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ABSTRACT. In this paper we study locally definable manifolds and we prove:
(i) the existence of universal locally definable covering maps; (ii) invariance
results for locally definable covering maps, o-minimal fundamental groups and
fundamental groupoids; (iii) monodromy equivalence for locally constant o-
minimal sheaves; (iv) classification results for locally definable covering maps;
(v) o-minimal Hurewicz and Seifert - van Kampen theorems.

1. INTRODUCTION

We fix an arbitrary o-minimal expansion R = (R, <,0,+,...) of an ordered
group. By “(locally) definable” we mean “(locally) definable in R, possibly with
parameters”. We work in the category of locally definable manifolds with mor-
phisms the locally definable continuous maps. Locally definable manifolds properly
generalize the definable manifolds (see Section 2). For background on basic o-
minimality we refer the reader to [9] for the definable setting and to [3] for the
locally definable setting. For algebraic topology relevant to this paper, the reader
should see [8], [22] and [23], for example.

The first main results of the paper are:

Theorem 1.1. Let X be a definably connected Lindelof locally definable manifold.
Then the o-minimal fundamental group m1(X) of X is countable. In fact, if X is
definable, then m1(X) is finitely generated.

Theorem 1.2. Let X be a definably connected locally definable manifold. Then
there exists a universal locally definable covering map u : U — X. Moreover, if X
is Lindeldf (resp. paracompact), then U is also Lindeldf (resp. paracompact).

Similar results were known before only in o-minimal expansions of real closed
fields: in [4] Berarducci and Otero prove that the o-minimal fundamental group of
a definable set is finitely generated; in [3] Baro and Otero prove the existence of
o-minimal locally definable universal covers; in [6] Delfs and Knebusch prove the
existence of locally semi-algebraic universal covers. Note also that in [13] the first
two authors proved versions of the above theorems for definably connected locally
definable groups. See also [20] and [21] for the special case of definable groups when
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R is linear. For background on locally definable groups we refer the reader to [10],
[11], [13] and [25].

In this paper we also prove the following invariance results for both the universal
locally definable covering map and the o-minimal fundamental group of a definably
connected locally definable manifold:

Theorem 1.3. Let J be an elementary extension of R or an o-minimal expansion
of R. Let X be a definably connected locally definable manifold. Then the following
hold:

(1) A wuniversal locally J-definable covering map of X is J-definably homeo-
morphic to a universal locally definable covering map of X.

(2) The o-minimal fundamental group of X in J is isomorphic to the o-minimal
fundamental group of X in R.

Similarly, we have:

Theorem 1.4. Suppose that R is an o-minimal expansion of the ordered group of
real numbers. Let X be a definably connected locally definable manifold. Then the
following hold:

(1) A topological universal covering map of X is topologically homeomorphic to
the o-minimal universal locally definable covering map of X.

(2) The topological fundamental group of X is isomorphic to the o-minimal
fundamental group of X.

Analogues of these invariance results for o-minimal fundamental groups were
proved before only for definable sets (resp. regular paracompact locally definable
spaces) in o-minimal expansions of real closed fields in [4] and also [2] (resp. [3]).
Versions of these invariance results for locally definable covering homomorphisms
were proved before in [16].

The theorems above are generalizations to locally definable manifolds in arbitrary
o-minimal expansions of ordered groups of the corresponding results by Baro and
Otero ([3]) in o-minimal expansions of fields, which in turn are generalizations of
similar results by Delfs and Knebusch ([6] and [7]) for locally semi-algebraic spaces.
In the context of o-minimal expansions of fields or in the semi-algebraic context
these results are consequences of o-minimal triangulation theorems [9] and [3] and
the semi-algebraic triangulation theorem [7]. In our more general context, Theorems
1.1 and 1.2 are based on the following generalization of a result of Wilkie [27] on
covering non-empty bounded open definable sets by finitely many open cells in o-
minimal expansions of real closed fields: in a semi-bounded o-minimal expansion of
an ordered group every non-empty open definable set is a finite union of open cells
([14)).

As we saw in Theorem 1.4 when R is an o-minimal expansion of the ordered
group of real numbers, for definably connected locally definable manifolds, the the-
ory developed in this paper coincides with the classical theory of topological cov-
ering maps ([22]). However, one should point out that, in an arbitrary o-minimal
expansion R of an ordered group, the theory of topological covering maps is in some
sense useless. In fact in that situation, if R is non archimedean, then all definably
connected locally definable manifolds are, with their natural topology, totally dis-
connected spaces and so have no non trivial covering spaces. Our Theorem 1.2
shows that it is possible to find a suitable replacement of the theory of topological
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covering maps which in the archimedean case coincides with the classical theory
and moreover it is preserved under elementary extensions (Theorem 1.3). As it
is known developing these algebraic topology tools in the o-minimal context has
proved to be very useful for example in the theory of definable groups ([17]).

In this paper we also obtain the monodromy equivalence for locally constant
o-minimal sheaves (in an arbitrary o-minimal expansion R of an ordered group):

Theorem 1.5. Let X be a locally definable manifold and let J be one of the cate-
gories: the category of sets; the category of G-torsors for a given discrete group G;
the category of k-modules over a ring k. Then the monodromy functor

o LCShJ(Xdef) — FCt(Hl(X),J)

is an equivalence between the category of locally constant J-sheaves on the o-minimal
site Xgof on X and the category of representations of the o-minimal fundamental

groupoid 111 (X) of X in J.

From Theorem 1.5 we obtain several classification results for locally definable
covering maps. See Subsection 4.3. As a consequence of these classification results
for locally definable covering maps we obtain o-minimal Hurewicz and Seifert - van
Kampen theorems. Analogues of the o-minimal Hurewicz and Seifert - van Kampen
theorems for definable sets in o-minimal expansions of fields were proved before in
[17] and [4] respectively.

Structure of the paper.

In Section 2 we introduce preliminary notions and results about locally defin-
able covering maps, o-minimal fundamental groups and o-minimal fundamental
groupoids.

In Section 3 we prove the results on o-minimal fundamental groups and universal
locally definable covering maps (Theorems 1.1, 1.2, 1.3 and 1.4). In Section 4 we
prove the rest of the results of the paper namely: the monodromy equivalence
for locally constant o-minimal sheaves, classification results for locally definable
covering maps and o-minimal Hurewicz and Seifert - van Kampen theorems. In
Section 5 we observe that all our results can be generalized to other categories of
locally definable spaces in arbitrary o-minimal structures by pointing out exactly
what is required in the proofs.

Acknowledgement: The third author wishes to thanks Pietro Polesello for
his useful comments.

2. LOCALLY DEFINABLE COVERING MAPS

This section contains general results and useful facts about locally definable
covering maps. The results of the Subsection 2.1 hold in any o-minimal structure
while those of Subsections 2.2 and 2.3 are related to o-minimal fundamental groups
and fundamental groupoids and locally definable covering maps and so hold in o-
minimal expansions of ordered groups. These results generalize the corresponding
results for definable covering maps in o-minimal expansions of real closed fields that
appear in [17].

2.1. Locally definable covering maps. Here we introduce some terminology and
prove some preliminary results that will be useful later.
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A locally definable manifold (of dimension n) is a triple (S, (U;, 6;)i<x) where:

L S = Uz’<n Ui;

e cach 0; : U; — R" is an injection such that 0;(U;) is an open definable
subset of R";

e for all 4,7, 6;(U; NUj) is an open definable subset of 6;(U;) and the tran-
sition maps 0,5 : 0;(U; N U;) — 0;(U; NU;) : x +— 0;(0; *(x)) are definable
homeomorphisms.

We call the (U;, 0;)’s the definable charts of S. If k < Ng then S is a definable
manifold.

A locally definable manifold S has a topology such that each U; is open and the
0;’s are homeomorphisms: a subset U of S is open in this topology if and only if
for each 4, 0;(U NU;) is an open definable subset of ;(U;).

We say that a subset A of S is definable if and only if there is a finite Iy C k such
that A C Uie]0 U; and for each i € Iy, 0;(ANU;) is a definable subset of 6;(U;).
A subset B of S is locally definable if and only if for each i, B N U; is a definable
subset of S. We say that a locally definable manifold S is definably connected if
it is not the disjoint union of two open and closed locally definable subsets. Note
that in [6] and [3] “definably connected” is called “connected”, but here prefer to
make the distinction since often, e.g. when R is non-standard, definably connected
locally definable manifolds are totally disconnected topological spaces.

Let U = {U, }acr be a cover of S by open locally definable subsets. We say that
U is: (1) admissible if for each i < k, the cover {U, NU;}aer of U; admits a finite
subcover; (ii) locally finite if for each i < k, the set {a € I : U, NU; # 0} is finite.
If V = {V3} e is another cover of S by open locally definable subsets, we say that
V refines U, denoted by V < U, if there is a map € : J — I such that Vg C U
for all g € J.

We say that a locally definable manifold .S is Lindeldf if there exists an admissible
cover of S by countably many open definable subsets.
The following observation is immediate:

Remark 2.1. A locally definable manifold S is Lindeldf if and only if every ad-
missible cover of S by open locally definable subsets admits a refinement by an
admissible cover of S by countably many open definable subsets. In particular, S
is Lindeldf if and only if S has countably many definable charts.

The locally semi-algebraic analogue of Remark 2.1 is [7, Chapter I, Proposition
4.16]. Note also that by Remark 2.1 what is called “locally definable manifold” in
the paper [16] corresponds exactly to Lindelof locally definable manifolds.

We say that a locally definable manifold S is paracompact if there exists a locally
finite (necessarily admissible) cover of S by open definable subsets.
The following observation is immediate:

Remark 2.2. A locally definable manifold S is paracompact if and only if every
admissible cover of S by open locally definable subsets admits a refinement by
a locally finite (necessarily admissible) cover of S by open definable subsets. In
particular, S is paracompact if and only if .S has a locally finite family of definable
charts.
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The locally semi-algebraic analogue of Remark 2.1 is [7, Chapter I, Proposition
4.5]. And the locally semi-algebraic analogue of the next easy remark is [7, Chapter
I, Theorem 4.17]

Remark 2.3. A definably connected, paracompact locally definable manifold S is
Lindelof.

The above remarks are also mentioned in [3] where as in the locally semi-algebraic
case ([6] and [7]) the notions of Lindelof and paracompact play a more significant
role then in this paper. We refer the reader to those papers for concrete examples
of locally definable manifolds with or without these properties.

A map f: X — Y between locally definable manifolds with definable charts
(Ui, 0:)i<ix and (Vj,6;5)j<x, respectively is a locally definable map if for every
finite I C kx there is a finite J C xy such that:

L f(Uie] Ui) - UjeJ Vj?

e the restriction f| : U,c; Ui = U, Vj is a definable map between definable
manifolds, i.e., for each i € I and every j € J, §; ofo@i_1 10;(U;) — 6;(V5)
is a definable map between definable sets.

Thus we have the category of locally definable manifolds with locally definable
continuous maps.

Remark 2.4. Let f : X — Y be a locally definable continuous map, D C Y a
locally definable subset of Y and V = {V3}gcs an admissible cover of Y by open
locally definable subsets. Then

e f~1(D) is a locally definable subset of X.
o [~V ={f"1(Vj)}ses is an admissible cover of X by open locally definable
subsets.

Indeed, if (U;, 0;) is a definable chart of X, then f~Y(D)NU; = (fiu,) ™" (fjv, (Us)ND)
is definable since fy, : U; — f(U;) is definable and fiy, (Us) N D is also definable;
on the other hand the cover {f~'(V3) NU,}ges of U; admits a finite subcover since
it is {(fiz,) "' (fijv;(Us) NV;3)} pes and the cover { fiy, (U;) NV;s)}ge of the definable
subset f|y, (U;) admits a finite subcover.

Given a locally definable manifold S, a locally definable manifold X and an
admissible cover U = {U, }aer of S by open definable subsets, we say that a con-
tinuous surjective locally definable map px : X — S is a locally definable covering
map trivial over U = {Uq }aer if the following hold:

o p (Ua) = i< Ul a disjoint union of open definable subsets of X;

e each pxy: : Ul — U, is a definable homeomorphism.
A locally definable covering map px : X — S is a locally definable covering map
trivial over some admissible cover U = {U, }aer of S by open definable subsets.

We say that two locally definable covering maps px : X — S and py : ¥ — §

are locally definably homeomorphic if there is a locally definable homeomorphism
F : X — Y such that:

® px =pyoF.
Such F': X — Y is called a locally definable covering homeomorphism.
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A locally definable covering map px : X — S is trivial if it is locally definably
homeomorphic to a locally definable covering map S x M — S : (s,m) — s for
some set M.

