer a notion of
causal (or “time-like”!) curve in Xg. Namely, we say that a continuous curve
v [S,T] = X with 0 < S < T < oo is causal if for every t € [S,T) there
exists € > 0 such that

-+
’Y((t, t+ 8)) C O'Y(t)'

The notion of an anti-causal curve is defined analogously via the negative
causal structure (C, )ecx,- Using causal geodesic rays in X, we associate
two further structures with X' which have no counterpart in the theory of
Riemannian symmetric spaces, but which are reminiscent to classical objects
in the theory of causal symmetric spaces: the causal boundary of Xg and the
causal pre-order on X .

The causal boundary can be constructed as follows: Denote by 9, X ¢ the col-
lection of geodesic rays in X, and by A C 9,X ¢ the subset of all causal/anti-
causal geodesic rays. By invariance of the causal structure, the subsets AT are
invariant under Aut™ (X') and their union A, is invariant under Aut(X). Points
in the causal boundary will be defined as equivalence classes of causal or anti-
causal rays by an equivalence relation which mimics asymptoticity of geodesic
rays in Riemannian symmetric spaces.

Recall that if X' is a noncompact Riemannian symmetric space, then two
geometric rays in X are called asymptotic if they are at bounded Hausdorff
distance. For example, two geodesic rays ri,72 in Euclidean space E™ are
asymptotic if and only if they are parallel and point in the same direction, i.e.,
they are of the form r1(t) = x + tv and ro(t) = y + tv for some z,y € R™ and
a unit vector v, and two geodesic rays in the hyperbolic plane are asymptotic if
they have the same endpoint in the boundary. In Subsection 7.33 we construct

IIn the study of Lorentzian causal structures, causal curves are also called time-like
curves. Since the causal structures investigated here need not be Lorentzian, we will not use
this terminology.
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equivalence relations || on A with the following properties:

(A1) If r € AF and = € X, then there exists a unique 7’ € A¥ emanating
from  with r || 7.

(A2) || is invariant under Aut™ (X)), i.e., if 71 || ro, then a(ry) || a(rs) for all
a € Autt(X).

(A3) If 71,72 € AT are contained in a common embedded hyperbolic plane
in X, which arises as the orbit of a rank one subgroup of G, then ry || ro
if and only if they are asymptotic in the hyperbolic sense.

(A4) If r1,75 € AT are contained in a common maximal flat F', then ry || ro
if and only if they are asymptotic in the Euclidean sense.

In view of these properties we call 71,7, € AT asymptotic if 1 || 2.

Definition 1.14. The set AT := A}/ | of asymptoticity classes of causal rays
is called the future boundary of the Kac-Moody symmetric space X g, and the
set A= A/ | is called its past boundary. The union A := Aﬁ' UA| is
called the causal boundary.

By (A2), the Aut™(Xg)-action on causal/anti-causal curves induces an
action on the future/past boundary. In Subsection 7.22 we equip the bound-
aries AT with the structure of an ideal polyhedral complex. Here, a polyhedral
complex is a topological space obtained by gluing polyhedra along faces, and
an ideal polyhedral complex is obtained from a polyhedral complex by remov-
ing some faces of codimension > 2 (see Subsection 7.16). We then show that
Aut™ (X g) acts on these boundaries by polyhedral automorphisms. Unlike the
spherical case, the ideal polyhedral structure on the boundary will in general
not be simplicial.

In Subsection 7.20 we construct an ideal polyhedral complex |Alg, whose
associated chamber system is given by the twin building A of G. This complex
is combinatorially isomorphic to the Davis realization of A in the sense that
the underlying cell posets are isomorphic, but in general the cells may have
a different geometry and may even be of smaller dimension.

Theorem 1.15 (Twin building vs. causal boundary; cp. Corollary 7.41).
The causal boundary A is Aut(X g)-equivariantly geometrically isomorphic
to |Alz, and the past and future boundary are Autt(Xg)-equivariantly geo-
metrically isomorphic to the halves of |Alg.

Theorem 1.15 should be compared to the classical fact that the geometric
boundary of an irreducible Riemannian symmetric space of noncompact type,
i.e., the collection of all geodesic rays modulo asymptoticity, carries a natural
polyhedral (in fact, simplicial) structure which is isomorphic to the geometric
realization of the corresponding spherical building (see, e.g., [35]). This analogy
is meaningful since in the finite-dimensional case the Tits cone is given by the
whole Cartan subalgebra, and hence the canonical causal structure is the trivial
causal structure in which every curve is causal.

In the case of a hyperbolic Kac-Moody group, Theorem 1.15 can be seen as
a global version of the lightcone embedding of the twin building as described
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in [8]. The analog construction of a twin building at infinity for masures can be
found in [55, Sect. 3]; by [9, Thm. 1], this twin building at infinity of a masure
actually carries a natural topology that turns it into a weak topological twin
building in the sense of [23].

As in the finite-dimensional case, each asymptoticity class of causal rays in
a Kac—Moody symmetric space forms an orbit under the action of an appropri-
ate parabolic subgroup of G (see Proposition 7.37). Geometrically this means
that if r is a causal ray, which is regular in the sense that it is contained in
a unique maximal flat, then all the causal rays asymptotic to r can be obtained
by parallel-translating r in this flat and then sliding the resulting rays along
suitable horospheres.

To push the analogy with the Riemannian case even further, recall that
every automorphism of a Riemannian symmetric space is uniquely determined
by its action on the geometric boundary, i.e., the spherical building at infinity.
In the Kac-Moody setting a similar statement is true: The automorphism
is uniquely determined by its action on the causal boundary, i.e., the twin
building at infinity.

Theorem 1.16 (Causal boundary rigidity; cp. Corollary 7.41). FEvery auto-
morphism of X g is uniquely determined by the induced combinatorial automor-
phism of the causal boundary. Every automorphism in Aut™ (X ) is uniquely
determined by the induced combinatorial automorphism of the future (or past)
boundary.

Having discussed the causal boundary of Kac-Moody symmetric spaces,
we now turn to the second structure on X¢ induced by the canonical causal
structure: We write z < y and say that x strictly causally precedes y if there
exists a piecewise geodesic causal curve v : [S,T] — X¢ with v(S) = z and
y¥(T) = y, and we define the causal pre-order < on X¢ by setting x < y if
x < y or z = y. Invariance of the causal structure implies that the pre-order <
is invariant under Aut™(X¢). It is not clear from the definition whether the
causal pre-order is anti-symmetric, i.e., a partial order.

Proposition 1.17 (Order dichotomy; cp. Proposition 7.4@. Either the causal
pre-order on X g is the trivial pre-order, i.e., any point in X g causally proceeds
any other point, or the causal pre-order is a partial order.

Currently we do not know for any irreducible, non-spherical, non-affine Kac—
Moody symmetric space whether its causal pre-order is trivial or a partial
order, but we believe that it is not always trivial. The problem of establish-
ing such a result is related to a more classical problem in Kac-Moody theory,
namely whether Kostant’s classical convexity theorem [36, Thm. 4.1] can be
extended to general Kac—Moody groups. An infinitesimal version was estab-
lished by Kac and Peterson in [32], but there is no global version available so
far.

The focus of this article by design is on non-spherical and non-affine Kac—
Moody symmetric spaces. We refer to [24, 16] for literature focusing more
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on the affine case. If in our article one replaces the (derived) centered Kac—
Moody group by the full Kac-Moody group with larger torus corresponding
to the enlarged generalized Cartan matrix in the non-invertible situation, then
it is likely to be possible to carry over our results also to the affine case. An
additional advantage of that alternative approach should be that all involved
polyhedral cell structures were actually simplicial, at the cost that in the non-
affine situation with non-invertible generalized Cartan matrix the dimension
of the maximal flats were larger than necessary.

2. CONCEPTS FROM SYNTHETIC GEOMETRY

2.1. Reflection spaces.

Definition 2.2. Let X be a set and let o : X x X — X, (z,y) — -y be
a map.

(i) (X, p) is called a reflection space if it satisfies the following axioms:
(RS1) for any z € X one has z - x = z,
(RS2) for any pair of points x,y € X one has x - (x - y) =y,
(RS3) for any triple of points x,y, 2 € X one has z-(y-z) = (z-y) (- 2).
(ii) A reflection space is called symmetric or a symmetric space if it satisfies
the following additional axiom:
(RS4) z -y =y implies y = z for all z,y € X.

The category of reflection spaces has the class of reflection spaces as objects;
a morphism between two objects (X1, u1) and (Xa, u2) is a map ¢ : X1 — Xs
such that o(z - y) = p(z) - p(y) for all z,y € X1. The category of symmetric
spaces is the full subcategory whose objects are symmetric spaces.

Remark 2.3. Our definition of a reflection space is taken from [44]. How-
ever, Loos defines a symmetric space as a smooth reflection space, in which
a local version of (RS4) holds. Our definition of a symmetric space is more
demanding, but does not require a topology on X. An alternative definition
of a discrete symmetric space can be found in [5]. In view of (1) in Lemma 2.5
below, the definition of a symmetric space given in [5] is equivalent to what we
call a reflection space in this article.

In the literature the concept of a reflection space is also known as an (invo-
lutory) quandle.

Example 2.4. (i) For any group G, the pair (G,ug) with pg(z,y) =
xy 1z is a reflection space.

(ii) For n € N, the n-dimensional Fuclidean space E™ is the symmetric space
(R™, pg) with pg(z,y) =2z —y = x — y + . Geometrically, ug(z,-) is
the point reflection at x. Note that this example, of course, is just the
example of part (i) for the group (R",+).

(iii) Similar to (ii), spheres and hyperbolic spaces are reflection spaces, where
u(x, ) is defined as the spherical /hyperbolic point reflection at x.
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In view of the previous examples, given a reflection space (X, 1), the map
Sg: X =X, y—z-y

is called the point reflection at x; a product of two point reflections is called
a transvection. By Axiom (RS2), all point reflections are involutions, and
Axiom (RS3) states that point reflections (and hence transvections) are auto-
morphisms.

In the sequel denote by Aut(X, u) the automorphism group of X and by

S(X,p) :={ss |z € X} C Aut(X, )
the subset of all point reflections. The subgroup
G(X, 1) = (S(X, ) < Aut(X, )
generated by the set S(X,u) of point reflections is called the main group of
(X, u), and the subgroup
Trans(X, p) := (sz 08y | z,y € X) < G(X, p)

generated by all transvections is called the transvection group. By defini-
tion, Trans(X, ) has index at most 2 in G(X, ). The reflection space (X, p)
is called homogeneous if Aut(X,u) acts transitively on X, and reflection-
homogeneous if G(X, u) acts transitively on X.

The following formula describes the behavior of point reflections under
conjugation.

Lemma 2.5 (see [44, p. 64, line 15]). Let (X, ) be a reflection space, x,y € X
and o € Aut(X, u). Then
aosyoa Tt = Sa(y)-
In particular,
(1) 5205y 08z = S5 (y)-
Proof. For z € X one has
(wosyo ail)(z) =a(y- ailz) = a(y) -z = say (2),
which proves the first statement. The second statement then follows from the
first and the fact that point reflections are involutive automorphisms. O

Remark 2.6. The lemma implies that both G(X,u) and Trans(X, u) are
normal in Aut(X, u). In particular, if one denotes by

calg) i=aogoa

the conjugation by an element o € Aut(X, u), then the assignment a — ¢,
induces group homomorphisms

c: Aut(X, p) = Aut(G(X, 1)) and ¢: Aut(X, pu) — Aut(Trans(X, p)).
Note that if « € ker(c), then for all x € X’ one has

Sa(z) = CalSz) = Sqz-
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Thus if X is symmetric, or more generally s, # s, for all z # y in X, then
¢ Aut(X, p) = Aut(G(X, 1))
is injective.

2.7. Involution model and quadratic representation. The following
example provides an important construction of reflection spaces. In fact, by
Lemma 2.9 below, every symmetric space arises from this construction.

Example 2.8. Let G be a group, let S C G be a conjugation-invariant gen-
erating subset of involutions, and define a map

i8S xS =8 Ys,r)=s-1=srs.

Then (S, 1) is a reflection space, called the reflection space associated with the
pair (G, S). Indeed, for all z,y € Sonehas z -z =zzzx =z and z- (z-y) =
rxyxrx = y and, finally,

x - (y-2) = zyzyr = zyzrzeeyr = xyx - vze = (z-y) - (v - 2),

i.e., axioms (RS1)-(RS3) hold.

The group G acts by automorphisms on (.5, 1) via conjugation and its center
Z(@G) lies in the kernel of this action. Conversely, any g € G that acts trivially
by conjugation on S necessarily has to be central in G because S generates G.

One concludes that the main group of (5,1), i.e., the group generated by
the point reflections of (S, ), is isomorphic to G/Z(G). Furthermore, (5,1))
is symmetric if and only if S does not contain any pair of distinct commuting
involutions; and it is reflection-homogeneous if and only if S consists of a single
conjugacy class in G.

A version of the following lemma has been established in [5] for primitive
reflection spaces. Essentially the same proof applies to symmetric spaces.

Lemma 2.9. Let (X, p) be a symmetric space, let S := S(X, 1) be the set of
its point reflections, and let G := G(X, u) be the main group generated by the
point reflections. Then the following assertions hold:

(i) S C G is a conjugation-invariant subset of G.
(i) If (S,%) is the reflection space associated with the pair (G, S), then

SZ(X,,U)—)(S,¢), T Sg

is a G-equivariant isomorphism of reflection spaces.

(iii) G has trivial center and S does not contain any pair of distinct commut-
ing involutions.

(iv) X is reflection-homogeneous if and only if S consists of a single conjugacy
class.

Proof. By (1) on page 13, the set S is invariant under conjugation by elements
in S. Since S generates G, it is therefore invariant under conjugation by
elements in G. This shows (i) and makes it meaningful to consider the reflection
space (S, 1) introduced in Example 2.8. Concerning (ii), the map s is surjective
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by definition, and it is also injective, for, if s, = s,, then by (RS1) one has
sz(y) = sy(y) = y, which by (RS4) implies z = y. By (1), the map s is an
S-equivariant and hence G-equivariant morphism, proving (ii).

In particular, since G is the main group of (X, ), it is also the main group
of (S,%). This, however, implies that G has trivial center by the argument
given in Example 2.8. Also, since (S,%) = (X, ) is symmetric, no two invo-
lutions in S commute. This shows (iii). Assertion (iv) follows again from

(S,0) = (X, ). O

The reflection space (S5,v) defined in (ii) is referred to as the involution
model of (X, u). By the lemma, every symmetric space admits an involution
model.

Remark 2.10. Rather than realizing a reflection-homogeneous symmetric
space (X, 1) by a suitable generating conjugacy class of involutions of its main
group, one can also realize it as a suitable subset of its transvection group.

This embedding, which depends on a choice of basepoint o € X, is referred
to as the quadratic representation of X in [44, Sect. I1.1] (see also [5, Lem. 2.3]).
Given = € X, one defines t, := s; 0 s, € Trans(X, u) and sets T(X, u, 0) =
{tz | © € X}. Then the map

t: X > T(X,u0), x+—t,
is a bijection; indeed, injectivity follows from ¢, o s, = s,. This bijection
induces on T'(X, i, 0) the structure of a symmetric space. Now by (1) on page
13, for all z,y € X one has
tztgjltx =8;08,0(sy0 50) 15,08, =50 8y 08z 080 = 85,(y) © 80 = Ls,(y);
whence the induced multiplication in this model is given by

2 T(X, u,0) xT(X,u,0)—T(X,uo0 s,t) = s-t=st"ts.
(2) (X, p,0) x T(X, p,0) (X, p,0),  (st)

Note that T'(X, u,0) is a reflection subspace of the group Trans(X, u), where
the latter is equipped with its canonical reflection space structure as given by
Example 2.4 (i).

As another consequence of (1) observe that for all z,y € X one has

5208y = 550800 (5505, 0850)08,=5z05,08 ()08 =ty 0ts (y)
In particular, T (X, u, 0) actually generates the transvection group.

2.11. Topological reflection spaces. All the concepts introduced in the pre-
vious subsection make sense in a topological setting.

Definition 2.12. Let X be a topological space and let p : X x X — X,
(z,y) — x -y be a continuous map.

(i) (X, p) is called a topological reflection space if it satisfies axioms (RS1)—
(RS3), and it is called a topological symmetric space if it satisfies axioms
(RS1)-(RS4).
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(ii) The categories of topological reflection spaces and of topological sym-
metric spaces are defined by requiring morphisms to be continuous in
addition to preserving the product.

(iii) The automorphism group Aut(X,u), the main group G(X,u) and the
transvection group Trans(X, i) are defined as in the abstract setting with
the additional requirement that automorphisms be homeomorphisms.

The following topological variants of Examples 2.4 and 2.8 provide examples
for topological reflection spaces.

Example 2.13. e For any topological group G, the pair (G, ug) with
pe(z,y) := ry~ 1z is a topological reflection space.
e The n-dimensional Euclidean space E" = (R", ug) is a topological

symmetric space with its canonical vector space topology. Similarly,
spheres and hyperbolic spaces are topological reflection spaces with
their standard topologies.

e Given a topological group G and a conjugation-invariant generating
subset S of involutions, then S is a topological reflection space with
respect to the multiplication 7 - s = rsr.

Remark 2.14. We emphasize that Lemma 2.9 does not have a counterpart
in the setting of general topological reflection spaces. More precisely, if (X, u)
is a topological symmetric space, then the abstract reflection space underlying
(X, 1) can of course be realized as a subset of its main group (or inside its
transvection group), but finding a group topology on either of these groups
which restricts to the given topology on (X, ) is difficult without additional
hypotheses on the structure of the topological symmetric space.

2.15. Flats in topological reflection spaces. Throughout this section let
(X, 1) be a topological reflection space and let x,y,z € X. Since point reflec-
tions are involutions, one has s,(y) = z if and only if s,(z) = y. In this
situation one calls  a midpoint of y and z.

In [41] Lawson and Lim develop a rich structure theory of reflection spaces
in which any pair of points has a unique midpoint; see [41, Sect. 2, Axiom (S4)].
We will see in Corollary 5.12 that every non-spherical Kac—-Moody symmetric
space contains pairs of points that do not admit a midpoint, hence it is impor-
tant for us to develop the basic theory of reflection spaces without assuming
the existence of midpoints. Note also that, in general topological reflection
spaces, midpoints, if they exist, need not be unique, as is already clear from
the example of spheres.

Definition 2.16. Let (X, ) be a topological reflection space and let U C X
be a subspace.

(i) U C X is a reflection subspace if for p,q € U also s,(q) € U.
(ii) U C X is midpoint convex if for all p, ¢ € U there is a midpoint of p and
qginlU.
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Note that a reflection subspace of a topological reflection space (X, u) is
itself a topological reflection space with respect to the restriction of p and
the subspace topology. Also note that the closure of a reflection subspace U is
a reflection subspace?, whereas generally it is unclear to us whether the closure
of a midpoint convex subset is midpoint convex if X is not locally compact.?

Example 2.17. The n-dimensional Euclidean space E™ is midpoint convex.
Moreover, (Z™, ug) is a reflection subspace of E™ which is not midpoint convex,
whereas (Q", ug) is a midpoint convex reflection subspace of E", albeit not
closed. The closed midpoint convex reflection subspaces of E™ are exactly the
affine subspaces, i.e., the translates of R-vector subspaces of the underlying R™.

Definition 2.18. Let (X, 1) be a topological reflection space and let FF C X
be a reflection subspace.

(i) z,y € X weakly commute if for all z € X one has

z-(z-(y-2) =y-(z-(z-2)).
(i) z,y € X commute if for all a,b € X one has

z-(a-(y-b)=y-(a-(z-D)).
(iil) F is (weakly) abelian if all its points (weakly) commute.
(iv) F'is called a (weak) flat if it is closed, midpoint convex, (weakly) abelian,
and contains at least two points.
(v) Fis called a Fuclidean flat of rank n if it is closed and isomorphic to E™
as a topological reflection space.

Lemma 2.19. Let (X, u) be a reflection space.

(i) Every Euclidean flat is a flat, and every flat is a weak flat.
(ii) Every g € Aut(X, u) preserves the collection of weak flats, and the sub-
collections of flats, Fuclidean flats and Euclidean flats of a given rank n.
(i) Fvery weak subflat of a Euclidean flat is Euclidean.

Proof. The first statement of (i) is contained in [44, Prop. II1.2.5], and the sec-
ond statement of (i) is obvious, (ii) is immediate from the definitions, and (iii)
follows from Example 2.17. (I

For an illustration that Euclidean flats are weakly abelian see Figure 1.

Remark 2.20. Theorem 5.17 below states that in Kac-Moody symmetric
spaces every weak flat is Euclidean, whence all three notions of flats coincide
in that situation.

2For, if x, y are contained in the closure 4, then there exist nets (zq), (ya) in U converging
to « and y respectively, whence z - y = lim 4, - yo € U by joint continuity of multiplication.

3In case X actually is locally compact, one can argue as follows: Let U be a midpoint
convex subset of X' and let U be its closure in X. Then U contains nets (zo) converging to x
and (yo) converging to y. By local compactness, the net (zo) consisting of the midpoints zq
of zo and y, contains a subnet that in U converges to some point z. By continuity, the
reflection s, interchanges = and y, i.e., z € U is a midpoint of = and y.
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The notion of an abelian reflection subspace is taken from [44, Section I11.2.2,
p. 134 ff.]. Note that spheres and hyperbolic spaces are not weakly abelian, thus
among constant curvature smooth examples, being weakly abelian is equiva-
lent to flatness in the sense of zero curvature. In the smooth homogeneous
context, being abelian is equivalent to the vanishing of the curvature tensor by
[44, Prop. II1.2.5].

Assume now that X is a topological reflection space and that FF C X is
a Euclidean flat of rank n. By definition this means that there exists a homeo-
morphism ¢ : R” — F which is an isomorphism of reflection spaces, where R"
carries the Euclidean reflection structure. Any such map will be referred to as
a chart of F', and if p := ¢(0), then we say that the chart is centered at p. If
n = 1, then a chart is also called a parametrization.

Now let F' C X be a topological reflection space and let ¢ : R* — F be
a chart of F. Then every automorphism « € Aut(X) that stabilizes the set F
induces a map @ := @oaop ! : R" — R" and we observe the following.

Proposition 2.21. If a € Aut(X) preserves F, then & := poaop~! is an

affine transformation, i.e., @ is linear-by-translation.

Proof. The map @ : R" — R" is a topological isomorphism of reflection spaces.
In particular, for all z,y € R™ one has

a2z —y) = au(z,y)) = pa(z),aly)) = 2a(x) — aly).
The group of translations acts transitively on R™, so up to composition of &
with an appropriate translation one may assume @(0) = 0. By setting y = 0
one then concludes that @ is homogeneous with respect to powers of 2 and
by setting x = 0 one concludes that & is homogeneous with respect to —1.
Replacing = by %x and y by —y then implies that & is additive. Since Z[%] is
dense in R, this implies R-linearity of a.

By abuse of language one says that « acts affine-linearly on F.

2.22. Geodesics and translation groups. In this section we prove Theo-
rem 1.3.

Definition 2.23. Let (X, 1) be a topological reflection space. A Euclidean
flat v C X of rank 1 is called a geodesic, and the subset

T, :={sposq|p,qe€~} C Trans(X, n)
is called the associated translation group.

It is not obvious a priori that 7', is a group. However, one can show the
following.

Proposition 2.24. Let (X, pn) be a topological reflection space and let v C X
be a geodesic.

(1) Ty = (R,+) is a one-parameter subgroup of Trans(X, ).

(ii) Ty acts sharply transitively on v by Euclidean translations.
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(111) If t1,t2 € T’Y and 1,L1|V = t2|y, then t1 = to.

For the proof of Proposition 2.24 use the following notation: Fix a param-
etrization ¢ : R — v of v so that in particular ¢(2z —y) = s,(2)((y)). Given
x € R, abbreviate s, 1= s,(,), and given z,y € R, define a transvection
(3) ty[z, y] = t[z, y] = 5y 0 S(ziy) /2
By construction, t[z,y] is a transvection along - which maps ¢(x) to ¢(y),
hence the notation. Note that the restriction of this transvection to 7 corre-
sponds via ¢ to the translation by y — z in R. With this notation one has
T, = {ty[z,y] | =,y € R} and, thus, Proposition 2.24 is a consequence of the
following lemma.

Lemma 2.25. With the notation just introduced the following hold:

(i) For every x € R the map too : (R,+) — Ty, y — tlz,z + y] is an
injective group homomorphism.

(ii) For all z,y € R one has t{x,x +y] = t[0,y]. In particular, ty . is onto
for every x € R.

Proof. (i) By Lemma 2.5 and the formula for Euclidean reflections in R one
has

4) Sz 08y 08y =S2g—y (z,y €R).
This allows one to rewrite (3) as
(5) t[z,y] = 5y 0 S(a+y)/2 = S(e+4)/2° (S(a+y)/2© 8y © S(z+y)/2) = S(a+y)/2© S
which yields in particular t[z,z + y] = s;4,/2 © 5, and, thus,
(6) tlr,z+ylotfr,r —y] = 5544/20(5208,_y/2052) = Sgiy/20 8pqy/2 = id.
It also follows from (4) and (5) that
tlz, z + y/2]2 = (Sp4y/4 0820 8ppy/a) O 8g = Szyy/2 0 8g = tx, 2+ Y],
whence by induction
(7) tlz,x +y] = tlz, x + 27"y)?".
Next one observes that
(Saty/2 0 $2)(0(x +1/2)) = Supy2(p(z —y/2)) = p(z + 3y/2),
and inductively one obtains for all k € N,
(824972 0 52)" (p(x +y/2)) = p(z + (2k + 1)y/2)

Thus, if n = 2k + 1 is an odd positive integer, then

tlr,r +y|" = (sg4y/2 © 54)2EFL

= (Sz+y/2 o Sw)k o Sz+y/2 o (SZE o Sz+y/2)k O Sy
= Saz+(2k+1)y/2 © Sz
= t[z, z + ny|.
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By combining this with (6) and (7), it follows that the restriction of ¢, , to

the dense subset Z[%] of R is a homomorphism, whence continuity of u implies

that ¢, is a homomorphism. Since t[z,z + y|(z) = ¢(z + y), it is injective.
(ii) Let 2,y € R and set z := 2/2 + y/4 so that

s:(p(0)) = p(z +y/2), s:(p()) = o(y/2).
It follows from (i) that sg o s, and s, o s, commute, and hence
S008; = (8,08z)0(sp08z)0(s;0 sw)_l =5,08;08005; = 8,/20 8544/2-
One deduces that s,/ 0 80 = 53442 © Sz, and thus, by taking inverses,
t[0,y] = sy/2 0 S0 = Sutyy2 0 82 = t[z, T + Y. O

Remark 2.26. Proposition 2.24 generalizes [40, Prop. XIIL.5.5] as well as
[49, Thm. 3.6 (iv)] to arbitrary topological reflection spaces: any geodesic in
any topological reflection space defines a one-parameter subgroup of its auto-
morphism group. It is quite remarkable that this property relies purely on
group theory and elementary Euclidean geometry and does not require any
differentiable structure whatsoever.

After the dissemination of our results in late 2016 and early 2017 variants
of our Proposition 2.24 and the underlying lemma were published in [50, 51].

2.27. Geodesically connected reflection spaces.

Definition 2.28. Let (X, 1) be a topological reflection space and let v C X
be a geodesic. A compact connected subset ¢ C v with nonempty relative
interior is called a geodesic segment. A triple & = (o, s(&),t(d)), where o is
a geodesic segment and s(&') and ¢(&) are the endpoints of o is called an oriented
geodesic segment from s(&) to t(&). Given an oriented geodesic segment & in 7,
the parallel transport along ¢ is defined as the unique transvection t[5] € T,
mapping s(&) to t(¢).

An oriented piecewise geodesic curve is a sequence ¢ = (&1,09,...,0,) of
oriented geodesic segments with ¢(o;) = s(o;+1). Then set s(&) := s(d71) and
t(&) :=t(0,) and say that & is a curve from s(&) to ¢(&). Also define parallel
transport along & as the transvection

t[d] :=t[Gn] o - - - o t[d2] o t[F4].

Moreover, (X, ) is geodesically connected if for all p,q € X there exists an
oriented piecewise geodesic curve from p to gq.

Recall that in a finite-dimensional Riemannian symmetric space any pair of
points lies on a common geodesic. This is no longer the case for Kac-Moody
symmetric spaces by Corollary 5.12 below. Nevertheless, Kac—-Moody symmet-
ric spaces still satisfy the weaker property of being geodesically connected by
Lemma 5.14; as it turns out this is enough to deduce various basic structural
features such as the following information concerning the transvection group.
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Proposition 2.29. Let (X, u) be a geodesically connected topological reflection
space.
(i) Trans(X, u) acts transitively on X. In particular, X is reflection-homoge-
Neous.
(ii) Trans(X, p) is generated by the one-parameter subgroups T, where 7y
runs through all geodesics in X .

Proof. (i) If p, q are distinct points in X and & is an oriented piecewise geodesic
curve from p to g, then ¢[5] € Trans(X, 1) maps p to gq.

(ii) Let p and g be distinct points in X' and let & = (&4,0%9,...,8,) be
a piecewise oriented geodesic curve between p and ¢. It suffices to show that
sq0sp € Trans(X, i) can be written as a product of elements of the translation
groups corresponding to the geodesics involved in the above curve. To this end,
set p; = t(d;) and po :=p, ¢; = Sp, (pi—1). Then t; := 54, 0 5p, € T,,, where ~;
is the geodesic containing &; and t;(p;—1) = ¢;- Thus (ii) follows from the
computation

8q ©8p = Sp, © Spg
= (Spn © Spn—l) © (S;Dn_l © Spn—Q) s (8;01 © S;DO)
= ((Sp, ©8pn_1°8p,) 0 8p,) 00 ((Sp; ©8py ©8p;) O 8p,)

= (8¢, ©58p,) 00 (8, ©5p,)
=t,o0---0t. O

Remark 2.30. Part (ii) of the proposition provides an obstruction for a group
to occur as the transvection group of some geodesically connected topological
reflection space: Any such group has to be generated by a family of subgroups
isomorphic to (R, +).

