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Introduction

The present text provides lecture notes for a course on symmetric spaces given in the
framework of the “Semaine spéciale M2 : Géométrie et théorie des groupes” held
at the Institut de Recherche Mathématique Avancée in Strasbourg from April 28 to
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May 3, 2008. It intends to give an accessible introduction to the theory of Riemannian
symmetric spaces with an emphasis on those of non-compact type. Since the excellent
textbook [H] by S. Helgason on the subject contains complete proofs of all relevant
results way beyond the scope of this introduction, we content ourselves here with
merely stating certain results, giving precise references for the more ambitious reader.
We want to give the reader a guideline through a part of the landscape, trying to
motivate the steps we take and illustrating the basic results by means of a detailed
treatment of particular important examples. For a deeper understanding, the reader is
strongly encouraged to study the books by Helgason [H], Eberlein [E] and also Borel
[B1] and Wolf [Wo].

The plan of the text is as follows: Section 1 gives an overview on the geometry and
algebraic coding of arbitrary globally symmetric spaces. In Section 2 we investigate
more precisely the case of symmetric spaces of non-compact type which, in particular,
are manifolds of non-positive sectional curvature. Their theory is intimately related to
the theory of semi-simple Lie groups, so we describe the important Iwasawa and Cartan
decompositions of such spaces. Finally in Section 3 we study the geometry at infinity
of globally symmetric spaces of non-compact type: like any Hadamard manifold these
spaces can be compactified by adding a sphere at infinity. Due to the rich structure of
symmetric spaces, this geometric boundary can be described more precisely: we give
a parametrization of boundary points in terms of the Cartan decomposition, relate it to
the Furstenberg boundary and show how the Bruhat decomposition helps to describe
pairs of boundary points which can be joined by a geodesic. In the last section we
study Busemann functions and see how they can be used to obtain invariant Finsler
metrics on the differentiable manifold underlying the symmetric space.

Acknowledgments. The author is grateful to the organizers of the “Semaine spéciale”
in Strasbourg for the opportunity to give this lecture series. She also warmly thanks
her thesis advisor Enrico Leuzinger for introducing her to the beautiful theory of
symmetric spaces.

1 Generalities on symmetric spaces

In this section we begin with a definition of Riemannian symmetric spaces and deduce
many important properties from it. We will see that such manifolds have a huge group
of isometries which acts transitively. Moreover, any simply connected symmetric
space S is diffeomorphic to a homogeneous space G/K, where G is a connected
Lie group with an involutive automorphism whose fixed point set is essentially the
compact subgroup K C G.

This algebraic coding allows to describe the geometry in Lie algebraic terms: we
will see that geodesics are projections to G/ K of certain one-parameter subgroups of
G, the curvature tensor is described by Lie brackets, and totally geodesic submanifolds
correspond to Lie triple systems. In particular, the Levi-Civita connection remains
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the same when endowing the differentiable manifold S with a different Riemannian
structure with respect to which § is also a symmetric space.

Towards the end of this introductory section we will see that after dividing out a
direct factor isomorphic to a Euclidean motion group, the isometry group G becomes
semi-simple; in this way the problem is reduced to the study of certain involutive
automorphisms of semi-simple Lie algebras.

1.1 Geometric definition

Let S be a connected Riemannian manifold and x € S. The geodesic symmetry s at
x is the local diffeomorphism defined by s, (y) := exp, ( —idr.s (exp;1 ( y))).

Definition 1.1. S is called locally symmetric, if sy is a local isometry for all x € S.
If s, is a global isometry for all x € S, then S is called (globally) symmetric.

Examples. S = [E”, $", H” are globally symmetric, and any quotient I'\ S, where
I' C Is(S) is a discrete, torsion free group of isometries of S, is locally symmetric.

Theorem 1.2 ([H], Theorem IV.5.6). A simply connected locally symmetric space is
globally symmetric.

Notice that this theorem in particular implies that the Riemannian universal cover of
alocally symmetric space is globally symmetric. Conversely, every locally symmetric
space is a quotient of a globally symmetric space by a discrete, torsion free group of
isometries isomorphic to the fundamental group. In these notes we will only be
concerned with globally symmetric spaces. Let d denote the distance function on S
induced from the Riemannian metric.

Proposition 1.3. If S is globally symmetric, then S is complete and homogeneous.

Proof. For completeness we show that all geodesics are defined on R. The claim then
follows from the theorem of Hopf—Rinow.

Let ¢ be a geodesic in S and suppose there exists b € R such that ¢ is defined
on (a,b) for some a < b, but not at b. Take ¢ = # and consider the geodesic
symmetry s, at x := c(b — €). Then c(b) = sx(c(b — 2¢)) exists, hence c is defined
at parameter b which contradicts our assumption.

By the Theorem of Hopf—Rinow and completeness we know that for any pair of
points x, y € S andt := d(x, y) there exists a geodesic c: R — S such thatc(0) = x

and c(t) = y. Then y = 5.(;/2) © sx(x), i.e. S is homogeneous. O

Remark 1.4. Notice that the isometry s.(;/2) o sx in the above proof belongs to the
connected component Is?(S) of the identity in Is(S). Hence we have shown that the
(possibly smaller) group Is?(S) acts transitively on S.
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For x, y € S we denote by cx , the unique unit speed geodesic emanating from x
which contains y. With this notation we have

sx(¥) = sx(cx,y (d(x, 7)) = ex,y(=d(x, ). (1.1)

1.2 The group of isometries

We first state an important rigidity property of isometries of a Riemannian manifold
which we will need in the sequel. For a diffeomorphism @ of a Riemannian manifold
M we denote by D®: TM — TM its differential.

Lemma 1.5 (Rigidity of isometries; [dC], Lemma 4.2). Let ® and ¥V be two local
isometries of a connected Riemannian manifold S. Assume that at some point x we
have ®(x) = V(x) and D ® = D W. Then & = .

Moreover, the group of isometries of a Riemannian manifold satisfies the following
properties:

Theorem 1.6 ([H], Theorem IV.2.5). Endowed with the compact-open topology the
isometry group 1s(S) of a Riemannian manifold S is a locally compact topological
transformation group of S. Moreover, for all x € S the isotropy subgroup Is(S), =
{g €Is(S) : g(x) = x} at x is compact.

In the sequel we assume that S is globally symmetric, and denote by G := Is°(S)
the identity component of Is(S). We fix o € S and let K := {g € Is°(S) : g(0) = 0}
be the compact isotropy subgroup of G at 0. Then by Remark 1.4 we have § =

G(o) :={g(o) : g € G}.

Theorem 1.7 ([H], Lemma I'V.3.2 and Theorem 1V.3.3 (i), (ii)). The topological group
G has an analytic structure compatible with the compact-open topology in which
it is a connected Lie transformation group of S. Moreover, G/K is analytically
diffeomorphic to S, and K contains no non-trivial normal subgroup of G.

Notice that by Theorem I1.2.6 of [H] a topological group has at most one analytic
structure compatible with its topology with respect to which it is a Lie group.
In the remainder of this section we will have a look at the geodesic symmetry in S.

Lemma 1.8. If x € S and k € 1s(S) then the geodesic symmetry at x satisfies
Sxok =k osy.
Proof. Let z € § arbitrary. If t := d(x,z) = d(k(x),k(z)) = d(x,k(z)), then

by (1.1) and the fact that g(cx,;) = Cg(x),g(z) fOr any isometry g € Is(S) we get
$x(k(2)) = Cxk(z) (1) = k(cx,z(=1)) = k(sx(2)). O
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Lemma 1.9. Let x € S and g € 1s(S) be such that x = g(0). Thensy = gos,og~ L.

Proof. Let y € S arbitrary, t := d(x, y) and z := g~!(y). Then
$x(¥) = Cx,y(—1) = Cg(0).g(2) (—1) = 8(Co,2(—1)) = g(50(Co,z(?))),

hence the claim follows from ¢, ,(t) = z = g1 (). O

1.3 Algebraic point of view

We have seen that globally symmetric spaces are diffeomorphic to G/ K, where G is
a connected Lie group and K C G the isotropy subgroup at some point. One natural
question concerns the reverse statement: which homogeneous spaces are symmetric
spaces?

Before we address this question we need some more facts relating a globally
symmetric space S to the connected Lie group G := Is°(S) and its Lie algebra g.
Denote e: ¢ — G the exponential mapping of g into G, and e € G the identity
element in G. We fix a base point 0 € S, let K C G be the isotropy subgroup of G
at o0, and consider the geodesic symmetry s, at 0. The automorphism o € Aut(G) of
G defined by o (g) := s,0g0s, ! is aninvolution, i.e. o2 is the identity idg € Aut(G).
We set

G%:={geG:0(g) =g}
and we denote by (G )¢ the identity component of G°.
Notation. For simplification, we will in the sequel omit the “o” when referring to
composition of group elements in G. Moreover, the action of G on S will be denoted
by a dot “-”.

Proposition 1.10. (G°)° C K C G°.

Proof. Letk € K. Then sok s, ' -0 =0=k-oand
Do(sok s, 1) = —idr,s 0 Dok o (—idr,s) = Dok,

hence by rigidity of isometries s,k s, ! = k and therefore K C G°.
Nextletg € (G?)°. Thenthereexistsapath p: [0, 1] — (G?)? suchthat p(0) = e
and p(1) = g. Now 0 = s, - 0 gives

sop(t) -0 = sop(t)s, ' -0 =0(p(t))-0=p(t)-0

forall t € [0, 1],1.e. p(¢) - o0 is a fixed point of s, for all ¢ € [0, 1]. But o is an isolated
fixed point of s,, hence necessarily p(¢) -0 = o for all ¢ € [0, 1]. In particular we
have g -0 = p(1) - 0 = o which implies g € K. O

In order to give a condition under which a homogeneous space is symmetric, we
recall some facts from the theory of Lie groups and Lie algebras.
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Let G be a connected Lie group with Lie algebra g. Then for 4 € G the conjugation
map I(h): G — G, g — hgh™! is an isomorphism of Lie groups. We denote by
Ad(h) := D.(I(h)): g — g its differential at the identity e € G. Ad(h) is a Lie
algebra automorphism, hence in particular

[Ad(h)X,Ad(h)Y] = Ad(W)[X,Y] forall X,Y €g.
Moreover, we have the following useful formula:
AMMWX — peXp=1 foranyh € G, X € g. (1.2)

The map Adg: G — GL(g), & — Ad(h) is an analytic group morphism which is
called the adjoint representation of G.

Definition 1.11. (G, K) is called a Riemannian symmetric pair if G is a connected
Lie group, K C G a closed subgroup such that Adg (K) is a compact subgroup of
GL(g) and if there exists an analytic involutive automorphism o of G such that

(G°)Y? C K CG°.

Notice that if S is a globally symmetric space, G = Is°(S) and K C G the isotropy
subgroup of an arbitrary point x € S, then (G, K) is a Riemannian symmetric pair
with respect to the analytic involutive automorphism of G induced by the geodesic
symmetry at x. In this case we call (G, K) the Riemannian symmetric pair associated
to (S, x). The following theorem in particular answers the question raised in the
introduction.

Proposition 1.12 ([H], Proposition 1V.3.4). If (G, K) is a Riemannian symmetric
pair and o any analytic involutive automorphism of G such that (G°)° C K C G°,
then G/ K is a globally symmetric space with respect to any G -invariant Riemannian
metric. If w: G — G/ K denotes the natural projection and s, the geodesic symmetry
ato =n(K) =eK € G/K, then

So O = T o0.
In particular, s, is independent of the choice of the G -invariant Riemannian metric.

The following proposition shows that under very general conditions the automor-
phism ¢ is completely determined by its set of fixed points G°.

Proposition 1.13 ([H], Proposition IV.3.). Let (G, K) be a Riemannian symmetric
pair, £ the Lie algebra of K and 3 the Lie algebra of the center of G. If ¥ N3 =
{0}, then there exists exactly one analytic involutive automorphism o of G such that
(G°)° € K C G°.

We remark that for semi-simple Lie groups G we have 3 = {0}, hence clearly
f N 3 = {0}. Moreover, if (G, K) is the Riemannian symmetric pair associated to a
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globally symmetric space S with base point 0 € S, then K contains no non-trivial
normal subgroup of G by Theorem 1.7; hence in this case the analytic involutive
automorphism o of G induced by the geodesic symmetry at o is the only one satisfying
(G%)? C K CG°.

We next look at the Cartan involution ®: g — g defined as the differential ® :=
D.o of o at the identity e € G. Since ©2? = Idg one can look at the eigenspace
decomposition g = ¥ @ p of g with respect to the eigenvalues +1 and —1 respectively.
This decomposition is called the Cartan decomposition of g with respect to ®.

Moreover, ® is a Lie algebra automorphism and we have the Cartan relations

Lemma 1.14. [£,£] T p, [£,p] S p, [p.p] C L.

Proof. We prove [£,p] € p, the other inclusions are similar. Let X € £, Y € p
arbitrary. Then

O[X,Y] =[0X,0Y]=[X,-Y]=—[X,Y],
i.e. [X, Y] belongs to the —1-eigenspace of ©. O

1.4 Geodesics and curvature

Now let S be a globally symmetric space with base point 0 € S and (G, K) the
associated Riemannian symmetric pair. By our remark following Proposition 1.13
there exists exactly one analytic involutive automorphism ¢ of G with (G?)? C K C
G, so the Cartan decomposition g = ¥ @ p is uniquely determined. Lett: G — S,
g — g - o, denote the natural map, e: ¢ — G the Lie group exponential mapping,
D.t: g — T,S the differential of t at the identity e € G, and exp,: T,S — S the
Riemannian exponential mapping. The importance of the Cartan decomposition of g
is reflected in the following

Theorem 1.15 ([H], Theorem IV.3.3 (iii)). D.t|p: p — ToS is an isomorphism (of
vector spaces with Lie bracket), and ker(D.t) = £. Moreover, we have

7(e¥) = exp, (Det(X)) forany X € p. (1.3)

This shows in particular that the Riemannian exponential map exp: 7S — S
of a globally symmetric space does not depend on its Riemannian metric; for any G-
invariant Riemannian metricon S =~ G/ K the exponential map is the same! Moreover,
this immediately shows how geodesics in S look like:

Corollary 1.16. The geodesic c C S emanating from o with tangent vector Det(X) €
T,S, X € p, is given by
ct)y=eX-0, tek.
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Notice that if ¢ C § is an arbitrary geodesic, then by transitivity of the action of
G there exists g € G such that ¢(0) = g-0. So g~! - ¢ is a geodesic emanating from
o € S and therefore of the form e’X - o for some X € p. This shows that for every
geodesic ¢ C S there exist g € G and X € p such that

c(t) =ge'* 0, teR.