Remark 2.5. If px : X — S is a locally definable covering map trivial over
U = {Uy}acr with S definably connected, then there exists a fixed A such that:

e p' (Ua) = |_]ZSA U! (a disjoint union) of open definable subsets of X;
e cach px|y: : Uy — U, is a definable homeomorphism.

Remark 2.6. By Remark 2.1 what is called “locally definable covering map” in
the paper [16] corresponds exactly to locally definable covering maps px : X — S
between Lindelof locally definable manifolds with S definably connected. These
assumptions play no role in the proofs of that paper. Thus we will often use the
results from [16] in the more general setting of this paper.

Let D C R™ be a definable subset and Y a locally definable manifold with
definable charts (V},6;)j<.. We say that a map f: D — Y is a definable map if
there is a finite J C & such that:

o f(D) CUjes Vis
e f:D — sV is a definable map.

A definable map f : D — Y between a definable subset of R™ and a locally definable
manifold Y is continuous if it is continuous when we put on D the induced topology
from R™.

Let py : Y — T be a locally definable covering map, X be a locally definable
manifold and let f: X — T be a locally definable map. A lifting of f is a contin-
uous map }’v: X — Y such that py o f = f. Note that a lifting of a continuous
locally definable map need not be a locally definable map.

The proof of the following two lemmas can be easily be recovered adapting the
results of [13], Section 2.

Lemma 2.7. A locally definable covering map px : X — S is a continuous open
surjection.

Lemma 2.8. Suppose that X is a locally definable manifold. Let py : Y — T
be a locally definable covering map and let f,g: X — Y be two continuous locally
definable maps such that pyof = pyog. If X is definably connected and f(x) = g(x)
for some x € X, then f=g.

2.2. Fundamental group and fundamental groupoid. Here we recall the def-
initions of o-minimal fundamental groupoid and o-minimal fundamental group and
prove their basic properties.

Let X be a locally definable manifold. A path « : [0,p] — X is a continuous
definable map. A path « : [0,p] — X is constant if a(0) = «(t) for all t € [0, p].
A path « : [0,p] = X is a definable loop if a(0) = a(p). The inverse of a path
a :[0,p] = X is the path a=! : [0,p] — X given by a=1(t) = a(p — t) for all
t € [0,p]. A concatenation of two paths v : [0,p] = X and ¢ : [0,¢q] - X with
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~v(p) = 6(0) is a path v- 6 : [0,p + q] — X with:

~(¢) if t € [0,p)
(- 8)(t) =

6(t—p) iftelp,p+aql.

We say that X is definably path connected if for every u, v in X there is a definable
path « : [0,¢] — X such that «(0) = u and a(q) = v.

Lemma 2.9. Let X be a locally definable manifold. Then X is definably connected
if and only if X is definably path connected. In fact, for any definably connected
definable subset D of X there is a uniformly definable family of definable paths in
D connecting a given fized point in D to any other point in D.

Proof. Suppose that X is definably connected with definable charts (X, 0;);cr
each of which can be assumed without loss of generality to be definably connected.
Then any definably connected definable subset D of X is contained in an open
definably connected definable submanifold [ J,. 1, Xi of X. Clearly, if each definable
connected component of each X; N D (i € Iy) is uniformly definable path connected,
then so is D. Thus we have to show that for each i € I, every definable connected
definable subset C of X; is uniformly definably path connected or equivalently,
that every definable connected definable subset of 6;(X;) € RYU™X is uniformly
definably path connected. But this follows from by [9, Chapter 6, (3.2)] and its
proof. The converse is immediate. O

Remark 2.10. The previous proof is similar to [13, Lemma 2.10] but in [13] the
argument uses group structure.

Let X be a locally definable manifold. Given two definable continuous maps
fy,g:Y C R™— X, we say that a definable continuous map F'(¢,s) : Y x[0,q] = X
is a definable homotopy between f and g if f = Fy and g = F,, where Vs € [0, ¢,
F, := F(-,s). In this situation we say that f and g are definably homotopic, denoted
[~y

Two definable paths v : [0,p] — X, ¢ : [0,¢q] — X, with v(0) = §(0) and
~v(p) = 0(q), are called definably homotopic if there is some to € [0, min{p, ¢}], and
a definable homotopy F'(t,s) : [0,max{p, ¢}] x [0,7] — X, for some r > 0 in R,
between

Nost0] * € * Vito,p) and 8 (if p < ), or

Ofo,to] - d - Iljto,q) and v (if ¢ < p).
where c¢(t) = 7y(to) and d(t) = §(to) are the constant definable paths with domain
[0,1p —ql].

Clearly, any two constant definable loops at the same point ¢ € X are definably
homotopic. We will thus write ¢, for the constant definable loop at ¢ without
specifying its domain.

Let X be a locally definable manifold and xg,z; € X. If P(X,z0,21) denotes
the set of all definable paths in X that start at x¢ and end at zi, the restriction
of ~, the relation of being definably homotopic, to P(X, zg, z1) X P(X, zg, z1) is an
equivalence relation on P(X, zg, x1).

If L(X,ex) denotes the set of all definable loops that start and end at a fixed
element ex of X (i.e. L(X,ex) =P(X,ex,ex)), the restriction of ~ to L(X,ex) x
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L(X,ex) is an equivalence relation on L(X,ex). We define the o-minimal funda-
mental group m1(X,ex) of X by

m(X,ex) =L(X,ex)/ ~

and we set [y] := the class of v € L(X, ex). Note that (X, ex) is indeed a group
with group operation given by [v][d] = [y - d]. Also this group depends on the
topology on X.

If f: X — Y is a locally definable continuous map between two locally definable
manifolds with ex € X and ey € Y such that f(ex) = ey, then we have an induced
homomorphism f, : (X, ex) — m (Y, ey) : [o] = [f o o] with the usual functorial
properties.

We define the o-minimal fundamental groupoid T1;(X) of X to be the small
category II; (X) given by

Ob(I (X)) = X,
Homnl(X)({I?(), (El) = ]P(X, {E(J,.’El)/ ~ .
We set [v] := the class of v € P(X,x0,21). Note that II;(X) is indeed a groupoid
with operations Homyy, (x (2o, 1) x Homyy, (x (21, 22) — Homyy, (x) (w0, 22) given
by [0] o [y] = [ - 4d].
Note that if z € X, then P(X, z,2) = L(X, z) and so

71 (X, ) = Homyy, (x) (X, z, x).

If X is a locally definable manifold and x € X, we define II; (X, z) to be the

category given by
Ob(Hl(X7 I)) = {SC},
Homl'll(X,x)(x7 :L') =T1 (Xv ﬂf)

If f: X — Y is alocally definable continuous map between locally definable man-
ifolds, then we have an induced functor f : II;(X) — II;(Y") which is a morphism
of groupoids sending the object z € X to the object f(x) € Y and a morphism [7]
of II;(X) to the morphism [f o] of II; (V).

Lemma 2.11. Let X and Y be locally definable manifolds. Then

(1) If X is definably connected then the natural functor 11 (X,z) — 1 (X) is
an equivalence for every x € X.

(2) The natural functor II; (X xY) — II;(X) x II1(Y) given by projection is
an equivalence.

Proof. (1) The functor II; (X, z) — II;(X) sends the object = of II1 (X, z) to
the object x of II1 (X) and sends a morphism of IT; (X, z) represented by a definable
loop at x to the morphim of IT; (X) represented by the same definable loop at z.
By definition this morphism is fully faithfull. By Lemma 2.9, X is definably path
connected, and so every object of II1(X) is isomorphic to the object . So the
functor is also essentially surjective. Therefore, it is an equivalence.

(2) The functor II1 (X x Y) — II1 (X) x I1;(Y) sends a morphism of IT; (X x Y)
represented by a definable path p in X x Y to the morphism of IT;(X) x II;(Y)
represented in each coordinate by the definable paths ¢; o p in X and ggop in Y
where ¢; and ¢, are the projections onto X and Y, respectively. This functor is an
isomorphism with inverse given by the functor IT; (X) x II; (V) — II; (X x Y') that
sends the object (z,y) of II;(X) x II;(Y) to the object (x,y) of II;(X x Y) and
sends a morphism of IT; (X) x IT;(Y') represented by a pair of definable paths v in
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X and ¢ in Y to the morphism of II; (X x Y) represented by the definable path in
X x Y with coordinates v and 4. O

Corollary 2.12. Let X and Y be locally definable manifolds with ex € X and
ey €Y. Then

(1) If X is definably connected then (X, ex) ~ m(X,x) for every x € X.
(2) m(X,ex) xm(Y,ey) = m(X x Y, (ex,ey)).

Notation: As usual for a definably connected locally definable manifold X if there
is no need to mention a base point ex € X, then by Corollary 2.12 (1), we may
denote 71 (X, ex) by m (X).

2.3. Locally definable covering maps and fundamental groups. Below we
introduce the crucial results relating the o-minimal fundamental groups and the
locally definable covering maps. These results have analogues in the classical theory
of topological covering maps and once we prove the locally definable analogue of
the crucial lemma (Lemma 2.13) the remaining proofs are similar and so we omit
them and refer reader to [22] or to [17], Section 2 for the definable case.

Lemma 2.13. Suppose that px : X — S is a locally definable covering map. Then
the following hold.

(1) Let v :[0,p] = X be a definable path in S and x € X. If px(x) = v(0),
then there is a unique definable path % : [0,p] — X in X, lifting v, such
that ¥(0) = x.

(2) Suppose that F : [0,p] x [0,7] — X is a definable homotopy between the
definable paths v and o in S. Let 5 be a definable path in X lifting ~y.
Then there is a unique definable lifting F [0,p] X [0,7] = X of F, which
is a definable homotopy between 5 and o, where o is a definable path in X
lifting o.

Proof. The proof can be obtained adapting the results of [17], Section 2. Let
U = {Uq}acr be an admissible cover of S by open definable subsets over which
px : X — S is trivial.

(1) Let L C I be a finite subset such that v([0,p]) € U, Ui Then [0,p] C
Uier 71 (Uh), with the =1 (U;)’s open in [0, p]. Then, by [9, Chapter 6, (3.6)], for
each [ € L there is a W, C [0,p], open in [0, p] such that W, ¢ W; C v~1(U;) and
[0, p] € U, Wi. Therefore, there are 0 = sg < 51 < --- < 5, = p such that for each
i=0,...,r—1wehave y([si, 5i11]) C Ujs) (and y(si41) € Uyiy NUjgi41y)- Lift 71 =
Y|j0,s:] t0 V1, with 41(0) = x, using the definable homeomorphism pfgjl(o) : Uli(oo) —
Ui(o), where Uli(()o) is the definable connected component of p‘l(Ul(O)) in which x
lays. Repeat the process for each i1 = 7[s,,s,,,] With 7i(s;) (intead of x). Patch
the liftings together. Uniqueness follows (in each step) from Lemma 2.8.

(2) Let L C I be a finite subset such that F'([0,p] x [0,7]) € J,c Ui. Then
[0,p] % [0,7] € Uyer, F~1(U1), with the F~1(U;)’s open in [0,p] % [0,7]. Then, by
[9, Chapter 6, (3.6)], we have that for each | € L there is a W; C [0, p] x [0, 7], open
in [0,p] x [0,7] such that W; € W; € F~1(U;) and [0,p] % [0,7] € U,e;, Wi- Now
take a cell decomposition of R? compatible with the W;’s. This cell decomposition
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induce a cell decomposition (0 =ty < t; < --- < t, = p) of [0,p]. For each two-
dimensional cell C' and each s € L such that C' C W, we have F(C) C U, and
for any two-dimensional cells C; and Cs in [0,p] x [0,7], and for each s1,s2 € L
such that C; C Wy, and Cy C W, we also have F(C; N Cq) C Us, NUs,. Now
we proceed as above lifting each F@ using the relevant definable homeomorphism
and then patching the liftings together (as in the classical case but working with
the two—dimensional cells instead of rectangles); we start with the closure of the
bottom two—dimensional cell above (tg,¢1) and continue with the rest of the two-
dimensional cells above (o, t1), patching the liftings together; then we consider the
next column of two-dimensional cells above (1,t2) and we continue this way until
we finish with the whole rectangle.

As above, uniqueness follows from Lemma 2.8. |

Notation: If v : [0,q] — S is a definable path in S and « € X, we denote by x xy
the final point 5(q) of the lifting 7 of v with initial point 7(0) = x.

As a consequence of Lemma 2.13 we have

Corollary 2.14. Suppose that px : X — S is a locally definable covering map with
es € S and ex € X such that px(ex) = es. Then the following hold.