2.31. Local transformations of strongly transitive reflection spaces.
In a general topological reflection space, it is unclear to us whether every flat
is contained in a maximal flat. Indeed, while every midpoint convex abelian
reflection subspace certainly is contained in a maximal midpoint convex abelian
reflection subspace, there is no reason for this maximal space to be closed.
As it is unclear to us whether closures of midpoint convex subsets are again
midpoint convex, we are unable to guarantee even the existence of a single
maximal flat in this generality. However, if maximal flats exist, then they
often give a major insight into the structure of the topological reflection space
since every automorphism has to preserve maximal flats and their intersection
patterns.

Definition 2.32. Let X be a topological reflection space which admits maxi-
mal flats.
(i) A pair (p, F'), where F' is a maximal flat in X and p € F' is a point, is
called a pointed mazximal flat.
(ii) Let G be a group acting on X by automorphisms. We say that the action
is strongly transitive if G acts transitively on pointed maximal flats.
(iii) X is called strongly transitive if Aut(X) acts strongly transitively on X.
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The following observation is often useful for checking strong transitivity.
It will be used, for instance, in Corollary 5.18 below in order to show that
Kac-Moody symmetric spaces are strongly transitive.

Proposition 2.33. Let Trans(X) < G < Awt(X). If G acts transitively on
mazximal flats in X and if one, whence all, of these are Euclidean, then G acts
strongly transitively on X.

Proof. Any maximal flat F' C X by definition is a reflection subspace and,
hence, each point reflection of F' is induced by a point reflection of X'. Since G
acts transitively on the set of maximal flats of X', the flat F' is Euclidean, i.e.,
F =~ E” for some n. It follows that the stabilizers of F' in Trans(X’) and,
thus, in G contain Trans(F'), and hence act transitively on F'. This implies the
proposition. O

Remark 2.34. If in the situation of the preceding proposition the maximal
Euclidean flats of & have rank &, then what we call strong transitivity in the
present article coincides with the notion of k-flat homogeneity in the literature.

Let X be a topological reflection space which contains a maximal flat, which
moreover is Euclidean, and let G be a group with Trans(X) < G < Aut(X).
Moreover, assume that G acts transitively on maximal flats of X', and let
(p, F) be a pointed maximal flat in X'. By Proposition 2.33, G acts strongly
transitively on & and F' is Euclidean. Denote by

Stabg(p, F):={9€ G |g.F=F, gp=p}

and
Fixg(p, F) ={geG|VfeF:g.f=f}
the stabilizer and the fixator, respectively, of (p, F) in G.

Definition 2.35. Let X be a topological reflection space which contains
a maximal flat F', which moreover is Euclidean, and let p € F'.

A point g € F is called singular with respect to p if there exists a second
maximal flat distinct from F' containing both p and ¢, and regular with respect
to p otherwise. Denote by F™8(p) C F the subset of regular points in F' with
respect to p, and by F®18(p) C F the subset of singular points in F with
respect to p.

A map f : F — F is called linear at p if for some (hence any) chart
¢ : R" — F which is centered at p we have p o f o o=t € GL,(R). It is called
a local transformation of the pointed flat (p, F') if it is linear at p and preserves
the decomposition F' = F™&(p) LI F*"8(p). Denote by GL(p, F, F*"8(p)) the
group of local transformations of (p, F').

Proposition 2.36. Let X be a topological reflection space which contains
a mazimal flat, which moreover is Euclidean, and assume that G acts tran-
sitively on mazimal flats of X.
(i) The group W (G ~ X) := Stabg(p, F')/ Fixg(p, F) is independent of the
choice of pointed flat (p, F') up to conjugation.
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(ii) There is a homomorphism

pr i W(G ~ X) = GL(p, F, F¥"8(p)),  pr([f]) = flF,
which is independent of the choice of pointed flat (p, F') up to conjugation.

Proof. By Proposition 2.33 the group G acts strongly transitively on X'. Asser-
tion (i) and the second statement of assertion (ii) are immediate from strong
transitivity. The first statement of assertion (ii) follows from Proposition 2.21
and Lemma 2.19. (]

Definition 2.37. (i) The group W(G ~ X)) is called the (geometric) Weyl
group of the action G ~ X.
(ii) The homomorphism pr : W(G ~ X) — GL(p, F, F¥"8(p)) is the local
action of G on X.

3. SPLIT REAL KAC—MOODY GROUPS AND THEIR IWASAWA
DECOMPOSITIONS

3.1. Groups with RGD systems. This subsection provides some necessary
background concerning groups with RGD systems (see [1, Ch. 8]); for the def-
initions of a prenilpotent pair of roots as well as the definitions of the “closed”
interval [a, 8] and the “open” interval |a, B[ of roots a, 5 used therein, see [1,
Sect. 8.5.2, 8.5.3).

Definition 3.2. Let (W, S) be a Coxeter system with root system ® and let ®*
be a subset of positive roots. An RGD system is a triple (G,{Us}acs,T),
where G is a group, T' < G a subgroup and {U,}qco is a family of subgroups
of G subject to the following axioms:

(RGDO0) For each root o € ® one has U, # {1}.

(RGD1) For each prenilpotent pair {a, 3} C & of distinct roots one has
[UasUs] € (U, | 7 € Ja, 8.

(RGD2) For each s € S there exists a function s : Uy, \ {1} — G such that
for all u € Uy, \ {1} and o € ® one has us(u) € U_q,ulU_,, and
ps(W)Uapis (1) ™F = Ug(a). Moreover, pus(y) " us(v) € T.

(RGD3) For each s € S one has U_,, € Uy := (Uy | a € ®T).

(RGD4) G =T{U, | a € ®).

(RGD5) The group T normalizes every U,.

The groups U, are called root subgroups, the group T is called mazimal (split)
torus, as are its conjugates. Following [6], an RGD-system is centered if G is
generated by its root subgroups.

Every centered RGD system (G, {Uq }aca,T) gives rise to a saturated twin
BN pair (B4,B_,N) in the sense of Tits as follows (cp. [1, Thm. 8.80]): If
ts 2 Ua \{1} = U_o. U, U_4, is the map provided by (RGD2), the group U,
is as in (RGD3) and U_ := (U, | @« € —®™T), then T normalizes both U
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and U_ and one obtains a twin BN-pair (B4, B_, N) by

N =T (us(u) | u €Uy, \ {1}, s € 95),
B+ =T X U+,
B_=TxU_.

This twin BN-pair satisfies the saturation property By N B_ = T (cp. [1,
Cor. 8.78]) and T' = (4 Na(Ua) (cp. [1, Cor. 8.79]); note that N = Ng(T)
by [1, Thm. 6.87(2) and Thm. 8.80].

The twin BN-pair (B4, B_, N) then gives rise to two buildings with respec-
tive chamber sets Ay := G/By and a twinning between them [1, Sect. 8.9],
which leads to a twin building.

The theory of twin buildings is an invaluable tool for studying groups with
an RGD-system. Refer to [1, Sect. 6.3 and Ch. 8] for general background infor-
mation on twin buildings endowed with a group action, and to [23] for a set-up
of twin buildings that has been specifically tailored to suit the properties of
topological Kac—Moody groups.

3.3. Complex and split real topological Kac—-Moody groups.

Definition 3.4. A generalized Cartan matriz is an integral square matrix
A= (aij)1§i7j§n S MH(Z) satisfying Qg3 = 2, Qi S 0 for i 75 j, and Q5 = 0 if
and only if aj; = 0 (cp. [30, §1.1]).

The Dynkin diagram I'a of A is the edge-labelled graph with vertex set
V ={1,...,n} and edge set £ := {{i,j} C V| i # j, ajja;; # 0}. Ife € &
joins the vertices 4 and j and a;; > aj;, then e is labelled by the number a;;a;;,
by an arrow from ¢ to j and, if a;ja;; is not prime, by the values a;; and aj;.
The matrix A and the diagram I'a are called irreducible if ' is connected,
two-spherical if I' o has no labels a;ja;; > 3, spherical if A is the Cartan matrix
of a finite-dimensional Lie group, and non-spherical otherwise. The Coxeter
diagram is induced by the Dynkin diagram I'a by removing all arrows and all
values a;; and a;; and replacing labels equal to one by three, labels equal to
two by four, labels equal to three by six, and labels greater than three by oo
(see also Section A.18).

The generalized Cartan matrix A is called symmetrizable if there exist
a symmetric matrix B = (b;;) € M, (R) and diagonal matrix

D = diag(e1,...,en) € Mp(R)

with €; > 0 such that A = DB. The matrix D is not unique, but one can
choose D to be minimal in the sense of [38, Defn. 1.5.1]: Each ¢; is a positive
integer, and if diag(e},...,&},) is another such matrix, then &; < &} for all 1.

The key results of this article concerning Kac—-Moody symmetric spaces hold
in the presence of the following general hypotheses.

Convention 3.5. In this article A € M,,(Z) denotes an irreducible symmetriz-
able generalized Cartan matrix.
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A generalized Cartan matrix A is the key ingredient for defining a topo-
logical split Kac-Moody group over K € {R,C}. Assume first that A is
two-spherical. Under this additional assumption there is a very efficient way
of defining these groups as colimits of diagrams of groups as described in [2]:
For each vertex ¢ € V of the Dynkin diagram I'a define G;(K) := SLy(K). For
every pair {i,j} C V (i # j) define G, ;;(K) as the split Lie group over K
of rank two whose Dynkin diagram is the full labelled subgraph of I'a on
vertices i,j. A fixed choice of a root basis provides natural inclusion maps
L; : GZ(K) — G{Z,j}(K)

Consider the amalgam Aa of topological groups formed by the Lie groups
Gi(K), i € V, and Gy, ;3(K), i # j, together with the canonical inclusions.
The colimit of this amalgam in the category of topological groups turns out to
be a Hausdorff topological group Gk (A), which is moreover a k,, space in the
sense of Definition 3.33 below (see [23, Thm. 7.22]). This colimit is abstractly
isomorphic to the quotient of the free group generated by the elements of
the groups G;(K) modulo the relations given as products of conjugates of the
relations contained in Gy; ;1 (K); its topology equals the finest group topology
such that the natural embeddings of the Lie groups G;(K) are continuous.

Definition 3.6. The group Gr(A) (resp. Gc(A)) is called the simply con-
nected centered split real (resp. complex) Kac—Moody group of type A. The
topology on Gk (A) defined above is called the Kac—Peterson topology.

Given a subset I C V, the subgroup G;(K) := (G;(K) | ¢ € I) is called
a standard rank |I| subgroup of Gx(A). Denote by s : Gr(K) — Gk (A) the
canonical inclusion; if |I| = 1, one simply writes ¢; and G; instead of ¢y
and G4y, respectively.

The embedding R < C induces embeddings

and hence an embedding Gr(A) < G¢(A). Since our main focus lies on the
real case, we will subsequently write G := Gr(A), G; := G;(R) etc.

The topological Kac-Moody groups Gg(A) and G¢(A) and all of the notions
pertaining to these groups as defined in this subsection can also be defined with-
out the assumption that A be two-spherical, and the results in this article are
valid without the assumption of two-sphericity unless explicitly stated other-
wise. However, in this more general setting the amalgamation results from [2]
are not available, and thus the definitions become substantially more technical.
We refer the reader to [56, 52, 7] and [23, Ch. 7] for the general definitions.

3.7. The adjoint quotient and the semisimple adjoint quotient. The
group G = Gr(A) can be considered as an infinite-dimensional generalization
of a finite-dimensional semisimple split real Lie group. In fact, if A is a spher-
ical irreducible (generalized) Cartan matrix, then the resulting Kac—Moody
group G is an algebraically simply connected simple split real Lie group. In
particular, the center of GG is zero-dimensional. In this case A is automatically
symmetrizable and, in fact, invertible.
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A non-spherical irreducible symmetrizable generalized Cartan matrix A on
the other hand need not be invertible, as for instance is the case for any
generalized Cartan matrix of affine type. In this situation the group G admits
a positive-dimensional center Z(G), which leads to some complications in our
study of Kac—-Moody symmetric spaces. One way to resolve this issue is to
consider instead of G its adjoint quotient

Ad(G) := G/Z(G).

This group, however, has the slight disadvantage that its maximal torus is not
isomorphic to a direct product of several copies of the multiplicative group
(R*,-), i.e., it is not an algebraically simply connected split torus. We thus
introduce an intermediate object, that we call the semisimple adjoint quo-
tient G of G. By Proposition 3.12 below, G is the unique group which admits
surjections with central kernel

G — G — Ad(G)

such that the kernel of the former epimorphism is a product of copies of the
multiplicative group (R*,-) and the kernel of the latter epimorphism is finite.

The construction of G relies on some key properties of the adjoint repre-
sentation of G and the exponential function of G. Both relate the complex
Kac-Moody group Gc¢(A) to the (derived) complex Kac—Moody algebra g
associated with A, whose basic structure theory is discussed in Section A.13
in the appendix.

Symmetrizability of the generalized Cartan matrix as required in Conven-
tion 3.5 allows one to apply the Gabber-Kac Theorem A.16 which implies that
the Lie algebra g is the direct limit of its standard subalgebras of ranks one and
two. These are the Lie algebras of the standard rank one and two subgroups
of G¢(A), and hence the latter groups act on them by the respective adjoint
actions. It turns out that the adjoint actions of these subgroups combine into
an adjoint representation

Adc : G(c(A) — GL(g),
see [38, Prop. 6.2.11]. This restricts to a representation
Ad: G — GL(g),

whose image is isomorphic to Ad(G) = G/Z(G).
As discussed in Section A.13, the Lie algebra g contains a canonical sub-

algebra
h= Z Ca;
i=1

(see formula (34)), which intersects each of the standard rank one Lie algebras
gi = sl(2,C) of g in the standard diagonal Cartan subalgebra b; := Ca; (see
Theorem A.16). For each i € {1,...,n} there exists a natural exponential
function

exp; - hi — g; = 5[(2, (C) — SL(Q, (C) = Gl((C),
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whose image is denoted by H,. The groups H; < G¢(A) generate the direct
product

n
He = HHZ < GC(A)
i=1
and one obtains a natural exponential function

expe: b =P b — [[ Hi = He,

i=1
(X1, Xn) = [ ] exps(X0)-
i=1

Under the standard identifications h = C™ and H¢ = (C*)™ this map corre-
sponds to the usual exponential map. Recall from (35) on page 98 and (36) on
page 98 that the center ¢ = 3(g) is contained in b and has complex dimension

(8) dim¢ ¢ = n — rk(A).

Definition 3.8. Set C¢ := exp¢(c) and C := CcNG and define the semisimple
adjoint quotient of G by
G:=G/C.
The standard mazimal (split) torus of G = Gr(A) is defined by
T:=HeNG = (R¥)".
Its image T in G is called the standard mazimal (split) torus of G.

Let now a be the real form of h defined in Notation A.17 on page 99. It is
an immediate consequence of the definitions that expg restricts to an injective
map

exp:a—T,
whose image is denoted by A := exp(a) = (Rso)™. Moreover, the image of A
in G is denoted by A. The map exp : a — A is a bijection which maps ¢Na to
C N A. Setting @ :=a/(cNa) as in Notation A.17, this induces a bijection

exp:ﬁ—>z.

The inverse maps are denoted by log : A — a, respectively log : A — @. Note
that, as vector spaces,

a2 R” and @< REA),

Remark 3.9. Before continuing, we point out an error in [23]. The statement
of [23, Lem. 7.5] is inaccurate, as becomes obvious from (8) above. The problem
is that its proof only applies to G (and its analogs over other fields) but not
to G (or its analogs over other fields).

As a consequence, also [23, Prop. 7.18] has only been established for center-
free Kac-Moody groups over local fields and central quotients of G (and its
analogs over other local fields) instead of central quotients of G (or its analogs
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over other local fields). That is, the results from [23] only enable us to control
the topology on H¢/Cg instead of the topology on Hc.

However, a variation of the embedding argument as used in [23, Prop. 7.10]
in fact allows one to also control the topology on H¢ as follows.

Proposition 3.10. The exponential map expc : b — Hc is a quotient map,
where § is equipped with its topological vector space topology and Hc with the
Kac—Peterson topology.

Proof. Tt suffices to prove that the Kac—Peterson topology induces the standard
topology on Hg =2 (C*)™. Let B be an invertible generalized Cartan matrix
that contains A as a principal submatrix. Then G¢(A) admits a natural
topological embedding into G¢(B) as a closed subgroup with respect to the
Kac—Peterson topology and the subgroup Hc of G¢(A) embeds topologically
as a closed subgroup into the corresponding subgroup HE of G¢(B). Since B is
invertible, the associated Kac—-Moody algebra and group have zero-dimensional
center (see formula (8)) and so, in fact, [23, Prop. 7.18] applies to G¢(B); that
is, HE endowed with the Kac-Peterson topology is homeomorphic to (C*)(B)
endowed with its standard topology. Consequently, the closed subgroup Hc is
homeomorphic to (C*)™ endowed with its standard topology. O

The group A carries a natural group topology induced by the Kac—Peterson
topology on H¢, which by Proposition 3.10 makes A homeomorphic to (Rs¢)"
with its standard topology. Moreover, one obtains the following immediate
consequences.

Proposition 3.11. (i) The exponential maps exp:a — A andexp:a — A
are homeomorphisms if one endows a and a with their standard vector
space topologies and A and A with the KacPeterson topology, respec-
tively the induced quotient topology. In particular, the mapslog: A — a
and log : A — @ are continuous.

(ii) The groups T and T are isomorphic as topological groups to (R*)™ and
(Rx)rk(A), respectively, and their respective identity components equal A
and A. a

Since T = (R*)™, its torsion subgroup M, i.e., its unique maximal finite
subgroup, is of order 2". As topological groups one has T~ M x A, where M
is equipped with the discrete topology. Similarly T' = M x A, where M is the
image of M in G, which is the torsion subgroup of T of order 27(A),

Proposition 3.12. (i) The kernel C of the surjection G — G is isomorphic
to (R*)"=(A) g5 q topological group.
(ii) The kernel of the map G — Ad(G) is finite and, in fact, isomorphic to
(Z)2Z)* for some k < n. In particular, it is contained in M.

Proof. (i) This follows by construction (cp. [30, Prop. 1.6]). (ii) Since 1 and —1
are the only roots of unity contained in the real numbers R, this follows from
the proof of [23, Lem. 7.5] (note Remark 3.9). O

Miinster Journal of Mathematics VoL. 13 (2020), 1-114



KAC-MOODY SYMMETRIC SPACES 29

3.13. The extended Weyl group. As discussed in Sections A.13 and A.18
in the appendix, the generalized Cartan matrix A gives rise to a quadruple
(g(A),h(A),ILII) (see (31)) and a Coxeter datum (W, S, ®,1I) (see Defini-
tion A.19). One way to define W is as the subgroup of GL(h(A)) generated
by the set S = {Fqa,,...,Tq, } of reflections given by

fai(h):h—ozi(h)ézi (i:1,...,n),

see (39) and also [33, Lem. 1.2]. From this definition it is immediate that W
acts on h(A), and as pointed out in Proposition A.20 this action preserves
the subspace a, and descends further to the quotient @ of a. The two result-
ing representations are discussed further in Subsection A.18 where they are
denoted by pxnr : W — GL(a) and P, 0 W — GL(@) and referred to as the
Kac-Moody representation®, respectively the reduced Kac-Moody representa-
tion of W. The Kac—Moody representation is faithful and, moreover, if A is
non-affine, then the reduced Kac—Moody representation is faithful as well (see
Corollary A.24). All these representations are constructed purely in terms of
Lie algebra data; there is, however, also an alternative description of the Weyl
group in terms of the group G = Gg(A), which we discuss in this subsection.
Our main sources here are [56, 33|, where the corresponding results are estab-
lished for G¢(A) instead of G; one can show that the proofs carry over to the
split real case.

Consider the normalizer Ng(T') of T in G} it acts by conjugation on T', pre-
serving the identity component A, and hence Ad(Ng(T')) preserves a. Since T'
is abelian, this action factors through 7', and hence induces a homomorphism

p:Ng(T)/T — GL(a), nT +— Ad(n)|qa.
By [56, Lem. 5.4.3 (iii)], the representation p is faithful with image
p(Na(T)/T) = prm(W).

Since the Kac-Moody representation is faithful, this establishes an isomor-
phism Ng(T)/T = W. In fact, there is a proper subgroup of N (7T') which still
surjects onto px (W) and can be defined as follows (see [33, Cor. 2.3 (b)(ii)]):
For every i € {1,...,n} define 3,, € G; < G = Gr(A) by

~ 0 1
Sai :(Pl _1 0 .

and define the extended Weyl group by W := (Says---»8an)- By [33, (2.6)],
the extended Weyl group normalizes T' (and hence A), and by [33, Prop. 2.1]
the map p restricts to an isomorphism

W/(WNT)=W.

4The terminology varies in the literature; both the Kac—Moody representation and its
dual are sometimes called the geometric representation or the canonical linear representa-
tion, but we will not use these terms here.
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More explicitly, since (Ad(5a,)ls,, )la = P (7a,), we have a canonical surjec-
tion

W — W, Sa, = Ty
with kernel W NT. By (33, Cor. 2.3.(a)] the elements of W NT all have
order less than or equal to 2; in particular, W NT is contained in the torsion
subgroup M of T, which is of order 2". On the other hand, the elements

2 ew

are contained in T and generate a subgroup of WNT of order 2". We deduce
that they generate M, and hence the torsion subgroup M =W NT of T' can
be characterized as the kernel of the canonical surjection W — W.

3.14. The twin BN pair and the twin building. Let A be an irreducible
symmetrizable generalized Cartan matrix, let G = Gr(A) as in Definition 3.6,
and let G = G/C be the semisimple adjoint quotient from Definition 3.8.
Both G and G act strongly transitively on the same twin building and, hence,
admit twin BN pairs (see [1, Thm. 8.9]).

The group G in fact admits a centered RGD system (G, {Uqs }aca, T) in the
sense of Definition 3.2, called the canonical centered RGD system and defined
as follows (cp. [52, Prop. 8.4.1]): The underlying set of roots ® equals the set
of real roots of the Kac-Moody algebra g(A); see Section A.18. The group T
is generated by the images of the diagonal subgroups Ty C SLa(R) under the
maps @; from Definition 3.6 and, given a simple root «;, one defines

({3 )r=5))

For an arbitrary real root o € ® one writes & = w.a; (see Section A.18) and
defines

Uy i= WUy, w1,

where w =T, -+ 7o, € W and W = §ajl “8a;, € W as in Section 3.13.
As in Section 3.1 denote by (By,B_,N) the twin BN pair of G induced

by this RGD system and by Ay := G/By the sets of chambers or the corre-

sponding positive and negative halves of the associated twin building (cp. [1,

Sect. 8.9]).

The group G inherits an induced centered RGD system (G,{Uq}aca,T),
where U, = U, and T, respectively denote the images of U, and T in G.
Denote by (B4, B_,N) the twin BN pair of G associated with the induced
centered RGD system. Then, by construction, By = T x Uy, where Uy :=
(U, | € £®1) as in Section 3.1.

Since C C T C By, one has G/By = (G/C)/(B+/C) = G/B+. That s, the
halves of the twin buildings associated with G' and G coincide. In other words,
the action of G on A4 induces an action of G on A. Note, furthermore, that
Ui = Uy, since by [1, Lem. 8.31, Cor. 8.32] both act sharply transitively on
the set of chambers opposite the respective fundamental chambers in A-.
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In general, given a group with a centered RGD system, the kernel of the
action of that group on either half of the associated twin building equals the
center of the group [1, Prop. 8.82]. In particular, by Proposition 3.12 the action
of G on A4 has a finite kernel, whereas the action of G on A has an infinite
kernel if A is not invertible.

We will use the following refinement of the Birkhoff decomposition. (Note
that it is different from what is known as the refined Birkhoff decomposition
in the literature). The spherical case is argued to hold in [25, Rem. 6.5] by
referring to [4, Thm. 5.15].

Lemma 3.15. G and G can be written as disjoint unions

G= |_| U+TLU_, @ = |_| U+7’LU_.
ne€Na(T) n€Ng(T)

Proof. For G this is [33, Prop. 3.3 (a), p. 181] and also [38, Thm. 5.2.3(g)]. Note
that in the latter this is proved for a refined Tits system as defined in [31],
but by [52, 1.5.4] the Tits system for a group with an RGD system is indeed
refined. The same argument applies to the refined Tits system for G. O

Definition 3.16. Given a real root o € ®, define the rank one subgroup by
Go = (Ua,U_,).

Note that the standard rank one subgroups of G introduced in Definition 3.6
are the rank one subgroups associated with the simple roots.

By [23, Prop. 7.15] (see also [31, Sect. 2E]) the subgroups By are closed
in G with respect to the Kac—Peterson topology, and hence Ay are Hausdorff
k.-spaces with respect to the quotient topology by [14, Ass. 11, p. 116f].

The following proposition summarizes further topological properties of the
various subgroups defined above.

Proposition 3.17. (i) T is closed in G and isomorphic to (R*)™ as a topo-
logical group. Similarly, T is closed in G and isomorphic to (R*)™(A)
as a topological group.

(ii) Multiplication induces isomorphisms of topological groups M x A — T
and M x A — T, where M and M are the torsion subgroups and A and A
are the connected components of T and T, respectively. Furthermore, the
center of G is contained in M.

(iii) Every rank one subgroup in G or G is isomorphic as a topological group
to (P)SL,(R) with its unique connected Lie group topology, and every root
subgroup is isomorphic as a topological group to (R,+) endowed with its
standard topology.

(iv) Multiplication induces homeomorphisms

MXAXUi%Bi and MXZXUi—)Ei.
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If the generalized Cartan matriz A is two-spherical, then moreover the fol-
lowing hold:

(v) ByB_ is open in G and multiplication defines a homeomorphism
Uy xTxU_ — ByB_.
B B_ is open in G and multiplication induces a homeomorphism
U+ X T x U_ —)E+§_.
(vi) UL AU_ is open in G and multiplication defines a homeomorphism
U x AxU_ - ULAU_.
U, AU_ is open in G and multiplication induces a homeomorphism
U, xAxT_ T, AT
Proof. (i) T is closed in G by [23, Cor. 7.17(iii)], and so is 7 in G. The
remaining statements follow from Proposition 3.11.
(ii) This follows from the discussion after Proposition 3.11, together with
Proposition 3.12.
(iii) is immediate by [23, Cor. 7.16(iii)] and [23, Cor. 7.17(ii)].
(iv) follows from [23, Prop. 7.27(ii)] plus assertion (ii).
(v) follows from [23, Lem. 6.1, Prop. 6.6, Prop. 7.31].
(vi) follows from (i) and (v): Since T' = A x M with M finite, A is open in T'
and thus Uy x Ax U_ C Uy x T x U_ is open. Consequently, the restriction

of the open map Uy x T'x U~ — B B_ to the open subset U x A x U_ is
also open, in particular its image is open. For G one argues similarly. g

Remark 3.18. It is an interesting question whether for general Cartan matri-
ces A the map Uy x T x U_ — B, B_ is open. Currently this is only known
under the additional hypothesis that A be two-spherical [23, Prop. 7.31], but
we expect that it is possible to remove this hypothesis; in fact, already Kac
and Peterson had this expectation in [31, Sect. 4G]. If this expectation can be
confirmed, then one can remove the assumption of two-sphericity in Propo-
sition 3.17 and consequently in a number of results below. Our suggested
approach towards proving the conjecture makes use of an unfolding argument
as described in [21, Def. 1.10] that is very likely to allow one to embed an arbi-
trary symmetrizable split real Kac-Moody group G as a closed subgroup into
a simply laced split real Kac—-Moody group G’ in such a way that the RGD
systems are compatible with one another (see also [45, Thm. E]). The fact
that [23, Prop. 7.31] applies to the ambient simply-laced Kac—Moody group G’
should allow one to prove the analog statement for the original Kac—Moody
group G via (co)restrictions of the multiplication map.

Note here that (co)restrictions of open maps of course frequently fail to be
open. However, since one is dealing with a bijection in this situation, one can
as well establish the continuity of the inverse map, a property that behaves
very well under (co)restrictions.
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3.19. The Cartan—Chevalley involution and the twist map. Each of
the standard rank one subgroups (P)SL,(R) = G; < G admits a continuous
involution ; induced by g — (¢g=1)T. By [7, Sect. 8.2] (also [33, Sect. 2]), for
suitable choices of the given isomorphisms (P)SL,(R) = G; these involutions 6;
extend uniquely to an involution 8 : G — G, called the Cartan—Chevalley
involution of G.

The fixed point set of 6 is denoted by

K:=G'={kecG|ok)=Ek}.
Since 6 is continuous by [23, Lem. 7.20], the group K is a closed subgroup of G
and therefore a k,-topological group (cp. [14, p.118]).

Proposition 3.20. The extended Weyl group W introduced in Section 3.13 is
contained in N (T) < K.

Proof. Fori e {1,...,n},
S, = s (_01 é) G < K,

and these generate W. Hence W < K. Moreover, we have seen in Section 3.13
that W normalizes T, and hence W C Ng(T) as claimed. O

We will actually see that W = N k(T) in Corollary 3.28 below.

Lemma 3.21. The Cartan—Chevalley involution stabilizes T and maps U
to U_. In particular, 0(By) = B_.

Proof. This follows from the observation that on each of the rank one sub-
groups, 0 preserves the diagonal subgroup and interchanges the groups

s ({( real) s vemn({(]res))

as desired. O

Proposition 3.22. The Cartan-Chevalley involution preserves C' and hence
induces a continuous involution 6 of G, which stabilizes T' and maps By to B_.

Proof. Let df : g — g be the involution of g which on the rank one subal-
gebras g; = slo(C) is given by X — —X*. This satisfies df0(go) = g—a (cp.
[30, p.7]) for every root «, and in particular preserves ker(a;) C b for every
1€ {1,...,n}. It thus follows from the definition of ¢ in (35) on page 98 that
the latter is df-invariant. Since expc intertwines df and 6 (the latter consid-
ered as an automorphism of G¢(A)), it follows that 6 preserves C. The other
statements now follow from Lemma 3.21. (]

Note that the image of K in G is equal to K := 50, as both groups are
generated by the panel stabilizers
G'T', 1<i<n

(cp. [12, Thm. 1.2]).
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Let us recall and adjust to our setting some of the notions introduced in
[53, Sect. 2]; see also [25, Sect. 6] and [34, Sect. 5].

