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Introduccion

Presentacion

A principios de los anos ochenta, L. van den Dries, A. Pillay y C. Steinhorn,
entre otros, observaron que, dada una expansién de un cuerpo realmente
cerrado, podian ser deducidas propiedades similares a las de los conjuntos
y aplicaciones semialgebraicas tan sélo exigiendo a dicha expansién que los
conjuntos definibles en dimensién uno fuesen una unién finita de intervalos
y puntos. A tales estructuras se las conoceria més tarde como estructuras o-
minimales, una apasionante area de investigacién donde confluyen la teoria
de modelos y la geometria algebraica real. Existen dos lineas fundamentales
de investigacion sobre estructuras o-minimales: una se centra en la bisqueda
de nuevos ejemplos de estructuras o-minimales, la otra se ocupa del estudio
de los conjuntos y estructuras definibles. El trabajo de A. Wilkie ha inspi-
rado un gran numero de resultados en la primera linea, siendo de especial
importancia [37] donde el autor prueba que el cuerpo de los reales expandido
con la funcién exponencial es o-minimal. También caben destacar en esta
direccién los resultados de van den Dries, Macintyre y Marker en [16] y los
de Rolin, Speissegger y Wilkie en [34].

Esta memoria estd dedicada a la segunda linea de investigacién. Re-
sultados bésicos en esta linea son el Teorema de descomposicion celular y
el Teorema de triangulacién, probados por van den Dries, Pillay, Steinhorn
y Knight. Maés recientemente se ha llevado a cabo un profundo estudio
de las propiedades topoldgicas de conjuntos definibles, como la existencia
de teorias de homologia y cohomologia en el contexto o-minimal. El desa-
rrollo de estas herramientas de topologia algebraica en un cuerpo realmente
cerrado no arquimediano no es inmediato: recuérdese que ya incluso para
la definicién clésica de aplicacién inducida en homologia por una funcién
continua es necesario usar el lema de Lebesgue (véase la introduccién de la
Seccién 1.6). El tema principal de esta tesis es la homotopia o-minimal. H.
Delfs y M. Knebusch desarrollaron en [13] una teoria de homotopia semialge-
braica. Recordemos brevemente los principales resultados de dicho trabajo.



Dado un conjunto semialgebraico punteado (X, ) sobre un cuerpo realmente
cerrado R, definimos de forma natural el n-ésimo grupo de homotopia semi-
algebraica m,(X,z)% al igual que en el caso clasico pero usando tan sélo
aplicaciones semialgebraicas y homotopias semialgebraicas. Al contrario de
lo que ocurre en el desarrollo de la homologia, con la definicién anterior
no surge ningun problema a la hora de definir la aplicacién inducida en
homotopia por una aplicaciéon semialgebraica continua. Sin embargo, en
esta ocasién aparecen otras cuestiones muy naturales: ;tienen estos grupos
de homotopia semialgebraica alguna relacién con los cldsicos?, ;tienen un
buen comportamiento bajo extensiones de cuerpos realmente cerrados? Los
autores responden afirmativamente ambas preguntas con los siguientes dos
interesantes resultados (véanse los enunciados generales en 2.1.1 y 2.1.2).
En el primero de ellos, prueban que dado un cuerpo realmente cerrado S
extendiendo a R, la aplicacién m, (X, )% — m,(X(S),z)* : [f] — [f(9)]
es un isomorfismo, donde X (S) y f(S) denotan la realizaciéon en S de X
y f respectivamente. En el segundo resultado, muestran que si R = R
entonces la aplicacién 7, (X, z)® — 7m,(X,z) : [f] — [f] es un isomor-
fismo. Para probar estos teoremas Delfs y Knebusch hacen uso tanto de la
modelo completitud de la teoria de cuerpos realmente cerrados (o principio
de Tarski-Seidenberg) como del nimero de Lebesgue, los cuales no estén
disponibles en el contexto o-minimal. Por tanto, no podemos aplicar estos
métodos para desarrollar una teoria de homotopia o-minimal. De hecho, tan
sélo el grupo fundamental o-minimal pudo ser considerado en [20] y [7], eso
si, con fuertes consecuencias en el estudio de grupos definibles como veremos
en el siguiente parrafo.

El estudio de grupos definibles se enmarca también en la segunda linea
de investigacién antes mencionada. En [32], A. Pillay prueba que todo grupo
definible G en una estructura o-minimal estd dotado de una estructura de
variedad definible que convierte a G en un grupo topolégico. Por tanto, si el
cuerpo de nuestra estructura o-minimal es el cuerpo de los reales, entonces
obtenemos un grupo de Lie. Este resultado supuso el punto de partida del
estudio de los grupos definibles y, en particular, del estudio de sus analogias
con los grupos de Lie. Para este propdsito, las herramientas de topologia
algebraica han resultado ser muy utiles. Por ejemplo, el siguiente resul-
tado de M. Otero y M. Edmundo en [20] es uno de los primeros mostrando
la mencionada analogia. Sea G un grupo definible abeliano definiblemente
compacto y definible conexo de dimensién n en una estructura o-minimal.
Entonces tanto el dlgebra de cohomologia sobre Q y el grupo fundamental
o-minimal de G son isomorfos respectivamente al dlgebra de cohomologia
sobre Q y al grupo fundamental de un toro de dimensién n. A partir de
estos isomorfismos deducen que la torsiéon de G es isomorfa a la torsion de
un toro de dimensién n. Actualmente, las conjeturas de Pillay, formuladas
en [33] y resueltas positivamente en [9] y [23] (basdndose en el trabajo de
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diversos autores), han conseguido estrechar atin méas la relacién existente
entre los grupos de Lie y los grupos definibles. En particular, se conoce que
todo grupo definible definiblemente compacto es una extensién de un grupo
de Lie compacto por un subgrupo normal divisible y sin torsién. Ademés la
dimensién o-minimal del grupo definible coincide con la dimensién del grupo
de Lie.

Por otro lado, en [13], H. Delfs y M. Knebusch introducen una nueva ca-
tegoria que extiende a la semialgebraica y lo suficientemente general como
para trabajar con objetos naturales como pueden ser los recubrimentos de
“grado infinito“. Intuitivamente, los autores definen los espacios locamente
semialgebraicos como aquellos que se obtienen pegando adecuadamente in-
finitos conjuntos semialgebraicos. En el contexto o-minimal tenemos la
situacion correspondiente, es decir, la categoria definible no es lo suficien-
temente grande como para trabajar con objetos naturales como ocurre con
los recubrimentos de grado infinito. Sin embargo, la teoria de espacios lo-
calmente semialgebraicos no ha sido extendida formalmente al ambiente o-
minimal, aunque a lo largo del estudio de grupos definibles han surgido
algunas nociones relacionadas. Este es el caso de los grupos \/-definibles,
usados por Y. Peterzil, A. Pillay y S. Starchenko en [31] y [30] como una
herramienta para el estudio de problemas de interpretabilidad. Después, M.
Edmundo introduce en [17] una nocién restringida de grupo \/-definible, los
grupos “localmente definibles”, y desarrolla toda una teoria sobre ellos. Sin
embargo, para trabajar con conceptos topoldgicos, la nocién de grupo \/-
definible es demasiado rigida, como prueba la existencia de tres definiciones
no equivalentes de conexién (véase la Seccién 3.6 mas abajo) establecidas
para estos grupos en la literatura (véanse [17],[27] y [31]).

Conclusiones

Los principales resultados de esta memoria se centran en el Teorema de las
triangulaciones normales y sus aplicaciones, y la homotopia o-minimal de
conjuntos definibles y su generalizacién a los espacios locamente definibles.
Pasemos ahora a describirlos brevemente. Fijemos una expansion o-minimal
R de un cuerpo realmente cerrado R y denotemos por R la estructura de
cuerpo ordenado de R. Cuando escribimos definible queremos decir definible
en R con parametros. Todas las aplicaciones definibles se suponen continuas.

En el Capitulo 1 probaremos el siguiente refinamiento del Teorema de
triangulacion, el cual es nuevo también en el contexto semialgebraico (véase
el Teorema 1.1.5).

Teorema (Teorema de las triangulaciones normales). Sea K un com-
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plejo simplicial y sean Si,...,S; subconjuntos definibles de su realizacion
|K|. Entonces, existen una subdivision K' de K y un homeomorfismo de-
finible ¢' : |K'| — | K| tales que

(i) (K',¢') parte todos los subconjuntos Si,...,S; y cada o € K,

(i) para todo T € K' yo € K, si T C o entonces ¢' (1) C 0.

Independientemente del papel esencial que desempena este resultado en el
desarrollo de la homotopia o-minimal en el Capitulo 2, el Teorema de trian-
gulaciones normales puede ser de interés por si mismo como muestra la si-
guiente situacion. Como ya sabemos, una herramienta basica para el estudio
de conjuntos definibles es el Teorema de triangulacién: dado un conjuntos
definible S y dados algunos subconjuntos definibles Sy, ...,5; de S, existe
un complejo simplical K y un homeomorfismo definible ¢ : |K| — S que
parte S1,...,.5;. Un analisis mas profundo de S podria llevarnos a con-
siderar nuevos subconjuntos definibles S7,...,5], de S. En esta situacion,
nos gustaria preservar de alguna forma la triangulacién ya obtenida y par-
tir al mismo tiempo los nuevos subconjuntos. Sin embargo, un nuevo uso
del Teorema de triangulaciéon no puede ayudarnos en este caso. Es més,
técnicas como la repeticién de subdivisiones baricéntricas no funcionan en
nuestro contexto ya que, ni disponemos de un numero de Lebesgue, ni los
subconjuntos S; tienen por qué ser abiertos. Obviamente, el Teorema de la
triangulaciones normales resuelve este problema. Observamos también que
el Teorema de las triangulaciones normales puede darnos nueva informacion
incluso en el caso de que el cuerpo base de la estructura o-minimal sea R.

Aplicaremos primero el Teorema de las triangulaciones normales para
probar el siguiente resultado (véase el Teorema 1.5.5).

Corolario (Hauptvermutung semialgebraico). Sean K y L dos com-
plejos simpliciales cerrados en R y sea f : |K| — |L| un homeomorfismo
semialgebraico. Entonces f es semialgebraicamente homdtopo a un isomor-
fismo simplicial g : |K'| — |L'| entre subdivisiones K' y L' de K y L,
respectivamente.

Como segunda aplicacién del Teorema de las triangulaciones normales
mostraremos una prueba alternativa a aquella de A. Woerheide de la exis-
tencia de un funtor de homologia simplicial o-minimal (véase la Seccién 1.6).

El resultado principal del Capitulo 2 establece una relacién entre los con-
juntos de homotopia o-minimal y los conjuntos de homotopia semialgebraica
(véase el Teorema 2.3.4). Para evitar un exceso de notacién, mostramos aqui
tan sélo una versiéon débil que, esperamos, dé una idea clara del resultado.

Teorema. Sean X e Y conjuntos semialgebraicos. Entonces,
(i) toda aplicacion definible f : X — 'Y es definiblemente homotépica a una
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aplicacion semialgebraica g: X — Y, y

(ii) cualesquiera aplicaciones semialgebraicas g1 : X — Y y g2 : X — Y
que son definiblemente homotdpicas son también semialgebraicamente ho-
motopicas.

Como primera aplicacién de este teorema estudiaremos la categoria de
Lusternik-Schnirelmann (MSC 2000: 55M30) de conjuntos definibles. Por
lo que sabemos, esta es la primera vez que se estudia la LS-categoria en
los contextos o-minimal y semialgebraico. La LS-categoria de un conjunto
definible X, cat(X)™, es el menor entero m tal que X tiene un recubrimiento
de m+1 abiertos definibles, cada uno de ellos definiblemente contractible en
X a un punto. Probaremos el siguiente resultado (véase el Corolario 2.6.9).

Corolario 1. Sea X un conjunto semialgebraico definido sin pardmetros.
Entonces cat(X)® = cat(X(R)), donde cat(X(R)) denota la LS-categoria
clasica.

Como segunda aplicacién del Teorema 2.3.4 (mencionado més arriba),
probamos que los grupos de homotopia semialgebraica m, (X, x)RO y los
grupos de homotopia o-minimal 7, (X, z)* de un conjunto semialgebraico
punteado (X,x) son isomorfos. Es decir, la aplicacién p : m,(X, x)RO —
7o (X, )R ¢ [f] +— [f] es un isomorfismo natural (véase el Teorema 2.4.1).
Usando este ultimo resultado y aquellos de H. Delfs y M. Knebusch so-
bre homotopia semialgebraica obtendremos lo siguiente (véase el Corolario
2.4.4).

Corolario 2. Sea (X, x) un conjunto punteado semialgebraico definido sin
pardmetros. Entonces existe un isomorfismo natural entre el grupo de homo-
topia cldsico m,(X(R),z) y el grupo de homotopia o-minimal 7,(X (R), z)*
para todo n > 1.

Las hipotesis del corolario anterior no suponen ningin impedimento ya
que, recuérdese, gracias al Teorema de triangulacion cualquier conjunto
definible punteado es definiblemente homeomorfo a un conjunto semialge-
braico definido sin parametros.

Otras aplicaciones del Teorema 2.3.4 son las siguientes (véanse los teo-
remas 2.5.3 y 2.5.7).

Corolario 3 (Los teoremas o-minimales de Hurewicz). Sea (X, z) un
conjunto definible punteado y sea n > 2. Supongamos que m.(X,z)® =0
para todo 0 < r <nm—1. Entonces el homomorfismo de Hurewicz o-minimal

hnwr (X, .CE(])R — Hn(X)R

es un iSomorfismo.



Corolario 4 (El Teorema o-minimal de Whitehead). Sean X e Y dos
conjuntos definiblemente conexos. Sea ¢ : X — Y wuna aplicacion definible
tal que para algin xo € X, ¥y : (X, 20)R — m,(Y,¥(20))® es un iso-
morfismo para todo n > 1. Entonces v es una equivalencia de homotopia
definible.

Dentro del estudio de homotopia o-minimal, probaremos las siguientes ver-
siones o-minimales de los correspondientes resultados cldsicos (véanse la
Proposicién 2.4.10 y el Corolario 2.4.11), los cuales son nuevos también en
el caso semialgebraico.

Teorema. Sean E y B dos conjuntos definibles. Entonces todo recubrimento
definible p : E — B es una fibracion definible.

Teorema. Sea p : E — B un recubrimento definible y sea p(ep) = bp.
Entonces py : mo(E,eq)® — m,(B,bo)* es inyectiva para n = 1 y un iso-
morfismo para todo n > 1.

Las demostraciones de estos dos tultimos resultados son independientes del
Teorema 2.3.4. Efectivamente, nétese que el hecho de ser una fibracion
definible es una propiedad que no se preserva bajo homotopias definibles y
por tanto no podemos utilizar el Teorema 2.3.4 en esta ocasién.

Finalmente, en el Capitulo 3 introduciremos los espacios localmente
definibles (abreviado ld-espacios). Los espacios localmente definibles de es-
pecial interés son los regulares y paracompactos (abreviado LD-espacios).
Recogeremos aquellos hechos relevantes de [13] necesarios para el desarrollo
de la homotopia localmente definible. En particular, probaremos el Teorema
de triangulacion para LD-espacios. Con todas estas herramientas a mano,
mostraremos las generalizaciones para los LD-espacios de los resultados so-
bre homotopia del Capitulo 2, en particular, los Teoremas de Hurewicz y el
Teorema de Whitehead. Las demostraciones de estos resultados en [13] estdn
basadas en propiedades de los conjuntos semialgebraicos que comparten los
conjuntos definibles y por tanto pueden ser adaptadas directamente a nues-
tro contexto. Por lo tanto, hemos nombrado todos estos resultados con el
apelativo Hecho. Sin embargo, hacemos notar que todos ellos son nuevos
en el contexto o-minimal. También mostraremos la existencia de una teoria
de homologia para LD-espacios por medio de un acercamiento alternativo al
de [13] para espacios localmente semialgebraicos (el cual se desarrolla, este
ultimo, a través de una cohomologia de haces).

Como mostramos en el siguiente resultado, los grupos \/-definibles como
en [31, Def.2.1] y los grupos “localmente definibles“ como en [17, Def.2.1],
son ejemplos de espacios localmente definibles (véanse los Teoremas 3.4.9 y
3.4.10).
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Teorema. Todo grupo \/-definible es un ld-espacio. Es mds, todo grupo
“locamente definible” es un LD-espacio.

Una vez que hayamos puesto los grupos \/-definibles en su categoria correcta,
tendremos una nocién natural de conexion para ellos. Con respecto a las tres
nociones de conexién para grupos \/-definibles existentes en la literatura, E-
conexién en [17], PS-conexién en [31] y OP-conexién en [27], probamos lo
siguiente (véase la Seccién 3.6).

Teorema. Para todo grupo \/-definible tenemos que
Conexo < OP-conexo = PS-conexo = E-conexo,
donde la sequnda y la tercera implicaciones son estrictas.

Por otro lado, nos gustaria remarcar que los resultados de esta tesis ya
han sido aplicados al estudio de grupos definibles. Efectivamente, usan-
do distintos resultados de esta memoria, en [6] se prueba que todo grupo
definible abeliano, definiblemente conexo y definiblemente compacto de di-
mension d es definible homotépicamente equivalente a un toro de dimension
d. Este tultimo resultado nos permite, a su vez, mostrar lo siguiente (véase
el Corolario 2.6.11).

Teorema. Sea G un grupo definible abeliano, definiblemente conexo, defini-
blemente compacto de dimension d. Entonces cat(G)* =d.

Esta tesis ha dado lugar a los siguientes articulos de investigacién,

[1] E. Baro, Normal triangulations in o-minimal structures, aparecerd en J. Symb. Log.

[2] E.Baro and M.J. Edmundo, Corrigendum to Locally definable groups in o-minimal
structures, J. Algebra 320 (7) (2008), 3079-3080.

[3] E.Baro and M. Otero, Locally definable homotopy, aparecerd en Ann. Pure Appl.
Logic., 31pp.

[4] E. Baro and M. Otero, On o-minimal homotopy groups, aparecerd en Quart. J. Math.,
18pp.

Terminamos con algunos comentarios referentes a un posible trabajo fu-
turo derivado de esta memoria. Primero, senalamos una conexién entre el
Teorema de las triangulaciones normales y el Hauptvermutung o-minimal.
El Hauptvermutung o-minimal sobre el cuerpo de los reales fue probado
por M. Shiota y M. Yokoi en [35], pero sobre cuerpos realmente cerrados
en general sigue aun abierto. Recordemos brevemente una de las situa-
ciones motivadoras del Teorema de las triangulaciones normales. Sea (K, ¢)
una triangulacién de un conjunto definible S partiendo ciertos subconjuntos
definibles Si,...,S; de S. Dados nuevos subconjuntos definibles S, ..., S,
de S, nos gustaria preservar la triangulacion ya obtenida y partir al mismo
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tiempo estos nuevos subconjuntos. Como ya dijimos, el Teorema de las
triangulaciones normales puede resolver este problema. Lo que observamos
ahora es que si el Hauptvermung o-minimal fuese cierto entonces también
podriamos resolver facilmente la anterior situacién. Efectivamente, por el
Teorema de triangulacién, existe una triangulacién (L, 1)) de | K| partiendo
los subconjuntos definibles ¢~1(S}),...,¢71(S)) y cada simplice 0 € K.
Como v : |L| — |K| es un homeomorphismo definible, por el Hauptvermu-
tung o-minimal existirian subdivisiones L' y K’ de L y K respectivamente
y un isomorfismo simplicial g : |L'| — |K'| tal que » ~ g. Por tanto,
(K',¢o1pog') es una triangulacién de S partiendo Si,...,S5,57,...,S),
y tal que popogt ~ pogog ! ~ ¢. Por otro lado, parece que el
argumento anterior podria ser modificado para probar el Teorema de las
triangulaciones normales a partir del Hauptvermutung o-minimal, no obs-
tante obsérvese que dificilmente podriamos recuperar la propiedad (iii) de
las triangulaciones normales (Definicién 1.1.1). Por tanto, el Teorema de
las triangulaciones normales no es, al menos de forma obvia, més débil que
el Hauptvermutung o-minimal. Es més, en el contexto semialgebraico, nos
ayudé a probar el Hauptvermutung semialgebraico. Asi pués, parece natu-
ral pensar que el Teorema de las triangulaciones normales es equivalente al
Hauptvermutung o-minimal, aunque, por supuesto, estamos interesados en
la implicacién de izquierda a derecha.

En segundo lugar, el siguiente paso natural es intentar aplicar los re-
sultados de esta tesis al estudio de los grupos definibles. De hecho, como
comentamos anteriormente, dicho estudio ya ha comenzado en [6], donde se
prueba que

Wn(G)R = Wn(G/GOO)

para todo n > 1 y para cualquier grupo definible definiblemente compacto
(. Ahora bien, dado un grupo definible definiblemente compacto G, por
el Teorema de triangulacién, podemos suponer que G = |K| para cierto
complejo simplicial cerrado K cuyos vértices viven en Q. Por tanto, por
el Corolario 2.4.4 y el resultado en [6] anterior, sabemos que 7, (|K|(R)) =
T (GYR 22 7, (G/G). Asi pues, serfa razonable esperar que |K|(R) fuese
homotépicamente equivalente a G/G; de hecho, por el Teorema de White-
head, tan sélo necesitamos una aplicacién adecuada entre |K|(R) y G/G.
En particular, nétese que esto implicarfa que cat(G)® = cat(G/G%) para
todo grupo definible definiblemente compacto, lo cual extenderia los resul-
tados de la Seccién 2.6.



Introduction

Background

In the 1980s, L. van den Dries, A. Pillay, C. Steinhorn and others showed
that given an expansion of a real closed field, many properties of semialge-
braic sets and maps could be derived from the fact that the one dimensional
definable sets are a finite union of intervals and points. These structures
would be known as o-minimal structures, a fascinating research area where
model theory and real algebraic geometry come together. Roughly, there
are two fundamental research lines in o-minimal structures: one is focused
in the construction of new o-minimal structures, the other one on the study
of definable sets and structures. The work of A. Wilkie has inspired a large
body of results in the first line, most notably [37], where he proves that the
real field expanded by the exponential function is o-minimal. Of particular
note in this line are also the results of van den Dries, Macintyre and Marker
in [16] and of Rolin, Speissegger and Wilkie in [34]. This dissertation is in-
cluded in the second research area. The basic results in this line are the Cell
decomposition theorem and the Triangulation theorem proved by van den
Dries, Pillay, Steinhorn and Knight. Recently, there has been a profound
study of topological properties of definable sets, including the existence of
both homology and cohomology theories in the o-minimal setting. The de-
velopment of these tools from algebraic topology in a non-archimedean real
closed field is not obvious: recall that in the classical setting we have to use
the Lebesgue lemma even in the definition of the induced map in homology
by a continuous map (see also the introduction to Section 1.6). The main
theme of this thesis is o-minimal homotopy. H. Delfs and M. Knebusch
developed semialgebraic homotopy in [13]. We next mention some of their
results. Given a semialgebraic pointed set (X, ) over a real closed field R, we
define naturally the nth semialgebraic homotopy group 7, (X, z)% as in the
classical case but using semialgebraic maps and semialgebraic homotopies.
Contrary to the development of semialgebraic homology, with this definition
there is no problem to define the induced map in homotopy by a continuous
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semialgebraic map. Now, natural questions arise: have these semialgebraic
homotopy groups any relation with the classical ones in the relevant cases?,
have they a good behaviour under real closed field extensions? The authors
answer positively both questions with the following two interesting results
(see Facts 2.1.1 and 2.1.2 below for the general statements). In the first
one, they prove that given a real closed field extension S of R, the map
(X, )% — m (X (S), )% : [f] — [f(S)] is an isomorphism, where X (5)
and f(9) denotes the realization in S of X and f respectively. In the second
one, they show that if R = R then the map 7, (X, x)** — 7, (X, z) : [f] — [f]
is an isomorphism. To prove these results Delfs and Knebusch make use of
both the model completeness of the theory of real closed fields (or Tarski-
Seidenberg principle) and the Lebesgue number, which are not available in
the o-minimal setting. Hence, we cannot apply their methods to develop
an o-minimal homotopy theory. Actually, only the o-minimal fundamental
group was considered in [20] and [7] (with strong consequences in the study
of definable groups as we will see next).

The study of definable groups lies within this second line of research we
are talking about. In [32], A. Pillay proves that every definable group G in
an o-minimal structure can be equipped with a definable manifold structure
making G a topological group. Hence, if the underlying field of the o-minimal
structure is the real field, we then obtain a Lie group. This result is the
starting point of the study of definable groups and, in particular, the study of
their analogies with Lie groups. In this sense, algebraic topology tools have
been proved to be useful. For instance, the following result of M. Otero and
M. Edmundo in [20] is one of the first in showing the mentioned analogy. Let
G be a definably connected definably compact n-dimensional abelian group
in an o-minimal structure. Then both the o-minimal cohomology algebra
over Q and the o-minimal fundamental group of G are isomorphic to the
cohomology algebra over (Q and the fundamental group of an n-dimensional
torus respectively. From these isomorphisms they deduce that the torsion
of G is isomorphic to the torsion of an n-dimensional torus. Nowadays,
Pillay’s conjectures stated in [33] and positively solved in [9] and [23] based
on the work of several authors, have joined even more the Lie groups and
the definable ones. In particular, it is known that every definably compact
definable group is an extension of a Lie group by a divisible torsion-free
normal subgroup. Moreover, the o-minimal dimension of the definable group
equals the one of the Lie group.

On the other hand, in [13], H. Delfs and M. Knebusch introduce a new
category extending the semialgebraic one and large enough to be able to
deal with objects such as covering maps of “infinite degree®. The authors
define locally semialgebraic spaces, roughly, as those obtained by glueing
infinitely many affine semialgebraic sets. In the o-minimal setting we have
the corresponding situation, the definable category is not large enough to
deal with certain natural objects. Even though the theory of locally semial-



gebraic spaces had not been formally extended to the o-minimal framework,
some related notions have already appeared (always carrying a group struc-
ture). This is the case of \/-definable groups which were used by Y. Peterzil,
A. Pillay and S. Starchenko in [31] and [30] as a tool for the study of in-
terpretability problems. Later, M. Edmundo introduces in [17] a restricted
notion of \/-definable groups, the “locally definable” groups, and he develops
a whole theory around them. However, to deal with topological concepts, the
notion of \/-definable group is too rigid as it shows the three non-equivalent
definitions of connectedness (see Section 3.6 below) established for these
groups which appear in the literature (see [17],[27] and [31]).

Main results

The main results of this thesis are focused on the Normal triangulation
theorem and its applications, as well as the o-minimal homotopy of definable
sets and its generalization to locally definable spaces. We now are going to
briefly describe them. We fix an o-minimal expansion R of a real closed field
R. We denote by R the field structure of R. By definable we mean definable
in R with parameters. All definable maps are assumed to be continuous.

In Chapter 1 we will prove the following refinement of the triangulation
theorem, which is also new in the semialgebraic context (see Theorem 1.1.5).

Theorem (Normal triangulation theorem). Let K be a simplicial com-
plex and let Sy, ...,S; be definable subsets of its realization |K|. Then, there
is a subdivision K' of K and a definable homeomorphism ¢' : |K'| — |K|
such that

(i) (K',¢') partitions all S1,...,S; and each o € K,

(ii) for every Tt € K' and 0 € K, if T C o then ¢/(1) C 0.

Independently of the essential role of this result in the development of o-
minimal homotopy in Chapter 2, the Normal triangulation theorem may
be of interest by itself as it shows the following situation. As we know,
a basic tool to study definable sets is the Triangulation Theorem: given a
definable set S and some definable subsets Si,...,5; of S, there exists a
simplicial complex K and a definable homeomorphism ¢ : |K| — S parti-
tioning S1,...,.S;. Further study of S may lead to consider new definable
subsets S7,...,5] of S. In this situation, we would like to both preserve
the already obtained triangulation and partition the new sets. However, a
further application of the Triangulation Theorem cannot help us in this case.
Moreover, techniques as repeated barycentric subdivisions are not available
in this context because of the lack of Lebesgue number or just because the
sets S;’s may not be open. Clearly, the Normal triangulation solves this
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problem. We also point out that the Normal triangulation theorem give us
new information even if the base field is R.

We will first apply the Normal triangulation theorem to prove the fol-
lowing (see Theorem 1.5.5).

Corollary (Semialgebraic Hauptvermutung). Let K and L be two
closed simplicial complexes in R and let f : |K| — |L| be a semialgebraic
homeomorphism. Then f is semialgebraically homotopic to a simplicial iso-
morphism g : |K'| — |L'| between subdivisions K' and L' of K and L,
respectively.

As a second application of the Normal triangulation theorem, we will
show an alternative proof to that of A. Woerheide of the existence of a
functor for o-minimal simplicial homology (see Section 1.6).

The main result of Chapter 2 establishes a relation between the o-
minimal and semialgebraic homotopy sets (see Theorem 2.3.4). In order
to avoid the introduction of cumbersome notation, we mention here a weak
version of this result which gives an idea of it.

Theorem. Let X and Y be semialgebraic sets. Then,

(i) every definable map f : X — 'Y is definably homotopic to a semialgebraic
map g: X — Y, and

(ii) any two semialgebraic maps g1 : X — Y and go : X — Y which are
definably homotopic are also semialgebraically homotopic.

As a first application of this theorem, we will study the Lusternik-
Schnirelmann category (MSC 2000: 55M30) of definable sets. As far as
we know, this is the first time that LS-category is studied in both the o-
minimal and semialgebraic setting. The LS-category of a definable set X,
cat(X)®, is the least integer m such that X has a definable open cover of
m + 1 elements with each of them definably contractible to a point in X.
We prove the following (see Corollary 2.6.9).

Corollary 1. Let X be a semialgebraic set defined without parameters.
Then cat(X)® = cat(X(R)), where cat(X(R)) denotes the classical LS-
category.

As a second application of Theorem 2.3.4 (mentioned above) we prove
that (the semialgebraic homotopy group) 7, (X,z)®° and (the o-minimal
homotopy group) m,(X,z)® of a semialgebraic pointed set (X,x) are iso-
morphic. Namely, p : 7,(X,2)?0 — 7,(X,2)® : [f] — [f] is a natural
isomorphism (see Theorem 2.4.1). Now using the latter result and those of
H. Delfs and M. Knebusch we obtain (see Corollary 2.4.4).
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Corollary 2. Let (X,x) be a semialgebraic pointed set defined without pa-
rameters. Then there exists a natural isomorphism between the classical ho-
motopy group Tp(X(R),x) and the o-minimal homotopy group
T (X(R),z)® for everyn > 1.

Note that thanks to the Triangulation theorem any definable pointed set is
definably homeomorphic to a semialgebraic one defined without parameters.

Further applications of Theorem 2.3.4 are the following (see Theorem
2.5.3 and Theorem 2.5.7).

Corollary 3 (The o-minimal Hurewicz theorems). Let (X,z) be a
definable pointed set and n > 2. Suppose that m.(X,z)* = 0 for every
0<r<n-—1. Then the o-minimal Hurewicz homomorphism

Mg Tn(X,20)% — Ho(X)R
s an isomorphism for n > 2.

Corollary 4 (The o-minimal Whitehead theorem). Let X and Y be
two definably connected sets. Let ¢ : X — Y be a definable map such that
for some xg € X, ¥y : T (X, 20)* — 7n (Y, 0(20))R is an isomorphism for
alln > 1. Then ¢ is a definable homotopy equivalence.

Within the study of o-minimal homotopy, we will prove the following o-
minimal versions of the corresponding classical results (see Proposition 2.4.10
and Corollary 2.4.11) which are also new in the semialgebraic context.

Theorem. Let E and B definable sets. Then every definable covering p :
E — B is a definable fibration.

Theorem. Let p : E — B be a definable covering and let p(eg) = by.
Then py : T (E, e0)® — m,(B,bo)® is an isomorphism for every n > 1 and
injective for n = 1.

The proofs of these latter results are independent of Theorem 2.3.4. Indeed,
to be a definable fibration is a property that is not invariant under definably
homotopies and hence Theorem 2.3.4 cannot be applied here.

Finally, in Chapter 3 we will introduce the locally definable spaces (in
short ld-spaces). Locally definable spaces of special interest are the regular
paracompact ones (in short LD-spaces). We collect the relevant facts from
[13] needed for the development of locally definable homotopy. In particular,
we prove the Triangulation theorem for LD-spaces. With all these tools at
hand, we prove the generalizations to LD-spaces of the homotopy results in
Chapter 2, in particular the Hurewicz theorems and the Whitehead theorem.
The proofs of these results in [13] are based on properties of semialgebraic
sets which are shared by definable sets and hence can be directly adapted
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to our context. Therefore, we have labelled all these results with Fact.
However, we point out that all of them are new in the o-minimal setting. We
also show the existence of a homology theory for LD-spaces via an alternative
approach to that of [13] for locally semialgebraic spaces.

As we have already mentioned in the background section the \/-definable
groups in the sense of [31, Def.2.1] and the “locally definable“ groups in the
sense of [17, Def.2.1], are examples of locally definable spaces as we show in
the following result (see Theorem 3.4.9 and Theorem 3.4.10).

Theorem. Every \/-definable group is an ld-space. Moreover, every “locally
definable” group is an LD-space.

Once we have put the \/-definable groups in their natural category, we
have a natural concept of connectedness for them. With respect to the
three different notions of connected \/-definable group which appear in the
literature, E-connected in [17], PS-connected in [31] and OP-connected [27],
we prove the following (see Section 3.6).

Theorem. For every \/-definable group we have that
Connected < OP-connected = PS-connected = E-connected,

where the second and third implications are strict.

We finish this outline of the main results by pointing out that the results
in this thesis has already been applied to the study of definable groups.
Indeed, using several results of this dissertation, it is proved in [6] that
every definably connected definably compact d-dimensional abelian group
is definably homotopy equivalent to the d-dimensional torus over R. The
latter, in turn, will allow us to show the following (see Corollary 2.6.11).

Theorem. Let G be a definably connected definably compact d-dimensional
abelian group. Then cat(G)® = d.

This dissertation has led to the following research papers,

[1] E. Baro, Normal triangulations in o-minimal structures, to appear in J. Symb. Log.

