MORPHISMS OF GENERALIZED AFFINE BUILDINGS
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ABSTRACT. We define a notion of morphism between generalized affine
buildings, generalizing existing definitions appearing in the literature. For
buildings equipped with a transitive group action (such as Bruhat—Tits
buildings, homogeneous buildings, lattice buildings and norm buildings),
we provide sufficient conditions under which a morphism of apartments
extends to a morphism of buildings. As an application, we show relation-
ships between these different types of buildings via our notion of morphism
and prove functoriality results for homogeneous buildings under base field
extensions and group homomorphisms.
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1. INTRODUCTION

The goal of this article is to unify the study of generalized affine buildings
and their morphisms. Generalized affine buildings appear in a wide range
of mathematical contexts, including the asymptotic geometry of symmetric
spaces [ |, the structure theory of Kac-Moody groups over valued fields
[ , |, and compactifications of character varieties | ]. Buildings
and their generalizations have been extensively studied in the literature, with
their beginning in the foundational work of Bruhat—Tits [ |, then gen-
eralized in the non-discrete setting to Euclidean buildings [ , ], to
R-buildings | , | and then finally, to A-buildings, which were intro-
duced by Bennett in | | and have since then been extensively studied by
many authors | , , ]. However a unified theory
of morphisms of the most general notlon of buildings that applies to a large
class of examples and with good functoriality properties has not yet been es-
tablished. The central challenge is that different contexts naturally give rise
to different models of buildings of different types, making it difficult to con-
struct meaningful morphisms or discuss subbuildings systematically. In this
article we propose a new notion of morphism for generalized affine buildings
that addresses this challenge. It is especially well-suited for buildings endowed
with group actions. In this setting, morphisms can be constructed under some
mild conditions and we find additional conditions on when such morphisms
are injective, surjective, or isomorphisms see Theorem 1.3. The main advan-
tage of our approach is that the conditions in Theorem 1.3 are easy to verify
in explicit examples. This result can be applied to show certain functoriality
properties under subgroups (Theorem 1.4), group morphisms (Theorem 1.5)
and field extensions (Theorem 1.6) for a certain family of buildings. We then
use this new notion to relate examples of generalized affine buildings in the
literature (Figure 1), notably the norm buildings, the lattice buildings, the
Bruhat-Tits buildings and the homogeneous buildings; see Section 3.2. Let us
now explain the results in more detail.

1.1. A new notion of morphisms of apartments and buildings. We
begin by defining the new notions of morphisms of apartments and buildings.
Recall that a generalized affine building B is a set together with an atlas of
maps A from the model apartment A to B satisfying certain compatibility
axioms; see Definition 3.1 for the precise conditions. The model apartment
is given by A = Spang(®) ®q A, where ® is a crystallographic root system
and A an ordered abelian group, together with an action of the affine Weyl
group defined by Wr ¢ = Ws(®) x T'. Here W(®) is the spherical Weyl group
associated to ® and T is a subgroup of A = A" which acts by translation on
A. When T and ® can be deduced from the context, we write W, for the
affine Weyl group. In this case the apartment A (and the building (B, A) as
well) is said to be of type A(®,A,T). The main motivation for our definition
is to be able to account for buildings of different types. For example, for
buildings associated to algebraic groups, a subgroup generally has a different
root system than the ambient group, which makes it difficult to talk about
subbuildings. We would like to propose a solution to this.

Let now @, ®’' be two crystallographic root systems and A, A’ two ordered
abelian groups, that are also QQ-vector spaces.

Definition 1.1 (Definition 4.4). Let A = Spang(®)®gA and A" = Spang(®')®q
A’ be two model apartments. Let L: Spang(®) — Spang(®’) be a Q-linear
map and v: A — A’ a morphism of ordered abelian groups. The map

Logy: A— A
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is called a morphism of apartments if it is equivariant for the action of the
affine Weyl groups, i.e. if there exists a map o: Wr ¢ — Wy ¢ such that for
all a € A and w € Wr e we have

(L g ) (w-.a) = o(w).(L &g 7)(a))-

Even though two buildings might have the same apartment A, we do not
always use the identity map A — A as the apartment morphism, but instead
the inversion i: A — A, r — —x, see e.g. Section 7.1. Moreover, we cannot in
general ask for the map o to be a group homomorphism, as shown in Figure 4
in the case ® # ®'.  The definition might seem restrictive as we do not allow
L to be an affine map (but only linear), but we do not loose any generality.

Since a building is made out of copies of the model apartment, we use the
notion of morphism of apartments to define morphisms of buildings.

Definition 1.2 (Definition 4.6). Let B = (B,.A) be an affine building of type
A=A(P,A,T)and B' = (B, A) an affine building of type A’ = A(®', A, T").
A morphism of generalized affine buildings is a collection of maps

v:B— B, p:A—- A, 1:A— A
where 7 is a morphism of apartments, such that for all f € A it holds
vof=p(f)or.

On the one hand, this definition provides considerable flexibility compared
to existing notions of building morphisms in the literature, that will be dis-
cussed in Section 4.3. The key feature is that it allows to change the root
system, which is the main new thing our notion of morphism brings to the
table. On the other hand, the notion is still rigid enough to conclude that
the only morphism from the R-building R to the Q-building Q is the trivial
morphism, since there is no non-trivial order-preserving group homomorphism
from R to Q.

Notions of isomorphisms of buildings have been studied since they were first
introduced by Tits and Bruhat—Tits, see e.g. [ , , |, and | ]
in the affine case. In the discrete case, i.e. when A is a discrete subgroup of
R, and the building has hence a simplicial structure, notions of morphisms
of buildings and subbuildings are suggested and studied in | , ].
A more metric approach is undertaking in | , Sections 3.10 and 4.7].
Rousseau defines in | , Definitions 1.1.4.1 and 2.1.13.1] notions of (weak)
morphisms of apartments and R-buildings. There has been a notion of mor-
phism of apartments defined in | ], which however does not allow for flex-
ibility in changing the root system. More generally, in | | Schwer—Struyve
show that an order-preserving homomorphism from A — A’, where A and
A’ are ordered abelian groups, induces a natural map from a A-building to a
A’-building. However still in this case, the two model apartments are modeled
on the same root system.

1.2. Extension of morphisms of apartments to morphisms of build-
ings. The goal now is to show that we can construct morphisms of generalized
affine buildings easily for those buildings that are endowed with an action of
a group that is transitive “enough”. The idea is to define only a morphism
between the standard apartments and then move this map around using the
group action. Let us now make this idea precise.

Let G be a group and (B, .A) an affine A-building of type A = A(®, A, T).
We say that B is a G-building if G acts on both B and A in a compatible way,
ie forall g e G, f € Aand a € A we have

(g-)(a) = g.(f(a)).
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Note that we do not ask G to act by morphisms of buildings. On the contrary,
we use this action and certain conditions on subsets of G to verify when we
are able to extend a morphism of apartments to a morphism of buildings using
this action. Namely, for f € A and w € W,, we define

Ay ={9€G:g9.f = fow} CG.

In other words, it is the subset of those elements of G that act on a chart f
the same as precomposition by the element w of the affine Weyl group.

If G’ is another group, a morphism from a G-building to a G’-building
is a morphism of (G,G')-buildings if there exists a group homomomorphism
p: G — G’ for which the morphism is equivariant. The main result about our
notions of morphisms is the following theorem, which gives sufficient condi-
tions on when to extend morphisms of apartments to (injective or surjective)
morphisms of (G, G')-buildings.

Theorem 1.3 (Theorem 5.12). Let (B, .A) be a G-building of type A = A(®, A, T)
with a transitive G-action on A, and (B',A") a G'-building of type A" =
A N, T"). Let 7 = (L,v,0): A — A’ be a morphism of apartments and
p: G — G’ a group homomorphism.

If there exist charts f € A and f' € A" such that

(1) p(Stabg(f(a))) C Stabg: (f'((L ® 7v)(a))) for all a € A, and

(2) p(Af,w) - Af’,a(w) for all w e Wy,
then there exists a morphism (¥, ¢, 7) of (G,G")-buildings from B to B’ ex-
tending T, that is p-equivariant. Moreover,

(a) if T and p are injective and p(Stabg(f)) = Stabe (f'), then (¥, p,T)
1S injective;

(b) if G acts transitively on A, and T and p are surjective, then (¢, @, T)
1S surjective;

(c) if G' acts transitively on A', p is an isomorphism of groups, T is an
isomorphism, and the two inclusions (1) and (2) are equalities, then
there exists an inverse morphism. That is, (B, A) and (B, A") are
isomorphic.

We say that the morphism of (G,G’)-buildings constructed in the above
theorem is induced by the group homomorphism p. The construction of the
map ¢: A — A’ on the level of atlases is straight-forward, as by assumption G
acts transitively on 4, and (1) applied to w = Id € W, implies that Stabg(f) C
Stabg(f'), so ¢ is well-defined. To define ¢»: B — B’ on the underlying
building we use again that G acts transitively on A and that every point
in B is in the image of some chart (see axiom (A3) in Definition 3.1). To
check that 1 is well-defined, one combines (1) and (2), and the axioms on
buildings (A1) and (A2). It is then easy to verify that ¢ o f = ¢(f) o (L ® f)
using the transitivity of the action of G on A. The p-equivariance follows
from the construction of the maps. The proofs of (a) and (b) use only axiom
(A3). To prove (c) we construct an inverse morphism. The strength of this
theorem is that in concrete examples, an apartment morphism can be easily
constructed, and the conditions (1) and (2), as well as (a)-(c) are often directly
verifiable. We observe this in the proofs of the following results, which concern
applications of the notion of morphism, where we see the above theorem in
action.

1.3. Applications and examples. The main applications of the above result
are two-fold. First it allows to relate existing models of apartments in the
literature. Secondly, in the example of one of such family of buildings, we can
prove certain functoriality properties.
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1.3.1. Relationship between different models of buildings. In this article we fo-
cus on four models of (families of) buildings, namely the norm building By,
the lattice building By, the Bruhat-Tits buildings Bpr (for split algebraic
groups) and the homogeneous buildings By as defined by Kramer—Tent in
[ ]. Their precise definitions are given in Section 3.2. It would be inter-
esting to compare these to the even more general model given in | |, that
generalizes Bruhat—Tits buildings for higher rank A.

In Section 5.2 we first show that all these buildings constitute examples of G-
buildings for some appropriate group G. In the lattice and norm buildings this
group will be SL,,(F) for F a field endowed with a valuation, see Section 2.1.
One can think of the homogeneous buildings and the Bruhat-Tits buildings
as the generalizations of the lattice respectively norm building to Lie groups
different from SL,(F), where Bruhat-Tits buildings are defined for general
valued fields and split algebraic groups, and the homogeneous buildings for
real closed valued fields and (semi-)algebraic groups (that are not necessarily
split). The relations between these buildings are summarized in the following
diagram. For the precise statements of the results we refer to Section 7.

ACR
BL c — > BN

G=SL, (F) (Theorem 7.11) |~ ACR and G=SLy, (F) (Theorem 7.15)

. ACR and G split
(Theorem 7.14)

By

FIGURE 1. Morphisms between different buildings in the liter-
ature. When A = R, all morphisms are isomorphisms.

Through personal communication, we know that the isomorphism between
Bgpr and By (see [ ]) when A = R and G = SL,(FF) has already been

known to Anne Parreau.

1.3.2. Functoriality properties. We now use the notion of morphism to address
certain functiorality properties. For this we restrict our attention to homoge-
neous buildings, but equivalent question have been discussed for Bruhat—Tits
buildings for example in | ]. Homogeneous buildings are special general-
ized affine buildings associated to the F-points of semisimple linear algebraic
groups G defined over QQ, where F is a real closed valued field. This means
that F is endowed with a total order such that F[y/—1] is algebraically closed,
as well as a rank one valuation v: F* — R>q, that is compatible with this
order, meaning that 0 < z <y implies that v(z) > v(y) for all z,y € F. For a
precise definition of homogeneous buildings we refer to Example 3.5. In this
special case we apply Theorem 1.3 to prove certain functoriality properties.
A natural question is whether a (surjective, injective) group morphism of al-
gebraic groups p: G — G’, where G’ is a semisimple linear algebraic group
defined over Q, induces a natural (surjective, injective) morphism of the asso-
ciated homogeneous buildings B, respectively B’. This question was answered
positively for (discrete) Bruhat—Tits buildings over quasi-local fields by Land-
vogt in [ |. We now study this question in the context of homogeneous
buildings for real closed fields. The first example is when G is a subgroup of
G’ and p is the inclusion. In this case we have the following result.

Theorem 1.4 (Theorem 6.7). Let G < G’ < SL,, be two semisimple self-
adjoint linear algebraic Q-groups. Let F be a non-Archimedean real closed
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field and v: F* — A an order-compatible valuation. Let B (resp. B') be the
associated homogeneous G(F)- (resp. G'(F)-) building. Then the inclusion
G(F) — G/(F) induces an injective morphism B — B’ of generalized affine
buildings.

In this theorem the full flexibility of our notion of morphism of apartments
becomes apparent, since we need to be able to change the root system in the
type of the model apartment. Namely, the idea is to show that there is an
inclusion of the model apartments, see Lemma 6.3, which is in fact an injective
morphism of apartments. The main difficulty in this step is the existence of
a map o: W, — W/, which is the content of ??. We then conclude using
Theorem 1.3 (a). For more general group morphisms G — G’ we have the
following result generalizing the above.

Theorem 1.5 ( Theorem 6.11). Let G, G’ < SL,, be two semisimple selfad-
joint linear algebraic Q-groups. Let F be a non-Archimedean real closed field
and v: F* — A an order-compatible valuation. Let B (resp. B') be the G(TF)-
(resp. G/(IF)-) homogeneous building defined as in Example 3.5. If there exists
an injective morphism of groups G(F) — G/(F), then it induces an injective
morphism of buildings B — B'.

The idea is to use Theorem 1.4. Now the main step towards the proof of
the above result is to show that if G and G’ are isomorphic, then there is
an isomorphism between their associated homogeneous buildings, see Theo-
rem 6.9. This first needs to be established for the associated model apartments
(Lemma 6.8), and then we apply again Theorem 1.3 (c). We also obtain certain
functoriality properties under real closed valued field extensions.

Theorem 1.6 (Theorem 6.12). Let G < SL,, be a semisimple self-adjoint
linear algebraic Q-group, K, F non-Archimedean real closed fields with order-
compatible valuations vk, vy and B, B’ the homogeneous affine buildings asso-
ciated to G(K) and G(F) respectively (see Example 3.5). Suppose there exists
a morphism of valued fields n: K — F, that is vp(n(z)) = vk(x) for every
k € K*, then there exists a building morphism B — B’.

The proof proceeds by constructing the building morphism in three steps.
First, we show that the valuation-preserving property of 7 allows us to define a
well-behaved morphism of ordered groups « between the value groups. Second,
we use this to construct a morphism o between the affine Weyl groups, which
in turn yields a morphism of apartments 7 = (Id,~,o). Finally, we define
maps between the buildings and between the atlases by applying n entrywise
to matrix entries. The key technical challenge is then to verify that the maps
commute.

Remark 1.7. We believe that most of these functoriality properties can be
extended to other models of buildings, such as for example Bruhat—Tits build-
ings.

Another loose end are spherical buildings at infinity. One may ask whether
a morphism of generalized affine buildings induces a simplicial morphism of
their respective buildings at infinity or, equivalently, their local buildings.
The answer in general is no, as soon as the generalized affine buildings are
not modeled on the same root system, see the example above of Sp,(F) <
SL4(FF). In this case, a chamber of the smaller apartment is not sent to any
Weyl simplex (of any dimension) in the larger apartment. Correspondingly,
the sectorpanels in the building associated to Sp,(F) are not being sent to
sectorpanels in the building associated to SL4(F), hence no map from the
building at infinity or the local building can be defined. However, as soon



MORPHISMS OF GENERALIZED AFFINE BUILDINGS 7

as ® = @ we believe that our notion of morphism between generalized affine
buildings induces a simplicial morphism between the buildings at infinity.

