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TAMENESS OF DEFINABLY COMPLETE LOCALLY
O-MINIMAL STRUCTURES AND DEFINABLE BOUNDED
MULTIPLICATION

MASATO FUJITA, TOMOHIRO KAWAKAMI, AND WATARU KOMINE

ABSTRACT. We first show that the projection image of a discrete definable set
is again discrete for an arbitrary definably complete locally o-minimal struc-
ture. This fact together with the results in a previous paper implies tame
dimension theory and decomposition theorem into good-shaped definable sub-
sets called quasi-special submanifolds.

Using this fact, in the latter part of this paper, we investigate definably
complete locally o-minimal expansions of ordered groups when the restric-
tion of multiplication to an arbitrary bounded open box is definable. Sim-
ilarly to o-minimal expansions of ordered fields, Lojasiewicz’s inequality, Ti-
etze extension theorem and affiness of psudo-definable spaces hold true for such
structures under the extra assumption that the domains of definition and the
psudo-definable spaces are definably compact. Here, a pseudo-definable space
is a topological spaces having finite definable atlases. We also demonstrate
Michael’s selection theorem for definable set-valued functions with definably
compact domains of definition.

1. INTRODUCTION

Locally o-minimal structures are studied in a series of papers [18| 12} [5l [6] [7, [8].
We first recall the definitions of local o-minimality and definably completeness.

Definition 1.1 ([I8]). A densely linearly ordered structure without endpoints M =
(M, <,...)1s locally o-minimal if, for every definable subset X of M and for every
point a € M, there exists an open interval I containing the point a such that X NI
is a finite union of points and open intervals.

Definition 1.2 ([14]). An expansion of a densely linearly ordered set without
endpoints M = (M, <,...) is definably complete if any definable subset X of M
has the supremum and infimum in M U {+o00}.

In [§], the first author demonstrated that definably complete locally o-minimal
structures satisfying the following property (a) have tame dimension theory and
decomposition theorem into good-shaped definable subsets called quasi-special sub-
manifolds.

(a) The image of a definable discrete set under a coordinate projection is again
discrete.

The first contribution of this paper is that an arbitrary definably complete locally
o-minimal structure always enjoys the property (a). Note that it is not necessarily
true for a locally o-minimal structure which is not definably complete. A counter
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example is found in [I2, Example 12]. In Section 2l we demonstrate the property
(a) and recall its consequences given in [§].

Using this fact, in the latter part of this paper, we investigate definably complete
locally o-minimal expansions of ordered groups when the restriction of multiplica-
tion to an arbitrary bounded open box is definable. We first explain the reason
why we investigate them.

An o-minimal structure has tame topology [3] and it enables us to deduce many
geometric assertions for definable sets. When, in addition, it is an expansion of
an ordered field, we can get more beautiful assertions such as definable triangula-
tion theorem and definable trivialization theorem. Our next targets are definably
complete locally o-minimal expansions of ordered fields if we employ the same strat-
egy as the study of o-minimal structures. However, we do not treat them for the
following two reasons:

Firstly, studies in this direction have been already done. Fornasiero got fruitful
results on definably complete local o-minimal expansions of ordered fields in [5].
Structures called models of DCTC, which are more general than definably complete
local o-minimal expansions of ordered fields, are already known to possess the
property (a) by [16, Theorem 4.1].

The second reason is more crucial. Many natural definably complete locally
o-minimal expansions of ordered fields are inevitably o-minimal. The most impor-
tant example is a locally o-minimal expansion of the ordered set of reals R. It is
trivially o-minimal when it is an expansion of the ordered field of reals. The first
author investigated definably complete locally o-minimal structures admitting local
definable cell decomposition in [6]. They are also o-minimal by [6] Proposition 2.1]
if they are expansions of ordered fields. The assumption that the structure is an
expansion of an ordered field seems to be too restrictive in the study of definably
complete locally o-minimal structures.

Therefore, we abandon full definability of multiplication. Instead, we assume
that the multiplication is partially definable. This is the reason why we employ the
following definition:

Definition 1.3. An expansion M = (M, <,0,+,...) of a densely linearly ordered
group has definable bounded multiplication compatible to + if there exist an element
1€ M and amap - : M x M — M such that

(1) the tuple (M, <,0,1,4+,-) is an ordered field;
(2) for any bounded open interval I, the restriction |7« of the product - to
I x [ is definable in M.

We simply say that M has definable bounded multiplication when the addition in
consideration is clear from the context.

The above definition may seem to be artificial. However, we naturally en-
counter a definably complete locally o-minimal expansion of an ordered group hav-
ing bounded multiplication. We construct an example in Section Bl The basic
properties of structures having definable bounded multiplication are also discussed
in the same section.

We are now ready to introduce the contexts of Section @ and SectionBl We con-
jecture that many assertions which hold true for o-minimal expansions of ordered
fields also hold true for definably complete locally o-minimal expansions of ordered
groups having definable bounded multiplication under the extra assumption that
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the relevant spaces are definably compact. Note that a subset of M™ which is defin-
able in a definably complete expansion of a dense linear order without endpoints is
definably compact if and only it it is closed and bounded, where M is the universe
of the given structure. Section ] and Section [l collect affirmative answers to the
above conjecture.

Lojasiewicz’s inequality and Tietze extension theorem for o-minimal expansions
ordered field are familiar to real algebraic geometers and researchers of o-minimal
structures [3,4]. In Sectiond] we demonstrate that they hold true for definably com-
plete expansions of ordered groups having definable bounded multiplication when
the domains of definitions are definably compact. We also demonstrate Michael’s
selection theorem in the same situation in the same section. The strategy for its
proof is similar to that for the proof of of [17].

We prove that a definably compact pseudo-definable space is definably imbedded
into a Euclidean space in SectionBl We first define psudo-definable spaces similarly
to van den Dries’s definable space [3, Chapter 10] prior to the proof.

In the last of this section, we summarize the notations and terms used in this pa-
per. The term ‘definable’ means ‘definable in the given structure with parameters’
in this paper. For a linearly ordered structure M = (M, <,...), an open interval is
a definable set of the form {z € R | a < & < b} for some a,b € M. It is denoted
by (a,b) in this paper. We define a closed interval similarly. It is denoted by |[a, b].
An open box in M™ is the direct product of n open intervals. The notation M-,
denotes the set {x € M | z > r} for any r € M. We set |z| := maxj<i<p |z;| for
any vector x = (z1,...,%,) € M™. The function |z — y| defines a distance in M™
when M is an expansion of an ordered group. Let A be a subset of a topological
space. The notations int(A), A and A denote the interior, the closure and the
frontier of the set A, respectively.

2. PROPERTY (a) AND ITS CONSEQUENCES

The purpose of this section is to demonstrate that the property (a) holds true for
definably complete locally o-minimal structure and to introduce its consequences.
We first begin with the proof of the property (a).

2.1. Proof of property (a). Let M = (M, <,...) be a definably complete locally
o-minimal structure throughout this subsection. We get the following lemma.