[2] E.Baro and M.J. Edmundo, Corrigendum to Locally definable groups in o-minimal
structures, J. Algebra 320 (7) (2008), 3079-3080.

[3] E.Baro and M. Otero, Locally definable homotopy, to appear in Ann. Pure Appl.
Logic., 31pp.

[4] E. Baro and M. Otero, On o-minimal homotopy groups, to appear in Quart. J. Math.,
18pp.
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Notation and Prerequisites

For the rest of the paper we fix an o-minimal expansion R of a real closed
field R. For definitions and basic results on o-minimal structures, we refer to
[15]. We always take ’definable’ to mean ’definable in R with parameters’.
We take the order topology on R and the product topology on R" for n > 1.
All definable maps are assumed to be continuous except otherwise stated.

In general, given a real closed field S we will denote by Sy its ordered
field structure. The only exception will be R, whose ordered field structure
we denote by R. We denote by Q the real algebraic numbers.

If a set X is definable with parameters in some structure M we denote
by X (M) the realization of X in M.

Recall that given a definable set S the frontier of S is the set 95 = S\ S
and the boundary of S is the set bd(S) = S \ int(S). We use the standard
notation I :=[0,1] = {# € R: 0 <z < 1}. In Chapter 3, we will also denote
by I a set of indexes, hopefully without confusion. We denote the graph of
a definable map f: X — Y by I'(f) := {(z, f(x)) : z € X}.

If X is a definable set and Aq,..., A are definable subsets of X then
(X, Aq,..., Ag) is called a system (or pair, if £ = 1) of definable sets. A
definable map f: (X, A1, ..., Ax) — (Y, B1,..., By) between systems of de-
finable sets is a definable map f : X — Y such that f(4;) C B; for each
i=1,...,k.

Since this dissertation uses (and develops) in an essential way simplicial
complexes and triangulations, we have included here a brief summary of the
basic notions:

The k-simplex spanned by the affine independent points vy, ..., v, € RP
is the set (vo,...,vk) == {d_tiv; : allt; > 0,> ¢; = 1}, we call v, ..., v
the vertices of (vg,...,vx). A face of (vp,...,vx) is a simplex spanned by
a nonempty subset of {vg,...,vr}. A simplicial complex K is a finite
collection of simplices in RP such that for all 01,09 € K, either cl(o1) N
cl(og) = 0 or cl(o1) Nel(oz) = cl(r) for some common face 7 of o1 and
o2. We denote the realization of a simplicial complex K in RP by |K| :=
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U,cr @ C RP. We say that K is closed if it contains with each simplex all
its faces. Note that K is closed if and only if | K| is a closed set. We will
denote by K the simplicial complex which is the set of all faces of simplices
of K, so that |K| = |[K|. We denote by Vert(K) the set of all vertices of
simplices in K. Note that given v € Vert(K), {v} might not be a simplex
of K. On the other hand, if v € Vert(K) N |K]| then {v} is a simplex of K.
Recall that given a subset A of | K|, the star of A in K, denoted by Stx(A),
is the union of all the simplices 0 € K such that N A # (). We say that
a simplicial complex K’ is a subdivision of a simplicial complex K if each
simplex of K’ is contained in a simplex of K and each simplex of K equals
the union of finitely many simplices of K’. We will use the standard notion
of barycentric subdivision of a simplicial complex (see [15, Ch.8, §1.8]).

Given two simplicial complexes K and L we say that g : |K| — |L| is
a simplicial map if it is the restriction to |K| of a map g : |K| — |L]
which sends each simplex of K to a simplex of L by a linear map taking
vertices to vertices and each simplex in K to a simplex in L. Alternatively,
we can say that ¢g : |K| — |L| is a simplicial map if it is piecewise-linearly
induced by a map gy : Vert(K) — Vert(L) such that if (v, ...,vx) € K then
(gv(UO)a s 7gv(vk>) € L.

Given a definable set S and some definable subsets St, ..., .5 of S we say
that (K, ¢) is a triangulation of S partitioning Si,...,S;, and denoted
by (K, ¢) € A(S;S1,...,S5)), if K is a simplicial complex and ¢ : |K| — S is
a definable homeomorphism such that each S; is the union of the images by
¢ of some simplices of K. Note that for a triangulation (K, ¢) of S we will
use the classical notation ¢ : |K| — S instead of the notation ¢ : S — |K|
used in [15].

Without mention we will use the following fact: given a definable set S
and some definable subsets of S, a triangulation of S which partitions this
subsets also partitions their closures and their frontiers both in S.
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Chapter

Normal Triangulations

1.1 Introduction

In this chapter we introduce and study the following notion.

Definition 1.1.1. Let K be a simplicial complezx in R™ and St, ..., S] defin-
able subsets of |K|. A triangulation (K',¢') € A(|K|; S1,...,S]) is a nor-
mal triangulation of the complex K partitioning Si,...,S;, denoted
by (K',¢') € ANT(|K|; S1,...,5)), if it satisfies the following conditions:
() (K".¢/) € AK] S, 8, 0o

(ii) K’ is a subdivision of K, and

(iil) for every T € K' and o0 € K, if T C o then ¢'(17) C 0.

Note that the definition depends not only on |K| but also on K and that
the interesting case is when the subsets of |K| are nonempty (otherwise
(K,id|g) is a normal triangulation).

Remark 1.1.2. (i) It is easy to prove that given a normal triangulation
(K',¢') as in Definition 1.1.1, ¢/(|L|) = |L| for any subcomplex L of K.
Indeed, we fix 0 € K and we show that ¢/(c) = 0. Since K’ is a subdivision
of K, there are 11,...,7 € K’ such that ¢ = 71 U--- U 7. By normality
of (K',¢') we have that ¢'(0) = ¢'(11) U---U ¢ (1) C 0. Suppose there is
z € o such that z ¢ ¢'(0). Take 7 € K’ and & € K such that z € ¢/(7)
and 7 C ¢. Since z € ¢'(7) N o and (K',¢') partitions the simplices of K,
we deduce that ¢/(7) C o. On the other hand, by normality of (K',¢'),
we have that ¢/(7) C . Therefore ¢/(7) C o N &, that is, ¢ = &. Hence
z € ¢/(T) C & = o, which is a contradiction.

(ii) Let (K',¢') € ANT(|K|; S1,...,S)). Then ¢’ is definably homotopic to
id| | via the canonical definable homotopy H : |K'| x I :— |K]| : (z,t) —
(1—t)¢'(x)+tx. The map H is well-defined because, by normality of (K’ ¢'),
we have that ¢/(z) € o for each # € ¢ € K. Note also that H is indeed
continuous. Therefore H is a definable homotopy from ¢’ to id .
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2 1.1. Introduction

Example 1.1.3. We show a normal triangulation in dimension 2. Let K be
the closed simplicial complex on the right hand of the figure (with continuous
lines) and let S; be the curve drawn inside. Then (K’,¢') is a normal
triangulation of K partitioning Sy, where K’ is the simplicial complex on
the left hand of the figure.

Example 1.1.4. In Definition 1.1.1, condition (7ii) cannot be deduced from
(i) and (7i), as the following example shows;

K’ K

V2 V4 B(v4) P(v2)

Us

é(vs)
V1 V3 o(v3) é(v1)

where K’ = K and ¢ is a symmetry.
Our aim is to prove the existence of normal triangulations.

Theorem 1.1.5 (Normal Triangulation Theorem). Let K be a simpli-
cial complex and let Sy, ..., S; be definable subsets of |K|. Then there exists
a triangulation (K',¢') € ANT(|K|; S1,...,S)).

The chapter is organized as follows. Section 1.2 contains some definitions
and results from [15] that we will need in the following section. Section 1.3
is devoted to prove the existence of independent triangulations (see Defini-
tion 1.3.1 and Theorem 1.3.2). The existence of independent triangulations
allows us to prove the Normal Triangulation Theorem in Section 1.4, where
we also prove an extension lemma for this kind of triangulations (see Theo-
rem 1.4.3). The reader may skip Sections 1.2 and 1.3 at a first reading, only
the statement of Theorem 1.3.2 is used later. In Section 1.5 and 1.6 we give
the applications described in the Main results section of the Introduction.
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1.2 Preliminaries and Notation

We will make extensively use of the following notions and results from Chap-
ter 8 of [15]. We include them here to both make this chapter readable and
be able to change slightly the notation.

We recall that a triangulated set is a pair (S, ¢(K)), where S is a definable
set, (K,¢) € A(S) and ¢(K) = {¢(0) : 0 € K}. Given a triangulated set
(S,P) and C,D € P we call D a face of C if D C cl(C), a proper face of C
if D C cl(C)\ C and a vertezx of C' if it has dimension 0.

A multivalued function F on a triangulated set (S, P) is a finite collection
of functions, F' = {fc; : C € P,1 < i < k(C)}, k(C) > 0, each function
fci: C — R definable and fc1 < ... < forc). We set

F|C: {fqi 1< < /{(O)}, for C € P,
PF={T(f): f € F}U{(fcu, fcir1) : C € P,1 <i < k(C)},
ST = the union of the sets in P¥.

Given fc; € F|c we shall omit the subscript C of fc; and we will denote it
just by f; if there is no ambiguity. Such a multivalued function F' is called
closed if for each pair C, D € P with D a proper face of C' and each f € F|¢
there is g € F|p such that g(y) = lim,_., f(z) for all y € D. Note that
then each f € F, say f € F|c, extends continuously to a definable function
c(f) : cl(C)nS — R such that the restrictions of ¢l(f) to the faces of C in
‘P belong to F.

Fact 1.2.1. [15, Ch.8,Lem.2.6] Let F' be a multivalued function on the tri-
angulated set (S, P) such that T'(F) is closed in S x R, and there is M >0
such that I'(F) C S x [-M, M]. Then F is closed.

Definition 1.2.2. Let (S,P) be a triangulated set such that each C € P
has a vertex. We call a multivalued function F on (S, P) superfull if it is
closed, k(C) > 1 for all C € P, and it satisfies the following two conditions:

(A) for each pair C,D € P with D a proper face of C and each g € F|p we
have g = cl(f)|p for some f € F|c, where cl(f) is the continuous extension
of f toc(C)NS, and

(B) if f1, f2 € Flc, fr # f2, then there exists at least one vertex of C where
c(f1) and cl(f2) take different values.

Note that our definition of superfull is stronger of that of full in [15]
(where only condition (A) is required —see Definition VIII.2.5-). In general,
we can convert a full multivalued function in a superfull one by taking the
first barycentric subdivision. However, the properties of triangulations we
want to consider are not preserved by taking barycentric subdivisions (see
Example 1.3.4).

Recall that given a triangulation (K, ¢) in R™ of a definable set S C R™
and given a definable set S’ C S x R, a triangulation (L, ) € A(S') in R*!
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is said to be a lifting of (K, ¢) if K = {m,(0) : 0 € L} and the diagram

¥
L] —9'

IK\?S

commutes where m,, and 7, are the projections maps on the first m and n
coordinates, respectively.

For the proof of the following technical fact see [15, Ch.8,Lem.1.10].
We will show in Lemma 1.3.7 how to lift a triangulation via a superfull
multivalued function using this fact.

Fact 1.2.3. Let (ao,...,a,) be an n-simplex in RP and let rj,s; € R, rj <
sj, for j = 0,...,n. Write b; = (a;,7j), ¢; = (aj,s;) € RPTL. Then
(b0s -1 bjy Cjy oo oy Cn) is an (n + 1)-simplex in RPTL for any 0 < j < n such
that bj # ¢ (so rj < s;). Moreover, the collection of all (n + 1)-simplices
(bo, ..., bj,¢j,...,cn) with bj # ¢; and all their faces is a closed simplicial
complez.

1.3 Independent Triangulations

In order to prove the existence of normal triangulations, we now introduce
triangulations satisfying an independence property which may be of interest
by itself.

Definition 1.3.1. Let (K, ¢) € A(S), where S is a closed and bounded de-
finable set in R™. We say that (K, ¢) is an independent triangulation if
(i) for every n-simplex T = (v, ...,vn) € K we have that ¢p(vp), ..., ¢(vy) €
R™ are affinely independent, that s, they span an n-simplex
7 = (¢(v0), ..., (vy)) in R™, and

(i) if 71 and 1o are different simplices of K then T{b and Tf are disjoint.

Note that an independent triangulation induces in R™ —via the images by
¢ of the vertices of K— a copy of K. The aim of this section is to prove the
following.

Theorem 1.3.2 (Independent Triangulation Theorem). Let S C R™
be a closed and bounded definable set and let Sy, ..., S; be definable subsets of
S. Then there exists an independent triangulation (K, ¢) € A(S; S1,...,S)).

We will show that any closed and bounded definable set has an independent
triangulation by an induction argument and following closely the scheme
of the proof of the Triangulation Theorem in [15]. In the induction step
we will need the existence of triangulations with the following technical
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property: a triangulation (K, ¢) € A(S;S1,...,S5]) of a closed and bounded
definable set S and some definable subsets Si,...,5; of S is said to be
small with respect to Si,...,S5; if for every 7 = (vg,...,v,) € K with
P(vp), ..., ¢(vs) € S; we have that ¢(7) C Sj.

Example 1.3.3. All the examples are in dimension 2.

(1) Example of a triangulation (K, ¢) of a closed and bounded definable set
S which is not independent because (7) fails.

K S
V1 ¢(U1)
¢
0 V2
V3 d(vo)  B(vz)  @(v2)

Moreover, if we denote by S1 = ¢((vo,v2)) then (K, ¢) is small w.r.t. Si.
For, the only simplex which has all its vertices in S7 is (vp,v2). On the
other hand, ¢((vg,v2)) = S1 C S, as required. This shows that there is no

relation between the independence and smallness properties.

(2) Example of a triangulation (K, ¢) of a closed and bounded definable set
S which is not independent because (i7) fails. However, note that it satisfies

(4)-

K S
v ¢(v2)
¢
Yo gl ¢(vo)  P(v1)
vs e ¢(vs3)

(3) Our last example shows an independent triangulation (K, ¢) of a closed
and bounded definable set S which is not small w.r.t. bd(S).
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¢ =id

Example 1.3.4. This example shows that the independence property of
triangulations is not preserved by taking barycentric subdivisions.

K S
V2
4(1)» //\.\qﬁ(w)
¢(vo) ¢(v1) \\\
Vo (%1} ¢(U2)

Remark 1.3.5. Let S be a closed and bounded definable set. Let S1,...,5
be definable subsets of S. Let (K,¢) € A(S;S1,...,S5) and let (K, ¢) €
A(S;9(0))ock small w.r.t. 0¢(c), o € K. Then,

(a) if 7 € K and o € K are such that ¢(7) C ¢(o) then there exists a
vertex v € Vert(7) with ¢(v) € (o) (in particular if o is not a vertex then
¢(7) £ ¢(0)), and

(b) (K,¢) € A(S;S1,...,5]) and is small w.r.t. Sq,...,S].

Proof. (a) Let 7 € K and o € K. Suppose that ¢(7) C ¢(c). Exclude the
trivial case of 7 being a vertex and assume for all v € Vert(r) we have that
o(v) ¢ ¢(o) , ie., ¢p(v) € 0¢p(o). By smallness ¢(1) C dp(o) = d¢(0), a
contradiction. B

(b) It is clear that (K,¢) € A(S;51,...,5). To show smallness w.r.t.
Si,...,80, let 7 = (vo,...,v,) € K and j € {1,...,1} be such that ¢(v;) €
S, foralli =0,...,n. Let 0 € K be such that ¢(7) C ¢(c). By (a) there
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exists a vertex v;, € Vert(r) with 55(%) € ¢(o). Hence, since (K, ¢) also
partitions S; and ¢(v;,) € ¢(c) N S, we deduce that ¢(c) C S;. Therefore
o(t) C Sj. O

Lemma 1.3.6. Let (K, ¢) € A(S;S1,...,S5]) be a triangulation of a closed
and bounded definable set S C R™ and some definable subsets Sy,...,S5; C S.
(i) If (K,¢) is small w.r.t. Si,...,S and f : R™ — R"™ is a definable
homeomorphism then (K, f o ¢) € A(f(S); f(S1),..., f(S))) is small w.r.t.
f(Sl)’ s 7f(Sl)

(i) If (K, @) is independent and f : R" — R™ is a linear automorphism,
then (K, fo¢) e A(f(S); f(S1),..., f(S1)) is independent.

Proof. (i) Let 0 = (vo,...,vm) € K such that f o ¢(vg),...,f o ¢(vy) €
f(S;) for some fixed 1 < j < [. Since f is a definable homeomorphism,
f(S;) = f(S;) and therefore ¢(vy),...,d(vy) € S;. Hence ¢(o) C S; be-
cause (K, ¢) is small w.r.t. Si,...,S;. Finally, f(é(0)) C f(S;) = f(S5;), as
required.

(ii) Consider a simplex o = (vg,...,vy) € K. Since (K, ¢) is indepen-
dent, &(vg),...,¢(vy) are affinely independent. Hence, since f is linear,
foo(vy),...,fop(vy) are also affinely independent. Now, take 01,09 € K
such that o7°? N ¢d° £ (). Again, since f is linear, o N o # ) and hence,
by the independence property of (K, ¢), o1 = o9. O

The following lemma will be useful in the induction step. Its proof is an
adaptation —taking care of independence— of that of [15, Ch.8,Lem.2.8].

Lemma 1.3.7. Let A C R™ be a closed and bounded definable set and let
(K, ¢) € A(A) be an independent triangulation in RP. Let F be a superfull
multivalued function on (A, ¢(K)). Then (K, @) can be lifted to an indepen-
dent triangulation (L,) € A(AY; D) pegxyr in RPHL.

Proof. Firstly, note that since A is closed and bounded and F' is super-
full, A is also closed and bounded. The construction of (L,%) is that of
[15, Ch.8,Lem.2.8]. Unfortunately we will need to introduce the notation
to check that (L,?) is independent. We construct L and 1 above each
C € ¢(K). Let C € ¢(K) and let ag, ..., a, be the vertices of ¢~1(C) listed
in some prefixed order on Vert(K). Let f < g be two successive members
of Flc. Put rj = cl(f)(¢(aj)), s; = cl(g)(é(ay)), bj = (aj,rj), ¢; = (aj,s5).
Let L(f, g) be the complex in RP™! constructed in Fact 1.2.3 (since F' satisfies
condition (B) of superfullness we do not need to take a barycentric subdivi-
sion as in [15]). Define the homeomorphism 1/1;; el(f),cl(g)] — |L(f, 9)
by w;;@:vt : Cl(f)(.%) + (1 - t)d<g>(x)> = t(I)b@:) + (1 - t)(I)c(.%'),O <t< 17
where ®,(z) and ®.(z) are the points of (b, ..., by,) and (co, ..., c,) with the
same affine coordinates with respect to bg,...,b, and c,...,c, as ¢~ ()
has with respect to ag,...,a,. Note that it follows from the superfullness
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that w;’; is injective: if ¢l(f)(x) and cl(g)(x) are distinct, then so are ®p(x)
and ®.(z). We also define for each f € F|¢ the simplicial complex L(f) in
RPTL as the n-simplex (b, ..., b,) with b; = (a;,cl(f)(¢(a;))), and all its
faces. Then wj?l : T'(el(f)) — |L(f)| is by definition the homeomorphism
given by w;l(a:, c(f)(x)) = Pp(x), where ®y(z) is defined as before. Finally
we consider the simplicial complex L which is the union of all simplicial com-
plexes L(f,g) and L(f) and the definable homeomorphism ¢ : |L| — AF
such that 7/)|L(f,g) =1y4 and 7/}|L(f) =1y.

Let us show that the triangulation (L,%) is independent. Let C' €
¢(K) and two successive functions f,g € F|c. Consider the triangulation
(L(f,9),%y,4) constructed at the beginning of the proof (and with the same
notation). Given v € Vert(L(f,g)) then either v = b; or v = ¢; for some
j. Hence either 97 4(v) = Y54(b;) = (P(aj),rj) or Yyrg(v) = Vrg(cj) =
(¢(aj),s;). Denote (¢(aj),rj) by Zj and (¢(a;),s;) by ¢;. Observe that
by independence of (K, $) we have that ¢(ao),...,¢(a,) are affinely inde-
pendent and therefore, by Fact 1.2.3, (bo,...,b;,¢j,...,¢,) are also affinely
independent for any j such that ¢; # b;. Moreover, also by Fact 1.2.3, the
(n + 1)-simplices (50, . ,Ej,Ej, .v.y Cp) With Ej # ¢; and all their faces is a
closed simplicial complex which we will denote by L(f,g)¥/s. In a similar
way, we construct a closed simplicial complex L(f)¥f for each f € F|c,
C € ¢(K). Since (K, ¢) is independent, a routine argument shows that the
collection LY of all simplices of all closed simplicial complexes L(f, g)¥/s
and L(f)¥’ is a closed simplicial complex. To finish the proof it is enough
to observe, using the notation of Definition 1.3.1, that o¥ is a simplex of LY
for every o € L. O

From the proof of Lemma 1.3.7 we get the following.

Corollary 1.3.8. There is a lifting (L,v) as in the conclusion of Lemma
1.3.7 satisfying the following: For any 7 € L with ¥ (1) C D for some
D e ¢(K)', C =n(D) € ¢(K), and ¢~ 1(C) = (aq, ..., a,) € K, we have
(i) m((7)) = C,

(ii) if D = (f,g)c for some successive f,g € Flo , f < g, then T is ei-
ther an (n + 1)-simplex (bo,...,bj,¢j,...,cn), bj # ¢j, or is an n-simplex
(bo,....bj—1,¢j,...,¢n), bj # ¢j, j # 0, where b; = (a;,cl(f)(¢(ai))) and
¢ = (aj,cl(9)(¢(ai))), i=0,...,n, and

(iii) if D = I'(f) for some f € F|c, then 7 is an n-simplex (bo,...,bn),
where by = (a;, cl(f)(p(a;))), i =0,...,n. Moreover, (1) =T(f) = D.

Proof. Let (L,1) be the lifting constructed in the proof of Lemma 1.3.7.
Then (i) and (iii) are clear by construction. Let us prove (ii). Firstly, note
that the dimension of 7 is either n + 1 or n (otherwise we get a contra-
diction to (i)). If 7 is an (n + 1)-simplex then the statement is clear by
construction. So suppose that 7 is an n-simplex, say, 7 = (vo, ..., v,). Since
(¢ (1)) = C we have that {7(vo),...,m(vn)} = {ao,...,an}. Without loss
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of generality, 7(v;) = a; for all i = 0,...,n. Since ¢(7) C D, 7 is a face
of some (n + 1)-simplex of the form (bo,...,bj,¢j,...,c,) with b; # ¢;.
Hence, either 7 = (bo,...,bj—1,¢j,...,cp) for some j # 0 with b; # ¢;, or
7 = (bo,...,bj,¢j41,...,cp) for some j # n with b; # ¢;. In the first case,
the statement (ii) clearly holds. So assume that 7 = (bo, ..., bj, cj41,...,¢n)
for some j # n with b; # ¢;. If bj11 # ¢jq1 then 7 = (bo, ..., bj, ¢jr1,...,¢n)
with bjy1 # c¢jy1, as required. Otherwise, let ¢ > j + 1 be the maxi-
mum such that b; = ¢; for all j +1 < i < 4g. If ig < n then we are

done, since 7 = (bo, c. ,bio, Cig+1y- -+ Cn) with bi0+1 7& Cig+1- If ’io = n,
then 7 = (bo,...,b;,¢j41,...,¢n) = (bo,...,by), which is a contradiction to
Y(r) C D. O

In the next lemma we apply the smallness condition to get a superfull
multivalued function. We will apply this lemma in the induction step.

Lemma 1.3.9. Let A be a closed and bounded definable set, let (K, ¢) €
A(A) and F be a closed multivalued function on the triangulated set (A, p(K))
satisfying condition (A) of superfull. Let (Ko, ¢o) € A(A;¢(0))sckx small
w.r.t. 9p(c), o € K. Then, the multivalued function Fy on (A, ¢o(Ko)),
obtained by the restrictions of the functions in F to the sets of ¢o(Ky), is
superfull.

Proof. By Fact 1.2.1, the multivalued function Fj is closed. Let us show
that Fy satisfies (A) of superfullness. Consider a pair Dy, Cy € ¢o(Ky) with
Dy a proper face of Cy and consider also gy € Fp|p,. Since (Ko, ¢g) €
A(A;¢(0))seck, there are C, D € ¢(K), D a face of C, such that Cy C C
and Dy C D. On the other hand, Fy is by definition the restriction of F' to
¢0(Ko) and therefore there exists g € F|p such that g|p, = go. If C = D
then obviously g¢|c, € Fo and go = cl(g|c,)|p,- If D is a proper face of C
then, since F' satisfies (A) of superfullness, there exists f € F|¢ such that
g =cl(f)|p. Hence go = cl(fo)|p,, where fo := f|c, € Fo.

Now, let us check that Fy satisfies (B) of superfullness. Let C' = ¢o(7),
where 7 € Ko, and let f1, fo € Fo|c be two different functions. By construc-
tion, there exist 0 € K and two different f1, fo € F'|4(o) such that C C ¢(o)

and fil|c = fi, i = 1,2. By Remark 1.3.5(a), there exists a vertex ¢o(v) of

C such that ¢o(v) € 6(0). Then cl(f:)(d0(0)) = Fi(Go(v)), i = 1,2, 50 cl(f1)
and cl(f2) take different values on ¢g(v). O

We are now ready to prove the main result of this section.

Proof of Theorem 1.3.2. In fact, we will prove by induction on m a stronger
result: Given a closed and bounded definable set S C R™ and some definable
subsets S1,...,5; of S, there exists a triangulation (K, ¢) € A(S;S1,...,5))
which is both independent and small w.r.t. Sy,...,5;.

The case m = 0 is trivial. Suppose that the theorem holds for a certain
m and let us prove it for m + 1. Consider the closed and bounded definable
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sets T' = bd(S) U bd(S1) U---Ubd(S;) and A = 7(T), where m denotes the
projection on the first m coordinates. Note that by [15, Ch.4, Cor.1.10], T
has dimension less than m + 1.

Claim 1. We can assume that:

(a) for every a € A the fiber T, = {x € R : (a,x) € T} is finite, and

(b) there exist an independent triangulation (K, ¢) € A(A;w(S1),...,m(S)))
and a closed multivalued function F' on the triangulated set (A, ¢(K)) satis-
fying condition (A) of superfullness and such that S, S;, S; and S are finite
unions of sets in ¢(K)¥.

The proof of this claim, which has been included below for completeness,
is just an adaptation of the proof of the Triangulation Theorem in [15]. In
our case —aiming for independence— we now first modify the multivalued
function (see M1 below) to obtain a superfull one and hence being able to
apply our lifting Lemma 1.3.7. Unfortunately, to be able to execute M1 we
make essential use of the smallness property of the induction hypothesis. A
trivial second modification (see M2 below) will allows us to prove smallness
(see Example 1.3.11 for a justification of this modification).

M1. By induction hypothesis there exists an independent triangulation
(K1,01) € A(A; ¢(0))oek small wr.t. 0¢(c), o € K. Let F be the multi-
valued function on (A4, ¢1(K7)) obtained by the restrictions of the functions
in F' to the sets of ¢1(K7). By Lemma 1.3.9 the multivalued function F} is
superfull.

M2. Given C € ¢1(K1) and two successive functions f, g € Fi|c with f < g,

we consider the function % on C. Let Fy be the multivalued function

obtained by adding to F} the new functions % for each pair of successive
functions f,g € Fi|c, C € ¢1(K1), f < g. The new multivalued function F3
on ¢1 (K1) is also superfull.

By Lemma 1.3.7, we can lift (K7, ¢1) to an independent triangulation
(Lo, o) € A(A™; D) pey, (syyr- Finally, let L = {o € Lo : ¢o(0) C S}.
Clearly (L,%) € A(S;S1,...,5) is independent, where ¢ = ||z

It remains to prove that (L,t) is small war.t. Sp,..., 5. Let 7 =
(vo,...,vn) € L and i € {1,...,1} be such that ¢(v,) € S; for all r =

0,...,n. We show that ¥(7) C S;. Let D € ¢(K1)f be such that
P(r ) C D and denote by C = (D) € ¢1(K7). Note that by Corollary
1.3.8(1), m(¢(1)) = n(D) = C € ¢1(K71). We first consider the case that

is the graph of a function of F,. By Corollary 1.3.8(iii), we have that

Di
D =(7).

Claim 2. For any C € ¢1(Ky), f € Fy|c and i € {1,...,1} if
(w,cl(f)(w)) € S; for every vertex w of C' then T'(f) C S;.

Then D C S; modulo Claim 1. Now consider the case that D = (f,g)¢
for two successive functions f,g € Fs|p, f < g, and suppose that D ¢ S;.
Then D C Sic. By definition of F, we can assume that there exist two
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successive functions fi1,91 € Fi|c, f1 < g1, such that f = f; and g =
w. Therefore D C D := (f1,91)c. Since D C S then D C S;°. At
this point we claim that

Claim 3. The set

Dei = {(z,y) : = € C\ C,cl(fi)(w) # cl(g1) (@), cl(f1) (@) <y < clg1)(2)}
is contained in S; .

Assume also that we have proved Claim 2. Then by Corollary 1.3.8(ii),
and following its notation, we have two cases: either 7 is an n-simplex
(boy .- bj—1,Cjy -, Cp) With bj # ¢; and ¢, (C) = (ag,...,a,), or T is an
n-simplex (by, . .., bj, Cj, - .., cno1) With bj # ¢; and ¢ H(C) = (ag, - -, an-1).
In both cases, since b; # ¢;, we have that cl(f)(¢1(a;)) # cl(g)(¢1(a;)) and
therefore cl(f1)(¢1(aj)) # cl(g1)(¢1(aj)). Since

cllg) (on(ay)) = LNt Aalle g, )

we deduce that cl(f1)(d1(a;)) < cl(g)(¢1(a;)) < cl(g1)(¢1(a;)) and hence

Y(cj) = (P1(ay), cl(g)(@i(ay))) € Dcy. By Claim 2, ¢(c;) ¢ S;, a contradic-
tion. We conclude that (1) C D C S; as required.

It remains to prove the three claims.

Proof of Claim 1. By the good directions lemma (see [15, Ch.7,Thm.4.2])
there is a linear automorphism of R™*! such that the image of T by this
automorphism satisfies (a). Hence, since independence and smallness prop-
erties are preserved by linear automorphisms (see Lemma 1.3.6), we can
assume that condition (a) holds. By the Cell decomposition theorem (see
[15, Ch.3,Thm.2.11]), T is the disjoint union of I'(f)’s for finitely many de-
finable functions f on cells Ay that form a finite partition of A. By inductive
hypothesis there exists an independent triangulation (K7, ¢1) partitioning
the subsets Aj. The restrictions of the functions f to the sets of ¢(K7) form
a multivalued function Fy on (A, ¢(K1)) such that I'(Fy) = T. Since T is
closed and bounded, by Fact 1.2.1 the multivalued function Fj is closed.
However, F} may not satisfy condition (A) of superfullness. We achieve it
with a modification of the multivalued function F}. Since F3 is closed, each
function f € F} extends definably and continuously to the closure of its do-
main and then, by [15, Ch.8,Lem.2.2], it extends definably and continuously
to a function f : A — R. Let T be the union of the graphs F(f) for f € F1.
By inductive hypothesis there exists an independent triangulation

(K,9) € A(A;¢(0), m(SNT(f)), 7(Si NT(f)))ock:, feFii=1,...k

such that the restrictions of the f’s to the sets of ¢(K) form a multivalued

function F on (A, ¢(K)). Since ['(F) = T and T is closed and bounded
then, by Lemma 1.2.1, F is closed. Moreover, since every function f € Fj
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has been extended, F clearly satisfies (A) of superfullness. Finally, (K, ¢)
partitions W(Sﬂf(f)) 7(S; NT(f)), forall f € Fandi =1,...,k, and
therefore ¢(K)¥ partitions the sets S, S, S; and S;, for all i = 1 k.
That is, S, S, S; and S; are finite disjoint unions of sets of ¢(K)F".

Proof of Claim 2. Let f € Fy|c, C € ¢1(K;) and ¢ € {1,...,l} be such that
(w,cl(f)(w)) € S; for every vertex w of C. Suppose first that f € Fi|¢ and

f) SZ S;. Since Fj is the restrictions of the functions of F to the sets of
$1(K1), there exists f € F|z, C € ¢(K), C C C, such that f|c = f. Since

f) ¢ S;, we have that T'(f) ¢ S;. Therefore I'(f) C S;°. Since (K1, 1)
is small w.r.t. 9¢(o), o € K, by Remark 1.3.5(a) there exists one vertex
wo of C such that wy € C. Therefore (wo, cl(f)(wo)) = (wo, f(wo)) € T(f)
does not lie in S;, a contradiction. Suppose now that f = J 0590, for two

successive functions fo,g90 € Filc, fo < go. Then I'(f) C (fo,90)c. Since
F1 is the restrictions of the functions of F' to the sets of ¢1 (K1), there exist

fo.90 € Flg, C € ¢(K), C C C, such that folc = fo and Jolc = go.
Suppose T'(f) € S;. Then (fo,90)c € Si and therefore f(),g[) ¢ S;.
Hence (fo, go) C S;°. By Remark 1.3.5(a), there exists one vertex wg of
C such that wy € C. Therefore (wp, cl(f)(wo)) = (wo, w(wo)) =

(wo, fo%%(wo)) e (fo, go)& does not lie in Sj, a contradiction.

Proof of Claim 3. Suppose there is (xo,90) € D,; such that (w0,90) € S;.
Since ¢1(K1)? partitions S;, for all y € (cl(f1)(zg),cl(g1)(zg)) we have

that (xg,y) € S;. Moreover, we will show that (xg,y) € bd(S;) for every
y € (c(f1)(zo),cl(g1)(x0)). Fix y € (cl(f1)(wo),cl(g1)(wo)). Since zo €
C'\ C, by the Curve Selection Lemma (see [15, Ch.6,Lem.1.5]), there exists
a definable curve ~(t), t € (0,1), such that lim;_,; v(t) = x¢ and ~(t) € C,
for all t € (0,1). Consider the curve

W) = G A G0O)+ @0 0) - H60) (75T e o),

Note that 'yy( ) € D for all t € (0,1) and limy Yy(t) = (z0,y). Therefore

(z0,y) € D C 5 C int(S;)° = int(S;)°. We conclude that (g, y) € bd(S;).
We have shown that (zg,y) € bd(S;) for all y € (cl(f1)(xo),cl(g1)(x0)),
which is a contradiction because the fiber of T" in zg is finite (see (a) at the
beginning of the proof). O

We have the following corollary to the proof of Theorem 1.3.2.