The following theorem describes the curvature tensor and totally geodesic submani-
folds of S. Notice that for the curvature tensor we use the definition from [H]; in the
book [dC] by do Carmo the curvature tensor is defined with the opposite sign.

Theorem 1.17 ([H], Theorem IV.4.2, Theorem 1V.7.2). (1) The curvature tensor R,
evaluated in T, S is given by

Ro(Det(X), Det(Y))Det(Z) = Der( —[[X, Y], Z]), X, Y, Z ep.
(2) Totally geodesic submanifolds through o are of the form e% - o, where @ C p is
a Lie triple system, i.e. [[q,q], q] € g.

In particular — as we have already seen for the Riemannian exponential mapping
exp: TS — S — the curvature tensor and the totally geodesic submanifolds of S do
not depend on the given Riemannian metric on S. These facts also follow from the
following

Theorem 1.18 ([H], Corollary 1V.4.3). The Levi-Civita connection on G/K is the
same for all G -invariant Riemannian structures on G/ K.

1.5 Examples

(1) SL(n, R)/ SO(n).

Consider the connected Lie group G = SL(n, R) which is the group of all (n xn)-
matrices with determinant 1 and entries in R. On G we consider the involutive
automorphismo: G — G, g — (g*)~!. Then

G ={geG:(g') '=gl={geG:g'g=e}=50(n) = K.

The Lie algebra ¢ = sl(n, R) consists of all (n x n)-matrices with trace 0 and
entries in R, and the Cartan involution ®: sl(n, R) — sl(n,R) is given by
O(X) := —X' for X € sl(n,R). So the Cartan decomposition of an element
X € sl(n, R) is the well-known unique decomposition

_ 1 1
X=3X-X")4+ 53X +X"

of a matrix into its anti-symmetric and symmetric part. If so(n) denotes the Lie
algebra of K = SO(n), and symg(n) the set of symmetric (n x n)-matrices of
trace zero with entries in R, we therefore have

sl(n,R) = so(n) @ symy(n).
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Denote 0 = eK € G/K the base point and consider the positive definite sym-
metric bilinear form

(X.Y):=Tr(X-Y), X.Y €eT,(G/K)=pCq. (1.4)

As we will see more precisely in Section 1.7, this scalar product on T, (G/K) can
be naturally extended by G-left-translations to a G-invariant Riemannian metric
on G/K.

The set Pos; (1) of positive definite symmetric (n x n)-matrices with determinant
1 and entries in R can be identified with G/ K as follows: it is a standard fact from
elementary linear algebra that any matrix p € Pos;(n) can be written as a matrix
product p = b'b for some b € SL(n, R). With the action of g € SL(n, R) on
Pos;(n) givenby g - p := g’ pg, p € Pos;(n), G acts transitively on Pos; (n).
If we choose the (n x n)-identity matrix /,, as a base point o in Pos; (n), then
SOn)y=4{geG:g-1I,=1,}.

If n = 2, we can identify G/K endowed with the G-invariant Riemannian
metric induced by (X,Y) := 2-Tr(X - Y), X,Y € T,(G/K), and the real
hyperbolic plane H? := {x +iy : x € R y > 0} endowed with the metric
ds? = (dx* + dy?)/y?. Indeed, SL(2, R) acts transitively by isometries via
linear fractional transformations on H?, and SO(2) is the isotropy subgroup of
the point i € H?. So Pos;(2) with a metric rescaled by the factor 2 can be
identified with the hyperbolic plane (H?, ds?).

Exercise. Show that we need to have the factor 2 in equation (1.4) in order that
(SL(2,R)/ SO(2), {-,-)) is isometric to (H?, ds?).

G/K, G c SL(n, R) closed subgroup with G’ = G.

As involutive automorphism we take againo: G — G, g — (g')" !, s0 K =
G NSO(n). If o = eK € G/K denotes the base point, then the positive definite
bilinear form given by (1.4) on T,(G/K) extends to a G-invariant Riemannian
metric on G/ K.

(a) The group G = SO(p, g) of linear transformations leaving invariant the
bilinear form

Q(x,y) = —x1y1 — s —=XpYVp + Xp+1YVp+1 T+ XptgVp+gs

x,y € RPT4 on RP*Y is invariant under transposition. Therefore if K =
G NSO(p + q) = SO(p) x SO(q) we get a symmetric space G/ K.

Let M(p, g) denote the set of (p x¢g)-matrices with entries in R. The Cartan
decomposition of the Lie algebra of SO(p, q) is given by so(p, q) = £ P p,
where £ = so(p) x so(q) C so(p + q) is the Lie algebra of K and

p=1{(22):BeMpq)cCsymy(p+q).
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In the particular case p = 1, this symmetric space with an appropriately
rescaled metric is isometric to the hyperbolic space of dimension q.

The group G = Sp(2¢, R) of linear transformations leaving invariant the
standard symplectic form

(X, y) =X1Yg+1 + X2Yg+2 + -+ XgV2g — Xg+1Y1 — *+* — X24 Vg,

x,y € R??, on R?9 is invariant under transposition. If K = Sp(2¢g, R) N
SO(2q), then G/K is a symmetric space.

The Cartan decomposition of the Lie algebra of Sp(2¢, R) is given by
sp(2q,R) = £ & p, where

b= {(—%f ﬁ) :A,B € M(q.q), A" = —A} C s0(29)

is the Lie algebra of K and
p=1{(42):4 BeMdg.q) A" = A} C sym;(29).

Recall that a complex structure on areal vector space V' is an endomorphism
J of V with the property J?> = —idy. Moreover, if g € GL(V), then
g o J og lisalso a complex structure.

Consider the set S, of complex structures J on the symplectic vector
space (R?9, w) such that the symmetric bilinear form defined by

qs(x.y) = o(x.Jy), x,y€R™, (1.5)

is positive definite. A complex structure with this property is called w-
compatible. G = Sp(2q, R) acts naturally on S», by conjugation, i.e.
g-J:=gJg lforg € G,J € Syy. Indeed, if g € Sp(2¢, R) then

1 1

Ges(x,y) =w(x,gJg 'y) =w(g 'x,Jg7 y) = qs(g ' x. g7 y).

SO ¢g.J is positive definite if gy is. Moreover, this action is transitive. We
choose as a base point o € S, the w-compatible complex structure given

by the matrix
(0 =14\,
Jo = (Iq 0 ) (1.6)

its associated symmetric bilinear form g, is the standard scalar product
in R29. Then the isotropy subgroup of G at o is precisely the group K =
Sp(2¢, R) N SO(2q), so S24 = Sp(24, R) - o can be identified with G/ K.
Notice that in the particular case ¢ = 1 we have Sp(2, R) = SL(2, R),
so the subspace S, of R? with the appropriately rescaled metric can be
identified with the hyperbolic plane (H?, ds?).

The group G = SL(2,R) x SL(2, R) acts by isometries on H? x H?
endowed with the product metric, and K = SO(2) x SO(2) fixes the point
0:= (i,i) € H? x H2. So in this case the symmetric space G/ K endowed
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with the G-invariant metric induced by (X,Y) :=2-Tr(X -Y), X,Y €
T,(G/K), is isometric to a product of hyperbolic planes H? x H?2.

) SO(p + ¢)/(SO(p) x SO(q))-

C))

As before we denote by I, the (¢ x g)-identity matrix and let s € SL(p + ¢, R)

be the matrix s = <_é” qu ) For G = SO(p + ¢q) we consider the involutive

automorphism o: G — G, g — sgs. Then K = SO(p) x SO(g) is a compact
subgroup fixed by o.

The Cartan involution ®: so(p + gq) — so(p + q) is given as follows: if
AeM(p,p),A' =—A,Be M(p,q),D € M(q,q), D' = —D, then for

A B
X = (_Bt D) €so(p+9q)

A -B
o= (3 )
Soso(p + q) = (s0(p) x s0(q)) & p, where
p={(%53):BeMp.qj
In this case, the symmetric bilinear form given by

(X.Y):=-Tr(X-Y), X.Y €T,(G/K)=pCq. (1.7)

we have

is positive definite, and hence can be extended to a G-invariant Riemannian
metric on G/ K.

Here the symmetric space G/ K is the Grassmannian manifold of p-dimensional
oriented subspaces of R? 4. In the particular case p = 1 this s the g-dimensional
sphere, and the standard metric induced from the embedding into R?*! is a scalar
multiple of the above metric.

Compact Lie groups as symmetric spaces.
Let G be a compact connected Lie group. Then the mapping
0:GxG—>GxG, (g1,8) (g2.81),

is an involutive automorphism of the product group G x G. The fixed point set
of o is the diagonal A := {(g,g) : g € G} in G x G which is isomorphic to
G and hence compact. The pair (G x G, A) is a Riemannian symmetric pair
and the coset space (G x G)/A is diffeomorphic to the original group G via the
mapping (G x G)/A — G, (g1.82)A = g183".

A Riemannian metric on (G x G)/A is (G x G)-invariant if and only if the
corresponding Riemannian metric on the group G is bi-invariant. Hence by
Proposition 1.12, G is a globally symmetric space with respect to any bi-invariant
Riemannian metric on G. The natural mapping of G X G onto G = (G x G)/A
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correspondsto t: G X G — G, (g1, 82) — 8185 ! Recalling that the geodesic
symmetry s, at o := 7(A) = eis givenby 5,07 = T o0 we obtain s,(g) = g~
for g € G.

Exercise. Using Lemma 1.9 prove that for any /4, g € G we have s;(g) =
hg='h.

Next let g denote the Lie algebra of G, and e: g — G the Lie group exponential
mapping. Then the product algebra g x g is the Lie algebra of G x G, and the
identity

XY)=3X+NIX+))+(GX-Y).-i(Xx-Y))

gives the Cartan decomposition of g x g into the two eigenspaces of @ = D, 0.
In particular, we have p := {(X,—X) : X € g} C gxg. Soifé: gxg > GXG
denotes the Lie group exponential mapping, and exp: TG — G the Riemannian
exponential mapping of the symmetric space G, then (1.3) implies that for all
X €gq,

exp, (D(e,e)r(X, —X)) = 770 = ¢(e¥X, ™) = &2X.

We conclude that the geodesics in the symmetric space G through the base point
0 = e are the one-parameter subgroups of the group G.

1.6 The Killing form

For Lie groups the Killing form is an important and natural bilinear form on the Lie
algebra. We will see that it also plays a very important role in the theory of globally
symmetric spaces. In this section we will describe the Killing form and some of its
properties. For that we need some more facts from the theory of Lie groups.

Recall the adjoint representation Ad := Adg: G — GL(g) described in Sec-
tion 1.3. The Lie algebra of GL(g) is the vector space gl(g) of all linear endomor-
phisms of g endowed with the bracket [®, V] := & o W — W o ® for &, ¥ € gl(g).
It is naturally identified with the tangent space of GL(g) at the identity map idq. The
adjoint representation ad: g — gl(g) of g is defined as the differential ad := D, Ad
of the map Ad: G — GL(g) at the identity of G. It can be shown that for X € g the
endomorphism ad(X) is given by ad(X)Y = [X,Y] for Y € g. Moreover we have
the relation

Ad(eX) = ¢ X eq, (1.8)

where on the left-hand side e: ¢ — G denotes the Lie group exponential mapping
and on the right-hand side e : gl(g) — GL(g) denotes the exponential mapping given
by the usual power series

o0
=Id+®+ - q>  + Z ok, @ e gl(g). (1.9)
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The Killing form B of a Lie algebra g is the symmetric bilinear form on g defined by
B:gxg—R, (X,Y)r Tr(ad(X) o ad(Y)),

where Tr: gl(g) — R is the canonical trace map. The following properties of the
Killing form will turn out to be very useful:

Proposition 1.19 ([H], I11.6 (2)). (1) B(X,[Y,Z]) = B(Y,[Z,X]) = B(Z,[X,Y]))
forany X, Y, Z € q.

(2) For any Lie algebra automorphism ®: ¢ — g we have B(®(X), ®(Y)) =
B(X,Y), X,Y €g.

Definition 1.20. A Lie algebra g over R is called semi-simple if its Killing form is
non-degenerate. A Lie group is called semi-simple if its Lie algebra is.

So if G is a connected semi-simple Lie group, we can construct from the Killing
form a natural G-invariant semi-Riemannian metric on the analytic manifold G as
follows: requiring that the Riemannian exponential mapping exp, : T.G — G at the
identity e coincides with the Lie group exponential mapping e : g — G we get a natural
identification of the tangent space T, G at the identity e € G with the Lie algebra g of
G. Let Q. be the non-degenerate symmetric bilinear form on 7,G corresponding to
the Killing form of g. If for g € G the map L, € Aut(G) denotes left multiplication
by g on the analytic manifold G, then its differential at a point 2 € G is a linear map
DyLg: TyG — Ty, G. We define a non-degenerate symmetric bilinear form Q. on
TG via

Qe (w.w) := Qc((DeLg) ' (v), (DeLg) ™ (w)). v,w € T,G. (1.10)

Doing this for all g € G, we get a semi-Riemannian structure Q on G. Moreover,
if g.h € Gandv,w € Ty G are arbitrary, then using Do Lpg = DgLy o DoLg we
compute

OQng(DgLy(v), Dg Lp(w))
(1.10 - -
=" Qe((DeLng)™ (DgLi(v)). (DeLpg) ™ (Dg Lp(w)))
= Qe((DeLg)™ (v). (DeLg)™" ()
(1.10
=" Qg(v,w).
So Q is indeed G-left-invariant.
For an arbitrary (not necessarily semi-simple) Lie algebra g the following propo-
sition will be very convenient in the sequel.