(1) If o is a definable loop in S that starts and ends at es, then ex = ex x o if
and only if [0] € px«(m1(X, ex)).
(2) If o and o' are two definable paths in S from eg to s, then ex xo = ex xo’
if and only if [0 - 0’71 € px.(m (X, ex)).
Here is an immediate consequence of Lemma 2.13 and Corollary 2.14:

Remark 2.15. Suppose that px : X — S is a locally definable covering map.
Then, for each s € S, there is a well defined right action

px (8) x mi(8,8) = px'(s) : (x,[0]) = 2 x 0

such that the subgroup that acts trivially on a point z € p}l(s) is px«(m (X, x)).
If X is definably connected, then this action is transitive. So in this case, for a
fixed x € py'(s) there is a canonical bijection

m1(S,8) /px (M1 (X, @) = py' (s)-
If S is definably connected, then the action is transitive if and only if X is definably
connected.

We obtain from Lemma 2.13 the following result:

Lemma 2.16. Let p : X — S be a locally definable covering map. Then py :
I1;(X) — I11(S) is a faithful morphism and essentially surjective.

Proof. Let [o],[r] € Homp, (x)(z0,21) and suppose that we have [p o o] =
[p o 1] € Homy, (5)(p(70),p(71)). By Lemma 2.13 a definable homotopy between
poo and po 7 lifts uniquely to a definable homotopy between o (the unique lifting
of poo starting at zp) and 7 (the unique lifting of po 7 starting at xg). So [o] = [7]
as required. Since p is surjective, then p, is essentially surjective. ([

Corollary 2.17. Let px : X — S be a locally definable covering map with eg € S
and ex € X such that px(ex) = es. Then px. : m(X,ex) — m(S,es) is an
injective homomorphism.
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We end this section with a necessary and sufficient condition for the existence
of liftings of continuous locally definable maps.

Proposition 2.18. Suppose px : X — S is a locally definable covering map with S
definably connected. Let'Y be a definably connected locally definable manifold and
f:Y = S a continuous locally definable map. Let es € S;ex € X and ey € Y
be such that px(ex) = f(ey) = es. Then there is a continuous locally definable

map f:Y — X withpx o f = f and f(ey) = ex if and only if f.(m1(Y,ey)) C
px«(m(X,ex)). Such a lifting f, when it exists, is unique.

Proof. The necessity is clear from the functoriality of o-minimal fundamental
groups, and the uniqueness follows from Lemma 2.8. The main point is to see that
the lifting f is locally definable.

Let U = {Us}taer be an admissible cover of S by open definably connected,
definable subsets over which px : X — S is trivial. So for each o € I, p}l(Ua) =
|—|i<>\a Ul and PX|Ui : Ul — U, is a definable homeomorphism. For each « € I, let
{V!:1 € L,} be the definably connected components of f~*(U,). For all a € I,
| € Ly, choose o}, € V! such that if ey € V! then ey = ¢/,, and, by Lemma 2.9, let
nl, be a definable path in Y from ey to y.. Since each V! is definably connected,
by Lemma 2.9 there is a uniformly definable family {7/, (w) : w € V!} of definable
paths in V! from y! to w. For w € V!, let 6! (w) be the definable path 7!, - 7/, (w)
from ey to w. Let o) (w) = f o !, (w). Then ol (w) is a definable path from eg to

f(w). Set f(w) = ex * ol (w).

Ifwe V! ﬁVé€ then we have another definable path (55(11)) from ey to w obtained
from VJ, and f o (6§ (w) - (6, (w))™") = of(w) - (o), (w))~" is a definable path from
es to es. By hypothesis, [0f(w) - (oL (w))™'] € fu(mi(Y,ey)) C px«(m (X, ex))

and by Corollary 2.14 (2), ex * o, (w) = ex * Ug(w) and so f is well defined. Note

that the same argument shows that fdoes not depend on the choice of the points
y!, € V! or of the definable paths 7’. Furthermore, by construction, we clearly
have

fley)=ex and pxo f=f.
We now show that fis a locally definable continuous map. For this it is enough
to show that each restriction fjy: is a definable continuous map. But for w € VL%

we have f(w) = ex * o, (w) which is the endpoint of the lifting o, (w) of o}, (w)

[e3

starting at ex. Since ol (w) = (fonl)-(fovl (w)), f(w) is the endpoint of the lifting

forl(w) of fonl(w) starting at the endpoint f o 1% (g ) of the lifting f onl, of
fonl, starting at ex. Note that since f o nla(qné) = f(yl) € U,, there exists i such

that fonl(g:) =ex*(fo n.,) € Ul. Furthermore, for each w € V!, the lifting

fork(w)of forl (w) starting at f onl, (g, ) is contained in this U}, (since fov, (w)

is contained in U, and by Lemma 2.13 the lifting f o 7}, (w) : [0, ¢y ()] = px' (Ua),
where g1 (. is the end point of the domain of 4 (w), is continuous). Therefore,
by uniqueness of such a lifting (Lemma 2.13),

fviw) = dxlys o (F o 76 (@) (@, )

= p;(TUé o f(w)
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and the restriction J?Wi is a definable continuous map as required. O
Proposition 2.18 implies the following result

Corollary 2.19. Suppose px : X — S and py : Y — S are locally definable
covering maps with X, Y and S definably connected. Let eg € S,ex € X and
ey €Y be such that px(ex) = py(ey) = es. If py.(m (Y, ey)) = px«(mi (X, ex)),
then there is a locally definable homeomorphism ¢ :' Y — X with px o ¢ = py and
dley) =ex.

As an immediate consequence of Corollary 2.19 we have

Corollary 2.20. Suppose px : X — S is locally definable covering map with
S definably connected and m(S) = 1. Then px : X — S is locally definably
homeomorphic to a trivial locally definable covering map.

3. O-MINIMAL FUNDAMENTAL GROUPS AND UNIVERSAL COVERING MAPS

Here we prove one of the main results of the paper: (i) the existence of universal
locally definable covering maps; (ii) invariance results for locally definable covering
maps, o-minimal fundamental groups and o-minimal fundamental groupoids.

3.1. The o-minimal fundamental group. In this Subsection we will prove The-
orem 1.1.

We start with the following fundamental result concerning the topology of locally
definable manifolds, which is central to all our applications:

Proposition 3.1. Let X be a locally definable manifold. Then there is an admis-
sible cover {Og}ses of X by open definably connected definable subsets such that:

o {Os}ses refines the definable charts of X;
e for each s € S, O is definably homeomorphic to an open cell in RI™X | in
particular, the o-minimal fundamental group m1(Os) is trivial.

Proof. If (X;, 0;)ics are the definable charts of X, then it is enough to show that
each X; has a finite cover {O;}scs, by open definably connected definable subsets
each of which is definably homeomorphic to an open cell in RY™ X, Equivalently
it is enough to show that each 6;(X;) which is an open definable subset of R4mX
has a finite cover by open definably connected definable subsets each of which is
definably homeomorphic to an open cell in RY™ X There are two cases to consider:

(i) R is an o-minimal expansion of a real closed field. Then we may replace
0;(X;) by a definably homeomorphic copy and assume that 6;(X;) is a
bounded open definable subset of RU™ X In this situation, by [27], 6;(X;)
is a finite union of open cells; Alternatively in this case one could also use
the covers by proper sub-balls constructed in [5] or [12].

(ii) R is semi-bounded. Then by [14] and [1] we have that 0;(X;) is a finite
union of open cells;

The proof of [13, Proposition 3.3] shows that open cells in R¥™X have triv-
ial o-minimal fundamental groups. Therefore, the same is true for the o-minimal
fundamental group of each O;. O

By Remark 2.1 and the proof of Proposition 3.1 we have:
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Remark 3.2. Let X be a Lindel6f locally definable manifold. Then there is a
countable admissible cover {Os}scs of X by open definably connected definable
subsets such that:

e {O;}ses refines the definable charts of X;
e for each s € S, O, is definably homeomorphic to an open cell in R4™ X in
particular, m1(Os) = 1.

The proof of [13, Proposition 3.3] shows also that open cells in R4™ X have trivial
topological fundamental groups. Thus by Proposition 3.1 we have:

Remark 3.3. Suppose that R is an o-minimal expansion of the ordered group of
real numbers. Let X be a locally definable manifold. Then there is an admissible
cover {O;}ses of X by open definably connected definable subsets such that:

e {O;}ses refines the definable charts of X;

e for each s € S, Oy is definably homeomorphic to an open cell in
particular, Oy is connected and the topological fundamental group ﬂOp(Os)
is trivial.

Rdim X’ in

Proof of Theorem 1.1: Let X be a definably connected Lindelof locally definable
manifold with ex € X.

Consider the countable admissible cover {Og}ses of X by open definably con-
nected, definably simply connected definable subsets given by Proposition 3.1 and
Remark 3.2. For each pair of distinct elements s,t € S such that O, N O; # 0
choose a point as; € Os N O,. For each pair (as,as ) of distinct points and
Le{s tyn{s,t'} let 0!, , ., be a definable path in O; from as to ay . Also, for
each a,; such that ex € Og, let o7, ., (vespectively, o7, ) be a definable path
in Oy from ex to as; (respectively, from as; to ex).

Let ¥ be the countable collection of all definable paths Ui’tys,,t/, Ocy st and
0¢ st as above. Let K be the possibly infinite but countable simplicial complex
of dimension one whose vertices are the end points of the definable paths in %
and whose edges are the images of the definable paths in 3. Clearly we have a
homomorphism 71 (| K|,ex) — 71 (X, ex) which sends an edge loop in K into the
definable loop it determines in X. This is well defined since if two edge loops are
homotopic in | K| then they are obviously definable homotopic in X. We now show
that this homomorphism is surjective. Since the free group with generators set %
is countable (it is a countable union of countable sets), m1 (| K|, ex) is a countable
group and hence so is 71 (X, ex) as required.

Let v : [0,p] = X be a definable loop in X at ex. Then since {Os}ses is
an admissible cover of X there exists a finite subset L C S such that v([0,p]) C
Uier,O1- Then [0,p] € U,ep, v~ (O1), with the v1(O;)’s open in [0, p]. Then, by
[9, Chapter 6, (3.6)], for each [ € L there is a W; C [0, p], open in [0, p] such that
W, ¢ W; € v~ 10O,) and [0,p] C Uicr Wi Therefore, there are 0 = 5o < 51 <
--» < s, = p such that for each i = 0,...,7 — 1 we have v([s;, si11]) C Oy(;) (and
Y(si+1) € Oyy N Oyiiyry). Thus v =900+ Yr—1 where vi = Y|[s;,5,4,]- FOT
i=0,...,7—1, let ¢ be a definable path in O;) from a;;y(i+1) to vi(si41) and
let 6;11 be a definable path in Oy¢;11) from a;(; 141y t0 Vig1(8i+1). Let og be the

S

definable path 0", | ) in Oyp) and let oy, be the definable path o) ., in

Oy(ry. Finally, for i = 1,...,7 =1, let oy(;) be the definable path o} | 1) 1)
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in Oy(;). Since by Proposition 3.1, m1(Oy(;)) = 1 for all j = 0,...,r, we have that
o9 is definably homotopic to g - €5 1 o, is definably homotopic to 6, - v, and, for
eachi=1,...,7r—1, 0; is definably homotopic to d; - ; - ei_l. Hence, «y is definably
homotopic to g - o1 - - - - - 0, as required.

Since 7 (| K|, ex) is countable, m1 (X, ex) is also countable. If X is definable, then
K is finite simplicial complex of dimension one and as explained in [8, Chapter 3,
Subsection 3.5.3], the fundamental group of a (finite) simplicial complex is finitely
generated. Hence 71(X, ex) is also finitely generated. O

3.2. The universal locally definable covering map. In this Subsection we will
prove the existence of universal locally definable covering maps (Theorem 1.2).

Theorem 1.2 will be a consequence of the following stronger result:

Theorem 3.4. Let X be a definably connected locally definable manifold with ex €
X. For every subgroup L < m(X),ex there exists a locally definable covering
map v, : Vi, — X with ey, € Vi, Vi, definably connected, vp(ey,) = ex and
vr«(m1(Vp,ev,)) = L. Moreover, if X is Lindelof (resp. paracompact), then Vi, is
also Lindeldf (resp. paracompact).

Proof. This result was showed in [6, Theorem 5.11] in the semialgraic case and
in [3, Fact 6.13] in o-minimal expansions of fields. By Proposition 3.1 one can do a
similar proof which we include for the readers convinience.

Given two definable paths o : [0,¢,] — X and A : [0,¢)] = X in X, we put o ~ A
if and only if 0(0) = A(0) = ex, 0(qs) = M(g») and [0 - A7) € L < m(X,ex). The
relation ~~ is an equivalence relation and we denote the equivalence class of ¢ under
~ by (o).