Corollary 1.3.10. Let S C R™ be a closed and bounded definable set and
let S1,...,5; be definable subsets of S. Then there exists a triangulation
(K,¢) € A(S;S1,...,S;) which is both independent and small with respect
to Sl,...,Sl.
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Example 1.3.11. Let S be the closed and bounded 2-dimensional definable
set of Figure 1, where the union of the curves in its interior is the subset
S1. If we follow the proof of the Independent Triangulation Theorem and
we make the modification M1 but we do not make the modification M2 (see
Figure 2) then we obtain the following triangulation.

Figure 1 Figure 2

Figure 2 represents a triangulation in which there is a vertical line with
both extremes in S; but not included in the closure of S, witnessing the
non-smallness.

1.4 Proof of the Normal Triangulation Theorem

We begin this section with a key lemma for the proof of the Normal Triangu-
lation Theorem. It can be easily proved making use of o-minimal homology.
However, we only use the Open Mapping Theorem which has been proved
(independently of o-minimal homology) by J. Johns in [24].

Lemma 1.4.1. Let 0 C R" be an n-simplex and let f : @ — & be an injective
definable map. If f(0o) C 0o then f(o) = o (and hence f(0c) = Jo ).

Proof. Since 7 is closed and bounded, f (@) is closed. By the Open Mapping
Theorem, f(o) is open in R™. This implies that o N f(o), which is closed
in o since 0 N f(o) = o N f(7), is also open in 0. On the other hand o is
definably connected and, since f is injective, dim(f(o)) = n, so f(o) cannot
be included in do which has smaller dimension. Hence o N f(o) = 0. Since
f(o) Cint(f(7)) C o, we conclude that f(o) = o. Finally, let us show that
f(0o) = do. Given x € Jo, since f is injective, if f(z) € f(o) then z € o,
which is a contradiction. Hence f(z) ¢ f(0) = o, that is, f(z) € do. On
the other hand, @ = f(o) C f(@) and therefore do C f(0o). O

Remark 1.4.2. It is enough to prove the Normal Triangulation Theorem for
closed simplicial complexes. For, let K be a simplicial complex and 51, ..., .5;
some definable subsets of |K|. Let (Ko, #9) € ANT(|K|;S1,...,S]), where
K denotes the closed simplicial complex which is the collection of all faces
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of simplices of K. Then (K’,¢') € ANT(|K|;S1,...,S), where K’ = {0 €
K() o0 C ‘K|} and QZ), = ¢0||K’|

Proof of Theorem 1.1.5. By Remark 1.4.2 we can assume that K is closed.
We first apply Theorem 1.3.2 to get an independent triangulation (Ko, ¢g) €
A(|K|; S1,...,51,0)0ex. Now consider the collection of simplices K' =
{r% : 7 € Ko} (with the notation of Definition 1.3.1). By definition of
independent triangulation, K’ is a closed simplicial complex. Moreover, the
map between the set of vertices gyert @ Vert(Ky) — Vert(K') : v — ¢o(v)
induce a simplicial isomorphism ¢ : |[Ko| — |K’|. Note that g(7) = 7% for
T € K. We also observe that given 7 € Ky if ¢o(7) C o € K then the images
by ¢g of the vertices of 7 lie in @ and therefore g(1) = 7%° C 7. Hence, given
o € K take 71,...,7m € Ko be such that o = ¢o(71)U - - - Udg(73,) and then
we get g(m1)U---Ug(ry,) CT.

Claim. g(m)U---Ug(mm) = 0.

Once we have proved the Claim, we can assure that (a) K’ is clearly a
subdivision of K, and (b) for every 7 € Ky and every o € K we have that
¢o(1) C o if and only if g(7) C 0. Indeed, to prove (b), let 7 € Ky and
o € K. By the Claim, if ¢o(7) C o then clearly g(7) C 0. On the other
hand, assume that g(7) C o and ¢o(7) € 0. Then there is 7 € K, 0 # 07,
such that ¢o(7) C 6. By the Claim, g(7) C ¢ and therefore g(7) C oNo =0,
which is a contradiction.

Now, we consider the following map

¢ =¢pog ' |K'| - |K|

Finally we are ready to show that (K',¢') € ANT(|K|;S1,...,5;) as re-
quired. We have to check the three conditions of Definition 1.1.1. The fact
that ¢ is a simplicial isomorphism and that the triangulation (Ko, ¢g) €
A(|K|, S1,...,S51,0)sck give us (i); by (a) above we get (i7), and to check
(4ii), given a simplex 7% € K’ such that 7% C o € K we have that
@' (190) = ¢g 0 g1 (7%9) = ¢o(7) C & by (b). It remains to prove the Claim.
Proof of the Claim. By induction on the dimension n of the simplex o € K,
the case n = 0 being trivial. Let ¢ € K be an (n + 1)-simplex. Let
Ti,...,Tm € Ko be such that o = ¢o(71)U---Udo(7,). We may assume
o C R"!. Now consider the injective definable map (g o ¢y ')z : @ —
0. Applying the induction hypothesis to each simplex in do we get (g o
¢y ) (90) = Oo. Therefore by Lemma 1.4.1 we have that (go ¢y ')(0) = 0,
ie., o=g(m)U---Ug(tm)- O

Extending a given triangulation is a technical tool used in the construc-
tion of triangulations (see Lemma I1.4.3 in [13]). We next prove that the
extension process can be done preserving normality. We will make use of
this tool in the proof of Theorem 2.3.1.
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Lemma 1.4.3. Let K be a closed simplicial complex and Kz a closed simpli-
cial subcompler of K. Let (Ko, ¢o) be a normal triangulation of Ky. Then
there exists a normal triangulation (K',¢') of K such that Ko C K' and

9|0 = Po-

Proof. Note that |Ky| = |Kz|, since Ky is a subdivision of Kz. For every
m > 0 we denote by SK™ the closed complex which is the union of Ky
and all the simplices of K of dimension < m. We will show that there
exists a normal triangulation (K™, ¢™) of SK™ such that Ky C K™ and
" |k,| = ¢o- Hence for m = dim(K) we will obtain the required normal
triangulation.

For m = 0 let K° be the union of K and all vertices of K. Let ¢° be
equal to ¢p on |Ky| and the identity on the vertices of K that does not lie
in |Ko|. Clearly (K ¢") is a normal triangulation of SK° K, Cc K" and
°liro| = ¢0-

Suppose we have constructed (K™, ¢™). Let ¥,,41 be the collection of
simplices in K \ Ky of dimension m + 1. Hence, for every o € %,,11, 0o
is contained in SK™. On the other hand, K™ is a subdivision of SK™
and so, for each o € ¥, 11, there exists a finite collection of indices J, and
simplices 77 of K™ j € J,, such that do = UjGJGT;-T. For each 5 € J,
denote by [T]U , 0] the cone over T]‘-’ with vertex the barycentre & of o, that is,
[77,6] ={(1 —t)u+t6:u € 7{,t€l0,1]}. Foreach o € ¥,11 and j € J,
we define

hg : [r7,6] — @

1—tu+téc — (1—1t)¢™(u)+to.

Note that h;-’ is well-defined because given u € 77 there exists a proper
face o9 € K of o such that 77 C 00 and therefore, since o9 € SK™ and
(K™, ¢™) is a normal triangulation, we have that ¢™(u) € ¢™(77) C 09 C
do. Hence hi((1 —t)u +t5) € o for all t € [0,1] and u € 77. Note
that the map h7 is injective and it is indeed continuous. Let K™+l be
the collection of simplices in K™ together with the collection of simplices
(r7,0) ={(1—t)ju+to:ue 7/ te(0,1)} and all their faces for o € Xy 11
and 7';7 as described above. Finally, let ¢™*! be the extension of ¢ to
K™+ such that qﬁmﬂl[ffﬁ] = h7. We show that ¢t is well-defined.
It is enough to prove that for a fixed o € ¥,,11, the sets hi((77,0)) ,
j € Jo, are pairwise disjoint. Indeed, hi((77,5)) = (¢™(77),5), where
(o"(77),0) = {(L —t)z +t6 : x € ¢"(77),t € (0,1)} and since the sets
oM (T]U ) are pairwise disjoint, the sets ((ﬁm(Tj‘-’ ), &) are also pairwise disjoint.
Note that ¢™*! is continuous.

We now show that (K™*! ¢™*1) is a normal triangulation of SK™*1.
To prove that (K™*! ¢™*1) partitions the simplices of SK™T! it is enough
to consider each o € Ypq1 (since K™ C K™t @m0 = ¢™, and
(K™, ¢™) is normal). Now, for each of these ¢ € ¥,,;1, the image of

h{ is contained in & and, since do = J;c; #™(77), we have that o =
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Ujes, (9™(77),6) U{6}. Clearly K™*! is a subdivision of SK™*! because
for the relevant simplices of SK™*! i.e, those o € %,,+1, the cones (7‘]0 ,0)
and their faces form a triangulation of 7. Since we have always worked
inside each simplex o € ¥,,,1, property (ii7) of normality also holds. O

1.5 Applications I: the semialgebraic Hauptvermutung
and other topics

In this section we will give applications of the Normal Triangulation Theo-
rem.

Corollary 1.5.1. Let S be a definable set and let S1,...,5; be some defin-
able subsets of S. Let (K, ¢) be a definable triangulation of S partitioning
S1,...,81. Then for any SY,...,S, definable subsets of S there exist a sub-
division K' of K and a definable triangulation ¢' : |K'| — S partitioning
St,...,81,51,...,8S) such that ¢ is definably homotopic to ¢.

Proof. By the Normal Triangulation Theorem there exists a triangulation
(K',¢) € ANT(|K|;¢71(S)), ..., ¢~ 1(S))). By Remark 1.1.2.(ii), ¢ is de-
finably homotopic to id|x|. We define ¢/ = ¢ ot Clearly (K',¢') €
A(S;S1,...,5,51,...,5]) and ¢ is definably homotopic to ¢. O

Corollary 1.5.2. Let K be a simplicial complexr and S1,...,S; definable
subsets of |K|. Then there exists (K',¢') € A(|K|;S1,...,51,0)0ck such
that K' is a subdivision of K and ¢' is definably homotopic to id|f.

Proof. By the Normal Triangulation Theorem there exists a triangulation
(K',¢') € ANT(|K|; S1,...,5)). By Remark 1.1.2.(ii), ¢' and id| are de-
finably homotopic. O

Recall that given a definable map f : |K| — |L| between the realizations
of two simplicial complexes K and L we say that f is compatible if for
every o € K there is 7 € L such that f(o) C 7.

Corollary 1.5.3. Let K and L be two simplicial complexes and let f :
|K| — |L| be a definable map. Then there exist a subdivision K' of K and a
definable homeomorphism ¢ : |K'| — |K| definably homotopic to id k| such
that both ¢ and f o ¢ are compatible.

Proof. By the Normal Triangulation Theorem there exists a triangulation
(K',¢) € ANT(|K|, f~1(7))rer. The definable map ¢ is clearly compatible
since (K', ¢) partitions the simplices of K. Let us show that f o ¢ is also
compatible. Consider a simplex o/ € K’. Since (K',¢) partitions f~1(r)
for each 7 € L and |K| = U,y f71(7), there exists 79 € L such that
#(c’) € f~Y(70) and therefore f o ¢(c’) C 7p. O



Chapter 1. Normal Triangulations 17

Theorem 1.5.4. Let R be a real closed field. Let X C R™ and'Y C R™ be
two semialgebraic sets defined without parameters. Then any semialgebraic
map (homeomorphism) f : X — Y s semialgebraically homotopic to a
semialgebraic map (resp. homeomorphism) g : X — Y defined without
parameters.

Proof. We denote by Q the real algebraic numbers. We can assume that X
and Y are the realization of two simplicial complexes K and L respectively,
whose vertices lie in Q.

Claim. We can also assume that for each o € K there exists 7, € L such
that f(o) C 7o-.

Now, we denote f by f. to stress the fact that c is a tuple of param-
eters in R such that f is defined over. Consider the first order formula
Y(y) defined without parameters which says that f, is a map (resp. home-
omorphism) between |K| and |L| and for each ¢ € K, f,(0) C 7,. By
completeness of the theory of real closed fields, since R satisfies Jyi(y),
then Q satisfies Jy1)(y). Therefore there exists a tuple of parameters a
in Q such that f, : |[K| — |L| is a semialgebraic map (resp. homeomor-
phism) and for each o € K, f,(0) C 7,. Denote f, by g. Finally the map
H:|K|xI—|L|: (z,t) — (1 —1t)fc(x)+ tg(z) is well-defined because for
each ¢ € K we have that both g(o) and f.(c) are contained in 7,. Hence
H is a semialgebraic homotopy between f and g.

Proof of the Claim. We first apply Corollary 1.5.2 to get a semialgebraic
triangulation (K', ¢') € A(|K|; f~1(7), 0)sek rer such that K’ is a subdivi-
sion of K and ¢’ is semialgebraically homotopic to id) |- Note that the map
f' = fo ¢ is semialgebraically homotopic to f and that for each ¢/ € K’
there exists 7,» € L such that f/(¢’) C 7,. Unfortunately, the vertices of
K' may not lie in Q. However, by completeness of the theory of real closed
fields, there exists a subdivision K" of K whose vertices lie in Q and such
that there is a simplicial isomorphism ¢ : |K”| — |K'| with ¢(¢) = o for all
o € K. The semialgebraic map F : |K|x I — |K|: (z,t) — (1 —t)z + tp(x)
is well-defined because ¢(c) = o for all ¢ € K. Hence, since F is clearly
continuous, ¢ is semialgebraically homotopic to id k). Finally, it suffices to
consider the map f” = f'o¢ : |[K"| — |L|. Clearly f” is semialgebraically
homotopic to f’ (and therefore to f) and for each ¢” € K” there exists
T,n € L with f”(¢”) C 7,1, as required. O

Theorem 1.5.5 (Semialgebraic Hauptvermutung). Let R be a real
closed field. Let K and L be two closed simplicial complexes in R and let f :
|K| — |L| be a semialgebraic homeomorphism. Then f is semialgebraically
homotopic to a simplicial isomorphism g : |K'| — |L'| between subdivisions
K' and L' of K and L, respectively.

This last result is proved for the real field by M.Shiota and M.Yokoi in [36].
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In [11] M. Coste proves a weaker version of the semialgebraic Hauptver-
mutung, but strong enough to prove the unicity and strong effectiveness of
semialgebraic triangulations. Namely, he proves that under the hypotheses
of Theorem 1.5.5 there exists a simplicial isomorphism g between two sub-
divisions of K and L. However no relation between f and g is established.

Proof of Theorem 1.5.5. We can assume that the vertices of K and L lie in
Q (the real algebraic numbers). By Theorem 1.5.4 we can also assume that f
is defined without parameters. We now show that, since f is defined without
parameters, the theorem follows from the real Semialgebraic Hauptvermu-
tung. Indeed, by Theorem 4.1 in [36] there exists a simplicial isomorphism
g : |K'|(R) — |L'|(R) between the realizations in R of two subdivision K’
and L' of K and L respectively, such that g is semialgebraically homotopic
to the map f® : |K|(R) — |L|(R) induced by f. Note that we can express
with a first order sentence 1 defined without parameters the existence of
some parameters and some points in K and L which are the vertices of
two simplicially isomorphic subdivisions of K and L and that the simplicial
isomorphism is semialgebraically homotopic to f. By completeness of the
theory of real closed fields, since R satisfies 7, then Q also satisfies . O

1.6 Applications Il: a new approach to o-minimal sim-
plicial homology

We finish this chapter with another application of the Normal Triangulation
Theorem. In both the semialgebraic and o-minimal setting it is possible
to develop a homology theory over real closed fields as it was proved by
M. Knebusch-H. Delfs and A. Woerheide respectively (see e.g. [13] and
[38]). When adapting the classical development to the o-minimal setting,
the lack of the Simplicial Approximation Theorem lead us to the problem
of verifying the excision axiom in the singular case and to construct a well-
defined functor in the simplicial one. M. Knebusch and H. Delfs avoid this
problem developing their semialgebraic homology theory via cohomology of
sheaves. In his PhD dissertation A. Woerheide returns to the classical line
solving the problem of constructing a well-defined o-minimal simplicial ho-
mology functor applying the Triangulation Theorem and the Acyclic Models
Theorem. Then he uses this o-minimal simplicial homology theory to ver-
ify the excision axiom of the o-minimal singular homology. On the other
hand, our Normal Triangulation Theorem fills the gap left by the lack of the
Simplicial Approximation Theorem, which allows us to follow the classical
proof. Therefore it gives an alternative proof of the existence of a functor
for o-minimal simplicial homology.

Given a closed simplicial complex K in R, we define the nth o-minimal
(simplicial) homology group H,(K) as the nth (simplicial) homology group
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of K as an abstract simplicial complex (see [25, Ch.1,55]). We fix two closed
simplicial complexes K and L. We also fix a definable map f : |K| —
|L|. Our purpose is to define (naturally) an induced homomorphism f :
H,(K) — H.(L). We will use the machinery of simplicial approximations
developed in Section 2.2 below. We first suppose that f is compatible (recall
the definition of a compatible definable map given before Corollary 1.5.3 and
the star condition in Definition 2.2.5). We have labelled some of the following
results with Fact because they are adaptations of classical results.

Fact 1.6.1. Every compatible definable map h : |K| — |L| satisfies the star
condition.

Proof. Fix a vertex v € K. We have to show that there is a vertex w € L
such that h(Stx(v)) C Str(w). Since h is compatible, there is a simplex
7 € L such that h(v) € 7. We check that for any vertex w of 7, h(Stx (v)) C
Stz (w). Indeed, let o € St (v), i.e., v € 7. Since h is compatible, there is
7 € L such that h(o) C 7. Therefore, h(v) € h(a) C h(og) C 7. Since h(v) €
7, we have that 7N7 # 0 and hence w € 7 C 7. That is, h(o) C 7 C Stp(w),
as required. O

Since f is compatible, by Fact 1.6.1 it satisfies the star condition and there-
fore f has a simplicial approximation (see Proposition 2.2.6).

Fact 1.6.2. Let h: |K| — |L| be a definable map. If F,F' : |K| — |L| are
simplicial approximations to h then F and F' are contiguous, i.e, for each
simplex o = (vg, ..., vn) € K the points F(vy), ..., F(vy), F'(vo), ..., F'(vy)
span a simplex of L.

Proof. We use the notation of the statement. Since F' and F’ are simpli-
cial approximations to h, we have that h(c) C (i, Stz F(v;) and h(o) C
Mizo St F'(vi). Let 7 € L be such that h(o)N7 # (0. Then 7 C (), StrF(v;)
and 7 C (), Stz F'(v;). Therefore F(vy), ..., F(v,), F'(v), ..., F'(v,) €T,
so that they span a face of 7. Since L is closed, this face lies in L. O

As in the classical setting, a simplicial map F' : |K| — |L| induces naturally
a homomorphism F : H,(K) — H,.(L) (see [25, Ch.1,§12]). Hence we can
and do define f, : H.(K) — H,(L) as the homomorphism induced by a
simplicial approximation to f. Moreover, we can adapt (or even transfer)
easily the proof of the following fact: two contiguous simplicial maps induce
the same homomorphism in homology (see [25, Thm.12.5]). Hence, by Fact
1.6.2 the definition of f, does not depend on the choice of the simplicial
approximation.

Remark 1.6.3. Given a closed simplicial complex M, if g : |L| — |M]|
is a compatible definable map then g o f is clearly compatible. Moreover,
(go f)e = g« o fr. Indeed, if F' and G are simplicial approximations to



20 1.6. Applications Il: a new approach to o-minimal simplicial homology

f and g respectively, then G o F' is a simplicial approximation to g o f.
Indeed, for every v € K, f(Stk(v)) C St F(v), and hence g(f(Stx(v))) C
g(StpF(v)) C Sty G(F(v)).

Now, let us define f, in the general case. By Corollary 1.5.3, there exist
a subdivision K’ of K and a definable homeomorphism ¢ : |[K'| — |K| defin-
ably homotopic to id x| such that both ¢ and f o ¢ are compatible. We will
call such a triangulation (K’, ¢) a compatible triangulation of f. Since
fo¢ and ¢ are compatible, by the previous case there are homomorphisms
(fod)e : H(K') — H.(L) and ¢, : H(K') — H,(K). Moreover, let us
prove that ¢, is an isomorphism. Firstly, we show that the compatible map
idgs : |[K'| — |K| : * — x induces an isomorphism in homology. This is
natural since |K’| = |K| and the map idgs is just the identity. However,
note that it is not obvious because idg is not a simplicial isomorphism (not
even a simplicial map).

Fact 1.6.4 (The algebraic subdivision theorem). The homomorphism
(idgr)s : Ho(K') — H.(K) induced by the identity map idg: : |K'| — | K| is
an isomorphism.

Proof. Let Ky and K|, be closed simplicial complexes, with K, a subdivi-
sion of Ky, whose vertices lie in the real algebraic numbers Q and such that
there exist simplicial isomorphisms F} : |K| — |Kp| and F; : |K'| — |K{.
Both K and K|, exists because of the Tarski-Seidenberg principle. We show
that (g )« + Hi(K() — Hi(Ko) induced by idgy @ [Kg| — |Kol is an iso-
morphism. By the classical analogue of Fact 1.6.4 (see [25, Thm. 17.2]),
(idge; (R)) : Ho(K}) — H.(Ko) induced by idg; (R) : [K)|(R) — [Kol(R)
is an isomorphism. On the other hand, (idg;(R)). is exactly (idg; )+, so
that (idK(/))* is an isomorphism. Finally, since both F; and F5 are simpli-
cial isomorphisms, (F}). and (F3), are isomorphisms and hence (idg/), =
(F1): " o (idgy )« o (F2)s is an isomorphism. O

Since (K, ¢) is a compatible triangulation of f, we have that ¢(c’) C o for
each pair of simplexes ¢/ € K’ and 0 € K with ¢’ C o, and therefore any
simplicial approximation to ¢ is a simplicial approximation to idgs : |[K'| —
|K|, so that ¢, = (idg+).. Hence, by Fact 1.6.4, ¢, is an isomorphism, as
required. Now, we can and do define the homomorphism

¢+ Ho(K) — H.(L)

by ff = (fo¢).op, . A priori, and as it stress the notation, ff depends
on the choice of (K’,¢). The following lemma and proposition show that
this is not the case.

Lemma 1.6.5. Let K1, Ko and K3 be closed simplicial complexes and let
h:|Ki| — |Ks| and g : |Ka| — |K3| be definable maps. Let (K}, ¢2) be a
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compatible triangulation of g and let (K1, ¢1) be a compatible triangulation
of both h and q§2_1 o h. Then (K1, ¢1) is a compatible triangulation of g o h

and moreover (g o h)f1 = ng o h¥L.

Proof. Firstly, let us check that (K7, ¢1) is a compatible triangulation of goh.
Let o/ € KJ. Since (K}, $1) is a compatible triangulation of ¢5 ' o h, there
is 7/ € Kb such that ¢35 (h(¢1(c"))) C 7. Therefore h(¢1(c’)) C o).
Since (K3, ¢2) is a compatible triangulation of g, there is v € Kj such
that g(¢2(7")) C v and hence g(h(¢1(0”))) C g(p2(7')) C 7, as required.
Now, since (K7, ¢1) is a compatible triangulation of both ¢5 Lo h and h, by
Remark 1.6.3 we have that ¢a. o (¢5' 0o ho¢1)x = (ho ¢1). and therefore
((;551 oho¢1)s = (¢2)7 o (ho ¢1).. Hence, again using Remark 1.6.3,

922 0 Rt = (goa) o (d2)s o (hodr)so (¢1)s! = (goda)so (3 ohody)so
(01); = (gohodr)eo(¢1);' = (goh)?" O

Proposition 1.6.6. Let K and Ky be closed simplicial complexes. Let
h,g: |K1| — |K2| be definably homotopic definable maps and let (K1, ¢) and
(K{,v) be compatible triangulations of h and g respectively. Then,

(i) if h is compatible, we have that hy, = h?, and

(i) hY = g7

Proof. (i) By Remark 1.6.3, h = (ho@)eod,t =hsopeoo; ! =h..

(ii) Without loss of generality, we can assume that K| = K{. Indeed,
take a subdivision K{” of both K| and K. We prove that we can replace
(K{,¢) by (K{',¢01), where i : |[K{"| — |K]| is the identity map. Clearly,
(K{",¢ o i) is also a compatible triangulation of h. By Remark 1.6.3 we
have that (¢ o), = ¢x 0, and (ho doi), = (ho @), oi,. Hence, hf" =
(hogoi)so(poi) !t = (hod),oisoirlog! = (hog),o¢ ! = h?. Similarly,
we prove that we can replace (K7, v) by (K v 01), where 7 : |[K| — | K/
is the identity map, as required.

Now, it follows from a straightforward adaptation of [25, Lem. 19.1]
that there is a closed simplicial complex M such that |[M| = |K{| x I and
for each o € K7, both o x {0} and o x {1} are simplices of M, and o x I
is the realization of a subcomplex of M (we could also transfer [25, Lem.
19.1] via the Tarski-Seidenberg principle). Since both ¢ and 1 are definably
homotopic to idg,| and since h and g are definably homotopic, h o ¢ and
g o1 are also definably homotopic. Let F : |K{| x I — |K3| be a homotopy
from h o ¢ to gotp. Let jo,j1 : |Kj| — |K]| x I be the maps jo(z) = (x,0)
and ji(z) = (z,1) for all € |K]|. Clearly, jo and j; are simplicial maps
from K| into M. Furthermore, F o jo = ho¢ and Foj; = go. It is
easy to prove that (jo)« = (j1)«. Indeed, we can transfer the classical result
in [25, Lem. 19.1] as we did in the proof of Fact 1.6.4. By Corollary 1.5.3
there exists a compatible triangulation (M, p) of F. Consider the simplicial
complexes K19 = {m(c’ x {0}) : ¢/ x {0} € M'} and K11 = {n(¢’ x {1}) :
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o' x {1} € M'}, where 7 : |K{| x I — |K]| : (z,t) — z. Both Ko and
K1 are subdivisions of Kj. Consider also the definable homeomorphism
pi : |K1i| — |K]| : @ — 7(p(x,i)) for each i = 0,1. Note that (K, p;) is a
compatible triangulation of both j; and p~! o j; for each i = 0, 1. Hence, by
(i) and Lemma 1.6.5,

(hod)e = (Fojo)s=(Fojo)? =Ffo(jo)? = F¥ o (jo)u =
= FYo(ju)x=Flo (i) = (Fo ) = (Foj). = (go )

On the other hand, as we showed after Remark 1.6.4, ¢, = ¥, = (id|,|)«-
Finally, h¢ = (ho ¢), 0 ¢; 1 = (go1h)s oot = ¥, as required. O

Hence, given two compatible triangulations (K',¢) and (K" ) of f, by
Proposition 1.6.6 we have that ff = ﬁb . Finally, we define f, := ff for some
(any) compatible triangulation (K, ¢) of f. Note that from Lemma 1.6.5 it
is easy to deduce the functorial properties of these induced homomorphisms.
Moreover, from Proposition 1.6.6 it is easy to deduce the homotopy axiom.
A similar approach allow us to define the o-minimal simplicial functor in
the relative case and, adapting the classical techniques, it is easy to verify
the o-minimal Eilenberg-Steenrod homology axioms. Since the subject of
this PhD dissertation is not o-minimal homology but o-minimal homotopy,
we have avoided the details. Our purpose in this section was just to propose
an alternative, and in some sense, more natural definition of induced ho-
momorphism in o-minimal simplicial homology. Furthermore, note that our
definition of induced homomorphisms is, a posteriori, that of A. Woerheide
and therefore we know that the Eilenberg-Steenrod axioms are fulfilled.



Chapter

o-minimal homotopy

2.1 Introduction

In [13], H. Delfs and M. Knebusch study semialgebraic homotopy. The
following comparison theorems are the main results of their work (recall the
definition of semialgebraic homotopy set in Section 2.3).

Fact 2.1.1. [13, Thm.II1.4.1] Let (X, A) and (Y, B) be two pairs of semial-
gebraic sets over a real closed field R. Let S be a real closed field extension
of R. Let C be a closed semialgebraic subset of X and let h: C — 'Y be a
semialgebraic map such that h(ANC) C B. Then, if A is closed in X, the
map

P (X, A), (VB — [(X(5),A(S)), (Y(S), BS))"
/T = [F(9)]

s a bijection.

Fact 2.1.2. [13, Thm II1.5.1] Let (X, A) and (Y, B) be two pairs of semi-
algebraic sets of R. Let C be a closed semialgebraic subset of X and let
h:C —Y be a semialgebraic map such that h(ANC) C B. Then, if A is
closed in X, the map

p: (X, A), (Y. B)F
1]

is a bijection, where [(X, A), (Y, B)]n denotes the classical homotopy set.

- [(X7 A)? (K B)]h
= [f]

Semialgebraic versions of Hurewicz and Whitehead theorems are also de-
duced from the classical ones via the above comparison results.

In Section 2.3 we will prove a comparison theorem concerning o-minimal
and semialgebraic homotopy (see Theorem 2.3.1 and 2.3.4). To do this,

23
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we will follow the scheme of the proofs of the results in [13], however the
core of their proofs cannot be adapted to our context since they make use
of both the Lebesgue number and the Tarski-Seidenberg principle via the
polynomial description of semialgebraic sets, which are not available in the
o-minimal setting. Instead, we use the results on normal triangulations ob-
tained in Chapter 1. In Section 2.4 we restrict our attention to the study
of the o-minimal homotopy groups. In particular, we will show o-minimal
versions of some classical results, such as the o-minimal fibration property or
the fact that every definable covering is a definable fibration (see Theorem
2.4.9 and Proposition 2.4.10). In Section 2.5, we will deduce o-minimal ver-
sions of Hurewicz and Whitehead theorems from the semialgebraic ones (see
Theorem 2.5.3 and Theorem 2.5.7). Finally, we will introduce the Lusternik-
Schnirelmann category of a definable set in Section 2.6 and we will show its
relation with the classical one and its invariance under elementary extensions
and o-minimal expansions.

2.2 Preliminaries
We start this section with a basic result for the study of homotopy.

Lemma 2.2.1 (o-minimal homotopy extension lemma). Let X, Z and
A be definable sets with A C X closed in X. Let f : X — Z be a definable
map and H : A x I — Z a definable homotopy such that H(x,0) = f(x),
x € A. Then there exists a definable homotopy G : X x I — Z such that
G(z,0) = f(z), x € X, and G|ax; = H.

Proof. Let (K, ¢) be a triangulation of X partitioning A and let K4 = {0 €
K : ¢(0) C A}. Note that |K 4] is closed in |K|. By [14, Thm.5.1], there
exists a semialgebraic retract r : |K| x I — (|Ka| x I) U (K| x {0}). This
retract naturally induces a definable retract 7’ : X x I — (AxI)U(X x{0}).
Let H : (Ax I)U (X x {0}) — Z be the following definable map

y [ H(z,t) forall (z,t)eAxI,
H(x’t)_{f(x for all (2,0) € X x {0}.

Then G = H' o7’ is the required definable homotopy. O

Now, we briefly develop the approximation simplicial machinery in the
o-minimal context.

Definition 2.2.2. Let K and L be simplicial complexes with K closed. Let
f o |K| — |L] be a definable map. We say that a simplicial map g : |K| — |L|
is a simplicial approximation to f if f(Stx(w)) C Stp(g(w)) for each
w € Vert(K).
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Fact 2.2.3. Let K and L be simplicial complexes with K closed. Let f :
|K| — |L| be a definable map and let g : |K| — |L| be a simplicial approxi-
mation to f. Then,

(i) for every x € |K| and p € L with f(z) € p, we have that g(z) € p, and
(ii) f and g are canonically definably homotopic via the map (x,s) — (1 —
s)f(x) + sg(x) for all (x,s) € |K| x I.

Proof. (i) Let = € |K| and p € L with f(z) € p. Let 0 = (vg,...,v,) € K
such that z € 0. Since 0 C (), Stx(v;) then f(z) € f((i yStr(vi)) C
Nio Str(g(vi)) = Str(7), where 7 = (g(vo),...,9(vn)). Therefore f(x) €
Stz (7). As the star of a set is the smallest open subcomplex containing it,
we deduce that Stz (f(z)) C Stz(7). Hence, since f(z) € p, we have that
p C Str(f(x)) C Str(7). In particular, pN 7 # (. As 7 is an open simplex,
7 C p. Therefore g(x) € 7 C p.

(ii) Clearly H : |K| x I — |L| : (x,s) — f(z) + s(g(z) — f(x)) is a de-
finable map. Let us show that H is well-defined. By the previous lemma
for every x € |K| and p € L such that f(x) € p € L, g(z) € p. There-
fore [f(z),g(x)) C p, as required. Finally, note that H(z,0) = f(z) and
H(z,1) = g(x) for all z € |K|. O

Fact 2.2.4. [13, Ch.III, Rmk.1.5] Let L be a simplicial complex. Consider
the first barycentric subdivision L' of L. Then,

(i) for every simplex o of L' at least one vertex of o lies in L,

(i) if every vertex of o € I/ is a vertex of L' then o € L.

Definition 2.2.5. Let K and L be simplicial complexes with K closed. We
say that a definable map f : |K| — |L| satisfies the star condition if there
is a map ¢ : Vert(K) — Vert(L) N |L| such that f(Stx(v)) C Str(p(v)) for
every vertex v € Vert(K).

Fact 2.2.6. Let K and L be simplicial complexes with K closed. Let f :
|K| — |L| be a definable map and let p : Vert(K) — Vert(L) N|L| be a map
such that f(Stx(v)) C Str(e(v)) for every vertex v € Vert(K) (so f satisfy
the star condition). Then, if either L is the first barycentric subdivision of
some simplicial complex or L is closed, the map ¢ induces a simplicial map
which is a simplicial approximation to f.