Lemma 2.1. Let f : I — M be a strictly monotone definable function on an
interval I. There exists a subinterval J C I such that the restriction of f to J is
continuous.

Proof. We only show the assertion when f is strictly increasing on I. The proof
is similar when f is strictly decreasing. We may assume that the image f(I) is
bounded. In fact, take z < y in I. The restriction of f to the interval (z,y)
has a bounded image contained in (f(z), f(y)) because f is strictly increasing.
Suppose that f(I) is discrete. Since f(I) is a bounded discrete closed set by [8]
Lemma 2.3], f(I) has the maximal element h = f(z) where « € I by the definable
completeness of M. Take y € I with z < y. Since f is strictly increasing on
I, we have h = f(z) < f(y) € f(I). It is a contradiction. So f(I) contains an
interval (u,v) by [8, Lemma 2.3]. Take ¢ € f~!(u) and d € f~!(v). Since the
restriction f|..qy : (¢,d) = (u,v) of f to the open interval (c,d) is bijective, it is
continuous. (|
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We recall the definition of local monotonicity.

Definition 2.2 (Local monotonicity). A function f defined on an open interval
I is locally constant if, for any x € I, there exists an open interval J such that
x € J C I and the restriction f|; of f to J is constant.

A function f defined on an open interval I is locally strictly increasing if, for any
x € I, there exists an open interval J such that € J C I and f is strictly increasing
on the interval J. We define a locally strictly decreasing function similarly. A locally
strictly monotone function is a locally strictly increasing function or a locally strictly
decreasing function. A locally monotone function is locally strictly monotone or
locally constant.

Theorem 2.3 (Strong monotonicity). Consider a definably complete locally o-
minimal structure M = (M, <,...). Let I be an interval and f : I — M be a
definable function. Then, there exists a mutually disjoint definable partition I =
XqgUX.UX, UX_ satisfying the following conditions:
(1) the definable set X4 is discrete and closed;
(2) the definable set X, is open and f is locally constant on X.;
(3) the definable set Xy is open and f is locally strictly increasing and contin-
wous on Xy ;
(4) the definable set X _ is open and f is locally strictly decreasing and contin-
uous on X_.

Proof. We first define the definable sets X., X, X_ by

X.={x € M| f is constant on some subinterval of I containing z},
Xy ={x € M| f is strictly increasing and continuous

on some subinterval of I containing x} and
X_ ={x € M| f is strictly decreasing and continuous

on some subinterval of I containing x}.

Set Xg =1\ (X.UX;UX_). It is obvious that X., X and X_ are open and
definable. The remaining task is to show that X, is discrete and closed. Suppose
not, then Xy contains an interval J by [8] Lemma 2.3]. We may assume that J is
bounded without loss of generality.

Fix a € J. By the local o-miniamlity of M, there exists an open interval (a,r)
such that one of followings holds: f > f(a) on (a,r), f = f(a) on (a,r) or f < f(a)
on (a,r). By the definition of X4, we have f > f(a) on (a,r) or f < f(a) on
(a, 7). Similar situation holds on the left side of the point a. We define the formula
®_ 4 (v) by

FuTvgfvy < v <wvy A Ywi(vy <wp <v— f(wr) < f(v))
A Vwa(v < we <wve — flwa) > f(v))].

The formulas &, _(v), P4 4 (v),P_ _(v) are defined similarly. We have shown that
each a € J satisfies exactly one of ®_  (v), P4 _(v), P4 4 (v) and ®_ _(v). By local
o-minimality of M, on some subinterval J’ = (a, ), one of them holds constantly.

We consider the cases in which ®_ y(z), @4 _(z), P4 +(z) and ®_ _(z) hold
true for all x € J’, separately. We first consider the following case.

Case 1. When we have M |= ®_  (z) for all z € J'.
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For each « € J', we define s(z) by

s(x) =sup{s € (z,0) | f(x) < f on (x,s]}.

If s(z) < B, there exists y € (s(z),8) such that f(z) < f(s(z)) < f on (s(x),y)
because M = ®_ , (s(z)). It is a contradiction to the definition of s(z). So the
equality s(xz) = 8 holds. It means that f is strictly increasing on J’. By Lemma
21 the definable function f is continuous on some subinterval of J'. It contradicts
the definition of X.

When M |= @, _(x) for all x € J', we can similarly show that f is continuous
and strictly decreasing on some subinterval of J’. It is also a contradiction.

The next target is the following case:

Case 2. When we have M = & , (z) for all z € J'.
We define the definable set B C J' by
B={zeJ |WeJ(x<y— flz)<fly)}

Now the set B must be discrete, closed and bounded. Otherwise, it contains an
interval by [8 Lemma 2.3] and f is strictly increasing and continuous on some
subinterval by Lemma 2.1l It is a contradiction to the definition of X,4. Since B is
discrete, closed and bounded, there exists ¥ = max B. We set Jy = (v, 8) C J'\ B.
Fix ¢ € Jy. Now we show that there exists cg € Jy such that f < f(c) on
(co, B). Suppose not and we set B’ = {y € Jy | f(¢) < f(y)}. By the assumption
and local o-minimality of M, there exists zg € Jy such that (z9,8) C B’. Set
d=inf{z € [c,8) | f(c) < f on (z,8)}.
o If f(d) > f(c), we have f(c) < f on (e,3) for some e € (c,d) because
M E &4 4 (d). It is a contradiction to the definition of d.
e We consider the case in which f(d) < f(c). By the definition of ~, we
have d ¢ B. It implies that f(d) > f(e’) for some €' € (d, ). We get
(') < f(c). On the other hand, we obtain f(c) < f(e’) by the definition
of d. It is a contradiction.

We have demonstrated the existence of ¢y. So we can define

y(e) = inf{z € [¢, B) | f < f(c) on (2, 8)}.
Suppose that ¢ = y(c), then there exists ¢; € (¢, ) such that f(c) < f on (¢, ¢1)
because M | &4 4(c). Take z € (¢,c1), then we have f(c) < f(z). But, by
definition of y(c), we have f(z) < f(c¢). A contradiction. The inequality ¢ < y(c)
holds.
We consider the formula ¥4 _(v) given by

FurToafy < v < v <wy < BAVAV2a(v1 < 21 <0< 29 < vy — f(21) > f(22))].

Now we check that the sentence U4 _(y(c)) holds in M. Since we have M |=

P4 +(y(c)) by the assumption, we get f(y1) > f(y(c)) for some y1 € (y(c),B).
Then, there exists z € (y(c),y1) such that f < f(c) on (z,8) by the definition of
y(c). Since we have z < y1, we obtain f(y1) < f(¢). They imply the inequality

(1) fy(e)) < f(e).

Since M is locally o-minimal, there exists v1 € (¢, y(c)) such that either f < f(c)
or f > f(c) on (v1,y(c)). Suppose that f < f(c) on (vi,y(c)). The inequality ()
and the definition of y(c) yield that f < f(c) on (v1,8). It is a contradiction to the
definition of y(c). So, the inequality f > f(c) holds on the interval (v1,y(c)). On
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the other hand, for all z2 € (y(c), 8), we get f(z2) < f(c) by the definition of y(c).
Summarizing the above results, the inequalities f(z1) > f(c) > f(z2) hold for all
z1 € (v1,y(c)) and all z3 € (y(c), ). It means that M = U, _(y(c)).