Let V := {{o) : o is a definable path in X such that o(0) = ex } and consider the
well defined surjective map v : V — X : (o) — o(q,). We will show that v : V — X
is a locally definable covering map. Consider the admissible cover {Os}scs of X
by open definably connected, definably simply connected definable subsets given
by Proposition 3.1. For each s € S, we have v=1(0;) = {(0) : o is a definable path
in X such that 0(0) = ex and o(gs) € Os}. For each s € S fix a definable path
os : [0,¢s) = X such that 04(0) = ex and o5(¢s) € Os. Furthermore, assume also
that if ex € Oy, then o5 = €., (the trivial definable path at ex).

Claim 3.5. There is a well-defined bijection

¢s 1071 (0s) = O x m(X,ex) /L (A) = (Man), LIN - - 07)),
where 1 : [0, ¢,] = Oy is a definable path in Oy such that n(0) = X(gx) and 1(g,) =
5(gs)-

Proof. Clearly, ¢ is well-defined, i.e. it does not depend on the choice of 5
since 71 (Os) = 1 (Proposition 3.1) and for (A\) = (') we have A(gx) = A(gx/) and

LIA-n-o7Y] = LA N1 XN.n-ol!]
= LIV XNTNX -0
= LN -n-o7l.

Also, for 0 € O4 and L[y] € m(X,ex)/L we have ¢5({\)) = (o, L[y]) for A =
v -os-n~', where n : [0,¢,] — X is a definable path in O, such that n(0) = o
and 1(g,) = 0s(gs). Thus ¢, is surjective. On the other hand, suppose that
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¢s((\)) = ¢s((X)). Then A(gr) = N(qv) and L[A - n- o] = LN -7 - o771
Therefore [\ -7/ - o7 1[A-n- 0,1~ € L. But we also have

Non o Aol = NVeon' oo os AT
= Nen-oos-nt AT
= V-

(the fact 71 (Os) = 1 (Proposition 3.1) implies that 7 and 1’ are definably homotopic
and so X' -n-o; ! is definably homotopic to X -5/ o7 1). Thus we have [\-\' '] € L,
(Ay = (\) and ¢; is injective. O

For each s € S and L[y] € m(X,ex)/L, set ofhl .= #51(Os x {L[7]}). Then
by Claim 3.5 and its proof we have, for each s € S,

— L
o v 1(0;) = I_lL['y]ETrl(X,ex)/L Os Mé

e cach v : OSLM — Oy is a bijection.

\th]
By [16, Lemma 2.1 (1)] (see Remark 2.6), it follows that there exists a locally
definable manifold structure on V' of dimension n := dim X such that v : V — X
is a locally definable covering map trivial over O = {O;}ses.

Note also that if ey := (€.,) € V (the equivalence class of the trivial definable
loop at ex), then v(ey) = ex.

Claim 3.6. Let (\) € V with A : [0,qx] = X a definable path in X such that
A(0) = ex. Then the unique continuous definable lifting X : [0,q\] — V of A starting

at ey satisfies A(q) = (Njo,q) for all g € [0,qx]. In particular, V is definably path
connected and v, (m1(V,ey)) = L < m1(X,ex).

Proof. For q € [0,gx] let A\, : [0,¢] — X be the definable path in X given by
Aq = N0.q- Note that g = €., and Ay, = A. Let A : [0,¢] — V be the unique
continuous definable lifting of A starting at ey. So A(0) = ey and vo A = A. We
have to show that A(¢) = (Ag) for all ¢ € [0, gx].

Since A is a definable path and {O;}ses is an admissible cover of X by open
definable subsets, there exists points 0 = g9 < ¢1 < -+ < q&x < qr+1 = @ such
that for each j = 0,...,k, we have A([q;,gj41]) € Oy ) for some s(j) € S. Since

A :[0,¢\] = V is continuous, we have:

(1) 1t X(qj) € OF then X(q) € O for all q € g5, 95+1]-
On the other hand, we also have that:

(2) If (A;,) € OF then (A,) € OF) for all ¢ € [g7,¢j41].
Indeed, for every q € [g;,qj41] we have L[8] = L[\g, -n1-05'] = L[Ag-n2- 0] since
if 9 : [0,q—gq;j] — X is the definable path given by 6(t) = A(g; +1), then Ay = Ay, -
and ¢ - 7 is definably homotopic to 71 since 71(Os) = 1 (Proposition 3.1).

Now note that since v(A(q)) = A(g) = v({Ay)), we have A(q) = (\,) if and only if

whenever A(g) € O, then both A(g) and (Aq) belong to the same 0! But since
ey = (€ey) € Of([g;‘)‘] and A(0) = ey and Ag = €., by (1) and (2) above we obtain

Mq) = (Ag) for all ¢ € [0, ¢)] as required. O

From Claim 3.6, it follows in particular that V is definably path connected and so
by Lemma 2.9, V is definably connected. It remains to show that v.(m1(V,ey)) = L.
By Lemma 2.13, any definable loop § in V' at ey is the unique lifting X of a definable
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loop A =vod in X at ex. By Claim 3.6, {€.,) = ey = (A\). This implies that

[A] € L and so v.([A]) = [A] € L. Conversely, if [A\] € L, then (e.,.) = ey = (\) and
by Claim 3.6, [\] € m1(V,ey) and [\ = v.([A]) € ve(m1(V, ev)).
By construction and Remarks 2.1 and 3.2 (resp. Remark 2.2), if X is Lindelof

(resp. paracompact), then V' is also Lindelof (resp. paracompact). O

By Lemma 2.8 and Theorem 3.4 we have:

Remark 3.7. Let p: Y — X be a locally definable covering map with ex € X,
ey € Y and p(ey) = ex. If X and Y are definably connected, then p : Y — X is
locally definably isomorphic to a locally definable covering map vy, : Vi, — X with
ey, € Vi as constructed in Theorem 3.4.

Let X be a definably connected locally definable manifold with ex € X. A
locally definable covering map u : U — X with U is definable connected is a called
a universal locally definable covering map if:

e For every locally definable covering map p : Y — X with Y is definably
connected, there exists a locally definable covering map ¢ : U — Y such
that u = pogq.

e u : U — X is unique up to locally definable covering homeomorphisms
fixing the base points with the above universal property.

From Remark 3.7 we immediately obtain:

Remark 3.8. Let X be a definably connected locally definable manifold with
ex € X. A locally definable covering map u : U — X with ey € U, U definable
connected and u(ey) = ex is a universal locally definable covering map if and only
if 7T1(U, eU) =1

Proof of Theorem 1.2: Let X be a definably connected locally definable manifold.
If we fix ex € X and take L = 1 in Theorem 3.4 we get a locally definable
covering map u : U — X with ey € U, U is definable connected, u(ey) = ex and
ux(m (U, ey)) = 1. Since by Lemma 2.17 the induced homomorphism is injective we
have 71 (U, er) >~ u.(m1 (U, er)) = 1 and so the result follows from Remark 3.8. O

3.3. Regular locally definable covering maps. Let px : X — S be a locally
definable covering map. The group of locally definable covering homeomorphisms
is Aut,, (X/S) ={¢: X = X : ¢ is a locally definable homeomorphism such that
px = px o ¢}. (We often omit the subscript px if it is clear from the context).
Note that if we put on Aut(X/S) the discrete topology, then we have a continuous
locally definable action

Aut(X/S) x X —» Xtz — ¢(x)
which induces an action on each fiber
Aut(X/S) x px'(s) = px'(s)

where s € S.

We say that a locally definable covering map px : X — S with X and S definably
connected is regular if the action of Aut(X/S) on each fiber py'(s) is transitive i.e.
for any x1, 22 € px'(s) there is ¢ € Aut(X/S) such that ¢(x1) = 2o. Since X is
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definably connected, by Lemma 2.8 such ¢ is unique. Thus, px : X — S is regular
if and only if for each x € X the induces map

Aut(X/S) = X : ¢ — ¢(x)
is a bijection.
As usual, given a subgroup L of a group G, we denote by Ng(L) = {g € G :
gL = Lg} the normalizer of L in G.

We have the following useful characterization of regular locally definable covering
maps.

Theorem 3.9. Let X be a definably connected locally definable manifold with ex €
X . Ifp:Y — X is a locally definable covering map with ey € Y, Y definably
connected and p(ey) = ex then there exists a canonical isomorphism

Ny (x,ex) (P (T (Y, 7)) /ps (m1(Y)) = Aut(Y/X).
Moreover, p: Y — X is regular if and only if p.(m1(Y,ey)) <m (X, ex).

For the proof of this result we first require a couple of lemmas.

Lemma 3.10. Let X be a definably connected locally definable manifold, ex € X,
L <m((X,ex) and vy, : Vi, = X the corresponding locally definable covering map
with ey, € Vi, and v (m1(Vy, ey, )) = L. For each [0] € m1(X,ex) the map

¢[5] V=V

given by d51({A)) == (- A) is well defined if and only if [§] € Nm(x ex)(L). Further-
more, for every [8] € Ny, (x.ex)(L) the map ¢i5 : VL — VL is a continuous locally
definable map and we have:

® Uy 0 Pp5) = VL;

® @[5 is a locally definable homeomorphism with inverse ¢(s-1

® Dl5,)162] = Ploy] © Dlss) Jor every [01], [02] € Ny (x,ex)(L).

Proof. The map ¢p5 : Vo, — Vi is well defined if and only if (0 - \) = (8" - \')
whenever (\) = (\') and [§] = [¢']. Suppose the map is well defined. Then for all
[A] € L, we have (\) = (€., ) and so (6 - \) = (§) i.e., [0][N][0] P =[0-A-671 €L
Hence [§]L[6] 7" C Li.e., [6] € Nx (x,ex)(L). Conversely, if [0] € Ny, (x,ex)(L), then
whenever (\) = (\') and [§] = [§'] we have

WA el = [IY A0 € [5] pI7tcL
= | ’][X- e
= [0 N (60" }
= (- > (0"- )

and b5 Ve = Vi is well defined.
Now let [6],[01], [02] € Ny, (x,ex)(L). Then it is clear from the definition that:

® Uy, © ¢[5] = UL,

® ¢[s5 is a bijection with inverse ¢s-1y;

® D) = Plsa) © Dlsal-
It remains to show that ¢p5 : VI — Vi is a continuous locally definable map.
For s € S and L[y] € m(X,ex)/L fix (\) € ot (with the notation from the
proof of Theorem 3.4). We claim first that for any other (\) € OF " We can
assume that A = )¢ - o for some o : [0,¢,] = O, such that ¢(0) = vr((\o)) and
0(gs) = vr,((A\)). In fact, since oF0lis definably path connected, there is a definable
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path & : [0,¢5] — O guch that a(0) = (Ao) and o(gz) = (), now take o = vy 00.
Then the unique continuous definable lifting of Ao - o starting at ey, is Xa -0 and
by Claim 3.6, its endpoint is (A - ) = (A).

Now observe that we have L[\g - no - 05| = L[y] = L]\ - 5 - 0] for any other
(A) € OF) Moreover, if A = X - o as above, then we can take n = o~ - 9 and
obtain

L5-An-ot] = L6 (Ao-0) (07" o) 07
= L[5-Xo-mo- o).

Thus, if [y] = [§-Xo-no - 05'] € m(X,ex), then Payjori ol - ot
is a bijection with inverse ¢[5—1]|0LW]' Since vy, o g5 = vy, we have d)[é”OLM =

(vLIOSLm)*l 0 UL oL and so ¢(5 : VI — VL is a continuous locally definable map

as required. O

Lemma 3.11. Let X be a definably connected locally definable manifold, ex € X,
L <m(X,ex) and v, : VI, = X the corresponding locally definable covering map
with ey, € Vi, and vp.(m1(Vp,ev,)) = L. There exists a canonical continuous
locally definable action

Nﬂl(X,ex)(L)/L X VL — VL

given by L[S](N) := @51 ((\)) = (6 - \), where on Ny, (x.ey)(L) we put the discrete
topology. Furthermore, there exists a canonical isomorphism

Ny (xex) (D)L — Aut(Vy /X)
and vg, : Vi, = X is regular if and only if L < m (X, ex).

Proof. First we show that the map Ny, (x ey )(L)/L x VL — Vi is well defined.

But
Lo =LA = (V) = ()L =LA A el

[0IL[8] Y =L AN -
[ XA
[(6"- A) - (6-A)~
(0" - XN)=(6-A)
L[§"J(X) = L[5](A).