Definition 3.23. Let G = Gr(A) be the simply connected split real Kac-
Moody group of type A, let 6 be its Cartan—Chevalley involution, let G be
the semisimple adjoint quotient of GG, and let 8 be the involution of G induced
by 6.
(i) The maps
GxG—G, (g2)—g*rx:=gzlg) "
and
GxG—G, (g,2)—gxx:=gzhg)"
are called the twisted conjugation maps of G and G, respectively.
(ii) The twist maps of G and G are the respective continuous maps

7:G =G, grrgxe=gl(g)!

and
7T:G—=G, g—gxe=gl(g) "

Note that twisted conjugation defines a left-action of G on itself since
g* (hxx) = gx (haf(h)™") = ghaf(h)"'0(g) ™" = (gh)ab(gh)™" = (gh) * =,

while 7 is an orbit map of this group action; a similar statement holds for G.
The following lemma summarizes various basic properties of the twist map.

Lemma 3.24. (i) For g € 7(G) one has 6(g) = g~* and 7(g9) = ¢°.
(ii) For g,h € G one has T(gh) = g = 7(h).
1) = K.
For g,h € G one has gK = hK <= 71(g9) =7(h) < 71(h~lg) =e.
For every S C G one has 77 1(7(5)) = SK.
7 factors through G/ K, yielding a surjective map

7:G/K - 1(G), gKw~— 1(g).

(iii
(iv
(v

(vi

O —

Analogous statements hold for G instead of G.

Remark 3.25. In fact, Definition 3.23 makes sense for an arbitrary group G
with involution 6 € Aut(G), and Lemma 3.24 remains valid in this generality
for K := GY. In this broader context, one sees that the twist map from
Definition 3.23 can be considered as a non-Galois version of the famous Lang
map from [39, Sect. 2].

Furthermore, even in the case of real Kac—-Moody groups there exist involu-
tions 6 different from the Cartan—Chevalley involution that lead to symmetric
spaces G/G? worthwhile of further study; we refer to [34] and [20] for a discus-
sion of abstract involutions of Kac-Moody algebras and Kac—Moody groups
that might provide a starting point for studying these more general Kac-Moody
symmetric spaces.
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Proof of Lemma 3.24. (i) For g = hf(h)~! € 7(G) one computes
0(g) = 0(h)O(O(h)~") = 6(h)h ™" =g~
and
~(g) = hO(R)~ () )" = (hO(R) )2 = g*.
(ii) One has 7(gh) = ghxe=gx* (hxe) = gx7(h).
(iii) For g € G one has
T(g) =c = g0(g) " =c = g=0(y) = gEK.
(iv) One computes
gK =hK < Jke K:g=nhk
= 71(g9) = 7(hk) = 7(h)
= g0(g)~" = ho(h)~"
= h7lg=0(h)"'0(g) =0(h™"g)
= hlge K
= gK =hK.
Moreover, by (iii), one has h~lg € K <= 7(h71lg) =e.
(v) Let B :=7(S). Then
re7 Y (B) < 7(xr)€B
<~ JseS:7(x) =7(s)
< dse€S: 2K =sK
+— z € SK.

(vi) follows from (v). O

Concerning the statement of the following lemma we, recall that M is
the torsion subgroup of T', that A is the identity component of T, and that
T=MA=M x A.

Lemma 3.26. (i) 7(t) =% for allt € T.
(i) A=7(T) =7(4).
(ili) BsNK=TNK =M and AN K = {e}.

Proof. The key observation is that T is the direct product of the diagonal
subgroups T; = R* in G;, and on each of the T; the involution 6 acts by
inversion. In particular, 7(t) = t0(t)~* = ¢2 for all t € T;, whence (i) follows.
Since the set of squares in R* is given by R>?, and every element in R>" has
a positive square root, (ii) follows from (i). Concerning (iii), observe first that if
g € B+ NK, then 6(g) = g. Since §(B+) = B, this implies g € By NB_ =T,
so By NK =TNK. Now let ¢t € T and write t = ma with a € A = (R*)",
m € M = (Z/27)" (see Definition 3.8). Then 7(t) = m2a? = a2, and thus
7(t) = e if and only if a = e, as A is torsion-free. Hence TN K = M and
AN K = {e} by Lemma 3.24 (iii). O
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In the following proof, we use the abstract Iwasawa decomposition G =
KBy = KULT = ULTK (cp. [12]). While we will in short order actually
refine this (see Theorem 3.31), the next lemma only needs this basic form.

Lemma 3.27. (i) Ng(T)N7(G) = A.
(i) Ng(T) = A x Ng(T).

Proof. (i) By Lemma 3.26, one has A = 7(T) C Ng(T) N 7(G). It remains to
show the other inclusion. Let g € Ng(T)N7(G). Since g € 7(G) = 7(ULTK),
there exist w € U4, t € T and k € K such that

g = 7(utk) = 7(ut) = ut*0(u) "' € U, t*U_.

Since also g € Ng(T), the refined Birkhoff decomposition (see Lemma 3.15)
yields g = t? € 7(T) = A as claimed.

(ii) First show that Ng(T) = Ng(T)T. Indeed, the inclusion D is clear.
Let g € Ng(T'). By the Iwasawa decomposition, there exist uw € Uy, t € T and
k € K such that g = kut. As T =T"Y, one concludes TF " = T% and therefore

T =TF =(T" ) =0(T") =T — 7(u) = ub(u)"* € Ng(T).

But by (i) one has 7(u) € A, and hence by the refined Birkhoff decomposition,
uw=1. Thus T = T. Hence k € Ni(T) and g = kt € Nx(T)T as claimed.
Furthermore, one has T' = M A, and by Lemma 3.26 also M = K NT C
Ng(T). Hence Ng(T) = Ng(T)T = Ng(T)MA = Ng(T)A. Since A C T is
normalized by Ng(T) and AN Ng(T) C ANK = {e} (see Lemma 3.26), one
arrives at Ng(T) = A x Nk (T). O

As an application of the previous lemma one can now concretely identify the
extended Weyl group W, which was introduced in Subsection 3.13 by means
of a set of generators.

Corollary 3.28. The extended Weyl group satisfies W= Nk (T), its image
in G is given by Nz(T).

Proof. By Proposition 3.20 one has W< N k(T). Towards the opposite inclu-
sion recall from Subsection 3.13 that the canonical surjection 7 : Ng(T') —
Ne(T)/T is still surjective when restricted to W and that W NT = M, the
torsion subgroup of T'. Since W < Ng(T'), the first assertion implies that

(N (T)) = Ng(T)/T = 7(W); by the second assertion it suffices to show
that ker(7|y, (r)) = M. Now by Lemma 3.27 one has

Na(T)/T = (Ax Nk(T))/(Ax M) = Ng(T)/M,

where the isomorphism is induced by the inclusion Ng(T) < N¢g(T). Thus
ker (7|, (r)) = M, which proves the first statement, and the second statement
follows from the first one. |

The following technical observation depends heavily on the language of twin
buildings. We refer to [1, Sect. 5.8 and 6.3] and [28] for the necessary back-
ground information. Note that the automorphism 6 of G acts on the twin
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building A by Proposition 6.4 below. A twin apartment of A is called 6-stable
if it is invariant as a set under the action of 6.

Lemma 3.29 ([28, Lem. 4.2]). Suppose g € G is symmetric, i.e., (g) = g~ 1.
Then the following assertions concerning the action of g on the twin building
of G are equivalent:

(i) g fizes a O-stable twin apartment chamber-wise.
(ii) g fizes a twin apartment chamber-wise.
(iii) g fizes an apartment chamber-wise.
(iv) g stabilizes a chamber.
(v) g has a bounded (with respect to the gallery metric) orbit.
(vi)

g stabilizes a spherical residue. O
3.30. The topological Iwasawa decomposition. The goal of this subsec-
tion is to prove the following decomposition results for G and G. For this, we
use the topological structure of these groups as well as the twin buildings AL
as discussed in Section 3.14.

Theorem 3.31 (Topological Iwasawa decomposition). Let G = Ggr(A) be
the simply connected split real Kac-Moody group of type A and let G be its
semisimple adjoint quotient.
(i) KNBy = M and K N By = M. In particular, the center of G is
contained in K.
(ii) Multiplication induces continuous bijections my : Uxr x A x K — G,
9 K x Ax Uy — G and homeomorphisms iy : U+ X Ax K — G and
My K x Ax Ui — G.
(iii) The action of K on both halves of the twin building factors through K,
which acts transitively on both halves of the twin building. Moreover,
Ay = K/M, where K/M carries the quotient topology.

Proof of Theorem 3.31, discrete version. First establish the results concern-
ing G. Assertion (i) follows from Lemma 3.26. Concerning (iii), recall from [12]
that G = K B4. In particular, K acts transitively on A.

Now consider the map m; from (ii). Since By = M AUy and G = KB, one
has G = KMAUyL = KAUL, i.e., my is surjective. Injectivity of m; follows
from By N K = M, so that m; is a bijection. Since inversion intertwines m,
and me, it follows that also msg is bijective, establishing the discrete part of
Theorem 3.31 for G.

Concerning G, since the action of K on Ay factors through K, the latter
acts tranbltlvely on Ay, ie., G =K By. The fact KN By = M < T implies
KNBy=M<T. In partlcular As = K/M as sets. This in turn implies
bijectivity of 711 by the same argument used to show bijectivity of m; and,
thus, also of 7a. The statement about the center of G follows from Proposi-
tion 3.17 (ii). O

Remark 3.32. Note that the automorphism 6 of G acts on the twin building A
by Proposition 6.4 below. An immediate consequence of the transitive action
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of K resp. K on the chambers of Ay therefore is that every chamber ¢ € AL
is opposite its image 6(c) € Ax. Thus they define a unique 6-stable twin
apartment.

Before turning to the topological version of the theorem, recall some basic
facts about k,-spaces; cp. [14].

Definition 3.33. A Hausdorff topological space X is called a k,,-space, if it is
the direct limit of an increasing family of compact subspaces (X, )nen, i.e., if
X =, Xn and a subset Y of X is open in X if and only if each intersection
Y N X, is open in X,,; the increasing family (X,,),en is called a k,,-sequence
for X and the pair (X, (X,,)) is called a k-pair.

Lemma 3.34. Let (X, (X,,)) and (Y,(Y,)) be ky-pairs and let f: X —Y be
a continuous bijection such that

YneNImeN: f(X,,) DY,.
Then (f(X,)) is a ky-sequence for'Y and f is a homeomorphism.

Proof. Since Y is Hausdorff, the sets f(X,,) are compact. Hence by [14, Ass. 7,
p.114] for every n € N there exists m € N such that f(X,) C Y,,. The
hypothesis therefore implies that the sequences (f(X,)) and (Y,,) define the
same limit topology on Y, ie., (f(X.)) is a k,-sequence for Y. Now for
each n the map f : X,, — f(X,) is a homeomorphism, and hence f yields
a homeomorphism

f:X =limX, — lim f(X,) =Y. 0
— —

Lemma 3.35. Let (X, (X,)) be a ky-pair and let 7 : X — X be a finite-sheeted
covering. Then (X, 7~ Y(X,)) is a k,-pair.

Proof. Since m is a finite-sheeted covering, it is proper and, hence, X,

7~ 1(X,,) is compact for every n € N. Now let Z € X and z := 7(Z). Then
there exist open neighborhoods V oof & z and V' of z such that 7 restricts to
a homeomorphism V — V. Now let U be a subset of X containing z and
U := 7r(U ) Then one has the following chain of equivalences:

Uis a neighborhood of &

UNVisa neighborhood of
U NV is a neighborhood of x

<~
—
<~ UNVnNJX, is a neighborhood of x for all sufficiently large n € N
— UNVNnX,isa neighborhood of = for all sufficiently large n € N
— UNX,isa neighborhood of Z for all sufficiently large n € N.

This shows in particular that a subset of X is open if and only if its intersection

with X,, is open for all sufficiently large n € N. We deduce that (X, (X)) is
a k,-pair. O
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Let Ay = G / B denote one half of the twin building A_ _R_ecall from
Proposition 3.17 (iv) that B, has the decomposmon By = M AU, where
M = K N B, is a finite group. Denote by Ay the quotient G/AU4. Then

the canonical projections
(9) e AL — Ay
are finite-sheeted covering maps with fiber M.
Proposition 3.36. The maps

K> Ay, ks kAUL
are homeomorphisms.

Proof. Tt follows from the abstract Iwasawa decomposition that (4 are contin-
uous bijections. Let
—+ - =
Gk = U Bini,
weW, l(w)<k
derilote by Ak + and Ay 4+ the respective image of Gk in Ay and Ay, and let

K, :=Kn G . Then by [23, Cor. 7.11] and the observation that direct limits
commute Wlth quotients one has

— —
(10) G= 11_1}11 [
and, thus,
K =1lmEK,.
—

The subsets F: C K are compact: Indeed, by [12, Thm. 1.2] f: equals the
finite union of products of the form MK, --- M K,, , where M = T'NK is finite
(see Lemma 3.26) and each K,, = SO2(R) is compact. Since multiplication is
contlnuoub and K is Hausdorff, this implies that K, are compact, and hence
(K, (Kk )) is a ky-pair.

By the discrete Verswrjl: of Theorem 3.31, the group K acts transitively
on Az and one has 14 (K, ) = Ak +. In particular, the spaces Ak 4+ are com-
pact. Therefore, (Ax, (A +)) is a k,-pair and the proposition follows from
Lemma 3.34. t

Proof of Theorem 3.31. Assertion (i) has already been proved for the discrete
version of the theorem. Concerning (iii), the finite-sheeted coverings

Witﬁi—)Ai

from (9) are continuous and open. By Proposition 3.36 this implies that the
orbit maps K + AL are continuous and open, and hence Ay = K/M as
topological spaces as claimed.

In order to prove (ii), it is clear that the maps under consideration are con-
tinuous since they are induced by the group multiplication. It thus remains
to show that My, and hence m;, are open. Given g € G, define k(g) :=
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13" (gAUL), where 14 is as in Proposition 3.36, and let b(g) = k(g9)~'g.
Since ¢4 is open and G is a topological group, one obtains a continuous map

i+ : G KxAUx, g~ (k(g),b(g))
such that g = k(g)b(g). This map is inverse to the multiplication map
m:Kx AUy — G,
showing that m is a homeomorphism. It remains to see that the multiplication

map A x Uy — AU is open; this however follows from [23, Prop. 7.27]. This
finishes the proof of Theorem 3.31. g

3.37. The image of the twist map. The goal of this subsection is to under-
stand the images of the twist maps inside their ambient groups.

Proposition 3.38. K N7(G) = {e} and K N7(G) = {e}.

Proof. Suppose g € KN7(G). Then g = (g) = g~ ! by Lemma 3.24 (i), so g has
order 1 or 2. Hence its orbits are bounded, and so by Lemma 3.29 it stabilizes
a chamber ¢ in the twin building of G. But then also 6(c) = 0(g.c) = g.0(c),
so ¢ fixes chamber-wise the (unique) #-stable twin apartment containing the
two opposite chambers ¢ and 6(c) and, thus, is contained in the corresponding
f-split torus 77 of G (where 6-split means that 6 leaves T” invariant and acts
via inversion on 7"). Since K = GY acts transitively on each half of the twin
building, there exists k € K with *T" =T. Thus kxg =% € TN7(G) N K
and, by Lemma 3.27, in fact *g € A . But then g € AN K = {e}, and hence
g=e, ie, KNT(G) = {e}.

Similarly, one proves K N7(G) = {e}. O

Proposition 3.39. The group G (respectively G) is generated by its sub-

set T(GQ) (respectively T(G)).

Proof. The map 7 preserves each of the fundamental rank one subgroups
G; = (P)SL,(R). A simple computation in (P)SL,(R) shows that 7(G;) gen-
erates G; (the matrix group SLo(R) is generated by the set of positive definite
symmetric matrices). Thus (7(G)) < G contains each of the fundamental rank
one subgroups, whence it coincides with G. The proof for G is the same. [

Proposition 3.40. The following assertions hold:
(i) 7(G) = (U4 A) = Uy + A and 7(G) = (T A) = Ty + 7.

(ii) 7(G) CULAU- C G and 7(G) c U+ AU C G; more precisely,
7(G) = {usau_ € Uy AU_ | u_ = O(uy) '},
7(G) = {uyau_ € UL AU_ |u_ = 0(uy) '}

(iii) Every g € 7(G) (respectively g € T(G)) can be written as g=7(uy - - - umt)
with t € A (respectively t € A) and u; € Ug, (respectively u; € Ug,) for
some f3; € T,
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(iv) If the generalized Cartan matriz A is two-spherical, then every g € 7(G)
(respectively g € T(G)) can be written as g = T(uy ---umt) with t € A
(respectively t € A) and u; € Ug, (respectively u; € Ug,) for some f3; € I

Proof. By the Iwasawa decomposition (see Theorem 3.31), every g € G can
be written as g = uhk with w € Uy, h € Aand k € K. Then z := 7(g) =
T(uh) = u * 7(h) by Lemma 3.24. Now 7(A) = A by Lemma 3.26, and hence
7(G) = Uy % A. Assertion (i) follows.

If uy € U and h € A, then 7(uyh) = uy * 7(h) = uyh?0(uy)=t by
Lemma 3.26. Moreover, h? € A and f(uy)~' € U_ by Lemma 3.21. Thus (ii)
follows from (i) and the fact that every element of A has a square root in A.

Finally, since A normalizes Uy, it follows from (i) that 7(G) = 7(Uy+A) =
T(AU4). Then (iii) and (iv) follow from the fact that U, is generated by the
(Ua)aca+ (see [1, Thm. 8.84]) and even by the (U, )qcn in the two-spherical
case (see [13, Cor. 1.2] and note from its proof that two-sphericity suffices
for the generation result, only the validity of the given presentation requires
three-sphericity).

The proofs for G are similar. (]

It follows from Proposition 3.40 and continuity of 8 that the map
(11) h: U+ x A — T(G), (’LL+, h) — u+h9(u+)7l.

is a continuous bijection. We do not currently know whether it is always
a homeomorphism. This problem is closely related to the problem whether the
continuous bijection m : Uy x A x U_ — U, AU_ is always a homeomorphism
(as is the case if A is two-spherical by Proposition 3.17 (vi), but probably holds
in much greater generality as discussed in Remark 3.18).

Corollary 3.41. Ifthe map m : Uy x AxU_ — U AU_ is a homeomorphism,
then the continuous bijection h : Uy x A — 7(Q) from (11) is a homeomorphism
whose inverse is given explicitly by

hl 7 (G) s UL AU- ™5 U x Ax U_ — Uy x A,

where the first map is the inclusion and the last map is the canonical projection
that forgets the last component. In particular, this holds if A is two-spherical.

Proof. Since h is a continuous bijection, only its openness remains to show. It
is immediate from the definitions that ="' o h is the identity. Hence h™! is
indeed the inverse of h and openness of h is equivalent to continuity of A1,
which follows from continuity of m 1. O

The same argument also shows that there is a homeomorphism
F(é) — UJ’_ X Z,
given by the same formula.
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4. MODELS FOR KAC-MOODY SYMMETRIC SPACES

4.1. Topological symmetric spaces from involutions. Let G be an arbi-
trary topological group, let 8 € Aut(G) be a continuous involution and let
K = GY. In this generality one can introduce a twist map

T:G—G,
g+ g8(g)"
as in Definition 3.23, which will satisfy the properties described in Lemma 3.24.
Since 6 is continuous, K is a closed subgroup of G. Thus G/K is a Hausdorff

topological space with respect to the quotient topology. Using the involution 6
and the associated twist map 7, one defines a multiplication map

(12) uw:G/K xG/K - G/K,
(9K, hK) — 1(g9)0(h)K.
Note that p is continuous since 7, # and the group multiplication are.
Proposition 4.2. If
(13) KN7(G) = {e},
then the pair (G/K, p) is a topological symmetric space and the natural action
G — Sym(G/K),
g (aK — gaK)
18 by automorphisms.
Proof. For a,b,c € G one computes:
(RS1) waK,aK) = 71(a)f(a)K = aK,
(RS2) pw(aK,u(aK,bK)) = u(aK, T
(RS3)  p(aK, u(bK,cK)) = plaK, 7
a)f
)6
)6
(a

(RS4)  p(aK,bK) =bK <= 7(a)f(b)K = bK
> b 'ab(a)"0(0b) =T(b'a) € K
a2 r(b~la) =e
<~ 7(a) = 7(b)
— aK = bK.
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Since u is continuous, this establishes that (G/K, p) is a topological symmetric
space. The second statement follows from the fact that for a,b, g € G one has

plgakK, gbK) = 7(ga)f(gb) K = g7(a)8(g)~'0(9)0(b) K = gu(akK,bK). O

4.3. Reduced and unreduced Kac—-Moody symmetric spaces. We are
now ready to associate symmetric spaces with a large class of Kac—Moody
groups. We choose to work in the following general setting.

Convention 4.4. The matrix A € M,(Z) denotes a generalized Cartan
matrix of size n x n and rank [ < n, subject to the restrictions given in
Convention 3.5. That is, A is assumed to be irreducible and symmetrizable.

The group G := Gr(A) denotes the associated simply connected centered
split real Kac-Moody group, and G denotes its semisimple adjoint quotient; cp.
Definition 3.8. Furthermore, # and 6 denote the Cartan-Chevalley involutions
on G and G, respectively, and K and K denote their respective fixed point
groups.

Recall from Proposition 3.38 that K N 7(G) = {e} and K N7(G) = {e}. It
thus follows from Proposition 4.2 that both G/K and G/K carry the structure
of a topological symmetric space given by

(K, hK) — u(gK,hK) =1(9)0(h)K.

Definition 4.5. (i) (G/K,u) is called the unreduced Kac—Moody symmet-
ric space associated with A.
(il) (G/K,q) is called the reduced Kac-Moody symmetric space associated
with A.

If A is invertible, then by Proposition 3.12 (i) both versions of the Kac-
Moody symmetric space coincide; in this case they are referred to as the Kac—
Moody symmetric space associated with A. In general, however, these two
spaces behave quite differently. Note that G/K = Ad(G)/ Ad(K) since the
center of G is contained in K by Theorem 3.31 (i), i.e., the three different groups
G, G and Ad(G) do not lead to a third version of a Kac-Moody symmetric
space.

A first observation is that the unreduced Kac—Moody symmetric space
(G/K, 1) fibers over the reduced Kac-Moody symmetric space with fiber E*~'.

Proposition 4.6. (i) The canonical projection wa : G/K — G/K is a mor-
phism of topological reflection spaces.
(ii) The fiber wgl (eK) is isomorphic to E"~! as a topological reflection space.
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Proof. (i) Denote the projection G — G by g + [g] so that ma is given by
7a(9K) = [g]K. Then for all g,h € G one has

Ta(9K) - ma(hK) = [g]K - [h]

= (g)a(n)
7(9)6(h)]
A(T(9)0(M)K)
=7a(gK - hK).

Il
<

= N
A5

|
3

(i) By definition, 75" (eK) = CK/K = C/(C N K) = (R5)" ™) where
the second isomorphism follows from Proposition 3.12 and Lemma 3.26 (iii).
One can parametrize this fiber via

YoicNa—C/(CNEK), Xw—exp(X)(CNK).

By endowing the vector space cNa with its Euclidean reflection space structure,
this map becomes an isomorphism of reflection spaces. Indeed, if X,Y € cNa,
then

Po(X) - po(Y) = exp(X)(C' N K) exp(Y)(C' N K)
= 7(exp(X))f(exp(Y))(C' N K)
=exp(X)%exp(Y) 1 (C N K)
=exp2X -Y)(CNK)
=@o(X - Y).
Thus the parametrization is an abstract isomorphism of reflection spaces and,

in fact, a topological isomorphism by Proposition 3.11. g

Lemma 4.7. The kernel of the action of G on_G/K_qulls the centralizer
Ck(G) of G in K and the kernel of the action of G on G/K equals the center
Z(G) of G.

Proof. Since Ck(G) < K, it acts trivially on G/K: for all ¢ € Ck(G) and
a € G one has gaK = agK = aK. On the other hand, if g € G acts trivially
on G/K, then for all h € G one has ghK = hK. In particular, gK = K, i.e.,
g € K and, thus, 6(g) = ¢g. Lemma 3.24 implies
hgh™' € K = 1(h™'gh) =e

— hlx7(gh)=¢

= gx*7(h)=h=xe

— gxr(h) = 7(h)

= gr(h)g~! =7(h).
Thus g centralizes 7(G). Since 7(G) generates G (see Proposition 3.39), the
element g therefore centralizes G, i.e., g € Ck(G). The same argument shows
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that g € G acts trivially on G/K if and only if g € Cx(G) = Z(G) (cp.
Theorem 3.31 (i)). O

Definition 4.8. Define
Get = G/Ck(G).

By Lemma 4.7 the group Geg then acts effectively (i.e., faithfully) on G/K.
Similarly, Ad(G) = G/Z(G) acts effectively on G/K.

Remark 4.9. By the topological Iwasawa decomposition Theorem 3.31 there
exists a homeomorphism

U xA— G/K, (u,a)— uaK.

This allows one to define the structure of a topological symmetric space on
U, x A by transporting the multiplication map via this homeomorphism.
Unfortunately, at the moment we do not know of any good way of describ-
ing this induced multiplication map intrinsically, nor do we have an intrinsic
description for the induced G-action on Uy x A.

The key problem is to derive a formula of how to decompose a product
(kyrajuy)(kaasus) with respect to K x A x U,. In the finite-dimensional situ-
ation this is achieved in [36].

4.10. Reflections, transvections and reflection-homogeneity. Since 6
stabilizes both Ck (G) and K, it induces an involutive automorphism of Geg
and an involutive permutation 6 : G/K — G /K via §(gK) := 6(g) K. Defining
the basepoint of G/K as o := eK, one in fact has s,(gK) = 7(e)f(9)K =
0(gK), i.e., 0 coincides with the point reflection s, of the symmetric space
G/K at o. In particular, one obtains a subgroup

Gest X () < Aut(G/K, p).

Similarly, by Proposition 3.22 the Cartan—Chevalley involution 6 induces

an involution 6 : G — G which in turn yields an involutive automorphism
0:G/K — G/K and a subgroup

Ad(G) % (0) < Aut(G/K,7),
where 8 corresponds to the point reflection at  := eK.

Proposition 4.11. (i) The set of point reflections of G/K (respectively
G/K) equals the conjugacy class of s, (respectively s5) in Gog x (6)
(respectively Ad(G) x ().

(ii) The set of transvections of G/K (resp. G/K) is given by 7(G)?Ck (G)
(resp. T(G)*Z(Q) ), where 7(G)? = 7(G)1(G) (and analogously for 7(G)).
(iii) The respective transvection groups of G/K and G/K are

Trans(G/K, ) = Geg  and  Trans(G/K, 1) = Ad(G).
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The main groups of G/K and G/K are respectively given by
G(G/K,p) = Gegg x (0) and G(G/K,f1) = Ad(G) x (0).
(iv) G/K and G/K are reflection-homogeneous.

Proof. For g,h € G one has

(14) sgic (hK) = p(gK, hK)
= 7(9)0(h) K
= g0(9) 0K
=g0(g~ WK
= (9Ck(G) 05,097 Cx(Q))(hK)
= (9Ck(G) 000 g™ 'Ok (G))(hK),

i.e., sqx is conjugate to s, via gCx(G) € Geg. Furthermore, observe that for
g € G one has

(15) sgr 080 = 9O (G)os,09™ 'O (G)os, = g8(9) "' Cx (G) = 7(9)Cr (G).
Given g, h € G, therefore
sgrcsni = (Sgxcs0)(snicso) ~ = 7(9)7(h) ™ Ok (G) = 7(g)7(0(h))Ck (G),
whence the transvections are exactly the elements of
7(G)*Ck(G) D 7(G)Ck (G).

The other claims concerning G now follow readily, using Proposition 3.39 and
Lemma 2.9. The claims concerning G are shown analogously. O

4.12. Models for Kac-Moody symmetric spaces. Recall from Section 2.1
that every reflection-homogeneous symmetric space can be realized as a subset
of its main group (the “involution model” from Lemma 2.9) and as a subset
of its transvection group (the “quadratic representation” from Remark 2.10)
with suitably defined multiplications.

In view of Example 2.8 and Proposition 4.11 the involution model of the
reflection-homogeneous symmetric space (G/K, ) is given by the pair (X, )
where

X :={90€ Geg x (0) | g € Gegt ¥ (0)}
and
p: XXX =X, (ap)— aba.
The map
T:G =X, g—90=gCkr(G)obog 'Ck(G)

by (14) factors through 7 : G/K — X, which is an isomorphism of reflection
spaces.
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The quadratic representation of G/K depends on the choice of a basepoint
o € G/K. For o = eK, by Proposition 4.11 the quadratic representation is
given by the map

t:G/K — Gegr, 9K — SgK © So.

By (15) one has sgx 0 s, = 7(9)Ck (G). Thus the image 7 = T(G/K, 1, 0) C
Trans(G/K, p1) of the quadratic representation of G/K is given by the im-
age of 7(G) in Geg, and the product on 7T is given by m(s,t) := st~!s
by Remark 2.10. Note that 7 induces an isomorphism of reflection spaces
(G/K,p) — (T,m).

By definition, the canonical projection G — Geg restricts to a surjection
T7(G) — T. Since the kernel of the projection G — Geg is contained in K,
it intersects 7(G) trivially by Proposition 3.38. It follows that the projection
7(G) — T is actually bijective, and so by transport of structure the multipli-
cation

:7(G) x 1(G) = 7(Q),  p(z,y) =ay ‘x
provides a symmetric space such that
(7(G), m) = (T,m) = (G/K, ).
This symmetric space (7(G), i) is called the group model of G/K.

The left-multiplication action of G on G/K translates into G-actions on T
and 7(G) by automorphisms. Since t(ghK) = 7(gh)Ck(G) = g *x 7(h)Ck (G),
the induced G-action on 7(G) is given by twisted conjugation. It follows that
the isomorphisms G/K — 7(G) are explicitly given by

7:G/K = 7(GQ) : gK = geK — g x71(e) = 7(g).

Combining the isomorphisms 7 : G/K — 7(G) and # : G/K — X, one
also obtains an isomorphism p : 7(G) — X making the diagram in Figure 2
commute.

FIGURE 2. Isomorphisms between the different models.

By denoting by [h] the image of h € G under the projection G — Geg, this
isomorphism is explicitly given as follows.
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Lemma 4.13. Let p : 7(G) — X, h — [h]f. Then p makes the diagram in
Figure 2 commute. In particular, it is an isomorphism of reflection spaces.