1.4. Structure of the paper. The article is organized as follows. We give
preliminaries on valued and ordered fields in Section 2. In Section 3 we recall
the definition of generalized affine buildings. We then continue to present all
the examples of buildings that will be studied throughout this article in Sec-
tion 3.2. We define morphisms of apartments and buildings in Section 4. In
order to prove Theorem 1.3 in Section 5.4, we introduce G-buildings in Sec-
tion 5, and we investigate the notion of morphisms and the above examples of
buildings within this new context. We then apply Theorem 1.3 in Section 6
and Section 7 to prove Theorem 1.4, Theorem 1.5, Theorem 1.6 and the re-
sults announced in Figure 1 on the relations between the different examples.
Necessary background on real algebraic geometry, which is only needed for the
example of the homogeneous buildings, is summarized in Appendix A and can
be consulted at any moment.

Acknowledgments. We would like to thank Marc Burger, Auguste Hébert,
Anne Parreau, Bertrand Rémy, Guy Rousseau and Petra Schwer for interesting
discussions. We are particularly grateful to Anne Parreau for sharing her
extensive knowledge of buildings with us. Her insights were especially valuable
in finding a suitable definition of morphism of apartments.

X.F. is funded by the Max-Planck Institute for Mathematics in the Sciences
and the Labex Carmin project.

2. PRELIMINARIES

2.1. Valued fields. For a thorough introduction to the theory of valuations
and valued fields we refer to | |. Let K be a field and A an ordered abelian
group, i.e. A is an abelian group together with a total order that is compatible
with the group operations. A map v: K — A U {occ} is called a A-valuation
(or short just waluation) if v is surjective and satisfies the following three
conditions for all z,y € K:

(1) v(z) =00 = z =0,

(2) v(zy) = v(x) +v(y),

(3) v(z +y) = min{v(z),v(y)}.
If A = {0}, we call v the trivial valuation; if A has rank 1 (i.e. it is isomorphic
as an ordered abelian group to a subgroup of R), we call v a rank-1 valuation.
More generally, we define the rank of v as the rank (as an abelian group) of
the value group A = v(K*). The subset

O :={x e K*|v(z) >0}

forms a subring, which is a valuation ring of K, i.e. a subring of K such that
for all z € KX we have z € O or 27! € O. A field together with a valuation
is called a valued field.

Example 2.1. Examples of valued fields are the p-adic numbers. Whenever
F is any field, the field of rational functions with coefficients in F is naturally a
valued field, where the valuation is given by v: F(X) — Z, g — deg Q—deg P.

Ordered fields are naturally valued, and they play an important role in some
of the examples we consider in the following.
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2.2. Ordered fields. Let F be an ordered field, i.e. a field together with a
total order that is compatible with the field operations. One says that F is
non-Archimedean if there exists x € F with © > n for all n € N.

An absolute value v on F is order-compatible if for all z,y € F with 0 <
x < y we have v(z) > v(y). There is a general construction to define order-
compatible absolute values on ordered fields.

Example 2.2 (Order valuation). Let F be an ordered field. We say that two
elements x,y € F are in the same Archimedean class if there exists n,m € N
such that |z| < nly| and |y| < m|z|. The set of Archimedean classes forms an
ordered abelian group A, where addition and the order are induced from the
ones in F. The map that assigns to an element 0 # = € F its Archimedean class
is a valuation, called the order valuation. It is furthermore order-compatible.
Note that A # {0}, i.e. the order valuation is non-trivial, if and only if F is
non-Archimedean.

An ordered field can admit many order-compatible valuations, where the
order valuation is in some sense the “coarsest” one. For example, if F has a
big element b, i.e. for all x € F there exists n € N with < b", then one can
define an order-compatible rank-1 valuation vy,: F — R>q U 0o by setting

vp(x) ZZ—inf{ZEQ|l‘q<bp},

mimicking the definition of the standard logarithm. In fact, any order-compatible
rank-1 valuation on F is a positive scalar multiple of v for some big element

b € F. Note that there are ordered fields that do not admit big elements, e.g.
the hyperreals.

An ordered field is real closed if every positive element is a square and every
odd degree polynomial has a root. Note that every ordered field has a real
closure, that means an algebraic field extension that is real closed and whose
order extends the original one [ , §1.3].

Example 2.3. The real numbers R and the real algebraic numbers Q" are
both real closed. The field of real Puiseux series is the set of expressions

R(X)" = { S cxkim ’ ko € Z, m € N\ {0}, i € R},
k=kgo

together with formal addition and multiplication. An element Ziiko cp X kM
is positive if ¢g, > 0. With this order R(X)" is real closed, see e.g. | ,
Theorem 2.91]. The real closure of Q is Q. The real closure of R(X) (together
with the order X > 0 but X < A for all A € Ry¢) is the field of real Puiseux
series that are algebraic over R(X).

Real closed fields play a crucial role in real algebraic geometry. Since real
algebraic geometry only appears in one of the models for buildings and are not
the subject of this article, we summarize the basics needed throughout this
article in Appendix A.

3. GENERALIZED AFFINE BUILDINGS

In this section we recall the definition of generalized affine buildings, and
then give several examples.

3.1. Definition. For more details and a thorough introduction to generalized
affine buildings we recommend for example | ) , ].
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Let ® be a crystallographic! root system in a Euclidean vector space (V, (-, -))
and A a non-trivial ordered abelian group. As is usually done, we assume that
A is a Q-vector space, as otherwise we may replace A by A®7Q. In particular,
both A and Spang(®) have the structure of Q-vector spaces and we define the
model apartment as

A := Spang(®) ®q A.
If A C ® is a basis of ®, then a model for the apartment is given by

A= {Z)\aa: AaeA},
aEA

so that A is isomorphic as a group to A" for n = |A| € N, which is called the
dimension of the apartment. Moreover, the root system ® defines a spherical
Weyl group Ws. Let T be a subgroup of A = A™ which acts by translation
on A and define the affine Weyl group with respect to T as W, := T x W.
Formally, we call the combined data (®,A,T) an apartment. An apartment
determines the model apartment A together with the action of the affine Weyl
group W,. It is customary to write A = A(®, A, T'). The scalar product (-,-)
on V extends to a bilinear pairing

(,+): A x Spang(®) — A, <Z Aacr, Y )\55> =) Aads{a,d),

acA dEA a,0€A

which in general cannot be extended to all of A x A, since A may not have a
multiplication. Every root o € ® determines a reflection r,: A — A defined

by

r (Z)\(;é) = Z)\gr (0) = Z)‘5 <(5—2<5’a> a>.

[0 6 <a’a>
STAN deA JSTAN

Elements of the affine Weyl group W, that are conjugate to r, are called

reflections. Every reflection r determines a hyperplane
H,:={zeA:r(zx)=12x},
which is also called a wall. Associated to each wall there are two half-

apartments of A which are of the form
HY ={zeA:(z,a) >k} and H, i ={z€A: (z,a) <k}

a,

for « € ® and k € A. The fundamental Weyl chamber associated to a basis
A C & is given by
C() = ﬂ H(;’—,O'
aEA

A Weyl-chamber, or sector, of A is any of the sets w(Cy) for w € W,. If a sector
s is a subset of another sector s’, then s is called a subsector of s’. Following
[ , §2.5], we say that a subset Q C A is convexz, if it is an intersection
of half-apartments. A convex set 2 C A is closed, if it is the intersection
of finitely many half-apartments. With these definitions we define affine A-
buildings as in | , §3.1], based on ideas of Tits | ] and generalizing
the notion of A-trees in Morgan—Shalen | -

Definition 3.1. Let B be a set and A a set of maps from A to B. We say
that (B,.A) is an affine A-building of type A = A(P, A, T), if it satisfies the
following six axioms:

(A1) For all f € A and w € W, we have fow € A.

1A root system is crystallographic if a(Hg) € Z for all roots «, 8. It turns out all root
systems coming from Lie groups are crystallographic. An example of a non-crystallographic
root system is the one of type I(m) for m large enough.
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(A2) Forall f, f' € A, theset Q == f~1(f(A)Nf'(A)) C A is a closed convex
set and there exists w € W, such that f|q = f’ o w|q.

(A3) For any two points in B there is an apartment containing both. That
is, there exists a f € A such that z,y € f(A).

(A4) Given sectors S1, 52 C A, then there exist sectors S7, S5 C A contained
in S; respectively Sa, such that S} U S, C f(A).

(A5) If the images of three maps f1, fa, f3 € A pairwise intersect in a halfa-
partment, then they intersect.

(A6) For any chart f € A and any point p € f(A), there is a distance-
diminishing retraction rs,: B — f(A) with (ry,) "1 (p) = p.

Note that axiom (A6) makes sense since axioms (A1)-(A3) imply that we
can define a A-distance on B, that is a function d: B x B — A satisfying
all conditions of the definition of a A-metric but the triangle inequality, see
[ , Remarks 3.1 and 3.2]. Axiom (A6) implies that d in fact satisfies the
triangle inequality, hence defines a metric on B.

If A can be inferred from the context, we say that B is a generalized affine
building. The set A is called the atlas of the generalized affine building B, and
its elements are called charts.

3.2. Examples. We now give examples of generalized affine buildings from
the literature, namely the norm building By, the lattice building B, homoge-
neous buildings By and Bruhat—Tits buildings Bgr. All these constructions
use a reductive algebraic group G over a field F with valuation v: F — AU{oo}.
In Section 7 we will relate these different models in specific contexts, as illus-
trated in the following diagram from the introduction, see Figure 1.

ACR
BL B — BN
G=SLy (F) (Theorem 7.11) |~ ACR and G=SLy, (F) (Theorem 7.15)
ACR and G split
H > Bpr

(Theorem 7.14)
In the special case A = R, all models are isomorphic. Let us now define the
buildings in question.

Example 3.2 (Norm building By). This model for an affine building has
been studied in various settings in | , , ]; we follow [ , §3].
Let F be any field with a non-Archimedean rank one valuation v: F* —

A <R. For a € F, set |a| := exp(—v(a)) € R and let V :=F". An ultrametric
norm is a function : V' — R>( that satisfies for all a € F and v,w € V

(a) m(v) =0 if and only if v = 0,

(b) n(av) = laln(v), and

(¢) n(v + w) < max{n(v), n(w)}.
An ultrametric norm 7 is adapted to a basis £ = {e1,...,e,} of V if

1 (Z aiez-) = max{[a1[n(e1), .. ., [an|n(en)},
i=1

and 7 is adaptable if there exists a basis to which it is adapted. The norm
building By is the set of all homothety classes of adaptable ultrametric norms.
The model apartment can be identified with

AXR"/R(1,...,1) = {(xl,...,xn) eR": in:O}
=1
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and the spherical Weyl group is the symmetric group on n letters acting on A

by permuting the entries. To a basis £ and an ultrametric norm 7 adapted to
&, we associate a chart fi; e+ A — Bn by

Jme((@1,. . w0)) (Z aiei> = max {e*“|ailn(ei)} .
i=1

Let A denote the set of charts. The pair (By,.A) then is an affine R-building

of type (Ap—1,R,R"/R(1,...,1)), see [ , Sections 3B - 3F]. We note that
By also admits a different atlas A’, so that (By,.A’) is an affine R-building
of type (Ap—1,R,A"/A(1,...,1)), see | , Remark in Section 3B4].

Example 3.3 (Lattice building By). We now recall what we call the lattice
building, i.e. the space of homethety classes of lattices for F”. This was defined
in | , Section 9.2] in the discrete case, and in | , Example 3.2] in
general. We follow the latter exposition.

Let A be an ordered abelian group (not necessarily of rank one) and F a
field with a A-valuation v: F* — A (in particular non-Archimedean). Denote
by O == {z € F | v(z) > 0} the valuation ring. A lattice (sometimes called
O-lattice) of F" is the set Oe; + ... + Oe,, where {e1,...,e,} is a basis of
F". Two lattices L1 and Lo are homothetic if there exists x € [ such that
xLy = Ly. We write [L] for the homothety class of a lattice L. The lattice
building By, is the set of all homothethy classes of lattices in F”, i.e.

Br :={[L] | L is a lattice}.

The model apartment can be identified with A =2 A"~1. A basis £ = {e1,...,en}
determines the lattice O™ of F™. To a basis we define a chart fe: A"~ 1 — By,
as follows. For (A1,..., \p_1) € A" 1, we set

fe((Ay oo Anm1)) =
[O(zr 1) + O(zrs-ni€2) + ..+ O(@r, -2, s6n—1) + O(—x,_,€n)],

where z), € F with v(x),) = A;. Note that the so obtained lattice is indepen-
dent of the choices of x,.

Let A denote the set of charts. The pair (Bp,.A) is a generalized affine
building of type (A,_1, A, A"~ 1), see | , Example 3.2].

Example 3.4 (Bruhat-Tits buildings Bgr). In their seminal works [ ,
| Bruhat—Tits construct affine buildings from reductive algebraic groups
that are quasi-split with respect to a valued field F with value group A C
R. More general cases in which the Bruhat-Tits building exists have been
investigated over the years for example in [ , ]. More recently,
this construction was generalized to value groups A that are not necessarily a
subgroup of R | ]. We restrict our setting to the case when the group is
semisimple and split, but we allow for value groups that are not necessarily a
subgroup of R. Our main reference when A C R is [ , Chapters 6 and 7]
and for general A | ].
Let F be a field with a valuation w: F* — A.  The rank rk(A) of A is
the (totally ordered) set of Archimedean equivalence classes of A. Hahn’s
embedding theorem states that A can be viewed as a subgroup of the additive

group

R = {(Tr)rerk(n) € R supp((Zr)rerk(a)) is a well-ordered subset of rk(A)}
endowed with a lexicographical order (see e.g. | ]). In the classical case

[ ], A € R = and rk(A) consists of a single element. Let G a semi-

simple, connected, simply-connected algebraic F-group that is split over F
(such as SL,). Let S be a maximal F-split torus. For a root a € ® in the
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relative root system ® := p®, we consider the root group U,. Let G = G(F),

Uy = Uy(F), T = Centi (S)(F) and N = Norg(S)(F). From [ , (6.1.3)b)]
and [ , Section 7.19], we get that there are subgroups M, such that
(T, (Uq, My)aca) is a generating root group datum that admits a valuation
0a: Uy — RU{0} for all o € @, see | , (6.2.3)b)], | , (4.1.19)(ii)],
and | , Proposition 7.24]; for the classical groups see | , Chapter 10,
page 208ff].

We consider the Euclidean vector space (V, (-,-)) such that the dual space
(V*,(-,-)) is spanned by ®. The group N acts on the root groups by conju-
gation nUyn~! = U, and this action descends to the action of the spherical
Weyl group pW := N/T on ® C V*. The dual root system ®¥ C V of ® C V*
consists of the dual roots o € ®V defined by

2 a(v)
(o, @)

\

(o, vy = forallveV

where o € ®. We note that the linear maps a € V* extend to linear maps on
the P-vector space V ®qg AR, and the action of the spherical Weyl group g
extends to V ®g R. The space V ®g R = Spang(P”) ®g R can be identified
with the affine space of root group valuations

A={(¢3)a: v EV R R, Ya € @, Yu € Uy: pp(u) = pa(u) + a(v), }
and we abbreviate the root group valuation (¢% ) by ¢ +v. For n € N,
(n.9)a(u) = 9y-1.4(n" tun)
defines a root group valuation and an action v: N x A — A by
v(n)(¢ +v) =n.p+ n.wv,

where the n.v comes from the action of the spherical Weyl group on V ®q R.
The kernel of this action is denoted by H and N/H is called the affine Weyl
group. For x € A2V let

P, = (u e U,: 3N € A such that p,(u) > X > —a(x)) - H.