So, for all ¢ € (v,f), there exists y(c) € (c,3) such that ¥4 _(y(c)) holds.
Consider the definable set T'= {z € (v,8) | M = ¥4 _(x)}. Since M is locally
o-minimal, there exists § € (y, 8) such that the open interval (4, 8) is contained in
T or has an empty intersection with 7. However, the existence of y(c) implies that
(0,8) is contained in T'. We define the formula W_ | similarly to ¥4 _. We can
construct an open interval each of whose elements satisfies both the formulas ¥ _
and W_ ;. It is a contradiction.

We can lead to a contradiction similarly when M |= ®_ _(x) for all z € J'. We
omit the proof. We have finally demonstrated that X, is discrete and closed. [

n [19], A. Tsuboi gave a proof of Theorem 2.2 slightly different from ours.
We get the following proposition called properties (b) and (c) in [8].

Proposition 2.4. The following assertions hold true.

(1) Let X1 and X2 be definable subsets of M™. Set X = X1UXa. Assume that
X has a nonempty interior. At least one of X1 and Xo has a nonempty
interior.

(2) Let A be a definable subset of M™ with a nonempty interior and f: A —
M™ be a definable map. There exists a definable open subset U of M™
contained in A such that the restriction of f to U is continuous.

Proof. They follow from Theorem [Z3] by [8, Theorem 2.11.(iii)]. O

The following is the main theorem of this section, which claims that the property
(a) holds true.

Theorem 2.5. The image of a discrete set definable in a definably complete locally
o-minimal structure under a coordinate projection is again discrete.

Proof. Let D be a definable discrete subset of M™ and 7 : M™ — M9 be a coordi-
nate projection. We demonstrate that the image m(D) is discrete.

We first reduce to the case in which d = 1. Let py : M™ — M be the projection on
the k-th coordinate for 1 < k < d. The image py (D) is discrete by the assumption.
We have 7(D) C szl pr(D). Therefore, 7(D) is discrete because szl pr(D) is
discrete.

We may assume that d = 1 and 7 is the coordinate projection onto the last
coordinate. We prove the theorem by induction on n when d = 1. There is nothing
to prove when n = 1. Before we consider the case in which n > 1, we demonstrate
the following claim using the induction hypothesis.

Claim. Let [ and m be nonnegative integers with I < n. Let X ¢ M!x M™ be
a definable subset and IT: M! x M™ — M™ be the coordinate projection onto the
last m coordinates. Assume that the fiber X, = {y € M! | (y,z) € X} is discrete
for any x € II(X). There exists a definable map f : II(X) — X such that the
composition IT o f is the identity map on IT(X).

We demonstrate the claim by induction on . The claim is trivial when [ = 0.
We next consider the case [ = 1. Fix ¢ € M. We define the definable function
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g:I(X) = M by

(z) = inf X, N(c,+o00) if X, N (e, +0) # @ and
gur) = sup X, N (—oo,c) otherwise.

We consider the definable map f : II(X) — M*™ given by f(z) = (g(x),x). Since
X, is discrete and closed by [8, Lemma 2.3], we have f(z) € X for all z € II(X).
We have demonstrated when [ = 1.

We consider the case ! > 1. Let II; : M!x M™ — M™+t! and Iy : M™+L — M™
be the projections onto the last m+1 coordinate and onto the last m coordinates, re-
spectively. We have IT = Ipoll;. It is obvious that the fibers {x € M~ | (2,4, 2) €
X} with respect to the projection II; are discrete for all y € M and z € M™ with
(y,z) € II1(X). There is a definable map hy : II;3(X) — X such that the com-
position II; o hy is the identity map by the induction hypothesis on [. On the
other hand, by the induction hypothesis on n, the image of a definable discrete
subset of M! under a coordinate projection is discrete. It implies that the fibers
{r € M | (z,y) € II;(X)} with respect to the projection Il are discrete for all
y € II(X). The claim for [ = 1 provides a definable map ho : II(X) — II; (X)) such
that the composition Ils o ho is the identity map. The composition f = hy o hy is
the desired map. We have demonstrated the claim.

We return to the proof of the theorem. There exists a definable map f : 7(D) —
D by the claim. If 7(D) is not discrete, w(D) contains an open interval I by [8]
Lemma 2.3]. By Proposition 24 f is continuous on some subinterval of I. It is
a contradiction to the assumption that D is discrete. We have demonstrated that
(D) is discrete. O

We finally get the following proposition called the property (d) in [8].

Proposition 2.6. Let X be a definable subset of M™ and m@ : M™ — M? be
a coordinate projection such that the the fibers X N 7= 1(x) are discrete for all
x € w(X). Then, there exists a definable map 7 : 7(X) = X such that w(7(x)) = x
for all z € m(X).

Proof. Tt follows from Theorem [Z5] by [8, Theorem 2.11.(ii)]. O

2.2. Consequences of property (a). In []], the first author demonstrated several
tame topological properties of definable sets and tame dimension theory assuming
that the property (a) in Section [0 holds true. They hold true without assuming
the property (a) thanks to Theorem This subsection summarizes them for the
readers’ convenience.

We first define the dimension of a definable set as follows:

Definition 2.7 (Dimension). Consider an expansion of a densely linearly order
without endpoints M = (M, <,...). Let X be a nonempty definable subset of
M™. The dimension of X is the maximal nonnegative integer d such that 7(X)
has a nonempty interior for some coordinate projection 7 : M™ — M?. We set
dim(X) = —oo when X is an empty set.

The following proposition summarizes the results on dimension in [§].

Proposition 2.8. Consider a definably complete locally o-minimal structure M =
(M, <,...). The following assertions hold true.
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(1) A definable set is of dimension zero if and only if it is discrete. When it is
of dimension zero, it is also closed.

(2) Let X CY be definable sets. Then, the inequality dim(X) < dim(Y") holds
true.

(3) Let o be a permutation of the set {1,...,n}. The definable map & : M™ —
M™ is defined by T(z1, ..., Zn) = (To(1), - -+ To(n)). Then, we have dim(X) =
dim (7 (X)) for any definable subset X of M™.

(4) Let X andY be definable sets. We have dim(X x Y) = dim(X) 4+ dim(Y").

(5) Let X andY be definable subsets of M™. We have

dim(X UY) = max{dim(X),dim(Y")}.

(6) Let f: X — M™ be a definable map. We have dim(f(X)) < dim X.

(7) Let f : X — M™ be a definable map. The notation D(f) denotes the set of
points at which the map f is discontinuous. The inequality dim(D(f)) <
dim X holds true.

(8) Let X be a definable set. The notation X denotes the frontier of X defined
by 0X = X \ X. We have dim(0X) < dim X.