Proposition 1.21 ([H], Proposition 11.6.8). Ifu C g is a compactly embedded subal-
gebra with u N 3 = {0}, then the Killing form B|y restricted to u is negative definite.
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Notice that g being semi-simple necessarily implies that the center 3 of g is trivial.
So in this case the Killing form restricted to any compactly embedded subalgebra is
negative definite.

For the remainder of this section we let S be a globally symmetric space with base
point 0 € S, (G, K) the associated Riemannian symmetric pair, and ¢ = £ & p the
Cartan decomposition with e = K. Then £ is a compactly embedded subalgebra
of g, and ¥ N 3 = {0} by the last assertion of Theorem 1.7. So from the previous
proposition we know that the Killing form restricted to ¥ is negative definite.

We will now prove several useful lemmata.

Lemma 1.22. ¥ and p are orthogonal with respect to the Killing form.

Proof. LetZ € £, X € parbitrary,and ®: g — g the Cartan involution. By definition
of ¥ and p we have ®(Z) = Z and ©®(X) = —X. Moreover, since O is a Lie algebra
automorphism, we have from Proposition 1.19 (2)

B(Z,X)=B(0©(Z),0(X)) = B(Z,—-X) =—-B(Z,X),
which implies B(Z, X) = 0. O

Lemma 1.23. Forall k € K we have Ad(k)p = p.

Proof. Let Z € ¥ be such that k = eZ, and X € p be arbitrary. Then

o0
. . 1 ;
Ad()X = Ad(e?)x B @ x 1Dy 4 aqzyx + 3 ~ad(Z) X.
i!
i=2
Since ad(Z)X = [Z, X] € p, and inductively ad(Z)' X = ad(Z)'~'[Z, X] € p for
i > 2byLemma 1.14, we get Ad(k)p C p.
The reverse inclusion follows from g = £ @ p and the fact that Ad(k): £ — ¥ and
Ad(k): g — g are isomorphisms. O

For any x € S we denote by 7,: G — S, g — g - x, the orbit map, and
D.tyx: g — Ty S its differential at the identity ¢ € G. We know from Theorem 1.15
that D, t, maps p isomorphically into 7,.S. For x € S arbitrary, we have the following:

Lemma 1.24. [f x € S and g € G such that g - 0 = Xx, then D,tx maps Ad(g)p
isomorphically into Ty S.

Proof. For g € G = 1s°(S) we denote by D,g: ToS — Tg.,S its differential at the
base point o € S, and Ly, Ry € Aut(G) left- and right-multiplication by g on G.
Now letx € S and g € G be such that g-0 = x. From the definitions we immediately
get

Tpolg =go01,, Tx=710R,.
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If X e g then by the above relations we have
Te(e®) = 1,0 Rg(e"®) = 150 Ly o(Lg) ™" 0 Re(e'¥),
N———
=goto

and from (Lg)~! o Ry (e'X) = g7le'X g = ¢! 4™ DX we conclude

(™) = % & To(eMETDX) = Dygo DT, (Ad(g ) X).
Since D,g is an isomorphism we therefore have X € ker (De ‘L'x) if and only if
Ad(g™")X € ker (D.7,) = ¥. This is equivalent to ker (D.7x) = Ad(g)¥.

We know from Lemma 1.22 that g is the orthogonal direct sum of ¥ and p. Since
Ad(g): g — g is a Lie algebra automorphism and hence by Proposition 1.19 (2)
preserves the Killing form, we know that g = Ad(g)g can be decomposed into the
orthogonal direct sum Ad(g)f ® Ad(g)p. Hence D,y }Ad(g)p is an isomorphism. [

d
Detx(X) = E‘t:O

Notice thatif g, € G satisfy g-0 = h -0 = x, then h~! g fixes 0 and therefore

belongs to K, so by Lemma 1.23
Ad(g)p = Ad(h) (Ad(h™'g)p) = Ad(h)p.
—_————
=p

This shows that the map D,t, does not depend on the choice of g € G such that
g -0 = x. Moreover, the decomposition g = Ad(g)¥ & Ad(g)p can be interpreted as
the Cartan decomposition of g with respect to the involution induced by the geodesic
symmetry sy atx = g-o € S; the isotropy subgroup of G at x is the compact subgroup
M@ Z gkl

1.7 Decomposition of symmetric spaces

We have seen in Section 1.3 that a globally symmetric space together with the choice
of a base point 0 € S gives rise to a pair (g, ®), where g is the Lie algebra of the
group of isometries Is°(S), and © the differential at the identity of the involutive
automorphism o of G induced by the geodesic symmetry at 0. Moreover, the set of
fixed points of ® in g is a compactly embedded subalgebra. In this section we will
have a look at such pairs.

Definition 1.25. An orthogonal symmetric Lie algebra is a pair (I, ¢), where [ is a
Lie algebra over R and ¢ is an involutive automorphism of [ such thatu = {X € [ :
¢X = X} is acompactly embedded subalgebra of [.

(I, ¢) is called effective if in addition u N 3 = {0}, where 3 C [ denotes the center
of .

Notice that any pair (g, ®) coming from a globally symmetric space is effective
by the last assertion of Theorem 1.7.
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Definition 1.26. Let (I, ¢) be an effective orthogonal symmetric Lie algebra with
Killing form B, and [ = u & e the decomposition of [ into the eigenspaces of ¢ for
the eigenvalue +1 and —1 respectively. Then (I, ¢) is said to be of

(1) compact type if [ is compact and semi-simple;

(2) non-compact type if [ is non-compact and semi-simple, and if B|, is negative
definite and B|, is positive definite;

(3) Euclidean type if e is an abelian ideal in .

Notice that the proof of Lemma 1.22 shows that the subspaces u and e are orthog-
onal with respect to the Killing form. Moreover, Proposition 1.21 implies that the
Killing form restricted to u is negative definite.

We say that a pair (L, U) is associated with an orthogonal symmetric Lie algebra
(I, ¢) if L is a connected Lie group with Lie algebra [, and U is a Lie subgroup of L
with Lie algebra u. So we can define the type of a pair (L, U) according to the type of
the effective orthogonal Lie algebra it is associated to. Similarly, the type of a globally
symmetric space S is defined as the type of an associated Riemannian symmetric pair
(G, K) (which is naturally associated to an effective orthogonal symmetric Lie algebra
(g, ®) as above). Notice that even though every choice of base point a priori gives
rise to a different Riemannian symmetric pair, the types of all such pairs are the same:
if instead of a base point 0 € S we take the base point x = g -0, g € G, then the Lie
algebra g remains the same and only the involution ® on g is changed to Ad(g)®.

Example 1. SL(n, R)/SO(n) is a symmetric space of non-compact type: g =
sl(n, R) is non-compact and semi-simple. Moreover, Blg is negative definite by
Proposition 1.21, and B|, is a positive multiple of the positive definite symmetric
bilinear form (1.4).

Example 2. If G C SL(n, R) is a closed subgroup invariant under transposition and
K =SO(n) N G, then G/K is also a symmetric space of non-compact type, because
g is non-compact and semi-simple, By is negative definite by Proposition 1.21, and
B, is a positive multiple of the positive definite symmetric bilinear form (1.4).

Example 3. SO(p + ¢)/(SO(p) x SO(q)) is a symmetric space of compact type:
g = so(p + q) is compact and semi-simple. Notice that in this case B|, is a negative
multiple of the positive definite symmetric bilinear form (1.7).

Example 4. A compact connected semi-simple Lie group G = (G x G)/A is a
symmetric space of compact type with respect to any metric induced by a G-bi-in-
variant metric on G. The corresponding orthogonal symmetric Lie algebra is (g x
g,0), where O(X,Y) := (¥, X) for X, Y € g, and g x g is compact and semi-simple.

The next theorem gives a decomposition for effective orthogonal symmetric Lie
algebras.
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Theorem 1.27 ([H], Theorem V.1.1). Let (L, ¢) be an effective orthogonal symmetric
Lie algebra. Then there exist ideals ly, |— and |+ such that

(1) [ can be decomposed as a direct sum [ =g @ 1_ B 14,

(2) Ly, 1= and 14+ are invariant under ¢ and orthogonal with respect to the Killing

form of | ;

(3) the pairs (Lo, s 1y), (1=, glr_) and (11, g |t ) are effective orthogonal symmetric
Lie algebras of Euclidean type, compact type and non-compact type respectively.

Let (L, U) be a pair associated with an effective orthogonal symmetric Lie algebra
(I,¢), and [ = u @ e the decomposition of [ into the eigenspaces of ¢ for the
eigenvalues +1 and —1 respectively. In the proof of the above theorem, S. Helgason
shows that for any Ad(U )-invariant positive definite symmetric bilinear form Q on e
there exists an endomorphism @ of e such that

0(P(X),Y)=B(X,Y) forany X,Y €e.

Moreover, if [ is of Euclidean, compact or non-compact type, then all eigenvalues of ®
areidentically zero, strictly negative or strictly positive, respectively. Thisimmediately
implies the following

Proposition 1.28. If (Lo, o), (I—,c-), (I4+, cy) are effective orthogonal symmetric
Lie algebras of Euclidean, compact and non-compact type respectively, then the Killing
form restricted to ey, e—, ey is identically zero, negative definite and positive definite,
respectively.

For the remainder of this section we let S be a globally symmetric space, 0 € S
a base point, and (G, K) the associated Riemannian symmetric pair. Let t: G — S,
g +> g - o, denote the natural map, and g = ¥ @ p the Cartan decomposition of the
Lie algebra g of G with ¢! = K. From the previous proposition we know that if S
is of compact type, then —B]|, induces a scalar product Q, on 7,5, and if S is of
non-compact type, then B|, does.

As performed in Section 1.6 for a semi-simple Lie group, we can extend this
scalar product to a G-invariant Riemannian structure on S: for g € G we denote by
Dg: TS — TS the differential of the isometry g. For x € S we choose g € G such
that x = g - 0 and define a scalar product Q, on 75 S via

Ox(v,w) == Qo((Dog) ' (v). (Dog) ' (w)). v, w € TxS. (1.11)

Notice thatif 4 € G also satisfies 1-0 = x,then h~'g € K. Moreover, forany k € K
the Killing form By, restricted to p is Ad (k)-invariant. Since Q,(D.7(X), Dt(Y)) =
FB(X,Y),and D.t o Ad(k) = Dok o D.t we conclude that Q, is invariant under
D,k for any k € K. Hence the assignment x +— Q is consistent and defines a
Riemannian structure Q on S. This structure is G-invariant: indeed, if x,y € S,
v,w € Ty S are arbitrary,and g € G suchthat y = g-x,h € G suchthatx = h - o,
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then y = gh-oand D,(gh) = D,g o D,h gives
.11 _ B
Oy (Dxg(v), Dxg(w)) = = Qe((Do(gh)) To Dyg(v),(Do(gh)) Lo ng(u)))
- _ .11
= Qe((Doh) ™' (v), (Do)~ (w)) "= Qx (v, w).

Hence both for symmetric spaces S of compact type and of non-compact type the
Killing form canonically induces a G-invariant Riemannian structure on S.

Conversely, any G-invariant Riemannian metric Q on a symmetric space S of
compact or non-compact type is essentially determined by the restriction of the Killing
form to p: since Q,0 D, 7|y is an Ad(K)-invariant positive definite symmetric bilinear
form on p, by the remark following Theorem 1.27 there exists an automorphism & of
p such thatin 7,5 = D.7(p) we have

00(Det(®(X)), Det(Y)) = B(X,Y) forall X,Y € p.

Moreover, according to whether S is of compact type or of non-compact type, all
eigenvalues of @ are strictly negative or strictly positive, and all eigenspaces of ® are
invariant by Ad(K). More details can be found e.g. in Section 2.3 of [E], Section 8.2
of [Wo] or Chapter V, §1 and §3 in [H].

We will now look at the sectional curvature of the globally symmetric space S.
Let (-, -) denote the scalar product in p = 7, induced from the Riemannian metric.
Recall from Theorem 1.17 that for X, Y, Z € p the curvature tensor R(X,Y)Z =
(Der)_l(Ro(Der(X), Der(Y))Der(Z)) is given by —[[X, Y], Z]. Given two lin-
early independent vectors X, Y € p, the sectional curvature  ((X, Y')) of the two-plane
(X,Y)in T,S spanned by D.t(X) and D.t(Y) is defined by

(R(YY,X)X,Y)

R N s S I AE 4k

We have the following

Theorem 1.29 ([H], Theorem V.3.1). Let S be a globally symmetric space with asso-
ciated Riemannian symmetric pair (G, K) such that K C G is connected and closed,
and Q an arbitrary G-invariant Riemannian metric.

(1) If S is of compact type, then S has non-negative sectional curvature.
(2) If S is of non-compact type, then S has non-positive sectional curvature.

(3) If S is of Euclidean type, then the sectional curvature of S is identically zero.

Proof. Notice that by G-invariance of the metric it suffices to prove the claim for
arbitrary two-planes in 7,S =~ p. Recall that (-,-) denotes the scalar product on p
induced by the Riemannian structure 0. We first prove (1) and (2). By the remark
following Proposition 1.28 there exists an automorphism @ of p with all eigenvalues
strictly positive such that (®(X).Y) = FB(X,Y), X,Y € p, according to whether
S is of compact type or of non-compact type.
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Now choose an arbitrary two-plane E in T, S and a basis X, Y € p of (D7) (E)
satisfying (X, X) = (Y,Y) = 1 and (X, Y) = 0. Then the sectional curvature of E
is given by

k(E) =(R(Y,X)X,Y) = (—[[Y,X],X],.Y) = —(Y,[[Y, X], X]). (1.12)

Let k € K be such that Ad(k)Y is an eigenvector of ® with eigenvalue say f > 0.
Since the scalar product is invariant under Ad(k) we get

K(E) = —(Ad(K)Y. Ad(K)[[Y. X]. X]) = =B~ H{®(Ad(K)Y), Ad(k)[[Y. X]. X]).