The Bruhat-Tits building is now defined as the quotient Bpr := (G x A)/~
for the equivalence relation (g,z) ~ (h,y) when

dneN:g 'hneP, and v(n)(z)=y.

The Bruhat—Tits building is a generalized affine building of type A(®V, R, T/H)
[ , Theorem 3.30]. The apartment A is modeled on A and we have the
map fo: A — Bpr,  — [Id,z]. The natural action of G on G x A descends
to an action on Bpr given by g.[h,z] = [gh,x]. The atlas of By is given by
A= {g.fo | g € G}, where g.f(z) = [g, ] for all x € A. Indeed, the affine
Weyl group W, is defined as v(N) = W,, N < G, and thus only translations
by A-valued vectors are possible.

We remark that the root group valuations (¢4 )q are compatible with the

field valuation w, see | ,4.2.7(2)] and [ , Section 7.44, Fact 7.12], for
allteT
(%) paltut™) = pa(u) + w(a(t)),

which means that if t € T and x € A = V satisfy (—w)(a(t)) = a(x), then
[t,0] = [id, z] € I.

Example 3.5 (Homogeneous buildings By). In [ ], for more details see
[ |, Kramer—Tent define a building associated to the following data. Let
G be a semisimple self-adjoint linear algebraic Q-group G < SL,, for some
n € N and let F be a real closed field. To define a building, we need F
to be non-Archimedean with an order-compatible valuation v: F* — A (not
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necessarily of rank one), but for now let F just be a real closed field, possibly
F = R. Denote by G := G(F) the F-points of the algebraic group G.
The group SL, (F) acts transitively on the set

Py(n,F) = {M ¢ F™": M = M7T det(M) =1, M > 0}

of positive definite symmetric matrices of determinant one by congruence, i.e.
g.M = gMg". Let Xr be the orbit G.Id of Id € Pi(n,F). If F = R, Xg is
a model of a symmetric space of non-compact type that is a totally geodesic
submanifold of the symmetric space P;(n,R). When F is non-Archimedean, we
call Xy a non-standard symmetric space. Given an order-preserving valuation
v: F* — A, it is then possible to define a G-invariant, A-valued pseudo-
distance d: Xp x Xp — A whose quotient By = Xy/~ after identifying all
points of distance 0 is an affine A-building in the following sense.

Let K := GNSO,,. Let S < G be a maximal R-split torus that is self-adjoint.
Let Ar be the semi-algebraically connected component of the identity in Sg.
When F = R, g := Lie(Ggr) admits a Cartan decomposition g = €@ p given by
the Cartan involution #: X + —X7T. The group Ag is a connected real Lie
group whose Lie algebra a C p can be used to obtain the restricted root space
decomposition

Lie(Gg) = g0 ® P
acd

where (®,a) is a root system with spherical Weyl group
Wy = Nork, (Ar)/ Centk, (Ar).

Associated to every root a € @, there is an algebraic character xo: Ar — Fxsg.
The Cartan decomposition Gr = Kp ApKp can then be used to define a Cartan
projection dp: Xg — Cp, where Cy = {a € Ap: xo(a) > 1, Va € A}, where
A is a basis of @, see e.g. [ , Lemma 7.2]. Then, Ny: Ap — F<( defined
by

N]F(a) = H max {Xa(a)v Xa(a)il}
acd

is a semi-algebraic multiplicative F>;-valued G-invariant norm on Ay. When F
is non-Archimedean, Ng and dp together with an order-compatible valuation v,
gives a pseudo-metric d := —v o Ny o ép on X, and a metric on By = Xp/~.
Let o = [Id] € By be a base point. It is then possible to show that the
apartment A := Ap.o is a Q-vector space isomorphic to Span@(q)v) ®q A,
where ®V is the dual root system, of dimension r = dim(a) = rank(Gg).
Taking 7' = A = A", By is an affine A-building of type (®¥,A,A") | ,
Theorem 8.1] in the case that ®V is reduced. If fo: A — By denotes the
inclusion, the atlas is given by A = {g.fo: A — By | g € Gr}. The following
compatibility condition is useful | |: for every point € A and a € Ap,
fo(x) = a.o if and only if

(%) (—=v)(Xa(a)) = alz).
The descriptions of the following stabilizers will be useful.

Proposition 3.6 (Theorems 7.11 and 8.19 in | D. Let O = {x €
F: v(z) < 0} be the valuation ring of F. Let T = Centg(S(F))%. Then
Stabg(0) = G(O) == GNO™" and

Stabg(fo) = {9 € G: g.a.o=a.o for all a € Ap} = T(O) =T NO™*".

2Here we defined T = Centg (S(F)), but in [ ], T = Centc(A), where A is the
semi-algebraically connected component of S(IF).
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Remark 3.7. It was announced in | , Theorem 5.7], and proven in
[ |, that in the setting of the above example, there is another descrip-
tion of the homogeneous building. Using the transitive action of G on By,
the underlying set of the homogeneous building By can be identified with
G(F)/G(O). The model apartment A is given by A(F)/A(O), and an atlas of
charts by

A={fy: A(F)/A(0) = G(F)/G(0), a] = g.[a] | g € G(F)}.
4. MORPHISMS OF GENERALIZED AFFINE BUILDINGS

The goal of this section is to introduce the definition of morphisms of gener-
alized affine buildings. Before we can do so we define morphism of apartments.

4.1. Morphisms of apartments. Let ® and ®' be two crystallographic root
systems with respective basis ¥ and ¥/. Let A and A’ be ordered abelian
groups and A = Spang(®) ®g A and A" = Spang(®’) ®g A’ the corresponding
model apartments. For T' < A and T" < A’, we have the respective affine Weyl
groups with respect to 7" and 7", denoted by W, = T x Wy(®) respectively
W! =T xWy(®'). There is a natural action of the affine Weyl groups on their
respective model apartments. We will write A = A(®, A, T) to highlight that
the apartment comes equipped with the action of the affine Weyl group W,.

Definition 4.1. Let A = A(®,A,T) and A’ = A(P', A", T’) be two model
apartments. Let L: Spang(®) — Spang(®’) be a Q-linear map, v: A — A’ a
morphism of ordered abelian groups (order preserving group homomorphism)
and o: W, — W/ a function (not necessarily a group homomorphism). The
triple (L, ~y, o) is called a morphism of apartments if for all a € A and w € W,
we have
(L &g 7)(wa) = o(w).(L &g 7)(a)).
This means that the following diagram commutes for every w € W,.

A ®'Y A/

A— A
Ly

We will denote morphisms of apartments by 7 = (L,~,0), and when it is
convenient we will write by slight abuse of notation 7: A — A’ and 7 = L®+.

We call 7 injective (resp. surjective) if L and ~ are injective (resp. surjec-
tive). It is a linear algebra exercise to see that 7 is injective (resp. surjective)
if and only if L ®q 7 is injective (resp. surjective).

Example 4.2. Suppose ® = & and v: A — A’ is a morphism of ordered
abelian groups such that y(7') € 7’. Then Id®qg7y: A — A’ defines a mor-
phism of apartments. Furthermore, this recovers the definition of morphisms
in [ ].

Remark 4.3. The identity morphism is given by L = IdSpanQ(<I>)7 v = Idp
with o = Idy, and composition of morphisms is given by composition of L, v
and o. It is not hard to check that with these notions, model apartments form
a category. A morphism 7: A — A’ then is an isomorphism of apartments if
there is a morphism 77 !': A’ = A with 7 ' o7 =1Idy and 7o7~! = Idy.

Definition 4.4. Let A = A(®,A,T) and A’ = A(P',A',T") be two model
apartments. Let L: Spang(®) — Spang(®’) be a Q-linear map, v: A — A’ a
morphism of ordered abelian groups (order preserving group homomorphism)
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and o: W, — W. a group homomorphism. The triple (L,v,0) is called a
morphism of apartments if L ® v(T) C T" and for all a € A and w € Wy we
have

(L ®g 7)(w.a) = o(w).((L ®q 7)(a)).
This means that the following diagram commutes for every w € Wi.

A LBV

[ Jo

A — A
L®~y

We will denote morphisms of apartments by 7 = (L,~,0), and when it is
convenient we will write by slight abuse of notation 7: A — A’ and 7 = L ® 1.

We call 7 injective (resp. surjective) if L and ~ are injective (resp. surjec-
tive). It is a linear algebra exercise to see that 7 is injective (resp. surjective)
if and only if L ®q ~ is injective (resp. surjective). If 7 is injective, so is o,
but if 7 is surjective, o may not be surjective (for instance in the inclusion of
type As in type Ga).

Lemma 4.5. If (L,~,0) is a morphism of apartments A — A, then o: Wy —
W! and L@ ~|p: T — T extend to a group homomorphism a: Wy — W, and

S

L&y A/

A ——
L e
A

%A’
L&~y

commutes for all w € W,.

Proof. We denote by t*: A — A the translation by x € A. Let t* "1, t*2 € T,
w,wy, wy € Wy. We define a map 7: W, — W! by a(t*w) == t!®7@) g (w). By
the semidirect product structure of W, = T x Wy, wit*2 = t¥1(#2);, so
Tt - 172 wg) = o <t$1tw1($2)w1w2) _ tL®'y($1+wl(m2))a_(wlw2)
— tL®7("”1)tL®7(w1($2))a(w1)o(w2)
= ¢F@Y (@)oo n)(L@V(@2)) 5 (1) ) o (wy)
= t5F27@) 5 () L2 5 (wy) = F(E™ wy) - T (£ 2w3)
shows that @ is a group homomorphism. If y € A, we have
Leoy(t*w(y)) = Loy(r+w(y) = Ley(z) + Lo y(w(y))
= "7 (o (w)(y)) = T(t"w)(y),

so the diagram commutes. O

4.2. Morphisms of buildings. We use the notion of morphisms of apart-
ments to define a notion of morphisms of generalized affine buildings.

Definition 4.6. Let B = (B, A) be an affine A-building of type A = A(®, A, T')
and B’ = (B’, A') an affine A’-building of type A’ = A(®', A, T"). A morphism
of generalized affine buildings is a collection of maps

v:B— B, o A—- A, 71:A— A
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where 7 is a morphism of apartments, such that the following diagram com-
mutes for all f € A.

A—T B

J Jw

/ !/
A W B
We denote morphisms of generalized affine buildings by m = (¢, ¢, 1), and
when it is convenient we will write by slight abuse of notation m: (B, A) —
(B', A"y or m: B — B’. We say that a morphism (¢, ¢, 7) is injective (resp.
surjective) if 1, ¢ and T are injective (resp. surjective).

Example 4.7. Since there is no order-preserving group homomorphism from
R to Q, we obtain with this definition that the only morphism from the R-
building R to the Q-building Q is the trivial morphism.

Remark 4.8. The identity morphism is given by ¥ = Idy, ¢ = Idp and
7 = Ids and composition of morphisms is given by the composition of all
three ¢, ¢ and 7. It is not hard to check that with these notions, generalized
affine buildings form a category. A morphism m = (¢, p,7): B — B’ is then
called an isomorphism if there exists m~': B’ — B with m™' om = Idg and
mom~! =1Idp.

4.3. Relation to existing notions in the literature. We finish this section
by explaining how our definition relates to existing notions of morphisms and
isomorphisms of apartments and (generalized affine) buildings already present
in the literature. Already in | ) |, Tits defines a notion of isomor-
phism of discrete affine buildings, and classifies them up to isomorphism. Sim-
ilarly, still in the discrete case, Gérardin states that the norm building “is”
the Bruhat—Tits building | , Theorem in §2.3.6]. He defines in §1.3.7 an
isomorphism of apartments as a linear map that preserves distances and that
exchanges the walls. This is stronger than our definition, as we do not ask a
morphism of apartments to preserve distances.

More generally, when the valuation takes values in a discrete subset of
R, there are a several notions of morphisms, see e.g. [ , ]. We
briefly explain Landvogt’s notion | | and his result on Bruhat—Tits build-
ings, as it can be compared to Theorem 1.5. Landvogt showed a functoriality
property, namely that a homomorphism of algebraic k-groups, where k is a
quasi-local field, induces an equivariant continuous map between the associ-
ated Bruhat—Tits buildings, that is toral—a notion that ensures that apart-
ments are mapped to apartments. Furthermore, after suitable normalization
of the metric, this map is an isometry. In the case of inclusion of connected,
reductive k-subgroups the author also examines the set of all maps with the
above properties. A toral map should be thought of as the analog of our notion
of morphism of apartments, and it would be interesting to compare these two
notions in the discrete setting.

A comparison to the notion in | | would also be desirable. However in
general it is not clear how properties of a A-buildings for A a discrete subgroup
of R relate to properties of affine buildings.

In the non-discrete case, but in the setting of Euclidean buildings, Rousseau
defines notions of (weak) morphisms of apartments, buildings and sub-buildings
[ |. A weak morphism of apartments (endowed with a Euclidean distance)
is an affine map ¢: A — A’ that satisfies three axioms related to the affine
Weyl group actions, the walls of the apartments and their Euclidean distances
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[ , Definition 1.1.4.1]. However the composition of two weak morphisms
is in general not a weak morphism. Rousseau then defines a morphism of
apartments to be a metric weak morphism, meaning that ¢ preserves dis-
tances up to the kernel of the linear part of ¢. Note that our definition does a
priori not take the metrics on A and A’ into account, and allows thus for more
flexibility. The notion of (weak) morphisms of buildings | , Definition
2.1.13.1] is then directly defined as a map between two Euclidean buildings
that maps an apartment A to an apartment A’, and that when restricted to
A is a (weak) morphism of apartments from A to A'.

Similarly, still in the setting of Euclidean buildings, Kleiner—Leeb define a
subbuilding as a metric subspace of a Euclidean building which admits a Eu-
clidean building structure | , Subsections 4.7]. It is not clear, whether any
subbuilding is the image of a morphism of buildings in our sense. However
we believe that the image of an injective morphism of buildings gives rise to a
subbuilding.

Several notions of morphisms of root systems have been developed. In
[ | and similarly in [ | morphisms are linear maps L: Spang(®) —
Spang(®’) such that L(®) C &', possibly with some extra conditions. In
our definition of morphisms of apartments, we also have a linear map L, but
roots may not be sent to roots. This happens for instance in the context
of functoriality under subgroups G < G’ (see Section 6.2, in particular the
example in Figure 4), where the linear map L does not send roots to roots. A
morphism of root systems in the category RCE defined in | | satisfies the
compatibility condition on the Weyl groups | , Theorem 5.7], and thus
defines a morphism of apartments (when A = R) in our setting. This means
that our notion is a generalisation of the one in | ]. The notion in | ]
is not stronger or weaker than ours.

The most general and at the same time closest to our notions are probably

[ | and | |, where the latter generalizes the former. Let us discuss
these two now in more detail.
In | , Definition 5.5], Schwer defines a notion of isomorphism of gen-

eralized affine buildings. This definition agrees with Definition 4.6 where the
author considers inverse maps to ¥ and ¢, and requires that 7 is an automor-
phism of apartment, which according to personal communication with Petra
Schwer coincides with our definition. Thus the definition of isomorphism given
in [ | agrees with Definition 4.6.