(9) A definable set X is of dimension d if and only if the nonnegative integer d is
the mazimum of nonnegative integers e such that there exist an open box B
in M¢ and a definable injective continuous map ¢ : B — X homeomorphic
onto its image.

(10) Let X be a definable subset of M™. There exists a point x € X such that
we have dim(X N B) = dim(X) for any open box B containing the point x.

(11) Letp : X =Y be a definable surjective map whose fibers are equi-dimensional;
that is, the dimensions of the fibers ¢~ *(y) are constant. We have dim X =
dimY + dim¢~t(y) for ally € Y.

Proof. See [8, Proposition 3.2, Theorem 3.8, Theorem 3.11, Corollary 3.12, Theo-
rem 3.14] O

Corollary 2.9. Let M = (M, <,...) be a definably complete locally o-minimal
structure. Let B and C' be definable open subsets of M™ and M™, respectively. If
there exists a definable injective map from B to C, we have m < n.

Proof. Immediate from Proposition 2:8(1), (2) and (11). O

We finally recall the notion of quasi-special submanifolds and the decomposition
theorem into quasi-special submanifolds.

Definition 2.10. Consider an expansion of a densely linearly order without end-
points M = (M, <,...). Let X be a definable subset of M™ and 7 : M™ — M9 be
a coordinate projection. A point z € X is (X, 7)-normal if there exists an open
box B in M™ containing the point z such that B N X is the graph of a continuous
map defined on 7(B) after permuting the coordinates so that = is the projection
onto the first d coordinates.

A definable subset is a w-quasi-special submanifold or simply a quasi-special
submanifold if, (X)) is a definable open set and, for every point x € 7(X), there
exists an open box U in M ¢ containing the point x satisfying the following condition:
For any y € XN~ ! (x), there exist an open box V in M™ and a definable continuous
map 7 : U — M"™ such that 7(V) = U, 7(U) = X NV and the composition 7o 7 is
the identity map on U.
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Let {X;}7, be a finite family of definable subsets of M™. A decomposition of
M™ into quasi-special submanifolds partitioning {X;}™, is a finite family of quasi-
special submanifolds {C;}, such that JY, C; = M™, Ci N C; = () when i # j
and C; has an empty intersection with X; or is contained in X; for any 1 <i <'m
and 1 < j < N. A decomposition {C;}¥, of M™ into quasi-special submanifolds
satisfies the frontier condition if the closure of any quasi-special submanifold C; is
the union of a subfamily of the decomposition.

Proposition 2.11. Consider a definably complete locally o-minimal structure M =
(M, <,...). Let {X;}™, be a finite family of definable subsets of M™. There exists a
decomposition {C;}Y., of M™ into quasi-special submanifolds partitioning {X;}",
and satisfying the frontier condition. Furthermore, the number N of quasi-special
submanifolds is not greater than the number uniquely determined only by m and n.

Proof. See [8] Theorem 4.5]. O

3. BASIC PROPERTY OF STRUCTURES HAVING DEFINABLE BOUNDED
MULTIPLICATION

We defined an expansion of an ordered group having definable multiplication in
Section[Il We can easily construct a definably complete locally o-minimal expansion
of an ordered group having definable multiplication using the notion of simple
product in [I2] Section 4]. The following examples is also given in [10, Example
4.12].

Ezxample 3.1. Let R be an arbitrary o-minimal expansion of the ordered group of
reals. We define a locally o-minimal expansion M := M(@) = (R,<,0,+,Z,...)
of the ordered group of reals. We define that a subset X of R™ is definable in M
if and only if, there exist finitely many subsets X7, ..., X} of [0,1)™ definable in R
and a map 7 : Z" — {1,...,k} such that, for any (mq,...,m,) € Z", we have

xXn <H[mi,mi + 1)) =(ma,...,mn) + Xi(mi,.omn)s
i=1
where the right hand of equality is

{1, m) €R" [ (w1 —ma, .., 20 — M) € Xy, mn) |

A standard argument shows that M is a locally o-minimal structure. The structure
M is not an o-minimal structure. It is also easy to demonstrate that a bounded
subset X of R" is definable in M if it is definable in R. We omit the details.

Consider the graph of the addition I' = {(z,y,2) € R® | 2z = = + y}. Set
X1 =TnNJ[0,1)® and X5 := {(z,y,2) € [0,1)3 |z +y >1, 2 =2 +y—1}. We
obviously have

3 (ml,mg,m3)+X1 ifm3:m1 —|—m2,
l"ﬁH[mi,mi—i—l): (ml,mg,m3)+X2 ifm3:m1 +m2+1and
i=1 0 otherwise.

It implies that the graph I' is definable in M. The structure M is an expansion of
an ordered group.
When R is an expansion of an ordered field, the structure M has definable

bounded multiplication compatible to + because any bounded set definable in R is
also definable in M.



10 M. FUJITA, T. KAWAKAMI, AND W. KOMINE

We give several basic properties of a structure having definable bounded multi-
plication. We defined a uniformly locally o-minimal structure of the second kind
in [6]. It becomes almost o-minimal defined in [10] when it has definable bounded
multiplication.

Proposition 3.2. A uniformly locally o-minimal expansion of the second kind of an
ordered abelian group having definable bounded multiplication is almost o-minimal.
In particular, it is definably complete.

Proof. Let M = (M, <,0,+,...) be the structure in consideration. We have only
to demonstrate that a bounded definable set X of M is a finite union of points and
open intervals. Let R be a positive element such that X is contained in the open
interval (—R, R). Consider the set

Y ={(r,rz) e M*|0<r<1landx€ X}.

It is definable because we only use multiplication in a bounded area for its definition.
Since M is uniformly locally o-minimal of the second kind, we can take § > 0 and
e > 0 such that, for any 0 < r < ¢, the intersection Y;. N (=4, 9) is a finite union of
points and open intervals, where Y. is the fiber at r given by Y. :={x € M | (r,z) €
Y'}. Take a sufficiently small » > 0 such that R < § and r < . For such an r, we
have Y, N (=6,0) =rX := {re € M | z € X}. It implies that X is a finite union of
points and open intervals.

The almost o-minimal structure is definably complete by [10, Lemma 4.6]. O

A definably complete expansion of an ordered abelian group having definable
bounded multiplication is always a real closed field.

Proposition 3.3. Consider a definably complete expansion of an ordered abelian
group having definable bounded multiplication M = (M, <,0,+,...). Then, (M, <
,0,1,4,-) is a real closed field.

Proof. The restriction of a polynomial function to a bounded interval is definable
because M has definable bounded multiplication. Use this fact together with the
intermediate value property of definably complete structures [14] and [2] Lemma
1.2.11] which is valid for an ordered field. We can easily check that the condition
[2, Theorem 1.2.2(ii)] is satisfied. O

The following proposition and its corollary are trivial.

Proposition 3.4. Let M = (M,<,0,+,...) be a definably complete expansion
of an ordered abelian group having definable bounded multiplication. Any bounded
semialgebraic set is definable.