If S is of compact type, we therefore have by Ad(k)-invariance of the Killing form
and Proposition 1.19 (1)

Br(E) = B(Ad(k)Y, Ad(K)[[Y. X]. X]) = B(Y.[[Y. X]. X])
= B([Y, X].[X,Y]) = -B([X,Y].[X.Y]) = 0,

because B is negative definite on £ and [X, Y] € £. Similarly, for S of non-compact
type we get Bx(E) = B([X,Y],[X,Y]) < 0. The claim then follows from the fact
that all eigenvalues of ® are positive.

If S is of Euclidean type, then p is an abelian ideal in g. So forall X,Y € p we
have R(Y, X)X = —[[Y, X], X] = 0, hence by (1.12) x(E) = 0 for any two-plane
ECT,S. O

Notice that for the non-compact type, the hypothesis that K is connected and
closed is always satisfied; for the compact type, K is always closed but not necessarily
connected.

We finally state the de Rham decomposition

Theorem 1.30 ([H], Proposition V.4.2). Let S be a globally symmetric space. Then
S = SO X S_ X S+,

where Sy is a symmetric space of Euclidean type, S— a symmetric space of compact
type, and S a symmetric space of non-compact type.

This theorem implies that in order to understand arbitrary globally symmetric
spaces it suffices to study symmetric spaces of Euclidean, compact and non-compact
type separately. Since the symmetric spaces of Euclidean type are isometric to Eu-
clidean spaces by Theorem 1.29 (3), the interesting classes of symmetric spaces are
those of compact or of non-compact type.

2 Symmetric spaces of non-compact type

In this section we will study the structure of globally symmetric spaces of non-compact
type which are known to be non-positively curved by Theorem 1.29. Moreover, it
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follows from Definition 1.26 that the connected component of the identity of the
isometry group is a semi-simple Lie group. More precisely, we have the following

Proposition 2.1 ([E], Proposition 2.1.1). The connected component of the identity of
the isometry group of a globally symmetric space of non-compact type is a semi-simple
Lie group with trivial center and without compact factor.

We will explain the classical decompositions of semi-simple Lie groups and relate
them to the geometry of the symmetric space. In this way we can understand how
totally geodesically embedded Euclidean spaces and the so-called horocycles sit inside
our manifold.

For the remainder of this text we will assume that S is a globally symmetric space of
non-compact type, o € S abase point, G = Is’°(S) and K C G the compact isotropy
subgroup at 0. Let ¢ = £ @ p be the Cartan decomposition, and D.7: p — T,S the
isomorphism given in Theorem 1.15. We will assume that the Riemannian structure
of S is induced by the Killing form B|, restricted to p; from the remark following
Proposition 1.28 we know that this is not a severe restriction.

2.1 Flats and rank

Definition 2.2. A k-flatin S is a totally geodesic k-dimensional submanifold isometric
to R¥. The rank r of S is defined as the maximal natural number r for which an r-flat
exists in S'. An r-flat is called a (maximal) flat.

Notice that a 1-flat is simply a geodesic. Moreover, if a symmetric space of non-
compact type has an upper negative bound on its sectional curvature, then it is of rank
one. The rank one symmetric spaces of non-compact type are completely classified:
they are precisely the hyperbolic spaces over the reals, complex numbers and quater-
nions, and the hyperbolic plane over the Cayley numbers. Every other symmetric
space of non-compact type is of rank bigger than one and therefore possesses totally
geodesically embedded Euclidean planes.

We next address the following question: how does an r-flat F through the base
point 0 € S look like in terms of Lie algebras?

We first remark that F is totally geodesic, hence by Theorem 1.17 (2) it necessarily
has the form F = e% - o for a Lie triple system ¢ € p. Moreover, the sectional
curvature restricted to F equals zero. Hence for all X,Y € q = T,F such that
B(X,Y)=0, B(X,X) = B(Y,Y) = 1 we have the condition

0=x({X,Y)) = B(X,Y],[X,Y)].

Again, the fact that B is negative definite on ¥ implies that [X, Y] = 0. Hence g C p
has to be an abelian subspace.

Now let a € p be a maximal abelian subspace of dimension = rank(S). Then
F = e -0 is amaximal flat in S. Since G acts by isometries on S, every set of the
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form g - F, g € G, is also a maximal flat. We will see later on that every flat in S is
necessarily a G-translate of F.

Example 1. For SL(n, R)/ SO(n) we know from Section 1.5 that p = symy(n) C
sl(n, R), the set of symmetric (n X n)-matrices of trace zero with entries in R. A
maximal abelian subspace a of p is the set of diagonal matrices of trace zero, i.e.

a = {Diag(t1.....tn) i t1.....1n € R, Y71 1; = 0}.

We have seen that the set of positive definite symmetric (n x n)-matrices Pos; (n) with
determinant one is diffeomorphic to SL(#, R)/ SO(n), where the SL(n, R)-action on
Pos;(n) is given by g - p := g'pg, p € Pos;(n), g € SL(n,R). The base point
o € Posq(n) is the fixed point of SO(n), hence the identity matrix I, € Pos;(n). So
we get a maximal flat

F=¢%0= {Diag(ezrl,...,e”"):tl,...,t,, eR, Y7t =0}
= {Diag(h1. ... An) i Ateeeeidn > 0, [Ty A = 1)

in S, and the rank equals n — 1.

2.1

Exercise. Every flat F in SL(n, R)/ SO(n) is isomorphic to the Euclidean vector
space R"~1, hence for x, y,z € F the angle Z,(y, z) between the vectors pointing
from x to y and from x to z is well-defined. Using formula (1.4), show that for x, y, z
in a common flat F with Z,(y,z) = w/2 we have d(y,z)? = d(x, y)? + d(x, z)?.

Example 2a. For SO(p, ¢)/(SO(p) x SO(q)), p < ¢, a maximal abelian subspace a
of p is given by

a={(85):D=(dyj) e M(p,q), dij =O0for i # j}.
In particular, the rank equals p = min{p, g}.

Example 2b. For Sp(2¢, R)/(SO(2¢g) N Sp(2¢, R)) a maximal abelian subspace a of
p is given by

a={(29):D =Diag(ty,....tg), t1,...,15 € R}.
In particular, the rank equals g.

Asin Section 1.5 we consider the set S, of w-compatible complex structures on the
symplectic vector space (R?9, w) with the Sp(2¢, R)-action by conjugation. Choosing
as a base point 0 € Sp(2¢, R) the w-compatible complex structure defined by the
matrix Jo given in (1.6), S is diffeomorphic to Sp(2¢, R)/(SO(2¢g) N Sp(2g, R)).
The following set F is a maximal flat in S4:

F=e“-0={(A 0 )(qu _é")("lal g):A=Diag(e”,...,e"’), f,....1g €R}

04!
— 42 .
:{(A(iz 64):A:Dlag(etl,...,ezq)ytl,'-.,l‘qG[R}
1] Diag(—A1,....,—Agq)
— {(Diag(ﬁ,...,ﬁ) 0 ) :Alv---,kq >0}
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Example 2¢. A maximal flat in H? x H? is simply a set

1(c1(tr). ca(t2)) - 11,12 € R},

where c; is a geodesics in the i-th H2-factor fori = 1, 2.
Lemma 2.3. Every geodesic is contained in at least one flat.

Proof. If ¢ C S is a geodesic, then by the remark following Corollary 1.16 there
exists g € G and X € p such that c(t) = ge'X -0, t € R. Take a maximal abelian
subspace a C p which contains X. Then c is contained in the flat ge® - o. O

Definition 2.4. Let X € p,and Z4(X) :={Y € g : [V, X] = 0} the centralizer of X
in g. The vector X is called regular if Z5(X) N p is maximal abelian, and singular
otherwise.

Notice that if X € p is singular, then dim(Z4(X) Np) > r. The following lemma
in particular shows that regular vectors exist.

Lemma 2.5 ([H], Lemma V.6.3 (). Let a C p be a maximal abelian subspace. Then
there exists an element H € a such that Zg(H) Np = a.

Theorem 2.6. If a, a’ are maximal abelian subspaces of v, then there exists k € K
such that o’ = Ad(k)a.

Proof. Choose H € a, H' € a’ regular. Recall that B denotes the Killing form
on g, and consider the bounded differentiable map f: K — R defined by f(k) =
B(Ad(k)H, H’) . Let kg € K be one of its critical points. Then for any Z € ¥ we
have

= d Zy _ i tZ 12
0= E)t:of(koet ) = dt tZOB(Ad(kOe YH,H")
d d
- E),=OB(A“(’<O> Ad(eF)H. H') = B(Ad(ko) | _ (Ad(e"#)H). H')

= B(Ad(ko)(ad Z)H, H') = B(Ad(ko)[Z, H], H')
= B(Ad(ko)Z,[Ad(ko)H, H']).

From Lemma 1.23 we know that Ad(k¢) H € p,soby Lemma 1.14, [Ad(ko) H,H'] € £.
Since both Ad(k¢)Z and [Ad(ko) H, H'] belongto ¥, Z € ¢ isarbitrary, and the restric-
tion of the Killing form B to f is negative definite by Proposition 1.21, we conclude
that [Ad(ko)H, H'] = 0. Since H' is regular, every element in g which commutes
with H’ is contained in a’, so Ad(ko)H € a’. Since a’ is abelian, every element in
a’ commutes with Ad(ko) H, and therefore every element in Ad(k, !)a’ commutes
with H. Since a = Z4(H) N p we conclude that Ad(k;')a’ € a. Exchanging the
role of a and a’ in the argument above we conclude that there exists k € K such that
Ad(k)a C a’. Hence

Ad(k) Ad(kga’ € Ad(k)a C o,
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which shows that Ad(k) Ad(ky')a’ = a’ = Ad(k)a. O

Notice that this theorem in particular implies that all maximal abelian subspaces
of p have the same dimension r = rank(.S).

Lemma 2.7. The vector X € p is regular if and only if the geodesic ¢ C S defined
by c(t) := X -0, t € R, is contained in precisely one flat.

Proof. Suppose X € p is regular, i.e. a := Zg(X) N p is maximal abelian, and ¢ is
contained in more than one flat. Since every flat through the base point o is of the
form e - 0 with a’ C p a maximal abelian subspace, we may assume that ¢ C e® -0
andc C e¥ -0,d C p maximal abelian, a’ # a. Since X € a’ and « is abelian
we conclude that every element in a’ C p commutes with X, hence is contained in
Z4y(X)Np =a. Buta’ € aanddima’ = dima = rank(S) then imply a’ = a, a
contradiction.

Conversely assume that ¢ is contained in precisely one flat, say e® - o fora C p
maximal abelian. Suppose Z4(X) N p is not maximal abelian. Thena C Z4(X) Np
and there exists X’ € Z4(X) N p such that X’ ¢ a. Choose a’ C p maximal abelian
such that X’ € a’. Then by the choice of X’ we have a’ # a,and X’ € Z4(X) implies
[X’, X] =0, hence X € a’. We conclude that ¢ is contained in the two different flats
e® .0 and e - 0, a contradiction. O

Example 1. X € p is regular if and only if all its eigenvalues are distinct.
Let us look in the case n = 3 at the singular vector X = Diag(1,1,-2) €
p = symy(3). An easy computation shows that for any 8 € R the element k(6) :=
s@ sinf .
(—C(;gne 6 ((13) € K = SO(3) satisfies Ad(k(6))X = X.
In particular, there exists a one-parameter family of flats containing the geodesic
c defined by c(t) = ¢'X -0,1 € R.

Example 2b. X € pisregularifand only if all its eigenvalues are distinct and different
from zero.

In the case ¢ = 2 the vector X = Diag(1,1,—1,—1) € pissingular: clearly every
element in K of the form

cosf sinf

K — —sinf cosf

cos@ sinf

0 —sinf cos6

satisfies Ad(k)X = X. For wuq, uz > 0 we set

p1cos2 0 + pysin?  (us — 1) sin 6 cos@)

Ag(pr, o) = ((Mz—MI)SiHQCOSQ 1 sin? @ + i, cos?
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Then the geodesic c(t) := e'X -0 = (e_? A _eélz) C S4 belongs to each of the

following flats parametrized by 6 € R:
0 Ag(—A1,—A2)
{(AG(AIT’)}*Z) 0 )Z)Ll,/\2>0}CS4.

Similarly, the vector ¥ = Diag(1,0,—1,0) is invariant by Ad(k) for any k € K
of the form

1 0 0 0
0 cosf O sinf
k = 0 0 1 0 , BeR.
0 —sinf 0 cos@
0 ‘ —e2! 0
So for all § € R the geodesic ¢(t) := e'Y -0 = ( % ‘ CE— ) C S4is
0
0o 1
contained in the flat
0 0 A 0
0 (i—l@sin@cos@ 0 —t sin2 —As cosZ 0
ﬁ 0 0 0 . Al, Az >0

0 Apsin? 9-{-% cos26 0 (kz—i) sin 6 cos 6

Example 2c. A geodesic ¢ in H? x H? is of the form
c(t) = (c1(t cos B), ca(t sin H)),

where ¢; are geodesics in the i -th H2-factor,i = 1,2, and € [0, 7/2]. The geodesic
¢ is regular if the parameter 6 is contained in the open interval (0, 7r/2), ¢ is singular
if 6 € {0, w/2}. In other words, ¢ is singular if and only if its projection to one of the
factors is a point.