By Lemma 3.10 the map Ny, (x,ex)(L)/LxVy — VL is a continuous locally definable
map and so it remains to show that it is an action. But

lelL

S R

L[62)(L[61]{A)) L[62](61 - A)
{02+ (01 - \))
((d2 - 51) A)
L[o2 - 61](N)
= (L[d2] - [6:])(N)
= (L[d2] - L[5:1]){N)

since [02] L = L[02] because [02] € Ny, (x.,ex)(L).

[ ]
LleexJ(N) = (eex - A)
= -
e For a fixed L[0] € Ny (x,ex)(L)/L, the map Vi — Vi : () — L[0](\) =
#151({A)) is a bijection by Lemma 3.10.
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By Lemma 3.10 we have a canonical homomorphism
N‘rrl(X,eX)(L) — Aut(VL/X) : [U} — (b[o]

whose kernel is clearly L. So we must show that this homomorphism is surjective.
Take ¢ € Aut(Vy/X). Then ¢ is determined by ¢(ey,) (by Lemma 2.8). (Recall
that ey, = (ey)). Let (8) := ¢lev,) = ¢({ecy)). Note that () € v;'(ex)
(because ¢ acts on v} '(ex)) and by Claim 3.6 (6) is the endpoint of the unique

continuous definable lifting 0 of ¢ starting at ey, . So [0] € m1(X,ex). We have
to show that [0] € Nr (x.ex)(L) since that implies that ¢(5 is well defined, and
since @((ecy)) = (8) = d5)({€cx)), We obtain from Lemma 2.8 that ¢ = ¢(5). Take
[A] € L. Then (€., ) = (A) and by Claim 3.6 the unique continuous definable lifting
X of A starting at ey, is a definable loop at ey, (since () is its endpoint). Since
v o¢p = v, ¢po X is the unique continuous definable lifting of A\ starting at (J)
and it is a definable loop at (J). Altogether this means that the unique continuous
definable lifting of §-X-6~ ! starting at ey, is d-¢oA-6~* which is a definable loop at
ey, . Hence, by Corollary 2.14 (1), [0][N][6] 7' =[0-A-671 € L =vp.(m(VL,ev,))
as required.

Suppose that vy, : Vi, — X is regular. Let [§] € 71 (X, ex). Then (§) € v} '(ex)
and there is a unique ¢ € Aut(Vy/X) such that (§) = ¢({e.,)). By the above
[6] € Nay(x,ex)(L) and so m(X,ex) = Ng (x,ex)(L). Conversely, suppose that
L 9m(X,ex). Let (§) € vi'(ex). Then [0] € m(X,ex) = Nay(x.ex)(L), s0
Pr5) € Aut(Vy/X) and (6) = ¢is)({€cx)). So the action of Aut(Vz/X) on vy Hex)
is transitive and since ex is arbitrary the same is true for the action on any other
fiber. O

Proof of Theorem 3.9: This now follows at once from Remark 3.7 and Lemma
3.11. O

3.4. The invariance results. In this Subsection we prove the invariance results
for the universal locally definable covering map, the o-minimal fundamental group
and the o-minimal fundamental groupoid.

By Proposition 3.1, Corollary 2.20 together with [16, Corollary 2.2] (see Remark
2.6) we have:

Remark 3.12. Let K be a reduct of R which is still an o-minimal expansion of
an ordered group or an elementary substructure of R. Let X be a K-definably
connected locally IC-definable manifold defined without parameters and p: Y — X
a locally definable covering map. Let also {O;}ses be an admissible cover of X by
open K-definably connected KC-definable subsets defined without parameters given
by Proposition 3.1. Then p : Y — X is locally definably homeomorphic to a locally
KC-definable covering map trivial over {Os}ses.

By Proposition 3.1 , Corollary 2.20 together with [16, Corollary 2.3] (see Remark
2.6) we have:

Remark 3.13. Suppose that R is an o-minimal expansion of the ordered group of
real numbers. Let X be a definably connected locally definable manifold defined
without parameters and p : ¥ — X a topological covering map. Let also {Os}ses
be an admissible cover of X by open definably connected definable subsets defined
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without parameters given by Proposition 3.1. Then p : ¥ — X is topologically
homeomorphic to a locally definable covering map trivial over {Og}ses.

We also have the following converse of both Remarks 3.12 and 3.13:

Remark 3.14. Let K be a reduct of R which is still an o-minimal expansion of
an ordered group or an elementary substructure of R. Suppose px : X — Sis a
locally KC-definable covering map defined without parameters with S and X both
K-definably connected. Then px : X — S is a locally definable covering map
defined without parameters with S and X definably connected.

That px : X — S is a locally definable covering map defined without parameters
is clear we just need to verify that S and X are also definably connected. Let
U = {Us}acr be an admissible cover of S by open K-definably connected, K-
definable subsets defined without parameters over which px : X — S is trivial.
So for each a € I, px' (Us) = ;< UL and pxjui : Ul — U, is a K-definable
homeomorphism. Since, by cell decomposition, for K-definable sets defined without
parameters K-definably connected is the same as definably connected, using the sets
U,’s and UZ’s the result follows.

Remark 3.15. Let R be an o-minimal expansion of the set of real numbers. Sup-
pose px : X — S is a locally definable covering map defined with S and X both
definably connected. Then px : X — S is a topological covering map with S and
X connected.

That px : X — S is a topological covering map is clear we just need to verify that
S and X are also connected. Let U = {U, }aer be an admissible cover of S by open
definably connected, definable subsets over which px : X — S is trivial. So for each
a € I, px"(Us) = ;<\ Ul and pxyi : UL, — Uq is a definable homeomorphism.
Since, by cell decomposition, for definable sets definably connected is the same as
connected, using the sets U,’s and U.’s the result follows.

Proof of Theorem 1.3: Suppose J is an elementary extension of R or an o-
minimal expansion of R. Let X be a definably connected locally definable manifold.

Fix ex € X. Clearly X(J) is a J-definable manifold. Consider the admissi-
ble cover {Os}scs of X by open definably connected definable subsets given by
Proposition 3.1. Using the J-definably connectedness of the O;(J)’s and the defin-
able connectedness of X it follows that X (J) is J-definably connected. Therefore,
by Theorem 1.2, X(J) has a universal locally [J-definable covering map which is
by Remark 3.12, up to locally J-definably covering homeomorphism, of the form
w’ : W(J) — X(J) where w : W — X is a locally definable covering map, with
W definably connected, ey € W and w(ew) = ex. In particular, W(J) is also
J-definably connected and by Remark 3.8, we also have 77 (W (.J), ew) = 1.

Let u : U — X be a universal locally definable map with U definably connected,
ey € U and u(ey) = ex. By Remark 3.8, 71 (U, ey) = 1. Also there exists a locally
definable covering map ¢q : U — W such that

q

U — W
X

is a commutative diagram and g¢(ey) = ew. By Remark 3.14, v/ : U(J) —
X(J) and ¢7 : U(J) — W(J) are also locally J-definable covering maps. Since
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7 (U(J),ev) ~ (¢7)u(x{ (U(J),er)) < nf (W(J),ew) = 1 (Corollary 2.17), by
Remark 3.8, u/ : U(J) — X(J) is a universal locally J-definable covering map.
Therefore, u’ : U(J) — X (J) and w’ : W(J) — X(J) are locally J-definably
homeomorphic as required.

We now show that the inclusion homomorphism

Aut(U/X) — Aut? (U(J)/X(J)) : ¢ — ¢’

is an isomorphism. This homomorphism is clearly injective and it is surjective
since the elements of Aut(U/X) (resp. of Aut” (U(J)/X(J))) are determined by
their value at ey € u=l(ex) C U (resp. ey € (u%) (ex) € U(J)) (Lemma
2.8), (u)l(ex) = (uex))(J) = ut(ex) and v : U — X is regular (Theo-
rem 3.9). By Theorem 3.9 we have 71 (X, ex) ~ Aut(U/X) and 7{ (X (J),ex) ~
Aut? (U(J)/X (J)). Therefore, m (X, ex) ~ 77 (X(J), ex). O

Proof of Theorem 1.4: Suppose that R is an o-minimal expansion of the ordered
group of real numbers. Let X a definably connected locally definable manifold.

Fix ex € X. Clearly X is a topological manifold. Consider the admissible cover
{Os}ses of X by open definably connected definable subsets given by Proposition
3.1. Using the connectedness of the Oy’s and the definable connectedness of X
it follows that X is connected. Applying Proposition 3.1 to an open definable
neighborhood and using the definable connectedness of the corresponding O,’s and
Lemma 2.9 it follows that X is locally path connected. We also have that X is
semilocally simply connected (i.e. every point has a neighborhood, namely some
O, such that every loop in the neighborhood is homotopic in X to a constant
path). Therefore, by [22, Theorem 13.20], X has a topological universal covering
map which is, by Remark 3.13, up to topological covering homeomorphism, a locally
definable covering map w : W — X with W connected, ey € W and w(ew ) = ex.

Let w: U — X be a universal locally definable map with U connected, ey € U
and u(ey) = ex. By Remark 3.8, m1 (U, epy) = 1. Also then there exists is a locally
definable covering map ¢ : U — W such that

q

U — W
X

is a commutative diagram and ¢(ey) = ew. By Remark 3.15, v : U — X and ¢ :
U — W are also topological covering maps. Since mi°(U, ep) ~ q. (7P (U, err)) <
P (W,ew) = 1 ([22, Lemma 13.1]), by the definition of topological universal
covering map on [22, page 186], u : U — X is a topological universal covering map.
Therefore, u : U — X and w : W — X are topologically homeomorphic by [22,
Corollary 13.6] as required.

We now show that the inclusion homomorphism
Aut(U/X) = Aut™P(U/X) : o+

is an isomorphism. This homomorphism is clearly injective and it is surjective since
the elements of Aut(U/X) (resp. of Aut'?(U/X)) are determined by their value
at ey € u"l(ex) C U (Lemma 2.8) (resp. [22, Lemma 11.5]) and u : U — X is
regular (Theorem 3.9). By Theorem 3.9 we have 7 (X, ex) ~ Aut(U/X) and by [22,
Theorem 13.11] 7°P(X, ex) ~ Aut'°P(U/X). Therefore, m (X, ex) =~ 7°°(X, ex).
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O
We have the following invariance results for the o-minimal fundamental groupoid,
generalizing the one for the o-minimal fundamental group. First we have:

Theorem 3.16. Let J be an elementary extension of R or an o-minimal expansion
of R. Let X be a locally definable manifold. Then the inclusion functor

IL (X) — 1Y (X (J))
is an equivalence of categories.

Proof. (1) the inclusion is faithful. Let zp,2; € X and consider [o],[T] €
Homyy, (x) (20, 1) such that their image in HomH{(X(J))(an x1) are equal, i.e. they
are [J-definably homotopic. Let Y be a definably connected component of X such
that Y'(J) which is J-definably connected contains the image of this J-definable
homotopy. Then the image of [o-7~!] under the inclusion 71 (Y, zo) — 7 (Y(J), 20)
is trivial. By Theorem 1.3 (2), 71 (Y, zo) — 77 (Y(J),20) is an isomorphism and so
[0 - 771] is trivial in 71 (Y, x0) and hence [o] = [7].

(2) the inclusion is full. Let zg,2; € X and consider [§] € Homps x5y (0, 1)
represented by a J-definable path ¢ : [0, ¢s] — X (J). Let {Uy }aer be an admissible
cover of X by open definably connected definable subsets, refining the definable
charts of X and such that m(U,) = 1 for each o € I (Proposition 3.1). Then
{Ua(J)}aer is an admissible cover of X (J) by open J-definably connected -
definable subsets, refining the J-definable charts of X and such that 7y (U, (J)) = 1
for each a € I (by Theorem 1.3 (2)).

Let L C I be a finite subset such that §([0,¢s]) € U, ,Ui(J). Then [0,qs] C
Uier 61 (Ui(J)), with the 6= *(Uy(J))’s open in [0,gs]. Then, by [9, Chapter 6,
(3.6)], for each [ € L there is a W; C [0, gs], open in [0, g5] such that W, ¢ W, C
§~H(U(J)) and [0, ¢s] € Uicr Wi. Therefore, there are 0 = sq < 51 < -+ < 8, = g5
such that for each i = 0,...,7 — 1 we have §([s;,s:41]) C Uy (and 0(siz1) €
Ul(i)(J)ﬁUl(i+1)(J)>. If we set 0; = 6\[81',5#1]7 then d = dg-----d,_1. Since Ul(i)(J)ﬂ
U1y (J) # 0, we also have Uj;y NUj(;41) # 0. Choose elements z; € Uy NUp(i41)
and definable paths o; in U;;) connecting the elements xo, zo,...,2—1,21. If 0 =
oo -+ - 0p_1, then [o] € Hompy, (x)(zo,21) and its image in HomH{(X(J))(xo,xl)
is [6] since, for each 4, §; is J-definably homotopic to o; due to 7 (Uy;y(J)) = 1.