Proof. 1t suffices to check that po 7 = . For this one computes
porlg)=plgflg)™") = [96(g)"10 = lg)0g] " O

Remark 4.14. For each of the three models of the unreduced symmetric space
there is a corresponding model of the reduced symmetric space. The coset
model G /K was already discussed above. The involution model of G/K is given
by the conjugacy class X of sz = 6 in Ad(G) x (6). Since the latter group can
be embedded as a subgroup into the automorphism groups Aut(G) < Aut(A)
of the group G and® its twin building A, one can consider X both as a set
of involutions of the group G and of the twin building A. In either of these
pictures, the multiplication is given by

fla,8) =aop loa.

The group model of G /K is given by (7(G), i) with multiplication given by

fi(z,y) = zy 'z

As in the unreduced model one has an isomorphism between these models

as depicted in Figure 3. Here the isomorphism p : 7(G) — X C Aut(G) is
given by

(16) Plg) = cg 00,

where ¢, denotes the inner automorphism defined by g.

FIGURE 3. Isomorphisms between the reduced models.

5See Proposition 6.4 below for the fact that Aut(G) embeds into Aut(A).
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4.15. Comparison of topologies. Sections 4.10 and 4.12 provided three
mutually isomorphic models of the reduced and unreduced Kac-Moody sym-
metric space — the coset models (G/K, 1) and (G/K, i), the involution models
(X, 1) and (X, i), and the group models (7(G), ) and (7(G), fi).

Convention 4.16. In the sequel we will equip the reflections spaces above with
the quotient topologies with respect to the canonical projections G — G/K
and G — G/K, respectively the maps 7 and 7, respectively the maps 7 and 7,
unless explicitly stated otherwise. We refer to these topologies as the external
topologies on the reflection spaces in question.

Proposition 1.5 from the introduction now is an immediate consequence of
Proposition 4.2, Lemma 4.13 and Remark 4.14.

Corollary 4.17. With the external topologies from Convention 4.16, the reflec-
tion spaces (G/K,p), (X, ) and (1(G), i) (respectively (G/K, ), (X, 1) and
(T(G), 1)) are mutually isomorphic topological reflection spaces. O

One may ask whether one can describe the canonical topologies of the coset
and involution model in more intrinsic terms, without reference to the quotient
maps above. We discuss this here for reduced symmetric spaces.

Definition 4.18. (i) The internal topology on 7(G) is defined as the sub-
space topology via the embedding 7(G) — G.

(ii) The internal topology on X is defined as follows: Equip Ad(G) with the
quotient topology with respect to the canonical projection G — Ad(G)
or, equivalently, G — Ad(G). Then equip Ad(G) x (f) with the unique
group topology in which the finite index subgroup Ad(G) is open and
carries the quotient topology just defined. Finally, equip X C Ad(G)x(6)
with the subspace topology.

Proposition 4.19. Equip G/K with its external topology and 7(G) and X
with their internal topologies.
(i) The maps T and T in Figure 3 are continuous and the map p in Figure 3
is a homeomorphism.
(ii) If the multiplication map m : U, x Ax U_ — U, AU _ is a homeomor-
phism, then each of the maps T, T and 7 in Figure 3 is a homeomorphism.
(iii) If the multiplication map m : Uy x A x U_ — UL AU_ is a homeo-
morphism, then the spaces (X, i) and (7(G), 1) are topological reflection
spaces with respect to their internal topologies. Moreover, the internal
and external topologies on these spaces coincide, and they are isomor-
phic as topological reflection spaces to each other and to (G/K,Ti).

Proof. By the commuting diagram in Figure 3 it suffices to investigate the
maps 7 and 7.

(i) The map 7 is continuous since the twist map is continuous. Similarly,
continuity of p follows from formula (16) for p in Remark 4.14. It remains to
show that p is open. Proposition 3.38 and Theorem 3.31 (i) imply

7(G)NZ(G) <7(G)NK = {e}.
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One concludes that 7(G) embeds into Ad(G). After identifying 7(G) with
its image in Ad(G), according to (16) the map 5! : X — 7(G) is given by
Y 1ol Since Ad(G) x () is a topological group, p~ ! is continuous, and
hence p is open, i.e., a homeomorphism.

From now on we assume that the map m : Uy x A x U_ — U,AU_ is
a homeomorphism.

(ii) The map 7 is continuous since the twist map is continuous. For the open-
ness of 7 note that by the topological Iwasawa decomposition (Theorem 3.31)
there is a homeomorphism hy : Uy x A — G/K given by (uy,a) — uyak. On
the other hand, by Corollary 3.41 there is a homeomorphism h : U x A — 7(G)
given by h(u,a) = uyaf(uy)~t. It thus suffices to show that the composition

he Uy x A QR H7@) 5T, x4

is open. Now 7 o hy(uy,a) = uya0(us)~t and, hence, ho(uy,a) = (uy,a?).
Now openness of 1, and hence of 7, follows from the fact that the map A — A4,
a — a? is open.

(iii) This is immediate from (ii) and Corollary 4.17. O

Note that the assumption in (ii) and (iii) is satisfied in the two-spherical case,
but probably holds more generally (see Remark 3.18). In order to establish
a version of the proposition for unreduced Kac-Moody symmetric spaces, one
would need to extend the topological Iwasawa decomposition to the unreduced
case.

5. FLATS AND GEODESICS IN KAC-MOODY SYMMETRIC SPACES

Throughout this section G denotes a simply connected centered split real
Kac-Moody group of irreducible symmetrizable type, the group G denotes
its semisimple adjoint quotient, and Ad(G) its adjoint quotient. Moreover,
A = A™ U AT denotes the twin building associated to the RGD systems of
these groups.

The purpose of this section is to investigate the flats of the Kac—Moody
symmetric spaces G/K and G/K.

5.1. Standard flats. We start by constructing explicit examples of Euclidean
flats in Kac-Moody symmetric spaces. We will see in Theorem 5.17 below that
these are exactly the maximal flats. Recall from Proposition 3.11 (i) that we
have homeomorphisms exp : a — A and exp : a — A.

Proposition 5.2. Equip a (resp. @) with its Fuclidean reflection space struc-
ture. Then for every g € G (resp. g € G) the map

pg:a—gAK, X gexp(X)K (resp., ¢5:a— gAK, X — gexp(X)K)

is an isomorphism of topological reflection spaces. Moreover, the subset gAK C
G/K (resp. gAK C G/K) is closed, and hence a Euclidean flat of dimension
dima =mn (resp. dima =rk(A)).
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Proof. First observe that the subsets gAK C G/ K (respectively | GAK Cc G/K)
are closed. By Theorem 3.31, the multiplication Uy x A x K — G induces
a homeomorphism. Therefore, A K and any of its translates gA K are closed
in G/K, and so are the preimages gAK in G/K. It remains to show that
the maps ¢, are isomorphisms of reflection spaces. Since both G and G act
by automorphisms, one may assume that g = e (respectively g = ¢). Thus
let X,Y € a. Using that (t) = ¢! for all t € A = 7(A) (see Lemmas 3.24
and 3.26) and that exp is a group homomorphism, one computes
(e (X), e(Y)) = 7(exp(X))f(exp(Y)) K

= exp(X)f(exp(X)) " 0(exp(Y)) K

= exp(X) exp(X) exp(-Y)K

=exp(2X —Y)K

= pe(X - Y),
and the computation for the reduced case is identical. O

Definition 5.3. For every g € G (respectively g € G) the flat gAK Cc G/K
(respectively gA K C G/K) is called a standard flat.

The following proposition describes images of standard flats under the var-
ious isomorphisms of models. By abuse of language we will also refer to these
images as standard flats in the respective models.

Proposition 5.4. (i) The image of the standard flat gAK under the iso-
morphism 7 : G/K — X is given by

Xop :={a e X |a(!T)CIT}={aec X |a¥T)=9T}.

(ii) The image of the standard flat gAK under the isomorphism 7 : G/K —
7(G) is given by

Flgl =g+« A=gx*1(A4) C 7(G).
The analog statements hold for G replaced by G.

Proof. Observe that the two descriptions of Xy indeed coincide because X
consists of involutions. Moreover, the maps g — gAK, g — Xor and g — F|g]
are all equivariant under the respective G-actions. It therefore suffices to show
that

(17) #(AK) = Xr and 7(TK)= A.
Certainly, #(AK) C m(T) C Xr. Conversely, let "6 € Xr. This means that
T ="0(T) = (hofoh™1)(T)
=ho(h'Th)h !
7(h)0(T)7(h)~*
=7(h)Tr(h)~ "
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Hence 7(h) € Ng(T'). By Corollary 3.27 and Lemma 3.26 one has
Ne(T)Nn7(G)=A=1(A),

so thereist € A such that 7(h) = 7(¢) and, therefore, tK = hK by Lemma 3.24.
Thus hK = tK € AK, showing that "0 =0 = #(tK) € #(AK), and hence

7(AK) =7n(T) = Xp.
Finally, 7(TK) = 7(T) = A. This establishes (17) and finishes the proof. O

Remark 5.5. Denote by Fiq(G/K) the set of standard flats in G/K. By
definition, G acts transitively on Fyq(G/K) via left-multiplication. Recall
from Lemma 3.27 that Ng(T) = AxNg(T). Since A is the identity component
of T (see Definition 3.8), one has Ng(T') < Ng(A) since conjugation in G is
continuous. Conversely, by [7, Lem. 4.9] the torus T is the unique torus of G
containing A, so any element normalizing A necessarily has to normalize T,
and one deduces that

(18) Nk (A) = Ng(T).

Thus every g = Ng(T) can be written as g = ak with a € A and k € Nk (A),
and thus gAK = akAK = a(kAk~')kK = aAK = AK. In other words,
Ng(T) stabilizes AK.

The coset space G/Ng(T) can be identified with the set 7(G) of maximal
tori of G via the map gNg(T) — 97. One thus obtains a G-equivariant
surjection

(19) T(G) = Fua(G/K), 9T — gAK.

In other words, the standard flats are parametrized by the maximal tori. The
same argument applies to G instead of G.

Assertion (ii) of Proposition 5.4 implies that the parametrization map in (19)
is actually a bijection: Indeed, the standard flat associated with 97 in the group
model is given by F|g] = g * A = gAf(g)~ !, and one has

Flgl6(F[g]) = gAO(A)g~" = gAg™".

One can therefore recover gAg—! from the associated flat. Now by [7, Lem. 4.9]
the group gAg~! is contained in a unique maximal torus of G, and this max-
imal torus is exactly 97. Thus F[g] determines 97, and the map (19) is thus
bijective.

The same argument applies to maximal tori in G, as C < T (cp. Defini-
tion 3.8) is central in G, whence it is contained in any G-conjugate of T' and,
moreover, stabilized by any conjugate of 6.

Note that maximal tori in G are precisely the chamber-wise stabilizers of
the twin apartments of the twin building A, as are the maximal tori in G.
Altogether one observes the following.
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Corollary 5.6. The following objects are in G-equivariant bijection with the
elements of G/Ng(T) = G/Ng(T):

(i) twin apartments of A,

(ii) mazximal tori of G,

(iii) mazimal tori of G,

(iv) standard flats in G/ K,

(v) standard flats in G/K.
In particular, G acts transitively on these objects, every standard flat in G/ K
projects to a standard flat in G/K, and every standard flat in G/K lifts
uniquely to a standard flat in G/ K. (]

By Theorem 5.17 below, the standard flats in either of the two Kac—Moody
symmetric spaces are exactly the maximal flats. This in turn implies that the

maximal flats in G/K are in one-to-one correspondence to the maximal flats
in G/K.

5.7. Midpoint convex subsets and geodesic connectedness. Our next
goal is to characterize midpoint convex subsets of Kac-Moody symmetric
spaces. The following definition borrowed from [7, Sect. 4.2.2] is key to this
characterization.

Definition 5.8. An element g € G (or § € G) is called diagonalizable if
it stabilizes a pair of opposite chambers in A and, hence, stabilizes a twin
apartment chamber-wise.

The following example shows that, in the non-spherical case, elements of
7(G) need not be diagonalizable. The reader is referred to [28] for a more
detailed discussion of this theme.

Example 5.9. Let n > 1 and consider the affine example G :=SL,1(R[t,t71])
of type A,, with the Cartan-Chevalley involution #(z) := ((z=%)7)?, where o

is the ring automorphism of R[t,#~1] which fixes R and interchanges t and ¢!,
Then let

11+t
0 1
U= . € B+7
"1
114t 1 0
1 01 1+t 1
vi=71(u) =ub(u) " = .
"1 "1
1+(1+t) (1471 14t
14t 1 1

and the characteristic polynomial of v is
a@)=A-10+0+)A+tNA-1) = Q+)A+t7h)) - A=1)""!
=N —(t+4+tHOA+D) - A=)

Miinster Journal of Mathematics VoL. 13 (2020), 1-114



54 WALTER FREYN, ToB1AS HARTNICK, MAX HORN, AND RALF KOHL

However, the polynomial ¢y (v) does not split into linear factors over R[t, 1],
whence v is not conjugate within G to an element of the torus 7', which consists
of diagonal matrices with entries from R.

The following result demonstrates that the behavior described in the pre-
ceding example is not merely an affine but instead a general non-spherical
phenomenon.

Theorem 5.10 (28, Thm. 5.7 and Prop. 6.3]). The set Q = (2, 7'(G)
(respectively Q := (=, T'(G)) equals the set of diagonalizable elements in 7(G)
(respectively 7(G)). Moreover, if G is of non-spherical type, then Q # 7(G)
and Q # 7(G), i.e., both 7(G) and 7(G) contain elements which are not

diagonalizable.

The description of the set of diagonalizable elements in 7(G) (respectively

7(G)) has the following implication.

Corollary 5.11. If F C 7(G) (or F C 7(G)) is midpoint conver and e € F,
then any x € F' s diagonalizable.

Proof. Let x € F. Then, by midpoint convexity, there is ' € F such that
r = sp(e) = fi(2',e) = 2'? = 7(2'), where i is the multiplication map of the
group model from Section 4.12 and the last equality holds by Lemma 3.24 (i).
Iteration of this argument implies that for every n € N there is z, € F such
that 22" = 7"(2,) = . Hence z € ;2, 7/(G) (respectively z € =, 7'(G))
and, thus, x is diagonalizable by the preceding theorem. O

Corollary 5.12. In every non-spherical Kac—Moody symmetric space (reduced
or unreduced) there exists a pair of points that do not admit a midpoint and
therefore do not lie on a common geodesic. O

For instance, the elements id = 7(id) and 7(u) from Example 5.9 do not
admit a midpoint.

Remark 5.13. The preceding corollary illustrates that Kac-Moody symmet-
ric spaces suffer from exactly the same deficits as the masures introduced in
[18, Sect. 3] and discussed in detail in [55].

Despite the lack of geodesics expressed by Corollary 5.12 one nevertheless
has the following proposition.

Proposition 5.14 (cp. [28, Prop. 6.4]). Kac—Moody symmetric spaces are
geodesically connected. In particular,

G=|J(KAK)".
neN

Proof. One needs to show that any pair z,y € 7(G) can be connected by
a piecewise geodesic curve. The resulting geodesic connectedness of G/K then
implies that of G/K.
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By transitivity of the action of the group G on the symmetric space 7(G),
one may assume without loss of generality that = e. By Proposition 3.40 (iii)
one can write y = 7(uq - - - ugt) with ¢ € A and u; € Ug, for some 3; € +.

For o« € ®T, u € U, and t € A, the element

T(ut) = utf(t) 10(u) "t = ut?*0(u) "t € AU, U_4)
(cp. Lemma 3.26) stabilizes two opposite spherical residues (in fact, two oppo-
site panels), whence it is diagonalizable by Lemma 3.29. Applying this to u;t;
with t; = 1 for 1 < i < k and t;, = t, one obtains standard flats F contain-
ing e and 7(u;t;) and, thus, geodesic segments joining e and 7(u;t;). Then

F, := uqty - uj_1ti—1 * F} is a standard flat containing 7(u1tq - - u;—1t;—1)
and 7(u1ty - - - ust;). Setting xg = e and x; 1= T(uity - - - u;t;) for 0 < i < k, one
has z; € F; N F;4+1 and, moreover, x; = y. The claim follows. O

We have proved Theorem 1.8.

Remark 5.15. Note that in the proof of the preceding proposition one actually
has quite some freedom in choosing the individual geodesic segments. For
instance, by (RGD5) for any factorization ¢t = ¢ - - - t;, within A there exist
u} € Ug, such that

uy - ugt = ulty - upt.
Of course, the argument in the proof applies to any such factorization.

5.16. The classification of maximal flats. The methods for analyzing flats
developed so far allow one to characterize the maximal (weak) flats in Kac—
Moody symmetric spaces. The proof of the following theorem makes use of
the various different models of the Kac—-Moody symmetric space, in particular
the group model. We recall from Convention 4.16 that we always equip the
group model with the external topology (which we can show to coincide with
the internal topology in the two-spherical case, but currently not in general).
This has the effect that the coset model and the group model are isomorphic as
topological reflection spaces, and in particular flats in one of them correspond
to flats in the other.

Theorem 5.17. Every weak flat in a Kac—Moody symmetric space (reduced
or unreduced) is contained in a standard flat. In particular,

(i) standard flats are exactly the maximal (weak) flats;
(ii) all weak flats are Euclidean, hence all weak flats are flats;
(iii) G, respectively G, acts transitively on mazimal (weak) flats.

Proof. Let F C 7(G) be a weak flat. It suffices to show that F' is contained in
a standard flat corresponding to some maximal (split) torus of G. Since G acts
transitively on 7(G), one may additionally assume without loss of generality
that e € F'. Note that this assumption will in fact enable us to prove that the
flat F' is contained in a standard flat of a #-split maximal torus, i.e., that 6
acts by inversion on that maximal torus.

From now on assume e € F, let x,y € F, and use the notation for the group
model from Section 4.12.
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Claim 1. [zy,yz] = e, or equivalently, zy?z = ya2y.
One computes

fi(, fie, iy, e)) = iz, (e, y*)) = (e, y™?) = ay’a
and, similarly,
iy, file, fi(z, e))) = ya?y.
Hence, as F' is weakly abelian,

xy2x = ﬁ(xa /7(67 ﬁ(ya e))) = ﬁ(yv /j(ev ﬁ(x, e))) = yx2y
= (ay)(yz) = (yx)(zy)
— [zy,yz] =e.

Claim 2. zy is diagonalizable.

By midpoint convexity of F', there is a midpoint 2’ € F between e and z,
whence 22 = s,/(e) = . Moreover, s.(y) = y~! € F, and so sy/(y~!) =
x'yx’ € F. By Corollary 5.11 the element z'yxz’ is diagonalizable. Hence, by
definition, there exists a twin apartment ¥ of the twin building of G which
is fixed chamber-wise by x’ya’. Let ¢ be a chamber of ¥ and set (X', ¢) =
x’.(3,¢). Then

2y. (X, ) = ayx’ (B, ¢) = 2/ (2y2").(Z,¢) =2/ (X, ¢) = (X, ),

and so xy stabilizes ¥’ and fixes ¢/. That is, zy fixes ¥’ pointwise and, by
definition, is diagonalizable.

Claim 3. In each half AL of the twin building there exist opposite spherical
residues Ry C A4 and R_ = 0(R;) € A_ stabilized by both zy and yz.

Both zy and yz = 0(y)~'0(x)~! = 6(zy)~! (by Lemma 3.24 (i) plus z,y €
F C 7(Q)) are diagonalizable and, thus, both fix some twin apartment chamber-
wise. In particular, both admit fixed points in the CAT(0) realizations X4 of
either half Ay of the twin building (see [10] and also [7, Sect. 2.1].)

One can now find a common fixed point of xy and yx in X by a standard
commutation argument as follows: For p € Fix(zy), one has

Claim 1
yrp =yz.(zyp) = xy.(yz.p),

whence yz.p € Fix(zy). Thus the convex set Fix(xy) is preserved by the
isometry yx. Let ¢ be a point fixed by yx and let 4 be its (unique) projection
to Fix(zy) in the CAT(0) space X . Since Fix(xy) is preserved by yz, it follows
that ry is also fixed by yx. The point r; € Xy corresponds to a spherical
residue Ry of A, stabilized by both yx and xy.

Consequently, the residue R_ := 6(Ry) opposite R, is stabilized by both
O(zy) = (yx)~! and O(yx) = (zy)~! and, hence, also by yz € ((yr)~!) < G
and zy € ((xy)~1) < G.

Claim 4. zy fixes a chamber d € R and yx fixes d:= Projp, 0(d) opposite d
in R+.
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Since zy is diagonalizable, it fixes a twin apartment chamber-wise and so
there is a chamber ¢ € A, fixed by xy. Thus the chamber d := projg, (c) is
also fixed by zy. The involution ¢ induces an involution 6, (c) := projg, (6(c))
on R, which maps every chamber in Ry to a chamber opposite in R,. The
chamber d := 6(d) is fixed by yr = 0(xy) 1

yr.d = Projy, r, (yz.0(d))
= projg, (yz.0(d))
= projp, (0((zy)~".d))
= projg, (6(d))
_d
where the second equality follows from Claim 3.
Claim 5. There exists a chamber d’ € R, fixed by both zy and yz.

By Claims 3 and 4 the elements zy and yx are contained in opposite Borel
subgroups of the reductive split real Lie group stabilizing the opposite spherical
residues Ry and 8(R4) (cp. [23, Cor. 7.16]).

This reductive Lie group is a subgroup of GL,41(R). By [26, Prop. 16.1.5]
one can model the stabilizer of d as lower triangular matrices, the stabilizer
of d as upper triangular matrices, and 6 as transpose-inverse. Thus yzr =
O(xy)~t = (zy)T. One concludes that both zy and yz are diagonal in this
coordinatization: Suppose

V1 V2 ... Up vy 0 ... 0

0 * ... =x vg * ... 0
xy=1. . . ) and thus  yz = (zy)’ =

0O 0 ... =« Up * ... *

Computing the product zy - yx yields the top left entry v + --- 4+ v2. On the
other hand, the top left entry of yx - ry is v?. By Claim 1 one has [zy, yz] = e.
Hence v3 + - +v2 =0, and s0 v2 = ... = v, = 0. Inductively one obtains
that xy and yz act by the same diagonal matrix on Ry. Therefore, there is
a chamber d’ stabilized by both zy and yx.

Claim 6. zy = yz.

Since zy and yzx stabilize a chamber d’, one has
0(d') = 0(zy.d) =z 1y 1.0(d).
Thus 6(d') = yz.0(d’). It follows that 2y and yx stabilize both d’ and 6(d’) and,
hence, fix a f-stable twin apartment. Thus they are contained in a common
f-split torus. As an immediate consequence, (zy)~! = 0(zy) = 0(z)0(y) =
2~ ty~!. Hence zy = yx.

Claim 7. For each x,y € F one has !

subgroup of G.

,xy € F. That is, F is a commutative
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Recall that e € F' by assumption. Let 2’ € F be a midpoint of z and e, i.e.,
x = s(e) = 2’2, Then s.(y) =y~ ! € F and

ser(y™h) = 2'yx’ = a"*y =y € F,

where the second equality follows from Claim 6. This finishes the proof of
Claim 7.

Concerning the statement of the following claim, we observe that the inter-
section of midpoint convex reflection subspaces of F' is again a midpoint convex
reflection subspace. In particular, if z1,...,z; € F, then there exists a unique
smallest midpoint convex reflection subspace of F' containing z1,...,2;. We
denote this subspace by (x1,...,2¢).

Claim 8. For every finite subset {z1,...,2:} C F the topological closure
(x1,...,2¢) of {x1,...,2¢) is a diagonalizable subgroup of G, i.e., is contained
in a maximal torus of G. Moreover, there exists m € N such that

<x17"'a$t> = (RZLO") = (Rma+)'

Since the weak flat F is closed, one has (x1,...,2:) C F. Since F is a com-
mutative group, any reflection subspace is a subgroup, and so is its closure.
By Corollary 5.11 and the fact that maximal tori of G are closed (see [23,
Cor. 7.17]), each of the subgroups H; := (x;) < F is diagonalizable. Moreover,
H; = (R, +) by direct computation in any torus containing x; (see also Propo-
sition 2.24). The groups H; commute with one another by Claim 7, whence

[7, Prop. 4.4] implies that (z1,...,x) normalizes a maximal torus T of G.
Moreover, since W = Ng(T)/T is discrete and (z1,...,2:) is connected, one
actually has (x1,...,2;) <T. Connectedness then additionally implies that

(x1,...,21) < A=71(T) = (R", +), where n is the rank of G. (Note that in G
one obtains a torus isomorphic to (R™(A) 1) instead.) The final statement
follows from the classification of closed connected subgroups of (R™,+).

Claim 9. F is contained in a standard flat.
Let
m = max{dimg((x1,...,2¢)) [t €N, z1,...,2¢ € F} <,

where n is the rank of G, and furthermore let {z1,...,2:} C F such that
dimg({x1,...,2¢)) =m. Then F = (x1,...,2¢): indeed, otherwise there exists

xer1 € F\(x1,...,2¢) and dimg({z1,..., 24, 20401)) =m+ 1,

a contradiction.
The proof for G is essentially the same. O

Corollary 5.18. (i) G acts strongly transitively on G/K.
(ii) G, G and Ad(G) act strongly transitively on G/K.
(iii) Maximal flats in G /K lift uniquely to mazimal flats in G/K.
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Proof. In view of Theorem 5.17 this follows from Corollary 5.6 and Proposi-
tion 2.33. Note that Ad(G) indeed acts on G/K by Lemma 4.7. O

We have established Theorem 1.7.

6. LOCAL AND GLOBAL AUTOMORPHISMS OF KAC-MOODY SYMMETRIC
SPACES

We keep the notation of the previous section, i.e., G denotes a simply con-
nected centered split real Kac-Moody group of irreducible symmetrizable type,
the group G denotes its semisimple adjoint quotient, and Ad(G) its adjoint
quotient. Moreover, A = A~ LJA™T denotes the twin building associated to the
RGD systems of these groups.

6.1. Automorphisms of Kac—-Moody groups. The abstract automor-
phisms of the groups G, G and Ad(G) have been classified in [7]. Since R
does not admit any nontrivial field automorphism, this classification can be
stated as follows.

Theorem 6.2 (Caprace [7, Thm. 4.2]). Let G € {G,G,Ad(G)}. Then every
automorphism of G can be written as a product of an inner automorphism
of G, a diagram automorphism, a diagonal automorphism and a power of the
Cartan—Chevalley involution 6. O

This result has several immediate consequences. Firstly, every automor-
phism of G preserves the center and hence descends to an automorphism of
Ad(G). Tt also descends to an automorphism of G = G/C since C < Z(G) is
the unique complement to the torsion subgroup of Z(G), cp. Proposition 3.12,
and hence C is a characteristic subgroup of Z(G) and thus of G. One thus
obtains homomorphisms

(20) Aut(G) — Aut(G) — Aut(Ad(G)).

Secondly, these homomorphism are injective because for each automorphism
there is a root subgroup not centralized by it; but the root subgroups can be
seen in any central quotient of G.

Thirdly, it follows from the concrete description of automorphisms in Theo-
rem 6.2 that every automorphism of Ad(G) or G can be extended to G. That
is, the homomorphisms in (20) are also surjective, and hence isomorphisms.

We compare these automorphisms to combinatorial automorphisms of the
twin building A. By an automorphism of A we shall mean a self-map of
the chamber set A = AT U A~ which preserves adjacency and opposition of
chambers (but may swap the two halves of A). An automorphism will be
called type-preserving if it preserves distances and codistances (and hence the
underlying chamber system). Denote by Aut(A) and Autg(A) the groups of
all automorphisms, respectively all type-preserving automorphisms of A.

We can identify chambers of A with Borel subgroups of G, i.e., conjugates
of BT or B~. Every inner automorphism of G certainly maps B to a Borel
subgroup; the same holds for diagram and diagonal automorphisms. Also, the
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Cartan—Chevalley involution swaps BT and B~ and thus preserves the set
of Borel subgroups. We deduce with Theorem 6.2 that every automorphism
of G induces an automorphism of A, and hence we obtain a homomorphism
Aut(G) — Aut(A). Moreover, all of the basic types of automorphisms of G
except the diagram automorphisms induced type-preserving automorphisms.
We denote the group generated by all such automorphisms by Auts(G) <
Aut(G).

Remark 6.3. Recall from Definition 3.4 that the Dynkin diagram I's arises
from the Coxeter diagram of (W, S) by adding certain labels. In particular,
the automorphism group Aut(I'a) of the Dynkin diagram is a subgroup of the
automorphism group Aut(W, S) of the Coxeter diagram.

Proposition 6.4. The homomorphism Aut(G) — Aut(A) is injective, and
thus

Aut(G) = Aut(G) =2 Aut(Ad(G)) — Aut(A).
If G is two-spherical and if Aut(T'a) = Aut(W,S), then it is an isomorphism,
and thus

Aut(G) = Aut(G) =2 Aut(Ad(G)) = Aut(A).
Proof. Every diagram automorphism of G induces a nontrivial automorphism
on each of the two halves of A, and the Cartan—Chevalley involution swaps
these two halves. It thus follows from Theorem 6.2 that the kernel of the
homomorphism Aut(G) — Aut(A) necessarily lies in the subgroup of Aut(G)
generated by the inner and the diagonal automorphisms of G, which is a group
with an RGD system with abelian maximal torus, trivial center, and the same
twin building A. By [1, Prop. 8.82] therefore the kernel of the homomorphism
Aut(G) — Aut(A) is trivial.

Now assume that G is two-spherical and that Aut(I'a) = Aut(W,S). To
prove surjectivity, one needs to prove that any automorphism a € Aut(A) is
induced by an automorphism of G.

Each automorphism « of A induces a well-defined permutation of the dia-
gram of A, which necessarily has to be an automorphism of the underlying
Coxeter diagram. Hence the automorphism « is the product of a type-preserv-
ing automorphism of A and a Coxeter diagram automorphism. If G and A
admit the same diagram automorphisms, i.e., if the automorphisms of the
Dynkin diagram equal the automorphisms of the Coxeter diagram, one may
assume that « is type-preserving.

Let Cy and C_ = 0(Cy) be opposite chambers of the twin building A. By
the strongly transitive action of G on A (see [1, Lem. 6.70 and Thm. 8.9])
there exists an inner automorphism of G that maps the set {a(CL),a(C-)}
onto the set {C4,C_}. By composing « with this inner automorphism and,
if necessary, the Cartan—Chevalley involution 6, one may actually assume that
the type-preserving automorphism « fixes the chambers Cy and C_.