2.2 Roots and root spaces

Recall that ®: g — g is the Cartan involution, and B: g x ¢ — R the Killing form
on g. For this section we will use the following positive definite bilinear form on g

(X,Y)) :=—-B(X,0()), X, Y eg,

which is obtained from the Killing form by “changing sign on £". Notice that on p the
scalar product ((-, -)) coincides with the one induced by B/, (which by our assumption
made at the beginning of Section 2 determines the Riemannian structure on ).

Lemma 2.8. The operator ad X, X € p, is self-adjoint on g with respect to {{-, -)).

Proof. Let X € p. We show thatforall Y, Z € g
((ad X)Y, Z)) = (Y. (ad X)Z})).
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Indeed, we have ({([X,Y],Z)) = —B([X,Y],0Z) = —B(®Z,[X, Y]); using Propo-
sition 1.19 (1), we conclude
(IX.Y]. Z)) = B(®Z.[Y. X])
=0x
——
=—-BY,[ -X ,0Z]) = -B(,[0X,0Z]) = -B(Y,0[X, Z)])
= (Y. [X. Z])). O

Corollary 2.9. If a C p is maximal abelian, then {ad H : H € a} is a commutative
Sfamily of self-adjoint operators on g with respect to {{-,-)).

This corollary in particular implies that ¢ decomposes into an orthogonal direct
sum of common eigenspaces with respect to {{-, -)). This motivates the following

Definition 2.10. A linear map «: a — R is called a root of the pair (g, a) if g 1=
{X € g:[H,X] =a(H)X forall H € a} # {0}. The subspace g, of g is then
called a root space.

It is easy to see that a C gg, where the subscript 0 denotes the trivial linear map.
We will write X for the set of non-trivial roots. We have #X < oo, and

g = g0 P s 22)
aeX

Recall that ®: g — g denotes the Cartan involution. Itis easy to see thatforall X € g
wehave X + ©®X ef,and X — OX € p.

Lemma 2.11. Forall « € ¥ we have
Ogy = g—0a-

Proof. Let X € g4. Then for all H € a we have [H, X] = «(H)X. Moreover, H €

p,i.e. ®H = —H. We conclude, using the fact that ® is a Lie algebra automorphism,

[H,0X]=[0( ®H ),0X] = G)([—H,X]) = @(—a(H)X) =—a(H)®X. O
=—H

Lemma 2.12. We have
[aa- a8l ==X, Y]: X €q4,Y €98} S gayp forala,peX.

Proof. Let X € gy, Y € gg. Then for H € a we have by the definition of ad: g —
gl(g) and the Jacobi identity
(ad H)[X. Y] = [H,[X.Y]] = —[X.[Y, H]] - [V, [H, X]|
= —[X.=B(H)Y] - [Y.a(H)X]
= BH)[X. Y] —a(H)[Y, X]
= (¢ + B)(H)[X,Y]. O
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Lemma 2.13. H € a\ {0} is regular if and only if a(H) # 0 for any o € X.

Proof. Let H € a \ {0}. First assume that H is regular, i.e. Z5(H) N p is maximal
abelian. Since a C Zg(H) this implies a = Zg(H) N p. Suppose there exists
a € X such that a(H) = 0. Then for all X € g, we have [H, X] = a«(H)X =0,
hence go € Zg(H). Similarly we have g_o € Zg(H), and therefore X — ©X €
Zy(H)Np =aforall X € g4, a contradiction.

Conversely suppose a(H) # 0 forall @« € X, and Zg(H) N p is not maximal
abelian. Then there exists ¥ € p € g, Y ¢ a, Y # O such that [H,Y] = 0. For
o € X denote by Y, the projection of Y to g,. Then

0=[H.Y]=) [H Y] =) a(H)Y,.
aeX aEX

Since a(H) # 0 for all @ € ¥ and g is a direct sum of the g, this implies Y, = 0
for all & € X, a contradiction to Y # 0. O

Corollary 2.14. If a.., denotes the set of regular vectors in a, then

Qreg = a \ U ker (o).

aeX

Definition 2.15. A Weyl chamber in a is a connected component of aeg.

Notice that a Weyl chamber is isomorphic to an open Euclidean cone in a.

In the sequel E;; will denote a quadratic matrix which has a 1 at the position i-th
row, j-th column, and zeros everywhere else. The size of the matrix will be taken so
that it fits into the frame of the example considered.

Example 1. For SL(n, R)/ SO(n) we consider H = Diag(ty,13,...,t;) € a. An
easy calculation shows that
(ad H)E;; = [H, E;;] = (t; — tj)Ejj.
Hence we have n(n — 1) non-zero roots, and go = a. In particular
sl(n,R) =a+ ZIR~E,-1~.
i#]j
A Weyl chamber in a is e.g. given by
at = {Diag(t1,t2....1a) : Y i1 ti =0, 11 > 13 > -+ > 1y},
Example 2a. Recall that M(p, q) denotes the set of (p x g)-matrices with values
in R. For SO(2, 3)/(SO(2) x SO(3)) we have
13 0 0
‘ 0 153 0 2
a=1H(t,5) = t& 0 it € Ry = R-.
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Here we have 8 roots: if H = H(t1,1,) then a calculation shows that with o, o>
defined by o (H) = t1, a2 (H) = t,, the set of roots is given by
{ar, ez, —0p, —ap, a1 + 02, 01 — @z, —00] + 02, —Q] — A2},
The corresponding root spaces are
Ga; = R-(E15 + Es1 + E3s — Es3),  G—a; =
» =R-(E2s + Esz + Es4s — Esa), G-, =

R-(Eis + Esi — E3s + Es3),
R-(E2s + Esy — Eys + Esa),
Gai+a> = R+ (E12 — Ea1 + Ex3 + Ezp — E1a — Es1 — Eza + Eu3),
Ga1—as = R+ (E12 — E21 + Ea3 + Esz + E1s + E41 + E34 — Es3),
G—ai+a> = R+ (E12 — Eo1 — E23 — Ezp — E1s — E41 + E3s — Es3),
G—a1—a» = R-(E12 — E21 — Ea3 — E3p + Eqa + Es1 — E3s + Es3).

A Weyl chamber in a is for example a™ = {H(t;,1;) € a : t; > t, > 0}.
Example 2b. For Sp(4, R)/(SO(4) N Sp(4, R)) we have
a= {H(Zl,lz) = Diag([l,lz,—ll,—lz) 1,1 € [R} = [Rz.

If H = H(t1, 1) then with o1, ap defined by a1 (H) = 11, aa(H) = t3, the set of
roots is given by

{201, 205, =201, =202, 001 + @2, @1 — 0p, —00) + A2, —Q1 — Aa}.
Here the corresponding root spaces are
G20y = R-E13, @oay = R-E2s, g-20y =R-E31, G20, = R Eyo,
Sai+ar = R+ (E14 + E23),  Gay—ar = R+ (E12 — Es3),
G—ai+a> = R+ (E21 — E34),  G-ay—a» = R+ (E32 + Ea1),
and a possible Weyl chamber in a is a™ = {H(t1,1;) € a: t; >t > 0}.

Notice that even though at first sight this root system looks different from the one
in Example 2a, the root systems are isomorphic: taking instead of ¢y, o, the roots p1,
U2 defined by w1 (H) = t; + t and up(H) = t; — t2, the set of roots equals

1+ po, iy — o, =1 — M2, =1 + 2, 1, L2, —[2, =1},

and the corresponding root spaces obviously are

Gtpu; = Gt(a+az):  Stur = G+(ag—a2)»
St(ui+pa) = 8£2e1>  G(u1—p2) = G£2a5-
The fact that the two root systems are the same has a deeper reason: the Lie algebras
s0(2, 3) and sp(4, R) are isomorphic (see e.g. Chapter X, §6.4 (ii) in [H]).

Remark 2.16. The roots of the pair (g, a) form a root system in the finite dimensional
vector space a over R according to the following definition.



312 Gabriele Link

Definition 2.17 ([H], X.3.1). Let V' be a finite dimensional vector space over R and
R C V afinite set of non-zero vectors. R is called a root system in V', and its members
are called roots if

(1) R generates V;
(2) foreach @ € R there exists a reflection s, along « leaving R invariant;
(3) forall o, B € R the number myg determined by

Safp = B — mapot

is an integer, i.e. myg € Z.

2.3 Iwasawa decomposition

For this section we fix a Weyl chamber a™ C a, and denote by 7 := dim a the rank
of S. We will need the following subset of the set of roots ¥ of the pair (g, a)

St:={aeX:a(H)>O0forall H cat}.

Definition 2.18. A root is called simple if it cannot be written as a sum o = 8 + y,
where 8,y € =T,

By Theorem II1.V.7 in [H] there exist a set of r simple roots Y := {&1,®2,..., 0}
and ¢q,...,¢, € N U {0} such that

,
o= Zciai foralla € 7.
i=1

Such a set is called a fundamental set of roots. Moreover, we have

T=Xtuxh).

nt = 2: Qa

aext

We next put

which is a nilpotent Lie algebra by Lemma 2.12 and the fact that X is a finite set. Set
N7t :=e"" whichisa unipotent subgroup of G. The following theorem is called the
Iwasawa decomposition:

Theorem 2.19 ([H],Theorem IX.1.3). We have q = ¥ ®a @ n™. If A = e°, then the
mapping K x Ax Nt — G, (k,a,n) — kan is a diffeomorphism.

As a consequence we have S = G -0 = N A - 0 which is sometimes called the
“foliation by flats”. N T-orbits in S are called horocycles.
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Example 1. We consider the set = of positive roots with respect to the Weyl chamber
at = {Diag(t1.t2,....1n) 1 Y 11 i =0, 11 > 1 > -+ > 1 }.

Let «; denote the simple root determined by «; (Diag(t1, 2, ...1,)) = t; — ti4+1 for
i € {l,2,...,n — 1}. Then a fundamental set of roots is precisely the set T =
{051,012, e ,Oln_l}.

The nilpotent Lie algebra n™ is the set of upper triangular (n x n)-matrices with
zeros in the diagonal, and N T is the group of upper triangular (n x n)-matrices with
I’s in the diagonal. If Diag, (n) denotes the set of diagonal (n x n)-matrices with
positive entries and determinant one, we have

SL(n, R) = SO(n) - Diag, (n) - N . (2.3)

This decomposition simply comes from the Gram—Schmidt orthonormalization pro-
cedure in linear algebra.
In H? the foliation by flats is simply the foliation by geodesics given by

t/2
((1) )lc) : (eO e—?/Z) = ((1) )16) eli=ei+x, xtek

Any fixed ¢ € R determines a horocycle {e’i + x : x € R}.

Example 2b. In Sp(4, R)/ ( SO(4) N Sp(4, R)) we take the Weyl chamber
at = {Diag(tl,tz,—tl, —[2) T >t > 0}

Then the set of positive roots in the notation from the previous section is given by
St = {201,205, 001 + 2,01 — az}. The roots 2a; and oy +  are not simple; a
fundamental set of roots is T = {a; — a2, 2 }. Here we have

0 a ‘ x z
+ _ 0O o0 z .
n’ = . 70 ra,x,y,zeRyp.
—a 0

2.4 The space of maximal flats

Let a C p be a maximal abelian subspace. In Section 2.1 we have seen that every set
of the form ge® - 0, g € G, is a maximal flat in S. The following theorem shows that
every maximal flat can be written in this way.

Theorem 2.20. All maximal flats are conjugate in S, i.e. the space of maximal flats
is homogeneous.

Proof. We have to show that for arbitrary maximal flats F', F’ in S there exists g € G
such that F/ = g - F. Since G acts transitively on S we may assume that o € F.
Pick x € F’ and let g € G be such that g - x = 0. Replacing F’ by g - F' we
may further assume that 0 € F’. Now let a, @’ C p be maximal abelian subspaces
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such that F = ¢%-0 and F’ = ¢% - 0. We show that there exists k € K such that
F' =k-F,ie. e -0 = ke®-o. This is equivalent to the existence of k € K such
that a’ = Ad(k)a, hence the claim follows from Theorem 2.6. O

Example 1. Recall from (2.1) that in Pos; () the set
F = {Diag(A1,.... An) 1 A1 An >0, T2 A = 1}

is a maximal flat containing the base point 0 = I,,. Given an arbitrary point p €
Posj (n), how does a flat through o containing p look like?

Since p € Pos;(n) is diagonalizable, there exists k € SO(n) such that the matrix
kpk~! is diagonal with positive entries and determinant 1. With the action of SL (7, R)
on Pos; (n) givenby g - p := g’ pg, p € Pos;(n), g € SL(n, R), we conclude

kpk™' = (kY pk ' =k"!.-peF,

hence F’ := k - F is a flat in Pos; (n) through o containing p.

Notice that the matrix k € SO(n) above is not unique. Conjugating with an
appropriate element w € SO(n) we can arrange that wkpk ~'w™! is a diagonal matrix
Diag(Ay,...,A,) suchthat A1 > A, > --- > A,. This motivates the definition of the
Weyl group in the following section.

Example 2c. If F is a flat in H? x H?, there exist unit speed geodesics c1, ¢, in
the two factors such that F = {(c1(t1),c2(f2)) : t1,t2 € R}. Since SL(2, R) acts
simply transitively on the set of unit speed geodesics of H?, there exists (g1, g2) €
SL(2, R)xSL(2, R) such that g;-c1(¢1) = e'li and g5-c2(t2) = e™i forallty, t, € R.

2.5 Weyl group and opposition involution

We have seen that a maximal flat F C S is an isometric copy of R", where r denotes
the rank of S. Hence abstractly its full isometry group would be O(n) x R". However,
the induced isometries of F (i.e. the isometries of F in G = Is?(S)) are generated by
all translations, but only finitely many rotations. These rotations are encoded in the
so-called Weyl group of §.

We denote by M the centralizer, and by M * the normalizer of a in K, i.e.

M =1{k e K:Ad(k)H = H forall H € a},
M* ={k € K:Ad(k)H € aforall H € a}.

Definition 2.21. The Weyl group of S is the factor group M*/ M.

The Weyl group is finite and satisfies the following properties which are proved in
Chapter VII of [H].