(3) the inclusion is essentially surjective. Let z € X(J) and let Y be a de-
finably connected component of X such that Y(J) which is J-connected, con-
tains z. Let zp € Y. By Lemma 2.9, there is a J-definable path ¢ : [0, ¢s5] —
Y(J) € X(J) with 6(0) = zo and 6(¢s) = x. Then [d] € Homnly(X(J))(xo,x),

s Homp g x () (%, 20) and x is isomorphic to 2o in Iy (X (J)). O
Similarly we have:

Theorem 3.17. Suppose that R is an o-minimal expansion of the ordered group
of real numbers. Let X a locally definable manifold. Then the inclusion functor

I (X) — TI°P(X)

s an equivalence of categories.
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4. OTHER APPLICATIONS

Here we prove the other main results of the paper, namely: the monodromy
equivalence for locally constant o-minimal sheaves, classification results for locally
definable covering maps and o-minimal Hurewicz and Seifert - van Kampen theo-
rems.

4.1. Locally definable coverings and locally constant sheaves. Let X be a
locally definable manifold. Then X is equipped with the o-minimal site Xgef given
by: (i) the category Op(Xgef) of open definable subsets of X with morphisms being
inclusions; (ii) the Grothendieck topology such that for U € Op(Xgef), a collection
{U;}jes of objects of Op(Xqef) is an admissible cover of U if it admits a finite
subcover.

Below we let J be one of these categories: the category Set of sets, the cat-
egory G-Tors of G-torsors for a given discrete group G, the category Mod(k)
of k-modules over a ring k. Recall that for G a discrete group, the category
G-Tors of G-torsors is the category whose objects are sets M with a right ac-
tion M x G — M : (m,g) — m? of G on M such that for each m € M the map
G — M : g — m?Y is a bijection and whose morphisms are maps h : M — N such
that h(m9) = h(m)9.

Below, given a category C, we denote by mo(C) the category of equivalence
classes of objects of C under isomorphisms of C. Later we also use the fact that,
for a discrete abelian group G, mo(G-Tors) has an abelian group operation given,
on representatives, by M« N = (M x N)/A§ where AL = {(g,—g) : GxG : g € G}
acts on M x N by (m,n)9 =9 = (m9 n=9) and M x N is the set of orbits. Since

we can identify GAX*GG with G using addition (the sequence

O—>A*GC—>GXG+—»G—>O

is exact) and since G is abelian, we have a well defined action of GAX*G on M x N
G

given by [(x,y)][(*P] = [(2*,y")] making M * N into a G-torsor.

We denote by Pshy(Xqet) the category of J-pre-sheaves on the o-minimal site
Xget- By definitions, this is the category Fet(Op(Xgef)°P, J) of contravariant func-
tors

F : Op(Xget) = J
U~ FU)
(VcU)— (FU)—= F(V))
S S|
from Op(Xger) to J with morphisms being natural transformations of such functors.
We denote by ShJ(Xdef) the category of J-sheaves on the o-minimal site Xger,
i.e., the full subcategory of Pshy(Xqer) whose objects satisfy the following gluing

conditions: for every U € Op(Xqef) and every admissible cover {U;},es of U we
have:

e if s,t € F(U) and sy, = t|y, for each j, then s =t;
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o if 5; € F(Uj) are such that s; = s; on U; N Uy, then they glue to s € F(U)
(ie. sy, = s5).
We refer the reader to [15] and [19] for further details on the theory of o-minimal
sheaves.

If V€ Op(Xget), a J-sheaf F on Vg is constant if it is isomorphic to the J-
sheaf Cy on Vger associated to the J-pre-sheaf sending every W € Op(Vger) to a
fixed C' € ObJ. We denote by CShy(Xqet) the category of constant J-sheaves on
the o-minimal site Xqcr on X. We denote by LCShy(Xqer) the category of locally
constant J-sheaves on the o-minimal site Xqer on X. By definition this means that
if 7 € ObLCShy(Xqet), then there exists an admissible cover {U;};e; of X by
open definable subsets such that the restriction F|y; is a constant J-sheaf on Uj gef
for each j € J.

Remark 4.1. Here we only consider the specific examples of J which are useful
for the applications below. One could consider a category J admitting projective
and inductive limits and satisfying the IPC property (see Definition 3.1.10 of [24]
for more details). More generally, one could consider the constant stack associated
to a category J as in [26].

Given S a locally definable manifold and J a category as above, we say that a
locally definable covering map px : X — S trivial over U = {Uq, }acr is a locally
definable J-covering map trivial over U = {Uy }aer if in addition the following hold:

e for every U € Op(Sqet), the set Px (U) = {f : U — px*(U) : f a continuous
locally definable map with px o f = idy} of continuous locally definable
sections of Pxpi(v) is an object of J.

e for every V,U € Op(Sger) with V' C U, the restriction map Px(U) —
Px(V): f+ fijv is a morphism of J.

A locally definable J-covering map px : X — S is a locally definable J-covering
map trivial over some admissible cover U = {Uy, }ner of S by open definable subsets.
We say that two locally definable J-covering maps px : X — Sandpy : Y — S
(trivial over U) are locally definably homeomorphic if there is a locally definable
homeomorphism F': X — Y such that:
® px =pyoF.
e The functor F' : Px — Py induced by composition by F' is a morphism of
Shy(Sqet)-

Such F': X — Y is called a locally definable J-covering homeomorphism.

A locally definable J-covering map px : X — S is trivial if it is locally definably
homeomorphic to a locally definable J-covering map S x C — S : (s,¢) — s for
some C' € ObJ.

We denote by J-Coviqer(X) the category of locally definable J-covering maps
and by J-Covgiger(X) its full subcategory consisting of trivial locally definable J-
covering maps.

Example 4.2. (1) If we take J to be the category Set of sets, then of course we
recover the previously defined notions.
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(2) If G is a discrete group, then a locally definable G-Tors-covering map px :
X — S trivial over U is exactly a locally definable G-covering map trivial over U,
i.e., a locally definable covering map px : X — S trivial over U/ with a continuous
locally definable right action X x G — X : (z,g) — a9 of G on X such that for each
s € S there is an induced right action py'(s) x G — p'(s) making the fiber p3' (s)
a G-torsor. Also a locally definable G-Tors-covering homeomorphism F : X — Y
between two locally definable G-Tors-covering maps py : X — S and py : Y — S
(trivial over U) is exactly a locally definable G-covering homeomorphisms, i.e., such
that:

® px =pyoF.
e For every x € X and g € G, we have F(z9) = F(x)9.

Proposition 4.3. Suppose that X is a locally definable manifold and J is a category
as before. Then there is an equivalence

LCShy(Xdef) — J-Coviget (X)
of categories which restricts to an equivalence

CShy(Xger) = J-Covoidet (X)
of subcategories.

Proof. Let F be an object of LCShy(Xqer) and suppose that {U;};es is an
admissible of X by open definable subsets such that for each j € J, the restriction
Fu; 1s isomorphic to a constant J-sheaf. For each j € J, if F|y, — Cj is such
an isomorphism in LCShy(Ujgef), we have for each V' € Op(Ujger) an induced
isomorphism F |y, (V) — Cj in J commuting with the restrictions

Fio,(V) —— Fpo, (V')

T~

Cj
in J where V' C V is in Op(Uj, qef). Thus, if z € X, since € U; for some j € J,
the stalk of F at z
Fo = i F(U)
zeU
with U € Op(Xaet), exists in J and we have a canonical surjective homomorphism

FU) = Fp:8> 8,

for every U € Op(Xqer) with x € U.

Set Wr = |l,cx F= and consider the obvious map wr : Wr — X sending
sy € Fy to x. For each j € J and ¢ € Cj let s° € F |y, (Uj) be the corresponding
section under the isomorphism |y, (U;) — Cj in J. Set US = {s; : x € U;}. Then
we have, for each j € J,

o wr (Uj) =ec, Us:

e each Wy, U = Ujisa bijection.
By [16, Lemma 2.1 (1)] (see Remark 2.6), it follows that there exists a locally
definable manifold structure on W of dimension n := dim X such that wr :
W — X is a locally definable covering map trivial over {U;};e.s.
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It is easy to see that for every U € Op(Xger) we have {f : U — w;_-l(U) : fis
a continuous locally definable map such that wr o f =idy} = F(U), an object of
J. Thus wr : Wr — X is a locally definable J-covering map trivial over {Uj}e..
It is also standard to see that a morphism F — G in LCShy(Xqef) determines a
morphism
Wr —— Wg

L
X

of locally definable J-covering maps which is a locally definable homeomorphism if
F — G is an isomorphism. Thus we have a well defined functor LCShy(Xqet) —
J—COVldef (X)

The inverse of the functor LCShy(Xqer) — J-Coviger(X) just defined is the
functor J-Coviget(X) — LCShy(Xqer) sending p : ¥ — X to the J-sheaf Py of
continuos locally definable sections of p: Y — X and a morphism

y -~ Z

RN

X

of locally definable J-covering maps to the morphism Py — Qz in LCShy(Xger)
induced by composition with r. It is standard to check that this is indeed a well
defined functor which is the required inverse.

By construction, the isomorphism LCShy(Xgef) — J-Coviger(X) restricts to an
isomorphism CSh y(Xger) — J-Covoiger (X). O

It follows from Proposition 4.3 and the corresponding facts in J-Coviges(X) that:

e We have an equivalence
CShJ (Xdef) — J.

e An object F of LCShy(Xqet) is determined by its stalks F, (x € X) and
a morphism ¢ : F — G in LCShy (Xget) is determined by the induced
homomorphism ¢, : F, = G, (x € X) on stalks.

e If F is an object of LCShy(Xqef) with X definably connected and 7 (S) =
1, then F is isomorphic to a constant J-sheaf.

4.2. Monodromy and representations of the fundamental groupoid. Let
X be a locally definable manifold and J a category as before. Consider the category

Fet(I1; (X), J)

of functors from the category I1; (X) to the category J. The objects of this category
are called representation of the o-minimal fundamental groupoid I1;(X) in J. If X
is definably connected with ex € X, then the objects of the category Fet(II1(X),J)
are called representation of the o-minimal fundamental group m1(X,ex) in J.

By Lemma 2.11 (1) we have:

Remark 4.4. If X is definably connected with ex € X, then Fet(I;(X),J) is
equivalent to the category whose objects are pairs (M, 7)) with M an object of
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J and 7y € Hom(m(X,ex)°?, Auty(M)) and whose morphisms 77 : (M, 7ar) —
(N, 7n) are morphisms f : M — N in J such that 75 o f = f o7yy.

The full subcategory of Fet(IIy(X),J) consisting of trivial representations will
be denoted by

Feto(1(X), J).

A representation 0 € Fet(IT; (X), J) is trivial if it is isomorphic to a constant functor
Ay which associates M to any object and idj; to any morphism. We have a natural
equivalence

J— FCto(Hl(X),J)

given by the functor M — Ay,.

By Proposition 4.3 and Lemma 2.13 we have:

Lemma 4.5. Suppose that X is a locally definable manifold and let F be an object
of LCShy(Xaer). Then the following hold.

(1) If v : [0,p] — X be a definable path in X, then the inverse image vy~ *F is
an object of CShy ([0, placr)-

(2) If h : [0,p] x [0,7] — X is a definable homotopy between the definable
paths v,0 : [0,p] = X in X, then the inverse image h™'F is an object of
CShy (([0,p] x [0, 7])aer)-

Proof. Consider the locally definable J-covering map wr : Wr — X corre-
sponding to F via Proposition 4.3.

(1) Consider a definable lifting 5 : [0,p] — Wx of v : [0,p] = X given by
Lemma 2.13 (1). Since (y~'F); = F. ) for each t € [0, p], the continuous (locally)
definable map 7 : [0, p] — W corresponds to a global section of y~' F. Thus v~ F
is constant.

(2) Consider a definable lifting & : [0,p] x [0,7] — Wx of h:[0,p] x [0,7] = X
given by Lemma 2.13 (2). Since (h’l}')(w) = Fh,s) for each (t,s) € [0,p] x [0,7],
the continuous (locally) definable map & : [0,p] x [0,7] — W corresponds to a
global section of h='F. Thus h~!F is constant. (]

Lemma 4.6. Suppose that X is a locally definable manifold and let F be an object
of LCShy(Xaet). Then there exists a well defined functor

wF) (X)) =T

sending x € X to F, and sending [o] € Homyy, (x)(20, 1) to a canonical isomor-
phism Fpy — Fq, in J.