Schwer—Struyve consider in [ , Sections 3 and 5] a generalized affine
building (B,.A) of type A := A(®,A,T) and an order-preserving surjective
(resp. injective) group morphism v: A — A’. From this data, they construct
a model apartment A’ := A(®, A, T"), where T" is the component-wise image
of T under ~. In the first paragraph of Section 3, the authors construct a
surjective (resp. injective) map A — A’, which in our notation corresponds
to two maps Id®~vy: A — A’ and Id: W, — W,. In fact, they show that
these maps define a morphism of apartments in the sense of Definition 4.4.
Note however that the root system ® is the same. Let us denote by 7 this
morphism of apartments. Secondly, Schwer—Struyve construct a topological
space B’, a surjective (injective) map ¢: B — B’ and for each f € A a map
'+ A" — B'. If we denote by A’ the set of maps f’ constructed, then we get a
map p: A — A’. Then they show in | , Sections 3 and 5] that (B’, A’) is a
building and that m = (¢, ¢, 7) is a morphism (in the sense of Definition 4.6)
between the buildings (B, A) and (B’, A") such that ¢, ¢, T are surjective (resp.
injective). Furthermore, in | , Theorem 1.1] the authors prove that the re-
spective spherical buildings of B and B’ at infinity are isomorphic, and this
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isomorphism is induced by the morphism of buildings m.

In | , §7], the authors associate to a quasi-split reductive algebraic
group G and a Henselian field F, equipped with a valuation v: F* — A,
a generalized affine building, denoted by I(F,v,G). They then construct,
given a surjective morphism of totally ordered abelian groups f: A — A/, a
projection map I(F,v, G) — I(F, fov, G), which is surjective and compatible
with the action of G(IF). It would be interesting to investigate whether the
projection map they construct is a surjective morphism of G-buildings in the
sense of Definition 5.8.

5. G-BUILDINGS AND THEIR MORPHISMS

The goal of this section is to construct morphisms of generalized affine build-
ings eqipped with group actions. Under sufficient transitivity assumptions this
allows to define a morphism of generalized affine buildings by specifying a mor-
phism of one apartment, and then moving this map around under the action
of the group. This motivates the following definition.

Definition 5.1. Let G be a group and (B,.A) an affine A-building. We call
B a G-building if G acts on both B and the atlas A such that the actions are
compatible, i.e.

(g.f)(a) =g.(f(a)) VgeG, feA acA.

Note that we always have Stabg(f) C Stabg(f(0)). Often we may want to
require transitivity of the action of G on A or on B.

5.1. Transitivity properties of G-buildings. Here are some direct conse-
quences of the definition of G-buildings.

Proposition 5.2. Let (B, A) be a G-building of type A = A(®, A, T). If G
acts transitively on B, then T = A™.

Proof. Let f € A and a € A. By transitivity, there is ¢ € G such that
f(0) = g.f(a). Recall axiom (A2), that says that for all f, f' € A, the set
Q = f~Yf(A) N f(A)) is W,-convex and there exists w € W, such that
flo = fow|g. We apply it to f and g.f. We note that 0 € Q. From the
second part we get w € W, such that f(0) = g.f o w(0). Applying g~! we
get f(w(0)) = g~1.f(0) = f(a). Since f is injective we have w(0) = a. The
element w € W, = T x Wy can be written as w = (t,ws) with ¢ € T and
ws € Ws. Since ws(0) = 0, we have w(0) = ¢(0) = a, hence ¢t = w,. This
shows that for all a € A, w, € T, and hence T' = A". O

Conversely we have the following.

Proposition 5.3. Let (B, A) be a G-building of type A = A(P,A,T). If
T = A" is the full translation group and G acts transitively on A, then G also
acts transitively on B.

Proof. We use axioms

(Al) Vfe AVw e W,: fow € A, and

(A3) Ve,y e B3f € A: x,y € f(A).
Let z,y € B. By axiom (A3), there is a f € A and a,b € A such that
x = f(a),y = f(b). Since we assumed that T" = A™ is the full translation
group, we have w = b—a € W, = T x W,. By axiom (Al), we have that
fow € A. Since G acts transitively on A, there is a ¢ € G, such that
g.f = fow. In particular g.x = g.f(a) = fow(a) = f(b) = y, and hence G
acts transitively on B. d
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5.2. Examples of G-buildings. All examples discussed in Section 3.2 fall in
fact in the framework of G-buildings for some appropriate group G. Let us
now explain this and discuss certain transitivity properties in more detail.

Example 5.4 (Norm building, Example 3.2 revisited). Recall that the norm
building By associated to V' = F", where F is a field with a rank one valuation
v: F* — A <R, is an R-building of type (4,—1,R,R"/R(1,...,1)). We claim
that it is also a G-building for G = GL,(F). Indeed, for ¢ € GL,(F) the
action on By given by ¢.n := nog~! for n (a homothety class of ) an adaptable
ultrametric norm on V, and the action on A given by g.fj; ¢ = flgn q¢ are
compatible; see also | , Sections 3A and 3B2]. Note that GL,(F) acts
transitively the set of apartments (the images of charts in A), but not on By
and A unless the valuation v is surjective onto R.

Example 5.5 (Lattice building, Example 3.3 revisited). The lattice building
By, associated to F", where F is a field with a valuation v: F* — A (not
necessarily of rank one), is an affine A-building of type (A,_1,A, A" ). Tt
is also a G = SL,,(F)-building. Indeed, By, consists of homothety classes of
lattices L, which are of the form Oe; + Oes + ... + Oe,, where {e1,...,e,}
is a basis of F”. Thus SL,(F) acts on a lattice by acting on the basis, i.e.
g.L = Ogey + ...+ Oge,. We also define an action of SL,,(F) on a chart f¢
for £ a basis of F" by setting g.fs = fye. Then these two actions commute.

The atlas A consists of all charts fe for £ a basis of F”. Since F is real
closed, the group SL,(FF) acts transitively on the set of homothety classes of
unordered bases of F. Thus SL,(F) acts transitively on A. Furthermore,
SL,(F) acts thus also transitively on the set of lattices up to homothety, and
thus SL, (F) acts transitively on the building By.

Note that By, is also a GL, (IF)-buildings with the same transitivity proper-
ties.

Example 5.6 (Bruhat—Tits building, Example 3.4 revisited). Let Bpr be the
Bruhat—Tits building associated to G(F) =: G, where G, F, A, and ® are as
in Example 3.4. Then Bgr is a G-building of type (®¥, 9%, A™). Recall that
Bpt = (G x A)/~, where A is the affine space of root group valuations. We
already saw in Example 3.4, that G acts on Bpr via g.[h, ] = [gh, z]. There
is a chart fo: A — Bpr, a — [Id,a] and the atlas A is the orbit of this chart
under the action of G. Thus A is naturally endowed with a G-action and these
actions are compatible, hence Bt is a G-building of type (®V, 3R, A™).

Note that by definition G acts transitively on the atlas A. However when
A # R, then the action of G on By is not transitive, see e.g Proposition 5.2.

Example 5.7 (Homogeneous building, Example 3.5 revisited). We claim that
the homogeneous building By associated to a semisimple self-adjoint linear
algebraic Q-group G < SL, and a real closed field F endowed with a A-
valuation not necessarily of rank one, as defined in Example 3.5, is an example
of a G-building, where G := G(F).

Recall that G acts on Xp = G.Id C P;(n,F) by congruence, and thus on
By = Xgp/ ~. It is left to define the action on the atlas A and to show
that these actions are compatible. Fix the base point o = [Id] € By. The
standard apartment is identified with A = Ag.o, where Ay is the F-extension
of exp(a), for a a Cartan subalgebra of the Lie algebra of G. Denote by fy
the inclusion from A to Bpy. The atlas A is the set {g.fo: A — By | g € G},
which is naturally endowed with a left G-action. Clearly, the two actions are
compatible, and hence By is a G-building of type (®V, A, A™).

By definition, the action of G on A is transitive. Since T' = A™ is the full
translation group, it follows from Proposition 5.2 that the action on By is
transitive as well.
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5.3. Morphisms of G-buildings. We have a natural notion of morphisms
for G-buildings.

Definition 5.8. Let (B,.A) be a G-building, (B’, A") a G’-building and p: G —
G’ a group homomorphism. A morphism of generalized affine buildings

(p: B—Bp: A= A 7: A— A)
is p-equivariant if for all g € G, x € B and f € A we have

Y(g.z) = p(g)-¥(z), and p(g.f) = p(g)-0(f).

The goal of this section is to construct morphisms between buildings on
which groups act sufficiently transitively. To do so we find conditions for when
one can extend a morphism of apartments to a morphism of the buildings, and
check when it is injective, surjective or bijective.

Definition 5.9. Let G be a group and (B,.A) a G-building of type (®, A, T).
For f € Aand w € W, = W,(®) x T, we define the subset A¢,, of G consisting
of w-translations of f by

Arw ={9€G:g9.f = fow} CG.

In other words, it is the subset of those elements of G that act on a chart f
the same as precomposition by the element w of the affine Weyl group.

Note that Af,, can be empty. However if G acts transitively on the atlas
A, then axiom (Al) is equivalent to asking that Ay, # 0 for all f € A and
w € W,.

The following properties about the sets Ay, are a consequence of the com-
patibility of the actions of G on the atlas and on the building.

Lemma 5.10. For every f € A, the set Ay = J, ey, Afw forms a subgroup
of G.

Proof. Let g € Af,, and ¢ € A,y with w,w' € Wy, ie. g.f = fow and
g.f = fow'. Then for all a € A we have

((99)-f)(a) = g.(g".f)(a) = g.(f o w')(a)
= (9-H(W'(a)) = fow(w'(a)) = (f o (wu'))(a),

thus gg' € Ag . Similarly we have glecA fw-1, since for all @ € A we have
(g7 M) =g " (fow)(wa) =g g.f(wa) = fow  (a). O

Note that when S is a subgroup of W,, for example S = T, then the same
arguments as in the proof of the above lemma show that Ay ¢ = J Afw
is a subgroup of G.

weS

Proposition 5.11. With the above notations, the sets Ay, satisfy the follow-
ing properties.

(1) Forallge G, f € A and w € Wa, we have Ay = gAfrug " .

(2) For all f € A and w,w" € Wy, if Af, Apw and Stabg(f) are non-
empty, then Ay = AfwAgw Stabg(f) = Af -

(3) If g € Ay for some f € A and w € W,, then Age = Afpg !

Proof.

(1) Let h € Ay then ghg ' f = g 1gfw = fwsothat Ags, C gAsg '
For the other direction, let h € Af,,, then ghg™(gf) = ghf = g(hf) =
gfw = (gf)w so that gAs.,g~ " = Agf.u.
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(2) Let a € Afy, b€ Apyy and ¢ € Aj, then abef = abf = afw’ = fuw’
so that Ay, Ay, Stabg(f) C Af . Furthermore, if Ay, Ay, and
Stabg(f) are non-empty and g € Ajy, then gf = fww = afw’
for some a € Ay,. Thus for some b € Ay, afw’ = abf so that
g lab € Stabg f. Hence Afww = ApwAp . Stabg(f) as desired.

(3) Let h € Ay, then hg™(gf) = hf = fw = gf so that Ag,g~ ' C Ayye.
Moreover, for h € Agf it holds h(gf) = gf = fw so that hg € Aj,,.
Thus Agpe = Aﬁwg’l. O

5.4. Extending morphisms of apartments. The goal of this section is to
prove Theorem 1.3.

Let A, A’ be ordered abelian groups, ®, ®’ crystallographic root systems of
rank n, m respectively with spherical Weyl groups Wy, W/, A, A’ the associated
model apartments and consider T' < A, T" < A’ the translation subgroups of
the affine Weyl groups W, = T x Wy, W, =T x W/. If (B, A) is a G-building,
let as in Definition 5.9 Af,, :=={g € G: g.f = fow} for g € G, w € W,.

Theorem 5.12 (Theorem 1.3). Let (B,A) be a G-building of type A =
A(D,A,T) with a transitive G-action on A, and (B’ A’") a G'-building of
type A" = A", N, T"). Let 7 = (L,v,0): A — A’ be a morphism of apart-
ments and p: G — G' a group homomorphism. If there exist charts f € A
and f' € A" such that

(1) p(Stabg(f(a))) C Stabg (f'(L ® v(a))) for all a € A, and
(2) p(Aﬁw) - Aflﬂ(w) for all w € Wy,
then there exists a morphism (¢, p,7) of (G,G)-buildings from B to B’ ex-
tending T, that is p-equivariant.
If, in addition,

(a) L and v are injective, then 1 is injective. Also, if p is injective and
p(Stabg(f)) = Stabgr (f'), then ¢ is injective;

(b) G’ acts transitively on A’, and the maps p, L and v are surjective,
then ¢ and v are surjective;

(c) G' acts transitively on A', p is an isomorphism of groups, T is an
isomorphism of apartments, and the two inclusions (1) and (2) are
equalities, then there exists an inverse morphism. That is, (B,.A) and
(B', A') are isomorphic.

Proof. We start with the construction of ¢: A — A’. Indeed, since G acts
transitively on A, every element of A is of the form g.f for some g € G, so we
define a p-equivariant function ¢: A — A’ by

©(g.f) = p(g).f.
The map ¢ is well defined: indeed, if g.f = ¢'.f for some g,¢ € G, then
g 'g'.f = f so that using (2) for w = Id, p(¢~'¢’) € p(Staba(f)) = p(Af1a) C
Af’,ld = StabG(f/) and
wlg-f) = p(g)-f = p(d).f' = (g f)-

Next we define ¢: B — B’. Any element in B is of the form g.f(a) for some
g € G and a € A — this follows from axiom (A3) and the fact that G acts
transitively on A. For every g € G and a € A, we define ¢ by

¥ (g.f (a)) = p(g).f' (L @7 (a)).

We check that 1 is well defined. Let g,¢' € G and a,a’ € A such that
g.f(a) =¢'.f(a’). From axiom (A2) there exists w € W, such that

(9.-f)la = (¢'-f ow) o where Q := (g.f) " (g.f (A) Ng'.f(A)).

/
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Note that a € Q since g.f(a) = ¢'.f(a’). In particular

g.f(d) =g.f(a) = ¢'.f(w(a)),
so that w(a) = & by injectivity of f. The set Ay, is non-empty by transitivity
of the action of G on A and axiom (Al), so we can consider g,, € Af,. By
definition of Ay, it holds

g-f(a) = g¢'.f(w(a)) = ¢'gu-f(a),
so that p(97'¢'gw) € p(Stabg(f(a))) C Stabg(f'(L ® v(a))) using (1) and
p(9)-f'(L@~(a)) = p(g'gu)-f'(L ® v(a)).
By (2) p(gw) € p(Afw) € Ap o(w) so that
p(9)-f' (L ®~(a)) = p(g'gw)-f'(L & y(a)) = p(g)-f' (o (w) (L ® 7 (a)))
= p(g)-f' (L@ y(w(a) = plg).f (L ®~(d)).

This shows that 1 is well defined. By construction, ¢ and v are p-equivariant.
To show that (i, ¢,7) is a morphism of (G,G’)-buildings, it remains to
check that the following diagram commutes for every chart h € A

A", B

| o

Al —— B,
w(h)

Let h € A and a € A. By transitivity of the G-action on A, there exists g € G
with g.f = h. Then
(¥ oh)(a) = ¥(g.f(a)) = p(g).f'(L @ ~(a))
= ¢(g-f)(L ®@~(a)) = o(h)(L @ (a)),

so the diagram commutes.
We now prove the three additional statements (a)-(c).
Proof of (a): For every b € B, there exists ¢ € G and a € A such that

g.f(a) = b. So to show that v is injective, consider g,¢' € G and a,d’ € A
such that ¥ (g.f(a)) = ¥(¢'.f(a')) and we check that g.f(a) = ¢'.f(a’). From
axiom (A3) and the fact that G acts transitively on A, there exists ¢” € G
and a1, a} € A, so that

g".f(a1) = g.f(a) and ¢".f(a1) = g'.f(a').
We compose with ¢ and obtain
p(g")-f' (L ®y(a1)) = P(g".f(ar)) = ¥(g.f(a)) = ¥(g".f(a))
= ¥(g".f(a1)) = p(g").f' (L @ v(a})).