Proposition 2.22 ([H], VIL.2). (1) W leaves invariant the configuration of singular
hyperplanes.
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(2) W is finitely generated by reflections sy (in the walls of a fixed Weyl chamber).
(3) W acts simply transitively on the set of Weyl chambers of a flat with apex o.

Remark 2.23. If S is a rank one symmetric space, then the Weyl group is isomorphic
to Z/27.

Given a Weyl chamber at C a, there exists a unique element w. € W such that
every representative my,, € M™* of w, satisfies

Ad(my,)at = —at :={-Hea:Hecat}.

If a_Jr denotes the closure of the Weyl chamber a™, then this element defines a map

t:a+—>a+

2.4
Hw— —Ad(my,)H,

which is called the opposition involution. Notice that ¢ is an isometry which is the
identity if and only if Ad(my,, ) = —id,.

Example 1. For Pos; (n) the Weyl group is isomorphic to the group of permutations
of n-tuples. The element w4 corresponds to the permutation which maps the n-tuple
(t1,t2,...,ty) to (ty,ty—1,...,t1). For the closed Weyl chamber

aF = {Diag(ti, 2, ... 1g) 1 Y0 1i = 0, 11 > 15 > -+~ > 1,} C symg(n)

the opposition involution is given by

i(Diag(ty, 12, . ... 1s)) = Diag(—tn, —ty—1, ..., —11).

Example 2b. For S,, the Weyl group is isomorphic to the subgroup of permutations of
2q-tuples generated by transpositions among the first g elements and the transpositions
(k,k +¢g), 1 <k =< q. The element w here acts as —idq, so ¢ = id_1.

Example 2c. For H? x H? the Weyl group is isomorphic to Z/2Z x Z /2Z. The
opposition involution is again the identity.

Definition 2.24. By abuse of notation a Weyl chamber in S is defined to be a set of
the form ge“Jr -0, where a™ is a Weyl chamber ina and g € G.

2.6 Cartan decomposition and Cartan vector

This section provides a refinement of the Cartan decomposition of the Lie algebra g
of G studied in Section 1.3. We fix a Weyl chamber a®™ C a in a maximal abelian
subalgebra a of p and denote by a™ its closure. The following theorem implies that
symmetric spaces of non-compact type are Weyl chamber isotropic.
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Theorem 2.25. o
p= [ Ad(k)a".

keK

Proof. Let X € p be arbitrary. By Theorem 2.6 there exists k € K such that
Ad(k)X € a. The claim now follows from the fact that the Weyl group acts tran-
sitively on the set of Weyl chambers of a. 0

Since S is complete, the Theorem of Hopf—Rinow implies that the base pointo € S
can be joined to any point x € S by a geodesic. Moreover, since D.7: p — T, S is an
isomorphism and exp,, (Der(X)) = eX.0,wehave S = eP-0. So § is diffeomorphic
to R4™P and we obtain from the previous theorem polar coordinates for S

Corollary 2.26. S =¢e? -0 = Keat 0.

If x = kel .0 € S, we will call k € K an angular projection and H € a*t
the Cartan projection of x. It can be shown (see e.g. [H], Theorem IX.1.1) that the
Cartan projection of a point x is unique, whereas its angular projection in general is
not. Using the fact that S =~ G/ K, we get the Cartan decomposition of G:

Corollary 2.27. G = K K.

The following definition plays an important role in the theory of higher rank sym-
metric spaces:

Definition 2.28. Given x, y € §, we choose g € G such that g - x = o. The Cartan

vector H(x,y) € a™ of the ordered pair of points (x, y) € S x S is defined as the
Cartan projection of g - y.

Notice that the definition of the Cartan vector H(x, y) does not depend on the
choice of g € G such that g - x = 0. Indeed, if 4 € G also satisfies & - x = o, then
hg™' e K. Soif g-y = ke -0 we get

h-y=hg lg-y=hg kel .o.
——
€K

Furthermore, the length of the Cartan vector of the ordered pair of points (x, y) € S xS
is simply the distance d(x, y). In particular, if S is a rank one symmetric space,
then the Cartan vector reduces to the Riemannian distance. Hence in higher rank
symmetric spaces the Cartan vector is a natural generalization of the Riemannian
distance function.

We remark that H(y, x) = t(H(x, y)), where ¢ is the opposition involution (2.4).
This can be seen as follows: leth € G be suchthath-x = oand h-y = e7®Y) .o,
and m,,, € M* be a representative of w, € W. Then g := e H&Y) ] € G satisfies
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gy = o, and we have

g-x= e_H(X,y)h x = e—H(x,y) .0
= (M) e HEMN 0 = (my,) e HE) o

hence the Cartan projection H(y, x) of g - x equals t(H(x, y)).

3 The geometry at infinity

In this section we will describe the geometry at infinity of a globally symmetric space
S of non-compact type. From Section 1.1 and Theorem 1.29 we know that § is
in particular a Hadamard manifold, i.e. a complete simply connected Riemannian
manifold of non-positive sectional curvature. Therefore S is homeomorphic to R4m S
and can be compactified by attaching its so-called geometric boundary. Due to the
rich algebraic structure of globally symmetric spaces, this boundary can be described
much more precisely than it is possible for general Hadamard manifolds. In particular,
there exists a natural quotient of a dense subset of the geometric boundary which is
called the Furstenberg boundary; for rank one symmetric spaces these two boundaries
coincide.

On the other hand, we are led to study the pairs of points in the geometric boundary
which can be joined by a geodesic. For rank one symmetric spaces all pairs of distinct
boundary points can be joined by a geodesic; in the higher rank setting the flats destroy
this property. However, the Bruhat decomposition will allow us to describe the pairs
of boundary points which can be joined by a geodesic.

Finally we will introduce Busemann functions which serve as a tool in the con-
struction of G-invariant Finsler pseudo-distances on S. When studying the action of
discrete groups on S, these pseudo-distances play a key role for the construction of
generalized Patterson—Sullivan measures (see e.g. [A], [L2]). However, we will not
touch on this subject here.

Recall the notation from Section 2: 0 € S denotes the base point, G = Is°(S)
and K C G the compact isotropy subgroup at 0. Let ¢ = ¥ @ p be the Cartan
decomposition and assume that the Riemannian structure of S is induced by the Killing
form restricted to p. Moreover, we will fix once and for all a Weyl chamber a* in a
maximal abelian subalgebra a of p. Throughout this section all geodesics and geodesic
rays are supposed to have unit speed.

3.1 The geometric boundary of S

Definition 3.1. We say that two geodesic rays ¢, ¢ are equivalent if

d(ci(t),ca(t)) isbounded ast — oc.
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The geometric boundary 0S of S is defined as the set of geodesic rays in S modulo
this equivalence relation.

In order to topologize the space S := S U dS, we introduce the following sets:
fore >0, R> 1, x € Sandn € 9S let ij C S be the truncated cone

Cf,’,f :={y e S:d(x,y) >R, d(cxy(R),cxy(R)) < &}

in S, where Cx,y denotes the unique unit speed geodesic emanating from x € S in the
class of n € 35 (compare (1.1) for the definition of ¢y, y € S).

Definition 3.2 ([Ba], Chapter IT). The cone topology on S is the topology generated
by the open sets in S and these truncated cones.

If not stated otherwise, convergence in S U dS will always mean convergence
with respect to the cone topology. The relative topology on 9SS turns the geometric
boundary into a topological space.

The isometry group of S has a natural action by homeomorphisms on the geometric
boundary. If g € G, and £ € S is represented by a geodesic ray ¢ in S, then g - £ is
the class of the geodesic ray g - ¢ in S. Notice that this assignment does not depend
on the choice of the geodesic ray c¢ in the class of &: indeed, if ¢’ is a ray different
from ¢ representing £, then d(c(t), ¢’(¢)) is bounded as ¢ tends to infinity. Since g is
an isometry, d(g - c(t), g - ¢’(¢)) is bounded as ¢ tends to 0o, hence g - ¢’ is equivalent
to g - ¢ and therefore represents the same point in the geometric boundary.

It is well-known that the geometric boundary endowed with the cone topology is

homeomorphic to the unit tangent space of an arbitrary point x € S. If p; and (ir

denote the set of vectors of length 1 with respect to the Killing form in p and a*
respectively, then

S = T)S = p; = Ad(K)a;.

In particular, a tuple (k, H) € K x E defines a unique point in dS by taking the
class of the geodesic ray c(¢) := ke®* - 0,1 > 0.

Conversely, given a point £ € 3S there exists k € K and H € a] such that
£ is the class of the geodesic ray c(¢) := kel .0, t > 0. In this case we write

& = c(00). By the Cartan decomposition, H is uniquely determined by &, whereas k
is only determined up to right multiplication by an element in the centralizer of H in
K. We call k an angular projection, and H the Cartan projection of £, and we will
write £ = (k, H).

If r = rank(S) > 1, we define the regular boundary dS™¢ as the set of classes
with Cartan projection in a]L. If rank(S) = 1, we use the convention 5™ = 45S.

Notice that G - £ = K - £ for any £ € dS. Furthermore, G acts transitively on 95
if and only if rank(S) = 1.
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Example 1. For n = 2, the symmetric space SL(2, R)/ SO(2) can be identified with
H?2. The geometric boundary of the hyperbolic plane H? is the set R U {oo} which is
homeomorphic to the sphere $!.

In general, for n > 2, a point £ in the geometric boundary of S = Pos;(n)
determines an eigenvalue-flag pair as follows: let X = X(§) € p =~ T, S be the unit
vector such that the geodesic ray c(¢) := eX’ -0, t > 0, satisfies c(c0) = £. Let
{A1,A2,..., A7} be the [ < n distinct eigenvalues of X, arranged so that A; > A, >
.-+ > A;. For 1 <i <[ let E; be the eigenspace of X in R” for the eigenvalue A;,
m; := dim E;, and V; the direct sum of the eigenspaces {E; : 1 < j < i}. We thus
obtain a flag of subspaces V; C V, C .-+ C V; = R". Notice that X € p = sym,(n)
implies Tr(X) = 0, hence Zle m;A; = 0. Moreover, B(X, X) = 1 translates into
the condition Zle m;A? = 1. Hence to each point § € dS we have associated a
vector A(§) = (A1, A2, ..., A;) € Rl andaflag F(§) = (Vi, Vs, ..., V) in R” subject
to the above conditions. Such a pair will be called an eigenvalue-flag pair.

The group G = SL(n, R) acts naturally on the flags in R": if g € G, then a
subspace V' € R” is mapped by g to the subspace g - V' C R” of the same dimension.
Soaflag F = (V1,Va,...,V;)ismappedtothe flagg-F := (g-V1,g-Va,....g- V).
We can therefore consider the action of G = SL(n, R) on the set of eigenvalue-flag
pairs given by

g-AF):=Q,g-F), gegG.

For 1 < j < n we denote by e(j) the j-th standard basis vector in R”. Suppose

X(§) € a™ = {Diag(t, 12, .. 1) 111 = -+ > 1, Y0 1; = O},

Let {A1,A2,..., A7}, 2 <[ < n, be the distinct eigenvalues of X(§) in decreasing
order, and m;, 1 < i < [, the multiplicity of the eigenvalue A;. Then with d; :=
> . _mj the flag F(§) = (Uy, Uy, ...,U) is given by

J
U; = spang(e(l),...,e(d;)), 1<i<l. (3.1)

This flag will be called the standard flag in R" determined by (my, ma, ..., m;).

Conversely, given an integer [ with 2 < [ < n, a flag of subspaces F =
V1, Va,..., V) in R?*, m; := dimV; —dimV;_;, 1 < i <[, and a vector A =
(A1, A2, . A € R! satisfying

l l
Ay >Ay>ee> 2. > midi=0 and Y miA} =1,
i=1

i=1

then there exists a unique point £ € dS such that A(§) = A and F(§) = F as fol-
lows. Let H € symq(n) be the diagonal matrix with entries A1, A5, ..., A; occurring
according to their multiplicities. We then choose an element k € K = SO(n) such
that k - F is the standard flag in R” determined by (m1, m», ..., m;); this is possible
because we can choose an orthonormal basis for V71, and if i > 2 we can extend the
orthonormal basis of V;_1 to an orthonormal basis of V;. Moreover, different choices
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of such k € K are equal up to left multiplication by an element in K which preserves
the standard flag in R” determined by (m1,m», ..., m;); hence all possible choices
of k € K define the same ray c(t) := k~1efl* . 0, t > 0, and we can set £ = ¢(c0).
So we have seen that the geometric boundary dS of S = Pos; (n) is identified with
the set of eigenvalue-flag pairs. Notice that £ € 0.5™¢ if and only if [ = n.
Moreover, this identification is G-equivariant: it can be shown that for g € G and
& € dS with corresponding eigenvalue-flag pair (A(£), F(§)) we have

(Mg 8).F(g-8) =g (AE). F(®).

Example 2b. Consider the space S = §»,4 of w-compatible complex structures on
(R??, @) with base point 0 € Sy, given by the matrix (1.6). A point £ in the geometric
boundary 9S54 is uniquely determined by an element X = X(§) € p; such that
Co(t) = eX? .0. Now X € symy(2¢) N sp(2q, R) implies that X possesses g pairs
of eigenvalues (4, —A) with A > 0. Denote by {A1,A5,...,A;} the [ < ¢ distinct
positive eigenvalues of X, arranged so that A; > A, > --- > A; > 0. For1 <i </
let E; C R?7 be the eigenspace of X for the eigenvalue A;, m; := dim E;, and W;
the direct sum of the eigenspaces {£; : 1 < j < i}. Notice that the subspaces W;,
1 <i <, are isotropic, i.e.

Wi C W :={x € R* : w(x,y) = Oforall y € W;}.

We so obtain a flag of isotropic subspaces W, C W, C ... C W; of the sym-
plectic vector space (R??,w). Since B(X,X) = 1 we further have the condition
2 Zle m;A? = 1. Hence to each point £ € 9S>, we have associated a vector
AE) = (A1 Az,....A;) € Rl and a flag F(§) = (Wy, Wa, ..., W;) of isotropic
subspaces in R?9.