Proof. Let us show that ¢ induce a simplicial map. It is enough to show
that (p(vo),...,¢(v)) € L for every o = (vp,...,v,) € K. It follows from
o C(Vi_y St (v;) that

r

0 # F((7)Str(v:)) € () f(Str(vi)) € () Strlp(wi).
=1

i=1 i=1

Hence there is 7 € L such that 7 C [\;_; Str(¢(v;)). We deduce that
©(vg), - .., (vy) are vertices of T and therefore (¢(vp), ..., ¢(v,)) is a simplex
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of L. If L is the first barycentric subdivision of some simplicial complex
then, by Lemma 2.2.4, (o(vg),...,¢(v,)) is a simplex of L. If L is closed
then obviously (¢(vo),.-.,¢(v.)) € L = L. Finally, it follows immediately
from the hypotheses that the simplicial map induced by ¢ is a simplicial
approximation. O

Definition 2.2.7. The core of a simplicial complex K is the subcomplex
co(K) of K consisting of all simplices o € K such that g (o) C |K|. The
core of a system of complexes (K, K,...,K,) is the system of complexes
co(K,Ky,...,Ky) = (co(K),KiNco(K),...,K,Nco(K)).

Remark 2.2.8. (i) Given a simplicial complex K, co(K) is the maximal
subcomplex of K which is a closed simplicial complex.

(ii) By Fact 2.2.4, if K is the first barycentric subdivision of some simplicial
complex then co(K) is non-empty.

Fact 2.2.9. [13, Ch.III, Prop.1.6, 1.8] Let K and K be simplicial complezes
with K1 a subcomplex of K. Suppose that K is the first barycentric subdivi-
sion of some simplicial complex. Then

(a) there exist a semialgebraic retraction r, : |K| — |co(K)| such that
(I—=t)x+t-r.(z)€|K| forall (x,t) € |K| x I and hence H,, : |K| x [ —
|K|: (x,t) — (1 —t)x +t-r (x) is a canonical semialgebraic strong defor-
mation retraction, and

(b) if |[K1| is closed in |K|, the retraction r : [Ki| — [co(K1)| is the

restriction of v to |[K1| and hence H .||k, |x1 = H, .

2.3 The o-minimal homotopy sets

Let (X, A) and (Y, B) be two pairs of definable sets. Let C' be a relatively
closed definable subset of X and let h : C — Y be a definable map such
that h(ANC) C B. We say that two definable maps f,¢g: (X, A) — (Y, B)
with f|c = g|c = h, are definably homotopic relative to h, denoted by
f ~n g, if there exists a definable map H : (X x I, A x I) — (Y, B) such
that H(z,0) = f(x), H(z,1) = g(x) for all x € X and H(z,t) = h(z) for
all z € C' and t € I. The o-minimal homotopy set of (X, A) and (Y, B)
relative to h is the set

(X, A),(Y,B)][F={f:f:(X,A) — (Y, B) definable in R, f|c = h}/ ~p .

If C = () we omit all references to h. Recall that we denote by R the field
structure of the real closed field R of our o-minimal structure R. Note that
if we take R to be Ry above, then we obtain the definition of a semialgebraic
homotopy set (see Section 2 of Chapter 3 in [13]).

Our main result is the following theorem (see also Theorem 2.3.4).
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Theorem 2.3.1. Let (X, A) and (Y, B) be two pairs of semialgebraic sets
with X closed and bounded. Let C be a closed semialgebraic subset of X and
h :C —Y a semialgebraic map such that h(ANC) C B. Then, if A is
closed in X, the map

pi (X, A), (VB — [(X,A),(Y,B)}
/1~ If]

s a bijection.

We are specially interested in the case C' = (). However, in order to
reduce Theorem 2.3.1 to the following proposition, we will need to consider
the general case.

Proposition 2.3.2. Let K, K¢ and L be simplicial complezes with K closed
and K¢ a closed subcomplex of K. Let h : |Kc| — |L| be a semialgebraic
map. Then the map

p KL LI — (KL [LIF
18 surjective.

Fact 2.3.3. [13, Thm.II1.4.2] Theorem 2.3.1 can be reduced to Proposition

Proof. We will denote p by ps, where S := (X, A,Y, B, h), to stress the fact
that it depends on (X, A), (Y, B) and h. Granted the Proposition 2.3.2,
Theorem 2.3.1 is deduced from the following three reductions.

Reduction 1. It is enough to prove that ps is surjective for every tuple
S satisfying the hypotheses of Theorem 2.3.1. Indeed, fix a tuple § :=
(X, A,Y, B, h) satisfying the hypotheses of Theorem 2.3.1. We have to show
that ps is injective. Let f,g : (X,A) — (Y, B), flc,9|c = h, be semial-
gebraic maps such that ps([f]) = ps(lg]). Then there exists a definable
homotopy F; : (X x I, AxI) — (Y, B) such that Fi(z,0) = f, Fi(z,1) =g,
for all z € X, and Fy(x,t) = h(z) for all x € C and all t € I. Consider the
closed semialgebraic set C' = (C' x I) U (X x 9I) and the semialgebraic map
H :C—>Y,

h(z) forall (x,t) e C x1I,
Hy(z,t) =« f(z) forall ze X, t=0,
g(x) forall ze X t=1.

By hypothesis, for S; := (X x I, A x 1,Y, B, Hy) the map
ps, (X x LLAXT), (Y, B)5 — [(X x I, Ax I),(Y, B)],

is surjective. Hence, there exists a semialgebraic map G : (X x I, AxI) —
(Y, B) such that Gi|5 = Hy and ps,([G1]) = [F1]. In particular, G is
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a semialgebraic homotopy of f to g relative to h. Therefore [f] = [g] in
(X, 4), (Y, B)J}".

Reduction 2. It is enough to prove that ps is surjective for every tuple
S = (X,0,Y,0,h) satisfying the hypotheses of Theorem 2.3.1. Indeed, fix
a tuple S = (X, A,Y, B, h) satisfying the hypotheses of Theorem 2.3.1. By
Reduction 1, it suffices to show that pg is surjective. Let f : (X, A) — (Y, B)
be a definable map with f|c = h. Consider the restriction f|4: A — B. By
hypothesis, for So = (A, 0, B,0, h|an¢) the map
PS; - [A7 B]RO - [Av B]R

hlanc hlanc

is surjective. Hence, there is a definable map Gs : A x I — B such that

| h(z) forall (z,t)e(ANC)xI,
G2($’t)_{f(x) forall z€ Aandt=0,

and such that the map k = Ga(z,1) : A — B is semialgebraic. Consider the
closed semialgebraic set Cy = C'UA and the semialgebraic map hs : Co — Y,

| h(z) forall zeC,
ha() = { k(z) forall ze€ A.

Note that indeed the map hs is continuous because h and k are continuous
and are equal on ANC. Now, consider the definable map Hy : Cy x I — Y,

[ Ga(z,t) forall (x,t)e AxI,
Ha(z,t) = { h(z) forall (x,t) € C xI.

Note that indeed H is continuous because both G5 and h are continuous and
Ga(x,t) = h(x) for all (z,t) € (ANC) x I. Furthermore, Ha(z,0) = f|c,(x)
and Ha(x,1) = ha(x) for all z € Cy. Since Cy is closed in X, by Lemma
2.2.1 there exists a definable extension F5 : X x I — Y of Hy such that
Fy(z,0) = f(z) for all x € X. Since F, extends Hj,

Fy(x,t) = Hy(x,t) = h(z) forall (z,t) e C x1,
Fs(a,t) = Ga(a,t) € B forall (a,t) € AxI,

and the definable map Fs(z,1) : X — Y is such that Fy(x,1) = ho(z) for
all z € Cy. By hypothesis, for S3 = (X,0,Y,0, h2) the map

R
ps, (X, YT — [X, VIR
is surjective. Hence there is a definable map F3 : X x I — Y such that

Fy(z,t) = F3(x,0) = Fy(x,1) forall ze X,
ST Fs(x,t) = ho(x) for all (x,t) € Cy x 1.
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and the map F5(z, 1) is semialgebraic. Therefore, [f] = [F2(x,1)] = [F3(x,1)]
in [(X, A), (Y, B)]F, as required.

Reduction 3. It is enough to prove Proposition 2.3.2. By Reduction 1 and 2,
it suffices to prove that pg is surjective for a tuple S = (X,0,Y, 0, h), X and
Y semialgebraic sets with X closed and bounded, C' a closed semialgebraic
subset of X and h : C' — Y a semialgebraic map. Since X, Y and C are semi-
algebraic, by the Triangulation theorem there exist triangulations (K, ¢;)
and (L, ¢2) of X and Y respectively such that ¢, partitions C' and both ¢;
and ¢9 are semialgebraic. In particular, since X is closed and bounded, K is
a closed simplicial complex. Denote by K¢ the closed subcomplex of K such
that ¢~'(C) = |K¢|. Consider the semialgebraic map b’ = ¢y o ho d1like|
and the natural bijections x; : [X, Y]hRO — [|K], |L|]Z§,° C[f] e [pgt o f o]
and kg : [X, VR — [|K|,|LI]F : [f] = [¢3' o f o ¢1]. Clearly, the following
diagram

p.
[X’ Y]leo —= [Xv Y]Zzz

(1K1 1L = DKL LI

Ps
commutes, where &' := (|K|,0,|L|,0,h’). Hence, since pgs is surjective
because of Proposition 2.3.2, pgs is also surjective. ]

Proof of Proposition 2.3.2. Without loss of generality we can assume that
L is the first barycentric subdivision of some simplicial complex. Let [f] €
[|K|,|L|]F. We will find a semialgebraic map definably homotopic to f rel-
ative to h.

Claim. We can assume that

(a) there exist two closed subcomplexes Kp of K and Kg of Kp such that
|Kc| Cintjg|(|KE|) C |Kg| Cintjg(|Kpl), and

(b) the map f satisfies f| x| = h, where h : |[Kp| — |L| is a semialgebraic

map such that h| |k, = h and for each simplex o € Kp there is a simplex

of L containing h(o).

These assumptions allow us to protect |K¢| with two successives ”bar-
riers”, |Kp| and |Kg|. We shall use these barriers in two different places in
the following proof to transform the map f without modifying it on |K¢/|.

We divide the proof in two steps. In Step 1 we will make use of the
Normal triangulation theorem (see Theorem 1.1.5) to show that there exists
a definable map g satisfying the star condition such that f ~p g. In Step 2
we will use a simplicial approximation to g (whose existence is ensured by
the star condition) to find a semialgebraic map definably homotopic to f
relative to h.
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Step 1: Let Kz be the closed subcomplex of K whose polyhedron is
|Kz| = |K|\ intx(|Kp|). By the Normal Triangulation Theorem (see
Theorem 1.1.5) there exists a normal triangulation (Ko, ¢o) of Kz U Kg
partitioning f~!(o) N |Kz|, o € L. Moreover, since |Kg| N |Kz| = 0 and
(Kg,id) is a normal triangulation of K, we can assume that ¢ol|x,| = id.
Next we extend (K, ¢g) to a triangulation of the whole of |K|. By Lemma
1.4.3 there exists a normal triangulation (K’,¢') of K such that Ky C K’
and ¢/||k,| = ¢o. In particular, ¢'||x,| = id. Note that (K’, ¢) partitions the
sets f~1(0), o € L. Indeed, it suffices to show that for each o’ € K’, ¢/(0”)
is contained in the preimage by f of some simplex of L. If o/ C |K | this is
clear since ¢ extends @g, which in turn partitions the subsets f~1(o)N|Kz|
for o € L. On the other hand, if ¢/ C |K|\ |Kz| C |Kp]| then ¢'(¢’) is
contained in some simplex of Kp because (K’,¢') partitions the simplices
of K and, by (b), each simplex of Kp is contained in the preimage by f of
some simplex of L.

By Remark 1.1.2.(ii), ¢’ and id, x| are definably homotopic via the canon-
ical homotopy Hi : |K'| x [ — |K|: (z,5) — (1 — s)x + s¢/(z). The map
Hy := f o Hy is clearly a definable homotopy of f to g := f o ¢’ relative
to hlk,|- Note also that since (K',¢') partitions f~!(r) for 7 € L we have
that for every o € K’ there exists 7 € L such that g(o) C 7. Therefore,
for every v € Vert(K’) there exist w € Vert(L) with w € L such that
g(Stg:(v)) C Str(w). Indeed, take v € Vert(K') and 7 € L such that
g(v) € 7. Since L is the first barycentric subdivision of some simplicial
complex, there exists a vertex w of 7 with w € L. Since g~!(St7,(w)) is the
realization of a subcomplex of K’ it is open in |K’| and contains the vertex
v, we deduce that Sty (v) C g~ (St (w)).

Step 2: Consider the map piyery @ Vert(K’) — Vert(L) : v — fiyert(v),
where (as in Step 1) fyers(v) is such that pyert(v) € L and g(Stx/(v)) C
Stz (fivert (v)). By Fact 2.2.6 the map fiyery induces a simplicial approxi-
mation p to g. However neither p nor the canonical homotopy between
p and g (see Fact 2.2.3(ii)) are good enough for us since we need a map
definably homotopic to f relative to h. We do as follows. Since |K¢| and
| K|\ int x| (|KE|) are closed and disjoint, by Theorem 1.6 in [14], there ex-
ists a semialgebraic function A : |K| — [0,1] such that A™*(0) = |K¢| and
A1) = |K]| \ int (| KE|). Consider the map H : |[K|x I — |L| : (z,s) —
(1—sA(z))g(x)+ s\(x)u(z). The definable map H is indeed continuous and
is well-defined. Note that

H(z,0) =g(x) forall ze€|K|,
H(xz,s) =g(z) =h(z) forall ze€|K¢|andsel.

Furthermore, observe that

2 1) = wu(x) for all € |K|\ int| g (| KE|),
Hz,1) = { (I =X@)h(z) + A(z)u(z) forall z € |Kgl,
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is semialgebraic. Hence f ~p, g ~, H(x,1), as required.

Proof of the Claim. By [14, Thm 2.7], |K¢| is a semialgebraic strong deforma-
tion retract of Stx~(|K¢|), where K" is the second barycentric subdivision.
Without loss of generality, we replace K by K” and hence we can assume
that there is a closed subcomplex Kp of K such that |[K¢| C int(|Kp|) and
|K¢| is a semialgebraic strong deformation retract of |Kpl, i.e., there is a
semialgebraic map Hy : |Kp| x I — |Kp| such that

Hy(z,0) =2 forall =z e |Kp|,
Hy(x,1) € |[Ke| forall z € |Kp,
Hy(z,t) =x forall (z,t) €|Kc|xI.

In particular, h : |Kp| — |L| : & — h(z) = h(Ha(z,1)) is a semialgebraic
extension of h. Moreover, the map G : |Kp| x I — |L| : (z,t) — f(Hs(x,t))
is a definable homotopy such that

G(z,0) = f(z) forall z€[Kp|,
G(z,1) = f(Ha(x,1)) = h(Ha(z,1)) = h(z) for all z € |Kp|,
G(z,t) = h(z) forall ze€|Kg|xI.

By Lemma 2.2.1, there is a definable homotopy F': |K| x I — |L| such that
F(z,0) = f(z) for all x € |K| and FMKD|XI G. Consider the definable

map f'(z) := F(x,1), which satisfies f'(z) = h(z) for all z € |Kp|. Clearly,
[f] = [f] in [|K|,|L]%. Without loss of generality, we replace f by f’
and hence we can assume that the map f satisfies f|x, = ﬁ, where h :
|Kp| — |L| is a semialgebraic map such that %||Kc\ = h. By using the first
barycentric subdivision of K, which we may denote again by K, we can
assume that the closed subcomplex Kg of K with |Kg| = Stx (K¢) satisfies
|K¢| C int(|Kg|) and |Kg| C int(|Kpl). N
Now, we show that we can assume that for every o € Kp, h(o) is
contained in a simplex of L. Let (IA( &5) be a semialgebraic trlangulatlon of
| K| partitioning the simplices of K and the semlalgebralc subsets h~1(7),
for all 7 € L. Consider the subcomplexes KD = {gb Yo) : 0 € Kp},
—{¢ ():UEKE}andKC—{d) ():UEKC}. Consider
also the semialgebraic map h := h o qb\‘K & \KC| |L|. Note that Kp,

K (g and Kc are closed subcomplexes of K such that |Kc| C int( |K El ) and
|Kg| C int(|Kp|). Moreover, the map f:= fod¢ satisfies f|‘KD| ho¢||K 1

where ho¢||K E ]KD| |L| is a semialgebraic map such that ho¢||K = — 7.

Finally, note that since gzb is semialgebraic, to prove that f is definably
homotopic to a semialgebraic map relative to h it is enough to prove that f
is definably homotopic to a semialgebraic map relative to h, as required. [

Proof of Theorem 2.3.1. By Fact 2.3.2 and Proposition 2.3.2. 0
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As an immediate consequence of Theorem 2.3.1 we prove a more general
result.

Theorem 2.3.4. Let (X, Ay,...,Ax) and (Y, B1,...,By) be two systems of
semialgebraic sets. Let C be a relatively closed semialgebraic subset of X
and h: C =Y a semialgebraic map such that h(CNA;) C B, i =1,...,k.
Then, if the subsets A1, ..., Ax are relatively closed in X, the map

pi (X, A1, ... A, (Y, Br, ..., BRI — (X, A1,...,Ap), (Y, Bi,...,Bp)|R
[f] = [f]

s a bijection.

Proof. Firstly, note that the hypotheses of Lemma 2.2.1 do not include X
closed. Therefore, the reductions in Fact 2.3.3 apply to this setting. Hence,
it suffices to show that p : [|K|,Y]Zf° — [IK|, YR : [f] = [f] is surjective,
where K is a simplicial complex, K¢ is a relatively closed subcomplex of
K and h : |[K¢| — Y is a semialgebraic map. Without loss of generality
we can assume that K is the first barycentric subdivision of a simplicial
complex. Let f: |K| — Y be a definable map. Denote by K := co(K) and
K2 := co(K¢) (see Definition 2.2.7 and Remark 2.2.8). Since KV is closed,
by Theorem 2.3.1 there is a definable homotopy Fj : |K"| x I — Y such
that F{(—,0) = fl|ko|, ¢’ := F{(—,1) is semialgebraic and F{(z,t) = h(x)
for all (z,t) € |[K&| x I. Let r : |K| — |K°| be the semialgebraic retract
of Fact 2.2.9(a). We define the semialgebraic map Fy : |K¢| x I — Y :
(x,t) — h((1 —t)r(z) + tx) (see Fact 2.2.9(b)). By the homotopy extension
lemma 2.2.1 there is a semialgebraic homotopy F» : |K| x I — Y such
that Fb||x,|xr = Fy and Fy(z,0) = ¢’ or(x) for all 2 € [K|. Note that
g = Fy(—,1) is a semialgebraic map with g||x, = h. We show that f
is definably homotopic to g relative to h. The maps f or and ¢’ o r are
definably homotopic via Fy : |K| x I — Y : (z,t) — F{(r(z),t). Note that
by Fact 2.2.9(b), Fi(z,t) = hor(z) for all (z,t) € |K¢| x I. Consider the
closed definable subset A := |K| x {0} U|K|x {1} U|K¢c| x I of |[K| x I. We
consider also the definable homotopy H' : A x I — Y such that

(1= s)r(z) +sx) forall (x,t,s) € |K|x{0}x1I,
H'(z,t,8) = Fa(z,s) forall (z,ts)€|K|x {1} x1I,
h((1 = s)r(xz) 4+ sx) forall (z,t,8) € |Ko|x 1 x1I.

By the homotopy extension lemma 2.2.1 there is a definable homotopy H :
|K| x I x I — Y such that H|ax; = H' and H(z,t,0) = Fy(z,t) for all
(z,t) € |K| x I. In particular, F(z,t) := H(z,t,1) : |[K| x I — Y is a
definable homotopy of f to g relative to h. O

Corollary 2.3.5. Let X and Y be two pairs of semialgebraic sets defined
without parameters. Then there exist a bijection

p: [X(R),Y(R)] — [X,Y]%,
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where [ X (R), Y (R)] denotes the classical homotopy set. Moreover, if the real
closed field R is a field extension of R, then the result remains true allowing
parameters from R.

Proof. By Facts 2.1.1 and 2.1.2, there exits a canonical bijection between
[X(R),Y(R)] and the semialgebraic homotopy set over the real algebraic

numbers [X(Q),Y(Q)]%. By Fact 2.1.1, there exists a canonical bijection

between [X(Q),Y(Q)]? and [(X, A), (Y, B)]®. The result then follows by
Theorem 2.3.1. The proof of the second part is similar. O

Remark 2.3.6. This corollary remains true for systems of semialgebraic
sets satisfying the hypotheses of Theorem 2.3.4.

Corollary 2.3.7. Let X and Y be two definable sets defined without pa-
rameters. Then any definable map f : X — Y is definably homotopic to a
definable map g : X — Y defined without parameters. If moreover X and'Y
are semialgebraic then g can also be taken semialgebraic.

Proof. By the Triangulation Theorem there are triangulations of X and Y
defined without parameters and therefore it suffices to prove the case in
which both X and Y are semialgebraic. By Theorem 2.3.1, f is definably
homotopic to a semialgebraic map g;. Finally, it follows from Fact 2.1.1 ap-
plied to R and Q that g; is semialgebraically homotopic to a semialgebraic
map g defined without parameters. O

2.4 The o-minimal homotopy groups

We begin this section with a general discussion of homotopy groups in the
o-minimal setting. Then we will relate the semialgebraic and the o-minimal
homotopy groups via Theorem 2.3.1. Finally, we will prove the usual prop-
erties related to homotopy in the o-minimal framework.

We will work with the category whose objects are the definable pointed
sets, i.e., (X,xg), where X is a definable set with xg € X, and whose
morphisms are the definable continuous maps between definable pointed
sets. In a similar way, we define the categories of definable pointed pairs,
ie., (X, A, x0), where X is a definable set, A is a definable subset of X and
xg € A.

Let (X,zp) be a definable pointed set. The o-minimal homotopy
group of dimension n, n > 1, is the set 7, (X, z0)® = [(I",0I"), (X, 20)]|.
We define mo(X,xo) as the set of definably connected components of X.
The o-minimal relative homotopy group of dimension n, n > 1, of
a definable pointed pair (X, A,zq) is the homotopy set m,(X, A, x2¢)® =
(I, In= 1 g (X, A, 20)]%, where I"™1 = {(t,...,t,) € I" : t, = 0}
and J"t =9I\ "1,
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As in the classical case, we can define a group operation in the o-minimal
homotopy groups 7, (X, zo)™ and 7, (X, A, ) via the usual concatenation
of maps for n > 1 and m > 2. Specifically, given [f], [g] € 7. (X, 20)", n > 1,
we define the operation [f][g] = [f - g], where

fog= f(2t1,ta, ... t,) forall t €10,3],
g2t — 1, ta, ... t,) forall t €[3,1].

Likewise, given [f],[g] € mn(X, A, 20)%, n > 2, we define the operation
[fllg] = [f - g]- Moreover, these groups are abelian for n > 2 and m > 3
(see pp. 340 and pp. 343 in [21]). Also, given a definable map between
definable pointed sets (or pairs), we define the induced map in homotopy by
the usual composing, which will be a homomorphism in the case we have a
group structure. It is easy to check that with these definitions of o-minimal
homotopy group and induced map, both the absolute and relative o-minimal
homotopy groups 7, (—) are covariant functors (see pp. 342 in [21]).

As a consequence of Theorem 2.3.1, we deduce the following relation
between the semialgebraic and the o-minimal homotopy groups.

Theorem 2.4.1. Let (X, z9) be a semialgebraic pointed set and let n > 1.
Then the map p : To(X,20)*° — m (X, 20)% : [f] — [f], is a natural
isomorphism.

Proof. By Theorem 2.3.1 p is a bijection and its clearly a homomorphism.
For the naturality condition, just observe that by definition the following

diagram "
7Tn()(a xO)RO - 7-‘-n(yva yO)RO

/| g

7Tn(‘)(a 'TO)R T> Wn(Y7 yO)R
commutes, for every semialgebraic map v : (X, z9) — (Y, yo)- O

Remark 2.4.2. This last result remains true in the relative case and its
proof is similar.

Corollary 2.4.3. The o-minimal homotopy groups are invariants under
elementary extensions and o-minimal expansions.

Proof. The invariance under o-minimal expansions follows from the Trian-
gulation Theorem and Theorem 2.4.1. The invariance under elementary
extensions follows from the Triangulation Theorem, Theorem 2.4.1 and the
invariance of the semialgebraic homotopy sets under real closed field exten-
sions (see Theorem II1.6.3 in [13]). O

The following result gives us a relation between the classical and the
o-minimal homotopy groups (the case n = 1 was already treated in [7]).
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Corollary 2.4.4. Let (X, xo) be a semialgebraic pointed set defined without
parameters. Then there exists a natural isomorphism between the classical
homotopy group 7, (X(R),z9) and the o-minimal homotopy group
Tn(X(R),20)® for every n > 1.

Proof. Either by Corollary 2.4.3 and Theorem II1.6.4 in [13] or by Theorem
2.3.4 noting that the bijections involved are isomorphisms. O

Remark 2.4.5. These last results remain true in the relative case and their
proofs are similar. Moreover, the analogue of Corollary 2.4.3 is true for
homotopy sets of definable systems satisfying the hypotheses of Theorem
2.3.4.

Properties 2.4.6. We now list some characteristic properties of the homo-
topy groups that remain true in the o-minimal setting.

(1) The homotopy property: It is immediate that given two definably ho-
motopic maps ¢, ¢ : (X, A, z9) — (Y, B, yp), their induced homomorphisms
U, Gs 2 T (X, A, 20)® — 1, (Y, B, yo)™ are equal for every n > 1. Note that
for A ={zo} and B = {yp} we have the absolute case.

(2) The exactness property: Let (X, A, zo) be a pointed pair. For every
n > 2 we define the boundary operator

0 :mn(X, A, 20)® — mp1(A 20)%
[f] = [flm—]

For n = 1, we define 9([u]), [u] € 71(X, A,20)%, as the definably connected
component of A which contains u(0). It is easy to prove that the boundary
operator is a natural well-defined homomorphism for n > 1. Moreover, if we
denote by i : (A, z9) — (X, x0) and j : (X, 29, z9) — (X, A, z¢) the inclusion
maps, then the following sequence is exact
o (A, 0) B T (X, m0) L5 (X, A, m0) 2 a1 (A, 20) — - — mo(A, 20),

where the superscript R has been omitted. Indeed, by the triangulation the-
orem we can assume that (X, A, x() is the realization of a simplicial complex
with vertices in the real algebraic numbers. Then the exactness property
follows from Corollary 2.4.4, the obvious fact that 0 commutes with the
isomorphism defined there and the classical exactness property.

(3) The action of 1 on m,: Given a definable pointed set (X, zy) we can de-
fine the usual action 3 : 71 (X, 20)™ x 7, (X, 20)® — T (X, 20)R. Given [u] €
m1(X, 29)", we denote by By the isomorphism 7, (X, 20)® — T (X, 20) %
[f] — B([ul, [f])- In a similar way, given a definable pointed pair (X, A, x¢)
there is an action 3 : 71 (A, 20)® x 7, (X, A, 20)® — m,(X, A, 29)™. The exis-
tence of both actions can be proved just adapting what is done in pp. 268 in
[13] to the o-minimal setting. We briefly recall the construction of this action
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in the absolute case. Given [f] € m,(X,z0)%, by the o-minimal homotopy
extension lemma 2.2.1 there is a definable homotopy H : I™ x I — X such
that H(z,1) = f(z) for all x € I" and H(z,t) = u(t) for all (x,t) € OI™ x I.
We define By,([f]) := [H(—,0)]. Let us check that f, is well-defined.
Firstly, given a definable curve v : I — X with v(0) = v(1) = x and such
that [u] = [v], we show that (i) = f,]. Let F': I x I — X be a definable
homotopy from u to v with F(0,s) = F(1,s) = xo for all s € I. Given
[f] € (X, 20)%, let H and H' be definable homotopies as before such that
B ([f]) = [H(—,0)] and By ([f]) = [H'(—,0)]. By the o-minimal homotopy
extension lemma 2.2.1 there is a definable homotopy G : I x I x I — X
such that

f(z) forall (x,t,s)eI™xIx{l},
H(xz,s) forall (x,t,s)e€I™x{0}xI,
H'(z,s) forall (z,t,s)elI™x{1}x1I,
F(s,t) forall (z,t,s)€0l™x1IxI.

G(z,t,s) =

Hence, G(z,t,0) is a definable homotopy from H(—,0) to H'(—,0) relative
to OI™, as required. In particular, the latter also proves that the definition
of By, ([f]) above does not depend on the choice of H as well as that 3}, ([f])
depends only on the homotopy class of f. Let us check that ) is a homo-
morphism. Given [f], [g] € m(X,z0), we consider the definable homotopy
H : I"xI — X such that H(x1,...,2Zn,t) = B ([f][0)((2—1t)z1,. .., 2,) for
all (z1,...,@n,t) € [0, §]xI" and H(z1, . .., zn,t) = B ([0][g]) (2— )1+t —
1,...,2p) for all (z1,...,2,,t) € [%, 1] x I". Using this homotopy we have
By (1£1l]) = B (F110) g (0)l6]) = By (F)Br([g])- Finally, the remain
properties
B[Czo] = id, for ¢y, the constant curve, and B, = By © By for all
[u], [v] € 1 (X, 20)%, are obvious.

We will need the following technical lemma in the proof of the o-minimal
Hurewicz theorem (see Section 2.5).

Lemma 2.4.7. Let ¢ : (X,z9) — (Y, yo) be a definable map between defin-
able pointed sets and let [u] € m (X, x0)*. Then for all [f] € mn(X,x0)%,

V(B ([£1) = Bu, (qu)) (0 ([f1))-

Proof. 1t is enough to observe that if H : I"" xI — X is a definable homotopy
such that H(t,1) = f(t) for all ¢t € I"™ and H(t,s) = u(s) for all t € JI"
and s € I, then o H : I" x I — Y is a definable homotopy such that
Yo H(t,1) =1o f(t) for allt € I" and o H(t,s) = ou(s) for all t € JI"
and s € I. O

(4) The fibration property: We say that a definable map p : E — B is a
definable (Serre) fibration if it has the definable homotopy lifting prop-
erty for every (resp. closed and bounded) definable set X, i.e., if for each
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definable homotopy H : X x I — B and each definable map ]? X - F
with p o f f(z) = H(z,0) for all z € X, there exists a definable homotopy
H:X xI— E withpoH = H and H(z,0) = f(z) for all z € X.

Remark 2.4.8. We say that a definable map p : £ — B has the definable
homotopy lifting property for a definable set X relative to a definable subset
A of X if for each definable homotopy H : X x I — B, each definable
map f : X — E with po f(z) = H(x,0) for all z € X, and each definable
homotopy F A x I — E with po F = H|AX1 there exists a definable
homotopy H : X x I — E with po H = H, H|ax; = F and H(z,0) = f(z)
for all x € X. As in the classical setting, the definable homotopy lifting
property for a closed simplex o is equivalent to the definable homotopy
lifting property for o relative to do. Indeed, it suffices to show that there is
a semialgebraic homeomorphism of o x I onto itself which carries o x {0}
homeomorphically onto (o x {0})U (9o x I). We adapt [22, Ch.III,Thm.3.1].
Without loss of generality, we can assume that o is the standard simplex A C
R™ for some m € N. Firstly, consider the semialgebraic homeomorphism
ho : (A x {0}) U (OA xI) — A x {0} : (xo,...,Tm,t) — (Yo,---,Ym,0),
where
yi = { ;(azz + m+1) for all (zg,...,Tm,t) € A x {0},
;=

1(mz+m—+1)+%(xi— m+1)t for all (xg,...,Zm,t) € OA x I.

Note that ho(zo,...,Tm,1) = (zo,...,2m,0) for each (zg,...,zy) € A.
Similarly, we can define a semialgebraic homeomorphism hy : (A x {1}) U
(OA x I) — A x {1} such that hy(zo,...,ZTm,0) = (x0,...,Zm, 1) for each
(xoy ..., xm) € OA. Next, consider the semialgebraic homeomorphism hg :
I(AXT) — I(AXI) such that ha(w) = ho(w) for all w € (Ax{0})U(DAXIT)
and hg(w) = hy*(w) for all w € A x {1}. Finally, the semialgebraic homeo-
morphism hgy of (A xI) can be extended to a semialgebraic homeomorphism
h of A x I by radial extension from the point (e, %) of A x I, where c¢ denotes
the barycentre of A.

Furthermore, the homotopy lifting property for closed simplices is equiv-
alent to the homotopy lifting property for closed and bounded definable sets
X relative to closed subsets A of X. For, by the triangulation theorem we
can assume that X is the realization of a closed simplicial complex and A is
the realization of a closed subcomplex of X. By induction over the skeleta of
X it suffices to construct a lifting over the closure of each open simplex con-
tained in X \ A at a time (and relative to the lifting constructed previously
over its frontier).

With the above remark it is easy to adapt to the o-minimal setting the
corresponding classical proof of the following fact (see Theorem 4.41 in [21]).

Theorem 2.4.9 (The fibration property). Let E and B definable sets
and let p : E — B be a definable Serre fibration. Then the induced map
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Py : T (E, Fyeg) — (B, bg) is a bijection for n =1 and an isomorphism
for all n > 2, where eg € F = p~1(by).