Proof. Obvious. O

Corollary 3.5. Let M = (M, <,0,4+,...) be a definably complete expansion of an
ordered abelian group having definable bounded multiplication. The n-dimensional
projective space P, (M) and the Grassmannian G, (M) are definable in M.

Proof. Because they are closed and bounded algebraic sets by [2, Theorem 3.4.4,
Proposition 3.4.11]. O

The following lemma is used in the subsequent sections.



TAMENESS OF LOCALLY O-MINIMAL STRUCTURES 11

Lemma 3.6. Consider an expansion M = (M,<,0,4,...) of a densely linearly
ordered group having definable bounded multiplication - compatible to +. Consider
a definable set S and bounded definable functions f,g: S — M such that f(x) #0
for allx € S. Then, the function h : S — M given by h(z) = g(x)/f(x) is definable
when h is also bounded.

Proof. Immediate from the definition of definable bounded multiplication. O

A natural question is whether a derivative of a definable function is again defin-
able. It is true in some restricted case, but false in general.

Lemma 3.7. Consider an expansion M = (R, <,0,+,...) of the ordered group of
reals having definable bounded multiplication - compatible to +. Let I be a bounded
closed interval and f : I — M be a definable C' function. Then, its derivative
f' I — M is also definable.

Proof. Consider the function h : {(x,h) € I x M | h# 0,2+ h € I} — M given by

o) = LD =1

Since f’ is continuous and I is compact, f’ is bounded. Lemma implies that
the function h is definable. Therefore, the derivative f’ is also definable because
the closure of a definable set is again definable. O

Example 3.8. In Lemma B.7 the assumption that I is closed is inevitable. Let
R = (R, <,0,1,4+,-,€e") denote the expansion of the ordered fields of reals by the
exponentiation. It is o-minimal by [20]. Let M(R) be the locally o-minimal struc-
ture defined in Example Bl The function f : (0,1) — R given by f(z) = xlogx is
definable in M(R) because it is a bounded function definable in R. Its derivative
f/(x) =logx + 1 is not definable in M(R) by [9, Lemma 5.3].

4. FUNCTIONAL RESULTS FOR LOCALLY O-MINIMAL STRUCTURES HAVING
DEFINABLE BOUNDED MULTIPLICATION

4.1. Lojasiewicz’s inequality. Lojasiewicz’s inequality and its variants are proved
in many model-theoretic expansions of an ordered group. We prove that it holds
true for definably complete expansion of an ordered group having definable bounded
multiplication.

Definition 4.1. We consider an expansion M = (M, <,0,+,...) of a densely
linearly ordered group having definable bounded multiplication - compatible to +.
The notation ®q(M) denotes the set of all odd strictly increasing definable bijection
from M onto M fixing the origin. It is a group with respect to composition. We
fix a subgroup ® C P¢(M) satisfying the following condition: For any positive
a € M and any definable continuous strictly increasing function f : [0,a] — M
with f(0) = 0, there are p,¢ € ® such that f(t) < ¢(¢) and ¥(t) < f(¢t) for all
sufficiently small ¢ > 0.

We call that M is polynomially bounded if, for any positive a € M and any
definable continuous strictly increasing function f : [0,a] — M with f(0) = 0,
there exists a positive integer m € Z such that f(t) > t™ for all sufficiently small
t>0.
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Ezample 4.2. The group ® = ®y(M) satisfies the condition in Definition {1l Let
a € M be a positive element and f : [0,a] — M be a definable continuous strictly
increasing function with f(0) = 0. The definable functions ¢, € ® defined below
satisfy the inequalities in the definition.

t—a+ f(a) ift>a,
_ _ ) @) ifo<t<a,
o(t) = () = —f (=) if —a<t<0and
t+a—f(a) ift<—a.

Ezample 4.3. We constructed a locally o-minimal expansion M(I?KE) of the ordered
group of reals from an o-minimal expansion R of the ordered group of reals in
Example Bl When R is a polynomially bounded expansion of the ordered field
of reals, the locally o-minimal structure M(HNQ) is also polynomially bounded in
the sense of Definition L1l See [I3] for the definition of a polynomially bounded
expansion of the ordered field of reals.

Lemma 4.4. Consider a definably complete expansion M = (M,<,0,4+,...) of a
densely linearly ordered group having definable bounded multiplication - compatible
to +. Assume further that M is polynomially bounded. For any ¢ € ® and any
positive a € M, there exist a positive c € M and a positive odd integer m such that
o(t) > ct™ for all0 <t < a.

Proof. By the assumption, there exist 0 < b < a and a positive integer such that
o(t) > t™ for all 0 <t < b. We may assume that b < 1. We may also assume that
m is odd by increasing m if necessary. Since ¢ is positive, we have s = inf{p(t) | b <
t <a} > 0 by [I4, Corollary, p.1786]. Set ¢ = min{s/a™,1}. We obviously get the
inequality @(t) > ct™ for all 0 < ¢ < a. O

Consider a definably complete expansion M = (M,<,0,+,...) of a densely
linearly ordered group. For any = = (z1,...,2n),y = (Y1,...,yn) € M™, we set

d(w,y) = x|~ yil

The function d is a distance function on M™. Let A be a closed definable subset of
M™. The distance function d4 : M™ — M is given by

da(z) = inf{d(z,a) | a € A}.

Proposition 4.5 (Lojasiewicz’s inequality). Consider a definably complete locally
o-minimal expansion M = (M,<,0,+,...) of an ordered group having definable
bounded multiplication. Let S be a definable, closed and bounded subset of M™. Let
f,9:S — M be definable continuous functions with f=1(0) C g=*(0). Then, we
can choose a ¢ € ® and a positive N € M such that

[¢(g(z))] < N|f(z)|
forallxz € S.

In addition, when M is polynomially bounded, there exists a positive integer m
such that

lg(@)|™ < N|f(2)]
forallx € S.



TAMENESS OF LOCALLY O-MINIMAL STRUCTURES 13

Proof. Set Z = f~1(0). The notation dz denotes the distance function to Z in M™.
When s = inf{dz(z) | x € S\ Z} > 0, the definable set S\ Z is closed. By the max-
min principle [14], the image of a bounded closed definable set under a definable
continuous function is closed and bounded. We use this fact without mention.
There exists ¢ > 0 with ¢ < |f(z)| for all x € S\ Z. The definable functions f(x)
and g(x) are bounded. The restriction of g(z)/f(x) to S\ Z is bounded. It is also
definable by Lemma B:6] We can take N > 0 such that |g(z)/f(x)] < N. We get
lg(z)] < N|f(x)| for all x € S\ Z. The inequality |g(z)| < N|f(z)| is clear when
x € Z. We have proved the proposition when s > 0. We can prove the inequality
in the same manner when Z is an empty set.