The symplectic group Sp(2¢, R) maps an isotropic subspace of (R??, ) to an
isotropic subspace of (R?4, w). So G = Sp(2q, R) acts naturally on the set of isotropic
flags as above: if g € G and F = (Wy, W,, ..., W}) is an isotropic flag, then g - F is
the isotropic flag g - F := (g- W1, g - Wa, ..., g+ W)). As in the previous example we
will consider the action of G = Sp(2¢, R) on the set of pairs of positive eigenvalues
and isotropic flags given by

g- A F)y:=R,g-F), gegG.
Let e(j) denote the j-th standard basis vector in R?9, 1 < j < 24, and assume that
X(E) eat ={(2 %) : D =Diag(t,12.....1g), 1 =12 > >1,}.

If {A1,A2,..., A1}, 1 <[ < g, are the distinct positive eigenvalues of X(§) in de-

creasing order, m; denotes the multiplicity of the eigenvalue A;, and d; := Z}:l mj,
1 <i <1, then the flag F(§) = (U, Ua, ..., Uj) is given by
U; = spang(e(l),...,e(d;)), 1<i<lI. (3.2)

This flag will be called the isotropic standard flag in (R?*?,w) determined by
(my,ma,...,my).
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Notice that for 1 < i <[ the eigenspace E; for the eigenvalue A; is givenby E; =
spang(e(di—1 + 1),...,e(d;)), where we used the convention dy = 0; moreover,
the eigenspace E_; for the eigenvalue —A; is E_; = spang(e(di—1 +gq + 1),...,
e(d; + q)). If d; < g, then the eigenspace Ej for the eigenvalue 0 is the symplectic
subspace Eg = spang(e(d; + 1),...,e(q),e(di +q +1),...,e(2q)).

Conversely, given an integer [ with 1 < [ < ¢, a flag of isotropic subspaces
F =W, Wa,...,W))in R??, m; := dimW; —dim W;_;, 1 <i <[, and a vector
A=A, 2,...,A)) € R! such that

I
A1 >Ay>-->A;>0 and 2-Zmikl-2 =1,
i=1
then there exists a unique point §¢ € 9S such that A(§) = A and F(§) = F as
follows: let D € M(q, q) be the diagonal matrix with entries A1, A,, ..., A; occurring
according to their multiplicities; if d; := Zle m; < ¢, theremaining ¢ —d; diagonal
entries are filled with zeros. Set H := ( g o ) Consider the standard scalar product
go in R?? which — as we have seen in Section 1.5 — is given by

qo(x,y) == w(x, Joy), x,y€R*,

where Jy denotes the complex structure given by the matrix (1.6).

Notice that if d; = ¢, then the subspace L := W is necessarily Lagrangian, i.e.
L = L®. If d; < q we choose a Lagrangian subspace L of R?? such that W; C L.
We take an orthonormal basis {b;, ..., b, } of W) with respect to go and extend it
inductively to an orthonormal basis of W,,..., W;, L. By a standard procedure in
symplectic linear algebra (see e.g. Section 1.1 in [dS]) we can inductively extend
the orthonormal basis {b1, ba, ..., by} of L to an orthonormal basis {by, ..., by, } of
R24 such that w(b;,bj) = ;i j_q foralli,j € {1,2,...,2q}. Hence one can find
k € K = SO(2q) N Sp(2¢q, R) such that k - b; = e(i) forall 1 < i < 2gq, which
implies that k - F is the isotropic standard flag determined by (m1,ms,...,m;).
Notice that if k&’ € K, k' # k, maps F to the isotropic standard flag determined by
(m1,ms,...,my), then k~'k’ € K has to leave invariant the eigenspaces of H. This
precisely translates to the fact that Ad(k~'k’)H = H, hence any such k determines
the same geodesic ray c(t) := k~'efl* . 0, t > 0, and we set £ = ¢(00).

So we have seen that .S can be identified with the set of pairs of positive eigenvalues
and isotropic flags. Notice that £ € dS™¢ if and only if [ = q. If X (&) possesses only
one positive eigenvalue A > 0, then the flag of isotropic subspaces reduces to a g-
dimensional Lagrangian subspace L = L® of (R??, ). The condition B(X, X) = 1
moreover implies A = \/;271‘

As before one can show that the identification described above is G-equivariant:
if g € G and § € 9§ with corresponding pair (A(§), F(§)) then (A(g -£), F(g- S))z

g (A(E). F(©)).

Example 2¢c. If S = H? x H?, fori = 1,2 we denote by 3S; = $! the geometric
boundary of the i-th H2-factor. Then the regular geometric boundary dS™¢ can be
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identified with 057 x 053 x (0, 7/2). There are two singular boundary strata, one
isomorphic to the boundary of the first factor d.S; and one isomorphic to the boundary
of the second factor dS,. Hence

38 = 38 L3S, U (381 x 352 x (0, 7/2)).

3.2 The Furstenberg boundary

Now let us see what happens if we forget about the af-factor. Recall that M is the
centralizer of a in K and consider the projection

nB. a5t » K/M,
(k, H) — kM.

Definition 3.3. We define the Furstenberg boundary dF S as w8 (05™¢).

The Furstenberg boundary has a natural differentiable structure arising from the
Lie group structure of K. Geometrically it can be described as the set of equivalence
classes of Weyl chambers in S (see [M]), where two Weyl chambers in S are equivalent
if and only if they have bounded Hausdorff distance. The following lemma relates the
cone topology to the topology of K /M. It is a corollary of Lemma 2.9 in [L1].

Lemma 3.4. A sequence (§,) C dS™® convergesto & = (k, H) € 0S™8 in the cone

topology if and only if w8 (&,) converges to kM in K/ M and the Cartan projections

of &, converge to H in ai".

Hence 78 is continuous, and rank(S) = 1 if and only if 78 is a homeomorphism.
Moreover, the projection 72 induces an action of G by homeomorphisms on the

Furstenberg boundary K/M = nB(35™¢). More precisely, if G = KAN™ is the

Iwasawa decomposition from Section 2.3 with A = ¢%, and 7/ the natural projection

.G - K/M,
g=kan— kM,

then we have the following

Lemma 3.5. Let g € Gand & = (k,H) € 0S withk € K and H € (E'. Ifk' e K
is such that w! (gk) = k'M, then g - £ = (k', H).
In particular; if € € 3S™2, then g - nB(§) = nB(g- &) = k'M.

Proof. Consider the unit speed geodesic ¢ 1= ¢, ¢, i.e. c(t) = kef' .o fort € R.
We write gk = k'an with k' € K,a € Aandn € NT. In order to prove that
g -c(t) converges to (k’, H) € S ast — oo, we let R > 1 and ¢ > 0 arbitrary. For
t > R we denote by ¢; the geodesic emanating from o passing through g - c(t). If
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st :=d(o, g - c(t)), then by the triangle inequality |s; — | < d(0, g - 0). Using the
convexity of the distance function we estimate for t > R + d(0, g - 0)

d(k'e"R . 0,c,(R)) < g(d(k’e’“f c0.g - e(s0) + d(g - c(s0).ce(51))

= g(d(k’eHSt -0, gkeHSt . 0) + d(g . c(st), g- C(Z)))

R
= —(d(k'e™s -0, k'ane™s" - 0) + d(c(sy),c(1)) )
St S————
=ls;—t|=d(0,g-0)
R
< —(d(o,an -0)+d(o,g- 0))
St

since d(eHS c0,anets -0) < d(o,an-o) foralls > 0. From s; — oo ast — oo we
get d(k'ef’R . 0, c;(R)) < ¢ for t sufficiently large. Hence g - £ = (k/, H). O

Example 1. For S = Pos;(n), n > 2, the Furstenberg boundary 3 S is identified
with the space of regular flags in R”, i.e. the set of flags F = (V1, Va,..., V,) such
thatdm V; —dim V;_; = 1 forall 1 <i <n.

Example 2b. For S = S,,, the Furstenberg boundary 9 S is identified with the
space of complete isotropic flags in R?, i.e. the set of flags F = (W, Wa, ..., W)
such that W; C R27 is an isotropic subspace and dim W; — dim W;_; = 1 for all
1<i<gq.

Example 2¢c. For § = H? x H?, the Furstenberg boundary df S is isomorphic to
051 xdS5, where 3.S; denotes the geometric boundary of the i -th H?-factor, i € {1,2}.

3.3 The Bruhat decomposition

The main reference for this section is [Wa], Chapter 1.2. Given the Iwasawa de-
composition G = KAN ™ from Section 2.3, we consider the closed subgroup P =
MAN™ C G. Any subgroup in G conjugate to P is called a minimal parabolic sub-
group. The homogeneous space G/ P can be identified with the Furstenberg boundary
K /M via the bijection

k: G/P — K/M,
gP — nl (2).
The Bruhat decomposition gives a cell decomposition of G/ P, hence induces a cell
decomposition of the Furstenberg boundary which we will describe geometrically in
the next section.

Recall that the factor group W = M™*/M is the Weyl group of the pair (g, a).
We denote by ws € W the unique element such that Ad(my,, )(—at) = a™ for any



324 Gabriele Link

representative my,, of wy in M*, and put
n” = Ad(my,)nt = Z Qe
aex Tt

For w € W represented by m,, € M™* we set
1y i=nt NAd(my,)n™ cnt and U, = e™v.

The Bruhat decomposition of G with respect to the minimal parabolic subgroup P is
the disjoint union

G = |_| NtmyP = |_| Uiy P. (3.3)
wew wew

Notice that the orbit corresponding to ws € W is parametrized by N* = U, and
the restriction of the above bijection k to N Tm,,, P defines a map

k: Nt - K/M,
n = k(nmy, P).
Geometrically, this map can be interpreted in the following way: if n € N7, then
k(n) € K/M is the unique element such that the Weyl chamber lc(n)e“Jr -0 is

equivalent to the Weyl chamber ne=a"

well-known:

- 0. The following property of the map « is

Proposition 3.6 ([H], Corollary IX.1.9). The map « is a diffeomorphism onto an open
submanifold of K /M whose complement consists of finitely many disjoint manifolds
of strictly lower dimension.

It follows that the orbit N Tm,,_ P is a dense and open submanifold of G/P. We
will call a G-translate of the set k(N 1) = k(N tmy, P) C K/M a big cell of the
Furstenberg boundary.

Example 1. For simplicity we treat the case n = 3. Recall the Iwasawa decomposition
G = KAN™ of G = SL(3, R) from (2.3), where K = SO(3), A4 denotes the set of
diagonal matrices with positive entries in SL(3, R), and N the set of upper diagonal
(n x n)-matrices with 1’s in the diagonal. Here the centralizer of a in K is the finite
set

M = {Diag(1, 1, 1), Diag(—1, —1, 1), Diag(—1, 1, —1), Diag(1, —1, —1)},

and P = MAN ™ is aminimal parabolic subgroup. The Weyl group W is represented
by the set of matrices
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One easily computes the sets Uy, as follows: U, = {e}, Uy, = N,

= (3§ v ] = {(3]) v en)
1
0

= (318 s ta={(315) s,

Hence for SL(3, R) the Bruhat decomposition yields 6 cells, one isomorphic to a point,
two isomorphic to R, two isomorphic to R?, and the maximal one isomorphic to R3.

—O O
SN =OoN

Example 2b. We consider ¢ = 2, and use the Iwasawa decomposition G = KAN T
described in Section 2.3. Here the centralizer of a = {Diag(t1,t2, —t1,—12) : t1,12 €
R} in K is the finite set

M = {I;,Diag(1,—1,1,—1), Diag(—1,1,—1, 1), —I4},

and P = MAN™ is a minimal parabolic subgroup. The following table gives a set of
representatives w of the Weyl group W and describes the corresponding sets 11, € nt:

w ‘ My
e = Diag(1,1,1,1)
0 1 0 0

0 b 0
-1 0 0 0 0 O
:beR

0 0 0 1 0 0

0 -5 0
0 0O -1 0
1 0 0 0

0 0
0 0 0 1
0 0 z :zeR

0 0 1 0 ) o
0O -1 0 O
0 0 0

oo
o |
-
)
-
c oo~

|
—_
o = oo

5
*

0 —Ir
I 0

0
0
0 0 0
1 0
0 0 o0 1
0 0 -1 0 o * 7
y z :x,y,z€R

0 -1 0 0 o o
1 0 0 0
0 0 -1 o0 0o b x
0 -1 0 0 0 0 ‘ y 0

: eR
L 0 0 0 ( . ‘ 0 0 )b,x,y }
0o 0 o0 -1 b 0
_ +

Hence for Sp(4, R) the Bruhat decomposition yields 8 cells, one isomorphic to a point,
two isomorphic to R, two isomorphic to R2, two isomorphic to R3 and the maximal
one isomorphic to R*.
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Example 2c. We have seen that for S = H? x H? the Furstenberg boundary is given
by 3FS = 3S; x 3S,. Hence 0¥ S = (R U {oo}) x (R U {oco}). Here the Bruhat
decomposition is isomorphic to the decomposition

9F S = {(00,00)} L ({00} x R) LI (R x {oo}) U (R x R).

3.4 Visibility at infinity

If the rank of S equals one, or, more generally, if S is a Hadamard manifold with a
negative upper bound on the sectional curvature, then any pair of distinct points in the
geometric boundary can be joined by a geodesic. In a symmetric space of higher rank
this fails to be true. In this section we will describe the set of points in the geometric
boundary 9§ of a globally symmetric space S which can be joined to a given point
& € S by a geodesic.

Definition 3.7. The visibility set at infinity viewed from £ € 0.5 is the set

Vis® (€) := {n € 0S| there exists a geodesic ¢ such that ¢c(—o0) = £, c¢(o0) = n}.

It is clear that for g € Is(S) we have Vis®(g - §) = g - Vis*®(§). Moreover, we
have the following description of Vis®(§), which is Proposition 2.21.13 (2) in [E].
We include a proof here for the convenience of the reader.