Proof. Firstly, we show that p, is onto. Let f : (I",0I") — (B,by) be
a definable map. By Remark 2.4.8, there is a definable homotopy H :
I""1 % I — E such that H(z,t) = eg for all (z,t) € 01" x I, H(z,0) = eg
for all z € I" ' and po H(z1,...,Tp_1,t) = flx1,... zp-1,1 —t) for all
(z1,...,2p-1,t) € I". Consider the definable map f : (I“,I"fl,J”*i) —
(E,Fie0) : (z1,...,Tn-1,t) = H(z1,...,25-1,1 —t). Clearly, p.([f]) =
[po f] = [f]. Now, we show that p. is injective. Given definable maps
g (Im 17 J ) — (E, F,e) such that p([f]) = p.([g]), let H :
(I" x I,0I" x I) — (B,bg) be a definable homotopy from po f to po
g. By Remark 2.4.8, there is a definable homotopy G:I"xI - E
such that G(O Xy, Tp,t) = f(:pg,.. T, 1 —t) for all (zg,...,zy,,t) €
I, G(1,z2,...,2n,t) = g(x2,...,2pn,1 — t) for all (zo,...,x,,t) € I,
g(xl,...,a:n,t) = eg for all (xq1,29,...,25,1 —t) € I x J" ! and po
G(21,. - Tnyt) = G(a2,. .20, 1 — t,w1) for all (w1,...,25,t) € 1" x I
In particular, the map H : (I, 1=, g — (E, F, o) : (1, .., 2p,t)
G(t,x1,...,Tn-1,1 — x,) is a definable homotopy from f to g. O

As a consequence of the fibration property and the following proposition,
we can extend Corollary 2.8 in [20], concerning coverings and the fundamen-
tal group, to all the homotopy groups (see Corollary 2.4.11 below). Recall
that given two definable sets F and B, a definable map p: E — B is a de-
finable covering map if p is onto and there is a finite family {U; : | € L} of
definably connected open definable subsets of B such that B = |J,c;, U, and
for each | € L and for each definably connected component V of p~1(U;),
the map p|y : V' — Uj is a definable homeomorphism (see also Section 2 in
[20].

Proposition 2.4.10. Let E and B definable sets. Then every definable
covering p : E — B is a definable fibration.

Proof. Let X be a definable set. Let H : X x I — B a definable ho-
motopy and f a definable map f : X — E with po f(x) = H(x,0) for
all x € X. Consider the definable family of paths {H, : € X}, where
Hy:I— B:tw H(xz,t). Since p has the path lifting property (see Propo-
sition 2.6 in [20]), for each x € X there is a (unique) lifting H, : [ — E of
H, such that H,(0) = f(z). Moreover, an easy modification of the proof
of Proposition 2.6 in [20] shows that the family of paths {H, : v € X} is
definable. Therefore, the map H:X xI— E:(x,t)— Hy(t) is definable,
po H = H and H(z,0) = f(z) for all z € X. It remains to prove that
H is indeed continuous. Fix (zo,80) € X x I. It is enough to prove that
for each definable path u : I — X x I with u(1) = (o, s0) we have that
H(u(t)) — H(xo, so) when t — 1. We will prove it for so = 1, but the same
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proof works for every sg € I.

Claim. We can assume that u(0) = (2, 0), that u is definably homotopic to
the canonical path I — X x I : t — (x0,t) and that Hou : [0,1) — FE is
continuous.

Granted the Claim, the path homotopy lifting property of p (See Proposi-
tion 2.7 in [20]) implies that the respectlve liftings H ou and on of Hou

and H,, starting at flmo), satisfy H o u( ) = Hy,(1). On the other hand,
by the umclty of liftings of paths of p, we have that for every € € [0,1),
H(u(t)) = Hou( ) for all ¢t € [0,¢]. Therefore, H(u(t)) = Hou( ) for all
€ [0,1). Hence, H(u(t)) — %( 1) = H, (1) = H(xp,1) when t — 1, as
required.
Proof of the Claim. Since X is definable, there exist a definably connected
neighbourhood U of x¢ which is definably contractible. Since H owu is defin-
able, without loss of generality, H o is continuous in [2,1) and u(t) € U x I
for all t € [2,1). Let (1, s1) = u(3). Take a definable path w : [0,1] — U
such that w(0) = z¢ and w(%) = x1. We define the path a(t) : I — X x I
such that a(t) := (w(t),0) for all ¢ € [0,3], a(t) = (21,3s1(t — 7)) for all
t € [1,2] and a(t) := u(t) for all t € [2,1]. The definable path H(a(t))
is continuous for all ¢ € [0,1) because f is continuous and because of the
construction of H. Since U is definably contractible, {zo} x I is a definable
deformation retract of U x I and therefore 4 is definably homotopic to the
canonical path I — X x I : ¢+ (xzg,t). Finally, since we are just interested
in the behaviour of the definable path u when t is near 1, we can replace u
by . O

Corollary 2.4.11. Letp: E — B be a definable covering and let p(ep) = by.
Then py : mp(E, e0)® — mo(B,bo)* is an isomorphism for every n > 1 and
injective forn = 1.

Proof. Since p~!(by) is finite, we have that m,(p~1(bg), e9) = 0 for every n >
1. Then the result follows from Proposition 2.4.10 and both the exactness
and the fibration properties. O

2.5 The o-minimal Hurewicz and Whitehead theorems

Next we will prove both the absolute and relative Hurewicz theorems in
the o-minimal setting by transferring from the semialgrebraic setting via
Theorem 2.3.1.

First let us define the o-minimal Hurewicz homomorphism. Recall that
there exists an o-minimal singular homology theory H.,(—)" on the category
of definable sets (see [38]). Moreover, by Proposition 3.2 in [7] there exists
a natural isomorphism 6 between the functors H,(—)®0 and H.(—)® on
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the category of (pairs of) semialgebraic sets (note that the notation used
in the above paper is different from ours, where H,(—)®0 = H?%*(—) and
H.(—)R = H¥(—)). Fix n > 1. By Proposition 3.2 in [7],

H,(I",0I")R0 = H,(I"(R),dI"(R)) = Z.

We fix a generator z/X0 of H, (I", dI")R0 and we define z& := 6(2X0). Now,
given a definable pointed set (X, (), the o-minimal Hurew1cz homo-
morphism, for n > 1, is the map hnr - ﬂn(X, 20)® — Ho(X)R : [f] —
har([f]) = f«(2F), Where fe : Hy(I™,01)® — H,(X)® denotes the map
in o-minimal singular homology induced by f. Note that by the homotopy
axiom of o-minimal singular homology if f ~ g then f, = g., hence h, r
is well-defined. We define the relative Hurewicz homomorphism adapting
in the obvious way what was done in the absolute case. Now, following
the classical proof, it is easy to check that h, r is a natural transformation
between the functors 7, (—)% and H,(—)% (see [22, Ch.V,Prop.4.1]). This
fact can also be deduced from the semialgebraic setting (see Remark 2.5.2).

The following result give us a relation between the semialgebraic and the
o-minimal Hurewicz homomorphisms.

Proposition 2.5.1. Let (X,x¢) be a semialgebraic pointed set. Then the
following diagram commutes

hny
(X, 20) R0 2% H,, (X )Ro

f| Jo
(X, 20) " 5—> Ho(X)®

for allm > 1.

Proof. Let [f] € mn(X,z0)R0. By definition 2% = 0(zX0) and by the natu-

TZ

rality of 0 we have that H(f*( Roy) = ( (2R0)). Therefore O(hnro([f]) =
0(f+(220)) = fu(0(27°)) = fu(2) = har (p([f]))- O

Remark 2.5.2. (1) This last result remains true in the relative case and
its proof is similar.

(2) Since hy R, is a homomorphism for n > 1 (see [13, Ch.III,Thm.7.3]), it
follows from Proposition 2.5.1 and the Triangulation theorem that h, % is
also a homomorphism for n > 1.

Recall the definition of the action of 71 on 7, defined in Properties 2.4.6.

Theorem 2.5.3 (The o-minimal Hurewicz theorems). Let (X, xg) be
a definable pointed set and n > 1. Suppose that m.(X,z0)* = 0 for every
0<r<n-—1. Then the o-minimal Hurewicz homomorphism

hnwr (X, mo)R — Hn(X)72



Chapter 2. o-minimal homotopy 41

is surjective and its kernel is the subgroup generated by { B, ([f])[f]7" : [u] €
m1(X, 20)%, [f] € mn(X,20)R}. In particular, h,x is an isomorphism for
n > 2.

Proof. Note that X is definably connected since mo(X, z0)® = 0. Let (K, ¢)
be a definable triangulation of X and yo = ¢ '(zo). Since m,.(—)® is a
covariant functor, 7, (| K|, 50)® = 0 for 0 < r < n — 1. Moreover, as p is a
natural isomorphism, (| K|, y0)®° = 7.(|K|,90)® =0 for 0 <r < n — 1.

Since hy r is a natural transformation, the following diagram

hn,R
Wn(’K|7yO)R - Hn(|KDR

o Jo

T (X, 20)® Y H,(X)R

n,R

commutes. Furthermore, since ¢ is a homeomorphism, the induced map
¢+ in both homology and homotopy are isomorphism. Hence, by Lemma
2.4.7, it is enough to prove that h, g : (| K|, y0)® — Hp(|K|)® is sur-
jective and that its kernel is the subgroup generated by {3, ([f])] 171t
[u] € m1(|K|,90)%, [f] € Ta(|K]|,0)%}. By Proposition 2.5.1, the following
diagram

hn,R
(1K, yo) R0 === H, (|K|)™0

pl le
AR e Hy(|K[)?
commutes. Since p and 6 are natural isomorphisms, it is enough to prove
that h,r, : mT(|K|,y0)%° — H,(|K|)®° is surjective and that its kernel
is the subgroup generated by {B[u]([f])[f]_l [u] € m(|K|,y0)R,[f] €
7, (K|, 40)} 0. But this fact follows from the semialgebraic Hurewicz theo-
rems (see [13, Ch.III,Thm.7.4]). Finally, the second part of the theorem
follows immediately from the first one since for n > 2, by hypothesis,
m1(X,20)® = 0. O

Theorem 2.5.4 (The o-minimal relative Hurewicz theorems). Let
(X, A, xq) be a definable pointed pair and let n > 2 such that m.(X, A, )~ =
0 for every 1 < r < n —1. Then the o-minimal Hurewicz homomorphism
hpwr @ (X, A, x0)® — H,(X, AR is surjective and its kernel is the sub-
group generated by {Bu)(F)IF) " : [u] € (A, 20)R, [f] € ma(X, A,20)R}.
In particular, hp g is an isomorphism for n > 3.

Proof. 1t is enough to adapt the proof of the o-minimal absolute Hurewicz
theorems to the relative case. Note that at some point, we need the relative
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version of Lemma 2.4.7 (whose proof is similar), i.e., that given a defin-
able map ¢ : (X, A, x29) — (Y,B,y0) and [u] € m (A, x0)%, we have that
Vu(Brug (1)) = B (qup) (0 (1f1)) for all [f] € mn (X, A, 20)". O

Remark 2.5.5. (1) With the hypotheses of Theorem 2.5.3, for n = 1, we
have that Ker(hi®) is the subgroup generated by {8y ([v])[v]™ : [u] €
m1(X, 20)%, [v] € 71 (X, 20)®}. On the other hand, using the definable ho-
motopy H(t,s) = u(ts)v(t)u(s — ts), we can prove that S ([v])[v]™" =
[u] [v][u] ~[v]~!. Hence, Ker(hy ) is the commutator of 71 (X, z0). In par-
ticular, if 7 (X, z0)® is abelian then hiw is an isomorphism. This result
was already proved in [20, Thm.5.1].

(2) With the hypotheses of Theorem 2.5.4, m2(X,A,z0)~/Ker(hor)
>~ Hy(X,A)® is abelian and therefore Ker(he ) contains the commuta-
tor subgroup of m(X, A, 20)®. This fact can also be shown directly by
proving that for every [f], [g] € ma(X, A, 20)", [g][f]lg] ™" = By ([f]), where
u(t) = g(t,0) for t € I.

We finish this section with the proof of the o-minimal Whitehead the-
orem. We say that a definable map v : X — Y is a definable homo-
topy equivalence if there exists a definable map ¢’ : Y — X such that

o ~idy and 9’ o9p ~ idy.

Remark 2.5.6. If a definable map v is a definable homotopy equivalence
then it is a definable homotopy equivalence relative to a point. Indeed, by
the Triangulation Theorem we can assume that both (X, zo) and (Y, ¢ (xo))
are semialgebraic pairs defined without parameters. Then, by Theorem
2.3.1 and Fact 2.1.2, there exists a semialgebraic map v’ defined without
parameters such that [¢)] = [¢'] in [(X, ), (Y,%¥(x0))]. Finally, by the
classical version of the present remark (see [21, Prop. 0.19]), Fact 2.1.1 and
Fact 2.1.2, ¢/ is a semialgebraic homotopy equivalence relative to a point
and hence so is .

Theorem 2.5.7 (The o-minimal Whitehead theorem). Let X and Y
be two definably connected sets. Let ) : X — Y be a definable map such that
for some xg € X, ¥y : (X, 20)® — mn (Y, h(20))® is an isomorphism for
alln > 1. Then ¢ is a definable homotopy equivalence.

Proof. Let (K, ¢1) and (L, ¢2) be definable triangulations of X and Y, re-
spectively. Consider the points z; = d)fl(:vo) and y; = gbgl(w(xo)). It
suffices to prove that the definable map 1; = gb;l othogy : |K| — |L| is a de-
finable homotopy equivalence provided t, : mn(|K|,21)® — mn(|L],y1)R is
an isomorphism for all n > 1. By Theorem 2.3.1 there exists a semialgebraic
map ¢ : (|K|,21) — (|L],y1) such that ¢ ~ 1; By the homotopy property it
follows that ¢, = v, : . (|K|,21)® — 7,(|L|,y1)® is an isomorphism for all
n > 1. Therefore by Theorem 2.4.1, ¢, : 7, (| K|, 21)®° — m,(|L|,y1)R0 is an
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isomorphism for all n > 1. Hence, by the semialgebraic Whitehead theorem
(see [13, Ch.III,Thm.6.6]), ¢ is a semialgebraic homotopy equivalence, that
is, there exists a semialgebraic map ' : |[L| — | K| such that id|x| ~o ¢' 0 ¢
and id|z| ~o p o ¢©', where ~¢ means “semialgebraically homotopic”. Hence

idjg| ~0 @' op~yo @Z and so id|g| ~ ¢’ o @Z In a similar way we prove

that idj;| ~ ¢ o ¢'. Therefore v is a definable homotopy equivalence, as
required. O

Corollary 2.5.8. Let X be a definable set and let xg € X. If 1, (X, 20)R =
0 for allm > 0 then X is definably contractible.

Proof. This follows from Theorem 2.5.7 applied to a constant map. ]
Next result follows the transfer approach developed in [8].

Corollary 2.5.9. Let X be a semialgebraic set defined without parameters.
Then X is definably contractible if and only if X (R) is contractible in the
classical sense.

Proof. This follows from Corollary 2.4.4 and Corollary 2.5.8. O

2.6 Lusternik-Schnirelmann category of definable sets

In this section we introduce the Lusternik-Schnirelmann category (in short
LS-category) for definable sets. We apply the results of Section 2.3 and
the Normal triangulation theorem to prove some comparison theorems con-
cerning the LS-category. For a general reference on the classical Lusternik-
Schnirelmann category see [10].

Definition 2.6.1. Let X be a definable set. We say that a definable subset A
of X is definably categorical in X if A is definably contractible in X. We
say that a definable cover {V;}", of X is a definable categorical cover
of X if each V; is definably categorical in X.

Fact 2.6.2. [10, Lem.1.29] Let X and Y be definable sets. Let f: X — Y
and g - Y — X be definable maps such that f o g ~ idy. Then g~ *(U) is
a definable categorical subset of Y for each definable categorical subset U of
X.

Proof. Let F': Y x I — Y be a definable homotopy from idy to f o g. Let
H :U x I — X be a definable homotopy and zp € X such that H(x,0) =z
for all # € U and H(x,1) = x¢ for all z € U. Let V = g~ 1(U) and consider
the definable map G : V x I — Y defined by G(y,t) = F(y,2t) for all
(y,t) €V x[0,3] and G(y,t) = f(H(g(y),2t — 1)) for all (z,t) € V x [3,1].
Note that G(y,0) = y and G(y,1) = f(x¢) for ally € V, i.e., V is a definable
categorical subset of X. O
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Note that every definable set X has a definable categorical open cover.
Indeed, by the Triangulation theorem and Fact 2.6.2 we can assume that
X = |K| for a simplicial complex K. We denote by K" the second barycen-
tric subdivision of K. By [14, Prop 2.2], the open definable subset Stx(v)
of |K| is definably categorical in |K| for each v € Vert(K). Therefore,
{Stg»(v) : v € Vert(K)} is a definable categorical open cover of |K].

Definition 2.6.3. The definable LS-category of a definable set X, de-
noted by cat(X)R, is the least integer m such that X has a definable cate-
gorical open cover of m + 1 elements.

For example, by definition we have that a definable set X is definably
contractible if and only if cat(X)® = 0. Now, we prove that the definable
LS-category is homotopy invariant.

Fact 2.6.4. [10, Lem.1.30] Let X and Y be definably homotopy equivalent
definable sets. Then cat(X)® = cat(Y)®.

Proof. Let f: X — Y and g: Y — X be definable maps such that fog ~
idy and go f ~ idx. We show that cat(Y)® < cat(X)”, the other inequality
by symmetry. Let {Uz}fﬂ1 be a definable categorical open cover of X. By
Fact 2.6.2, g~1(U;) is definably categorical in Y for each i = 1,...,m + 1.

Hence {g~'(U;)}™ 1! is a categorical open cover of Y. O
Theorem 2.6.5. Let X be a semialgebraic set. Then cat(X)R0 = cat(X)R.

Proof. Clearly, cat(X)R0 > cat(X)®. We show that cat(X)®0 < cat(X)%.
By the Triangulation theorem we can assume that X = |K| for some
simplicial complex K. Let m = cat(X)® and let Uy,...,Upny1 be a de-
finable categorical open cover of |K|. By the Normal triangulation theo-
rem 1.1.5 there is a subdivision K’ of K and a definable homeomorphism
¢ : |K'| — |K| such that (K', ¢) partitions Uy,...,Upn+1. Therefore the
open subsets V; := ¢~ 1(U;) of X are semialgebraic for each i = 1,...,m+1.
Since ¢ is a definable homeomorphism, V; is a definably categorical subset
of |[K|foralli=1,...,m+1 (see Fact 2.6.2). Now, by Theorem 2.3.4 if
a semialgebraic subset A of a semialgebraic set B is definably contractible
in B, then it is semialgebraically contractible in B. Hence, V; is a semialge-
braic categorical subset of |K| for all i = 1,...,m + 1. Then {V;}"1! is a
semialgebraic categorical open cover of |K| and hence cat(X)®° <m. O

Theorem 2.6.6. Let X C R" be a semialgebraic set. Let S be a real closed
field extension of R. Then cat(X)R0 = cat(X(S))%0.

Proof. Tt is immediate that cat(X)Re > cat(X(S))%0. For, given a semi-
algebraic categorical open cover {U;}711 of X, {U;(S)}+! is clearly a

semialgebraic categorical open cover of X (S). We show that cat(X)Re <
cat(X(S))%0. Let {V;}71' be a semialgebraic categorical open cover of
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X(S). Let H; : V; x I — X(S) be a semialgebraic homotopy such that
Hi(z,0) =z for all x € V; and H;(z,1) = z; € X(9) for all x € V; for each
i =1,...,m+1. Without loss of generality we can assume that x; € R". In-
deed, let z; € X (S)NR" be a point which lies in the same semialgebraically
connected component of x;. Consider a semialgebraic curve «; : I — X(S)
such that «;(0) = x; and a;(1) = 2. Then, we can replace H; by the
semialgebraic homotopy H} : V; x I — X(S) with H/(z,t) = H;(z,2t) for
all (z,t) € V; x [0,3] and H/(z,t) = a;(2t — 1) for all (z,t) € V; x [3,1].
We denote V; and H; by V; . and H; . respectively to stress the fact that c
is a tuple of parameters of S such that V; and H; are defined over, for all
i=1,...,m+1. Consider the first order formula v (y) with parameters over
R which says that {V;,}" 1! is a semialgebraic open cover of X and each
H;, :Viy x I — X is a semialgebraic map such that H;,(z,0) =  and
H;y(x,1) = x; for all z € V; . By completeness of the theory of real closed
fields, since Sy satisfies Jy1(y), Ro satisfies Jyip(y). Hence, there is a tuple
b in R such that {V;,(R)}™*" is a semialgebraic categorical open cover of

X. Hence, cat(X)®0 < cat(X(S9))%, as required. O

Theorem 2.6.7. Let X be a semialgebraic set of R. Then cat(X)E =
cat(X), where cat(X) denotes the classical LS-category of X.

Proof. Clearly, cat(X)® > cat(X). We show that cat(X)® < cat(X). By
the Triangulation theorem we can assume that X = | K| for some simplicial
complex K. Moreover, by Fact 2.2.9 and Fact 2.6.4, we can assume that
K is closed. Let {U;}"1! be a categorical open cover of |[K|. We will
construct a semialgebraic categorical open cover {V;}7h! of |K|. Firstly,
by the Shrinking lemma (see [26, §36, Ex.4]) we can assume that each Uj; is
contractible in |K|. Furthermore, by the Lebesgue’s number lemma (see the
proof of [25, Ch.2, Thm.16.1]) we can also assume that for each o € K there
isi € {l,...,m+ 1} such that ¢ C U;. We define 4; := {J, ¢, o for each
i=1,...,m+1, where F; = {0 € K : 0 C U;}. Note that (i) |[K| = A1 U
-+ U Ap4q and (ii) each A; is contractible in |K|. On the other hand, each
A; is a semialgebraic strong deformation retract of the open semialgebraic
set V; := Sty (A;), where K" is the second barycentric subdivision of K (see
[14, Prop 2.2]). Therefore, by (ii), V; is (not necessarily semialgebraically)
contractible in |K|. Now, by Theorem 2.1.2 if a semialgebraic subset A
of a semialgebraic set B is contractible in B, then it is semialgebraically
contractible in B. Hence, each V; is semialgebraically contractible in |K|
and hence, by (i), {Vi}+! is a semialgebraic categorical open cover of |K|.

We deduce that cat(X)® < cat(X), as required. O

Corollary 2.6.8. The definable LS-category is invariant under elementary
extensions and o-minimal expansions.

Proof. This follows from Theorem 2.6.5 and 2.6.6. 0
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Corollary 2.6.9. Let X be a semialgebraic set defined without parameters.
Then cat(X)® = cat(X(R)), where cat(X(R)) denotes the classical LS-
category.

Proof. Tt follows from Corollary 2.6.8 and Theorem 2.6.7 that cat(X)® =
cat(X)R0 = cat(X(Q))? = cat(X (R)R = cat(X(R)). O

Using the above comparison theorems 2.6.5, 2.6.6 and 2.6.7 we can trans-
fer some results concerning the classical LS-category to the o-minimal set-
ting.

Corollary 2.6.10. Let X be a definably connected definable set. Then
cat( X)® < dim(X).

Proof. By the Triangulation theorem, Fact 2.2.9 and 2.6.4, we can assume
that X = |K]| for a closed simplicial complex K whose vertices lie in Q. Now,
it follows from Theorem 2.6.5, 2.6.6 and 2.6.7 that cat(X)™ = cat(|K|(R)).
By the classical version of Corollary 2.6.10 (see [10, Thm. 1.7]),

cat(|K|(R)) < dim(|K[(R))"P,

where dim(|K|(R))"*P denotes the covering dimension of |K|(R). On the
other hand, since K is a simplicial complex, dim(|K|(R))%P is exactly the
dimension of K as a simplicial complex, i.e., dim(|K|(R))*P = dim(|K]),
the latter being the o-minimal dimension, as required. ]

We conclude this section by applying the above results to the study of
definable groups. We assume that our o-minimal structure R is sufficiently
saturated. A group G is definable if both the set and the graph of the group
operation are definable sets. The following essential fact is well-known: ev-
ery definable group G can be equipped with a definable manifold structure
making G a topological group (see [32]). Since topological groups are regu-
lar spaces, we can assume that the manifold topology is induced by that of
the ambient space (see the o-minimal version of Robson’s embedding theo-
rem [15, Ch.10,Thm.1.8]). By the work of several authors on the so called
“Pillay’s conjecture”, every definably compact group G has a canonical type-
definable divisible subgroup G"? such that G//G° with the “logic topology”
is a compact Lie group (see [28]). For instance, if G is a definably compact
definable abelian group, then G/G is a torus of dimension dim(G). Our
purpose is to compare the definable LS-category of a definable group G and
the classical LS-category of G/G®. We say that a definable group G has
a very good reduction if and only if it is definably isomorphic in R to
a group G1 which can be defined over R in the following sense: there is a
sublanguage L of the language £ of R which contains +, - and there is an
elementary substructure Rg of R|z, of the form (R, +,-,...) such that G is
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defined over Rg. Every definably connected centreless semisimple group has
a very good reduction by [29, Thm.2.37] (furthermore, in [18, Thm.3.1] the
centreless condition is not needed).

Corollary 2.6.11. Let G be a definably connected definably compact group.
Then

(i) if G is abelian then cat(G)® = cat(G/GP) = dim(G), and

(ii)if G has a very good reduction then cat(G)® = cat(G/G).

Proof. (i) We denote by d the dimension of G. Then G is a definably homo-
topy equivalent to the d-dimensional torus ’]I‘d(R). This last result is proved
in [6, Thm.3.4] using some results of this dissertation. Hence, by Fact 2.6.4
and Corollary 2.6.9, cat(G)* = cat(T4(R))* = cat(T?). On the other hand,
by [10, Ex.1.8] we have cat(T?) = d, as required.

(ii) Let G1 be a very good reduction of G. By Theorem 1.6 and Proposition
5.1in [5], G1(R) = G1/G° and G/G = G1/GY° as Lie groups. Therefore,
by Theorem 2.6.5, 2.6.6 and 2.6.7,

cat(G)® = cat(G1)® = cat(G1(R)) = cat(G1/G°) = cat(G/G").






Chapter

Locally definable homotopy

3.1 Introduction

Once the bases of o-minimal homotopy have been established in Chapter 2,
we now extend them to the locally definable setting.

As already mentioned in the introduction of this memory, the locally
definable category needs to be developed which is the aim of Section 3.2. We
first introduce the category of locally definable spaces (in short 1d-spaces).
We have avoided the presentation style of Delfs and Knebusch in [13] with
“sheaf” flavour, using instead the natural generalization of definable spaces
of L. van den Dries in [15]. Locally definable spaces of special interest are the
regular paracompact ones (in short LD-spaces). In Section 3.3 we prove the
Triangulation theorem for LD-spaces. The proof uses certain glueing results
as well as locally definable versions of well-known results such as partition of
unity and shrinking of coverings. Since the latter may be skipped at a first
reading, we have decided to include them in Appendix 3.8. The proofs of all
these results in [13] are based on properties of semialgebraic sets which are
shared by definable sets and hence can be directly adapted to our context.
Therefore, we have labelled all these results with Fact, however we point
out that all of them are new in the o-minimal setting. We also point out
that new results concerning o-minimal expansions (which were obviously not
treated in [13]) appear along these sections.

In Section 3.5 we develop a homology theory for LD-spaces via an alter-
native approach to that of [13] for locally semialgebraic spaces (the latter
going through sheaf cohomology). With all these tools at hand, we prove
in Section 3.7 the generalizations to LD-spaces of the homotopy results in
Chapter 2, in particular the Hurewicz theorems and the Whitehead theorem,
as well as the locally definable versions of the results concerning fibrations.

On the other hand, in Sections 3.4 and 3.6 we use the locally definable
category to unify and clarify existing notions in the o-minimal literature. In
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particular, in Section 3.4 we have tried to unify the related notions of \/-
definable groups and “locally definable” groups via the theory of locally de-
finable spaces. We show that \/-definable groups are examples of 1d-spaces,
the “locally definable” groups are moreover LD-spaces. In Section 3.6 we
clarify the relation among the different notions of connectedness used for \/-
definable groups which appear in the literature, pointing out the inadequacy
of some of them.

3.2 Locally definable spaces

We shall briefly discuss the category of locally definable spaces.

Definition 3.2.1. Let M be a set. An atlas on M is a family of charts
{(M;, ¢i) }icr, where M; is a subset of M and ¢; : M; — Z; is a bijection
between M; and a definable set Z; of R™9 for all i € I, such that M =
Uier Mi and for each pair i,j € I the set ¢;(M; N M;) is a relatively open
definable subset of Z; and the map

¢ij = ¢j o ¢z_1 : ¢2(Mz N Mj) — M; N Mj — ¢](Mz N M])

is definable. We say that (M, M;, ¢;)icr is a locally definable space. The
dimension of M is dim(M) := sup{dim(Z;) : i € I}. If Z; and ¢;; are
defined over A for alli,7 € I, A C R, we say that M is a locally definable
space over A.

We say that two atlases (M, M;, ¢;)icr and (M, Mj’-,i/)j)jej on a set M
are equivalent if and only if for all i € I and j € J we have that (i)
¢i(MiNM}) and ;(M; N Mj}) are relatively open definable subsets of ¢;(M;)
and %(Mj’) respectively, (ii) the map ¢jo¢;l‘¢i(MiﬂM]’-) : gbl(MlﬂMj’) — M;N
M} — v;(M; 0 Mj) and its inverse are definable and (iii) M; C Uy s, My

and Mj' C Uselo M for some finite subsets Jo and Iy of J and I respectively.

Note that in the above definition if we take I to be finite then M is just a
definable space in the sense of [15]. In fact, some of the notions that we are
going to introduce in this section are generalizations of the corresponding
ones in the category of definable spaces.

Even though the above definition seems different from its semialgebraic
analogue (see [13, Def.1.3]), they are actually equivalent. In [13] it is (implic-
itly) proved that Definition 1.3 is equivalent to the semialgebraic analogue of
our definition here (see [13, Lem.I.2.2] and the remark after [13, Lem.I.2.1]).
The same proofs can be adapted to the o-minimal setting.

Given a locally definable space (M, M;, ¢;), there is a unique topology
in M for which M; is open and ¢; is a homeomorphism for all 4 € I. For
the rest of the paper any topological property of locally definable spaces
refers to this topology. We are mainly interested in Hausdorff topologies.
Henceforth, an ld-space means a Hausdorff locally definable space.
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We now introduce the subsets of interest in the category of ld-spaces.

Definition 3.2.2. Let (M, M;, ¢;)icr be an ld-space. We say that a subset
X of M is a definable subspace of M (over A) if there is a finite J C I
such that X C U;c; M; and ¢;(M; N X) is definable (resp. over A) for
all j € J. A subset Y C M is an admissible subspace of M (over A) if
oi(Y N M;) is definable (resp. over A) for alli € I, or equivalently, Y N X
is a definable subspace of M (resp. over A) for every definable subspace X
of M (resp. over A).

The admissible subspaces of an ld-space are closed under complements,
finite unions and finite intersections. Moreover, the interior and the closure
of an admissible subspace is an admissible subspace.

Every definable subspace of an ld-space is admissible. The definable sub-
spaces of an ld-space are closed under finite unions and finite intersections,
but not under complements. The interior of a definable subspace is a defin-
able subspace. However, the closure of a definable subspace might not be a
definable subspace (see Example 3.4.2).

Remark 3.2.3. Given an ld-space (M, M;, ¢;);c; we have that every admis-
sible subspace Y of M inherits in a natural way a structure of an ld-space,
whose atlas is (Y, Y}, ¥i)ier, where Y; := M; NY and v; := ¢;|y,. In particu-
lar, if Y is a definable subspace then it inherits the structure of a definable
space.

Now, we introduce the maps that we will use in the locally definable
category. First, note that given two ld-spaces M and N, with their atlas
(M;, ¢i)icr and (Nj, ;) e, respectively, the atlas (M; x Nj, (¢4,%5))ier,jet
makes M x N into an ld-space. In particular, if M and N are definable
spaces, then M x N is a definable space. Recall that a map f from a definable
space M into a definable space NN is a definable map over A, A C R, if its
graph is a definable subset of M x N over A.

Definition 3.2.4. Let (M, M;, ¢;)icr and (N, Nj, ¢;)jcs be ld-spaces. A
map f : M — N is an ld-map over A, A C R, if f(M;) is a definable
subspace of N and the map fla, : M; — f(M;) is definable over A for all
1€ 1.

The behaviour of admissible subspaces and ld-maps in the locally defin-
able category is different from that of definable subsets and definable maps
in the definable category. For, even though the preimage of an admissible
subspace by an ld-map is an admissible subspace, the image of an admissible
subspace by an ld-map might not be an admissible subspace (see comments
after Example 3.4.1). Nevertheless, the image of a definable subspace by an
ld-map is a definable subspace. In particular, let us note that every ld-map
between definable spaces is a definable map and therefore the category of de-
finable spaces is a full subcategory of the category of ld-spaces. On the other
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hand, given two ld-spaces M and N, the graph of an Id-map f: M — N is
an admissible subspace of M x N. However, as the following example shows,
not every continuous map f : M — N whose graph is admissible in M x N
is an Id-map.

Example 3.2.5. Let R = R. We denote by R the ld-space whose underlying
set is R and its atlas is {(—,n,n),1d|(_pn) }n>1 (see Example 3.4.1). If we
consider R as definable space, then the identity map id : R — R is not an
Id-map because id(R) is not a definable subspace of R. However, the graph
of id is clearly an admissible subspace of R x R since I'(id) N (R x (—n,n)) =

{(z,2) e RxR: —n < z < n} is a definable subspace of R x R for all n > 0.

The notion of connectedness in the locally definable category which we
now introduce is a subtle issue. It extends the natural concept of “definably
connected” for definable spaces. In Section 3.6 below we will analyze this
concept and we will compare it with other definitions introduced by different
authors in the study of \/-definable groups.

Definition 3.2.6. Let M be an ld-space and X an admissible subspace of
M. We say that X is connected if there is no admissible subspace U of M
such that X NU s both open and closed in X.

We now introduce ld-spaces with some special properties. As we will
see below, in the ld-spaces with these properties there is a good relation
between the topological and the definable settings. Moreover, they form an
adequate framework to develop a homotopy theory.

Definition 3.2.7. We say that an ld-space (M, M;, ¢;) is regular if every
x € M has a fundamental system of closed (definable) neighbourhoods, i.e.,
for every open U of M with x € U there is a closed (definable) subspace C of
M such that C C U and x € int(C). Equivalently, an ld-space M is regular
if for every closed subset C' of M and every point x € M \ C there are open
(admissible) disjoint subsets Uy and Us with C C Uy and x € Us.