Thus by the injectivity of L ® v and the injectivity of the charts in the atlas,
it holds a1 = a} so that

9-fla) =g".f(a1) = ¢'.f(d)
as desired. So 1 is injective.
Now suppose p is injective and p(Stabg(f)) = Stabg/(f’). For h,h' € A
there exist g, ¢ € G such that h = ¢g.f and b’ = g.f. If p(h) = @(h'), then

p(9)-f' = p(g')-f'; so
p(g7'g") € Staber (f') = p(Stabea(f)

).
So there exists g” € Stabg(f) such that p(g~'¢") = p(¢”) and by injectivity of
p, 9'g' = g’ so that g7'¢’ € Stabg(f) and h = g.f = ¢'.f = I’ so that ¢ is
injective.
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Proof of (b): Let ' € A". By transitivity of the G’-action on A, there exists
g € G' such that b’ = ¢'.f'. Moreover p is surjective such that ¢’ = p(g) for
some g € G. Hence p(g.f) =¢'.f = I/, so ¢ is surjective.

We now prove surjectivity of ¢. Let b/ € B’. By axiom (A3) of buildings,
there exists ' € A’ and b’ € A’ such that b = h/(a’). Since the action of G’
on A’ is transitive and p is surjective, there exists g € G with & = h/(d’) =
p(g).f'(a’). By surjectivity of the maps L and ~, there exists a € A such that
a' =L ®(a). Hence

U(g-f(a)) = plg).f(L®~(a)) = W(d') =V

and both ¢ and 1 are surjective.

Proof of (c¢): Suppose that 7: A — A’ is an isomorphism of apartments,
G’ acts transitively on A’, p is an isomoprhism and the two inclusions in
the conditions of the theorem are equalities. We construct, as above, a p~!-
equivariant morphism (v, ¢', 771) from (B’, A’) to (B, .A), such that ¢'(f') =
f. By p- and p~!-equivariance we have for every ¢ € G and a € A

P o(g.fla)) = (p(g)-f'(a)) = g.f(a)
@ op(g.f) = ¢ (p(g)-f) = g.f,

and similarly ¢ o’ = idg and po ¢’ =idy . Hence B and B’ are isomorphic
as generalized affine buildings. O

6. FUNCTORIALITY FOR, HOMOGENEOUS BUILDINGS

We would like to apply our notion of morphism of generalized affine build-
ings and their construction using Theorem 5.12 to prove certain natural func-
toriality properties. For this we put ourself in the setting of homogeneous
buildings (Example 3.5), but we expect similar results also in the context of
the other models of buildings introduced in Section 3.2.

6.1. Containment of root systems. Before working with Lie groups, we
consider just the case of root systems. Let V, V'’ be Euclidean vector spaces
sucht that V' < V' and let V*, (V')* be their duals. Let (&, V*), (¥, (V')*) be
root systems and let W, W’ denote their (spherical) Weyl groups. We think of
W, W' as acting on V, V’. The goal of this subsection is Proposition 6.2, where
under certain conditions we find an injective homomorphism o: W — W’ such
that o(w)|y = w for all w € W.

Example 6.1. Let V be a two-dimensional vector space and ® C (V/)* a
root system of type As. For every one-dimensional subspace V' C V' there
are root systems in V* of type Ai, but only when V is perpendicular to a
hyperplane of ® are the actions of the Weyl groups compatible, see Figure 2.
The arrangement on the left of Figure 2 appears when considering subgroups
SLs < SL3. More examples of root systems where Proposition 6.2 applies can
be found in Figure 3 and Figure 4.

Proposition 6.2. Let V < V' be Euclidean vector spaces and (®,V*), (®', (V')*)
root systems with Weyl groups W, W'. Let Cy, C{, be fundamental Weyl cones
in V, V' such that C{, contains a regular point of Cy. Assume that for all
weW, w €W we have

(1) for all o € ® there exists o/ € @' such that 'y = «,

(2) for all z € Coy N CY, if w(z) € w'(C}), then w(x) = w'(x).
Then there is an injective group homomorphism o: W — W' such that o(w)|y =
w for allw e W.
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A
v

FIGURE 2. The black and purple arrows depict the elements
dual to the elements of root systems ® and @ of type A; and
As. The Weyl groups W and W’ are generated by reflections
along the hyperplanes (depicted in gray for W’). On the left,
W and W’ are compatible as in Proposition 6.2. For the choice
of ® on the right, there is no Weyl group element of W’ that
restricts to the reflection in W.

Proof. Let p € V be a regular point in Cj that lies in C{j and is maximally
regular in Cj. Let ®-g (resp. ®L ;) be the set of positive roots and let A
(resp. A’) the basis with respect to the fundamental Weyl cells. If a € ®+q
and o/ € @' with /|y = « as in (1), then o/ € ®~, since o/(p) = a(p) > 0.
This implies

C(,) NV C Cy,

since for all @ € @+ and z € C{NV, a(z) = &/ (x) > 0, this is illustrated in
Figure 3. Let Af, .= {o/ € A": &/(p) = 0}. Since p is maximally regular in V'

FIGURE 3. A coroot system of type As lying in type Bs is
illustrated by purple and black dots. The fundamental Weyl
cones Cy and C) are chosen so that C{) contains a regular point
of Cy. The walls encasing the fundamental chambers are shown
in purple and gray.

and all o’ € Aj are linear (and thus determined by a neighborhood around
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p), all & € Aj satisty o/ (v) =0 for all v € V,
= {ap € A" (V) =0}.
There may be multiple cells in V'’ containing p, but they are fully determined
by the signs of o/ € Aj. The same holds for cells containing points w(p) € V
for w € W. The fundamental chamber can be described as
- + + +
Co= () Hy= () HLn () HY,
a'eA AN o/’
o' (p)>0

where HY, = {v/ € V': &/(¢v/) > 0}. For w € W, there may similarly exist

a T
multiple cells in V' containing w(p), but we define the unique cell

ﬂ H+m ﬂ HY,
aOEA’
of (w (>>>0

containing w(p) and having the same positive signs as C{, for elements in
Aj. For every w € W there is a unique w’ € W’ with w'(C{) = C},, which
we denote by o(w) = w’. By condition (2), w(p) = o(w)(p). Actually for
z € Cp near p we still have w(x) € C}, = w'(C))) because p is regular in Cp,
so w(x) = o(w)(z). Since w and o(w)|y act linearly on V, we then have
that w = o(w)|y. It remains to show that o: W — W' is an injective group
homomorphism.
Recall that W’ acts on the ® by w'(a’) := o/ ow'~!, so that for all v’ € V'

and w’ € W’ we have w'(a/)(w'(v")) = a(v"). Note that

wl(H:) H:;_’(a’)
for all w" € W'. Moreover, for all w € W and o, € Af; we have o(w) (o) € Ay,
since for all v € V, (o(w)(af))(v) = af(o(w)~(v)) = 0, because o(w) 1 (v) =
w~!(v) € V. This means

o(w) (M) = A,
Let w,w € W, we have

- "N ry +
o(w)o(@)(Ch) = o(w)(Ch) = () HLA )
ajEA] a’cd’
o (w(p))>0
— +
- ﬂ Ha’o n m
el ged’
B’ (o(w)w(p))>0
where we used the substitution 8’ = o(w)(c’), o' = o(w)~!(B') and the fact
that o(w)(w(p)) = ww(p) since W(p) € V. By the definition of o, this means
o(ww) = o(w)o(w'). We note that ker(c) = {Idy }, since all other elements
w e W\ {Idy} send p to w(p) = o(w)(p) # p, since p is regular in V. This
concludes the proof that o: W — W’ is an injective group homomorphism
with o(w)|y = w. O

6.2. Functoriality under subgroups. In this section, we show that the
homogeneous buildings constructed from subgroups are related by an injective
morphism of buildings. Examples include SL,, < SL,, for m < n or Spy, <
SLa, (see Figure 4), as well as inclusions SLy < G or PGLs < G arising
from the Jacobson—-Morozov theorem | , (6.1.3.b.2), (6.2.3.b)] and | ,
Section 6.8].

Let G < G’ < SL,, be two Zariski-connected semisimple selfadjoint lin-
ear algebraic Q-groups. Let S < S’ be selfadjoint maximal R-split tori of
G, G’ and let A, AL be the semi-algebraically connected components of the
F-extensions Sg, Si of S respectively S’ that contain the identity. Let F be a
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gy

;
/

Bg/ll/ 3

FIGURE 4. In the inclusion G = Sp, < SLy = G/, the root
system XV C a of type Bs is not a subset of (X')¥ C a’ of type
As. For H = Diag(a,b,c,d) € o, we have a+b+c+d =0 and a
basis A" = {31, B2, B3} of X' is given by the roots 51 (H) = a—b,
B2(H) =b—c, f3(H) = ¢—d. For H € a, we have additionally
a = —c, b = —d and a basis A = {a1,as} of ¥ is given by
a1(H) = a—0band ag(H) = 2b. The restrictions oy = f1|q and
ay = (B2 + f3)]q illustrate Lemma 6.3.

non-Archimedean real closed field and v: F* — A an order-compatible valu-
ation. In this section we will show that the inclusion G(F) < G/(F) induces
an injective morphism from the homogeneous building B associated to G(F),
to B associated to G/(IF). Let Wy, W! denote the (spherical) Weyl groups of
the root systems ¥ C a*, ¥/ C (a')*, where a, a’ are the Lie algebras of Ag,
Ag. For more detailed definitions see Example 3.5.

The following Lemmas are used to constuct a morphism of apartments
A — A’ in Proposition 6.6, in particular, we verify the assumptions of Propo-
sition 6.2. We would like to express our gratitude for communication with
Anne Parreau which lead to some of the ideas in this section.

Lemma 6.3. For every o € X there exists o/ € ¥/ such that /| = . In
fact, for all a € %,

ga= P oo

o'ey’
o|a=a

Proof. Let g = Lie(G(R)) and g’ = Lie(G(R)) and

0=00@Po.. =00 P dv

acd a'ex’

the root decompositions. Let v € ¥ and X € g, \{0}, in particular X € g C ¢'.
Let Xy € g and X/, € g/, for o/ € ¥’ such that

X =X, + Z X
a’ex’
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For any H € a C a/, we now have

[H,X] = a(H)X =a(H)Xo+ > ofH)Xo
a’ex’

= [H,Xo]+ Y [H Xo]= Y o(H)Xy
a’'ey’ a’edy
and note that the non-zero elements in {Xo} U {X,y: o € ¥'} are linearly
independent. In particular, Xo = 0 and for at least one o/ € ¥/, X # 0. We
have shown that for all & € X, there exists o' € ¥/ such that o/|, = a. O

Lemma 6.4. Let Cy and C| be fundamental Weyl cones in a, o’ such that
C{ contains a regular point of Cy and let w € Wy, w' € W.. If x € CoN C
satisfies w(x) € w'(CY), then w(zx) = w'(x).

Proof. Let p € a be a regular point in Cj that lies in Cj) and is maximally
regular in C{). Let w € W, v’ € W/ and z € CyNC{ such that w(z) € w'(CY).
The Weyl groups are identified with Wy = Norg, (Ar)/ Ceng, (Ar) and W, =
Nory (A)/ Ceng, (Ag), in particular there exists k € Kr C Ky and k' € Kp
such that k.exp(H) = exp(w(H)) for all H € a and k. exp(H') = exp(w'(H'))
for all H' € d' | , Proposition 7.32]. Recall that the Cartan projection
d: Xp — Cf is invariant under the action of K} in the sense that for all
q € X, k € K we have §(k.q) = 0(q), and d(exp(y’)) = ¢ for all y € Cj.
We have (w')"lw(z) € C}j and so

(w') "rw(e) = o((w') " w(z)) = 6((K") k. exp(a)) = d(exp(z)) =z,
so w(z) = w'(x), which concludes the proof. O

Recall that the building B associated to G(F) has type A = A(ZY, A, T)
with full translation group 7' = A and the building B’ associated to G'(F) has
type A’ = A((X)Y, A, T") with full translation group 7" = A’.

Lemma 6.5. The inclusion a — o restricts to an inclusion Spang(XY) C
Spang((X')Y).

Proof. Since we are in the context of algebraic groups, the coroot lattice
Spang(XY) can be identified with the cocharacter lattice X*(S) ®z Q (for
the root lattice and the characters, this identification is spelled out in | ,
Section 6.2]). Cocharacters t € X*(S) are algebraic homomorphisms G, — S.
Every cocharacter of S gives a cocharacter of S by postcomposing with the
inclusion S < 8, so Spang(XY) = X*(S)®2Q C X*(S)®zQ = Spang((X)Y).

O

Proposition 6.6. There is an injective morphism of apartments A — A’.

Proof. Let L: Spang(XY) — Spang((X’)") be the inclusion map from Lemma 6.5
and v: A — A the identity. By Lemmas 6.3 and 6.4, the conditions for propo-
sition 6.2 are satisfied, so we obtain a group homomorphism o: Wy — W/ such
that O'(w)|spanQ(Z\/) = w for all w € Wy. The diagram

1{ W

A —— A
L®~

commutes for all w € Wy, so (L,~,0) is a morphism of apartments. Both L
and 7 (and even o) are injective, so the morphism is injective. O
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Theorem 6.7. Let G, G’ < SL,, be two semisimple selfadjoint linear algebraic
Q-groups. Let F be a non-Archimedean real closed field and v: F* — A an
order-compatible valuation. Let B (resp. B') be the associated homogeneous
G(F)- (resp. G/'(F)-)building as in Example 3.5. If G(F) < G'(F), then the
inclusion induces a morphism B — B’.

Proof. Let o = [Id] € B and o’ = [Id] € B’ be the base points. By Propo-
sition 6.6, the inclusion 7: A — A’ is an injective morphism of apartments.
We consider the standard charts fo: A — B and f): A’ — B’. Recall that for
x € A, a € Ap, fo(z) = a.o whenever (—v)(xa(a)) = a(z) for all @ € 3. Anal-
ogously, for 2’ € A/, a' € A, fj(z') = d’.o' whenever (—v)(xn(d’)) = o/ (2)
for all o/ € ¥'. By definition, A = G(FF). fp and A" = G'(F).f). For g.fo € A,
let p(g.fo) :=g.f} € A'. Let ¢v: B — B’ be the map g.0 — g.0', which is well
defined since Stabgr)(0) = G(O) € G'(O) = Stabg/ ) (0') | ]. We now
verify that the diagram
AT A

| |1

/
BT>B

commutes. Let z € A. Then there exists a € Ay with a.0o = fo(z). Consider
o/ € Y. Then O/‘SpanQ(Ev) =Y, gio; for some o; € X, since in the theory
of algebraic groups, the restriction of a character is still a character. Then

(=v)(Xar (@) = (=v) (H Xai(a)qi> =D ai(—v)(xa,(a) = ) qii(x) = /()
i=1 i=1 i=1

shows that a.o’ = f(7(x)), so the diagram commutes. More generally, for all
g € G(F), the diagram

from Definition 4.6 commutes, since for x € A

P(g.fo(x)) = ¥(g.a.0) = g.a.0' = g.f}(x) = g.f}(T(x)).

Thus (¢, ¢, 7) is a morphism of buildings. The map ¢: B — B’ is injective,
since if g,h € G(O) satisfy g.o' = h.o/, then h™'g € Stabg/r)(0') = G/'(0),
see Proposition 3.6, but also h™1g € G(F), so h™'g € G(O) = Stabg ) (0), so
g.0 = h.o. Similarly, the map ¢: A — A’ is injective because Stabgr)(fo) =
T(0) € T'(O) = Stabg/(r(fy), see Proposition 3.6. Finally 7 is an injective
morphism of apartments, so (¢, ¢, 7) is an injective morphism of buildings.