Proposition 3.8. If Stabg(§) C G denotes the stabilizer of a point & € 0S, then
Vis(§) = Stabg (§) - ¢o,£(—00).

Proof. By transitivity of the G-action and the fact that g - Vis™(§) = Vis®(g - £)
for g € G and £ € dS we can assume that £ € 0 is stabilized by the minimal
parabolic subgroup P = MAN™, so P C Stabg(§). If n € Vis®(£), then there
exists a geodesic ¢ C S such that c(—o0) = £ and c(c0) = 1. Let g € G be such
that c(0) = g - 0. Using the Iwasawa decomposition we may write g = nak with
ne Nt aece*andk € K. Then ¢(0) = nak -0 = na - o. The geodesic cq defined
by co(t) := (na)™' - c(t) = a~'n~1 - c(¢) satisfies co(—00) = c(—00) = & because
N7 and A stabilize §. So ¢o(0) = (na)~'-¢(0) = o implies co(1) = ¢, ¢(—t) for all
t € R. We conclude

n=c(00) =na-co(o0) =na-c,g(—00),

hence 7 € Stabg (§) - ¢o,£(—00).

Conversely let p € Stabg(§) and set n := p - ¢, ¢(—00). If ¢ is the geodesic
defined by c(t) := p - coe(—t) fort € R, then we have ¢(c0) = 71 and c(—o0) =
D - Cot(00) = p-& =& because p fixes £. Hence n € Vis™(§). O

The following lemma relates the visibility set of regular points to our coordinates
introduced in Section 3.1 and the map « from Section 3.3. Even though it is a direct
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consequence of [L.1], Corollary 2.15, we include the proof here for the convenience
of the reader. Recall the definition of the opposition involution (2.4).

Lemma 3.9. [f £ € 05™® is stabilized by the minimal parabolic subgroup P C G
and possesses the Cartan projection H € a'l", then

Vis(§) = {(k,.(H)) : kM € k(N T)}.

Proof. Let k € K be such that kM = «(n) withn € NT. Consider the geodesic
(1) == n - ¢, g(—t) which satisfies ¢ (—o0) = & because N T stabilizes &. If m,, €
M* is a representative of w, € W, we have

H eL(H)t .0,

c(t) =ne ™ -0 =nmy,

hence by the property of the map « the geodesic rays ¢(z), > 0, and ke*™)* .0, t > 0,
are equivalent. This shows ¢(o0) = (k, t(H)), so we conclude (k, t(H)) € Vis® ().

Conversely, let n € Vis®(§) and choose a geodesic ¢ in S with ¢(c0) = 1 and
c(—o0) = £. From the proof of Proposition 3.8 we know that there exist n € N+
and a € e® such that the geodesic c( defined for t € R by co(¢) := (na)™! - c(t) =
a 'n~l.c(r) satisfies co(t) = cp(—t) = e H.o. Moreover, since A also stabilizes
Co,£(—00) we conclude

n=c(00) =na-co(o0) =na-cyg(—00) =n-cyg(—00) =n-co(c0).

If k € K is an angular projection of 7, then n = (k,((H)), and the geodesic ray
ket .o t > 0, is equivalent to the geodesic ray ne .0, t > 0. Hence by
definition of the map x we have kM = k(n). O

Since the opposition involution preserves the set at of regular elements in at ,
this lemma in particular implies that the visibility set at infinity viewed from a regular
boundary point is contained in the regular boundary. This allows the following

Definition 3.10. The Bruhat visibility set viewed from § € 0S™2 is the image of
Vis® (£) under the projection 78: 3S™¢ — K/M, i.e.

Vis® (§) = 7% (Vis™®(§)).

We remark that if rank(S) = 1, then Vis®(£) = Vis®(§) = 05 \ {&} for all
£ € 3S. In general, an immediate consequence of Lemma 3.9 is the fact that Vis? (£)
can be identified with the nilpotent Lie group N * or an arbitrary orbit N * - x, x € S.
Moreover, all Bruhat visibility sets are open and dense submanifolds of K/M by
Proposition 3.6.

Example 1. Let S = Pos;(n), n > 3. Assume first that £ is stabilized by P =
MAN™T C G. Then there exist [ € {2,3,...,n}, (my,ms,...,m;) € N’ with
25=1 m; = n such that A(§) = (A1, A2,...4;) € Rl and F(§) = (U, Uy, ..., Up)
is the standard flag in R” determined by (m1,m5, ..., m;) via (3.1).
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For 1 < i < [ we denote by UiL the orthogonal complement of U; and remark
that { := ¢, ¢(—00) corresponds to the eigenvalue-flag pair (A(¢), F(¢)) with A(¢) =
(=Ap.=Aj—1.....,—A) and F(¢) = (U Ut UD).

We will say that two flags F = (V1, Va,..., V), F' = (W, Wa, ..., W) are in
oppositionifk =l and R" = V; @ Wj_;11, 1 <i <[ —1. For £ and ¢ as above
clearly F(¢) and F({) are in opposition. Moreover, if g € G = SL(n, R), then g - F
and g - F’ are in opposition if and only if F and F’ are.

By Proposition 3.8 we have Vis® (§) = Stabg () - ¢, and g € G stabilizes & if and
only if g leaves invariant each of the eigenspaces for the eigenvalues A1, A5,..., Ay
of X(£) € p. This is equivalent to g - U; = U; forall 1 <i < /. So we conclude that
n € Vis®(§) if and only if there exists g € Stabg (§) such that

A =A(g -0 = A0) = (A1, —Ai—1..... =),

and F(n) = F(g-¢) = (g- UIJ-,g . UlJ;l, ...,g - Ui). This second condition is
satisfied if and only if F'(n) and F (&) are in opposition.

If £ € 9§ is arbitrary, there exists g € G such that g - £ is stabilized by P. So
there exist [ € {2,3,...,n}, (my,my,...,m;) € N’ with Zle m; = n such that
AMg-€) = (A1 Az,... A7) € Rland F(g-§) = (U, Uy, ..., Up)is the standard flag in
R” determined by (m1,m,, ...,m;) via(3.1). Since n € Vis®(§) ifand onlyif g-n €
Vis®(g-£), this shows that n € Vis®(§)ifandonlyif A(n) = (—A;, —A;—1,...,—A1),
and F(n) is in opposition to F(§). Summarizing we have n € Vis®(§) if and only if
the following two conditions are satisfied:

(@) I AE) = (A1, A2,.... A1), A(m) = (11, g2, ..., pk), then k = [ and p; =
—Aj—jyq foralli € {1,2,...1}.

(b) F (&) and F(n) are in opposition.

This immediately implies that 78 (1) € Vis® (£), £ € 95™, if and only if the regular
flags F(§) and F(n) are in opposition.

Example 2b. Consider S = Sy4 for ¢ > 2. As before we first assume that § is
stabilized by P = MAN'T C G = Sp(2q,R). Then there exist 1 < [ < g,
(my.ms.....m;) € N with ', m; < g such that A(§) = (A1.A2....A;) € R/
and F(§) = (Uy, U,, ..., U)) is the isotropic standard flag in (R??, w) determined by
(my,my,...,my) via (3.2).

Let m4 € G be the element defined by the matrix (_‘L 161 ) Here ¢ := ¢, g(—00)

corresponds to the pair (A(§), F(Z)) with A(¢) = (A1, A2,...,A;) and F(8) = m -
F(&). Moreover, each of the linear subspaces U; ®m-U;, 1 <i <[, is asymplectic
subspace of (R??, w), i.e. w restricted to U; @ my - U; is non-degenerate.

Motivated by this property we will say that two flags F = (V1,Va,...,V)), F/ =
(W1, Wa, ..., W) of isotropic subspaces are complementary if k = [ and V; & W;,
1 <i <1, is a symplectic subspace of (R?7, ). Notice that this necessarily implies
dimW; = dimV; for all i € {1,2,...,/}. Clearly the isotropic flags F(£) and
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F(¢) from above are complementary; moreover, if g € G, then g - F and g - F’ are
complementary if and only if F and F’ are.

Now Proposition 3.8 implies Vis®*(§) = Stabg(§) - ¢, and g € G stabilizes &
if and only if g leaves invariant each of the isotropic eigenspaces for the positive
eigenvalues A1, Ao, ..., A; of X(£§). Hence we conclude that n € Vis*®(§) if and
only if there exists g € Stabg (§) such that A(n) = A(g - ) = A(¢) = A(§), and
F(n) = F(g-¢) = g- F(¢). The latter condition is satisfied if and only if F(n) is
complementary to F(£).

If £ € dS is arbitrary, there exists g € G such that g - £ is stabilized by P. So
there exist [ € {1,2,...,q}, (my,ma,...,my) € N’ with Zlemi < ¢ such that
Mg &) = (A1, A2,...4) € Rl and F(g- &) = (U1, Uy,...,U)) is the isotropic
standard flag determined by (my,m5,...,m;) via (3.2). Since n € Vis®(§) if and
only if g-n € Vis®(g-§&) this shows that n € Vis®(§) ifand only if A(g-n) = A({) =
(A1, A2,..., A7) and F(§), F(n) are complementary. We conclude that € Vis®(§)
if and only if the following conditions are satisfied:

(@) I AE) = (A1, A2, ... A, A()) = (1, 2, - oo, k), then k = [ and p; = A;
foralli € {1,2,...1}.

(b) The isotropic flags associated to £ and 1 are complementary.

This implies in particular that 7 8 (1) € Vis® (£), £ € 35™¢, if and only if the complete
isotropic flags of £ and 7 are complementary.

Example 2c. If S = H? x H? we have seen that
0S =05, UdS, Ll 0S™®,

where 05™ = 057 x 952 x (0,7/2), and 957, 95> are the two singular boundary
strata. Fori € {1,2},& € dS;, we have n € Vis®(§) ifand only if € 9S; and n # &.

If& = (£1,6,,60) € 5™, then nn € Vis®(§) ifand only if n = (91, 12, ) € 0S™8
with 0y # &1, 2 # §2and @ = 6.

3.5 Busemann functions and distances

In this final section we discuss Busemann functions and how they can be used to
construct a family of G-invariant Finsler pseudo-distances on S for which the flats
are isomorphic to a pseudo-normed vector space. For more details about G-invariant
Finsler structures on symmetric spaces we refer the reader to P. Planche’s thesis ([P]).
Letx,y € S,& €0S,and ¢ C § a geodesic ray in the class of £. We put

Be(x,y) = lim (d(x,c(s)) —d(y.c(s))).
S—>00
This number is independent of the chosen ray ¢, and the function

Be(,y): S =R,
X Be(x,y),
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is called the Busemann function centered at £ based at y (see also Chapter II of [Ba]).
It satisfies the following properties:

Proposition 3.11. Forall § € 0S, x,y,z € S, g € G :=1s°(S) we have
(1) Bge(g-x.8-y) = Bg(x,y),

(2) Be(x,z) = Be(x,y) + Be(y, 2),

(3) |Bg(x, y)| = d(x,y),

(4) Be(x,y) =d(x,y) ifandonly if § = cx,y(c0).

Using Busemann functions we introduce an important family of (possibly non-
symmetric) pseudo-distances.

Definition 3.12. Let £ € dS. We define the directional distance of the ordered pair
(x,y) € § x S with respect to the subset G - £ C 9§ by
fBG.gZ SxS — [R,
(x,y) = Bg.e(x,y) = sup Bge(x,y).
geG

Notice that in rank one symmetric spaces G - £ = dS and for x, y € S we have

d(x,y) = Bge(x,y) = Sua% By(x,y) = B, y(c0) (X, ) =d(x,y),
ne

hence Bg.¢ equals the Riemannian distance d for any § € 0S. In general, the
corresponding estimate for the Busemann functions implies

Bge(x,y) <d(x,y) forall§ € dSandallx, y €S.

Moreover, B¢.¢ is a (possibly non-symmetric) G-invariant pseudo-distance on S (for
a proof see [L1], Proposition 3.7), and we have

Bgg(x.y) = d(x,y) - sup cos Zy(y.g§).
geG
In particular, if G = K ¢®" K is a Cartan decomposition, Hg € (EL the Cartan projec-
tion of £, and H(x, y) € a™ the Cartan vector of the ordered pair (x, y) according to
Definition 2.28, then
Bgg(x,y) = (Hg, H(x,y))) = B(Hg, H(x,y)) forallx,y € S. (3.4)

This shows in particular that the flats of S are isomorphic to R” endowed with a
pseudo-norm.
Moreover, from the remark following Definition 2.28 we know that

Be£(y, x) = (He, «(H(x, y))) = ((((He), H(x, y))),

because ¢ is an involution and, by Ad(K)-invariance of the Killing form, preserves
the scalar product. So Bg.¢ is symmetric if and only if the Cartan projection Hg of
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& satisfies ((Hg) = Hg. This clearly always holds when ¢ is the identity; so all the
directional distances are symmetric e.g. in S»4, ¢ > 1, and H? x HZ2.

Example 2c. If S = H? x H? we have seen that
0S = 08, U0S, LIdS™E,

where d5™8 = 057 x 9S> x (0,7/2), and 951, 95> are the two singular boundary
strata.

If & = (§1,&,60) € 05™ one can easily deduce from the definition of the Buse-
mann functions that for x = (x1,x2), ¥y = (¥1, ¥2)

Be(x,y) = cos O - B, (x1,y1) +sin 0 - Bg, (x2, y2).

For the directional distance we therefore get by definition and the remark about rank
one symmetric spaces

Bg.e(x,y) =cosO-dy(x1,y1) +sinb - da(xz, y2),

where fori € {1,2}, d; denotes the Riemannian distance in the i -th H?-factor. Hence
for & € 058 the directional distance is a proper distance function.
If& € 9S;,i € {1,2}, we similarly obtain

Be(x,y) = Be(xi,yi) and Bge(x,y) = di(xi, yi).

In particular, B¢ is symmetric, but only a pseudo-distance.
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