We consider the case in which Z # §) and s = 0. We can take u > 0 such
that [0,u) C dz(S) by local o-minimality. A definable continuous function on a
definable, bounded and closed set is uniformly continuous by [9, Corollary 4.3,
Remark 4.13]. We also use this fact. Consider the function 7 : [0,u) — M defined
by

n(t) = mnf{[f(2) |z € S, dz(x) = t}.
When 0 < ¢ < u, we have n(t) > 0 by the max-min principle. By uniform continuity
of | f(x)], for any € > 0, we can choose 0 > 0 such that |f(z)| < ¢ for all dz(z) < 4.
It means that 7 is continuous at 0. We may assume that, by taking a smaller v if

necessary, 7 is continuous by the strong local monotonicity property. Consider the
function p : [0,u) — M defined by

p(t) = sup{lg(2)| | x € S, dz(z) = t}.

We may assume that p is continuous for the same reason as above.
By Definition 411 there exist ¢1, ¢2 € ® such that

(2) ¢1(t) < n(t) and
(3) p(t) < 2(t)

for all sufficiently small ¢ > 0. We may assume that the inequalities [2]) and (B]) hold
true for all 0 <t < u by taking a smaller u > 0 again. Set T'= {z € S | dz(z) < u}
and ¢ = ¢; o ¢2_1. Fix an arbitrary € T. Set t = dz(z). We have t < u. Using
the fact ¢ is strictly increasing odd continuous function, we get

(4) |9(g9(x)) < sup{lp(g(y)| |y € S, dz(y) =t}
= ¢(sup{lg(y)| |y € S, dz(y) =1})
= ¢(p(t)) < @(¢a(t)) = d1(t) < n(t)
< |f(@)|

We consider the case in which z € S\T. The function |¢(g(z))/f(z)| is bounded
on S\ T for the same reason as the case in which s = 0. We can take N > 1 such
that |¢(g(z))] < N|f(z)| for all z € S\ T. This inequality and the inequality (@]
deduces the inequality |¢(g(x))| < N|f(x)|.

We finally consider the case in which M is polynomially bounded. By the max-
min principle, there exists a > 0 such that |g(z)| < a for all x € S. We can take a
positive odd integer m and a positive constant ¢ € M such that ¢(t) > ct™ for all
0 <t < aby Lemma[d We therefore have |¢(g(x))| > c|g(x)|™. We finally get

lg(@)|™ < (N/e)|f(2)]. O
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Proposition 4.6. Let M, S, f and g be the same as in Proposition[f.5] There exist
¢ € ®© and a definable continuous function h : S — M such that ¢(g(x)) = h(z) f(x)
forallxz € S.

In addition, when M is polynomially bounded, there exists a positive integer m
such that (g(z))™ = h(z)f(z).

Proof. There exist a ¢ € ® and a positive N € M such that

() [¥(g(2))] < NIf(2)]

for all z € S by Proposition[d5l Since g is bounded, we may assume that |g(S)| < a
for some positive a. The restriction of t21(t) to [0,a] is definable in M. Apply
Definition[dlto it. We can choose a ¢ € ® such that ¢(t) < t2¢(¢) for all sufficiently
small ¢ > 0. We may assume that ¢(¢) = t" for some positive odd integer m by
the definition when M is polynomially bounded.

Set Z = f71(0). Define a function h : S — M by

h(z) = { #(g(z))/f(x) whenz ¢ Z

0 otherwise.

We have only to demonstrate that h is definable and continuous. By the inequality
@), we have

(6) |6(g(2))/f ()| < Ng()?

for all + ¢ Z. In particular, the function ¢(g(x))/f(x) on S\ Z is bounded.
Therefore, it is definable by Lemma B.6l We have demonstrated that h is definable.
The continuity of h is also obvious from the inequality (6l because g is continuous
and identically zero on Z. ([l

4.2. Weak Tietze extension theorem. Mimicing the proof of |2, Proposition
2.6.9], we get a weak Tietze extension theorem.

Theorem 4.7 (Weak Tietze extension theorem). Consider a definably complete
locally o-minimal expansion M = (M, <,0,+,...) of an ordered group having de-
finable bounded multiplication. Let S be a definable, closed and bounded subset of
M™. A definable continuous function f : S — M has its definable continuous
extension f : M™ — M.

Proof. Set f* = (f +|f]) and f~ = 5(|f| = f). We have f = f*—f~, f~ >0
and fT >0 on S. Hence, we may assume that f > 0 without loss of generality.

Apply Proposition@H to f(x) — f(y) and the restriction of the distance function
d to S x S. There exists a ¢ € ® and a positive N € M such that

lo(f(z) — f(y))| < Nd(z,y)

for all z,y € S. Consider the definable functions A : M™ x M™ — M and f :
M™ — M defined by

Ale,y) = ¢~ (Nd(z,y)) + d(x,y) and
F(a) = inf{A(a,y) + () | y € ).

The function f is well-defined because M is definably complete and A is continuous.
We show that f is a definable continuous extension of f.
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We first demonstrate that f(z) = f(z) for all z € S. Let y be an arbitrary
element in S. We get

lf(@) = fF)l =0~ o d(f(x) — fFW)]) =& (lo(f(x) — F(W)])
< ¢ N (Nd(z,y)) < Az, y).

It implies that f(z) < f(y) + A(z,y). We get f(z) = f(z) by the definition of f.

The next task is to prove that f is continuous. Take an arbitrary element a € M™
and set b = f(a). Fix an arbitrary positive element ¢ € M. We demonstrate that
there exists § > 0 such that b — e < f(z) < b+ & whenever d(z,a) < J.

We obtain b = inf{A(a,y) + f(y) | y € S}. By the max-min principle, we get
b= Aa,y)+ f(y') for some 3y’ € S. Since the function A is continuous, we can take
1 > 0so that |A(x,y' )+ f(y) —b] = |A(z,y') — Aa,y’)| < € whenever d(z,a) < 7.
It implies that f(z) < b+ .

We next demonstrate that we can take u > 0 so that f(z) > b — & whenever
d(z,a) < p. Once this claim is proved, the positive element 6 = min{n, u} satisfies
the required condition and the assertion that f is continuous is demonstrated.
Assume for the contradiction that, for any sufficiently small 4 > 0, there exist
x € M™, y € S such that d(z,a) < p and A(z,y) + f(y) < b—e. Consider the
definable closed set

K ={(z,y) e M" x S| Az, y) + fy) <b—e}.

It is contained in the bounded set {(z,y) € M™ x C | d(z,y) < b — €} because
of the inequalities f > 0 and d(z,y) < A(z,y). In particular, it is bounded. Let
m: M™x M™ — M™ be the coordinate projection onto the first n coordinates. The
projection image m(K) is closed, bounded and definable by [I4] Lemma 1.7]. On
the other hand, the assumption implies that the point a is contained in the closure
of m(K). Therefore, we get a € w(K). It means that A(a,y) + f(y) < b—¢ for
some y € C, which contradicts to the assumption that f(a) = b. We have finished
the proof. (I

Remark 4.8. An expansion M = (M, <,...) of a dense linear order without end-
points enjoys definable Tietze extension property if, for any positive integer n, any
definable closed subset A of M™ and any continuous definable function f: A — M,
there exists a definable continuous extension F : M™ — M of f.