If the diagram is two-spherical, then the extension theorem by Miihlherr and
Ronan [48, Thm. 1.2] (see also [1, Thm. 5.213]) implies that the type-preserving
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automorphism « is the unique extension that fixes C_ of its restrictions to
the residues of rank two containing C in the positive half A, of the twin
building A.

By inspection, those local rank-two restrictions are all induced by auto-
morphisms of the corresponding split real Lie groups of rank two that as
a family together provide an automorphism of the amalgam A(A) of funda-
mental subgroups of rank two of G. This amalgam automorphism, again using
two-sphericity, induces a unique automorphism of G by [23, Thm. 7.22] (see
Section 3.3) whose image under the natural map is a. O

Now, note that in the two-spherical case we always have an isomorphism
Auts(G) = Autg(A), irrespective of the automorphism group of the Dynkin
diagram.

Proposition 6.5. The group Out(G) := Aut(G)/Inn(G) is finite. More
explicitly, we have

Aut(G) =2 (Ad(G) x (D x (6))) x Aut(Ta),

where Inn(G) = G/Z(G) = Ad(G) and D is a finite elementary abelian
2-group of diagonal automorphisms. Moreover, 8 commutes with the elements
of Aut(T'a).

Proof. Note that Aut(T'a), as the automorphism group of a finite graph, is
finite and that the group generated by the involution 6 has order 2. Thus the
first claim follows from the second claim.

Now consider the subgroup H of Aut(G) generated by the inner and diag-
onal automorphisms. By [7, Thm. 4.2], it suffices to consider the diagonal
automorphisms coming from a diagonal automorphism of fundamental rank-1
subgroups G, = SLa(R), with a; € II. But these are either inner, or are inner
followed by conjugation with

(_01 ?) € GLo(R).

Denote the latter automorphisms of G by d;. Then H is generated by Inn(G)
together with D= (dq,...,d,). Clearly D is an elementary abelian 2-group,
i.e., it is an Fy-vector space. Hence it contains a complement D to DNInn(G),
and one has H =2 Inn(G) x D.

The Cartan—Chevalley involution 6 centralizes the d;, and hence 8 commutes
with D and of course normalizes Inn(G). Thus H' := (H, 6) = Inn(G) x (D x9).

Finally, any diagram automorphism permutes the G, and hence normal-
izes D; it also commutes with . Thus Aut(I's) normalizes H'. Since all
elements of H' centralize the Weyl group, one moreover has

Aut(Ta)NH' = {1}. O

Since 6 commutes with the diagonal automorphisms in D and with diagram
automorphisms, we also conclude the following.
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Corollary 6.6. The Aut(G)-conjugacy class of 0 in Aut(G) coincides with its
Ad(G)-conjugacy class.

Remark 6.7. A large part of the proof of Proposition 6.5 is dedicated to
proving that there are only finitely many diagonal automorphisms modulo
inner automorphisms. This is also implied (but non-constructively) by the
fact, which is also true for (rational points of) algebraic groups, that the index
of the adjoint quotient Ad(G) inside the adjoint split real Kac—Moody group
of type A is finite: Indeed, the exact sequence

0= F =T =T=0

of torus schemes Lwhere T is the simply connected torus of the semisimple

adjoint quotient G' and 72 is the torus _of the adjoint Kac-Moody group of

type A and F is defined as the kernel of 7°° — 794) yields an exact sequence
0= FR) =T (R) = TR) - HLR,F) =0

of R-points; since étale cohomology is finite over R (see, e.g., [46]), the claim

follows.

6.8. Automorphisms of the main group. The next main goal is to describe
the automorphism group of the reduced Kac-Moody symmetric space X =
G /K. Recall from Proposition 4.11 that

Trans(X) = Ad(G) and G(X) = Ad(G) x ().
Also recall from Remark 2.6 that there exists an embedding
¢t Aut(X) — Aut(G(X)) = Aut(Ad(G) x (7)), a+ ca,

where ¢, (g) := aogoa~!. Thus in order to determine Aut(X’) one first needs
to determine Aut(Ad(G) x (6)). For this we will use the following general
lemma.

Lemma 6.9. Let H be a perfect group and 0 € Aut(H) an involution. Endow
Aut(H) with the multiplication o := 8o «. Then the following hold:

(i) The following is a well-defined subgroup of the holomorph Aut(H) x H
of H:

Holg(H) := {(B,b) € Aut(H) x H | Bof=cyo000p, 0(b)=b""},

where ¢, is the inner automorphism x — bxb~ 1.

(ii) There is an isomorphism ¢ : Aut(H % (0)) — Holy(H).

(iii) Let 7 : Holp(H) — Aut(H) be the restriction of the natural projection
Aut(H) x H — Aut(H). Then

kerm = {(id,2) | z € Z(H), 0(z) = 2~ '}.
(iv) For the inner automorphisms of Aut(H x (6)), we have
p(c(niay) = (cn,7(h))  and  @(cag) = (6,1).
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Proof. (i) Clearly, Holp(H) contains the identity (idg,1x). Let (5,b), (v,¢) €
Holy(H). To see that (8,b)(v,c) = (87,v(b)c) is contained in Holy(H), we
verify that

0(v(b)c) = (B 07)(b)0(c) = (cz" oy 0 b)(b)e™" =cy(b7h) = (v(b)e) ™"
as well as
(By)ob =yofol=yoc,0f0f =cypoc.ofoyof=cypcobo(By).
Finally, (8,b)~! = (871,837 1(b™1)) is in Holp(H) because
0B~ (b71) = (B oo d)(b71) =B (b),
and furthermore 5060 = ¢, 0 § o B implies
o t=pltoc00= Cg-1(p) © Broh = cg-1p-1y 000 Bt=p5"1o00.
(ii) By slight abuse of notation, we identify H with the subgroup
{(h,1) | h e H} < H x (0).

Then the commutator subgroup of H x (6) is contained in H. But H is perfect,
and hence it equals that commutator subgroup, which is characteristic. It
follows that every a € Aut(H x (#)) normalizes H, thus its restriction to H is
an automorphism S € Aut(H).

Since « is surjective and normalizes H, we must have a((1,6)) = (b,0) for
some b € H, and then « is uniquely determined by the pair (3,b). The fact
that « is a homomorphism puts restrictions on the pair (5,b): For g,h € H,
we must have

(8(g0(h)),id) =

and hence B3(6(h)) = b0(B(h))0(b). For h = 1 this yields 6(b) = b~—!. We thus
find
Bol=c,obfop.

One readily checks that these two conditions are necessary and sufficient to
make a a homomorphism. This yields the desired map ¢, which by construc-
tion is bijective. It remains to verify that ¢ is indeed a group homomorphism
to verify the claim.

To this end, suppose we have o, @’ € Aut(H % (#)) satisfying ¢(a) = (8, b),
resp. p(a’) = (v,¢). Let aa’ := o’ o @ and let o’ be the preimage under v of
wla)p(a’) = (B7,7()c). Then for h € H and e € {0,1} we have as desired

(aa’)(R,0°) = o/ (B(R)D®,6%)) = (¥(B(h))(v(D)e)*, 0%) = o (h, 6°).
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(ili) Suppose o € kerp. Then B8 = id, and we get ¢, = [id, 0] = id, i.e.,
be Z(H).
(iv) Follows from elementary computations. O

Proposition 6.10. (i) There is a short exact sequence
1 — Z(G) — Aut(G x (0)) 5 Aut(G) — 1.

(ii) There is an isomorphism

Aut(Ad(G) » (@) — Aut(Ad(G)) = Aut(G).

(iii) Following the notation in Definition 4.8 and Proposition 6.5, there is an
isomorphism

Aut(Ge ¥ (0)) = Auter(G) i= (Geg % (D x (8))) x Aut(Ta).

Proof. (i) We choose for m the composition of the maps from Lemma 6.9 (ii)
and (iii). To see that this map is surjective, let § € Aut(G). By Proposition 6.5
one then has 3 = ¢4 0d o 0" o~y for an inner automorphism c,4, some d € D,
r € {0,1} and v € Aut(I'a). Recall that § commutes with the elements of D
and Aut(I'a) and also with itself. Therefore,

600:(cgodoﬂroy)oH:chHOdOHTO'y:cT(g)0906.

Since also 8(7(g)) = 7(g)~!, we have (8,7(g)) € Holp(H). By Lemma 6.9 (ii)
it follows that § is in the image of mw, which thus is surjective.

The center of G is contained in T. But 6 acts on T and hence on Z(G) by
inversion. Thus by Lemma 6.9 (iii) we have ker(7) = Z(G) as claimed.

(ii) This follows similarly to (i) together with the fact that Ad(G) is center-
free.

(iii) Consider the natural epimorphism

p i Aute (G) — Aut(G), (g,d,0",7) = cgodof o7,

which maps g € Geg to ¢, (here, we equip Aut(G) with the composition o as
multiplication). Then the claim follows by showing that the following map is
an anti-isomorphism (recall that anti-isomorphic groups are isomorphic):

Kt Auter (G) — Holp(Gegt), a = (g,d,0",7) — (p(a),7(g))-

The map is well-defined by an argument similar to that in (i). To verify that
it is an anti-homomorphism, let

Q= (gadaara'}/)v B = (had/a0577/)
be arbitrary elements of Auteg(G) and set

ad:=dof oy, B:=dob o
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Then we get

(9))) - h8(h™1))  (since p(B) = en 0 B)
) (since B0 = 0o f)
)

Finally, we compute
ker(k) = {a = (g,d,0",7) € Auten(G) | @ € ker(p) and 7(g) = 1}
={(g,1d,id,id) | g € Z(Gexr) and 0(g) = g}.
But 6 acts by inversion on Z(Geg), and hence g € Z(Gegr) with 0(g) = g¢
satisfies g2 = 1, i.e., is torsion. But Geg = G/Ck (G), and Ck (G) = Z(G)NM
is precisely the torsion part of Z(G), and hence Z(Geg) is torsion-free. It
follows that the kernel of « is trivial, whence k is an isomorphism. O

6.11. Global automorphisms of reduced Kac—-Moody symmetric
spaces. In this section we prove Theorem 1.9.

Theorem 6.12. Consider the reduced, resp. non-reduced, Kac—Moody sym-
metric spaces X = G/K, resp. X = G/K. Then the following are true:

(i) Aut(X) = Auten(G).

(ii) Aut(X) = Aut(G) = Aut(G) = Aut(Ad(G)).

Proof. (i) By Proposition 4.11 (iii) we have G(X, u) = Geg % (6). Combining
the maps ¢ from Remark 2.6, ¢ from Lemma 6.9 (ii) and « from 6.10 (iii), we
get an embedding

Aut(X, 1) S Aut(Geg x (6)) £ Holg(Gorr) s Autes(G).

It suffices to show that the composition 1) := k=1 0 o ¢ is surjective. The-
orem 6.2 allows us to reduce a case-by-case analysis of the different types of
automorphisms which together generate Auteg(G).

(i)(a) Let h € Gegr. Then h acts on X as an automorphism, which ¢ maps to
the inner automorphism ¢y, jq) of Aut(Geg x (¢)). By Lemma 6.9 (iii), ¢ maps
this to (cp,7(h)) € Holg(Geg). Thus ¥(h) = k= 1(cp, 7(h)) = (h,id,id,id),
whence Geg considered as a subgroup of Auteg(G) is contained in the image
of 9.

(i)(b) Let f € Caut(q)(@), so in particular we may consider f =6 or f € D
or f € Aut(T'a). Then f(K) = K and thus f induces a permutation of G/K.
Moreover, f is compatible with p; indeed,

fu(gK,hK)) = f(g6(g~"h)K) = f(9)0(f(9)""f(h)K = pu(f(9K), f(hK)).
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It follows that f induces an automorphism of X. Then for
(9,6°) € Gt % (6) = G(X, 1) < Aut(X, )
and any hK € G/K = X, we get
o()(9.0%)(hK) = (g0 (f 1 (RK))) = F(9)0°(hE) = (F(g),0°)(RK).
Thus ¢(c(f)) = (f,1) € Holg(Geg), and ¥(f) = /i’l(f,_l) = f € Auter (G).
(ii) By Proposition 6.4 one has Aut(G) = Aut(G) = Aut(Ad(G)). It

therefore suffices to construct an isomorphism Aut(X) — Aut(Ad(G)), which
follows analogously to case (i). O

Remark 6.13. By Theorem 6.2 one can write Aut(G) as a semi-direct product
Aut(G) = Aut™(G) x (), where Aut™(G) denotes the index two subgroup
generated by all inner automorphisms, diagram automorphisms and diagonal
automorphisms. In the sequel denote by Aut™ (X) the image of Aut™ (G) under
the isomorphism Aut(G) — Aut(X) from Theorem 6.12. Then

(21) Aut(T) = Aut™ (X)) x (s,),

where 0 € X is an arbitrary basepoint. We also denote by Autg(X) the
subgroup of Aut(X’) which corresponds to Auts(G) under the isomorphism
from Theorem 6.12 (ii). Note that both Aut™(X) and Aut(X) contain the
transvection group Ad(G).

6.14. Local transformations and the Coxeter complex.

Convention 6.15. For the remainder of Section 6 we assume that A is non-
affine.

In this section we investigate the local transformations of X. Recall that
for a pointed maximal flat (p, F') the set F"8(p) of singular points of F' with
respect to p and the group GL(p, F, F*"8(p)) of local transformations of (p, F')
were defined in Definition 2.35. By strong transitivity, these notions do not
depend on the choice of pointed maximal flat up to isomorphism, and we will
work with the standard pointed flat (e, AK) of the coset model.

By Proposition 5.2 a chart of the flat AK centered at e is given by

(22) pe:a— AK, X+ exp(X)K.

Recall from Definition 2.35 that Hsmg(e) denotes the subset of AK consisting
of points singular with respect to e. If one defines

TE = o (AR (e))
and
GL(a, ") == {f € GL(@) | f(@"¢) =@},
then one obtains an isomorphism

(23) GL(e,A) = GL(@,@"8), F f:=¢, o Fop,.

1w

Miinster Journal of Mathematics VoL. 13 (2020), 1-114



KAC-MOODY SYMMETRIC SPACES 67

By strong transitivity of G (see Corollary 5.18) any two maximal flats through e
in G/K are K-conjugate, i.e.

(24) ains — U anAd(k)a.
{keK|Ad(k)a#a}

The results from the appendix allow one to describe this set in a more com-
binatorial way. Recall from Definition A.21 the definition of the Kac-Moody
representations pr s 0 W — GL(a) and the reduced Kac-Moody representa-
tion Pgas : W — GL(a) of the Weyl group. As A is assumed to be non-affine,
both of these representations are faithful by Corollary A.24, and reflections
in W act as linear reflections under these representations.

Given a real root a € ® with associated root reflection 7, € W, denote by

H, :=Fix(pxm(7a)) <a and H, = Fix(pg (7)) <@

the corresponding reflection hyperplanes in a and @, respectively (cp. Defini-
tion A.28). Recall from (40) on page 102 that the reflections pxas (7o) and
P m(Ta) are orthogonal with respect to suitable choices of invariant bilinear
forms on a and @. Since the invariant form on @ is non-degenerate (cp. the proof
of Proposition A.23), the map P (7o) is in fact the unique orthogonal reflec-
tion at the hyperplane H,. This implies in particular that the map a — H,
defines a one-to-one correspondence between positive real roots a € ® and
reflection hyperplanes H,.

Proposition 6.16. Assume that G is of non-affine type. Under the chart @e
the singular set of the pointed maximal flat (e, A) in G/K corresponds to the
union of the reflection hyperplanes of root reflections under pg s, i.e.

o (A () =7 = | Ha
acdt

Proof. Assume first that X € @8, By (24) there exists k € K with Ad(k)a#a

such that X € anN Ad(k)a. Recall that T is the unique maximal torus o

such that A = T N7(G). Consequently, T" is the unique maximal torus o
such that

fG
fG

' =T n7(q).
Assuming X # 0, one obtains a nontrivial intersection H := T N T 3 exp(X).
As in [7, Prop. 4.6], let

H_{aed|[UsH =1} and G =T.[Us|ac dH).

Since H is contained in the distinct tori T and Tk, it is not regular in the
sense of [7, Sect. 4.2.3], i.e., H fixes more than a single twin a@;{tment of the
twin building A. Hence [7, Prop. 4.6 (i) and (ii)] imply that (G, (Us)acor)
is a locally R-split twin root datum with Weyl group EV = (5o | a € @)
and maxnnal torus T. Also T 1%121 maximal torus of G~ by [7, Prop. 4.6 (v)],
and G centralizes H. Since G acts transitively on P‘gwm apartments of the
twin building associated with the twin root datum (G, (Uy)qeon ) and these

Miinster Journal of Mathematics VoL. 13 (2020), 1-114



68 WALTER FREYN, ToB1AS HARTNICK, MAX HORN, AND RALF KOHL

correspond to maximal tori in c" (see, e.g., [1, Cor. 8.78]), one deduces that
T and T are conjugate in G

Next observe that H is 6- 1nvar1ant as T and T are. It then follows that for
each a € ® one has —a € ®F because

U, H =1 < [U_o, H] = [0(Us),0(H)] = 1.

Therefore 6 leaves (U,, U_4), a € ® invariant and acts as an automorphism
on G . Consequently, the group G~ admits an Iwasawa decomposition

G —x"ar”

where K <KOG and U <U+OG
By [12, Thm. 1.2] the commutator subgroup [K K ] is generated by the
family

(F N <U0£7 U—Ot>)a€<I>H

and acts chamber-transitively on each half of the twin building of G7. m
particular, there exist suitable 3; € II! and k; € K N (Ug,,U_g,) such that

H _H,FH]

maps any chosen pair (c,0(c)) of opposite chambers of the twin building of
G Wlthkstablhzer T onto some pair (d,0(d)) of opposite chambers with sta-
bilizer T Conbequently, the groups T and T are conjugate by the element
k¢ [K K ]

Not all elements k; can normalize T, for otherwise T" =T. Pickie {1,...,t}
such that T #T. Then

H<T"NT,
as k; € a7 Furthermore, T AT has corank 1 in T because
Biel? cof c® and k; € (Us,U_p,).

Now
5p, € Ngzr(A) < Ng(A) < Ng(T)

(cp. Section 3.13 and Lemma 3.27) fixes the intersection ™ NT and, as it
has corank one in T, this intersection must be the exponential of the reflection
hyperplane of Hg,. This shows that X € Hg, and, since X was arbitrary, one
obtains @ Uacao Ha- .

Conversely, if X € H,, then exp(X) € ANA", where k € K N (Uy,,U_,) is
any element not normalizing T d

One concludes from Proposition 6.16 that the subset @8 C @ is precisely
the hyperplane arrangement which is denoted by the same symbol @"# in the
appendix. Note in passing that Proposition 6.16 carries over to a non-reduced
Kac—Moody symmetric space as follows.
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Corollary 6.17. Assume that G is of non-affine type. Under the chart
ve:a— AK, X —exp(X)K
the singular set of the pointed mazimal flat (e, A) in G/K is given by

P (A (e) = 0 = | ] Ha

aedt

Proof. This follows from Corollary 5.18 and Proposition 6.16; see also Propo-
sition A.23. O

We also record the following consequence of the proof of Proposition 6.16.

Corollary 6.18. Assume that G is of non-affine type and let Fy, F> be maz-
imal flats of X. Then there exists g € G stabilizing F1 N Fy element-wise with
g(F&)ZZPb,

Proof. If |Fy N Fy| < 1, this is an immediate consequence of strong transitivity.
If |F1NFy| > 2, then strong transitivity allows one to assume e € FiNF;. Then,
as in the proof of Proposition 6.16, the maximal flats F; and F, correspond
to maximal tori T and 7" with nontrivial intersection H. By the arguments
given in that proof, the maximal tori T and T  are in fact conjugate by an
element of K = Stabg(e) centralizing H. O

The same argument also applies to the G-action on maximal flats in X

Proposition 6.16 allows one to compute the group GL(p, F, F5"8(p)) of local
transformations of (p, F') for a pointed flat (p, F'). By strong transitivity, every
pointed maximal flat (p, F) can be mapped by an automorphism of X to the
standard pointed flat (e, AK). Composing the chart ¢, defined in (22) with
this automorphism provides a chart ¢ : @ — F' centered at p which by Propo-
sition 6.16 identifies @& with F"%(p). Hence for every pointed flat (p, F)
there exists an isomorphism

GL(p, F) = GL(3,&"%) = {feGL(a) ‘ f( U Fa) - Fa}.
acdt acdt
Since A is irreducible, symmetrizable and non-affine, it follows from Corol-
lary A.37 that there exists a non-degenerate bilinear form B on @ such that
every element of GL(d, @*™"8) is a similarity with respect to B, i.e., a product of
a B-orthogonal linear transformation and a homothety. Moreover, this form B
is unique up to multiples. Since this result depends only on the hyperplane

arrangement (d, @), one concludes the following.

Corollary 6.19. Assume that A is non-affine. Let (p, F') be a pointed flat and
let ¢ : R™A) 5 F be a chart centered at p. Then ¢~ (F5™8(p)) is a hyper-
plane arrangement in R™A) | and there exists a non-degenerate bilinear form B
on R™@A) unique up to multiples, such that every linear transformation of

R&(A) preserving this hyperplane arrangement is a similarity with respect
to B. (]
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Let f € GL(p, F, F*"8(p)) be a local transformation. Then for every chart
@ : R™E(A) 5 F centered at p the map ¢! o f o is a linear map preserving
the hyperplane arrangement ¢~ (F*®58(p)). By the preceding corollary it can
be written as a product of a homothety and a B-orthogonal transformation.

The map f is called a local automorphism of (p, F) if it is B-orthogonal,
i.e., if it does not involve a nontrivial homothety. This notion does neither
depend on the choice of B (since B is unique up to multiples), nor on the
choice of chart (since a change of charts maps the corresponding hyperplane
arrangements and, thus, the associated forms to each other). Denoting the
group of local automorphisms of (p, F') by Aut(p, F) leads to a splitting

GL(p, F, F*"8(p)) = R>? x Aut(p, F),

where R>? acts on F' by homotheties.

It is possible to describe the right-hand side explicitly. Under a suitable

chart,

Aut(p, F) = O(7,a""8) := O(a, B) N GL(a, a*"¢),
where B is a bilinear form in the canonical homothety class for (a, @) (cp.
Definition A.38) that, under a suitable isomorphism @ = R™(4) | can in fact be
chosen to be the bilinear form B from Corollary 6.19.

Fix a simplicial Coxeter complex X for (W, S) (see Subsection A.1), denote
by Aut(X) its group of simplicial automorphisms and by Aut(W,.S) the auto-
morphism group of the Coxeter graph of W with respect to S. Proposition A.32
and Remark A.33 imply the following corollary.

Corollary 6.20. Assume that A is non-spherical and non-affine. Then for
every pointed flat (p, F') one has

Aut(p, F) = Aut(2) x Z/2Z = (W x Aut(W, S)) x Z/2Z,
and hence
GL(p, F, F¥™8(p)) = R>Y x (W x Aut(W, S)) x Z/27.

Remark 6.21. (i) In the spherical case, the same result holds, except that
the Z/2Z-factor is missing (see Remark A.33).

(ii) The isomorphisms in Corollary 6.20 can be made more explicit: Let g be
an automorphism of X which maps (p, F) to the standard pointed flat
(eK,AK) and let . : @ — AK as in (22). Then ¢ := gop, : @ — F
is a chart for F' centered at p with o(F*"2(p)) = @"8. In particular, if
f € GL(p, F, F¥"8(p)), then g o f o p~! € GL(w,a""¢) < GL(@). This
linear map can then be written as a product of a homothety, an element
of the Weyl group acting on a by the reduced Kac—-Moody representa-
tion (see Definition A.21), a Cayley graph isomorphism of (W, S) and
possibly the antipode map v — —v. Here the action of Aut(W,S) on @
is given as follows: By the discussion in Subsection A.25, the reduced
Tits cone C C @ is a cone over a colored polyhedral complex whose dual
graph is isomorphic to the Cayley graph of W with respect to (W, S), and
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hence Aut(W,S) acts on the reduced Tits cone by combinatorial auto-
morphisms, which can be realized uniquely by linear automorphisms of
the ambient vector space a.

(iii) All homotheties and all elements of Aut(X) preserve the Tits cone when
acting on @, whereas the antipodal map exchanges the Tits cone and its
negative. In particular, all elements of GL(p, F, F*"8(p)) preserve the
Tits double cone, i.e., the union of the Tits cone and its negative.

6.22. Local vs. global automorphisms. By Corollary 5.18 the Kac-Moody
group G and hence the full automorphism group Aut(X) act strongly transi-
tively on X. In particular, the corresponding Weyl groups W (Aut(X) ~ X)
and W (G ~ X) and local actions are well-defined (see Definition 2.37). A pri-
ori, these local actions take values in the group GL(p, F, F*"8(p)) of local
transformations of a given pointed flat. If A is non-affine, then they actually
take value in the subgroup Aut(p, F) < GL(p, F, F*"8(p)) of local automor-
phisms, as we will discuss in this section.

Recall that M < T denotes the torsion subgroup of T so that T'= A x M.

Proposition 6.23. Assume that A is non-affine and let (p, F') be a pointed
flat in X.
(i) Stabg(p, F) = N&(T) and Fixg(p, F) = M.
(ii) The geometric Weyl group W (G ~ X) is isomorphic to the algebraic
Weyl group W of G.
(iii) There exists a chart ¢ : @ — F centered at p which intertwines the
action of W on F wvia the isomorphism in (ii) and the reduced Kac—
Moody representation.

Proof. By Proposition 2.36 one may assume without loss of generality that
(p, F) is given by the standard pointed flat (e, AK). By Remark 5.5 the stabi-
lizer in G of the standard flat AK is given by Nz(T'). Since the fixator of e is
given by K, one has Stabgz(e, AK) = Nz(T). Recall from Corollary 3.28 that
if 7 : G — G denotes the canonical projection, then N#(T) = m(W) is the
image of the extended Weyl group. In particular, since M < f/[v/, the stabilizer
Stabg(e, AK) contains M = 7(M).

Consider the action of Stabg(e, AK) on the standard flat AK. The sub-
group M centralizes A and is contained in K, hence acts trivially on AK, i.e.,
M < Fixg(e, AK). Consequently, the action of Stabg(e, AK) factors through
the group

Stabg (e, AK)/M = n(W)/m(M) = (W /M).
The standard chart ¢ : @ — AK from (22) intertwines the action of this
group on AK with the restriction of the adjoint action on @. As discussed
in Subsection 3.13 there exists an isomorphism W/M =~ W and under this
isomorphism the adjoint action of f/[v//M on a is given by the Kac-Moody
representation of W. It follows that the adjoint action of Stabg(e, AK)/M
on @ identifies Stabz(e, AK)/M with the subgroup p,,(W) < GL(@). In
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particular, since the reduced Kac—Moody representation is faithful, one obtains
an isomorphism Stabg(e, AK)/M = W. Moreover, since every element of W
acts nontrivially on @, the inclusion M < Fix(e, AK) is actually an equality.
This finishes the proof. O

As before, denote by ¥ = (W, S) a simplicial Coxeter complex of the Cox-
eter system (W, S) underlying A. Recall from Corollary 6.20 (or Lemma A.31)
that the simplicial automorphism group Aut(X) splits as the semi-direct prod-
uct Aut(¥) = W x Aut(W,S), where Aut(W,S) denotes the group of
automorphisms of the Coxeter diagram, and that

GL(p, F, F*™8(p)) 2 R>? x (W x Aut(W, S)) x Z/27Z

as long as A is non-spherical and non-affine. Proposition 6.23 and Corol-
lary 6.20 imply the following corollary.

Corollary 6.24. Assume that A is non-spherical and non-affine and let (p, F)
be a pointed flat in X. Then the local action of W(G ~ X) on (p,F) is
intertwined by the isomorphisms from Corollary 6.20 and Proposition 6.23
with the canonical inclusion

W — R™ x (W x Aut(W, S)) x Z/27,
i.e., the local action fits into a commutative diagram of the form

W (G ~ X) ———— GL(p, F, F*'"&(p))

zl l:

w R>0 x (W x Aut(W, S)) x Z/2Z,

In particular, the local action takes values in the subgroup
Aut(p, F) < GL(p, F, F*¥(p))
of local automorphisms. O

In what follows, we conclude this section by analyzing the action of the
group W (Aut(X) ~ X). Recall from Remark 6.3 that Aut(I'a) < Aut(WW,.5).

Theorem 6.25. Assume that A is non-spherical and non-affine and let (p, I!)
be a pointed flat in X. Then the local action of W(Aut(X) ~ X) fits into
a commutative diagram of the form

W(Aut(X) ~n X) ———————— GL(p, F, F5"3(p))
(W x Aut(Ta)) x Z/2Z ——=R>% x (W x Aut(W, S)) x Z/27Z.

In particular, the local action takes values in the group of local automorphisms.

Moreover, every local automorphism extends to a global automorphism if and
only if Aut(T'a) = Aut(W, S).
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Proof. By Theorem 6.12 one has Aut(X) = Aut(G), and by Theorem 6.2 ev-
ery automorphism of G can be written as a product of an inner automorphism
of G, a diagram automorphism, a diagonal automorphism and a power of the
Cartan—Chevalley involution #. One needs to determine which of these auto-
morphisms stabilize the standard pointed flat (p, F) = (e, AK), and how they
act on F'. Among the inner automorphism, these are precisely the elements
of N%(T), and these correspond to the elements of W by Corollary 6.24. In
addition, all diagram automorphisms stabilize the standard pointed flat and
act as Coxeter automorphisms, and all diagonal automorphisms fix the stan-
dard pointed flat pointwise. Finally, the Cartan—Chevalley involution preserves
the standard pointed flat and acts on it by inversion. Hence it corresponds to
the generator of Z/2Z. The theorem follows. O

The same argument also shows that W (Aut™(X) ~ X) = W x Aut(Ta).
We have shown Theorem 1.11 and Corollary 1.12.

7. CAUSAL STRUCTURES AND THE CAUSAL BOUNDARY

We keep the notation of the previous section. That is, G denotes a sim-
ply connected centered split real Kac-Moody group with semisimple adjoint
quotient G and adjoint quotient Ad(G). We are going to consider the reduced
Kac-Moody symmetric space X in its group model G/K.

Convention 7.1. Throughout Section 7 we will assume that G is of non-
spherical and non-affine type.