Proof. Let [0] € Homp, (x)(z0,21) where o : [0,p] — X is a definable path in X
from zg to x;. By Lemma 4.5 (1), 0~ 1F is constant and so we have isomorphisms

Fay = (07" Fo = o F([0,p]) = (07'F), = Fu,

defining the canonical isomorphism F, — F,, in J.

We need to show that this is well defined i.e., it does not depend on the rep-
resentative of the definable homotopy class. Suppose that we have [o] = [7] in
Homyy, (x) (20, 21) where 0,7 : [0,p] — X are definable paths in X from z¢ to
xz1. Let h : [0,p] x [0,7r] — X be a definable homotopy between o and ~ with
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h(t,0) = o(t) and h(t,r) = ~(t) for all t € [0,p]. By Lemma 4.5 (2), h=1F is
constant and so we have isomorphisms
Foo = (V1 Flo <=7 'F(0,p]) ——— (v 'F)p=Fu

(W' F)o,) — h ' F([0,p] x [0,7]) ———= (W' F)p,s

| | |

Fag= (07" F)o <<——0 ' F(0,p]) ——— (07" F)p=TFa,

for all s € [0, 7], showing that the canonical isomorphism F,, — F, just defined
does not depend on the representative of the definable homotopy class. ([

The functor of Lemma 4.6 induces the well defined monodromy functor
o LCShJ (Xdef) — FCt(Hl (X), J)

sending an object F of LCShy(Xqger) to the associated functor u(F) and sending
a morphism ¢ : 7 — G in LCShy(Xger) to the induced natural transformation
w(F) — p(G) given by the commutative diagram

]:
Fay w() (VD) F,

‘bwgl l(bll
(DIEN)
gmo u gxl

in J for all 29, z1 € X and [y] € Homyy, (x)(w0, 71).

Theorem 4.7. Let X be a locally definable manifold and J a category as before.
Then the monodromy functor

o LCShJ(Xdef) — FCt(Hl(X),J)
is an equivalence of categories.

Proof. (1) p is faithful. Consider morphisms ¢, : F — G in LCShy and
suppose that u(y) = p(v). By definition, this means that ¢, = ¢, : F,, — G, for
each x € X. Hence ¢ = 1.

(2) p is full. Consider objects F, G € LCShy(Xger) and a morphism u : pu(F) —
1(G). This means that we have morphisms u, : F, — G, in J for each z € X.
Let {U,}aer be an admissible cover of X by open definable subsets such that both
F and G are constant on {U,}oer. Without loss of generality we may assume
that each U, is definably connected. Let x € U,. Then u, extends uniquely to a
morphism u,. For y € U, we choose a path v in U, from z to y. Then (uqa)y =
1(G)(7) (ua)zop(F)(y~1). Moreover (uq)s = ug and uy = pu(G)(y)ouzou(F)(y~1)
because u is a morphism of functors. Hence (uq)y, = uy. So we have a morphism
uq : By, — G|y, given by (uq), = u, for each y € U,. Therefore, for a, 8 € I such
that U, NUp # ) we have uqu,nu; = Ugju,nu,- This proves that the {uq }aer glue
together in a morphism v : F' — G. Since, for each a € I, we have vy, = u, and
(Ua)e = Uy : Fy — G for each © € U,, it follows that u(v) = w.
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(3) w is essentially surjective. Let {U, }aer be an admissible cover of X by open
definably connected definable subsets, refining the definable charts of X and such
that m1(U,) = 1 for each a € I (Proposition 3.1). Let «,5 € I be such that
Uy NUg # 0. The commutative diagram of inclusions

Uaj—a>X

Tia-ﬂ jﬁT

UaNUs 255 Uy

induces a commutative diagram of morphisms

L (U,y) —22 = T1,(X)

Tia,/ﬁ* jg*T

18, a%

M (Ua NUg) —— M1 (Up)

which in turn induces a commutative diagram of morphims

Fet(IT (Ua),J) = Fet(I;(X),J)

)\Q_ﬂl l)‘ﬁ
A8, o

Fet(II (Ua N Up),J) 25— Fet(II1(Up), J).

Let A be an object of Fet(II1(X),J). Then for each a € I, there exists a costant
sheaf I, on U, such that u(F,) = Ao (A) since p : CShy(Uader) — Fet(Il1(Ua), J)
is an equivalence.

Let o, 3 € I be such that Uap := Uy NUp # 0. We have u(Fou,,) = Ao ©
Aa(A) and u(Fgu,,) = Aga © Ag(A). Since as seen above Ay 50 Ao = Mg ©
Ag, we have u(Fyu,,) = n(Fpu,,)- But Fou,, and Fgpy,, are also objects of
CShy(Uapaer). Hence, po(Fov,,) = po(Fau,,) and therefore, we have isomor-
phisms 0, 5 : Fgy,, — Fau,, such that 6, = idy, and 0,3 = 04 00,5 on
Us NUg NU,. Then there exists F' € LCShy (Xget) together with isomorphisms
Vo : Fo =~ Fy,, such that 0, 5 = ¢3! 0 g on Uagp.

Now it remains to show that there exists an isomorphism ¢ : u(F) — A in
Fet(I11(X),J). If € U,, then A\,A(z) = A(z) by definition of the functor A,.
Since p(Fy) = Ao A we also have Fl,;, = Ao A(x). On the other hand, by construction
of F' we have an isomorphism ., : For — F,.. Thus we have an isomorphism
Y(x) : Fp — A(x) that is, an isomorphism 9 (z) : u(F)(z) — A(z). To conclude
the proof we need to show that for zo,2; € X and [o] € Homy, (x)(20, 1) (with
o :[0,¢9,] — X a path such that 0(0) = zp and o(¢,) = x1), then we have a
commutative diagram

Foy 22 A(ay)
M(F)([U])i A(le])
P 2 A
in J. Let L C I be a finite subset such that o([0,¢,]) € U, Ui Then [0,q,] €
Uier, o H(U1), with the o= (U;)’s open in [0,¢,]. Then, by [9, Chapter 6, (3.6)],
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for each | € L there is a W; C [0, g5, open in [0, ¢,] such that W; ¢ W; C o~ 1(U;)
and [0, ¢,] € U;cp, Wi- Therefore, there are 0 = s < s < -++ < 5, = ¢, such that
for each i = 0,...,r —1 we have o([s;, si41]) C Ujyy (and o(si41) € Uy NUpgig1))-
If we set o; = O|[si,si41]> then ¢ = gg - -+ - 0-_1. By the above constructions, the
result holds for each ¢; and so it holds also for o by composition. (]

By the construction in Theorem 4.7 and Theorems 3.16 and 3.17 we have:

Corollary 4.8. (1) Let J be an elementary extension of R or an o-minimal ex-
pansion of R. Let X be a locally definable manifold. Then we have a commutative
diagram

LCShy(Xaer) Fet (I, (X), J)

| T

LCShy (X (J)aer) ——= Fet(IY (X (), J)

of equivalence of categories.
(2) Suppose that R is an o-minimal expansion of the ordered group of real num-
bers. Let X a locally definable manifold. Then we have a commutative diagram

LCShy(Xaer) —> Fet(I1;(X),J)

| |

LCShy(X) P Fet(II°P(X), )

of equivalences of categories where LCShy(X) is the category of equivalence classes
of locally constant J-sheaves on the topological space X .

4.3. Examples. Here we deduce special cases of Theorem 4.7 which are more fa-
miliar.

Let X be a locally definable manifold. When J = Set we denote by Coviges(X)
the category of locally definable covering maps. If we denote by wSet the category
of countable sets and by fSet the category of finite sets, we denote by Coviger,, (X)
and Covger the full subcategories of the category Coviger(X) obtained by taking
J = wSet and J = f{Set respectively (i.e. the fibers are countable and finite
respectively).

Let X be a definably connected locally definable manifold with ex € X. Below
we use the following notation: (X, ex)-Set is the category of m1(X,ex)-sets;
71 (X, ex)-wSet is the full subcategory of countable 71 (X, ex )-sets; m1 (X, ex )-fSet
is the full subcategory of finite 71 (X, ex )-sets.

Corollary 4.9. Let X be a definably connected locally definable manifold with
ex € X. There is a canonical equivalence

Coviget(X) — m1 (X, ex)-Set

of categories. Moreover, if X is Lindelof (resp. definable), then there is a canonical
equivalence

Coviger, (X) — m (X, ex)-wSet
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(resp.
Covaer(X,e) = m (X, ex)-fSet)

of categories.

Proof. By Theorem 4.7 and Proposition 4.3 we have that
12 Coviges(X) — Fet(I1;(X), Set)

is an equivalence of categories. Hence by Remark 4.4 we have a canonical equiva-
lence

COVldef(X) — T (X, ex)—Set

of categories.
The other cases are similar. O

Let X be a locally definable manifold. When G be a discrete group and J =
G-Tors (see Example 4.2), we denote by G-Coviger(X) the category whose objects
are locally definable G-covering maps (i.e. locally definable covering maps with a
G-action on the fibers). If G is a countable discrete group (resp. finite group) we
denote by G-Covyger, (X) (resp. G-Covger) the corresponding full subcategory of
the category G-Coviget(X).

Recall that, given a category C, we denote by mp(C) the category of equivalence
classes of object of C under isomorphisms of C.

If we consider the categories of equivalence classes of locally definable G-coverings
maps under locally definable G-covering homeomorphisms we obtain:

Corollary 4.10. Let G be a discrete group and X a definably connected locally
definable manifold with ex € X. Then there is a canonical bijection

To(G-Coviget (X)) — Hom(m (X, ex)P, G)/ conjugacy.

If X is Lindeldf (resp. is definable) and G countable (resp. is finite), then there is
a canonical bijection

mo(G-Coviget,, (X)) = Hom(m (X, ex)°P, G)/ conjugacy

(resp.
mo(G-Covyer (X)) — Hom(m (X, ex)P, G)/ conjugacy).

Proof. By Theorem 4.7 and Proposition 4.3, the monodromy functor
e+ G-Coviget (X) — Fet(II1(X), G-Tors)

is an equivalence of categories. Hence, by Remark 4.4 we have

70(G-Coviget (X))

1R

mo(Fet(II (X), G-Tors)))
Hom(m (X, ex)°P, Autg-ors(G))/conjugacy

1

and Autg-tors(G) ~ G.
The other cases are similar. O

If we consider the categories of equivalence classes of pointed locally definable
G-covering maps, then we obtain:
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Corollary 4.11. Let G be a discrete group and X a definably connected locally
definable manifold with ex € X. Then there is a one-to-one correspondence
mo(G-Coviget (X, ex)) = Hom(m (X, ex)P, G).
If X is Lindelof (resp. is definable) and G countable (resp. is finite), then there is
a one-to-one correspondence
mo(G-Coviqet,, (X, ex)) — Hom(m (X, ex)°P, G)

(resp.
FQ(G-COVdef(X, ex)) — HOHI(?Tl(X, 6x)0p, G))

4.4. O-minimal Hurewicz and Seifert-van Kampen theorems. We start
with the Seifert-van Kampen theorem:

Theorem 4.12 (Seifert - van Kampen). Let X be a definably connected locally
definable manifold with ex € X and let W = {Wy}tacr be an admissible cover of
X by open locally definable subsets. Suppose that for o, 3 € I:

o cx € W, and W, is definably connected;
o W, NWgeW.
Then
hﬂm(Wa,ex) ~ 1 (X, ex).
acl
Proof. By Corollary 4.11, we have
HOHl(Tl'1 (X, ex)Op, G) ~ Wo(G—COVldef(X)) >~ WO(LCShG—Tors(Xdef))

for any discrete group G. The same result holds with X replaced by W,. The
gluing properties of sheaves give the isomorphisms
Hom(m (X, ex)?,G) =~ @Hom(m(Wa,eX)ORG)

~ Hom(ligm(Wa, ex )", G)
for any discrete group G. Then the Yoneda’s Lemma implies the result. O

We now proceed towards the proof of the o-minimal Hurewicz theorem. Let X
be a locally definable manifold, & = {U;};c;r an admissible cover of X by open
definable subsets and G an object of Shap(Xger). Below we write U;; = U; NU; and
Uij =U;NU;NUE. A Cech co-cycle for U with values in G is a family (9ij)(ij)erxr
with gij € Q(Ulj) such that

(Gij1vi) - i) = GikiUges all, 4,5, k.
Two Cech co-cycles g and ¢’ are cohomologous, denoted ¢ ~ ¢/, if there is a family
(hi)iel with h; € Q(Ul) such that
g;j = (hz|U”) *Gij - (hleq;j)il’ all, 7, 7.
This is an equivalence relation and the set of equivalence classes of Cech co-cycles
is called the o-minimal Cech cohomology set with respect to the admissible cover
U and is denoted by i}
H'Y(X,U;G).