([l

6.3. Functoriality under group morphisms. We use Theorem 5.12 to
strengthen Theorem 6.7 to any injective morphism instead of restricting it
to subgroups. To do this, we first show that changing the maximal flat in the
homogeneous building, see Example 3.5, gives rise to isomorphic buildings.

Lemma 6.8. Let F be a non-Archimedean real closed field and v: F* — A an
order-compatible valuation. Let p: G — G’ be an isomorphism of semisimple
linear algebraic Q-groups. Let S be a maximal R-split tori of G and A =
A(®V A, A™) the model apartment of the homogeneous building of G(F), where
®V is the dual root system of G associated to S.

Then p induces an isomorphism of model apartments from A — A, where
A = AN(®)V, A, A™) is the model apartment of the homogeneous building of
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G/(F) and @' is the dual root system of G’ associated to the mazimal R-split
torus p(S) of G'.

Proof. We abbreviate S’ := p(S). Consider 7 = (L,~, ), where

L: Spang(®) — Spang(®’), Z Ao Z Aa(a o Dp),

o: Wy — W/ sends [w] € W, = Norg(A)/Centg(A) to [p(w)] € W, =
Norg/(A")/Centg:(A") where K’ := p(K) and v: A — A is the identity. We
claim that 7 is a morphism of apartments. For this we only need to show
that the diagram in Definition 4.4 commutes. If } Ao Xa € Spang(®) ® A and
(w,t) € W, then

L®~y ((w7 t) Z Aaon) =L®y (Zt(Aa)Xw(a)> - Zt()‘a)Xp(w)(aop)u
o(w)L ®~ <Z )\axa> =o(w) Z AaXaop = Z t(Aa) X p(w)(aop)-

Hence 7 is a morphism of apartments. Inverting the roles of G and G’ using
-1

p~, we show that 7 is an isomorphism of apartments. ]

The main difficulty in constructing a building morphism from an apartment
morphism arises, in our study, from understanding the charts in the atlases
of our buildings. For this reason, the following results on buildings are given
for the homogeneous buildings only, even though we think it is possible to
generalize them to other models of buildings, where the action describes the
building structure sufficiently well.

Theorem 6.9. Let G, G’ < SL,, be semisimple algebraic linear Q-groups, F
be a mon-Archimedean closed real field and v: F* — A an order compatible
valuation. If p: G — G’ is an isomorphism of algebraic groups, then the
homogeneous buildings B and B' of G(F) and G'(F) with respect to maximal
R-split tori S and p(S) are isomorphic.

Proof. As in Lemma 6.8, consider S a maximal R-split tori of G and A =
A(P, A, A™) its model apartment where ® is the root system of G associated
to S. Define S’ := p(S) a maximal R-split tori of G’ and A = A(®', A, A™) its
model apartment where @' is the root system of G’ associated to S’. Consider
the isomorphism of apartments 7 = (L,~,0) as in Lemma 6.8 and

§: A= AF)/A0) — A(F)/A(0) = A;

[b] 4 — [p(B)] s -
Claim: If g fgl is an affine Weyl group equivariant isomorphism of groups as
defined in | , Proposition 7.9], then the following diagram is commutative
épfl / /
Ar/Ao Ap/Ay

9fx ll lgfg !

Spang(®) ®g A — e Spang(®’) ®q A.

Proof: To do this, we first describe &,([Tsen t5(As)) for t5 as described in
[ , Lemma 6.2, Proposition 7.6]. We start with the real case. For

& [T 15 (Xs) = [ o (exp (log(Ms)zs)) = [ (exp (log(As)diap(as)))

LISTAN 0EA ISTAN
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where x5 = mHg with Hs € a, the Lie algebra of A, such that
By(Hs, H) = diq6(H) for every H € a. Thus
2
diap(zs) = diap(Hs
P0) = By Ghap (), dap () ")
because digp is an isomorphism of Lie algebra and By is invariant under Lie
algebras isomorphisms. Moreover, for the same reason
By(diap(Hs), H) = By (Hs,diap™ " (H)) = dwad (diap 'H) = dwa (6p~") (H)

Hence, we obtain

& [T t5 o) = ] 1 (M) -

0EA 0EA
By the transfer principle (Theorem A.7), the same algebraic equation holds for
Ap and tg. Finally by commutativity of the diagram in | , Proposition

7.6], the same algebraic equation holds for Ay and té\. Now we can prove the
claim. Let } 5.5 6 @ A5 € spang(®) such that

gfy’ (spng—l diw A5> =g/t <§p 11 <Aa>>

dEA dEA

=gfy' (H p (t5 (Aa))>

dEA

—off (H . m)
dEA
= Z Sdopt@s
0EA
where we use in the third equality the above computation.

Thus in the following, we write L ® 7 for £, when we work at the level of
homogeneous models. We use this identification and Theorem 5.12 to con-
struct an isomorphism between the two buildings B and B’. Consider the
two charts fig : A — B, which sends [b]a to [b]p € B, and f{; : A" — B,
which sends [b] 4 to [b]pr € B’ in A and A’ respectively. By definition of p
and the atlas in the homogeneous models, p is an isomorphism of groups and
G(F),G/(F) act transitively on both A and A’. Moreover, for [b]4 € A and

ke Stab(;(F) (fra([b]a))

p(k).fia(L @ y[bla) = p(k). [p(b)] g = [p(kbE™)] s
= [p(b)lp = fra(L @ y[b]a)

Hence p(Stabgr)(fra([b]a))) C Stabg @) (fiq(L ® v[b]a)) and the reverse in-
clusion is similar using that p has an inverse morphism such that we obtain the
equality p(Stabgr)(fy([b]a))) = Stabg)(fra(L ® v[b]a)). Finally, for every
we Wa, ke Ap . and [b]4 € A’ it holds

p(k)-fia ([V] 1) = p(k)- ([p(0)] 1) = [p(kOE™)]
= [p(wd)] g = [o(w)p(D)] g = fiao(w) ([V'] 1)
where the third equality is due to the definition of A, ., and the fourth one
to the fact that ¢, induces a morphism of apartments. Thus p(Ay, ) C
A fly0(w)- Using that o is an isomorphism of affine Weyl groups and p an
isomorphism of groups, they have inverses. Hence the reverse inclusion also
holds and p(Af,w) = Ay 0(w) for every w € W,. Hence by condition (c) in
Theorem 5.12, there exists an isomorphism of buildings between B and B’. [



MORPHISMS OF GENERALIZED AFFINE BUILDINGS 31

With this, we can now show that an isomorphism of algebraic groups induces
an isomorphism of their associated buildings for the homogeneous model.

Corollary 6.10. Let G < SL,, be a semisimple linear algebraic Q-group, F a
non-Archimedean real closed field with an order-compatible valuation v: F* —
A. If a,d’ C p are two mazximal abelian subalgebras and A, A" are their re-
spective model apartments. Then the homogeneous buildings B and B’ defined
using A, A’ are isomorphic.

Proof. From symmetric space theory, see e.g. | , Theorem 5.2], there exists
k € K such that o’ = Ad(k)a. So, A’ = exp(a’) = exp(Ad(k)a) = kAk~!. Thus
the result follows from Theorem 6.9 using the group isomorphim p: G — G
given by conjugation by k. O

As a corollary, we strengthen our result in Theorem 6.7. Indeed, we no
longer need to consider a functoriality for inclusion, but now have a functori-
ality for any injective group morphism.

Theorem 6.11. Let G, G’ < SL,, be two semisimple selfadjoint linear alge-
braic Q-groups. Let F be a non-Archimedean real closed field and v: F* — A
an order-compatible valuation. Let B (resp. B') be the G(F)- (resp. G/'(F)-)
homogeneous building defined as in Example 3.5. If there exists an injective
morphism of groups G(F) — G/(F), then it induces an injective morphism of
buildings B — B'.

6.4. Functoriality under field extensions. We now discuss functoriality
for homogeneous buildings under valued field extensions K C F. This is a
generalization of | , Corollary 5.19] for when the valuation is given by
a big element.

Theorem 6.12. Let G < SL,, be a semisimple self-adjoint linear algebraic
Q-group, K, F non-Archimedean real closed fields with order-compatible valu-
ations vg,vp and B, B’ the homogeneous affine buildings associated to G(K)
and G(F) respectively (see Example 3.5). Suppose there exists a morphism of
valued fields n: K — F, that is vp(n(k)) = vk (k) for every k € K*, then there
exists a building morphism B — B’.

Proof. Denote by ® the root system of G, by A := A(®Y, Ak, T) the apart-
ments of B, and by A’ := A(®Y, A, T") the apartments of B’. Since valuations
are surjective, we define a map

v AK — A]F;
vk (k) — wr(n(k)),

which we verify is a well defined ordered group morphism. Suppose vk (k1) =
vk (k2). Then v(ki/k2) = 0, so that vg(n(ki)/n(k2)) = 0 since n preserves
the valuation. Hence vp(n(k1)) = vp(n(k2)) and ~y is well defined. Next, for
UK(kl), ’UK(]CQ) € Ag, it holds

v (vk (k1) + vk(k2)) = v(vk(kike)) = vr(n(kik2)) = vr(n(k1)) + vr(n(k2)).

Thus v (vk (k1) + vk(k2)) = v(vk (k1)) + v(vk(k2)) as wanted. Finally, we
check that 7 preserves the order. If vg(k1) < wk(kz), then vk(ki/k2) < 0.
Since n preserves the valuations, it holds vr(n(k1/k2)) < 0 so that vp(n(k1)) <
vr(n(kz2)) as wanted.

Using this group morphism, define

o Wa — WAQ
(w, (t1,...,tn)) +— (w, (y(t1),...,v(tn)))-
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By construction, for every w € W,, the following diagram is commutative

Spang(A,—1) ®g A —— Spang(A,_1) ®g A

Id ®vi ild 7

SpanQ(Anfl) ®Q A, Tll))) SpanQ(Anfﬂ ®Q A/

so that 7 := (Id,v,0) is a morphism of apartments between A and A’. If p
denotes the inclusion SL,(K) — SL,(F) induced by 7 entrywise on matrices,
then

v G(K)/G(Ok) — G(F)/G(OF);
[g]BJK — [p(g)]BJFa
is well defined. Indeed, let h € G(Oxk) so that its matrix entries lie in Og. Ap-
plying the field homomorphism 7 entrywise to h, we obtain p(h) € G(F). Be-

cause 7 is valuation-preserving 7(Og) C O so that p(h) € G(OF) as wanted.
Finally, with the notation from Example 3.5, define

Q. .A—>.A,, fgl—>fp(g).
Claim: In our setting, the following diagram commutes:

A(K)JA(Og) ———— A(F)/A(Or)

Iy ﬁ JfAll ;

Spang(®) ®g A T Spang (®) ®g A’

where £,([b]a,) := [p(b)]4,,, and the maps fols fat are as in | , Propo-
sition 7.9].
Proof: Let A C ® be a fixed simple root basis. Consider an element

Z Ta € K>O & SpaHQ(A)

a€A
Using the isomorphism presented in | , Proposition 7.7], we have on the
one hand
promaen( S me) <o (T trura) = T e
acA acA acA

and on the other hand
po fi (Z ma> =p (H tf(m)) = 1 r(wa).
aEA aEA aEA

Since t,, is described entrywise by algebraic formulas | , Lemma 6.2],
there exists for every o € A a polynomial with t%(s,) = T, (s,) for any field
L. So componentwise, we obtain

p (t5(ra)ia ) = n(Talsa)) = Taln(sa)) = th(n(ra))ij-

Thus,

po fk (Z TaCV) = H tIon(U(Ta)),

a€A acA
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so that the following diagram is commutative:

id
K ® Spang (®) ———— Fx0 ® Spang(®)

fr fr
A(K) ; A(F)
Now, using [ , Theorem 7.8], we obtain the following commutative dia-
gram:
Span(@(@) &® K>0 —Id®n — SpanQ(q)) [ IF>0
/ . / |
/ AK X SpaHV Id ®’Y*> A]F & Span@(q))
\ " \
TK R
Ap - §p-—-—-—--—- > Ap

Since fg, fr, fao and fpr are bijective, there exists a unique map £,: Ay — Ap
that makes the whole diagram commutative and by commutativity

Eo([b]a,) = [p(b)]a,,

as wanted.
Thus in the following, we write §, for L ® v when we work at the level of
homogeneous models. Now, if f; € A and [b]y € A, then

@(f9)(&plbla) = foq)lo®)]ar = [p (909~ ")] 5 = ¢ (glblz) = (fy[bla)
so that (¢, ¢, 0) is a morphism of affine buildings. O

7. RELATIONS BETWEEN THE DIFFERENT BUILDINGS

The goal of this section is to prove the existence of morphisms as discussed
in Figure 1. All morphisms are injective morphisms, and when A = R (the
valuation is surjective to R), all morphisms are isomorphisms. When A C R
concatenating the morphisms yields an injective morphism from the lattice
building By, to the norm building By.

7.1. Lattice and homogeneous buildings. In this section we construct an
isomorphism from the lattice building By, (Example 3.3) to the homogeneous
building By (Example 3.5), in the case where G = SL, and F is a non-
Archimedean real closed field with an order-compatible valuation v: F* —
A =TF*/O*. Both buildings are of type A(®, A, A"~!), where the underlying
root system of type A, _1 is

@:{xij€V2xij:6i—6j€V}
where V' = R" is the standard Euclidean space with standard basis {ej, ..., ep}.
The basis A = {z;;1:7 € {1,2,...,n — 1}} of ® induces an isomorphism

n—1

Spang(®) ® A — AT Zwi,iﬂ RN = (A1, A1)
i=1
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of the apartment A = Spang(®) ® A. The spherical Weyl group W is the
symmetric group S, on n elements and acts by 0(z;;) = T4(;)s(;) for o € W5 on
® and by linear extension on A. The translation group 7" is the full translation
group T = A"~ 1,

7.1.1. Setup for the lattice building. Recall from Example 3.3 that lattices
are of the form Ov; + Ovy + ... + Ov, where {vy,...,v,} is a basis of F",
the lattice building By, is the set of homothety classes of lattices, and that
SL,(F) acts transitively on By (Example 5.5). Viewing SL,(F) C F™*" we
define SL,,(O) = SL,(F) N O™*". The lattice Ly = O™ corresponding to the
standard basis is called the standard lattice and we call [Lg] the base point of
Byp. The following is well known in the discrete case.

Proposition 7.1. We have Stabgy,, () ([Lo]) = SLn(O).

Proof. 1f g € SL,,(0), g(e;) € Oey + ...+ Oey, so g.[Lo] = [Lo].

For the converse we first establish the following fact: If £ and & are bases
of F™ that represent the same O-lattice L, then v(det(€)) = v(det(&’)) € A =
F*/O*. Indeed if M, M" € GL,(F) represent the bases £ and &', they sat-
isfy M(O™) = M'(O"). Since M~ M'(O") C O", we have M~*M’' € GL,(0)
(because the elements of the standard basis of F” lie in O™). Since the determi-
nant is a polynomial we obtain det(M ~1M’) € O, so v(det(M)~!det(M’)) >0
and v(det(£)) > v(det(£)). In fact these are equalities since also (M)~ M €
GL,(0O).

Now if g € SL,(FF) fixes [Lo], there exists A € F* such that g(O") = AO".
The basis given by the columns of g and the basis Ae; are two bases that
represent the same lattice, so by the fact, v(det(g)) = v(A\") = nv(A). Since
g € SLy(F), v(det(g)) = 0, so A = 0 and g(O™) = O™. Since the standard

basis is part of O™, the columns of g all lie in O", so g € SL,(O). O
Recall that the chart given by | | corresponding to the standard basis
is given by

fe: A=A = By

x Ty, _ 1
()\1,...,/\”_1)!—> Ox)\1€1+0£62+...+0 1en_1+0 en:| ,
N L2 Tx,_1

where x) € F* such that v(zy) = A.