7.2. Invariant causal structures. The goal of this subsection is to introduce
an Aut(X)-invariant field of double cones in X. Our starting point is the
observation that the vector space @ contains a canonical cone C C @ with open
interior C_ and tip 0, called the reduced Tits cone; see Section A.25 in the
appendix. Since the generalized Cartan matrix A is irreducible non-spherical

and non-affine, this cone is pointed in the sense that
Cn(-C)={0}.
Refer to the union C° U (—C) as the open Tits double cone in @ Denote by

A7 = exp(£C") the corresponding subsemigroups of A and refer to A U A"
as the canonical (open) double cone in A.

Remark 7.3. Let F be an arbitrary flat through e in the group model of X. By
strong transitivity, there exists k¥ € Aut(X). such that k.A = F. Moreover, the
subset C. ' (F) = k.(A7 UAY) C Fisindependent of the choice of k. Indeed,
if k' is a different choice, then 'k’ acts on A by a local automorphism, and
by Theorem 6.25 any such automorphism leaves the canonical double cone
invariant.

Define
ol =Jol ),

where the union is taken over all flats containing the basepoint e.
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Proposition 7.4. Assume that A is non-spherical and non-affine. Then for
every flat F' containing e one has

—+,—
Ce

NF=C."(F).
In particular, 6:77 intersects each flat in a double cone, whose two halves do
not intersect.

Bg)of. One needs to ishow that if F; and F; are flats containing e and S Fin
C. (Fy), then x € C™ (F1). By Corollary 6.18 there exists a € Aut(X) which
fixes F1NFy pointvliie and maps F, to Fi. In particular, since x € F1NFy , one
has ¢ = a(z) € a(C, (Fy)). Moreover, since e € Fy N Fy one has a € Aut(X)e,,
and hence

—~t —+
a(C, (F2)) = C. (F1)
by the argument above. This shows x € a:f(Fl) and finishes the proof. O

By abuse of language, we will also call 6:’7 a double cone. By construc-
tion, this double cone is invariant under all automorphisms in Aut(X)e. In
particular, if x € X and if o € Aut(X) maps e to z, then

_+’_ _+7_
Cr = alT)
is independent of the choice of a. Moreover, if ¢ : @ — F' is any chart centered

at x, then

+

PTIF =00 T N F =€ U (-C%)).

C,
Note also that by construction the family (6:’_)I < of double cones is Aut(X)-
invariant in the sense that

a(Cr ) =0l (@€ Aut(X), z € X).

We refer to (6:’_)%; as the canonical double cone field on X.

If o, : (0,a) = (p, F) are charts, then ¢! o ¢’ is a linear map preserving
the decomposition @ = % U a8 as well as the open double Tits cone C° U
(—CO) C a. There are thus two possibilities: Either ¢~ o’ preserves the open
Tits cone or it maps the open Tits cone to its negative.

Definition 7.5. Two charts ¢, ¢’ : (0,a) — (p, F) of F centered at the same
point p are called causally equivalent if =1 o ' preserves the open Tits cone.
A causal orientation of X is a choice of one of the two causal equivalence classes
of charts for every maximal pointed flat (p, F').

If a group H acts by automorphisms on X, then a causal orientation is
called H-invariant if for every h € H and every chart ¢ in the chosen causal
equivalence class also the chart h o ¢ is in the chosen equivalence class.

Proposition 7.6. There exist exactly two Aut™ (X)-invariant causal orienta-
tions on X.
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Proof. Since Aut™ (X) acts strongly transitively on X’ and since every pointed
maximal flat admits only two causal equivalence classes, there are at most two
G-invariant causal structures on X. By Theorem 6.25 one has

W(Aut(X) ~ X) = (W x Aut(Ta)) x Z/27Z,

where the first factor acts on the Tits cone, and the second factor swaps the Tits
cone and its negative. Moreover, W (Aut™ (X) ~ X) is given by the subgroup
(W x Aut(T'a)) x {e}. One thus obtains two distinct Aut™ (X)-invariant causal
orientations, one for which the charts {aoexp | a € Aut™ (X)} are positive,
and one for which the charts {—a oexp | & € Aut™(X)} are positive. O

Charts in the unique Aut™(X)-invariant causal orientation containing exp
are called positive charts, charts in the unique Aut™ (X)-invariant causal orien-
tation containing — exp negative charts. Given a pointed maximal flat (z, F')
in X and a positive chart ¢ : @ — F centered at x, define

Cr[F] =) and C,[F]:=¢(-C

(]

).

By definitions, these cones do not depend on the choice of positive chart, and
if one defines

c, = J T,
Fox
then C, '~ = C. UC, . This decomposes the canonical double cone field on

into two cone fields.

Definition 7.7. The cone field (Uz)xe? is called the positive causal structure

on X, and the cone field (C, ), <7 is called the negative causal structure on X.

Note that the positive and negative causal structure are invariant under
Aut™(X), and in particular G-invariant. At this point we have established
Proposition 1.13.

Remark 7.8. In Lorentzian geometry, invariant causal structures arise nat-
urally. Namely, if (g.).cx is a Lorentzian metric on a manifold X, then the
associated field of light cones (Egc C T, X)zex is invariant under all Lorentzian
automorphisms. In our setting, there is always an invariant bilinear form on @
since A is assumed to be symmetrizable. However, this bilinear form need not
be Lorentzian, and even if it is Lorentzian it may happen that the Tits cone is
not contained in the light cone of the invariant Lorentzian form (see, e.g., [15]).
We emphasize that our G-invariant causal structures are modelled on the Tits
cone, rather than the light cone of a bilinear form, hence our geometry here
is causal rather than Lorentzian. This being said, in certain hyperbolic exam-
ples, including E1g, the interiors of the Tits cone and the light cone coincide
according to [15, 8]; hence in these cases our results do admit a Lorentzian
interpretation. In these examples our construction of causal boundaries below
is a global version of the lightcone embedding provided in [§].
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7.9. Causal geodesic rays and the municipality. The positive causal
structure gives rise to a notion of causal curves in the following standard way.

Definition 7.10. Let I C R be an interval which is open on the right, i.e.,_for
every t € I there is ¢ > 0 such that t +¢ € I. A continuous map v: [ — X is
called a causal curve if for every t € I there exists € > 0 such that

—+
7((2‘:7 t+ E)) - Cv(t)'
If instead for every t € I there exists € > 0 such that

Y((t,t +¢€) € Cl,
then v is called an anti-causal curve.

A (anti-)causal curve, which is also a geodesic ray, respectively a geodesic
segment, will be called a (anti-)causal ray, respectively (anti-)causal segment.

Lemma 7.11. Let r: [0,00) — X be a geodesic ray, let 0 < S < T < oo and
let v : [S,T] = X be the geodesic segment obtained by restricting r to [S,T].
Then the following are equivalent:

(i) 7 is a causal segment.
(ii) r(t) € 6:_(0) for some t € R.
(iii) r(¢) € 6:_(5) forall 0 <s <t < oo.
(iv) v(t) =r(t) € 6:(5) forall S <s<t<T.
(v) r is a causal ray.

Proof. First, the implications (i) = (ii), (ili) = (iv) = (i) and (ili) =
(v) = (i) are immediate from the definitions. To show the remaining implica-
tion (ii) == (iii) one may assume by strong transitivity that r is contained in A
and emanates from e, i.e., r(t) = exp(tX) for some X € @. Under this assump-

tion, (ii) amounts to tX € C for some ¢ € R. This implies that (¢t — s)X € C
for all 0 <'s <t < oo, which is (iii). O

In the sequel, 0o X denotes the collection of all geodesic rays r : [0,00) — X.
Then 09X fibers over X by the map

(25) evg: 0eX — X, 71— 1(0),

and we refer to the fiber 9,X = evy'(x) over z as the point horizon of x.
Given a flat F containing x, we also denote by 0,X[F] C 0,X the subset of
rays emanating from x and contained in F'. The action of the automorphism
group Aut(X) preserves geodesic rays and thus induces an action on d, X, for
which the projection evq is equivariant. In particular, for every z € X the
point stabilizer Aut(X), acts on 9,X, and Aut(x, F) acts on 9, X[F)].

To explicitly parametrize geodesic rays in X, consider again the standard
pointed maximal flat (e, A) in the group model of X. Then the geodesic rays
contained in A and emanating from e are given by 7. x () := exp(tX), where X

runs through the Lie algebra a. Since X is strongly transitive, every geodesic
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ray in X is of the form 7y x (t) := g.exp(tX) for some g € Aut(X) and X € @.
One thus obtains a surjective map

Aut(X) x T —= 9uX, (9, X) = rgx.

Note that this map is not injective, i.e., the ray r4 x does not determine the
parameters g and X.

Definition 7.12. A geodesic ray r : [0,00) — X is called regular if it is
contained in a unique maximal flat of X and singular otherwise.

Note that by Lemma 2.19 these notions are invariant under automorphisms
of X. Recall the notation @™ := log(A" ¢(e)) for the logarithm of the singular
set of (e, A) from Subsection 6.14; denote by @8 := @\ @ its complement.
In terms of the parametrization above, regular and singular geodesic rays can
be characterized as follows.

Lemma 7.13. The geodesic ray v, x is singular if X € @™ and regular if
X eae.

Proof. By invariance of regular/singular rays under automorphisms, it suffices
to show this for g = e. It therefore remains to prove that if X € @€, then the
whole open ray {tX |t € (0,00)} is contained in @®8. This, however, follows
from the fact that @ is a hyperplane arrangement by Proposition 6.16. [

Definition 7.14. The subset Ay C 0o X consisting of all causal and anti-causal
rays is called the municipality of X.

The terminology refers to the fact, to be proved in Proposition 7.26 below,
that the fibers of A, with respect to the map evg are geometric realizations of
the twin building of G, hence we will think of the municipality as a collection
of (mutually isomorphic) twin buildings parametrized by X. By construction,
Ao C 0o X is Aut (?)—invariant, and if one denotes by AF € A, the collections
of causal/anti-causal rays, then these are invariant under Aut™ (X). Also note
that one can characterize causal/anti-causal rays in terms of the standard
parametrization as follows.

Proposition 7.15. The ray 4 x s contained in the municipality Ao if and
only if X € c’u-cC’. O
Denote by
AYE ={ryx € Ag | X € @8}, resp. Asine — {rg.x € Aa| X € ﬁsmg},

the subsets of regular, resp. singular rays in the municipality. Furthermore,
given x € X, denote by A,, A% and A$"® the corresponding fibers over z by
the map evg.

Since the notion of a municipality ray is invariant under automorphisms,
the subset Ay C 0, X is Aut(X)-invariant, and the induced Aut(X)-action
preserves the decomposition Ay = ALE LA Consequently, for every z € X
the point stabilizer Aut(X), acts on A, preserving the decomposition

A, = Al ASRE,
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7.16. Ideal polyhedral complexes and their combinatorial descrip-
tions. Our next goal is to equip the municipality with a certain polyhedral
structure and to compare this structure with a certain polyhedral realization
of the twin building. In contrast to the spherical case, the classical language
of simplicial complexes is not sufficient to discuss these matters for a number
of reasons: Firstly, our complexes will be built from more general polyhedra
than simplices. Secondly, we also need to discuss cones over polyhedral com-
plexes, which have a polyhedral structure with noncompact cells. Finally, we
will need to work with subsets of polyhedral complexes in which some faces
(of codimension > 2) are missing. We thus need to develop a framework which
deals with all of these complications.

A halfspace in R™ is defined as a connected component of the complement of
an affine hyperplane in R”. An intersection of finitely many half-spaces will be
called a polyhedron if it is nonempty. Thus by definition polyhedra are always
closed and convex, but not necessarily compact. A nonempty convex subset F’
of a polyhedron P is called a face if for every x € F' and every y,z € P such
that z lies on the line segment between y and z we have {y,z} C F. Every
face of a polyhedron is again a polyhedron.

Definition 7.17. A pair (X, (p;)icr) consisting of a set X and a family of
injective maps ¢; : P, — X from polyhedra P; to X is called a polyhedral
complex if the following two conditions are satisfied for all 4, j € I:

(i) If F is a face of P;, then there exists k € I such that pi(Px) = ¢i(F)
and %;1 o p;|F is an isometry.

(ii) If vi(B;) N;(P;) # @, then there exist k € I and ¢y, : P — X such
that ¢ (Py) = i(P;) N, (P;) and ¢; ! o g and <pj_1 o}, are isometric
embeddings.

The weak topology on X is the weakest topology which makes all the inclu-
sions ¢; continuous.

In the sequel we will always equip polyhedral complexes with their weak
topology unless mentioned otherwise. If all the polyhedra P; are simplices, then
we recover the notion of a simplicial complex. We refer to the images ¢(P;)
as closed cells of X; the interior of a closed cell is called an open cell, and an
open or closed cell which is not the face of any other cell is called an open or
closed chamber. An open or closed cell ¢ is called a face of an open or closed
cell 7 if o C 7. In this case the difference between the dimension of 7 and the
(covering) dimension of ¢ is called the codimension of o in 7.

If X is a polyhedral complex, then the polyhedral cone C'X over X is the
following polyhedral complex: The underlying set of CX is the quotient of
([0,00) x X') obtained by collapsing {0} x X. The polyhedral structure is then
obtained by declaring the basepoint [(0,z)] to be a closed cell and declaring
the image of [0,00) x o to be a closed cell for every closed cell o C X.

Definition 7.18. If X is a polyhedral complex, then a subset X C X is called
an ideal polyhedral complex with completion X if X is a union of open cells and
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contains all open chambers of X and their codimension 1 faces. If X; and X5
are two ideal polyhedral complexes, then a bijection f : X7 — X5 will be
called a geometric isomorphism if f is a homeomorphism with respect to the
respective weak topologies and maps open cells homeomorphically onto open
cells. An action of a group on an ideal polyhedral complex is called cellular if
it is by geometric automorphisms.

Typical examples of ideal polyhedral complexes are given by “ideal tessella-
tions” of the hyperbolic plane with some vertices at infinity, hence the name.

Remark 7.19. Assume that V is a vector space and that C C V is a sub-
set which carries the structure of an ideal polyhedral complex such that every
closed cell contains 0 and is invariant under the action of R>% on V' by homo-
theties. Let S(V) := (V \ {0})/R>? and denote by S : (V \ {0}) — S(V)
the canonical projection. Then S(C) has an ideal polyhedral structure whose
closed cells are of the form S(7), where 7 is a closed cell of C different from {0}.
Alternatively, one can realize S(C) as the intersection of C with an arbitrary
sphere centered at 0, and hence we refer to S(C) as the link complex of C.
Furthermore, if C is contained in an open half-space of V, then one can also
realize S(C) as the intersection of C with a suitable affine hyperplane of V.

If X is an ideal polyhedral complex, then we define a partial order on
the set of open cells of X by setting 0 < 7 if ¢ is a face of 7. We denote
by ¥(X) the resulting poset (partially ordered set). Posets together with
order-preserving maps form a category, and we say that two ideal polyhedral
complexes are combinatorially isomorphic if their underlying posets are isomor-
phic in this category. If X is an ideal polyhedral complex and 3 is a poset with
¥ = ¥(X), then we say that X is a polyhedral realization of ¥. For example, the
r-dimensional simplex A, realizes the poset A, given by all nonempty subsets
of {0,...,7}.

A poset is called polyhedral, respectively simplicial, if it can be realized
by a polyhedral, respectively simplicial, complex. Ideal polyhedral posets and
ideal simplicial posets are defined similarly. If ¥ is a poset, then its augmenta-
tion X7 is the poset obtained from X by adjoining a minimum @y,. If ¥ can be
realized by a polyhedral complex X, then ¥ can be realized by the polyhedral
cone CX; in particular, augmentations of polyhedral posets are polyhedral.

A poset X is simplicial if and only if for all o,7 € X there exists a greatest
lower bound ¢ A 7 and for every o € ¥ the downward link

Yo={r€X|7<0}

is isomorphic to A, for some r € Ny; cp. [1, p. 661]. We then call o an (abstract)
r-simplex of ¥ and refer to r as its dimension. The O-simplices of ¥ are also
called its wvertices and if o is an ri-simplex, 7 is an ro-simplex and o < 7,
then o is called a face of 7 of codimension ro — r1. Ideal simplicial posets are
the subposets of simplicial cosets which contain all maximal and comaximal
elements.
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Every simplicial poset ¥ admits a canonical simplicial realization |X| called
its geometric realization; cp. [1, p. 662]. Denote by |X1| := C|X| the real-
ization of X1 given by the simplicial cone over |X|. In the geometric reali-
zation of a simplicial poset X, every abstract r-simplex is realized by an r-
dimensional simplex. While every simplicial realization of ¥ is geometrically
isomorphic to |X|, there may exist other (non-simplicial) ideal polyhedral re-
alizations of ¥ which are not geometrically isomorphic to ||, and in which
abstract r-simplices are realized by polyhedra of dimensions different from r
(cp. Example A.2).

If S is a finite set, then an S-coloring of a polyhedral poset ¥ is a map
from the comaximal elements of 3 to S which restricts to a bijection on the
codimension 1 faces of each given chamber. If ¥ = 3(X) for an ideal poly-
hedral complex X, then such a map is also called a coloring of X, and we
call ¥ together with this map an S-colored ideal polyhedral poset. In this case
every s € S defines an equivalence relation o5 on the set Ch(X) of chambers
of ¥ by setting o ~4 7 if 0 AT is a codimension 1 face colored by s. The pair
(Ch(X), (~s)ses) is then a chamber system in the sense of [1, Def. 5.21], called
the underlying chamber system of ¥ (or of X). If X is an ideal polyhedral com-
plex with completion X, then every S-coloring of X restricts to an S-coloring
of X, and this restriction determines the underlying chamber system uniquely.
We say that two S-colored polyhedral complexes or posets are chamber isomor-
phic if the underlying chamber systems are isomorphic in the sense that there
is a bijection between chambers preserving all of the equivalence relations.

For colored polyhedral complexes we thus have three notions of isomor-
phism: geometric isomorphism (the strongest), combinatorial isomorphism and
chamber isomorphism (the weakest).

7.20. Ideal polyhedral realizations of the twin building. So far we have
considered the twin building A associated with G as a chamber system. Indeed,
in our previous notation we have A = A~ LI AT, where A* = G/B. are the
sets of chambers of the two halves. Since By are self-normalizing we can iden-
tify AT and A~ with the set of conjugates of B, and B_, respectively. More
generally, we can consider the sets (A1) and X(A™) of all parabolic sub-
groups of G (excluding G) which contain a conjugate of By, respectively B_.
If we define partial orders on these sets by reverse inclusion, then A* can be
seen as the underlying chamber systems of the posets L(A¥) with respect to
a suitable coloring. Note that the augmentations X+ (A¥*) = X(A*)U{G} give
rise to the same chamber complex.

The posets $(A¥) are in fact simplicial, and hence admit simplicial geomet-
ric realizations |X(A¥)| with underlying chamber systems A%. See [1, Ch. 4]
for a discussion of these simplicial complexes. In the context of our municipal-
ities we will be interested in different realizations of the chamber systems A®.

Definition 7.21. The subposet Sq,n(AT) C X(A*) consisting of all parabolic
subgroups of spherical type is called the positive/negative Davis poset. We also
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define the Davis poset by Espn(A) := Zepn(A7) U Xgpn(AT), and use similar
notation for the augmented versions.

The significance of these posets was pointed out by Davis who provided
a CAT(0) ideal polyhedral realization |Sspn(A%)|pavis of Sepn(AT) in [10],
which is now called the Davis realization. Such a CAT(0) realization was
known previously in the affine case by classical results of Bruhat and Tits.
To obtain a CAT(0) realization in the spherical case one has to replace the
positive/negative Davis poset by the augmented positive/negative Davis poset
E;’;h(Ai) = Yepn(AT) U {G} in order to avoid positive curvature.

By construction, the positive/negative Davis posets realize the chamber
systems AT . In particular, the Davis posets inherit a canonical coloring, and G
acts on them via conjugation by coloring-preserving automorphisms. If we
consider only those parabolic subgroups in g,n (A*) which contain a fixed
split torus, then we obtain a poset which is isomorphic to the Davis—Moussong
poset of the underlying Coxeter poset (see Definition A.3 and the subsequent
discussions).

We now describe the alternative realization of the Davis poset which we
will use in our study of the municipality of a reduced Kac—Moody. Recall from
Subsection A.25 that the closed fundamental chamber of the reduced Tits cone
is given by

C={Xea|Vi=1,...,n: a;(X) >0} CT,

and that it is a polyhedral cone which is bounded by the root hyperplanes H .,
of the simple roots in @; its polyhedral cells are given by intersections of these
hyperplanes, and there is a natural coloring of the faces by S, which colors
each reflection hyperplane with the corresponding simple reflection. The inter-
section of the fundamental chamber with the interior of the Tits cone is the
ideal subcomplex given by the union of those cells which have finite stabilizer
under the reduced Kac—Moody representation of the Weyl group on a. We
denote by Ps(g) the image of this ideal polyhedral cone under the projection
S:a\ {0} — S(a) from Remark 7.19 and call it the reduced ideal fundamental
cell. Tt is an ideal polyhedral complex with a single chamber whose faces are
colored by S.

We now form the quotient of direct products A% x Ps(q) by identifying (C, x)
and (C’,z) in each half provided C' and C’ are s-adjacent for some s € S
and z is contained in the closure of the face of Py labelled by s. This yields
a colored ideal polyhedral complex |A*|z and we set |Alz = |AT |z U |A™ |5
By construction, | A% | are realizations of the chamber systems AZ, and hence
we refer to |Alg as the a-realization of the twin building A. Note that the
action of the combinatorial automorphism group Aut(A) on the first factor of
A X Py(q) descends to an action by polyhedral automorphisms on |A*|z. In
particular, Aut(X) acts on |A¥*|z via the embedding Aut(X) — Aut(A).

We have thus obtained three realizations of the twin building A: The
simplicial realization |A[, the Davis realization |Xgpn (A)|pavis and the a-realiza-
tion |Alz. All three realizations are chamber isomorphic, but in general not
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geometrically isomorphic. We will see below that (under our standing assump-
tion that A is non-spherical and non-affine) |Zspn (A%)|payis and |Alz are com-
binatorially isomorphic, namely they both realize the Davis poset Ygon(AT).
On the other hand, the simplicial realization is not combinatorially isomor-
phic to either of them. Our polyhedral structure on the municipality will be
modelled on the a-realization.

7.22. The polyhedral cell structure of the municipality. Recall from
Definition 7.14 the definition of the municipality A,. Throughout this subsec-
tion we fix € X and denote by A, the fiber of A, under the surjection evg
from (25). By definition, Aut(X) acts on A, and the stabilizer Aut(X), pre-
serves A,. The goal of this subsection is to define an ideal polyhedral structure
on A, and to show that the resulting ideal polyhedral complex is Aut(X),-
equivariantly geometrically isomorphic to the @-realization |Alg, and combina-
torially isomorphic to the Davis realization |Egpn(A)|pavis- As a by-product
we will obtain that |Alg realizes Ygpn (A).

Our first goal is to construct a polyhedral structure on A, for a fixed x € X.
For this we will need to recall some results from the appendix. Firstly, the
Weyl group W acts on a by the reduced Kac—Moody representation, and in
view of Convention 7.1 we deduce from Corollary A.24 that (a, (—|—), 7(IT,or))
is a root basis for (W, S) under this action. By (42) and the discussion in A.25,
the reduced Tits cone

C={Xe€a|a(X)>0foralmost alla € T} Ca

is isomorphic to the dual Tits cone associated with this root basis, and hence
provides a polyhedral realization of the augmented Coxeter poset X (W, S).
Note that, in fact, S+ (W,S) = (W, S) since W is assumed to be non-
spherical. With this observation it then follows from Proposition A.10 that
the interior of the Tits cone is a polyhedral realization of the Davis—Moussong
poset Xgpn (W, S). In particular, this polyhedral complex admits a canonical
coloring by S.

We call a ray in @ with origin 0 a Tits ray if it is contained in the interior of
the Tits cone. We can then identify the sets of all Tits rays with the link com-
plex of the interior of the Tits cone in the sense of Remark 7.19, and thereby
define an ideal polyhedral structure on the set of all Tits rays. This complex
then realizes the Davis—Moussong poset Egpn (W, S). Geometrically it is iso-
morphic to a twin apartment in |A|g since the closed fundamental chambers
in both complexes carry the same geometry by definition, and since W acts
chamber-transitively on both complexes preserving the geometry. We refer to
open chambers in this complex as open Weyl chambers in S(a).

Given x € X and a flat F containing x, pick a positive chart ¢ : @ — F
so that o(£C°) = E;t. If one denotes by AF(F) C AT the subset of rays
contained in F, then ¢ sends regular Tits rays (respectively their negatives)
to geodesic rays in AT (F), and hence induces bijections

©x  S(£C) = AZ(F).
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By transport of structure one can thus turn A (F) and A, (F) into S-colored
ideal polyhedral complexes. We thus refer to these polyhedral structures
on A*(F) as the canonical ideal polyhedral structure on A (F) and refer to
their open chambers as open Weyl chambers in AT (F). We also denote by
Y(AX(F)) the underlying posets.

Remark 7.23. In order to define the canonical ideal polyhedral structure we
have chosen a positive chart ¢ : @ — F. If 9 is any other positive chart, then
by Remark 7.3 and Theorem 6.25 we have a commutative diagram

_
a——F

| A

a,

where up to an automorphism of the Coxeter diagram which changes only the
labelling « is given by an element of the Weyl group, acting via the reduced
Kac—Moody representation of @. Since the Weyl group acts on the double
Tits cone and its interior by geometric automorphisms, we deduce that the
canonical ideal polyhedral structure is independent of the choice of positive
chart ¢ used to define it.

We can summarize the properties of our construction so far as follows.

Corollary 7.24. For every pointed flat (x, F') the set
Ay (F) = A7 (F)UAT(F)

with its canonical ideal polyhedral cell structure is geometrically isomorphic to
a twin apartment in the a-realization |Alg and combinatorially isomorphic to
a twin apartment in the Davis realization |EZepn(W, S)|pavis of the twin build-
ing A of G. Hence X(AL(F)) is isomorphic to the Davis-Moussong poset
Yepn(W, S). Under any such isomorphisms the subsets AL (F) C A, (F) cor-
respond to the two halves of the twin apartment. O

Our next goal is to establish a global equivariant version of this result. To
formulate our result, we first discuss the relevant actions of Aut(X).

Remark 7.25. We have the following actions of subgroups of Aut(X):

(i) The action of Aut(X) on X induces an action of the stabilizer Aut(X),
on A,. This action is by geometric automorphisms. Hence it induces an
action on the underlying poset X,.

(ii) Every coloring-preserving automorphism « of the colored poset X(A)
preserves Ygpn(A) and induces a type-preserving automorphism of the
chamber system A. Moreover, « can be recovered from the corresponding
automorphism of A by [1, Cor. 4.11]. We may thus identify coloring-
preserving automorphisms of X(A) or 3gn(A) and type-preserving
automorphisms of A. Similarly, we can (and will) identify Aut(A) with
the automorphism groups of the poset 3(A) or of the poset Lspn(A).
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Any such automorphism induces a geometric automorphism of the a-real-
ization |Alg.

(iii) Via the canonical embedding Aut(X) < Aut(A), the group Aut(X)
acts on the chamber complex A. By the previous remark this induces
embeddings

Aut(X) — Aut(Spn(A)) and  Aut(X) — Aut(|Alg).

Proposition 7.26. There exists a unique ideal polyhedral structure on A,
such that for every pointed flat (x, F') the subset A,(F) C A, is an ideal poly-
hedral subcomplex and carries its canonical cell structure. With this structure,
Ag is Aut(X),-equivariantly geometrically isomorphic to |Alg and Aut(X).-
equivariantly combinatorially isomorphic to the Davis realization |Espn (W, S)]
of the twin building A. In particular, it is an ideal polyhedral realization of
Yspn(A).

In view of the proposition we refer to A, C 9, X as the twin building at the
horizon of x. We will refer to the polyhedral structure on A, given by the
proposition as the canonical polyhedral structure. Since A, is covered by the
subsets A, (F') there is clearly at most one such structure. In order to obtain
existence of the canonical polyhedral structure and to deduce Proposition 7.26
from Corollary 7.24 we need to discuss the effect of automorphisms on the
various complexes above.

First note that if @ € Aut(X) maps the pointed flat (z, F) to a pointed
flat (2’, F'), then by equivariance of our construction, « induces a geometric
isomorphism AX(F) — AX(F’), which in turn induces a combinatorial isomor-
phism Y(AX(F)) — S(AZ(F)). Moreover, this map preserves the respective
colorings if o € Autg(X).

Now assume that F, F’ are two flats through 2z and denote by I := FNF' C F
their intersection. Also set X, (F,I) := {C € (A, (F)) | C C I} and define
Y. (F', I) accordingly. Finally, let A, (1) := {r € A, | 7((0,00)) C I} and note
that A, (I) = AL(F) N AL (F").

By Corollary 6.18 there exists an automorphism o € Aut (X') which maps F
to F’ and fixes I, hence in particular z. By construction, a induces a geomet-
ric isomorphism between the polyhedral complexes AT (F) and AX(F’). In
particular, since « fixes I, one obtains 3, (F,I) = X, (F”, I); moreover, this set
is the underlying poset of an ideal polyhedral structure on A¥(I). With this
polyhedral structure, AF(I) is an ideal polyhedral subcomplex of both A, (F)
and A, (F"). Tt is therefore possible to glue A, (F) and A, (F’) along A, (I)
to obtain an ideal polyhedral structure on A, (F) U A, (F’). All these gluings
are compatible, and hence one obtains the desired canonical ideal polyhedral
structure on

A= | Au(F).
Fox
The underlying poset is
S = | Za(F),
Fox
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and it inherits a coloring from the ¥, (F). It remains to show that there exists
an Aut(X),-equivariant isomorphism X, — 3pn(A). This will establish the
desired combinatorial statement, and the geometric statement will follow since
the geometries of the cells are matched in each apartment and since these cover
the buildings in question. To prove the combinatorial statement we compare
flats through z in X’ to twin apartments of the twin building A. For this we
denote by F, the set of maximal flats in X containing z, and by A, the set
of twin apartments of A which are invariant under s,. Then one observes the
following.