Remark 3.2.8. If M is a regular 1d-space then every definable subspace
of M can be considered as an affine set, i.e, as a definable set of R™ for
some n € N. For, suppose that X is a definable subspace of M. Then, X
inherits a structure of definable space from M (see Remark 3.2.3). Since
M is regular then X is also regular. Finally, by the o-minimal version of
Robson’s embedding theorem, X is affine (see [15, Ch.10,Thm. 1.8]).

Let (M, M;, ¢;)icr be an ld-space. A family {X},cs of admissible sub-
spaces of M is an admissible covering of X := Ujej Xj if for all 7 € I,
M;NX = M;N(X;,U---UXj;) for some ji,...,5 € J (note that in particu-
lar X is an admissible subspace). A family {Y}}cs of admissible subspaces
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of M is locally finite if for all i € I we have that M; NY; # () for only a
finite number of j € J (note that in particular it is an admissible covering of
their union). In general, not every admissible covering is locally finite (see
Example 3.4.2).

Definition 3.2.9. We say that an ld-space M 1is paracompact if there
exists a locally finite covering of M by open definable subspaces. We say
that an ld-space M is Lindel6f if there exist an admissible covering of M
by countably many open definable subspaces.

Remark 3.2.10. (1) Note that the above notion of paracompactness is
“weaker” than the classical one.

(2)[13, Prop.1.4.5] If M is paracompact ld-space then every admissible cov-
ering of M has a locally finite refinement. Indeed, let {U;};c; be a locally
finite covering of M by open definable subspaces. We fix an admissible cov-
ering {Yj }jes of M. Since Uj; is a definable subspace of M, there is a finite
subset of indexes J(i) C J such that U; C ;¢ ;) Yj, for each i € I. Then
{Ui N Yj}ier jesq) is a locally finite covering of M by definable subspaces
which refines {Yj}jcs. In particular, given a paracompact Id-space M, we
can assume that its atlas is locally finite.

Paracompactness provides us with a good relation between the topolog-
ical and definable setting.

Fact 3.2.11. Let M be an ld-space.

(1) [13, Prop. 1.4.6] If M is paracompact then for every definable subspace
X, the closure X is also a definable subspace of M.

(2) [13, Thm. 1.4.17] If M is connected and paracompact then M is Lindeldf.
(3) [13, Prop. 1.4.18] If M is Lindeldf and for every definable subspace X
its closure X is also a definable subspace, then M is paracompact.

(4) [13, Prop. 1.4.7) If M is paracompact and every open definable subspace
of M is regular then M is reqular.

Proof. We denote by {(M;, ¢;)}icr an atlas of M.

(1) Tt is enough to proof that each M is contained in the union of a finite
number of charts M;. Since M is paracompact, we can assume that {M; }icr
is locally finite. We define the set of indexes I'(j) = {i € I : M; N M; # 0}.
Since the atlas is locally finite, I'(j) is finite. On the other hand, it is easy
to check that ﬁj C UieF(j) M;, as required.

(2) Since M is paracompact, we can assume that {(M;, ¢;)}ier is locally
finite. Let us show that I must be countable. For each j € I we define
by induction the following sets of indexes T'g(i) = {i}, Tp11(i) := {j €
I: My M; # 0 for some k € T'y(i)} for n € N. Since {M;}ier is locally
finite, ', (¢) is finite for all ¢ € I and n € N. Let I'(i) = (J;2,T'n(¢) and
N;i = Ujer(;) M;. Note that (a) if M;NN; # 0 then M; C N; and T'(4) = T'(j)
(in particular N; = N;) and (b) if M; N N; = 0 then I'(s) N T'(j) = 0.
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Moreover, from (a) and (b) we deduce that each N; is an open and closed
admissible subspace. Since M is connected, N; = M for all i € I. Hence,
(i) =1 for all i € I, i.e., I is countable.

(3) Since M is Lindeldf, we can assume that I = N. Furthermore, we can
assume that M, C M, for all n € N. By (1) M, is a definable subspace
for each n € N. Therefore we can also assume that M, C M, C M, for
all n € N. Consider the family Uy = My, Uy = My, U, = M,, \ M,,_o for
each n > 2. Then, {U, : n € N} is a locally finite covering of M by open
definable subspaces.

(4) Let x € M and let V be an open definable subspace of M with z € V.
Since M is paracompact, by (1) above, there are finite subsets J and K of
I such that V C U,c; Mi C U;jey M; C Useg Mi. By hypothesis, N :=
Uiex M; is regular and hence there exist an open definable subspace W' of
N such that z € W and WNN CV. Then W C WNN CV C ey M,
so that W C |J,c; M; C N. Therefore, W is an open definable subspace of
M such that z € W C W C V, as required. O

The fact that definable subspaces are affine together with paracompact-
ness permits to establish a Triangulation Theorem for regular and paracom-
pact ld-spaces (which will be essential for the proof of the Hurewicz and
Whitehead theorems below). Fix a cardinal x. We denote by R* the R-
vector space generated by a fixed basis of cardinality k. A generalized
stmplicial complexr K in R" is a usual simplicial complex except that we
may have infinitely many (open) simplices. The locally finite generalized
simplicial complexes are those ones for which the star of each simplex is a
finite subcomplex. On the latter we can define in an obvious way an ld-space
structure. Indeed, given a locally finite generalized simplicial complex K,
for each ¢ € K we have that St, (o) is a finite subcomplex and therefore
St (o) C R™ C R" for some n, € N. Now, giving each St, (o) the topology
it inherits from R"7, it suffices to consider the atlas {(St, (0),id|st, (o) }oek-
With this ld-space structure, a locally finite generalized simplicial complex
is regular and paracompact (see Fact 3.2.11.(4)). Henceforth, all the locally
definable concepts about locally finite generalized simplicial complexes refer
to the regular and paracompact Id-space structure we mention above. As in
the definable setting, it is easy to prove that a locally finite generalized sim-
plicial complex K is connected if and only if there is no proper subcomplex
L of K such that |L| (which is clearly an admissible subspace) is both open
and closed in |K]|.

The next result is a sort of converse of the fact that locally finite gener-
alized simplicial complexes are regular and paracompact ld-spaces.

Fact 3.2.12 (Triangulation Theorem). [13, Thm. 11.4.4] Let M be a reg-
ular and paracompact ld-space and let {A; : j € J} be a locally finite family
of admissible subspaces of M. Then, there exists an ld-triangulation of
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M partitioning {A; : j € J}, i.e., there is a locally finite generalized sim-
plicial complex K and a ld-homeomorphism ¢ : |K| — M, where |K| is the
realization of K, such that w_l(Aj) 18 the realization of a subcomplex of K
for every j € J.

We will prove the Triangulation Theorem in Section 3.3.

Remark 3.2.13. In the Triangulation theorem above, and as in the defin-
able case, we can find the generalized simplicial complex K with its vertices
tuples of real algebraic numbers. For, as in the classical theory, if we con-
sider K as an abstract complex and we denote by x the cardinal of the set
of vertices of K, then we obtain a “canonical realization” of K in R" whose
vertices are the standard basis of R*. Moreover, if the 1d-space M is defined
over A, A C R, then we can find the locally definable homeomorphism 1)
defined over A.

Henceforth, we denote a regular and paracompact ld-space by LD-
space. Note that by Fact 3.2.11.(2) a connected LD-space is Lindel6f.

We finish this section studying the behaviour of ld-spaces with respect
to model theoretic operators. Firstly, let us show that given an elementary
extension Ry of an o-minimal structure R and given an ld-space M in R,
there is a natural realization M(R;) of M over R as an ld-space. For,
denote by {¢; : M; — Z;}ier the atlas of M and consider the set Z =
Uicr Zi/ ~, where x ~ y for € Z; and y € Z; if and only if ¢;;(x) = y.
Note that we can define an ld-space structure on Z in a natural way and
that Z with this 1d-space structure is isomorphic to M (see Definition 3.2.4).
Now, we define the realization Z(R1) as the ld-space whose underlying set
is U;cr Zi(R1) modulo the relation ~g,, where x ~g, y for x € Z;(R1)
and y € Z;(Rq) if and only if ¢;;(R1)(z) = y, and with the obvious atlas.
If X is a (admissible) definable subspace of M then X(R;) is clearly a
(resp. admissible) definable subspace of M in R;. The following result
concerning the behaviour of several properties under elementary extensions
is an adaptation of those from [13].

Fact 3.2.14. Let R1 be an elementary extension of R and let M be an ld-
space in R. Then,

(i) M is connected if and only if M(R1) is connected,

(ii) M is Lindelof if and only if M(R1) is Lindeldf,

(iii) M is paracompact if and only if M (R1) is paracompact,

(iv) M is regular and paracompact if and only if M(R1) is regular and
paracompact.

Proof. Let (M;, ¢;)icr be an atlas of M. (i) For the nontrivial part, note
that the connected components (see section 3.6) of the ld-space M (R;) are
actually defined over R. (i) It is enough to note that a Lindeldf ld-space
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is covered by a countable subcovering of its atlas. (7ii) For the nontrivial
part, by (i), (ii) and Fact 3.2.11, it suffices to prove that for all definable
subspace X of M the closure X is also a definable subspace of M, i.e., X is
contained in a finite union of M;’s. Indeed, given a definable subspace X of
M, the latter follows from the fact that X (R1) = X(R1) is contained in a
finite union of M;(R1)’s by Fact 3.2.11.(1). (iv) By (iii) and Fact 3.2.11.(4),
this follows from the fact that every finite union of M;’s is regular if and
only if every finite union of M;(R1)’s is regular. O

On the other hand, note that given an o-minimal expansion R’ of R and
an ld-space M in R, we can consider M as an ld-space in R'. Clearly, if X is
a (admissible) definable subspace of M in R then X is a (resp. admissible)
definable subspace of M in R’.

Proposition 3.2.15. Let R’ be an o-minimal expansion of R and let M be
an ld-space in R. Then,

(i) M is regular in R if and only if it is reqular in R’,

(il) M is connected in R if and only if it is connected in R’,

(iii) M is Lindelof in R if and only if it is Lindelof in R/,

(iv) M is paracompact in R if and only if it is paracompact in R'.

Proof. (i) This follows from the fact that an ld-space is regular if and only
if each point has a fundamental system of closed neighbourhoods.

(i) If M is connected in R’ then it is clearly connected in R. On the other
hand, if M is connected in R then by Fact 3.6.1 any two points are connected
by an ld-path definable in R. In particular, any two points are connected by
an ld-path definable in R’ and hence, again by Fact 3.6.1, M is connected
in R'.

(#7i) Let us show that if M is Lindelof in R’ then M is Lindelof in R (the
converse is trivial). Indeed, let (M;, ¢;)icr be an atlas of M in R and let
{U,, : n € N} be a countable admissible covering of M by open definable
subspaces in R’ of M. Since each U, is a definable subspace, it is contained
in a finite union of charts M;. Therefore, there exists a countable subcovering
of {M; :i € I} which already covers M and hence M is Lindeldf in R.

(iv) Let us show that if M is paracompact in R’ then M is paracompact in
R (the converse is trivial). Without loss of generality we can assume that
M is connected. Therefore, by the above equivalences and Fact 3.2.11.(2),
M is Lindelof in R. Then, by Fact 3.2.11.(3), it suffices to prove that for
every definable subspace X of M in R, its closure X is also a definable
subspace of M in R. Since M is paracompact in R’, the latter is clear by
Fact 3.2.11.(1). O
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3.3 Triangulation of LD-spaces

This section is devoted to the Triangulation theorem for LD-spaces (see
Fact 3.2.12). The hardest part of this proof, which may be of interest by
itself, is to show that we can embed an LD-space in another one with good
properties.

Definition 3.3.1. We say that an ld-space M 1is partially complete if
every closed definable subspace X of M 1is definably compact, i.c., every
definable curve in X is completable in X.

Fact 3.3.2. [13, Thm. I1.2.1] Let M be an LD-space. Then, there exist an
embedding of M into a partially complete LD-space, i.e, there is partially
complete ld-space N and a ld-map i : M — N such that i(M) is an admissi-
ble subspace of N and i : M — i(M) is an ld-homeomorphism (where i(M)
has the LD-space structure inherited from M ).

The proof of Fact 3.3.2 will be given at the end of the current section.
The advantage of working with a partially complete LD-space M is that
given a triangulation of a closed definable subspace X of M, we know that
the corresponding simplicial complex must be closed. This allow us to prove
the following “glueing” principle of triangulations for partially complete LD-
spaces. Firstly, recall that given two ld-triangulations (K, ¢) and (L, %) of
an LD-space M, we say that (K, ¢) refines (L,) if for every 7 € L there
is 0 € K such that ¢(o) C ¥(7). We say that (K,¢) is a equivalent
ld-triangulation to (L,v) if each ld-triangulation is a refinement of the
other.

Fact 3.3.3. [13, Thm. I1.4.1] Let M be a partially complete LD-space and
{Cj : j € J} alocally finite covering of M by closed definable subspaces. Let
(K, ¢;) be a triangulation of C; for each j € J. Moreover, assume that ¢;
and ¢; are equivalent ld-triangulations on C; N C; for every i,j € J with
CiNCj # 0. Then, there is a ld-triangulation (K, ¢) of M such that ¢ is
equivalent to ¢; on C; for each j € J.

Proof. Since M is partially complete and each Cj is closed, we have that
K is a closed simplicial complex for each j € J. Denote by E the quotient
of the disjoint union of the sets Vert(K;) of vertices of each K; by the
equivalence relation such that v € Vert(K;) and w € Vert(K;) are related if
and only if ¢;(v) = ¢;(w). Clearly, for each j € J we have an injective map
I; : Vert(K;) — E. Let S := {{I;(v0),...,Lj(vn)} : (vo,...,vn) € Kj,j €
J}. Tt is easy to check that (F,S) is an abstract simplicial complex. In
fact, since the covering {C; : j € J} is locally finite, the complex (E,S) is
locally finite. Consider a realization |K| of (E,S) and for each j € J denote
by |I;] : |K;| — |K]| the simplicial map generated by I;. Finally, consider
the map ¢ : |[K| — M such that ¢|y, = ¢; o |I;|~. Since the triangulations
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(K, ¢;) are equivalent on the intersections, ¢ is a well-defined ld-map. It is
not difficult to check that (K, ¢) is the required ld-triangulation of M. [

Proof of the Triangulation theorem 3.2.12. By Fact 3.3.2 we can assume that
M is partially complete. We can also assume that M is connected. There-
fore, since M is paracompact, M is Lindelof (see Fact 3.2.11). Hence, there
is a covering {C,, : n € N} of M by closed definable subspaces such that
CNCy, =0 if f[n—m| > 1. Indeed, it suffices to apply the shrinking of cov-
erings (see Fact 3.8.6) to the locally finite covering constructed in the proof
of Fact 3.2.11.(3). Note that for each n € N there is only a finite number of
J € J such that A; N C,, # 0. Therefore, by the (affine) Triangulation theo-
rem and applying an iteration process, there are triangulations (K, ¢,) of
C,, partitioning C,, "My 41, {Cr, N Aj}jcs and {¢p—1(0) NCp}ock, _,. Note
that (K, ¢n) refines (K,—1,¢,—1) on C, N Cp—1. Now, since Cp, N Cp_;
and C),, N Cy41 are disjoint, it follows from the o-minimal version of [13,
Lem.I1.4.3] (see Remark below) that there is a triangulation (Ly,,¢y) of Cy,
refining (K, ¢,,) and equivalent to (K, ¢,,) and (K41, ¢pt1) on C, NChr_q
and C,NC, 41 respectively. Finally, by Fact 3.3.3, there is an 1d-triangulation
(L,v) of M partitioning {A; : j € J}. O

Remark. We do not include the proof of the o-minimal version of [13,
Lem.I1.4.3] because it is a straightforward adaptation of the semialgebraic
one. Moreover, to prove Lemma 1.4.3 we used the ideas involved in the
proof of [13, Lem.I1.4.3] .

Now, we prove Fact 3.3.2. We will need some results concerning glueing
of definable spaces with closed intersections whose proofs have been included
in Appendix 3.8. We will also need the following easy embedding result.

Fact 3.3.4. Let M be an LD-space and let U be an open definable subspace
of M. Then there exist an ld-map f : M — S™ such that f|y is an embedding
and f~1(p) = M\ U, where S* = {x € R"*! : |x| =1} and p = (0,...,0,1).

Proof. 1t is enough to prove the fact in the case that M is a definable
space. Indeed, by Fact 3.2.11, U is a definable subspace of M and hence we
can replace M by any open definable subspace V of M such that U C V.
Moreover, since M is regular, we can assume that M is a definable set
of R for some n € N. Consider the definable function d : M — R :
r +— d(z) = inf{lz —y| : y € M\ U}. Note that d"1(0) = M \ U. Let
F : R™t1 — G\ [p} be the inverse of the stereographic projection with
center p. Finally, we take the definable map f : M — S™*! such that
f(x):F(a;,ﬁ)foralla;eUandf(w):pforallxeM\U. O

Proof of Fact 3.3.2. Let {M; : i € I} be a locally finite covering of M by
open definable subspaces. By Fact 3.3.4, there is an sphere S; := S™,
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n; € N, and an Id-map g; : M — S; for each i € [ with gi_l(pi) =M\ M;,
pi the north pole of S™, and such that g;|»s, is an embedding. On the other
hand, we define the finite subsets of indexes I'1(¢) := {j € I : M; N M; # (0},
La(d) == Ujer, ;) I'1(4) and I'5(2) = T2(é) \ {4} for each i € I. Consider the
set Z := [[;c;(Si x [0,1]) and the family of subsets N; := [[;; N;; C Z,
where Nm‘ = 5; X {1}, Ni,j = (pj,O) lfj S I\Fg(i) and N@j = Sj X [0, 1]
if j € I'5(i). We regard each N; in the obvious way as a definably compact
definable space isomorphic to the product (S; x {1}) x Hjerg(i)(sj x [0, 1]).
Now, the family {N; : i € I} satisfies the hypotheses of Fact 3.8.5. Indeed,
it suffices to check that given ¢ € I, there are only a finite number of j € T
with N; N N; # () and, in this case, N; N N; is closed in both N; and N; with
the inherited definable space structures equivalent. Clearly, N; N N; # ()
if and only if i € T'3(j) and in this case N; N N; = [].c; Nijk, where
Ni,j,k =5k X {1} ifk=14or k=7, Ni,j,k =5 X [0, 1] if k e F;(l) ﬂr;(])
and N := (pk,0) in other case, as required. Hence, by Fact 3.8.5, we
have an LD-space structure on

N={JN
i€l

such that each N; is closed in N (with the inherited structure of definable
space from N equal to the original one) and such that {N; : i € I} is a locally
finite covering of N. Moreover, N is partially complete because given a
closed definable subspace X of N we have that X = (XNN;,)U---U(XNN;,,)
for some i1,...,%y, € I and each XN N;,,...,.XNN;, is a definably compact
definable space because it is a closed subspace of a definably compact one.

Next, we construct the embedding of M in N. Consider the open defin-
able subspace W; := UjeFl(i) M; of M for each i € I. Note that M; C W;
for each i € I. By Fact 3.8.8, there is an 1d-function f; : M — [0, 1] for each
i € I such that f; (1) = M; and f;'(0) = M \ W;. We consider the map

Y: M — Nz (gi(2), fi(z))ier-

Now, we prove that 1 is a locally definable embedding.

(A) ¢ is a well-defined: Indeed, given x € M, take i € I such that x € M; C
M;. Then (g;(z), fi(z)) € S; x {1}. On the other hand, if j ¢ T's(i) then
x ¢ Wj, so that (gj(x), fj(z)) = (p;,0). Hence ¢(x) € N; C N, as required.
(B) v is injective: Let x,y € M be such that ¥(x) = ¢(y). If x € M; and
y ¢ M; then (4(2)); = (g:(x), 1) with gi(z) # pi and ($(u))i = (s, i),
ie., ¥(x) # ¥(y), which is a contradiction. If z,y € M; then (¢ (x)); =
(¥(y)); and hence gi(x) = gi(y), o that = = y.

(C) ¢ is an ld-map: By Fact 3.8.4, it suffices to prove that 1|y, is defin-
able for all 4 € I. Firstly, note that it follows from (A) that ¢ (M;) C N;
and hence v(M;) is definable. We regard N; as the affine definable set
(Sz X {1}) X Hjel";(z’)(sj X [0, 1]) Now, the map QMMZ M; — (Sz X {1}) X
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Hjerg(i)(sj x [0,1]) : @ = (gj|m; filar,)jers (i) is clearly definable.

(D) # is an sld-map (see Definition 3.8.9): Firstly, note that (M) N N; =
(M) for all i € I. Clearly, ¥(M;) C (M) N(M;) C Pp(M)NN; =
(M) N N;. On the other hand, given x € M such that ¢(z) € N;, we have
fi(x) = 1, so that € M;, as required. Hence, by Fact 3.8.11 and (C), ¢
is an sld-map. In particular, it follows from Fact 3.8.10 that (M) is an
admissible subspace of V.

(E) The map ¢; = w’ﬁz : M; — N; is a homeomorphism from M; to
(M) N N;: It is enough to prove that for every closed definable sub-
space A of M;, 1;(A) is a closed definable subspace of (M) N N;. We
regard N; as the affine definable set (S; x {1}) x HjeF;(z‘)(Sj x [0,1]). Then
Vi = (g5lm;5 film;) jers(y- Let @ € M; such that 9;(x) € 1;(A). We have
to prove that x € A. Let k € I such that x € M. Firstly, we show that
gr(z) € clg, (ar,)(ge(A N My)). We denote by | - | Euclidean distance. Since
x € M;, we have k € T's(i). By definition, gi(x) # px. Therefore, there exist
€ > 0 such that if |gx(z) — 2| < € then z # pg. On the other hand, since
Yi(x) € ¥i(A), for all € € (0,€) there is y € A such that |g;(z) — g;(y)| <€
for all j € T'y(7). In particular, since |gx(x) — gr(y)| < € < € we have that
9x(y) # pk, so that y € M. Hence, for all € € (0,€) there is y € AN My,
such that |gi(z) — gx(y)| < €, as required. Finally, by definition gx|p, is a
homeomorphism and AN My, is a closed definable subspace of M}, and hence
gk (x) € g(AN My), ie., x € AN My C A.

It follows from the claims (A)-(E) that ¢ : M — N is an ld-homeomorphism
from M to ¢(M) with the structure of LD-space inherited from N, as re-
quired. ]

3.4 Examples of locally definable spaces

We begin this section discussing some natural examples of subsets of R" car-
rying a special ld-space structure. In the second subsection we will consider
\/-definable groups as ld-spaces. Another important class of examples will
be shown in Section 3.4.3, where we prove the existence of covering maps
for LD-spaces.

3.4.1 Subsets of R" as ld-spaces

Example 3.4.1. Fix an n € N and a collection {M; };cr of definable subsets
of R" such that M; N M is open in both M; and M; (with the topology they
inherit from R"™) for all ¢,j € I. Then, clearly (M;,id|nr,)icr is an atlas for
M :=J;e; M; and hence M is an ld-space.

Let M C R"™ be an ld-space as in Example 3.4.1. Then it is easy to
prove that a definable subspace of M is a definable subset of R"™. However,
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consider the particular example where M; := (—i,7) C R for i € N, so that
M = U;eny Mi = Fin(R). Note that if R = R then R is not a definable
subspace of Fin(R) (= R). This also shows that the structures of R as
ld-space and definable set are different. The latter example can be used
also to show that the image of an admissible subspace of an ld-space by an
ld-map might not be admissible. For, take R a non-archimedean real closed
field and the ld-map id : Fin(R) — R : x — z. Clearly, Fin(R) is not an
admissible subspace of R since the admissible subspaces of R are exactly the
definable ones.

Nevertheless, we point out that if M C R" is as in Example 3.4.1 with
each M; defined over A, A C R, |A| < k, and R is k-saturated, then a
definable subset of R™ contained in M is a definable subspace of M. For,
if X C M is a definable subset, to prove that it is a definable subspace it
suffices to show that it is contained in a finite union of charts M;, which is
clear by saturation.

In general, the topology of an 1d-space M C R" as in Example 3.4.1 does
not coincide with the topology it inherits from R™. Consider the following
example in R. Take My := {0} and M; := {1} for i € N\ {0}. M is open in
the topology of M as ld-space but it is non-open with the topology that M
inherits from R. It is well known that this also happen at the definable space
level (see Robson’s example of a non-regular semialgebraic space —Chapter
10 in [15]-). Moreover, Robson’s example shows that even in the presence
of saturation the topologies might not coincide.

Finally, let M C R"™ is as in Example 3.4.1 with each M; defined over
A, A C R, |A| < k. Furthermore, assume that R is k-saturated and that
the topology of M as ld-space coincides with the topology it inherits from
R™. Then let us note that in this case a definable subspace of M (which as
we have seen is also a definable subset of R") is definably connected if and
only if it is connected as an ld-space (see Definition 3.2.6).

Next, we show that an ld-space M as in Example 3.4.1 might not be
paracompact.

Example 3.4.2. Let M be as in Example 3.4.1 with M; = {(z,y) € R?:
y < 0y U{(z,y) € R* : © = i} for each i € N. The set X = {(z,9) €
R? : y < 0} is a definable subspace of M = Uien Mi C R?. However,
X = XU{(i,0) € R? : i € N} is not a definable subspace of M. In
particular, M is not paracompact (see Fact 3.2.11.(1)).

We finish by showing that another class of subsets that classically has
been considered as “locally semialgebraic subsets” (for example, by S. Lo-
jasiewicz) can be treated inside the theory of 1d-spaces.

Example 3.4.3. Let M be a subset of R" such that for every x € M there
is an open definable neighbourhood U, of x in R"™ with U, N M definable
subset. Let M, := U, N M for each x € M. Then M is an ld-space with the
atlas (M, id|pr, )we -
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Using the notation of Example 3.4.3, it is clear that M, N M, is definable
and open in both M, and M, for all ,y € M and therefore M is an ld-space
as in Example 3.4.1. Moreover, the topology of M as ld-space equals the
one it inherits from R".

3.4.2 \/-definable groups

Throughout this subsection we will assume R is Wi-saturated. The \/-
definable groups have been considered by several authors as a tool for
the study of definable groups in o-minimal structures. Y. Peterzil and
S. Starchenko give the following definition in [31]. A group (G,-) is a
\/-definable group over A, A C R, if |A| < XN; and there is a collection
{Xi : i € I} of definable subsets of R™ over A such that G = J,c; X; and
for every 7,j € I there is k € I such that X; U X; C X}, and the restriction
of the group multiplication to X; x X is a (not necessarily continuous) de-
finable map into R". M. Edmundo introduces in [17] a notion of restricted
\/-definable group which he calls “locally definable” group. Our purpose in
this section is to include both notions within the theory of ld-spaces.

In [31], some (topological) topics of \/-definable groups are discussed to
study the definable homomorphisms of abelian groups in o-minimal struc-
tures and, in particular, they prove the following result.

Fact 3.4.4. [31, Prop. 2.2] Let G C R"™ be a \/-definable group. Then, there
is a uniformly definable family {V, : a € S} of subsets of G containing the
identity element e and a topology T on G such that {V, : a € S} is a basis
for the T-open neighbourhoods of e and G is a topological group. Moreover,
every generic h € G has an open neighbourhood U C N™ such that U NG
is T-open and the topology which U N G inherits from T agrees with the
topology it inherits from R, and the topology T is the unique one with the
above properties.

Because of the above fact is natural to introduce the following concept.

Definition 3.4.5. We say that a group (G,-) is an ld-group if G is an
ld-space and both - : G x G — G and ~' : G — G are ld-maps. If G is

moreover paracompact as ld-space we say that G is an LD-group.

Remark 3.4.6. (i) Every ld-group G is regular because it is a topological
group. We recall the standard proof. Let g € GG and let U be an open
neighbourhood of g in G. We show that there is an open neighbourhood V
of g such that V C U. Firstly, since G — G : x +— g~ 'z is a homeomorphism,
without loss of generality we can assume that g = e, where e is the identity
element of G. Now, since - : G x G — G is continuous and ee~! = e, there is
an open neighbourhood V of e such that VV~! C U. We prove that V C U.
Let y € Y. Since yV is an open neighbourhood of y in G, we have that
yV NV # 0. Therefore, y € VV~! C U, as required.
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(ii) We show that the dimension of an 1d-group G is finite. Given g € G, we
define dimg(g) as the least integer n such that there is an open definable
subspace U of G of dimension n with g € U. Clearly, dimg(g) < dim(G)
for every ¢ € G and dim(G) = sup{dimg(g) : ¢ € G}. We show that
dimg(g) = dimg(h) for all g,h € G. Fix g,h € G. By symmetry, it
suffices to show that dimg(g) < dimg(h). Let U be an open definable
subspace of G such that h € U and dim(U) = dimg(h). Since the map
G — G : x — gh~ 'z is an ld-isomorphism, we have that gh~'U is an open
definable subspace of G with g € gh~'U and dim(gh~'U) = dim(U). We
deduce that dimg(g) < dim(gh~'U) = dim(U) = dimg(h), as required.
Finally, we have that dim(G) = sup{dim¢g(g) : ¢ € G} = dimg(h) for some
(any) h € G, so that dim(G) is finite.

We will see that every \/-definable group (with its group topology) is an
ld-group. We begin with the following result.

Lemma 3.4.7. Let G C R" be a \/-definable group over A and let T be the
topology of Fact 3.4.4. Then, for every generic g € G there is a definable
OVER A subset Uy, C G which is T-open and such that the topology which U,
inherits from T agrees with the topology it inherits from R™.

Proof. By Fact 3.4.4 it suffices to prove that the parameter set A is pre-
served. Write G = | J,c; X;. The dimension of G is defined as max{dim(X;) :
i € I'}. Fix an X; of maximal dimension and a generic g € X;. We can as-
sume that Xi_1 = X;. Let X; be such that X;X;X; C X;. All the definable
sets we shall consider in the proof are definable subsets of X;. For each
a € X; we consider the definable set

W, ={x € X;: V6 > 03e > 0 B(z,¢) C za ' B(a,d)A
Ve > 036 > 0 za~'B(a,d) C B(z,€)},
where B(z,e) = {y € X, : |y — x| < €¢}. We also consider the definable set
V ={y e X;: W, is large in X;}.

By Claim 2.3 of [31, Prop. 2.2], for every h € X; generic over A, g we have
that h € W, and therefore g € V. Moreover, since g is generic, we have that
geU:=int, (V) (the interior with respect to the topology of the ambient
space R™), which is a definable over A subset of X;. Fix a € U. We shall

prove that

(i) for every e > 0 there is 6 > 0 such that ag~'B(g,8) C B(a,¢), and
(ii) for every e > 0 there is § > 0 such that ga~'B(a,§) C B(g,¢).

Granted (i) and (ii), note that Uy := U is the desired neighbourhood of g.
Let us show (i). Consider a generic h € X; over A,a. Since h € W, there
is & > 0 such that ah = B(h,8) C B(a,€). By Claim 2.3 of [31, Prop. 2.2],
there is 6 > 0 such that ¢g~'B(g,0) C h™'B(h,d). Hence ag~'B(g,6) C

ah='B(h,d) C B(a,¢). The proof of (ii) is similar. O
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The following technical fact can be easily deduced from the proof of [17,
Prop 2.11]. We include its proof for completeness.

Fact 3.4.8. Let G = (U;c; Xi be an \/-definable group over A. Let V =
Urea Vi (directed union) be a subset of G such that each Vj is definable
over A and V' is large in G over A, i.e, every generic point of G over A is
contained in V. Then there is a collection of elements {b; € G : j € J} with
each b; definable over A, such that each X; is contained in a finite union of
subsets of the form b;Vy,. In particular, G = UjeJ b;V.

Proof. We fix i € I. Let K be the prime model of Ths(R). It is enough
to show that given a € X; and a generic point ¢ € X; of G over K with
tp(c|K,a) finitely satisfiable in K, there is k& € A such that a € ¢ 'Vj.
Indeed, since tp(c|K,a) is finitely satisfiable over K, there is b € X;(K)
such that a € b~'V}, for some k € A. Therefore, by saturation, for each
i € I, there are by,...,b,, € X;(K) and ky,...,kr,, € A such that X; C
U;"Zl bj_lej, as required. Now, if ¢ € X; is a generic point of G over K with
tp(c|K, a) finitely satisfiable in K then ¢ is a generic point of G over K, a
(see the proof of [32, Lem.2.4]). Since the directed union V is large in G
over A, the directed union Va™! is large in G over A, a. Then, by genericity,
¢ € Va=! and hence a € ¢!V}, for some k € A. This finishes the proof. O

As it was pointed out by Y. Peterzil to us, a stronger version of the above
fact can be proved. In particular, and using the notation of Fact 3.4.8, there
exist by, ...,b, € G, n = dim(G), such that G = [J;_, b,V (it is enough to
adapt the proof of [28, Fact. 4.2]). However, in this case we do not know
if bg, ..., b, are definable over A. Since we are interested in preserving the
parameter set we will use the above Fact 3.4.8.

Theorem 3.4.9. Let G C R™ be a \/-definable group over A. Let A C C C
R. Then

(i) G with its group topology (from Fact 3.4.4) is an ld-group over A,

(ii) a subset X of G is a definable subset of R™ over C if and only if it is a
definable subspace of G over C, and

(iii) given a definable subspace X of G over C, its closure X (with respect
to the group topology) is a definable subspace of G over C.

Proof. (i) Let G be the collection of all generics points of G. For each g € G,
let U, be the definable over A subset of G' of Lemma 3.4.7. Consider the
subset V = Ugeg Uy of G, which is large in G. By Fact 3.4.8, there is
a collection {b; € G : j € J}, with each b; definable over A, such that
G = Uje] b;V. For each j € J and g € G, consider the definable set
Vg := b;Uy and the bijection ¢4 : Vj, — Uy : y — b 'y. Finally, it is
easy to check that {(V}g4,%j4)}jergeg is an atlas of G and therefore G is an
ld-group over A.

(ii) It is clear that if X C G is a definable subspace over C then it is a
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definable subset of R™ over C. So, let X be a definable subset of R™ over C'
and consider the atlas {(V} g4, 4)}jcsgeg of G constructed in the proof of
(i). Since X is definable over C' we have that 1 (X NV;4) = bj_lX NUg is
also definable over C for every j € J and g € G. Hence, it is enough to show
that X is contained in a finite union of the sets Vj 4 (which are defined over
A) and, since they cover G, this is clear by saturation.