Lemma 7.2. For a = Diag(ay,...,a,) € SL,(F) and A\, = v (Hle ai), we

have

Fe((s - An)) = a.[L].
Every point in the image of fe is of the form a.[Lo| for some a = Diag(aq, ..., ay)
with a; > 0.

Proof. We take xy, = Hle a;,sothat zy, /xy,_, = ap fork € {2,3,...,n -1}
and 1/xy, , = a, since det(a) = 1. The first description then follows directly
from the definition of fe. If we start with some A = (A1,...,A\,_1) € A1
we can choose a; € Fsg with v(a;) = A1, and then iteratively ar € Fsg
with v(ag) = A — A\g—1 for all k € {2,3,...,n — 1}. Finally define a, =
1/(a1---an—1) € F5o. Then

K K
v <Hai> =D (@) = A+ o = M)+ (= Mmt) = A,
=1

=1
SO fg()\l,...,/\nfl):a.[Lo]. ]
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The dual roots ay; € V*, (v1,...,v,) — vj — v; extend to linear maps
n—1 n—1
@ij: Spang(®) ® A — A, Z Tkl @ Mg Z Mo (Tg et 1),
k=1 k=1

that can be used to characterize the diagonal element a in Lemma 7.2.

Lemma 7.3. A point x € A satisfies fe(x) = a.[Lo] if and only if a;j(x) =
v(a;/aj) for all aj € p®.

Proof. Let a € Ap. We will describe the point € A that corresponds to
a.[Lo] via the identifications

A« A" — A]F. [Lo]
n—1

Zwk,kﬂ DN — )Pt = fe(M, ooy Anet)
k=1

By Lemma 7.2, A\, = Zéf:l v(ay), so

n—1 k
x:ka,kH@v Hag .
k=1 /=1

Now applying a;; and using aj(Tg k+1) = dik + 0jk+1 — 0i k+1 — Ojk, Where &
is the Kronecker-symbol, we obtain

n—1 k
aij(z) = Zv (H ag) i (Thpt1)
=1

k=1

() (i) )1

On the other hand, if we know that o;j(z) = v(ai/a;) for some z = S 771 Tp p1®
Ak, then we know by the same calculation and by uniqueness of the A; that

Ak =10 (H]Z:l a4>. Then by Lemma 7.2, x corresponds to a.[Lo]. O

Proposition 7.4. The pointwise stabilizer of the standard appartment in By,
s given by

Stabgr,, (r)(fe(A)) = {Diag(a,...,a,) € SL,(F): v(a;) = 0}.

Proof. A point p € fe(A) is an homothety class of lattices of the form p =
>, Oxei] where z; € F*. Acting by g = Diag(a,...,an) with v(a;) =0
gives g.p = [>_1; Oa;zie;] = p since Oa; = O when a; € O*. On the other
hand if
gir - YGin
g=1: .. | €SL,(F)
gnl ° Gnn

fixes all points p € fe(A), then writing p = a.[Lg] for a = Diag(ay, ..., a,) (us-
ing Lemma 7.2 ) this means that g.a.[Lo] = a.[Lo], so a™'ga € Stabgy, ) ([Lo]) =
SL,(O) by Proposition 7.1. In coordinates g;ja;/a; € O for all such a. For
i # j, this implies g;; = 0, so g has to be diagonal and the diagonal entries
have to satisfy g;; = giia;/a; € O. Since the stabilizer is closed under inverses,
also gigl € O, sov(gy) =0. d
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7.1.2. Setup for the homogeneous building. For G = SL,,(F), we have Ky =
SO, (F) and for the maximal torus given by the diagonal subgroup its semi-
algebraically connected component of the identity is

Ap = {diag(a1,...,an) € SLy(F): a; > 0}.
The root system relative to the maximal torus can be identified with
Fr® = {Oél'j ev*: Oéij({L‘l,... ,l’n) =Tj — T for all (:L'l,...,l'n) S V},

so that the dual root system p®" is ® as defined earlier. Similar to Lemma 7.3,
we set up a characterization of those a € Ag, where a.o corresponds to a point
x € A.

Lemma 7.5. A point x € A satisfies fo(x) = a.o for a € Ap if and only if
a;j(x) = (—v)(ai/aj) for all a;; € pd.
Proof. From the compatiblity condition (xx) we get that for o € §®,

(=v)(Xa(a)) = afz).
In our specific case, if a.o corresponds to x € A, setting a@ = «;; we obtain
exactly (—v)(a;i/a;) = a;j(z). On the other hand, any = = S 771 ziir1 © Ak
is uniquely determined by the \; € A. So if (—v)(ai/aj) = a;j(z), then

n—1

(—v)(ai/a;) = Z Ne@ij (Th 1) = N+ Njo1 — N1 — A
=1

(with the convention Ag = 0). This results in the system of linear equations

2 -1 0

R WY O (—v)(a1/az)
-1 2 -1 . . )\2 (—U)(ag/ag)
0o ool ]= : ,
2 -1
0 -1 2 Ak (—v)(an-1/an)
which determines the solution uniquely since the matrix is invertible. O

The stabilizers for By, in Propositions 7.1 and 7.4 coincide with the stabi-
lizers for the action on By.

Proposition 7.6. The stabilizer of the base point o € By is Stabgr,, (r)(0) =
SL,(O) and the pointwise stabilizer of the standard apartment is

Stabsr,, r) (fo(A)) = {Diag(a1, ..., an) € SL,(F): v(a;) = 0} .

Proof. For o this is [ , Theorem 7.11], and for the standard apartment
the statement follows from | , Theorem 8.19]. Indeed, the latter shows
that Stabgr,, @) (fo(A)) = MpAr(O), where My = Centgo,, (r)(Ar) consists of
all diagonal matrices in SLy,(F) with entries £1. O

7.1.3. Isomorphism between lattice and homogeneous building. In this subsec-
tion we will show that the lattice building By, is isomorphic to the homogeneous
building By. Even though these two buildings have the same apartment A, we
will not use the identity map A — A as our apartment morphism, but instead
the inversion i: A — A, x — —z. In the discrete setting this corresponds to
an isomorphism that does not preserve the type of the vertices.

Lemma 7.7. Let L: Spang(®) — Spang(®), v — —z, v = id: A — A
and o: Wy — W,, w— iowoi. Then T = (L,7,0) is an isomorphism of
apartments A — A of type (&, A, A"1).
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Proof. By definition, L is linear, v is a group homomorphism, and L, v and o
clearly verify

(L ®q 7)(w.a) = o(w).(L ®q 7)(a))
for all w € W,. Thus 7 is a morphism of apartments. Since 7 is also its own
inverse, it is an isomorphism. U

In the following three lemmas we investigate the action of the spherical and
affine Weyl groups on A. Then we are ready to prove that the lattice building
By, is isomorphic to By.

Lemma 7.8. For everyw € Wy = S,,, x € A and a € (F*)", we have

. A1 (5
Vi, j: a(z) =v (%) = Vi a(w(x) =wv Cwl@) )
aj awq(]»)
Proof. Recall that a;j(zgx4+1) = Oit + 6jk+1 — diks1 — Ojk, Where J is the
Kronecker-symbol. So if x = ZZ;% Tik+1 ® A € A, then

n—1

a;j(z Z A0 (Tr k1) = A + Xj—1 — i1 — A,
k=1

with the convention that A\g = 0. Moreover

n—1
Oéu Z)\kam w(k k+1 ZZ)\w*I(k)aij(l’k,kﬂ)
k=1
oY —1(>+A 11 T Awti-1) T Aw

aw—l(i)
= awfl(i),wfl(j) (.%') =" m

where the last equality holds if and only if «;j(z) = v(ai/a;) for all 4,5. O

)

Lemma 7.9. For every w € Wy = S, there exists k € SO, (F) such that for
all a € Ap

(1) if fe(x) = a.[Lo], then fe(w(x)) = k.fe(x),

(2) if fo(x) = a.o, then fo(w(zx)) = k.fo(z).
Proof. For the permutation w € Wy = S, consider a permutation matrix
k € SO, (F) defined by kij = +0; ;) (choose +1 or —1 so that det(k) = 1).
Then

n

(kak™" )i = Z kikage(k™1) o5 = Z (205 00)) are (£6u(0),5)

k=1 k=1
= Z (iéwfl(i),k) Qfp (:i:é&wfl(j)) = awfl(i)7w71(j),
k=1

where we note that only when ¢ = j is a,,-1(;) ,,—1(j) non-zero, and in that case
the 1 cancel. Now if fe(z) = a.[Lo], then o;;(z) = v(ai/a;) by Lemma 7.3
and

fe(w(x)) = kak™.[Lo] = ka.[Lo] = k. fs( )
by Lemmas 7.8 and 7.3 and the fact that k=1 € SO, (F) C SL,(0), so k.[Lo] =
[Lo] by Proposition 7.1. If fo(x) = a.o, then a;j(x) = — (az/aj) by Lemma
7.5 and

fo(w(z)) = kak™'.0 = ka.o = k.fy(x)

by Lemmas 7.8 and 7.5 and the fact that k=1 € SO, (F) C SL,(0), so k.[Lg] =
[Lo] by Proposition 7.6. O
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Lemma 7.10. Let t € T = A be the translation of A by a vector y € A that
satisfies a;j(y) = v(ai/a;) for some a = diag(ai,...,a,) € Ag. Then

fe(t(z)) = a.fe(z) and  fo(t(z)) = a™" fo(x).

Proof. Let b = diag(b1,...,b,) € Ap such that x € A satisfies a;j(z) =
v(bi/bj). Then wyj(z +y) = ij(z) + a4j(y) = v(a;bi/a;b;), so by Lemma
7.3,

fe(t(x)) = fe(x +y) = ab.[Lo] = a.fe(x).
Similarly

fo(t(x)) = folx +y) = (ab) Lo=a"tb  o=a"t fo(x).

using Lemma 7.5. O

Theorem 7.11. There is an isomorphism of affine A-buildings between the
lattice building By, and the homogeneous building B .

Proof. We use Theorem 5.12 as SL,(F) acts transitively on By, see Exam-
ple 5.5. Let G = G’ = SL,(F) and p the identity map. We take the apartment
isomorphism 7 = (L, 7, o) from Lemma 7.7. We consider the charts

f=fe:A—Br and f =fo:A— By.

For x € A, let a € Ay such that a;;(z) = v(a;/a;) as in Lemma 7.3. Then by
Lemma 7.5 we have a.o = f'(—z) = f'(7(z)). The Propositions 7.1 and 7.6

imply
p (Stabgy,, () (f())) = Stabgy,, () (a.[Lo]) = a~" Stabgy,, @) ([Lo])a
=a'SL,(0)a=a"? Stabsgr,, (r) (0)a = Stabgr,, ) (a.0)

= Stabgy,, () (f'(—)) = Stabgy, ) (f'(7(2))

as required for condition (1).

For condition (2) we have to show that Ay, = p(Ap o)) for all w € W,
where Ay, = {g € SLy(F): g.f = fow}. Recall that if w = tow, € Tx Wy =
W, then o(w) = iowoi = iotoiows = t~!ow; since elements of W commute
with the inversion i. The statement g € Ay, means that for all x € A we
have g.f(z) = f(w(z)). By Lemmas 7.9 and 7.10 there are suitable k €
SO, (F) and a € A such that f(w(z)) = f(t(ws(x))) = a.f(ws(z)) = ak.f(z).
so g € Ay, is equivalent to (ak)™'g.f(z) = f(z) for all z € A, which is
equivalent to (ak)~lg € Stabg,, (7)((a)) = MrAr(O) by Proposition 7.4. But
by Proposition 7.6 this is in turn equivalent to (ak)~'g.f'(z) = f'(x) for all
z €A, org.f'(x) = ak.f'(z) = a.f (ws(x)) = ['(t" (ws(2))) = ['(0(w)(z)) by
Lemmas 7.9 and 7.10 with the same k and a as above. Thus Ay, = Apr 5(y)-

In fact, SL,(F) also acts transitively on By (Example 5.7), p = Id is an
isomorphism of groups, L, v and o are injective, and the inclusions in the
conditions (1) and (2) are equalities. By (c) we can conclude that By, and By
are isomorphic. O

7.2. Homogeneous and Bruhat—Tits buildings. In this section we show
that there is an injective morphism from the homogeneous building By to
the Bruhat-Tits building Bgr. When A = R, it is an isomorphism. Let F be
a real closed field with an order-compatible valuation v: F* — A C R and
denote by O the valuation ring of v. Set G = G(F), where G is a semi-simple,
connected, self-adjoint, F-split algebraic group G < SL,,. Let S be a maximal
(F-split) torus and assume that the root system ® = p® is reduced. These
conditions ensure that both the Bruhat-Tits building Bpr (Example 3.4) and
the homogeneous building By (Example 3.5) are defined.

Let K = GNSO,(F), T = Centg(S(F)) and U, the root groups for a € P.
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Lemma 7.12. For the base points [Id,0] € Bpr and o € Bp, we have
Stabg([Id, 0]) = Stabg (o) = G(O) = G N O™ ™.

Proof. We will first show the statement for ¢ € N = Norg(S). The action
v: N — Aff(V ® R) of N as the affine Weyl group decomposes as a semi-
direct product N = A - Norg(A), where A C T is the semi-algebraically
connected component of the identity of S(F) | , Proposition 6.4]. By the
compatibility

palaua™) = pa(u) + w(a(a))
for all u € Uy, o € ® and a € A, we have that

(1) v(a) =Idygs if and only if Va € @, w(a(a)) =0.

If g € Stabg([Id,0]), then 3n € N with g~!'n € Py and v(n)(0) = 0, and
since g~'n € NN Py =: Ny, we have v(g~1n)(0) = (0) | , (7.1.8)]] ,
Corollary 5.15], and thus v(g)(0) = 0. Now if ¢ = ak € A - Norg(A), v(a) =
idy, since v(k)(0) = 0. By (1) and | , Proposition 7.10], a € Stabg(o).
Moreover k € K C Stabg(o) | , Theorem 7.11 and Corollary 7.12], and
so g € Stabg(0).

If however g € Stabg(O), then let ¢ = ak € A-Norg(A) and where a € AN
o | , Corollary 7.12]. Then by [ , Proposition 7.10], w(a(a)) =
0 for all @ € ®, so v(a) = Idy. To prove g¢.[Id,0] = [Id, 0], we can take
n = a € N to obtain g-'n = k=' € Ny == {n € N:v(n)(0) = 0} and
v(n)(0) = 0. By definition of Bgr in | , (7.4.D)]] , Definition 6.1],
this means that g € Stabg([Id, 0]), when g € N.

For general g € G, we use the objects Uy,0 = {u € Uy: ¢o(u) > 0} where ¢
is the root group valuation defined via the Jacobson—Morozov maps SLy = G

[ , (6.1.3.b.2), (6.2.3.b)][ , Notation 7.22]. We would like to empha-
size that while Uy, o is defined differently in | ], the two concepts agree
due to | , Lemmas 8.22 and 8.26]. Recall that

Py = (u €Uy, h € H:=v '(Idygn)).

If g € Stabg([Id, 0]), there exists n € N such that g~'n € Py and v(n)(0) = 0.
Since n € Stabg([Id,0]) N N, n € Stabg(0). Any h € H = v~1(Idy) satisfies

h.[1d, 0] = [Id, v(h)(0)] = [Id, 0] and by | , Lemma 8.22] U, o C Stabg/(o),
so g =n(g~n)~! € Stabg (o).
If we start with g € Stabg(0), then we use | , Theorem 8.45] for

g € (No,Ua,0) C Py,

so we can take n = Id € N with g7'n € Py and v(n)(0) = 0 to obtain
g € Stabg([Id, 0]). O

Remark 7.13. In | , Corollaire (4.6.7)]] , Proposition 7.48], it is
shown that Stab([Id,0]) = &(O), where & is a group O-scheme defined in
terms of some Chevalley basis. In our definition G is just a group of matrices
and the definition G(O) = G N O™*" avoids any algebraic geometry.