Lemma 7.27. For every x € X there exists an Aut(X),-equivariant bijection
Op P Fo — Ay

Proof. Argue in the group model. By transitivity of Aut(X) on X it suffices
to establish the lemma for the basepoint « = e. Recall from (19) that maximal
flats are in G-equivariant bijection with maximal tori of GG, and hence with
twin apartments in A. Since the point reflection s, is induced by 6, the flats
through e correspond to 6-stable tori and thus to twin apartments which are
invariant under s., and this correspondence is equivariant with respect to the
point stabilizer K of e in G.

One can argue as follows to establish that the correspondence is Aut(X).-
equivariant: By Theorem 6.12 one has Aut(X). = Aut(G). and every element
of Aut(G). is a product of an element of K with an automorphism which fixes
both the flat A through e and the corresponding twin apartment . (A) of A.
It follows that the given bijection is not only K-equivariant, but moreover
Aut(X)-equivariant. O

Proof of Proposition 7.26. Choose a bijection ¢, as in Lemma 7.27 and a flat
F e F,. Set A := p,(F) and let Egpn(A) C Xgpn(A) be the subset of the
Davis poset of A corresponding to the twin apartment A. By Corollary 7.24
there is a poset isomorphism ¢, : X3(F) — gpn(A), which one may choose
to be coloring-preserving. It remains to show that ¢, can be extended to an
Aut(X),-equivariant combinatorial isomorphism ¢ : 3, — Sepn(A).

For this let ¢ be a polyhedral cell in A, which is contained in A, (F’) with
some flat F’. By Corollary 6.18 there exists an automorphism a € Aut(X).
which maps F to F’ and fixes F'N F’, and hence in particular fixes z. Define
1(c") == ao1,0a71(c) and observe that this definition does not depend on the
choice of automorphism «. Indeed, assume that § is another automorphism
which maps F to F’ and fixes F N F’. Then

Bor,oB t=ao(atoBor,of toa)oat.

Now 37! o a is an automorphism which stabilizes F and fixes z; by Theo-
rem 6.25 it is thus given by an automorphism of the Coxeter complex up to
possibly swapping the two halves of the apartment. It thus follows that 3~ ! o«
commutes with ¢,, and one concludes

ﬁoLooﬁflzaoLoofl.
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This proves that ¢ is well-defined, and it is Aut(X),-equivariant by construc-
tion. U

7.28. The global structure of the municipality. In the previous subsec-
tion we have constructed an ideal polyhedral structure on A, for every € X.
Combining these structures, we also obtain an ideal polyhedral structure on
the disjoint union Ay = | |A,. We denote the underlying poset by Xo = | | X4;
by definition elements of ¥, are open cells in A,. Also turn X' x Sgpn(A) into
a poset by setting (z,¢) < (2/,¢) if and only if z = 2’ and ¢ < ¢/, and turn

Xx|Ar= || |AR
T€EX
into a (disconnected) ideal polyhedral complex by equipping each |Alg with
its canonical polyhedral structure. By Remark 7.25 the group Aut(X) acts
on |Alz, and hence diagonally on X x |Alz by polyhedral automorphisms.
This action then induces an action by combinatorial automorphisms on the
underlying poset X x Ygon(A).

For the remainder of this section we fix a basepoint 0 € X and an
Aut(X),-equivariant geometric isomorphism |i,| : [Alq — A, with underly-
ing combinatorial isomorphism ¢, : Espn(A) — X,. We may and will assume
that ¢, maps Ygpn(AT) to T and preserves colorings. A geometric isomor-
phism |¢| : X x |Alg — A, will be called an extension of |i,] if |¢|(0,-) = |to|-

Proposition 7.29. |i,| admits a unique coloring-preserving Aut(X)-equivari-
ant extension .
o] X x [Alg = As, (2,8) = |a](€)
such that |tz| : |Alg — X, is an isomorphism of posets for every x € X.
Remark 7.30. (i) It is immediate from Proposition 7.26 that
? X |A|a = A,

as polyhedral complexes. The point of the proposition is that the exten-
sion can be chosen equivariantly.

(ii) The proposition implies on the combinatorial level that ¢, can be extended
to a unique Aut (f)—equivariant automorphism of posets

L X X Bpn(A) = e, (2,0) = 1,(0)

such that ¢ 1 Egpn(A) — X, is an isomorphism of posets for every x € X.
(iii) Conversely, the combinatorial statement in (ii) implies the geometric one
since the cells have the same geometry by Proposition 7.26.

Proof of Proposition 7.29. By the previous remark, it suffices to show the
combinatorial statement. Every equivariant extension ¢ clearly has to sat-
isfy 1,(C) := a™!(1,(@(C))) for any o mapping z to o. We now show that this
formula defines indeed a map with the desired properties.

Thus let (z,C) € X x Zgpn(A). To define «(x, C) we pick a € Auts(X) with
a(x) = o. Via the isomorphism Autg(X) — Auts(Ad(G)), this @ corresponds
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to an automorphism @ of Ad(G). Think of the chamber C' as a parabolic
subgroup of Ad(G); then @(C) is also a parabolic subgroup (of the same type
since o and hence @ are type-preserving), and hence one may define

1e(C) == a (1o (a(C))).

This does not depend on the choice of . Indeed, let 8 € Aut(X) with 8(x) =
Then fa~! € Aut(X),, and thus by Aut(X),-equivariance of ¢,

B (B(C)) = B (w(Ba=ta(C)) = B Ba™ 1o(@(C)) = a™H (1o(@(C)))-
We have now established that ¢ is well-defined; by construction it is order-
and coloring-preserving. Finally, it is Aut(X )—iquivariant by the following
argument: Let (z,C) € X x A and f € Aut(X). If a € Aut(X) satisfies
a(z) = o, then 7 := a o B! satisfies y(8(z)) = 0. One thus gets

L) (B(C) =7 (F(B(0)))) = B (to(a 0 B7H(B(C)))) = B(12(C))-
This finishes the proof. O

From now on we will use the notations |¢| and |i,| for the maps defined by
Proposition 7.29 and write ¢ and ¢, for the corresponding combinatorial maps.
Note that if @ € Aut(X) C Aut(Sspn(A)) satisfies a(x) = y for some 2,y € X,
then the diagrams

(26) A, ——2——= A, Sy = 2y
L£|T T|Ly| LET Tby
|Alg ————|Als, Toph (A) ———— Zspn(8)

commute, and this property together with the choice of |¢,| determines all the
isomorphisms |¢z].

Given x,y € X, we set |tz y] = |ty 0 |ez] and ¢y, = 1, 017 . Then,
by definition, |ts,,| is a coloring-preserving isomorphism of ideal polyhedral
complexes with underlying combinatorial isomorphism ¢, , and the following
diagrams commute:

(27) A, ool A

NNz

Remark 7.31. Each A, decomposes into the subsets Al and A, of causal
and anti-causal rays emanating from x. Accordingly, |t| splits into two
combinatorial isomorphisms

(28) ltoz| T+ AY = AT and  |iou|T A — AL,

as a consequence of the following simple observation.

Lemma 7.32. Let r € A,. Then r is causal if and only if |u,(0),0|(r) € AF.
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Proof. Note that the action of the subgroup Aut™(X) on A and A, preserves
the two halves. Since Aut™(X) acts strongly transitively on X and in view of
the commuting diagram (26), one may thus assume that © = o, whence the
lemma, follows from our choice of ¢,. U

7.33. Asymptoticity of causal and anti-causal rays. Recall that two geo-
desic rays in a Riemannian symmetric space are called asymptotic if they are
at bounded Hausdorff distance. For example, geodesic rays ri,r2 in E™ are
called asymptotic provided they are parallel and point in the same direction,
i.e., they are of the form r1(t) = « + tv and r2(t) = y + tv for some z,y € R"
and a unit vector v. Similarly, two geodesics rays in the hyperbolic plane H?
are asymptotic if they converge to the same point in OH? 2 S'. Our goal is to
define similar notions of asymptoticity for causal and anti-causal rays in Kac—
Moody symmetric spaces. We keep the notation of the previous subsection
and make the following definition.

Definition 7.34. Two rays r1 € A, and ro € A, are asymptotic, denoted
1 || 72, provided |tg 4|(r1) = 72.

Remark 7.35. By Remark 7.31 the isomorphisms |tz | : Ay — A, preserve
the two halves, and thus induce combinatorial isomorphisms

. +
liw g™ 0 AT = A

In particular, causal rays can only be asymptotic to causal rays, and similarly
anti-causal rays can only be asymptotic to anti-causal rays.

The following proposition summarizes the main properties of the equivalence
relation ||. Concerning the statement of the proposition, we observe that if
G; < G is a standard rank one subgroup, then the orbit Gj.0o C X is an
embedded hyperbolic plane H?g C X. We then refer to a subset of X' of the

form g.Hé) for some g € G and i € {1,...,n} as a standard hyperbolic plane

in X.

Proposition 7.36. Let x,y € X and let 1y € A, and 9 € Ay. Then the

equivalence relation || satisfies the following properties:

(A1) For every r € A, there exists a unique ' € Ay, with r || 7.

(A2) || is invariant under Aut(X), i.e., if 71 || 72, then a(r1) || a(rz) for all
a € Aut(X).

(A3) Ifri,ro are contained in a standard hyperbolic plane, then r1 || ro if and
only if they are asymptotic in the hyperbolic sense.

(A4) If ri,re are contained in a common maximal flat F', then r1 || ro if and
only if they are asymptotic in the Euclidean sense.

Proof. (A1) This is immediate from the fact that |t | is a bijection.
(A2) If rq || r2, then there is a § € [Alg such that r1 = [¢|(2,§) and 72 =
[t|(y, ). Since |¢| is Aut(X)-equivariant one thus has

a(ry) = a(lel(z,€)) = |d|(a(z), a(§))
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and

a(rz) = a(|tl(y, €)) = tl(aly), a(§)),
which implies a(r1) || a(rz).

(A3) By (A2) it suffices to prove the statement under the assumption that 7
and 7y are contained in H%j) for some j =1,...,n. One can identify H%j) with
the upper half-plane model H? of the hyperbolic plane in such a way that the
base point o gets identified with ¢. Furthermore, one can identify the image
15 (HE;)) C |Alg with RU {oo} in such a way that L;1|H%_> identifies geodesics
in H%j) emanating from o with the endpoint of the corresp(J)nding geodesic in H?
in RU {co}.

Fix this identification and work in the upper half plane model from now on.
If =i+ )\ € H? for some A € R, then an automorphism of H? mapping o
to = is given by 7y : z — z + A. This automorphism is induced by an element
of the corresponding rank one subgroup G;, and hence extends to X. Given
r € Ay, by (26) one has |i,| "1 (r) = (Ta o |to] "t o 75 1)(r). In other words,
;1 (r) is obtained by translating r by A to the left, taking the endpoint and
then shifting it by A to the right. This, however, is the same as just taking the
endpoint of r since this is the case for vertical geodesic rays emanating from x
and the construction is equivariant with respect to the point stabilizer of x in
the automorphism group. One deduces that r € A,H is asymptotic to r’ € A,
if and only if 7 and 7’ have the same endpoint. Since every pair of points in H?>
can be mapped by an automorphism of H? to (i,i + \) for a suitable A\, and
since any such automorphism extends to an automorphism of X, one deduces
that our notion of asymptoticity restricts to usual hyperbolic asymptoticity
on Hp. _

(A4) In view of (A2) one may assume that F' = A is the standard maximal
flat in the group model and that x = 0. Let & be the unique oriented geodesic
segment from o to y and let 7 := ¢[&] be the parallel transport along &. Then 7
acts on F as a Euclidean translation. By (26) one has a commuting diagram

(29) A, ————= A,

A fo

Alg ——— |Als

Now the map 7 : |Alg — |Alg is given by an element of the maximal torus
T C A, which fixes pointwise the realization of the apartment corresponding
to A. Thus if one denotes by A,(A), respectively A, (A), the subsets of A,
and A, consisting of causal or anti-causal rays in A, then one has a commuting
diagram

A, (4) . Ay (4)

DN A

Al
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This shows that the restriction of |t 4| to Ay (A) is induced by 7, i.e., o € Ay(A)

is parallel to r, € A, (A) if and only if r, is obtained from r, by a Euclidean
translation, i.e., r, is parallel to r, in the Euclidean sense. O

One can also describe the equivalence relation || in group-theoretic terms.
For this we introduce some notations concerning parabolic subgroups of G.
Given an element £ € |Alg, we denote by P the stabilizer of { in Ad(G)
and by supp(§{) € A the smallest open cell containing {. Then P is the
stabilizer of supp(§) in A, whence a parabolic subgroup, and in particular
acts transitively on X by the Iwasawa decomposition. Depending on whether
€ e|At]or € |Al7, we call the parabolic Pe a positive or a negative parabolic.
By [52, Thm. 6.4.1] every parabolic subgroup P splits as a semi-direct product
Pe = M¢xUg, where M is a Levi factor and Ug is generated by the appropriate
positive root subgroups. Given a point # € X and ¢ € |Alg, we refer to the
orbit He(z) := Ue.x as the horosphere with center ¢ through z, and we call
the horosphere positive or negative according to whether & € |A%].

Proposition 7.37. Let v € X, let 1, € A, and let & = |i| 7 (ry) € |Alg-
Then r € A, is asymptotic to v if and only if there exvists p € P¢ such that
=Py

Proof. Let y € X, denote by K, the stabilizer of y in G, and let g € G with
g.x =y. Then g.r, € A, and
|Ly|71(g.r$) = |ng|71(9~7aw) = 9'|Lw|71(rw) =g¢.
Recall that |Alg was defined as a certain quotient of A x Pyg) on which G acts
only on the first factor; there thus exist C,C" € A and p € Py(g) such that
& =1[(C,p)] and ¢g.£ = [(C’,p)]. Since K, acts transitively on A, there exists
k € K, such that k.C’ = C. If we define p := kg, then
p-& =k.(9:8) = k.[(C",p)] = [(k.C",p)] = [(C,p)] = ¢
and
pxr=k(gx)) =ky=y.
From the former we deduce that p € P¢, and from the latter we deduce that
|Ly|71(p.r$) = |Lp.w|71(p'rw) = |Lw|71(7aw) =&

Thus the unique ray r, € A, with r, || r, is given by r, = p.r. This shows
that the asymptoticity class of 7, is contained in P¢.r,. Conversely, if r = pr,
for some p € P¢ and y := p.x, then

|Ly|7l(7a) = [tpa| T (pra) = pilea] T (re) = pE =,
showing that 7 || r5. O

Remark 7.38. In conjunction with Lemma 7.32, Proposition 7.36 implies that
parallel classes of causal rays are orbits of positive parabolic subgroups, and
parallel classes of anti-causal rays are orbits of negative parabolic subgroups.
In particular, parallel classes of regular causal rays are orbits of positive Borel
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subgroups. Geometrically, this means that one can obtain all rays parallel to
a given regular causal ray r by translating r inside a flat and then sliding along
a suitable positive horosphere.

7.39. The causal boundary.

Definition 7.40. The space A := A,/ || of asymptoticity classes of causal
and anti-causal rays in X is called the causal boundary of Xq. Its subset

A =00/l

is called the future boundary of X, and the complement
Ay =20/

is called the past boundary of X

By Proposition 7.36 the Aut(X)-action on A, descends to an Aut(X)-action
on Ay, and similarly the subgroup Aut™ (') acts on the future and the past
boundary, whereas each point reflection swaps the two boundaries.

Corollary 7.41. (i) There exists a unique ideal polyhedral structure on Ay
such that for every x € X the map

gpw:Aw%A.—)A”

is a geometric isomorphism.

(i) The group Aut(X) acts on A| by geometric automorphisms with respect
to this structure.

(iii) The ideal polyhedral complex A is Aut(X q)-equivariantly geometrically
isomorphic to the a-realization |Alg of the twin building A. In particular,
it is combinatorially isomorphic to the Davis realization |A|pavis and an
ideal polyhedral geometric realization of the chamber system A.

(iv) Every automorphism of X is uniquely determined by the induced combi-
natorial automorphism of the causal boundary.

Proof. Given z,y € X, we consider the diagram

AzHAo

2N

|Alz ltay] Ay,

Nt S

Ay ——A,

where the horizontal maps are the canonical inclusions and the final maps are
the canonical quotient maps. We observe that the diagram commutes since
the left-hand side commutes by (27) and the right-hand side commutes by
definition of asymptoticity. In particular, the map ¢ 1= @, o |t| : |[Alg = 4
is independent of the choice of . Moreover, ¢ is a bijection by Property (A1)
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of Proposition 7.36. Since both |i,| and ¢, are Aut(X),-equivariant, so is the
map ¢ = @, o |iz|, and since the groups Aut(X), generate Aut(X), it follows
that ¢ is Aut(X')-equivariant.

The ideal polyhedral structure on |Alg defines an ideal polyhedral structure
on A by transport of structure via . Since |i,| is a geometric isomorphism for
every x € X, we conclude that also ¢, = |t,| "' o is a geometric isomorphism.
Since , is surjective, this implies (i), and since ¢ is Aut(X)-equivariant, we
deduce that (ii) and (iii) hold.

Unravelling definitions one now checks that the composition

Aut(?g) — Aut(AH) — Aut(A)

coincides with the inclusion Aut(Xg) = Aut(G) — Aut(A) given by Theo-
rem 6.12 and Proposition 6.4. This implies (iv) and finishes the proof. O

We have shown Theorems 1.15 and 1.16.
7.42. Causal curves and the causal pre-order.

Definition 7.43. A piecewise geodesic causal curve is defined as a causal curve
v :[S,T] — X with 0 < S < T < oo for which there exist S =ty <t; < -+ <
ty =T such that 7|y, 4,1 is a causal segment for every i =0,..., N — 1.
Given z,y € X, write 2 < y and say that x strictly causally precedes y if
there exists a piecewise geodesic causal curve v : [S, T] — X with v(S) = x and
~(T) =y. Write x < y if x < y or x = y and say that = causally precedes y.

By definition, < is a pre-order, i.e., a reflexive and transitive relation, called
the causal pre-order on X. Since the group Aut™(X) preserves the class of
piecewise geodesic causal curves, it also preserves the causal pre-order < in
the sense that

(30) r=<y = o) <aly) (r,yc X, acAut™(X)).

Definition 7.44. Let © € X. The strict causal future and strict causal past,
of = are respectively defined by

?:::{y€?|y>-a:} and X, ={yeX|y=<uz}.

Remark 7.45. If one denotes by gi C G the semigroups generated by A
(as defined in Section 7.2) and K, then ?ei is simply the S~ —orbit through e.
Note that, by definition,

_:l: > = TAn

S* = J(KALK)

n=1
and that A is a subsemigroup of G. Since S contains K, the semigroups i
can also be characterized as
§+={g€§|ejg.e} and S ={geG|ge=e}.
K.

In particular, < is a partial order if and only if STNS =
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Proposition 7.46. Ezxactly one of the following two options holds in X :
(i) = is a partial order and S'nS =K.

(i) g<xh=<gforalghecX and ST =5 =3.

Proof. Obviously, the two conditions are mutually exclusive. Assume that (i)

fails, i.e., that < is not anti-symmetric. By G-invariance one then finds x € X
such that

e<x<e.
By definition, this means that there exist points x1,...,Zn =, Y1,.. ., Yn =Y
and causal geodesic segments from e to 1, 1 to za, ..., Tp—1 to x, and x,, to
Y1y - -5 Yn—1 10 Y and y, to e. In particular, y < e is contained in a common

flat F' with e and the geodesic ray in F' emanating from y and through e is
causal. Since K acts transitively on flats through e, there exists k € K which
maps F to the standard flat A K. Then z := k.y has the following properties:
Firstly, since y < e < y and k.e = e, one has

z<e=<2z

Moreover, z lies in A and the geodesic ray emanating from e through z is anti-
causal. In other words, z = exp(—X) for some X € C°. Now consider parallel
transport 7 along the geodesic segment from e to z. One has 7(exp(—nX)) =
exp(—(n +1)X) for all n > 0. Therefore, e < z implies that for all n > 0,

exp(—nX) =71"(e) < 7"(2) = exp(—(n + 1)X).
Thus transitivity of < yields
e <exp(—nX) foralln>1,

and thus
—+ —+
Xe o U Cexp(—nX)'
n>1

In particular,

X NAK S (J(Copnx) NAK) D | exp(C? - nX)K
n>1 n>1
= eXp ( U CO - nX ?
n>1
=exp(a)K
=AK,

ie, AK C X, ={z € X |z > e}. Since
= U (KALK)"={geG|ger e},

n=1

§+
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the semigroup S" contains 4 and K. It therefore contains each of the finite
products K AK --- AK. Proposition 5.14 implies X, = X, i.e., z = e for all
x € X, and thus (ii) holds. O

We have shown Proposition 1.17.

APPENDIX A. COMPLEX KAC-MOODY ALGEBRAS AND THEIR WEYL
GROUPS

A.1. Ideal polyhedral complexes associated with Coxeter systems.
Recall that a Cozxeter system is a pair (W,S) consisting of a group W and
a (finite) generating system S = {r,...,r,} such that

W= {(ri,...,rn | 7‘? =1, (rir;)™9 =1)

for suitable (m;;);; C Z U {oco} is a presentation of W by generators and
relations. The matrix M = (m;;); ; is called the Cozeter matriz of the Coxeter
system (W, S). The group W is then called a Cozeter group. Finite Coxeter
groups are also called spherical Coxeter groups.

With each Coxeter system one can associate certain canonical ideal polyhe-
dral complexes; concerning such complexes and the underlying posets, we will
use the language and notation from Subsection 7.16.

If T C S is a subset, then Wy := (T) < W is called a standard parabolic
subgroup of W, and any conjugate of a standard parabolic subgroup is called
a parabolic subgroup of W. Given a Coxeter system (W,S), we denote by
YT (W, S) the poset of all left-cosets of standard parabolic subgroups of W,
ordered by reverse inclusion, and set X(W,S) := X+(W,S) \ {W}. Then
3(W,S) is a simplicial poset, called the Cozeter poset of (W, S), and its aug-
mentation LT (W, S) is called the augmented Coxzeter poset. The geometric
realization |X(W,S)| of (W, S) is called the Coxeter complex of (W, S); the
cone | ST (W, S)| over |X(W, S)| is called the augmented Cozeter complex.

The comaximal elements in (W, S) and X1 (W, S) are of the form o = w(s)
for some w € W and s € S, and if we color each coset of (s) by s, then we obtain
canonical colorings of (W, S) and X+ (W,S) by S. The group W acts on
Y(W,S) and ¥ (W, S), and this action is both order- and coloring-preserving.
Similarly, W acts cellularly on |X(W,S)| and |X+(W,S)|, preserving the
coloring.

By definition, the Coxeter complex is a simplicial realization of X (W, S);
however, it is sometimes convenient to work with non-simplicial realizations.

Example A.2. For 1 <i < n, given
"1
i€ (NU 1 ith — -2,
m; € ( {oo})\ {1} wi ;mi<n

there exists a (possibly ideal) hyperbolic n-gon embedded in the Poincaré disc
with interior angles ;7. According to Poincaré’s theorem (see [11, Thm. 6.4.3]),
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the hyperbolic reflections in the sides of the hyperbolic polygon generate a Cox-
eter group W, called a hyperbolic n-gon group. The W-translates of the closure
of the hyperbolic polygon in the closed disc provide a polyhedral realization
of (W, S). For n > 4 this realization certainly is not simplicial, and its
dimension is always 2 (and hence smaller than the dimension of |X(W, S)|).

In the previous example, it is natural to consider also the ideal polyhedral
complex obtained by removing ideal vertices, i.e., intersecting all cells with
the open disc, since this ideal polyhedral complex admits a CAT(-1) metric.
The search for CAT(0)-realizations of Coxeter complexes led Moussong in his
thesis [47] to consider the following subposets of the extended Coxeter complex.

Definition A.3. The augmented Davis—Moussong poset of the colored sub-
poset E:ph(VV, S) of LT (W,S) consists of all cosets of spherical parabolic
subgroups, and we define the Davis—Moussong poset

Son (W, 5) == S5, (W.9)\ {W} C Z(W, S).

sph

Note that if W is spherical, then E;;h(W, S) = Zepn(W, S)T; otherwise we
have X7, (W, S) = Sqn (W, S).

Remark A.4. The Davis-Moussong poset Ygpn(W,S) and its augmentation
E:ph(W, S) have the same underlying chamber system as the Coxeter poset
Y (W,S). By [1, Prop. A.20], the Coxeter poset can be recovered from this
chamber system as the residue poset. This implies that every automorphism
of the chamber system, and in particular every automorphisms of the Davis—

Moussong poset extends to an automorphism of the Coxeter poset.

Moussong has established in his thesis that the augmented Davis—Moussong
poset always admits a CAT(0)-realization (cp. [47] and [11, Ch. 12]). A variant
of this construction was later given by Krammer in his thesis [37, Appendix B].
Krammer’s construction is based on the notion of a root basis [37, Def. 1.2.1],
which we briefly recall.

Definition A.5. A triple (E, (—|—),II) is called a root basis if E is a real
vector space, (—|—) is a symmetric bilinear form on E and II C E is a finite
set such that the following hold:

(i) For every & € II one has (§[¢) = 1.
(ii) For any pair of distinct &1,&2 € II one has

(§11€2) € {—cos(m/m) | m € N} U (—o0, —1].
(iii) There exists A € E* such that A(§) > 0 for all £ € II.

Lemma A.6. Let (E,(—|—),II) be a root basis. Then 0 is not contained in
the set

{Z)‘5§|)‘5 >0 for all £ €11, and)\gsé()forsomefeﬂ}.
£ell
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Proof. Any A € E* satisfies
A(S0) = S0
genn gen

If the \¢ are nonnegative with at least one positive and A is as in Defini-
tion A.5 (iii), then the hypothesis A(§) > 0 for all £ € II implies that the right-
hand side of this equality is greater than 0, which by linearity of A implies that
the linear combination on the left-hand side is different from zero. |

Remark A.7. The preceding lemma implies that a root basis in the sense of
Definition A.5 is also a root basis in the sense of [29, Def. 2.1].

The relation to Coxeter groups is as follows.

Proposition A.8 (cp. [37, Thm. 1.2.2]). Let (E, (—|—),II) be a root basis, for
each & € II define s¢ € GL(E) via
se(v) = v —2(£Jv)¢,

let S :={s¢ | £ €11}, and let W := (S) < GL(E). Then (W, S) is a Cozeter
system and W < O(E, (—|-)) is a discrete subgroup. O

In the situation of Proposition A.8 we say that (E, (—|—),II) is a root basis
for the Coxeter system (W, S). The following example shows that every Coxeter
group admits a root basis.

Example A.9. Let (W,S) be a Coxeter group with Coxeter system S =

{r1,...,mn} and with Coxeter matrix (m;;)i1<i j<n. Then the classical root
basis given by E = R", II = {e1,...,e,} and (e; | e;) = —cos(m/m;;) if
m;; < 0o, and (e; | ;) = —1 if m;; = 00, is a root basis for (W, S).

In the case of the classical root basis, II is a basis of E. In general, we do
not assume that I is linearly independent, and we explicitly allow (—|—) to be
degenerate. From now on, (W, S) denotes a Coxeter system and (E, (—|—),II)
denotes a root basis for (W,S). For I C II we defined a subset of the dual
space E* of E by

Ci={pePE"|Vael: pla)=0)and (Va €II\I: p(a) > 0)}.
We say that I C Il is facial if C; # @. The set
cr= || o
ICII facial

is called the closed fundamental chamber of the given root basis; it has dense
interior given by Int(C*) = C}. The group W acts on E* by the dual action,
ie., wo(r) = p(w l.x), and we refer to the translates w.C* of the closed
fundamental chambers (respectively their interiors) as closed (resp. open) Tits
chambers; the union
¢ = |J wor cpr
weW
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of the closed Tits chambers is called the dual Tits cone of the root bases. By
[37, Thm. 1.2.2] the dual Tits cone is naturally a polyhedral complex whose
cells are given by the subsets of the form w.C} with w € W and I C 1I. Note,
however, that the weak-topology on C* is finer than the subspace topology
from E* and that C* is not closed in E*.

If we identify II with S by identifying « € IT with the corresponding reflec-
tions 7, then the stabilizer of x € w.C} is given by the parabolic subgroup
wWrw™t. Tts underlying poset is the subposet i (W,S) C (W, S) con-
sisting of those wW7j for which I is facial.

Proposition A.10 ([37, Cor. 2.2.5]). The interior Int(C*) of the dual Tits
cone is the union of the cells w.Cy such that Wy is spherical. In particular, the
interior of the dual Tits cone is a realization of the augmented Davis—Moussong
poset (W, S). O

sph

Remark A.11. As explained in [37], the interior of the dual Tits cone has
several advantages over the full dual Tits cone. Firstly, it is open by definition,
whereas the dual Tits cone is neither open nor closed in general. Secondly, the
W-action on Int(C*) is proper, whereas the action on C* is in general not
proper. Thirdly, the interior of the dual Tits cone admits a CAT(0) metric
(namely, the Moussong metric). Finally, while the subspace topology of C*
is finer than the weak topology in general, the subspace topology on Int(C*)
actually coincides with the weak topology.

From the dual Tits cone we can also construct a realization of the (non-
augmented) Davis—-Moussong poset Xgpn (W, .S) by passing to the link complex
as in Remark 7.19.

Corollary A.12. Let W be non-spherical. If C* is the dual Tits cone of
a root basis (E,(—|—),I) for (W,S), then the link complex S(Int(C*)) is an
ideal polyhedral realization of the Davis—-Moussong poset Lgpn(W, S). (]

A.13. Complex Kac—Moody algebras. Throughout this appendix let A
be an irreducible generalized Cartan matrix in the sense of Definition 3.4 (see
also [30, §1.1]). We will mostly be interested in the case where A is neither of
spherical nor of affine type, and starting from Subsection A.22 we will have to
assume that A is symmetrizable. However, for the moment no such assump-
tions are necessary.