An archimedean definably complete uniformly locally o-minimal expansion M
of the second kind of an ordered group is o-minimal when M enjoys definable
Tietze extension property [9, Theorem 5.5]. We constructed a definably complete
expansion of the ordered group of reals having definable bounded multiplication
compatible to the addition in Example Bl Theorem [47]is valid for it, but it does
not enjoy definable Tietze extension property.

4.3. Michael’s selection theorem. Michael’s selection theorem is popular in
variational analysis [I [I5]. A similar argument to [I7] yields a weak Michael’s
selection theorem for definable set-valued maps. We first recall several definitions.

Definition 4.9. For sets X and Y, we denote a map T from X to the power set
of Y by T: X =Y and call it a set-valued map. When X and Y are topological
spaces, a continuous selection of a set-valued map T : X =% Y is a continuous
function f: X — Y such that f(x) € T(x) for all z € X.
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Consider an expansion M = (M, <,...) of a dense linear order without end-
points. Let E be a definable subset of M™. We consider a definable set-valued map
T:E = M™; that is, the graph T(T') := J,cg{z} x T'(x) C E x M™ is definable.
We define a definable continuous selection of T, similarly.

A set valued map T : E = M™ is lower semi-continuous if, for any xg € E,
yo € T(xzo) and a neighborhood V of yo, there exists a neighborhood U of zg
such that T(z) NV # 0 for all z € U. A lower semi-continuous set-valued map
T:FE = M™is continuous if its graph T'(T) is closed in E x M™.

We prove the weak Michael’s selection theorem.

Theorem 4.10 (Weak Michael’s selection theorem). Consider a definably com-
plete locally o-minimal expansion M = (M, <,0,+,...) of an ordered group having
definable bounded multiplication. Let E be a closed, bounded and definable subset
of M™ and T : E = M™ be a definable lower semi-continuous set-valued map such
that T'(x) are closed and convex for all x € E. The set-valued map T has a definable
continuous selection.

We fix a structure M = (M, <,0,+,...) satisfying the conditions in Theorem
.10 until its proof is completed.
We prepare several definitions and lemmas for proving Theorem [4.10

Definition 4.11. The notation |z| denotes the Euclidean norm in M™. Let F
be a subset of M™ and T : E = M™ be a set-valued map. Let f : E — M™
be a map. The notation T'— f : E = M™ denotes the set-valued map given by
(T - f)(@) = {y— f() |y € T@)}.

We define the least norm selection of T when T'(x) are closed and convex for all
x € E. The unique point y € T(x) whose Euclidean norm |y| is the smallest in
T(z) is denoted by lnsr(x). The existence and uniqueness easily follow from the
assumption that T'(z) are closed and convex. It induces a map Insy : B — M™.

The following proof is straightforward.

Lemma 4.12. Let T : E = M™ be a lower semi-continuous set-valued map and
f:E — M be a continuous map. Then, the set-valued map T — f is also lower
semi-continuous. Furthermore, T — f is continuous when T is continuous.

We also need the following lemma:

Lemma 4.13. Let T : E = M™ be a continuous set-valued map such that T(x)
are closed and convez for all x € E. Then, the least norm selection lnsp : E — M™
is a continuous selection of T .

Proof. We have Insp(z) € T'(z) because T'(x) is closed and convex. The remaining
task is to demonstrate that Inst is continuous.

Assume for contradiction that lnsy is discontinuous at a € E. Let G be the
graph of Insp and G’ be its closure in E x M™. Since G C I'(T') and I'(T') is closed
in E x M™, the set G’ is also contained in the graph I'(T"). We can take b € M™
such that (a,b) € G’ \ G because Insy is discontinuous at the point a € E. The
point b is contained in T'(a).

Set € = (Jb] — | Insr(a)])/2. The definition of Insy yields that € > 0. Due to
the lower semi-continuity of T, there exists a definable open neighborhood U of
a such that, for any x € U, we have |y, — Insr(a)| < € for some y, € T(z). In
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particular, we get |Insy(z)| < |yz| < |lnsr(a)| +¢e = (Jb] + | Insp(a)])/2 for all
2 € U. On the other hand, the point (a,b) is in the closure of the graph G of
Insy. We can take xg € U so that |Insp(zo) — b < e. It implies that | Insy(zo)| >
18] — || lnsz(x0) — b] > 6] —e = (Jb] + | Insr(a)])/2. It is a contradiction. O

The following lemma is a key lemma for the proof of Theorem

Lemma 4.14. Let E be a definable, closed and bounded subset of M™ and T : E =
M™ be a definable lower semi-continuous set-valued map. The least norm selection
Insy : E — M™ is definable.

Proof. We have only to prove that there exists a positive element R € M such
that, for any « € E, the intersection T'(z) N [-R, R]™ is not empty set. If it is
the case, consider the set-valued map 77 : E — M™ given by T'(z) = T(z) N
[—v/mR,/mR]|™. The set T"(x) is still closed and convex. We have Insy = lnsyv
because there exists y € T'(z) with |y| < v/mR for any = € E by the assumption.
The restriction || - |g of the Euclidean norm | - | to [—v/mR,/mR]™ is definable
because M has bounded definable multiplication compatible to the addition. The
map Insy is defined by using the definable function |- |g. Therefore, it is definable.
Consequently, the map Insy is also definable.

We demonstrate such an R exists. Assume the contrary. For any positive r € M,
set

F.={zeE|T(x)Nn(=r,r)™ #0} and
Gr={zeE|T(x)N(—r,r)™ =0}.

We have G, # () for all » > 0 by the assumption. We show that G, is closed;
equivalently, F,. is open. Take an arbitrary point xg € F,. We can take yg €
T(xo) N (—r,r)™. Take a sufficiently small open box V' containing the point yo so
that V' C (—r,r)™. By lower semi-continuity, there exists an open neighborhood
U of x¢ such that T(x) NV # () for all x € U. We get T'(z) N (—r,7)™ # O for all
x € U. It implies that U is contained in F;..

We obviously have G, C G5 when r > s. The family {G,},~o is a definable
filtered collection of nonempty definable closed sets. Since F is definably compact
by Remark [5.6] the intersection (.G, is not empty. Take z € [),.( Gy, then
T(x) is an empty set by the definition of G,. It is a contradiction. O

>0

We finally prove Theorem .10

Proof of Theorem[{.10, Let C be a quasi-special submanifold contained in E. The
notation T'(T'|¢) denotes the graph of the restriction of T to C. The notation
OT(T|¢) denotes its frontier. Let m : M™t™ — M™ be the projection onto the first
n coordinates. Set S = w(OT'(T|¢)). We first demonstrate the following claim:

Claim 1. dim S < dimC.