(iii) Let X be a definable subspace of G over C and write G = (J;c; Xi. By
(ii) X is a definable subset of R" over C. We will show that X is a definable
subset of R™ over C (this is enough also by (ii)). Fix a generic point g of G
and let Uy as in Lemma 3.4.7. Firstly, let us show that X C X for some
j € 1. Since {X;}ics is a directed family and X and U, are definable, there
is j € I such that XUglg C X;j. Now, if y € X then yg~'U, N X # 0 and
hence y € XU, 'g C X;. Finally, X = {y € X;: g € cly, (gy X NU,)} is
clearly a definable subset of R™ over C', where cl;, (—) denotes the closure in
U,y with respect to the inherited topology from the ambient space R". [

Theorem 3.4.9.(iii) states that in a \/-definable group we have a good
relation between the topological and the definable setting as it happens with
LD-spaces (see Fact 3.2.11(1)). However, as we will see not every \/-definable
group is paracompact or Lindelof as ld-group. Firstly, let R be an Ri-satu-
rated elementary extension of the o-minimal structure (R, <,+,—,-,7), cp-
Consider the collection F of finite subsets of R. Then (G, +), where G =
Uper F C R and + is the usual addition, is a \/-definable group over ()
which is not Lindelof as ld-group. However, G is paracompact (note that
the group topology of G as \/-definable group is the discrete one). Secondly,
let S be a real closed field such that there is no countable subset C' C
Sy ={se€S:5>0} with S = J,cc(—2,2) (e.g. if S is Ny-saturated).
Let R be an N;—saturated elementary extension of the o-minimal structure
(S,<,+,—,",8)seg- Consider (G,+), where G = {J;cg, (—5,5) C R and +
is the usual addition. The group (G, +) is a \/-definable group over () which
is not Lindeldf as 1d-group. Since it is connected, (G, +) is not paracompact
(see Fact 3.2.11.(2)).

In [17], M. Edmundo considers \/-definable groups G' = |J;c; X; over A
with the restriction || < R; (which already implies the restriction |A| < 8y),
he calls them “locally definable” groups. This restriction on the cardinality
of I allows Edmundo to prove results using techniques which are not available
in the general setting of \/-definable groups. As he notes the main examples
of \/-definable groups are of this form: the subgroup of a definable group
generated by a definable subset and the coverings of definable groups. The
restriction on the cardinality of |I] of the “locally definable” groups has also
the following consequences on them as ld-spaces.

Theorem 3.4.10. (i) Every “locally definable” group over A with its group
topology is a Lindelof LD-group over A.
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(ii) Moreover, every Lindeldf LD-group over A is ld-isomorphic to a “locally
definable” group over A (considered as an LD-group by (i)).

Proof. (i) Let G be a “locally definable” group over A. By Theorem 3.4.9.(i),
G is an 1d-group over A. We first show that G is Lindel6f. Recall the notation
of Theorem 3.4.9.(i). Write G = |J,;c; Xi, with |[I| < Ry. Since I is countable,
to prove that G is Lindelof we can assume that the language is countable
(recall that Lindel6f property is invariant under o-minimal expansions by
Proposition 3.2.15). Now, since for each generic g € G the definable subset
U, of Lemma 3.4.7 is definable over A, the collection {U, : g € G generic}
is countable. Hence, the atlas {(V}4,%;¢)}jcsgeg of the proof of Theorem
3.4.9.(i) is also countable and so G is Lindeléf. Having proved the latter,
the paracompacity follows from Theorem 3.4.9.(iii) and Fact 3.2.11.

(ii) Let G be a Lindeléf LD-group over A. Since G is regular and para-
compact, by Fact 3.2.12 and Remark 3.2.13 there is an ld-triangulation
f : |K| — G over A. Moreover, we can assume that K is also a locally
finite generalized simplicial complex (in this case we say that K is a strictly
locally finite generalized simplicial complex). Indeed, the semialgebraic Tri-
angulation theorem [13, Thm. II.4.4] is stronger than the locally definable
version we have proved here: it states that given a regular and paracompact
locally semialgebraic space M there is a locally semialgebraic triangulation
f 1 |K| — M with K a strictly locally finite generalized simplicial complex.
However, note that we can deduce this stronger version in the locally de-
finable setting from the semialgebraic one. For, given an LD-space M, by
(the weaker) locally definable version of the Triangulation theorem 3.2.12,
there is an ld-triangulation f : |K| — M with K a locally finite generalized
simplicial complex. Now, since |K| is a regular and paracompact locally
semialgebraic space, by [13, Thm. II1.4.4] there is a locally semialgebraic
triangulation g : |L| — | K| partitioning all the simplices of K and with L a
strictly locally finite generalized simplicial complex L. Therefore, it suffices
to take the ld-triangulation fog:|L| — M.

Now, since G is an LD-group, the dimension of K is finite (see Remark
3.4.6). Furthermore, since G is Lindelof, the admissible covering {St (o) :
o € K} of |K| has a countable subcovering of |K|. From this fact we
deduce that K is countable. Then, since K is countable, has finite dimension
and is strictly locally finite, by [13, Prop.I1.3.3] we can assume that the
realization |K| lie in R?"*1 n = dim(K), and that the topology it inherits
from R?"*! coincides with its topology as LD-space. Now, define in |K|
a group operation via the Id-isomorphism ¢ and the group operation of
G. With this group operation, |K| is an LD-group which we will denote
by H. Of course, G is ld-isomorphic to H via ¥. On the other hand, we
can consider |K| as a “locally definable” group. For, let F the collection
of all finite simplicial subcomplexes of K. Clearly, |K| = ;¢ |L| with
the group operation obtained via 1 is a “locally definable” group over A.
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Indeed, since the group operation is an ld-map, its restriction to |L1| X |Lg|
is a definable map into R?"*! for all L, Ly € F. Finally, since the group
operation is already continuous and the topology of | K| as ld-space coincides
with the one inherited form R*"*! the “locally definable” group |K| with
the 1d-group structure obtained in part (i) is exactly H. O

Corollary 3.4.11. Let G be a “locally definable” group over A. Then,
there is an ld-triangulation ¢ : |K| — G of G over A with |[K| C R**1,
n = dim(G), and such that the topology of | K| as LD-space coincides with the
one inherited from R*"*1. Moreover, | K| with the group operation inherited
from G wvia ¢ is also a “locally definable” group over A whose group topology
equals the one inherited from R?"H1,

Let us point out that there are important examples of \/-definable groups
which are not Lindeldf LD-spaces (and hence not “locally definable” groups).
The group of definable homomorphisms between abelian groups were used
in [31] as a tool to study interpretability problems. In particular, given to
abelian definable groups A and B over C, C' C R, it is proved there that the
group of definable homomorphisms H(A, B) from A to B is a \/-definable
group over C (see [31, Prop. 2.20]). Note that H(A, B) might not be a
“locally definable” group (see the Examples at the end of Section 3 in [31]).
Nevertheless, we have the following corollary to Theorem 3.4.9.

Corollary 3.4.12. H(A, B) is an LD-group.

Proof. We have already seen in Theorem 3.4.9.(i) that H(A, B) is an ld-
group (and hence regular). To prove paracompactness, consider its con-
nected component H (A, B)?, which is a definable group by [31, Thm. 3.6].
Then, by Theorem 3.4.9.(ii), H(A, B)® is a definable subspace of H(A, B).
Hence, {gH(A,B)? : g € H(A, B)} is a locally finite covering of H (A, B)
by open definable subspaces and therefore H(A, B) is paracompact. As we
will see in the next section, the notion of connectedness used in [31] for \/-
definable groups differs from the one used here. However, in this particular
case, since H(A, B) is definable, both notions coincide. O

3.4.3 Covering maps for LD-spaces

In this section we deal with one of the motivations for considering the locally
definable category.

Fact 3.4.13. [14, Thm.5.11] Let B be a connected ld-space, by € B and
let L be a subgroup of Wl(B,bo)R. Then, there exists connected ld-space E
and a covering p : E — B with p.(m1(E,eq)®) = L for some eq € p~*(bg).
Moreover, if B is an LD-space then E is also an LD-space.

We give a proof of the above result just for the case of LD-spaces because
this is enough for our purposes (see Subsection 3.7.2). However, the general
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case can be proved with a straightforward adaptation of the semialgebraic
proof.

Proof of Fact 8.4.13. Consider the collection P of all ld-curves o : I — B
such that «(0) = bg. Let ~ be the equivalence relation on P such that
a ~ [ if and only if a(1) = B(1) and [a * 37! € L, where * denotes the
usual concatenation of curves. We will denote by a# the class of a € P.
Let E=P/ ~andp: E — B:a” — a(l). Now, we divide the proof in
several steps.

(1) E is an ld-space: Firstly, note that every definable subspace of B has
a finite covering by open connected definable subspaces which are simply
connected (because of Remark 3.2.8, the Triangulation theorem and the
fact that the star of a vertex is definably simply connected). Therefore,
since B is an LD-space, there exist a locally finite covering {U; : j € J} of
B such that each Uj is a connected and simply connected (i.e, m (U;)* =
0) definable open subspace of B. Now, for each j € J and a € P with
a(1) € Uj, we define W; o = {(a*8)# : § : I — Uj ld-map,5(0) = (1)}
Henceforth, when we write W; ., we assume that a(1) € U;. Consider the
map ¢ja @ Wia — Uj @ (ax8)% — §(1) for each j € J and a € P.
Since Uj is connected and simply connected, ¢; . is a well-defined bijection
for every j € J and a € P. The family (Wja,¢ja)jctsacp is an atlas
of E. Indeed, fix i,j € J and o, € P with W; o N W,z # 0. Then,
Gia(Wia N Wjﬁ) is the union of some connected components of U; N Uj.
Moreover, ¢;3(W;ia N Wjg) is the union of exactly the same connected
components of U; N Uj, ie., ¢j3(Wiqa NW;3) = ¢ia(Wia N W;g). This
shows that both ¢; (Wi N W;g) and ¢;g(W;a N Wjg) are open in U;
and Uj respectively and that each change of charts is the identity, hence
definable.

(2) The map p is an ld-map: since p|w,, : Wjo — U; C B is a definable
map of definable spaces, for all W .

(3) £ is paracompact: Fix ¢ € J and @ € P. We prove that #{W,3 :
WiaNW,3# 0,5 € J, e P} is finite. Firstly, note that if Wj o N W; 5 # 0
then U; NU; # (). Therefore, since the covering {U; : j € J} is locally finite,
it suffices to prove that the family {W; g : W; oW, g # 0, 3 € P} is finite for
a fixed j € J. Indeed, we will show that given W; g and W; g, with W; , N
W;p, # 0 and Wi o "W, g, # 0, if p(Wi o "W, 8,) Np(Wi o "W, g,) # 0 then
W; 3, = Wjs,. The latter is enough because for each 8 € P, p(W; o N W, )
(= ¢i,a(W;,o NW; g)) is the union of some connected components of U; NUj,
which has only a finite number of them. Firstly, since U; is connected, it
is easy to prove that if v# € Wj g, then W, = W; 5. The same holds for
W; g, So, if Wj g "W 5, # 0 then W; 3, = W, 5,. On the other hand, since
Plw; . = ¢ia and ¢; o is a bijection, from p(W; o "W 5, )p(W; oMW 5,) # 0
we deduce that (0 # W; o N W, 5, NW; 3, C Wj g NW, 3, and hence Wj 3, =
Wi -
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(4) The ld-map p : E — B is a covering map: By to proof of (3), we have that
pH(Uj) = wep Wja for every j € J. On the other hand, plw, , : Wjo — Uj
is an ld-homeomorphism for every 7 € J and o € P.

(5) E is an LD-space: Indeed, the regularity of E can be deduced from the
regularity of B and (4).

(6) E is path-connected, hence connected: Let ey := ci € E for the 1d-
curve ¢y, : I — B :t — by (recall by € B is a fixed point). Given o € P,
we will show that there is and ld-map from ey to o#. Consider the map
a:1— E:s— al, where ag : I — B : t — as(t) = a(ts) is clearly an
ld-curve. Note that poa(s) = a(s), @(0) = eg and a(1) = a”. Let us check
that « is an ld-curve. Since « is an ld-curve, there are so =0 < 81 < -+ <

$m = 1 such that a([sg,skt1]) C U;, for every k = 0,...,m — 1. Hence
a(l) C UZ:OI Wiy a,, - On the other hand, ¢;q,, © Afsprsnra] = Ulsgyspsa] for
every k=0,...,m — 1 and therefore a is an ld-curve as required.

(7) Finally, let us show that p.(m1(E,e9)®) = L. Let a be an ld-loop of B
at by. Bytheproofof(6),&:I—>E:s'—>af,whereas:I—>B:t»—>
as(t) = a(ts), is an ld-curve. Now, as in the classical case, we have that
[a] € pu(m1(E,e0)R) if and only if a(1) = o™ = ep. Indeed, the latter can
be proved using both the path and homotopy lifting properties of covering
maps (see the proof of Proposition 3.7.10). Hence [a] € p.(m1(E,eq)R) if
and only if [a] € L. O

Note that if B is an LD-group (see Definition 3.4.5), then it is possible to
define a group operation in the covering space E. Using the notation of the
proof of Fact 3.4.13, given «, 8 € P, we define o 37 := (a3)”. Note that
with this group operation E becomes an LD-group. This was also proved
in [19] for the particular case of the universal covering map of a definable
group for o-minimal expansions of ordered groups.

3.5 Homology of locally definable spaces

We fix for the rest of this section an LD-space M. We consider the abelian
group Si(M)R freely generated by the singular locally definable simplices
o : Ar — M, where A} is the standard k-dimensional simplex in R. Note
that since o is locally definable and Ay is definable, the image o(Ayg) is
a definable subspace of M. As we will see, this fact allows us to use the
o-minimal homology developed by A. Woerheide in [38] (see also Section
1.6 for an alternative development of simplicial o-minimal homology). The
boundary operator § : Sp1(M)R — Sp(M)® is defined as in the classical
case, making S,(M)® = @, Si(M)® into a chain complex. We similarly
define the chain complex of a pair of locally definable spaces. The graded
group H,(M)® = @, Hx(M)R is defined as the homology of the complex
S.(M)*. Locally definable maps induce in a natural way homomorphisms in
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homology. Similarly for relative homology. Note that if M is just a definable
set then we obtain the usual o-minimal homology groups (see e.g. [20]).

It remains to check that the functor we have just defined satisfies the
locally definable version of the Eilenberg-Steenrod axioms. We shall check
them making use of the corresponding axioms for definable sets through an
adaptation of a classical result in homology that (roughly) states that the
homology commutes with direct limits. Note that each definable subspace
Y C M is a definable regular space and hence affine (see Remark 3.2.8).
Therefore, the o-minimal homology groups of Y as definable set are the
ones we have just defined as (locally) definable space. Denote by Dy the
set

{Y C M :Y definable subspace}.

Note that M can be written as the directed union M = Uy cp, Y. Now,
consider the direct limit
@YGDM Hn(Y)R = UyeDM Hn(y)R/ ™~

where ¢1 ~ ¢ for ¢; € H,(Y1)® and ¢z € H,(Y2)®, Y1,Ys € Dy, if and only
if there is Y3 € Dy with Y7, Ya C Y3 such that (i1)«(c1) = (i2)«(c2) for (i1). :
H,(Y1)® — H,(Y3)" and (i2)« : Hy(Y2)® — H,(Y3)® the homomorphisms
in homology induced by the inclusions. On the other hand, we have a well-
defined homomorphism (i, )s : H,(Y)® — H,(M)T for each Y € Dy,
where i, : Y — M is the inclusion. Hence, there exists a well-defined

homomorphism
b limy o Ha(Y)™ — Ho(M)R,

—3YeD

where 9(¢) = (iy )«(c) for ¢ € H,(Y)®. In a similar way, given an admissible
subspace A of M, we have a well-defined homomorphism

¥ limy o, Ha(Y,ANY)R — Hy (M, A)F,
where () = i.(c) for ¢ € Hy(Y,ANY)R and i : (Y,Y N A) — (M, A) the
inclusion map.

Theorem 3.5.1. (i) ¢ : lim H,(Y)® — H,(M)® is an isomorphism.

Cvepy,

(ii) Let A be an admissible subspace of M. Then 1) : limy . Hn(Y,AN
Y)R — H,(M, AR is an isomorphism.

Proof. (i) Firstly, we show that 1 is surjective. Let ¢ € H,(M)® and «
be a finite sum of singular ld-simplices of M which represents c. Consider
the definable subspace X of M which is the union of the images of the
singular 1d-simplices in . Then [a] € H,(X)™ and therefore it suffices to

consider [a] € lim, ., H,(Y)® because ¢([a]) = c. Now, let us show that

¢ is injective. Let € € limy ., Hn(Y)%, ¢ € Hy(X)®, X € Dy, such that
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¥(¢) = 0. Since ¥(¢) = 0, there is a finite sum [ of singular ld-simplices of
M such that §3 = a. Consider the definable subspace Z of M which is the
union of X and the images of the singular 1d-simplices in §. Then we have
that [a] = 0 in H,(Z)® and therefore ¢ = 0 in limy p, H,(Y)®. The proof
of (ii) is similar. O

Remark 3.5.2. Let M be an LD-space and D a collection of definable
subspaces of M such that for every Y € Dy there is X € D with Y C X.
Then Theorem 3.5.1 remains true if we replace Dys by D.

Now, with the above result, we verify the Eilenberg-Steenrod axioms.

Proposition 3.5.3 (Homotopy axiom). Let M and N be LD-spaces and let
A and B be admissible subspaces of M and N respectively. If f: (M, A) —
(N,B) and g : (M, A) — (N, B) are ld-homotopic ld-maps then f. = gx.

Proof. Let [a] € H,(M, A)®. Consider the definable subspace X of M which
is the union of the images of the singular ld-simplices in a. By Theorem 3.5.1
and the homotopy axiom for definable sets, it is enough to prove that there is
a definable subspace Z of N such that f(X), g(X) C Z and that the definable
maps flx : (X, ANX)— (Z,BNZ)and g|x : (X,ANX) — (Z,BNZ) are
definably homotopic. Let F' : (M x I, A x I) — (N, B) be a ld-homotopy
from f to g. Then, it suffices to take Z as the definable subspace F'(X x I)
of N and the definable homotopy F|xxr: (X xI,ANX x1I)— (Z,BNZ)
from f|x to g|x. O

Proposition 3.5.4 (Exactness axiom). Let A be an admissible subspace of
M and let i : (A,0) — (M,0) and j : (M,0) — (M, A) be the inclusions.

Then the following sequence is exact
o Hy (AR Hy (MR 5 Hy(M, AR S Hy (AR =

where 0 : Hy (M, A)® — H,_1(A)® is the natural boundary map, i.e, O[a]
is the class of the cycle O in Hy,_1(A)R.

Proof. 1t is easy to check that for every Y € Djs the following diagram
commutes

(iy ) Gy )= s (iy )
CHn(ANY) Hpn(Y) Ho(Y,ANY) —2> H, 1(ANY) ——> H,_1(Y) -

Lo Lo

o Hp(A) —2 s Hy (M) —2 > H, (M, A) Hp-1(A) — > Hyy 1 (M) - --

where iy, : (ANY,0) — (Y,0) and j, : (Y,0) — (Y, ANY) are the inclusions
(and the superscript R has been omitted). By the o-minimal exactness
axiom the first sequence is exact for every Y € Dj;;. Hence, if we take

the direct limit, the sequence remains exact. The result then follows from
Theorem 3.5.1. [
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Proposition 3.5.5 (Excision axiom). Let M be an LD-space and let A be
an admissible subspace of X. Let U be an admissible open subspace of M
such that U C int(A). Then the inclusion j : (M — U, A —U) — (M, A)
induces an isomorphism j, : Hy(M — U, A — U)® — H,(M, A)®.

Proof. By Theorem 3.5.1.(ii), it is enough to prove that for each definable
subspace Y of M the inclusion j, : (Y — Uy, Ay — Uy) — (Y, Ay) induces
an isomorphism in homology, where Uy = UNY and Ay = ANY. Solet Y
be a definable subspace of M. Since M is regular then we can regard Y as a
definable set. Now, cl, (Uy) CUNYNY CUNY Cint(A)NY Cint, (Ay).
Finally, by the o-minimal excision axiom, j, induces an isomorphism in
homology. O

The proof of the dimension axiom is trivial.

Proposition 3.5.6 (Dimension axiom). If M is a one point set, then
H,(M)® =0 for alln > 0.

Once we have a well-defined homology functor in the locally definable
category, we now see that this functor has a good behavior with respect to
model theoretic operators. The following result will be used in Section 3.7
in the proof of the Hurewicz theorems for LD-spaces.

Theorem 3.5.7. The homology groups of LD-spaces are invariant under
elementary extension and o-minimal expansions.

Proof. We prove the invariance by o-minimal expansions. So let R’ be an
o-minimal expansion of R and let M be an LD-space in R. Denote by
Dy the collection of all definable subspaces of M. Recall that since M
is regular each Y € Dy, can be regarded as an affine definable space (see
Remark 3.2.8). Now, since the o-minimal homology groups are invariant
under o-minimal expansions (see [7, Prop.3.2]), for each Y € D), there is a
natural isomorphism F, : H,(Y)® — H,(Y)®'. Hence, there exist a natu-
ral isomorphism F': lim, ., | H,(Y)? — limy p,, H,(Y)®". On the other
hand, by Theorem 3.5.1 and Remark 3.5.2 we have natural isomorphisms
P limy oy Ho(Y)R — Hy(M)® and by : limy, ., Ho(Y)® — Hp (M)
Finally, we consider the natural isomorphism 13 o F o 1) Ly Hy (MR —
H,(M)®'. The proof of the invariance by elementary extensions is simi-

lar. O

Notation 3.5.8. We will denote by 8 the natural isomorphism given by The-
orem 3.5.7 between the semialgebraic and the o-minimal homology groups
of a regular and paracompact locally semialgebraic space. Note that if we
restrict 6 above to the definable category then we obtain the natural iso-
morphism of [7, Prop.3.2].
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3.6 Connectedness

Recall that an ld-space M is connected if there is no admissible nonempty
proper clopen subspace U of M. We can also extend the natural concept of
“path connected” for definable spaces to the locally definable ones. Specifi-
cally, we say that an admissible subspace X of an ld-space M is path con-
nected if for every zo,z; € X there is an ld-path « : [0,1] — X such that
a(0) = zp and a(1) = x;. Naturally, the (path) connected components
of an ld-space are the maximal (path) connected subsets.

Fact 3.6.1. [13, Prop. 1.3.18] Every path connected component of an ld-
space s a clopen admissible subspace.

Proof. Let M be an ld-space and let C be a path connected component of
M. Let (M;, ¢;)icr be an atlas of M. It suffices to show that ¢;(C'NM;) is a
clopen definable subset of ¢;(M;). The latter is obvious because ¢;(C' N M;)
is the (finite) union of some definably path-connected components of ¢;(M;),
which are clopen definable subsets of ¢;(M;) (see [15, Ch.3,Prop.2.18] and
[15, Ch.6,Prop.3.2]). O

From the above fact we deduce that the connected and path-connected
components of an ld-space are admissible subspaces and coincide. In partic-
ular, every connected ld-space is path connected (the converse is trivial).

Remark 3.6.2. Let M be an ld-space. Then M is connected if and only
if every ld-map from M to a discrete ld-space is constant. Indeed, suppose
M is connected and let f : M — N be an ld-map, where N is a discrete
ld-space. Since N is discrete, {y} is a clopen definable subspace of N for
all y € N. Therefore the admissible subspace f~!(y) of M is clopen for all
y € N. Hence, since M is connected, M = f~1(yy) for some yo € N. To
prove the right-to-left implication, suppose that M is not connected. Then
there are two proper clopen admissible subspaces Uy and Uy of M such that
UyNU; = 0 and Uy UU; = M. Finally, it suffices to consider the ld-map
f:M —{0,1} such that f(z) =i for all z € U,.

Since \/-definable groups were first considered several non equivalent
notions of connectedness have been used. As we will see here some of them
are not really adequate and lead to pathological examples. Fix a \/-definable
group G = [J;c; Xi € R" over A, A C R, |A| < Ny, in an R;-saturated
o-minimal expansion R of a real closed field R. Here, we say that G is
connected if it is so as ld-group (see Theorem 3.4.9). In [31], G is said to
be M-connected (PS-connected, for us) if there is no definable set U in R"
such that UNG is a nonempty proper clopen subset with the group topology
of G. In [17], G is said to be connected (E-connected, for us) if there is no
definable set U C G such that U is a nonempty proper clopen subset with
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the group topology of G. Finally, in [27], G is said to be connected (OP-
connected, for us) if all the X; can be chosen to be definably connected with
respect to the definable subspace structure it inherits from G as 1d-group.
Notice that in [27] the situation is simpler because G is a subgroup of a
definable group and hence embedded in some R", so each X; is connected
with respect to the ambient R (see Section 3.4.1).

For \/-definable groups the relation of the above notions is as follows:

OP-connected < Connected = PS-connected = E-connected.

The second and third implications are clear by definition. Furthermore, the
following examples show that these implications are strict.

Example 3.6.3. Let R be a non archimedean real closed field. Consider
the definable set B = {(¢t,—t) € R*: t € [0,1]} U{(t,t—2) € R*:t € [1,2]}.
For each n € N, consider the definable set X, = (U’ _, (2¢,0) + B) U

(Ui _,(2i,—%) + B) C R% Define a group operation on G = {J, ey Xn

via the natural bijection of G with Fin(R)xZ/2Z, where Fin(R)={z € R :
|z| < n for some n € N}. Then, G with this group operation is a \/-definable

group.

Note that the topology of G inherited from R? coincides with its group
topology. G is not connected as an ld-space because it has two connected
components. However, G is PS-connected because any definable subset of R?
which contains one of these connected components must have a nonempty
intersection with the other component.

Example 3.6.4. [2] Let R be a non archimedean real closed field and con-
sider the definable sets X,, = (—n, —%) U(%,n) for n € N, n > 1. Then,
G = U,;»1 Xn is a \/-definable group with the multiplicative operation of R.

Here, again, the topology G inherits from R? coincides with its group
topology. The \/-definable group G is not PS-connected since it is the dis-
joint union of the clopen subsets {z € R: x > 0}NGand {x € R: z < 0}NG.
But neither of these subsets is definable and therefore G is E-connected.

Note that in both examples we can define in an obvious way an ld-map
f: G —{0,1} which is not constant and therefore Remark 3.6.2 is not true
if we replace connectedness by PS-connectedness or E-connectedness.

Even though there are pathological examples, the results in [31] are
correct for PS-connectedness. For the results in [17], one should substitute
E-connectedness by connectedness (see [2]).

We now prove the equivalence between OP-connectedness and connect-
edness.

Proposition 3.6.5. Let G be a \/-definable group over A. Then, G is
OP-connected if and only if G is connected.
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Proof. Firstly, recall that by Theorem 3.4.9 a subset of GG is a definable
subspace if and only if it is a definable subset of R®. Let G be an OP-
connected \/-definable group, i.e, such that G = J,c; X; with X; definably
connected for all ¢ € I. Consider a nonempty admissible clopen subspace
U of G. Since U is not empty and each X; is definably connected, there
is i9 € I such that X;, C U. Now, for every i € I there is j € I with
X, UX; C Xj. Since Xj is definably connected and 0 +# X, C X;NU we
have that X; C U and, in particular, X; C U. So we have proved that for
every 1 € I, X; CU. Hence U = G, as required.

Now, let G be a connected \/-definable group over A. Let C be the col-
lection of all connected definable subspaces over A of G which are connected
and contain the unit element of G. It is enough to show that G = [y X.
Note that we just consider the connected definable subspaces of G which
are definable over A because we need to preserve the parameter set. So
let € G. By Fact 3.6.1, G is also path connected and hence there is an
ld-curve a : I — G such that a(0) = z and «(1) = e. Since «(I) is definable
and G is an ld-group over A, a finite union of charts (which are definable
over A) contains «(I). Hence a([) is contained in a definable over A subset
X of G. Taking the adequate connected component, we can assume that X
is connected. Hence z € X € C. O

Corollary 3.6.6. A \/-definable group is OP-connected if and only if is
path-connected.

Proof. By Fact 3.6.1 and Proposition 3.6.5. O

3.7 Homotopy theory in LD-spaces

Once we have defined the category of locally definable spaces, in the following
section we will develop a homotopy theory for LD-spaces, that is, regular and
paracompact locally definable spaces. This section is divided in Subsections
3.7.1, 3.7.2 and 3.7.3, which are the locally definable analogues of Sections
2.3, 2.4 and 2.5 respectively.

3.7.1 Homotopy sets of locally definable spaces

The homotopy sets in the locally definable category are defined as in the
definable one just substituting the definable maps by the locally definable
ones (see Section 2.3). Specifically, let (M, A) and (N, B) be two pairs
of LD-spaces, i.e., M and N are LD-spaces and A and B are admissible
subspaces of M and N respectively. Let C' be a closed admissible subspace
of M and let h : C — N be an ld-map such that h(ANC) C B. We say that
two ld-maps f,g: (M, A) — (N, B) with f|c = g|c = h, are ld-homotopic
relative to h, denoted by f ~p g, if there exists an ld-homotopy H :
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(M xI,Ax1I)— (N,B) such that H(z,0) = f(z), H(z,1) = g(z) for all
x € M and H(z,t) = h(x) for all z € C and t € I. The homotopy set of
(M, A) and (N, B) relative to h is the set

[(M,A),(N,B)]R ={f:f:(M,A) - (N,B) ld-map in R, flc = h}/ ~ .

If C = () we omit all references to h.

The next theorem is the main result of this section and it establishes a
strong relation between the locally definable and the locally semialgebraic
homotopy. It is the locally definable analogue of Corollary 2.3.4 for pairs of
LD-spaces. Recall the behavior of the Id-spaces under o-minimal expansions
in Proposition 3.2.15.

Theorem 3.7.1. Let (M, A) and (N, B) be two pairs of reqular paracom-
pact locally semialgebraic spaces. Let C be a closed admissible semialge-

braic subspace of M and h : C' — N a locally semialgebraic map such that
h(ANC) C B. Suppose A is closed in M. Then, the map

p:[(M,A),(N,B)JF — [(M,A),N,B)R
[f] = [f],

which sends the locally semialgebraic homotopic class of a locally semialge-
braic map to its locally definable homotopic class, is a bijection.

An important tool for the proof of the above theorem (and in general, for
the study of homotopy properties of LD-spaces) is the following homotopy
extension lemma. Even though the proof for locally semialgebraic spaces
(see [13, Cor.ITI.1.4]) can be adapted to the locally definable setting, we
have included here an alternative proof which, in particular, does not make
use of the Triangulation Theorem of LD-spaces (see Fact 3.2.12).

Lemma 3.7.2 (Homotopy extension lemma). Let M, N be two LD-
spaces and let A be a closed admissible subspace of M. Let f : M — N
be an ld-map and H : A x I — N a ld-homotopy such that H(x,0) = f(z)
for all x € A. Then, there exists a ld-homotopy G : M x I — N such that
G(x,0) = f(z) for allx € M and G|ax; = H.

Proof. Without loss of generality, we can assume that M is connected and
hence, by Fact 3.2.11.(2), that M is Lindelof. Let (M, ¢r)ren be an atlas
of M. Consider X,, := |Jj_, My, for each n € N. By Fact 3.2.11.(1) each X,
is a closed definable subspace of M and hence {X,, : n € N} is an admissible
covering by closed definable subspaces such that X,, C X, 41 for all n € N.
Take the restrictions f,, := f|x, and H,, := H|a,x1, where A, is the closed
definable subspace ANX,,. Moreover, since M is regular, we can regard each
X,, as an affine definable space (see Remark 3.2.8). Now, by the o-minimal
homotopy extension lemma 2.2.1 and applying an induction process, we
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can find a collection of definable homotopies G,, : X,, x I — N such that
Gn(x,O) = fn(fc) for all x € X, Gn‘Xn_lxj = Gp_1 and Gn’AnX[ = H,.
Finally, we define the map G : M x I — N such that G|x, «x1 = Gy, for every
n € N. By Fact 3.8.4, the map G is locally definable and, by definition,
Glaxr = H and G(x,0) = f(z) for all z € M. O

Proof of Theorem 8.7.1. With the above tools at hand we can follow the
lines of the proof of [13, Thm. I11.4.2]. Here are the details. As in the defin-
able case, it suffices to prove that p is surjective when A = B = (). Indeed,
we can do here similar reductions than the ones we followed in Fact 2.3.3
just applying the homotopy extension lemma 3.7.2 for LD-spaces instead of
its definable version. Now, we divide the proof in two cases.

Case M is a semialgebraic space: Since M is regular, we can assume that
it is affine (see Remark 3.2.8). Let f : M — N be an ld-map such that
fle = h. Since M is semialgebraic, f(M) is a definable subspace of the
locally semialgebraic space N and therefore it is contained in the union of
a finite number of semialgebraic charts. Hence, there is a semialgebraic
subspace N’ of N such that f(M) C N’. Now, since N is regular, we can
regard N/ also as an affine definable space and therefore we can see the map
f: M — N’ as a definable map between semialgebraic sets (see comments
after Definition 3.2.4). By Corollary 2.3.4, there exist a definable homotopy
H': M x I — N’ such that H'(2,0) = f(x) for all z € M, H'(z,t) = h(x)
forallz € C and ¢t € I and H'(—,1) : M — N’ is semialgebraic. Hence, it
suffices to consider the definable homotopy H =i o H where i : N' — N is
the inclusion, to get p([H(—,1)]) = [f].