One can associate to A several complex Lie algebras as follows: In [30, §1.3]
Kac defines a quadruple

(31) (9(A), h(A), IL IT)

consisting of a complex Lie algebra g(A), an abelian subalgebra h(A) and
finite subsets IT = {a4,...,a,} C h(A)* and IT = (&1,...,d,) C h(A) called
simple roots and simple coroots, respectively. A useful characterization of
this quadruple (g(A),h(A),TI, ) is given in [30, Prop. 1.4]. In the present
article g(A) is called the complex Kac-Moody algebra associated with A. If
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one denotes by

A= {a € gZai ga # {0}}

the set of h(A)-roots in g(A), then by [30, (1.3.1)] one has the root space
decomposition

(32) g(A) = @ Ja-
aEA

Denote by g; < g(A) the complex subalgebra generated by the root spaces gq,
and g_,,. By [30, (1.3.3), (1.4.1), (1.4.2)] one has

9 = <g0tivgfai> = 5[(2, (C)
Given I C {1,...,n}, define

gri=(giliel)

and call g; a standard rank |I| subalgebra of g(A).
The main object of interest in this appendix is the derived subalgebra

(33) g:=[9(A),g(A)] <g(A),

which is called the derived complex Kac—Moody algebra associated with A. It
is denoted by g'(A) in [30, §1.3]. The Lie algebra g contains all the standard
rank one subalgebras, as sl(2,C) is perfect, and in fact is generated by these
by [30, Prop. 1.4]. The intersection

(34) h:=h(A)ng=) Ca,
=1

is given by the complex span of the simple coroots; see [30, §1.3] (where it is
denoted by ). By [30, Prop. 1.6] the Lie algebra b contains the center of g(A)
and of g, which is given by

(35)  3(a(A)) =3(g) =c:={heb(A)|Vi=1,...,n: a;(h) =0}
The third Lie algebra of interest in this appendix is the quotient

called the adjoint complex Kac—Moody algebra associated with A. Since s[(2, C)
is simple, the standard rank one subalgebras g; embed into g and so do in fact
all root spaces g, for a # 0, from (32), whereas the image of gg = h in g is
given by b :=h/c.

If A is of size n x n and of rank [, then the complex dimensions of the
abelian subalgebras are given by

(36) dime h(A) =2n— 1, dimch=n, dimch=1,

cp. [30, (1.1.3), resp. §1.3, resp. Prop. 1.6]. In particular, on one hand one has
the following observation.
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Observation A.14. Let A be an invertible generalized Cartan matrix. Then
g(A)=g=7.
On the other hand, the following example illustrates the differences between

the Lie algebras g(A), g and g for an irreducible generalized Cartan matrix of
affine type.

Example A.15. Let A be an irreducible generalized Cartan matrix of affine
type and denote by g the finite-dimensional simple Lie algebra associated with
the corresponding Cartan matrix of finite type. Then in the notation of [30,
Ch. 7] the Lie algebra

g="L(g)
is the loop algebra of g, whereas
g=L(g) ®CK
is a one-dimensional central extension of the loop algebra and
g(A) = L(g) ®CK & Cd
for a certain derivation d. The complex dimensions of h(A), h and b are given
by 1k(g) + 2, rk(g) + 1 and rk(g), respectively.

For a symmetrizable generalized Cartan matrix A as defined in [30, §2.1]
(see also Definition 3.4) the Gabber—Kac Theorem provides a very efficient way
of defining the derived Kac—Moody algebra g.

Theorem A.16 (Gabber-Kac Theorem). Let A = (a;j)i<i j<n be a sym-
metrizable generalized Cartan matriz of size n X n. Then the derived complex
Kac—Moody algebra g is isomorphic to the quotient of the free complex Lie
algebra on 3n generators e;, fi, h;, 1 <1i <mn, modulo the following relations:

[hihi] =0, e, fil =hiy e, ] =0 (i #)),
[hisej] = agges,  [ha fi] = —aij fj,
(ade))' ™ %e; =0 (i#7),  (ade)' ™ f;=0 (i #j),
via the homomorphism that maps h; to &; and transforms a;; into o;(d&;).

In particular, g is the colimit of the amalgam of Lie algebras consisting of
its standard subalgebras g;, i ; of rank one and two.

Proof. See [17], [30, Thm. 9.11] plus [30, Rem. 1.5]. O

The presentation of g from the preceding theorem is called the Gabber-Kac
presentation. Of course, one obtains a presentation of g by adding the elements
of ¢ as relators to the Gabber—Kac presentation.

Notation A.17. Since h = Y " | Cd,, one can define a real form a of h by
setting

a := spang(dq, ..., 0p).
Dually, also define a subspace V' C h(A)* by
V = spang(a1,...,qn).

Miinster Journal of Mathematics VoL. 13 (2020), 1-114



100 WALTER FREYN, ToB1AS HARTNICK, MAX HORN, AND RALF KOHL

Then the image of a under the canonical projection h — b defines a real form
of h which is denoted by @. One then has the following commutative diagram,
where all maps are the obvious inclusions/projections, respectively their dual
maps:

(37) h(A) hA)" <—V

Iéh j 7 g (V)
g

(G E, [ — h.
All of these maps are linear (over R and C, respectively) and injective/surjec-
tive as indicated by the arrows. The dual maps ¢* and j* are defined by
considering ¢ and j as linear maps between real vector spaces.

A.18. The Weyl group, its Coxeter system and its Kac—-Moody rep-
resentation.

Definition A.19. Following [30, §3.7]), given i € {1,...,n}, define r,, €
GL(h(A)") by

(38) Tai ()\) = )\ — )\(di)ai;
dually, define 7o, € GL(h(A)) by
(39) f‘m (h) =h— ai(h)di.

The groups W := (o, ..., Ta,) < GL(H(A)) and (ra,,...,7rq,) < GL(H(A)*)
are canonically isomorphic via 7y, + 74, ; the group W is called the Weyl group
associated with the generalized Cartan matrix A.

For S := {ray,...,7a, } the pair (W, S) is a Coxeter system by [30, §3.13].
According to [30, Prop. 3.13] (see also Definition 3.4), its Coxeter matrix
M = (my;); ; is given by my; = 1 and m;; for i # j by

2, aijaji = 0,
3, aijaji = 1,
mi; = 4, QA5 = 2,
6, QijQ5; = 3,
o0, GGy 2 4;
recall here from [30, (1.1.2)] that a;; = o ().

The action of the Weyl group W on h(A)* defined in (38) preserves the
set A of h(A)-roots in g(A), and the elements of & = W.II C A are called
the real roots of g(A). To a real root a = w.a; € &, w € W, corresponds the

root reflection ¥y := wi,,w™1 € W, which depends only on «; see [30, proof
of Lemma 3.10].
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The tuple (W, S, ®,1I) is called the Cozeter datum associated with the gen-
eralized Cartan matrix A. Note that the Coxeter datum determines uniquely
a system ®+ C @ of positive roots by demanding that ®* contains II.

With the notation introduced in Notation A.17 one has the following result.

Proposition A.20. (i) The action of the Weyl group W defined in (39)
stabilizes the complex subalgebra h < H(A) and its real form a, acts
trivially on ¢ and thus induces actions of W on b and .

(ii) The action of the Weyl group W defined in (38) stabilizes the real sub-
space V- < h(A)*.
(iii) The map j* induces an isomorphism
(V) St @).
(iv) The action of the Weyl group W from assertion (ii) acts trivially on
ker(v*) and, thus, induces an action of W on w*(a*) = 1&(V) and, by
transport of structure, on a*.

Proof. Tt is immediate from (38) and (39) that each r,, maps simple roots
to R-linear combinations of simple roots and each 7, maps simple coroots to
R-linear combinations of simple coroots. Moreover, each r,, acts trivially on ¢
by (35) and (39). Assertions (i) and (ii) follow.

In order to prove (iii) recall from (36) that the quotient @ has R-dimension
I, and so do @* and 7*(@*). For each h € ¢N a one has

(¢"(ci))(h) = (ai o) (h) = (ai)a(h) = 0.
That is, each " (;) = |4 in fact is of the form 7*(@;) = @; o7 for a uniquely
determined @; € @*; in other words, ¢*(a;) € 7*(@"). Since V equals the
R-span of the simple roots aq,...,a,, the image *(V') equals the R-span of
the images t*(1), ..., t* (). In particular, *(V) < 7*(@*).

Since a is the R-span of the simple coroots &g, ..., d&,, the R-dimension
of the image ¢*(V') equals the rank of the generalized Cartan matrix A, i.e.,
dimg (¢*(V)) = I. One concludes 7*(a*) = *(V).

In order to prove (iv), observe that A € ker(:*) if and only if for each
1 < i < n one has A(&;) = 0. Therefore, for any A € ker(+*) one has rq, (\) =
A — Mcy)a; = X by (38); that is, W acts trivially on ker(¢*). O
Definition A.21. The real representations

prMm W — GL(a) and Py W — GL(@)
discussed in Proposition A.20 are called the Kac—Moody representation of W
and the reduced Kac—Moody representation of W, respectively. The real rep-
resentation
W — GL(a")
is called the dual reduced Kac—Moody representation.

Note that the Kac-Moody representation of W depends on the generalized
Cartan matrix A and not just on the Coxeter system (W,S) (or the Coxeter
matrix M), hence the name.
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A.22. Existence of root bases for Weyl groups and symmetrizability.
In general, given an irreducible generalized Cartan matrix A, one cannot find
a root basis for pg (W) in a or for pg (W) in a. For instance, if A is not
symmetrizable, then by [38, Ex. 1.5E(2)] (also [30, §2.10, Ex. 2.3]) there simply
does not exist a suitable pg pr(W)-invariant bilinear form on a. We will see in
this section that non-symmetrizability actually is the only obstruction for the
existence of a root basis in a. The case of the quotient @ is a bit more subtle;
however, if one excludes the affine case, it is also possible to construct a root
basis for W in @, as we will discuss below.

For a symmetrizable generalized Cartan matrix A and a diagonal matrix
D = diag(e1, . ..,e,) with positive entries such that D1 A = (b;;) is symmet-
ric, following [30, (2.1.4)], one defines an invariant symmetric bilinear form
on a via

(Ovzl|0vzj) = bijéiéj.

Note that b;;e; = a;; = 2, whence

(40) faj (dz) = ; — Ozj (di)@j

=& — 2bij_igj iy
75€;
NGO
(Glaz)
i.e., 7a;|a is the (—|—)-orthogonal reflection associated with d;, in particular

(—|—) is invariant under the action of W on a.
Define the normalized coroots by

&, 1

U = 7 =

— ay
(ajla;)z  /2¢5

and set TT,,o, 1= {N1, ..., ip .
Following [30, (2.1.6)], one dually defines an invariant symmetric bilinear
form on V via

s
(ailay) := by = EL:
As above one computes
(38) .
(41) Taj (041) = ; — Oéi(Oéj)OZj = ; — CljiOZj

= Q; — bjiEjOéj
= ; — Zﬂozj
Qjj
(ajai)
(ajloy)

i 3
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Define the normalized roots by

(o7 €j
ng = X T = \/—Jo‘j
(ajlay)r V2
and set oy := {n1,..., 70}
Proposition A.23. Let A be a symmetrizable irreducible generalized Cartan
matriz and let (W, S) be the associated Coxeter system (cp. Proposition A.8).
Then the triples

(a, (—=[=)s 1:Inor) and (V,(=]=);lnor)
are root bases for (W,S). If A is non-affine, then also their images
(m(a) =, (=|-)/ ker(r), 7(ILnor)),
(r* (@) = (V), (=[=)/ ker(+"), " (Tnor))
are root bases for (W, S).

Proof. One computes

(i) = (it =) = o (ala) = b ausi=1
Nini) =\ —7ma=%|—F7m==% | = 5 \Qi|Q;) = J—0ii€i& = 5— Qi€ =
V2 A/2¢; 2e; 2e; 2e;

and

o 1,1 1
(m|n]) = (ﬁaJ\/T?jO@) = %(ai|0j)

155
:——ai-
2 Ei J
1 Aj4
D) aij|a”|
1
= 3V
Moreover,
() = (Yol Y a,) = Zadar) = 1
VAN AV
and
\/57 \/6— \/Ei€i
(ulny) = (el 2o ) = Y5 (aslay)
1 V&
= — aij
PG
= 2 [ %y
=2\ ay
1

= —5‘/aijaji.

€ {—cos(m/m) | m € N}U]—o0,—1]. Alto-
(—|—), Myor) satisfy axioms (i) and (ii) of the

It follows that (72;|7;), (ni|n,

)
gether, (a, (—|—), o) and (V,
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definition of a root basis. Linear independence of II,o, and Il further-
more imply axiom (iii). Thus (a, (—|=), o) and (V, (—|=), o) are root
bases, and in view of Proposition A.8 it follows from the explicit formulas (40)
and (41) that the corresponding Coxeter systems are isomorphic to (W, .S).
Equation (40) moreover implies that the radical of the invariant bilinear
form on a equals ker(7) = ¢Na (see also [30, Lem. 2.1]). Equation (41) implies
that the radical of the invariant bilinear form on V' equals ker(¢*), as for any
A € ker(¢*) one has 74, (\) = A — A\(&;)a; = X and dimg ker(c*) = n—1, where [
is the rank of A. Thus if A is non-affine, then [37, Prop. 6.1.3] applies, and the
images of (a, (—|=), o) and (V, (—=|—),Ihe:) on @ and ¢*(V) are root bases
as well, for the same Coxeter system. g

Note that the bilinear form (—|—)/ker(w) on @ is always non-degenerate
since the radical of the invariant bilinear form on a equals

ker(m) =cna<{heh(A)|Vi=1,...,n: a;(h) = 0}.

In the sequel we will usually denote the bilinear form (—|—)/ ker(n) on @ simply
by (—|—), unless we want to distinguish it explicitly from the form (—|—) on a.
We will also write 0; := Dy (Ta, ) for the Coxeter generators of Py, (W).

Corollary A.24. If A is irreducible, symmetrizable and non-affine, then

(@, (—|=), 7(Ilhor)) is a root basis for the Coxeter system

(ﬁKM(W)ﬂ {017 SRR GTL}) = (VVv S)
and the reduced Kac—Moody representation pyp, : W — GL(a) is faithful. O

Note that the statement of the corollary does not hold in the affine case.
Here the image 5y, (W) is just the canonical finite quotient of W given by
the underlying spherical Coxeter diagram, and thus the reduced Kac-Moody
representation is not faithful.

A.25. The unreduced and reduced Tits cone. From now on we will always
assume that our irreducible generalized Cartan matrix A is symmetrizable.
As before we denote by (W, S) the associated Coxeter system. By Proposi-
tion A.23 we then have a root basis for (W, ) given by (a, (—|—), Iu0r). We
refer to the associated dual Tits cone C* C a* as the unreduced dual Tits cone
of A. Explicitly, the fundamental chamber of the unreduced dual Tits cone is
given by

C*:={peca"|p)>0forl<i<n}
={pea"|p(®)>0for1 <i<n}cCa".

If A is non-affine, then Proposition A.23 also provides another root basis

for (W, S), given by (@, (—|—), 7(Ilor)), where 7w : @ — @ denotes the canonical
projection as before. If A is affine, then (@, (—|—), 7(Ilyor)) is still a root basis,
but the associated Coxeter system is no longer (W, S), but rather the underly-

ing spherical Coxeter system. Either way we refer to the associated dual Tits
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cone C C @ as the reduced dual Tits cone of A. Explicitly, the fundamental
chamber of the reduced dual Tits cone is given by

C ={ped | pr())>0for 1 <i<n}
={pea | p(r(q;))>0for 1 <i<n}cCa"

Note that the form (—|—) on @ is non-degenerate and W-invariant; it induces
a W-equivariant linear isomorphism @ — @* by v — (v|—). We denote by C
and C respectively the preimages of C. and C under this linear isomorphism,
which we call the reduced Tits cone of A, respectively its fundamental chamber.
By definition,

C={veal|(v|r(n;))>0for 1 <i<n} and C=W.C.
To describe these sets more explicitly, we observe the following.

Lemma A.26. If A is symmetrizable, then the linear map
@ (m(a) =1, (=|—)/ ker(m), 7(Tnor))
— (" (@) = (V), (=|-)/ ker(¢"), " (o)),
m(fg) = " (ny)
is a well-defined isometry. Furthermore,
(m(na)|m(ny)) = (¢ (na)]e” (ny)) = n; (7).
Proof. Note that the family (7(72;))1<j<n is not necessarily linearly indepen-

dent and so, a priori, it is not even clear that there exists a linear map at all
such that m(7;) — ¢*(n;). However, there certainly exists a linear map

¢ (a, (_|_)7ﬁnor) = (V. (=[=); nor),
’ij =g,
By the computation in the proof of Proposition A.23 one has
SN Ve 1VE
(o)) = (rulny) = 5 ¥ 2asy = 5 ¥ 203 (60) = ).
By that proof, moreover, ker(7) equals the radical of the bilinear form on a and

ker(:*) equals the radical of the bilinear form on V, so that factoring out the
respective radicals induces the desired isometry between 7(a) and *(V). O

Now every element v € @ can be written as v = ) v;m(7;) for some v; € R,
and since by Lemma A.26

m(n;)|v) = Zvj m(n;)|m(ng)) ZUJL n(m =1"n;(v),

we have (7(7;)|—) = ¢*n;, and thus
C={vealit'nv)>0for1<i<n}={vealiav)>0forl<i<n},
and hence we have C' = 7(C), where

C={vea|a(v)>0forl<i<n}.

Miinster Journal of Mathematics VoL. 13 (2020), 1-114



106 WALTER FREYN, ToB1AS HARTNICK, MAX HORN, AND RALF KOHL

Since 7 : a — @ is W-equivariant, we thus have C =7(C), where C =, ey w.C.
The set C C a is precisely the intersection of a with the set which Kac calls
the Tits cone in [30, §3.12]; we will refer to it as the unreduced Tits cone. To
summarize, our reduced Tits cone is the projection to @ of the intersection of
Tits cone (in the sense of Kac) with a, and it is geometrically isomorphic to the
dual Tits cone (in the sense of Krammer) of the root basis (a, (—|—), Mnor). If
A is non-affine, then the latter is a root basis for (I, S), and hence Proposition
A.10 and Corollary A.12 imply the following corollary.

Corollary A.27. Assume A is of non-spherical and non-affine type. Then the
interior Int(C) of the reduced Tits cone is an ideal polyhedral realization of the
augmented Davis—Moussong poset E;’;h(W, S), and its link complex S(Int(C))
is an ideal polyhedral realization of the Davis—Moussong poset Ygpn (W, S). In
particular, both have the same underlying chamber system which is isomorphic

to the chamber system of the Cozeter complex |S(W,S)|. O

We close this subsection by discussing various alternative descriptions of the
reduced and unreduced Tits cone. These descriptions apply both in the affine
and the non-affine case (although the reduced Tits cone is less interesting in
the affine case).

Firstly, since every simple root reflection turns precisely one positive root
negative, the unreduced Tits cone can be characterized by

(42) C={X€a|aX)>0 for almost all « € ®*};

cp. [30, Prop. 3.12(c)]. Since C = 7(C), this also yields a description of the
reduced Tits cone. Secondly, we can obtain a description of the reduced and
unreduced Tits cone in terms of the following hyperplane arrangements.

Definition A.28. Let o € ® be a real root. Then H, := ker(als) C a and
H, :=n(H,) C u are called the root hyperplanes of o in a and @, respectively.

Since «|q # 0 for all @ € ®, the subspaces H, are indeed hyperplanes, and
since by (35) one has

n
cNa= ﬂ H,,,
i=1
the subspaces H, are hyperplanes as well. By definition, H, and H, are
precisely the fixpoint sets of the roots reflections pgn(7e) and Py (7a)s
respectively. We refer to elements in the unions

a’"e = U H, and @& := U H,
acd acd

as singular points of a and @, respectively. Non-singular points are called
regular points and we write

a8 .= q \ asmg7 C™8 :—= C N a8
and

_ —\ —si —reg =

a:=a\a"e, C "~ :=Cna*e.
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Since the fundamental chamber is bounded by root hyperplanes, and the
arrangement of root hyperplanes is W-invariant by construction, we deduce
that the connected components of C*® and " are precisely the open cham-
bers of the respective Tits cones. We thus refer to these connected components
as open Tits chambers and to their closures as closed Tits chambers.

Note that the hyperplanes bounding the fundamental chamber are precisely
the root hyperplanes H,, corresponding to the simple roots. Thus if we fix
a chamber C, of |X(W,5)| and denote by H; the face of C, labelled by the
element 7,, € S, then we can restate Corollary A.27 as follows.

Corollary A.29. If A is of non-spherical and non-affine type, then there
is a unique incidence-preserving bijection @ between the set of chambers and
co-dimension 1 faces of the Coxeter complex |S(W, S)| and the set of chambers
and co-dimension one faces of the interior of the reduced Tits cone (respectively
its link complex) such that the following hold:

(i) © is P s (W)-equivariant and inclusion-preserving. L
(ii) @ maps the chamber C,, of [S(W,S)| to the fundamental chamber C' of C

(respectively to S(C)).
(iii) P(H;) = H,, (respectively B(H;) =S(Ha,))- O

A.30. Automorphisms of the unreduced and reduced Tits cone. Keep
the assumption that A be a symmetrizable irreducible generalized Coxeter
matrix with associated Coxeter system (W, S) and denote by ¥ := |S(W,9)|
the underlying Coxeter complex. We are interested in the group Aut(X) of
simplicial automorphisms of the Coxeter complex, which do not necessarily
preserve the coloring. Equivalently, one can think of Aut(X) as the automor-
phisms of the Cayley graph Cay(W,S) (not necessarily preserving the edge
coloring). Denote by Aut(W,S) < Aut(W) the subgroup of automorphisms
of W which preserve S as a set. This subgroup acts faithfully by automor-
phisms on the Cayley graph of (W, S) and thus Aut(W,S) < Aut(X). Also,
W acts by automorphisms on ¥ and thus can be considered as a subgroup of
Aut(X).

Lemma A.31 ([1, Remark 3.34 and Exercise 3.35]). The automorphism group
Aut(X) splits as a semi-direct product Aut(X) = W x Aut(W,S). Moreover,
Aut(W, S) is isomorphic to the group of automorphisms of the Coxeter diagram
of (W, S). O

Now assume that A is non-affine so that the reduced Kac—-Moody repre-
sentation pras @ W — GL(a) is faithful (Corollary A.24). Every diagram
automorphism « € Aut(W,S) then corresponds to a permutation of the walls
of the fundamental chamber which preserves angles, and any such permutation
can be realized by a unique linear map @ of the ambient vector space a. One
thus obtains a monomorphism

P Aut(X) =W x Aut(W, S) — GL(a)
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which maps each diagram automorphism o to @ and restricts to pg,, on W.
Refer to p as the canonical linear realization of Aut(X) over a. By construction,
this representation takes values in the group

GL(@,@%) i= {f € GL() | f(@") = &%)

of those linear automorphisms of @ which preserve the hyperplane arrange-
ment @8,

The semi-direct product Aut(X) = W x Aut(W, S) certainly also preserves
the non-degenerate symmetric bilinear form (—|—) on @ from Section A.22.
One concludes that the representation @ actually takes values in

O(@, "8 1= O(@, (—|—)) N GL(@, &"%).

Both the hyperplane arrangement and the bilinear form are also invariant
under — idg, which may or may not be contained in the image of 5. One can
thus extend the canonical linear realization to a homomorphism

7 Aut(S) x Z/2Z — O(a, T),

by letting the generator of Z/27Z act by —idg. One then has the following
rigidity result, which was pointed out to us by Bernhard Miihlherr.

Proposition A.32 (Mihlherr, personal communication). Let A be a non-
affine irreducible symmetrizable generalized Cartan matriz of size n x n with
n > 2, let (W,S) be the associated Cozeter system and let 3 be an associated
Cozeter complex. Then the canonical linear realization defines a surjective
homomorphism

7 Aut(Y) x Z/2Z — O(a, a"s).
If —idg & p(Aut(X)), then this map is an isomorphism.

Proof. Let ¢ € GL(@,a™8). First establish that ¢ normalizes W := 7 5, (W)
and that conjugation by ¢ preserves reflections in W. To this end, as before,
denote by
0i = Prp(Ta, )

the orthogonal reflection at the hyperplane H; := H,,. Recall that the hyper-
planes H1, ..., H, bound the fundamental chamber C eC.

Since the pair (W, {o1,...,0,}) is a Coxeter system, its conjugate

(W* {of,...,08})

by ¢ is also a Coxeter system. Each o} is a reflection because it has a 1-eigen-
space of codimension 1 and is of order 2. It follows that all reflections of the
Coxeter system (W*,{o¥,...,0¢}) act by reflections on @. These reflections
preserve a°"8 since ¢ does. Moreover, every hyperplane in @18 is the set of
fixed points of a unique reflection in W since ¢(a*"8) = @8, In particular,
for every ¢ = 1,...,n there is a unique reflection o¢; in W? with fixed-point
set H;.

Note that, by definition, &; exchanges i-adjacent Tits chambers. In partic-
ular, both ¢; and ¢; map the fundamental chamber C to its unique i-adjacent
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chamber. It follows that for i = 1,...,n the linear map 6;0; ' preserves the
hyperplane H; pointwise and the fundamental chamber C betw1se Since A
is irreducible with n > 2, the product &;0; ! therefore fixes a basis of @ and
henceg; = o; foralli=1,...,n. In partlcular, W = (54,...,0,) is a subgroup
of W”.

The reflections {51,...,5,} actually generate W*. Indeed, since W*
generated by reflections at certain hyperplanes H,, it will suffice to show
that W = (4,...,0,) contains reflections at all such hyperplanes. Since W
acts sharply transitively on the Coxeter complex of (W, S), it acts sharply
transitively on chambers in the reduced Tits cone. In particular, it contains
reflections at all hyperplanes in @8 which intersect the Tits cone. Since in
fact every wall in @8 intersects the Tits cone, one deduces that W = W~ .

That is, ¢ normalizes W. Moreover, ¢ maps fundamental reflections, and
thus arbitrary reflections, to reflections. If

p € 0@ @) = O(@, (~|-)/ ker(m)) N GL(@, &),

then by [29, Thm. 1.2] for any root basis II there exists w € W such that
o(IT) = £wll. (Note that this theorem applies by Remark A.7.)

One may thus assume that the automorphism @ of W induced by conjuga-
tion with ¢ stabilizes S and thus induces an automorphism « of 3. Then p(a)
agrees with ¢ up to Aidg for A € R\ {0}. Indeed, by definition, ¢ and p(«)
are both linear maps preserving the hyperplane arrangement @ and (since
every hyperplane intersects the Tits cone) they map each hyperplane in a8
to the same hyperplane. This is only possible if they are linear multiples
of one another, that is, if they coincide up to multiplication with +idg, by
orthogonality. O

Remark A.33. For an irreducible symmetrizable generalized Cartan matrix A
of size > 2 one has the following trichotomy concerning the isomorphy type of
O(a ahll’lg)
(i) If A is spherical, then C = @ and thus —idg € p(Aut(X)). In this case,
7 yields an isomorphism Aut(X) = O(a, a"8).
(i) If A is non-spherical and non-affine, then by (42) we have

CN(-C)={n(X)€a| X €a,a(X) =0 for almost all « € &} = {0},

Le., the reduced Tits cone and its negative only meet at their tips. The
action of p(Aut(X)) on @ preserves the two cones C and —C, whereas
— idg exchanges the two cones. In particular, p induces an isomorphism

Aut(X) x Z/27 = O(a, a*"8)

in this case.

(iii) If A is affine, then the action of W on @ is not faithful, and the W-module
a is given by the Kac-Moody representation of the underlying spher-
ical Coxeter system (W,,S,). In this case one thus has O(a,a*"8) =
Aut(3(W,, S,)) by (i).
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The proof of Proposition A.32 implies the following statement concerning
arbitrary linear automorphisms preserving the hyperplane complement a*"8.

Corollary A.34. Let A be a non-affine irreducible symmetrizable generalized
Cartan matriz of size nxn withn > 2, let (W, S) be the associated Cozeter sys-
tem and let ¥ be an associated Coxeter complex. Then every i € GL(a@, @)
can be written as ¢ = Ty oo = p o Ty, where A € R*, T\ is the homothety
x = Ax and ¢ € p(Aut(X)) is induced by an automorphism of X. O

A.35. The canonical homothety class of bilinear forms of (@,@*"e).
We keep the notation of the previous subsection. The bilinear form (—|—)
on a is non-degenerate and invariant under the reduced Kac-Moody repre-
sentation of the Weyl group. Moreover, reflections of the Weyl group act by
reflections along the hyperplanes contained in @8 with respect to this bilinear
form. Certainly, any nonzero multiple of this invariant form also satisfies these
properties. The following proposition states that this actually characterizes
this homothety class of bilinear forms.

Proposition A.36. Let (W, S) be a non-spherical non-affine irreducible Cox-
eter system, let @ be the W-module afforded by the reduced Kac—Moody
representation and let b : @ x @ — R be a nondegenerate symmetric bilin-
ear form with the property that the reflections of the Weyl group act on a as
b-orthogonal maps. Then b is a multiple of the bilinear form (—|—).

Proof. Let s € S and let o0, € W be a simple reflection. Then by hypothe-
sis the (—|—)-orthogonal eigenspace decomposition @ = Fi(os) ® E_1(0s) is
also b-orthogonal. Given two reflections o; and o; with orthogonal eigenspace
decompositions Eq(os) ® E_1(0s) =a = Ei(ot) & E_1(0+), we conclude that
the (—|—)-orthogonal projection of E_1(c) onto Ej(c¢) also is b-orthogonal.
By induction there exists a decomposition of @ into a direct sum of one-
dimensional subspaces that is both (—|—)-orthogonal and b-orthogonal. With
other words, there exists a (—|—)-orthogonal basis (b;)i<i<dim@) of @ that
is also a b-orthogonal basis. We conclude that, with respect to this basis
(bs)ser, the forms b and @ only differ by rescaling with a diagonal matrix
diag(A1, ..., Ar).

Since W is irreducible, to any given pair of vectors b;, b; in this basis
there exists a reflection hyperplane H in @™ that contains neither b; nor bj.
Repeating the above construction with the reflection of W that has H as
eigenspace with respect to the eigenvalue 1, one necessarily has A\; = A;. The
claim follows. O

Corollary A.37. The homothety class [(—|—)] is the unique homothety class
of nondegenerate symmetric bilinear forms on @ such that GL(a,a*"®) is a sub-
group of the group of linear similarities of that class.

Proof. By Corollary A.34 any element of GL(@,@™8) is a scalar multiple of
the image of an element of Aut(X) = W x Aut(W, S) under its canonical linear
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realization over a. By Proposition A.36 this determines the homothety class

[(=1=)]- O

Definition A.38. The unique homothety class of non-degenerate symmetric
bilinear forms on @ with the property that GL(a, a®"#) acts by linear similarities
is called the canonical homothety class of bilinear forms on (@,a”"®).
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