We can now prove the existence of an injective morphism from By to Bgr.

Theorem 7.14. There is an injective morphism of G-buildings from the ho-
mogeneous G-building (By,A) of type A(®V, A, A™), see Example 5.7, to the
Bruhat-Tits G-building (Bgr, A') of type A'(®Y, R, A™), see Example 5.6. If
A =R, this morphism is an isomorphism By = Bgr.

Proof. We apply Theorem 5.12 (a), as G acts transitively on A, see Exam-
ple 5.7. Let v: A — R be the inclusion, L = Idspan@(q)), o = Idw, and p = Idg.

For all w € W, and a € A we have (L ® v)(w(a)) = o(w) ((L® 7)) (a) and
thus L ® v: A — A’ is a morphism of apartments, see Definition 4.4.
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We choose fy: A — By € A as in Example 3.5, see also | , Section
8]. By Equation (xx), for all x € A there exists t € T such that fy(x) = t.0
with (—w)(xa(t)) = a(z) for all a € ®. For Bpr we choose fi: A" — Bpr
by fi(z') = [Id,2']. If fo(xz) = t.0 as above, then we have by Equation (x)
of Example 3.4 that [¢t,0] = [Id, L ® y(z)] € Bpt. Using Lemma 7.12 we can
then verify condition (1) of Theorem 5.12 by calculating

p (Stabg(fo(z))) = Staba(t.0) = t Stabg (o)t~ = t Stabg ([Id, 0])¢
= Stabg([t, 0]) = Stabg([Id, L ® v(x)])
= Stabg (fo(L @ v(2)))

for all x € A.

It remains to show (2), i.e. p(Afyw) € Afs 5(w), and (a) to conclude that
the maps ¢ and 1 are injective. If w =1Id € Wy, Ay = T(O) =T NO™"
is the pointwise stabilizer of fy(A), see Proposition 3.6. By Equation (x) in
Example 3.4 and Lemma 7.12, for ¢ € T'(O) we have t.[Id, z] = [Id, z] for all
z € A, sot.fy = foand thus Ag 1a C Ags 51q)- On the other hand, if we start
with g € Ag 1q, then g € H = {n € Norg(S(F)): [n,2] = [Id,z]Vz € A"}
by [ , (7.4.10)][ , Corollary 6.9]. Thus, the spherical Weyl group
action of g € N on A’ is trivial, hence n € T. By Lemma 7.12, g € T(0), so
g € Ay, 1q as above. This shows Ay 14 = A £51d and in particular condition (a)
of Theorem 5.12.

If w € W, represents a translation by x € A where x =t.o € B fort € T,
then t.fi(y) = [t,y] = [Id, L@ ~(z) + y] = fi(w(y)) for all y € A’ by Equation
(%), s0 Apyw = tAs 19 C tAféJd = Afé,w as required. If w =r, € Wy C W,
represents the reflection along the hyperplane perpendicular to a root o € 3,
then there exists an element m, € Norg(S(F)) representing w, mq € Ay, ., by
[ , Proposition 8.28]>. By the compatibility of the various root systems
and spherical Weyl groups [ , Proposition 6.3], m,, also represents the
reflection ro = w in A", Thus, A, = maAfy1a € MaAy iq = Ay . Finally,

Afo’w»l'[) = Afo,wAfo,”LT) and Af(’),ww = Af(/)vaf(l)@

for all w,w € W,, see Proposition 5.11 (2) (note that all involved sets are
non-empty). Since translations and reflections as above generate W, we have
that A, » = Af(’),w for all w € W,.

By Example 5.6, G also acts transitively on A’, 7 and p are injective and
p (Stabg(fo(z))) = Stabg(fj(L ® v(x))), so the morphism (), ¢, ) is injec-
tive by Theorem 5.12(a). If A = R, then v is an isomorphism, so 7 is an
isomorphism of apartments. We verified the other conditions of Theorem
5.12(c) above, so when A = R, then the above morphism is an isomorphism
By = Bgr. O

7.3. Bruhat—Tits and norm buildings. In this section, we we use Theorem
5.12 to show that there is a morphism from the Bruhat—Tits building Bgt for
GL,, to the norms building By . For the definitions of the buildings we refer to
Example 3.4 and Example 3.2. Note that the morphism we construct in the
proof consists of a bijective map : Bgr — By on the buildings themselves,
but when A # R, the atlas map ¢ is not bijective. Therefore the morphism is
not an isomorphism. However, as remarked in | , Remark in Section 3B4],
By could also be equipped with a different atlas by restricting the translation
part of the affine Weyl group. For the so-defined atlas, the morphism we
construct is an isomorphism.

3 | ], we used that Norg(A) = Norg(S(F)), where A is the semi-algebraically
connected component of the identity of S(F).
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Let now G = GL,,(F), where F is a field with a non-Archimedean rank one
valuation v: F* — A C R.

Theorem 7.15. There is an injective morphism from the Bruhat—Tits building
Bgpr of type A = A(A,—1,R,A"/{(1,...,1))) to the norm building By of type
A = A(A,-1,R,R"/((1,...,1))). When A = R, then this morphism is an
isomorphism Bt = By.

Proof. We note that the apartments A, A’ are the same as sets. In general,
the affine Weyl group of the Bruhat—Tits building only includes in the Weyl
group of the norms building. Together with the identity map A — A’ this
inclusion gives a morphism 7 of apartments.

Both buildings are G-buildings for G = GL,,(F), so we take p = Idg. Let
f: A — Bpr be the standard chart given by z — [Id, z] and let f': A — By,
A — 1) be the chart associated to the standard basis defined by

al
m | — max {e_Al‘all,...,e_)‘”’aﬂ};
(7%

where A = (A,...,\,) with >, A; =0 and |a| = exp(—v(a)).

We apply Theorem 5.12. since G acts transitively on the atlas of the Bruhat—
Tits building Bpt, see Example 5.6, it remains to show that the following
conditions in Theorem 5.12 hold:

(1) Stabg(f(a)) C Stabg(f/(a)) for all a € A, and
(2) Afﬂu - Af/7w for all w € Wj,.

In the special case a = 0, we claim that Stabg(f(a)) = Stabg(f/(a)) =
GL,(0O), where

GLn(0) := {g € GL,(F): g;; € O, det(g) € 0"}
= {g € GL,(F): v(gij) > 0, v(det(g)) =0}.

Indeed, for g € Stabg(f(0)) we use the fact that the determinant is a poly-
nomial with coefficients in Z and the description of ¢ in [ , Corollaire
(10.2.9)] to see that

v(det(g))

v(det(g)) = min {v(gi;)} = ——

from which it follows that v(det(g)) > 0. Similarly, since also g~ € Stabg(f(0)),
v(det(g~1)) > 0, so v(det(g)) = 0 and by the description in | , Corollaire
(10.2.9)] v(gi5) > 0 and thus g € GL,(O). The other inclusion follows di-
rectly from the description in Bruhat—Tits. For the norms building, [ ,
Corollaire 3.4] states that g € Stabg(f/(0)) if and only if exp(—v(det(g))) =1
and

eXp(—U(gij

which is equivalent to g € GL,,(0O). This shows the claim and statement (1)
in the special case a = 0.

For a general a € A, there exists a diagonal matrix ¢ = Diag(tq,...,t,) €
SL,(F) with (—v)(t;) = a;. For the roots «;; this means (—v)(cy;(t)) =
(—v)(ti/t;) = auj(a), so t.[id,0] = [¢t,0] = [id,a] by the compatibility con-
dition (%) on the valuations for the Bruhat—Tits building, see Example 3.4.
Thus Stabg(f(a)) = tGL,(O)t~!. In the norm building we have for all
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r=(x1,...,2n) €F"

(t0) (&) = (10 0 £)(x) = 1l (“’" . f”‘) :max{

H,.. ,'[;n ¢

il

t;

= mase {0z} = mase (e~} = (o)

Therefore also Stabg(f/(a)) = t GL,(O)t !, concluding the proof of condition
(1) using the case a = 0. We actually showed Stabg(f(a)) = Stabg(f/(a)) for
all a € A.

For w € Wy = S,, there exists a permutation matrix k£ € SO, (F) C GL,(F)
such that for all t = Diag(ty, ..., tn) € SLn(F), ktk™" = Diag(ty,—1(1)s - - - » ty—1(n))

as in the proof of Lemma 7.9. If a; = (—v)(t;), we use k=% € SO, (F) € GL,(0O)
to obtain

k.f (a) = [k,a] = k.[t,0] = ktk™'.[Id, 0] = [Diag(t,,—1(1), - - -+ ty-1(n)) 0]
= [Id, (@115 - .,aw—l(n))] = [Id, w(a)] = f(w(a))

and similarly
E.f'(a) = kng = k.t = ktk™ Ly = Nw(a) = f'(w(a)).

Finally, we know from | , Corollaire (10.2.9)] that the pointwise stabilizer
of the apartment Q := f(A) is described by

Po:={g € GL,(0): g.f(a) = f(a) for all a € A}
= {Diag(t1,...,tn): v(t;) =0},
since there are « € A with arbitrarily large x; — x; when ¢ # j. Similarly, we
know that if g € G satisfies g.f' = f’, then t~gt.ng = no, so t"*gt € GL,(0O),

for all ¢t = Diag(t1,...,t,) with (—v)(¢;) = a; for some a € A. Since there are
a € A with a; — a; arbitrarily large (when i # j), the condition

t .
(tgt)ij = gijf €0
forces t~'gt and hence g to be diagonal. Thus also
{g€G:g.f'(a) = f'(a) for all a € A} = {Diag(t1,...,t,): v(t;) =0} = Pq.
If now w = (a,ws) € Wo = A"/A(1,...,1) x Wy, let t = Diag(ty,...,t,) €
SL,(F) with a; = (—v)(t;) and let k € SO, (F) as above. Now for g € Ay, =
{h € GL,(F): h.f = fow} we have g.f = fow =t.fows = tk.f, so g~ 'tk €
Py sy, which is equivalent to g.f" = tk.f" = t.f ows = f' o (a,ws) = f' ow,
so g € Ay 4, as required for the condition (2). In fact, we have shown Ay, =
Apr o for all w € W,.
When A = R (meaning v: F* — A is surjective), then we claim that for
every ultra-norm 7’ adapted to the standard basis & = {ey,...,e,} there is
some g € GL,(F) such that ' = g.ng. Indeed, take g = Diag(g1,...,9n) €

GL,,(F) such that exp((—v)(gi)) = 7'(ei) (use the surjectivity of v). Then
since 1’ is adapted to &,

g-1o <i aiei) =To (i gzﬂz‘@i) = max {e_U(giai)}
=1 i=1
= maX{!ai\ﬁ'(ei)} =1 (Zn: aiei>

i=1
for all a; € F, where we used the fact that 7’ is adapted to &. Note that

GL,,(F) acts transitively on the bases of F" (and the action preserves adapt-
edness), so together with the claim, we obtain that GL,(F) acts transitively
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on the atlas A’. Moreover, p is an isomorphism and the inclusions in condi-
tions (1) and (2) are equalities. If A = R, then 7 is an isomorphism, all the
conditions of (c) are satisfied and we can conclude that Bt = By. ]

APPENDIX A. BASICS FROM REAL ALGEBRAIC GEOMETRY

We summarize general definitions and results from real algebraic geometry
and set up notation. We refer the reader to [ ], in particular Chapters
1, 2 and 5, for more details and proofs. The main objects of study in real

algebraic geometry are semi-algebraic sets. From now on let I be a real closed
field.

Definition A.1. A subset B C F" is a basic semi-algebraic set, if there exists
a polynomial f € F[X;,...,X,] such that

B=B(f) ={z €F" [ f(x) >0}

A subset X C F" is semi-algebraic if it is a Boolean combination of basic
semi-algebraic sets, i.e. X is obtained by taking finite unions and intersections
of basic semi-algebraic sets and their complements.

Let X C F” and Y C F™ be two semi-algebraic sets. A map f: X —» Y

is called semi-algebraic if its graph Graph(f) € X x Y is semi-algebraic in
Frtm,

Algebraic sets are semi-algebraic and any polynomial or rational map is
semi-algebraic.

Proposition A.2 (| , Proposition 2.2.7]). Let f: X — Y be a semi-
algebraic map. If S C X is semi-algebraic, then so is its image f(S). If T CY
is semi-algebraic, then so is its preimage f~1(T).

Note that if F ## R, then F is totally-disconnected in the order topology on
F. However we have the following notion of connectedness for semi-algebraic
sets.

Definition A.3. A semi-algebraic set X C F" is semi-algebraically connected
if it cannot be written as the disjoint union of two non-empty semi-algebraic
subsets of F" both of which are closed in X.

Theorem A.4 (| , Theorem 2.4.5]). A semi-algebraic set of R™ is con-
nected if and only if it is semi-algebraically connected. Every semi-algebraic set
of R™ has a finite number of connected components, which are semi-algebraic.

We record the following proposition which justifies why closed and bounded
semi-algebraic sets are the right analogue of compact sets in real algebraic
geometry.

Proposition A.5 (| , Theorem 2.5.7]). Let X be a closed and bounded
semi-algebraic subset of ™ and pr: F* — F*~1 the projection on the space of
the first n—1 coordinates. Then pr(X) is a closed and bounded semi-algebraic
set.

From now on, denote by K a real closed extension of F.
Definition A.6. Let X C F" be a semi-algebraic set given as
S T
X = J({z €F"| fij(x) % 0},
i=1j=1

with fi; € F[X1,...,X,] and *;; is either < or = for i = 1,...,s and j =
1,...,7;. The K-extension Xk of X is the set given by the same Boolean
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combination of sign conditions as X, more precisely

X = J o € K" | fisla) =, 0).

i=1j=1

Note that Xy is semi-algebraic and depends only on the set X, and not on
the Boolean combination describing it, see | , Proposition 5.1.1]. The
proof of this is based on the Tarski-Seidenberg transfer principle.

Theorem A.7 (Tarski-Seidenberg transfer principle, | , Theorem 5.2.1]).
Let X C F*H be a semi-algebraic set. Denote the projection pr: F*+1 — F»
onto the first n coordinates by pr. Then pr(X) C F" is semi-algebraic. Fur-
thermore, if K is a real closed extension of F, and prg: K"t — K is the
projection on the first n coordinates, then

pri (Xx) = pr(X)k.
Using this one can prove an extension theorem for semi-algebraic maps.

Theorem A.8 (| , Propositions 5.3.1, 5.3.3, 5.3.5]). Let X C F" and
Y C F™ be two semi-algebraic sets, and f: X — Y a semi-algebraic map.
Then (Graph(f))k is the graph of a semi-algebraic map fx: Xx — Yk, that is
called the K-extension of f. Furthermore, f is injective (respectively surjec-
tive, respectively bijective) if and only if fk is injective (respectively surjective,
respectively bijective), and f is continuous if and only if fx is continuous.

Finally, we have the following relation between extension of semi-algebraic
sets and semi-algebraically connected components.

Theorem A.9 (| , Proposition 5.3.6 (ii)]). Let X C F™ be semi-algebraic.
Then X is semi-algebraically connected if and only if Xk is semi-algebraically
connected. More generally, if C1,...,Cy, are the semi-algebraically connected
components of X, then (C1)xk, ..., (Cn)k are the semi-algebraically connected
components of Xk.
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