This is not in general a group, but it does have a distinguished element represented
by the Cech co-cycle (g;;) with g;; = 1 for all ¢, 4. It is a group if G is an object
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of the subcategory Shap(Xgef) and, it is called in this case the o-minimal Cech
cohomology group with respect to the admissible cover U.

Remark 4.13. If G is a discrete abelian group, then H'(X,U; Q) is exactly the
o-minimal Cech cohomology (abelian) group with respect to the admissible cover
U in degree one of the o-minimal Cech cohomology theory defined in [18].

If V is another admissible cover of X by open definable subsets refining i/, then
we have a canonical inclusion

vy HY(X,U;G) — H*(X,V;6)
induced by restrictions which is an injective homomorphism when G is an object of
the subcategory Shap(Xder)-
We define the o-minimal Cech cohomology set (resp. group if G is an object of
the subcategory Shap(Xder))
H'(X;G)
to be the disjoint union

|_|{H Y(X,U;G) : U an admissible cover of S by open definable subsets}

modulo the equivalence relation give by: an element from H'(X,U; G) is equivalent
to an element from H'(X,V;G) if they have the same image under all the inclusion
maps

HY(X,U;G) HY(X,V;G)

w w
X /v

H'(X,W;0)
where W is an admissible cover of X by open definable subsets refining both &/ and
V. Clearly we then have canonical inclusions

v s HY(X,U;G) — HY(X;G)

such that

vy = vy oy
whenever we have a refinement V of U by an admissible cover of X by open definable
subsets.

When G is an object of the subcategory Shan(Xdef), then

Hl(X;Q)z%)nﬁl(X,u;g)

where the direct limit is taken over admissible covers U of X by open definable sub-
sets directed by refinement by admissible covers U of X by open definable subsets.

As above let X be a locally definable manifold and G an object of Shgp(Xdef)-
We say that an object S of Sh(Xgef) is a G-torsor on X if G acts on S on the right
and:

e there exists a admissible cover U = {U, };cr of X by open definable subsets
that splits S i.e., for all i, S(U;) # 0;

e for every open definable subset U of X and s € S(U), the map Gy — S|y :
g +— s9 is an isomorphism of sheaves.
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A G-torsor § on X is trivial if S(X) # 0, equivalently, if it is isomorphic to the
G-torsor G (with the action given by right multiplication).

Let U = {U;}icr be an admissible cover of X by open definable subsets. We
denote by G-Tors(X,U) the set of isomorphisms classes of G-torsors on X split by
U = {U;}ier. If G is an object of the subcategory Shan(Xder), then G-Tors(X,U)
has an abelian group operation induced (on sections) by the abelian group opera-
tion on each my(G-Tors) for G a discrete abelian group.

If V is another admissible cover of X by open definable subsets refining U/, then

we have a canonical inclusion
iy : G-Tors(X,U) — G-Tors(X, V)

induced by restrictions which is an injective homomorphism when G is an object of
the subcategory Shap(Xdef)-

We define the set (resp. group if G is an object of the subcategory Shap(Xger))

G-Tors(X)

to be the disjoint union

|_|{Q—Tors(X ,U) : U an admissible cover of X by open definable subsets}

modulo the equivalence relation give by: an element from G-Tors(X, ) is equivalent
to an element from G-Tors(X, V) if they have the same image under all the inclusion
maps

G-Tors(X,U) G-Tors(X, V)

u %
G-Tors(X, W)
where W is an admissible cover of X by open definable subsets refining both ¢/ and
V. Clearly we then have canonical inclusions
iy » G-Tors(X,U) — G-Tors(X)
such that
iy = iy o iy
whenever we have a refinement V of U by an admissible cover of X by open defin-
able subsets.

Proposition 4.14. Let X be a locally definable manifold, G an object of Shap (Xder)
and let U = {U;};cr be an admissible cover of X by open definable subsets. Then
there exists a well defined bijection

G-Tors(X,U) — H'(X,U;G)
which is an isomorphism when G is an object of the subcategory Shap(Xder)-

Proof. Let S be a G-torsor on X split by U = {U, };cr and choose s; € S(U;)
for each i. Because of the second condition in the definition of G-torsor, there are
unique g;; € G(Uj;), such that

)gij

(si|U1:j = 5j|Ui; -



THE UNIVERSAL COVERING MAP IN O-MINIMAL EXPANSIONS OF GROUPS 35

Then (g;;) is a Cech co-cycle, because (omitting the restrictions signs)

gik

(3

9ij 9jk
S;

=S =S
Moreover, replacing s; with s} = s h; € G(U;) leads to a cohomologous co-cycle.
Thus, S defines a class ¢(S) in H'(X,U;G).

Let a: S — &' be an isomorphism of G-torsors on X split by U = {U; }ser, and
choose s; € S(U;). Then a(s;) € §'(U;), and (omitting the restriction signs)
57

=85 = alsi)’ = als)).

Thus the Cech co-cycle defined by the family (a(s;)) equals that defined by (s;).
Showing that ¢(S) depends only on the isomorphism class of S and so the map
G-Tors(X,U) — H(X,U;G) is well defined.

Suppose that ¢(S) = ¢(S8’). Then we may choose sections s; € S(U;) and s €
S'(U;) that define the same Cech co-cycle (g;;). Let V be an open definable subset
of X andset V; = U;NV, V;; = U;;NV and Vi, = Uy NV. Suppose that t € S(V).
Then

t, = (siv,)”
for a unique g; € G(V;). From the equality (¢v;)v,, = (tv;)v;,, we find that

(gi|vij) = Gij * (9j|vij) (*)
Since S is a sheaf, ¢t — (g;)ier is a bijection from S(V') onto the set of families
(91)icr, 9i € G(V;), satisfying (*). A similar statement holds for S, and so there is a
canonical bijection S(V') — &' (V). The family of these bijections is an isomorphism
S — &' of G-torsors and so the map G-Tors(X,U) — H'(X,U;G) is injective.

Let (gij)(i,j)erx1 be a Cech co-cycle for U = {U;}icr. For any V open definable
subset of X set V; = U, NV, V;; =U;; NV and V;;, = Uy, N V. Define S(V') to be
the set of families (g;)icr, gi € G(V;), such that

(gz’|vij) = Gij * (9j|vij)~
Showing that this defines a G-torsor S, and that ¢(S) is represented by (g;;) involves
only routine checking and so the map G-Tors(X,U) — H(X,U;G) is surjective.

When G is an object of the subcategory Shap(Xaef) it is routine to show that
the map G-Tors(X,U) — H'(X,U;G) is a homomorphism. O

If V is another admissible cover of X by open definable subsets refining U/, then
the bijections (resp. isomorphisms) of Proposition 4.14 commute with the canonical
inclusions (resp. injective homomorphisms):

G-Tors(X,U) —— HYX,U;G)

| |

G-Tors(X,V) —— HY(X,V;G).
Therefore, we have:

Corollary 4.15. Let X be a locally definable manifold and let G an object of
Shap(Xdet). Then there exists a well defined bijection

G-Tors(X) — H'(X;G)

which is an isomorphism when G is an object of the subcategory Shap(Xder)-
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We are ready to prove the o-minimal Hurewicz theorem:

Theorem 4.16 (Hurewicz theorem). Let G be a discrete group and X a defin-
ably connected locally definable manifold. Then there is a canonical bijection

Hom(m; (X)°P, G)/ conjugacy — H*(X;G).
Moreover, if G is abelian, then we have a canonical isomorphism
Hom(m (X)°P,G) ~ HY(X;G).
Proof. If G is a discrete group, then we have canonical bijections
G-Tors(X) ~ 7o (LCShg-Tors(Xaef)) = mo(G-Coviger (X))
by definitions and Proposition 4.3. Thus by the canonical bijections
70(G-Covyget (X)) ~ Hom(m (X)°P, G)/conjugacy
and
G-Tors(X) ~ HY(X;G)
(Corollaries 4.10 and 4.15), we have a canonical bijection
Hom(m; (X)°P, G)/conjugacy — HY(X;G).

If G is abelian, then both Hom(m (X)°P, G)/conjugacy = Hom(m (X)°P, G) and
G-Tors(X) are abelian groups. Hence, mo(G-Coviget (X)) =~ 7o (LCShg-Tors (Xdef))
~ G-Tors(X) also have canonical abelian group structures. It is routine to check
that the canonical bijection

To(G-Coviger (X)) =~ Hom(71 (X)°P, G)

(Corollary 4.10) induced by the monodromy functor (Theorem 4.7) is in fact a
homomorphism. Therefore, by the canonical isomorphism

G-Tors(X) ~ H'(X;G)
(Corollary 4.15), we have a canonical isomorphism
Hom(7,(X)°,G) ~ H*(X;G)

as required. [l

5. CONCLUDING REMARKS

Here we observe that all our results can be generalized to other categories of
locally definable spaces in arbitrary o-minimal structures. To see this we point out
exactly what is required in the proofs. So let A/ be an arbitrary o-minimal structure
and let A be a full subcategory of the category of locally definable spaces in NV.

In AV one can define and prove in exactly the same way all the basic concepts
and properties about locally definable covering maps as in Subsection 2.1. So no
special requirements are needed here, but in relation to the concepts and results of
Subsection 2.2 we need to assume that the following holds in A:

(A1) It is possible to define good notions of definable paths and definable homo-
topies such that:
(a) every object of A which is definably connected is uniformly definably
path connected;
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(b) given a locally definable covering map px : X — S in A then: (i)
every definable path - in S has a unique lifting 4 which is a definable
path in X with a given base point; (ii) every definable homotopy F
between definable paths v and ¢ in S has a unique lifting F which is
a definable homotopy between the definable paths ¥ and & in X.

As the reader can easily verify these are indeed the only requirements needed to
define and prove in exactly the same way all the basic concepts and properties of
Subsection 2.2.

For the other results of the paper, we need on top of (Al) also the following
requirement:

(A2) Every object of A has an admissible covers by definably simply connected,
open definable subsets refining any admissible cover by open definable sub-
sets.

With (A1) and (A2) one proves in exactly the same way the main result estab-
lished in Subsection 3.1 (Theorem 1.1). For the proofs of the reminding results of
Section 3, what we need, besides (Al), (A2) and the results previously obtained
from these requirements, is: [16, Lemma 2.1 (1)] (in the proof of Theorem 3.4), [16,
Corollary 2.2] (in Remark 3.12), [16, Corollary 2.3] (in Remark 3.13) and [9, Chap-
ter 6, (3.6)] (in Theorem 3.16). Now the quoted results from [16] hold in arbitrary
o-minimal structures (and for locally definable spaces as well). On the other hand,
we used [9, Chapter 6, (3.6)] to notice that the domains of the definable paths are
definably normal. But by [15, Remark 2.8, Proposition 2.12 and Theorem 2.13], in
arbitrary o-minimal structures, every one dimensional definable space is definably
normal. So if we assume as we should that the domains of the definable paths given
by (A1) are one dimensional definable spaces, then the use of [9, Chapter 6, (3.6)]
can be replaced by this last more general observation. In conclusion we saw that
with (A1) and (A2) one proves in exactly the same way the main result of Section
3. Moreover, for the same reasons one sees that the same is true regarding all the
results of Section 4.

The fact that (Al) and (A2) are the only requirements needed to develop this
kind of theory is somewhat not surprising. Indeed in topology, where we have good
notions of paths and homotopies with the lifting of paths and homotopies property,
all one needs is existence of such nice open covers as in (A2). As we saw here, in
o-minimal expansions of ordered groups, (A1) holds even in the category of locally
definable spaces (but it not known to hold in arbitrary o-minimal structures) and
(A2) holds in the category of locally definable manifolds. In the semi-algebraic
case ([7]) and in the case of o-minimal expansions of fields ([3]) (A2) holds in the
category of locally definable spaces by the semi-algebraic (resp. o-minimal) trian-
gulation theorem. To obtain (A2) in o-minimal expansions of ordered groups for
the category of locally definable spaces all that is needed is the following:

Conjecture. Every definable set is a finite union of relatively open definable
subsets which are definably simply connected.

Finally observe that in our context, the role that (A1) (b) and (A2) play is similar
to the role the analogue properties play in topology. However, (A2) is often used
in combination with the results from [16] mentioned above to get local definability.
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Also (A1) (a) is required essentially only once and to get local definability (see
Proposition 2.18), the other places where it is used, it is used to replace definably
connected by definably path connected.

(1]
2]
(3]
(4]

(5]
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