General Case: Let f : M — N be an ld-map such that f|c = h. We
have to show that f is ld-homotopic relative to h to a locally semialge-
braic map. Without loss of generality, we can assume that M is connected
and hence, by Fact 3.2.11.(2), that M is Lindel6f. Furthermore, by the
shrinking of covering property (see Fact 3.8.6) there is a locally finite cov-
ering {X,, : n € N} of M by closed semialgebraic subspaces. Consider the
closed semialgebraic subspace Y,, := XoU---U X,, and the closed admissible
subspace Cj, := Y, UC for each n € N. By the previous case, there exist a de-
finable homotopy Hy : Yy x I — N such that Ho(z,0) = f(x) for all z € Yo,
Hy(—,1) : Yo — N is a locally semialgebraic map and Hy(z,t) = h(z) for all
x € CNYpandt € I. Moreover, by Lemma 3.7.2, there exist an 1d-homotopy
Hoy: M x I — N with Ho(x,0) = f(x) for all z € M, Ho(z,t) = h(x) for all
z € C'and t € I and such that Holy,xs = Ho. In particular, go := Ho|cyx {1}
is a locally semialgebraic map with go|c = h. Now, by iteration we obtain
a sequence of ld-homotopies {H,, : M x I — N : n € N} such that

(i) gn == Hulc, x{1y is a locally semialgebraic map,
(i) Hpt1(z,t) = gn(x) for all (z,t) € C,, x I (s0 gn+1lc, = gn), and
(iil) Hnt1larxqoy = Hnlarxqiy-
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Note that in particular Hy,(z,t) = go(z) = h(z) for all (z,t) € C x I and
n € N. By Fact 3.8.4, the map g : M — N such that g|¢, = g, for n € N,
is a locally semialgebraic map. Let us show that f is ld-homotopic to g
relative to h. The idea is to glue all the homotopies H,, in a correct way.
Let t, :=1—-27" for each n € N. Consider the map G : M x I — N such
that (a) G(z,t) = Hp(x ,tt Lo —) for all z € M and t € [ty tn41] and (b)
G(z,t) = g(x) otherwise. By Construction it is clear that G(z,t) = h(z)
for all (z,t) € C' x I. It remains to check that G is indeed an ld-map. By
Fact 3.8.4, it suffices to show that the restriction G|y, xs is definable for
each n € N. So fix n € N. By definition, Gly, |0, is clearly definable.
On the other hand, take (z,t) € Y, X [tn,1]. If t > t,, for every m € N,
then G(z,t) = g(x) by definition. If ¢ € [t,,, tm+1] for some m > n, then
G(x,t) = Hp(r,t) = gn(z) = g(x). Therefore Gly, x[1,,1] = 9lv,,, which is
also a definable map. Hence G|y, «x is definable, as required. ]

The following corollary is the analogue (and it can be proved adapting
its proof) of Corollary 2.3.5 for LD-spaces. Recall the definition of the
realization of an LD-space in an elementary extension given before Fact
3.2.14.

Corollary 3.7.3. Let M and N be two pairs of reqular paracompact lo-
cally semialgebraic spaces defined without parameters. Then, there exist a
bijection

p: [M(R), N(R)] — [M, NJR

where [M(R), N(R)] denotes the classical homotopy set. Moreover, if the
real closed field R is a field extension of R, then the result remains true
allowing parameters from R.

Note that both Theorem 3.7.1 and Corollary 3.7.3 remain true for sys-
tems of LD-spaces (see Corollary 2.3.4). Thanks to the Triangulation The-
orem for LD-spaces (see Fact 3.2.12), we have also the following corollary
(see the proof of Corollary 2.3.7, noting that the finiteness of the simplicial
complexes plays an irrelevant role).

Corollary 3.7.4. Let M and N be LD-spaces defined without parameters.
Then, any ld-map f : M — N is ld-homotopic to an ld-map g : M — N
defined without parameters. If moreover M and N are locally semialgebraic
spaces then g can also be taken locally semialgebraic.

3.7.2 Homotopy groups of locally definable spaces

The homotopy groups in the locally definable category are defined as in
the definable setting using ld-maps instead of the definable ones (see Sec-
tion 2.4). Specifically, given a pointed LD-space (M, x), i.e., M is an
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LD-space and xg € M, we define the n-homotopy group as the homo-
topy set m,(M,x0)R = [(I",0I"), (M, x0)]®. We define m(M, o) as the
collection of all connected components of M (which coincide with the col-
lection of the path connected ones by Fact 3.6.1). We say that (M, A, z¢)
is a pointed pair of LD-spaces if M is an LD-space, A is an admissible
subspace of M and xzg € A. The relative n-homotopy group, n > 1, of a
pointed pair (M, A, zg) of LD-spaces is the homotopy set m, (X, A, zq)* =
(I, 1" 1 g1 (X, A, 20)]%, where I"™1 = {(t,...,t,) € I" : t, = 0}
and J"t =9I\ "1,

As in the definable case, we can see that the homotopy groups 7, (M, zo)*
and m,, (M, A, xO)R are indeed groups for n > 1 and m > 2, the group opera-
tion is defined via the usual concatenation of maps. Moreover, these groups
are abelian for n > 2 and m > 3. Also, given an ld-map between pointed
LD-spaces (or pointed pairs of LD-spaces), we define the induced map in
homotopy, as usual, by composing. The latter will be a group homomor-
phism in the case we have a group structure. It is easy to check that with
these definitions of homotopy group and induced map, both the absolute
and relative homotopy groups 7, (—) are covariant functors.

The following three results (and their relative versions) can be deduced
from Theorem 3.7.1 (see the proofs of Theorem 2.4.1, Corollary 2.4.3 and
Corollary 2.4.4 respectively).

Corollary 3.7.5. Let (M,xq) be a reqular and paracompact locally semi-
algebraic pointed space. Then, the map p : m,(M,20)%0 — 7,(M,20)® :
[f] = [f], is a natural isomorphism for every n > 1.

Corollary 3.7.6. Let (M,xy) be a regular paracompact locally semialge-
braic pointed space defined without parameters. Then, there exists a natural
isomorphism between the classical homotopy group m,(M(R),xzo) and the
homotopy group m,(M(R),zo)® for every n > 1.

Corollary 3.7.7. The homotopy groups are invariants under elementary
extensions and o-minimal expansions.

All the results showed in Properties 2.4.6 remain true in the locally de-
finable setting. We recall here briefly these results.

(1) The homotopy property: If two ld-maps are ld-homotopic then they in-
duce the same homomorphism between the homotopy groups.

(2) The exactness property: Given a pointed pair (M, A, zg) of LD-spaces,
the following sequence is exact,

co o (A, 20) D (M, 20) 2 mn (M, A, 29) 2 01 (A, 0) — -+ — oA, 20),

where O is the usual boundary map 0 : m,(M, A, x0)* — 7, 1(A,z0)®
[f] = [flgn—1] and i : (A, z¢) — (M, x0) and j : (M, zg,z0) — (M, A, xo) are
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the inclusions (and the superscript R has been omitted).

(3) The action of m on m,: Given a pointed LD-space (M,zg), there
is an action B : m (M, 20)% x m(M,20)® — 7,(M,20)%. In a simi-
lar way, given a pointed pair (M, A, xg) of LD-spaces, there is an action
B (A 20)® X (M, A, 20)® — 7,(M, A, 20)®. In the absolute (rela-
tive) case, we will denote by f},) the isomorphism B([u], —) : mn (M, zo)} —
(M, 20)® (vesp. B([u], =) : (M, A, 20)® — 7,(M, A, 20)") for each
[u] € m(X,20)" (vesp. [u] € 71(A, 20)7).

The homotopy property is clear by definition. The exactness property
can be proved with a straightforward adaptation of the proof of the classical
one. Alternatively, we can also transfer the classical exactness property
using the Triangulation Theorem 3.2.12 and Corollary 3.7.6. Finally, the
existence of the action of 71 on m, is just an application of the homotopy
extension lemma (see Lemma 3.7.2 and Properties 2.4.6.(3)). Furthermore,
the following technical lemma is easy to prove (see the proof of Lemma
2.4.7).

Lemma 3.7.8. Let (M,zo) and (N,yo) two pointed LD-spaces. Let 1) :
(M, z0) — (N,yo) be an ld-map and let [u] € 71 (M,z0)®. Then, for all
[f] € mn (M, 20) %, (B (1)) = Bup. () (¥ ([£]))-

(4) The fibration property: The only part of Properties 2.4.6 which has not
an obvious extension to LD-spaces is the one concerning fibrations. Natu-
rally, we say that an ld-map p : E — B between LD-spaces is a (Serre)
fibration if it has the homotopy lifting property for each (resp. closed and
bounded) definable sets. As in Remark 2.4.8, the homotopy lifting property
for closed simplices implies the homotopy lifting property for pairs of closed
and bounded definable sets. Note that the restriction of a (Serre) fibration
to the preimage of a definable subspace is not necessarily a definable (resp.
Serre) fibration. Hence, we cannot deduce directly the fibration property
for LD-spaces from the definable one (see Theorem 2.4.9). However, the
fibration property for LD-spaces can be proved just adapting the definable
proof.

Theorem 3.7.9 (The fibration property). Let B and E be LD-spaces
and let p : E — B be a Serre fibration. Then the induced map psx :
(B, F,eq)® — 7,(B,bo)" is a bijection for n = 1 and an isomorphism
for all n > 2, where eg € F = p~1(by).

As in the definable setting, the main examples of fibrations are the cover-
ing maps (see Proposition 2.4.10). Given two ld-spaces F and B, a covering
map p : E — B is a surjective ld-map p such that there is an admissible
covering {U; : ¢ € I} of B by open definable subspaces and for each i € I
and each connected component V of p~1(U;), the restriction p|y : V — U;
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is a locally definable homeomorphism (so in particular both V' and p|y are
definable).

Proposition 3.7.10. Let B and E be LD-spaces. Then, every covering map
p: E — B is a fibration.

Proof. Firstly, note that coverings satisfy the unicity of liftings as in the
definable case (see [20, Lem.2.5]). Indeed, given a connected LD-space Z
and two ld-maps f1, fo : Z — E with pofi = pofa and fi1(z) = fa(2) for some
z € Z,we have that fi = fo. This is so because both {z € Z : f1(2) = fa(2)}
and {z € Z : fi1(z) # f2(2)} are clopen admissible subspaces of Z. The path
lifting and the homotopy lifting properties also remain true for p (see the
definable case in [20, Prop.2.6] and [20, Prop.2.7]). To see this for the path
lifting property take an admissible covering {U; : j € J} of B as in the
definition of covering map. Let v : I — B be an ld-curve. Since 7(I) is
a definable subspace of B, we have that v(I) C ;¢ U; for some finite
subset Jg of J. Now, by the shrinking covering property of definable sets,
there are 0 = sg < s1 < --- < s, = 1 such that for each i =0,...,7r — 1 we
have v([si, si+1]) C Uj() and y(siv1) € Uj) NUj(i11)- Hence, by the unicity
of liftings, it suffices to lift each 7|, s,,,] step by step using the definable
homeomorphism p|vj W - Vi) = Uj) for the suitable connected component
Vi@ of p~ 1 (U j(i))- The proof of the homotopy lifting property is similar.
Finally, the above properties and the fact that the images of definable
sets by ld-maps are definable subspaces, give us the homotopy lifting prop-
erty for definable sets as in Proposition 2.4.10. O

Corollary 3.7.11. Let B and E be LD-spaces. Let p: E — B be a covering
and let p(eg) = by. Then, py : mp(E, eq)® — m,(B,bo)” is an isomorphism
for every n > 1 and injective for n = 1.

Proof. Since p is a covering, p~1(bg) is discrete. Hence 7, (p~(by),e0) = 0
for every n > 1. Then, the result follows from Proposition 3.7.10 and both
the exactness and the fibration properties. O

3.7.3 The Hurewicz and Whitehead theorems for locally de-
finable spaces

We define the Hurewicz homomorphism in a similar same way as in the defin-
able case but using the homology groups developed in Section 3.5. We fix a
generator z/X0 of H,(I", I™)R0 (recall that H,(I", 0I™")R0 = 7). Let 2R :=
0(zR0), where 6 is the natural transformation of Notation 3.5.8 between the
(locally) semialgebraic and the (locally) definable homology groups. Given
a pointed LD-space (M, xg), the Hurewicz homomorphism, for n > 1,
is the map hnr : (M, 20)® — H,(M)® : [f] = hor([f]) = fo(25),
where f, : H,(I",01)® — H,(M)® denotes the map in singular homology
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induced by f. Note that it follows from the homotopy axiom of singular
homology that h, r is well-defined (see Proposition 3.5.3). We define the
relative Hurewicz homomorphism adapting in the obvious way what was
done in the absolute case. It is easy to check that h,  is a natural trans-
formation between the functors m,(—)® and H,(—)®. The following result
can be easily deduced from the naturality of the isomorphisms p and 6 in-
troduced in Corollary 3.7.5 and Notation 3.5.8 respectively (see the proof of
Proposition 2.5.1).

Proposition 3.7.12. Let (M, xq) be a pointed regular paracompact locally
semialgebraic space. Then, the following diagram commutes

hn,RO

T (M, 29) R0 —— H,,(M)Ro

”l le
Fn(M, JZ())R ﬁ Hn(M)R

for allm > 1.

Now, the proofs in the definable setting of the Hurewicz and the White-
head theorems (see Theorems 2.5.3 and 2.5.7) apply for LD-spaces just using
(i) the locally definable category instead of the definable one, (ii) the respec-
tive isomorphisms p and 8 of Theorem 3.7.1 and Notation 3.5.8 instead of the
definable ones and (iii) the Triangulation Theorem for LD-spaces (see Fact
3.2.12). Note that in the proofs of the definable versions of the Hurewicz
and Whitehead theorems, the finiteness of the simplicial complexes plays an
irrelevant role. Specifically, we have the following results (recall the action
B of m on m, defined after Corollary 3.7.7).

Theorem 3.7.13 (Hurewicz theorems). Let (M,xy) be a pointed LD-
space and n > 1. Suppose that m.(M,x0)® = 0 for every 0 < r < n — 1.
Then, the Hurewicz homomorphism

hpRr @ mn (M, :Eo)R — Hn(M)R

is surjective and its kernel is the subgroup generated by { B, ([f])[f]7" : [u] €
1 (M, 20)%,[f] € mn(M,20)R}. In particular, h,x is an isomorphism for
n > 2.

Theorem 3.7.14 (Whitehead theorem). Let M and N be two LD-spaces.
Lett : M — N be an ld-map such that for some xg € M, 1, : 7 (M, 20)R —
Tn(N, ¢ (20))R is an isomorphism for alln > 1. Then, 1) is an ld-homotopy
equivalence.

Corollary 3.7.15. Let M be an LD-space and let xog € M. If m,(M, xo)R =
0 for all n > 0 then M is ld-contractible.
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3.8 Appendix

We show now those results needed in the proof of Fact 3.3.2.

Fact 3.8.1. Let M be an ld-space and let {C; : i € 1} be a locally finite
family of closed definable subspaces of M. Then the admissible subspace
C = U, Ci is closed in M.

Proof. 1t suffices to prove that for every open definable subspace U of M,
UNC=UNC. Let U be an open definable subspace of M. Since {C;}ics
is locally finite, UNC =UN(C;, U---UC;, ) for some i1,...,i; € I. Hence
UnC=0nUnNC=0UN(C;,U---UC;,)=UN(CU---UC;,)=UNC,
as required. O

Fact 3.8.2. [13, Lem.I1.1.1,I1.1.2] Let M be an ld-space and let {C; : i €
I} be a locally finite family of closed definable subspaces of M with M =
Uicr Ci- Then,

(i) a subset U of M is an open admissible subspace of M if and only if UNC;
is an open definable subspace of C; for all i € I,

(ii) M is paracompact, and

(iii) if C; is regular for all i € I, M is also regular.

Proof. (i) Let U C M such that U N C; is an open definable subspace of
C; for all i € I. Then C; \ U is a closed definable subspace of C; for all
i € 1. Since the family {C;}ier is locally finite, {C; \ U }4¢r is a locally finite
family of closed definable subspaces of M. It follows from Fact 3.8.1 that
M\ U = U;¢;(C;\U) is a closed admissible subspace of M and hence U is
an open admissible subspace of M.

(i) We consider the finite subset of indexes I'(¢i) = {j € I : C; N C; # 0}
and the admissible subspace U; := M \ U gp(;) C; for each i € I. By Fact
3.8.1, U; is open. Moreover, since U; C UjeI‘(i) Cj, U; is actually a definable
subspace of M. If j ¢ T'(i) then U; N C; = (). Hence, since {C;}ier is locally
finite and C; C U; for all ¢ € I, we have that {U;};cs is a locally finite cover
of M by open definable subspaces.

(iii) Firstly, note that since C; is closed, the closure respect to C; equals the
one respect to M. Let x € M and let B be a closed admissible subspace
of M with = ¢ B. Since {C; : i € I} is locally finite, the subset of indexes
I(z) := {i € I : x € C;} is finite. Moreover, by Lemma 3.8.1, the set
Az = Use () C; is a closed admissible subset of M. Replacing B by
B U A, if necessary, we can assume that A, C B. For each i € I(z),
since C} is regular, there is an open definable subspace U; of C; such that
z € U; and U; N B = (. Since U; is an open definable subspace of C;,
there is an open definable subspace V; of M such that C; N'V; = U; for each
i € I(x). Furthermore, we can assume that V; C M \ B, otherwise it is
enough to consider the intersection of V; and the open admissible subspace
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M\ B. Now, consider the open definable subspace V' := (., Vi of M

and the closed admissible subspace Z := [ J;c I(I)E of M. Clearly, x € V
and B C M\ Z. On the other hand, since A, C B and V C M \ B, we have
V NA, =0 and hence

V=vnM=Jvnc)= |J vnc)c |J Vinc)= |J Uicz
)

iel i€l(x) iel(x €l(x)

Therefore, x and B are separated by V and the open admissible subspace
M\ Z. O

Fact 3.8.3. [13, Lem.1.2.2] Let M be a set and let {M; : i € I} be a directed
system of subsets of M such that M = \J,c; M;. Suppose that each M; is
a reqular definable space and that for all i,5 € I, ¢+ < j, M; is an open
definable subspace of M; whose definable space structure is equivalent to the
one inherited from M;. Then there is an ld-space structure in M such that
M; is an open definable subspace of M for all i € I.

Proof. Let ; : M; — E; be a chart of M; for each i € I. We show that
{(¢i, Es) }ier is an atlas of M. It suffices to check that both w;(M; N M;)
and 1;(M; N M;) are open definable subsets of E; and E; respectively and
the map v; o _1|¢] (M;nM;) is definable for all 4,7 € I. Let k € I such
that 7,5 < k. By hypothes1s Yy (M;) and ) (M;) are open definable subsets
of Ey and vy o LZ); and Yy o 1/{1 as well as their inverses are definable

maps. Hence, 1;(M; N M;) = (¢ o 1/)1;1)(@%( i) N Y(M;)) and 1 (M; N
M;) = (¢ Owk_l)(wk( )ﬂ¢k( j)) are open deﬁnable subsets of E; and Ej
respectively. Finally, ¥;o01); |¢Z M;NM;) (wkol/f ) o(Yroth; )|z/11 (M;NM;)

and ¢; 0 7y (g = Gk 0977 o (Y 0 5 )y, (a0, are definable
maps. [

Fact 3.8.4. [13, Prop. 1.3.16] Let M be an ld-space and {C;: j € J} be an
admissible covering of M by closed definable subspaces. Let N be an ld-space
and f: M — N be a map (not necessarily continuous) such that f|c, is an
ld-map for each j € J. Then, f is an ld-map.

Proof. Let {(M;, ¢;)}icr be an atlas of M. We have to prove that the con-
ditions of Definition 3.2.4 are satisfied. Firstly, note that since the covering
{C}}jes is admissible, for each i € I there is a finite subset J; C J such
that M; C Ujer- Cj. Therefore, since f|r;nc; is continuous and M; N Cj is
a closed subset of M; for all j € J;, f|a is also continuous for every i € I.
Now, to prove that f(M;) is a definable subspace of N for each i € I, note
that, since each f|c; is an ld-map and Cj; is a definable subspace of M,
f(M; N Cj) is a definable subspace of N for all i € I and j € J. Hence,
N; == f(M;) = Ujey, [(M;NC;) is a definable subspace of IV for each i € I.
Finally, the map f|y, : M; — Nj is definable since f’M,-ij : M; N Cj — N;
is definable for all j € J;. O
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Fact 3.8.5. [13, Thm.I1.1.3] Let M be a set and {M;}icr a family of subsets
of M. Assume that for each i € I, M; has an affine definable space structure
satisfying that

(i) M;NM; is a closed definable subspace of both M; and M; for everyi,j € I
and the structure that M; N M; inherits from both M; and M; are equivalent
and,

(ii) the family {M; N M;}jer is finite for every i € I.

Then, there is a (unique) LD-space structure in M such that

(a) M; is a closed definable subspace of M for every i € I;

(b) the structure that M; inherits from M is equivalent to its affine structure

and,
(c) the family {M; : i € I} is locally finite.

Proof. Uniqueness, paracompactness and regularity follow clearly from Fact
3.8.2. We divide the proof in two cases.

(1) I is finite: It suffices to prove the case I = {1,2}. Denote by ¥; :
M; — FE; C R"™ the chart of M; for i = 1,2. Let A = M; N Ms. By
Tietze extension theorem (see [15, Ch.8,Cor.3.10]) there is a definable map
X1 : M1 — R™ such that x1|4 = 9. Similarly, there is a definable map
X2 : My — R"™ such that x2|4 = 1. Consider the map ¢; : M — R"™ such
that ¢1|ar = ¢1 and ¢1|a, = x2. Consider also the map ¢o : M — R™ such
that ¢2|pr, = ¥ and ¢a|p, = x1. On the other hand, by [15, Ch.6, Lemma
3.8], there are definable functions h; : M; — [—1,0] and hg : My — [0,1]
such that h;'(0) = h; '(0) = A. Consider the function h : M — [~1, 1] such
that h|p;, = hy and h|y, = ho. Note that h=1(0) = A, h=1([-1,0]) = M,
and h=1([0,1]) = Ms. Finally, consider the map f : M — R" x R" x R :
x — (¢1(x), p2(x), h(x)). Note that the function f is injective and the
map f o wi_l : B; — R?>"*l g definable for i = 1,2. Hence Ny := f(Mj)
and Ny := f(Ms) are definable. In particular, E := f(M) = N; U N
is definable. Using the bijection f : M — FE, we define a structure of
affine definable space in M. Next, we check that properties (a) and (b)
hold. Firstly, note that Ny = {(z1,...,2on41) € E : zapt1 < 0} and
Ny ={(z1,...,2on41) € E : zop+1 > 0} and therefore N; and Ny are closed
subsets of E. Finally, f|as, : M; — Nj; is an embedding for ¢ = 1,2. Indeed,
it suffices to observe that f~!|n, = (o Lo pr is definable, where pr denotes
the projection over the first n coordinates. Similarly, we prove that 1|y,
is also definable.

(2) General case: We fix i € I. By (ii), the set of indexes I'(i) := {j € I :
M;NM; # 0} is finite. Consider the subset U; := M\U,gp(;) M; of M. Note
that U; is the union of the finite family {U; " M}, : k € T'(i)}. It follows from
(i) that U; N My = Ujer@\r) Mk \ M; is an open definable subset of My, for
all k € T'(i). We equip U; N M}, with the definable space structure inherited
from Mj, for each k € T'(i). Then by (1), U; has a definable space structure
such that U; N M}, is a closed definable subspace of U; and the definable
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space structure that U; N My inherits from both U; and M), are equivalent,
for all k£ € I'(¢). Now, let L be a finite subset of indexes of I. We define
UL = U, Ui. Note that ULNM}, = UieF(k)ﬁL(UiﬁMk) is an open definable
subspace of M}, for all k € | J,c; I'(¢). We equip U, N M}, with the definable
space structure inherited from Mj, for all k € (J;c; I'(4). Then, by (1), U, has
a definable space structure such that Uy NMj is a closed definable subspace of
Ur, and the definable space structure that Uy N M, inherits from both Uy, and
M, are equivalent for all k € | J;c; I'(4). Given two finite subsets of indexes
Ly and Ly of I with Ly C Lo, we have that Uy, is an open definable subspace
of Ur,. For, by Lemma 3.8.2, it is enough to prove that Uz, N Ur, N M}, is
an open definable subspace of Ur, N My, for every k € J;cp, I'(i). Moreover,
since Ur, C Ug, and Ur, N My, =  for all k ¢ (J;cp, T(i), it suffices to
check that Ur, N Mj is an open definable subspace of Ur, N Mj for all
k € Uier, I'(@). Indeed, for all k € J;cp, I'(7), we have showed above that
Ur, N My and Up, N M), are open definable subspaces of M} and hence
Ur, N My, is an open definable subspace of Ur, N Mj, as required. It follows
from this that the directed system {Up, : L finite subset of I} satisfies the
hypotheses of Fact 3.8.3 and hence there is an ld-space structure in M such
that each Uy, is an open definable subspace of M and the definable space
structure of Uy, and the one it inherits from M are equivalent. Furthermore,
for all 4,5 € I if Uj NU; # 0 then j € Uyep) I'(k) , and hence {Ui}ier is
a locally finite cover of M by open definable subspaces. To finish the proof
we have to check properties (a),(b) and (c). Note that {j € I : U;NM; # 0}
is a subset of I'(¢) and therefore is finite for all i € I. Hence, since M; N U;
is a closed definable subspace of U; for every i,j € I, (a) and (b) hold. To
prove (c) is enough to note that the set of indexes {i € I : M; NU; # 0} is
also contained in the finite set I'(j) for all j € I and hence {M; };¢; is locally
finite. O

Now, we prove some well-known results on o-minimal geometry in the
locally definable setting also needed in the proof of Fact 3.3.2.

Fact 3.8.6 (Shrinking of coverings). [13, Thm.[.4.11] Let M be a regular
ld-space and let {U;}icr be a locally finite cover of M by open definable

subspaces (so in particular M is paracompact). Then there is a covering
{Vi}ier of M by open definable subspaces such that V; C U; for all i € I.

Proof. Consider the finite set of indexes I'1(i) = {j € I : U; N U; # 0} and
the open definable subspace W; = . jer (i) Uj of M for each i € I. Note that
U; C W;. Consider also the finite set of indexes I'y(i) = {j € I : U;NW; # 0}
and the open definable subspace Wl = UkEFQ(i) U, of M. Note that W; C
Wi and that {Wl}ze 7 is also a locally finite cover of M by open definable
subspaces. We denote by Wy, := Uy, for each i € I and each k € I'9(7). Then
{Wir + k € T'2(i)} is a finite cover of W; for all i € I. Since M is regular,
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each W; is affine (see Remark 3.2.8) and hence, by the definable shrinking of
coverings (see [15, Ch.6,Lem.3.6]), there is a cover {Vi; : k € I'y(i)} of W; by
open definable subspaces of Wz with Vi, € Vi N Wz C Wi for all k € T'a(4).
Now, consider the open definable subspace Vj, := (J; (k) Vi C Uy for each
k € I (note that if i € T';(k) then k € T'1(i) C I'z(2)). We check that
M = Uper Vi- Let x € U; for some i € I. Then z € WZ and hence x € Vj;,
for some k € I'y(i). Since x € U; NV C U; N Uy, we have that i € T'y(k),
so that z € V. Finally, we have to show that Vi, C Uy, for all k € 1. We fix
k € I. Clearly, U, C W; C W; and therefore V;, C Wy, = U, C W; for all
i € I'y(k). Hence,

V= U Va= U Vik "W C U Wi =0,
1€l (k) 1€l (k) €T (k)

as required. O

Fact 3.8.7 (Partition of unity). [13, Thm.[.4.12] Let M be an LD-space
and let {U;}ier be a locally finite cover of M by open definable subspaces.
Then there is a family {g; : M — [0,1]}ier of ld-maps such that sup(g;) :=
{x e M:gi(x)#0} CU; forallic I and ) ;c;gi(x) =1 for all x € M.

Proof. By Fact 3.8.6, it suffices to find a family {g; : M — [0,1]} of 1d-
maps such that g;'((0,1]) = U; for all i € I and 3, ;gi(z) = 1 for all
x € M. Firstly, we construct a definable map h; : U; — [0, 1] such that
h; 1(0) = U; \U; for each i € I. By Fact 3.2.11, Uj is a definable subspace of
M for all ¢ € I. Furthermore, since M is regular, by the o-minimal version of
Robson’s theorem there is a definable embedding ¢; : U; — R™ with ¢;(U;)

bounded for each i € I. If U; # U;, take the definable map
. 1. _
hi: Ui — [0,1] : ¢ — & inf{|¢i(x) — ¢i(y)| : y € Ui\ Ui},

where C' = sup, g inf{[¢i(z) — ¢i(y)| 1 y € U\ U;}. If U; = U, take the
definable map h; : U; — [0,1] :  — 1. By Fact 3.8.4, the map H; : M —
[0, 1] such that H;(z) = h;(x) for all z € U; and H;(z) = 0 for all z € M\ TU;
is an ld-map. Since {U;}ics is locally finite, the map H(x) = . ; Hi(x)
is a well-defined ld-map. Moreover, note that H(z) # 0 for all x € M.
Finally, the 1d-maps ¢; : M — [0,1] : z — II?(%) fulfill the requirements of
the fact. O

Fact 3.8.8. Let M be an LD-space and let A and B be two closed disjoint
admissible subsets of M. Then there is an ld-map g : M — [0, 1] such that
g7 1(0) = A and g~(1) = B.

Proof. Let {M;}icr be a locally finite cover of M by open definable subsets.
By 3.8.7, there is an ld-partition of unity {h; : M — [0, 1] };e; with respect
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to {M;}icr. On the other hand, it follows from the definable version of Fact
3.8.8 that there is a definable map g; : M; — [0, 1] for each i € I such that
g;1(0) = M; N A and g;'(1) = M; N B (see [15, Ch.6,Lem.3.8]). Finally, it
is enough to take the Id-map g := 3 . ; hig;. O

We finish this appendix with a variation of locally definable maps (see
[13, Ch.1,§5]).

Definition 3.8.9. Let M and N be ld-spaces. We say that a map f: M —
N 1is strongly locally definable, denoted by sld-map, if f is an ld-map and
f~H(X) is a definable subspace of M for every definable subspace X of N.

Fact 3.8.10. [13, Prop.1.5.3] Let M and N be ld-spaces and let f : M —
N be an sld-map. Then f(X) is an admissible subspace of N for every
admissible subspace X of M.

Proof. Tt is enough to prove that for every open definable subspace U of
N, f(X)NU is also a definable subspace of N. Let U be an open defin-
able subspace of N and let f|;-1(yy : f~Y(U) — U be the restriction of f
to f~1(U). Since f is an sld-map, f~}(U) is a definable subspace of M
and hence f| f-1(u) 1s a definable map. Moreover, since X is an admissible
subspace and f~1(U) is a definable subspace, we have that X N f~1(U) is
a definable subspace of M. Then f|s—1() (X N fHU) = f(X)NU is a
definable subspace of U. In particular, f(X)NU is a definable subspace of
N, as required. O

Fact 3.8.11. [13, Rmk.1.5.2] Let M and N be ld-spaces and let {N;}icr
be a locally finite cover of N by closed definable subspaces. Then a map
f: M — N is an sld-map if and only if (i) the family {f~1(N;) : i € I}
is an admissible cover of M by closed definable subspaces and (ii) the map

flr1vy) : f7YH(N;) — N; is definable for alli € I.

Proof. The left-to-right implication is clear. We show the other implication.
It follows from (i), (ii) and Fact 3.8.4 that f is an ld-map. Let X be a
definable subspace of N. Then X = (X N N;,)U---U(X NN,,,) for some
i1, im € I. By (ii), f71(X N N;,) is a definable subspace of f~1(N;,) for
each [ =1,...,m. Hence f~1(XNN;,) is a definable subspace of M for each
[ =1,...,m, so that f~1(X) = U, f~1(X NN;) is a definable subspace
of M, as required. O



Conclusions

We now make some comments on possible further developments of the work
in this thesis.

Firstly, we point out a possible connection between the Normal tri-
angulation theorem and the o-minimal Hauptvermutung. The o-minimal
Hauptvermutung over the real field was solved by M. Shiota in [35], but
the general one is still open. We recall one of the motivations of the Nor-
mal triangulation theorem. Let (K, ¢) be a triangulation of a definable set
S and some definable subsets Si,...,5; of S. Now, consider new defin-
able subsets S7,...,5) of S. We would like to both preserve the already
obtained triangulation and partition the new sets. Thanks to the Normal
triangulation theorem we can solve this problem. Furthermore, we note
that if the o-minimal Hauptvermung is true then we can also solve it pos-
itively in a rather simple way. For, by the Triangulation theorem, there
is a triangulation (L, ) € A(|K|;¢71(S)),....¢71(S})),0)ser. Now, since
Y : |L| — |K]| is a definable homeomorphism, by the o-minimal Hauptver-
mutung there are subdivisions L' and K’ of L and K respectively and
a simplicial isomorphism ¢ : |L'| — |K’| such that ¢ ~ g. Therefore,
(K', popog™t) € A(S;S1,...,5,5,...,5)) and gopog™! ~ ogog™! ~ ¢,
as required. On the other hand, using the argument above, we may be able
to deduce the Normal triangulation theorem from the o-minimal Hauptver-
mutung. However, it does not seem possible to obtain property (iii) of nor-
mal triangulations (see Definition 1.1.1). Then, the Normal triangulation
theorem is not weaker than the o-minimal Hauptvermutung (at least, in an
obvious way). Moreover, in the semialgebraic context, it helped us to prove
the semialgebraic Hauptvermutung. Hence, it is natural to ask if the Normal
triangulation theorem is equivalent to the o-minimal Hauptvermutung. Of
course, we are interested in the left-to-right implication.

Secondly, one obvious direction for further work is applying the results
of this thesis to the study of definable groups. In fact, this study has been
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already started in [6], where it is proved that
Wn(G)R = 7rn(G/GOO)

for all n > 1 and all definably compact group G. Now, let G be a definably
compact group. By the Triangulation theorem and the o-minimal version
of Robson’s embedding theorem, we can assume that G = | K| for a closed
simplicial complex K whose vertices lie in Q. Hence, by Corollary 2.4.4 and
the result [6], we know that m,(|K|(R)) = 7,(G)® = m,(G/G). Hence,
we might expect |K|(R) being homotopic equivalent to G/G%. Actually, by
Whitehead theorem, we only need an adequate map from |K|(R) to G/G".
Note that this would imply that cat(G)® = cat(G/G) for every definably
compact group G, extending the results in Section 2.6.
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