Assume the contrary. Set dg = dim C. Since S is contained in the closure of C', we
have dim S = dy. We also have dim(SNC) = dy because dim dC < dim C by Propo-
sition [Z.8(8). Take a definable map f : S — M™ such that (z, f(x)) € OT'(T|¢) for
all z € S by the definable choice lemma [9, Lemma 3.1]. We have dp(,(f(x)) > 0
because T'(z) is closed. The definable subset D of S N C of points at which both
[ and the map given by = + dp(,)(f(x)) are continuous is of dimension dy by
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Proposition [Z8(7). There exists a point z € D such that, for any open box U con-
taining the point z, the intersection UND is of dimension dy by Proposition[2.8(10).
Since C is a quasi-special submanifold, we can take an open box U; containing the
point z, a coordinate projection m : M™ — M% and a definable continuous map
g : m(Up) — M™% guch that C N U is the graph of g. The projection image
7m1(U1 N D) has an interior by Proposition 2:8(11). Therefore, shrinking U; if nec-
essary, we may assume that 7 (D) contains 71 (U1). Move z so that € Uy N D.
Let B be the intersection of D with a closed box containing z and contained in Uy.
We finally constructed the definable subset B of S N C such that

e Bis closed in S,

e the interior of B in C is not empty, and

e the restrictions of f and the map given by x — dpe)(f(z)) to B are
continuous.

We can take N > 0 so that dp,)(f(z)) > N for all z € B by the max-min principle.
Take a point xq in the interior of B in C and set e = N/3. There exists an open
neighborhood U of x¢ in S contained in B such that d(f(x), f(z¢)) < e for all x € U
because f is continuous. Since C'is a quasi-special submanifold, the set U is also an
open neighborhood of x in C, shrinking U if necessary. We can take (z,y) € I'(T|¢)
such that © € U and d(y, f(x0)) < € because (o, f(z¢)) is in the closure of I'(T|¢).
We get dr o) (£(2)) < (g, F(x)) < d(y, f(z0)) + d(f (), f(x0)) < 2 = 2N/3. Tt is

a contradiction.

Claim 2. For a given finitely many definable subsets X1, ... X of E, there exists
a partition £ = Cy U...U(Cy of F into quasi-submanifolds partitioning X1, ... Xy
and satisfying the frontier condition such that the restriction T'|¢, : C, = M™ to
C} is continuous for any 1 < k < d.

We prove it by induction on dim E. When FE is of dimension zero, F is discrete
and closed by Proposition 2:8(1). The set-valued map T is continuous in this
case. The set E is a quasi-special submanifold. This case is easy. We consider
the case in which dim F > 0. Apply Proposition 2111 We can get a partition
E =D, U...UDy into quasi-special submanifolds satisfying the frontier condition
and partitioning X1, ... X;. Permuting if necessary, we may assume that Dq,..., D,
are of dimension dim E. By Claim 1, for any 1 < ¢ <[, we can take definable subset
S; of D; of dimension smaller than dim E such that the restriction of T to D;\ S; is
continuous. Apply the induction hypothesis to Uli:1 S; U Uf:l 41 Di and the family
{Sihi<i<itU{D;}i<i<a. We get the desired partition into quasi-special submanifolds.

We finally prove the theorem by induction on the number of quasi-special sub-
manifolds d given in Claim 2. The theorem immediately follows from Lemma
and Lemma [£T14] when d = 1. We consider the case in which d > 1. We may
assume that dim Cy = dim F without loss of generality. Set D = Uf;ll C;. The
frontier condition implies that D is closed. We can take a definable continuous se-
lection f1 : D — M™ of the restriction T|p of T to D by the induction hypothesis.
Let fo: M™ — M™ be a definable continuous extension of f; given by Theorem
7 The map f3 is its restriction to E. We may assume that f3 is constantly zero
considering 7' — f3 in place of T' by Lemma

The least norm selection Inst is definable by Lemma [£14l The least norm
selection lnsT‘Cd for the restriction T'|¢, coincides with the restriction of Insy to Cy
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by the definition of least norm selections. It is continuous by Claim 2 and Lemma
413l Consider the definable map f: E — M™ given by

[ Insp(x) when x € Cy,
flo) = { 0 elsewhere.

We have only to show that f is continuous. The map f is obviously continuous out
of the frontier 0Cy N E of Cy in E. Fix an arbitrary point zg € 9Cy N E. We have
f(xo) = 0. Since T is lower semi-continuous, for any € > 0, there exists § > 0 such
that we can take y, € T'(z) with |y,| < € for all z € F with |x — x¢| < §. We have
[Inst(x)| < |yz| < € by the definition of least norm selections. It implies that f is
continuous. (]

5. PSUDO-DEFINABLE SPACES

5.1. Definition.

Definition 5.1 (Psudo-definable space). Let M = (M;<,...) be an expansion
of a dense linear order without endpoints. The set M has the topology induced
from the order <. The Cartesian product M"™ equips the product topology. The
topology of a subset of M™ is the relative topology.
A pair (S,{p; : Ui — Ul}icr) of a topological space and a finite family of
homeomorphism is called a pseudo-M-definable space if
e {U;}icr is a finite open cover of S,
e U! is a definable subset of M™i for any ¢ € I and,
e the Composition (@j UimUj) o (gﬁi UimUj)il : @Z(Ul N UJ) — (pj(Ui N UJ> is a
definable homeomorphism for any ¢ # j whenever U; N Uj; is not an empty
set.

Here, the notation ¢;|y;nv; denotes the restriction of ¢; to U; N U;. We simply call
S a pseudo-definable space when the structure M is clear from the context. The
topological space S is called the underlying topological space of the pseudo-definable
space. The family {¢; : U; — Ul}ier is called a definable atlas on S. We often
write S instead of (S, {y; : U; — U/};cr) for short.

We consider an expansion of an ordered divisible abelian group M = (M;<
,0,4,...). Given a topological space S, two definable atlases {¢; : U; — Ul}ier
and {1; : V; = V/}jes on S are equivalent if, for all i € I and j € J,

e ¢i(U; NVj) and +;(U; N'V;) are open definable subsets of U] and V/, re-
spectively, and

e the homeomorphisms (¢;|v,nv;) © (¢;
are definable whenever U; N U; # (.

The above relation is obviously an equivalence relation.

A subset X of the pseudo-definable space S is definable when ¢,(X NU;) are
definable for all i € I. When two atlases {p; : U; — U/ }icr and {t0; : V; = V/}jes
of a topological space S is equivalent, it is obvious that a subset of the pseudo-
definable space (S, {¢; }ier) is definable if and only if it is definable as a subset of
the pseudo-definable space (S, {;}e)-

The Cartesian product of two pseudo-definable spaces is naturally defined. A
map f : S — T between pseudo-definable spaces is definable if its graph is definable
in S x T. Note that a definable set is naturally a pseudo-definable space.

vinv;) T ei(UiN ;) = 4 (UiN )
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Proposition 5.2. Consider an expansion of a dense linear order without endpoints
M= (M;<,...) and a pseudo-definable space (S,{p; : U; = Ul}icr). Let X be a
definable subset of the pseudo-definable space. We have

cl(X) = J o (€l X nU)),

Proof. Routine. Omitted. O

Definition 5.3 (Dimension). Consider a definably complete locally o-minimal
structure M. Let S be a pseudo-definable space and {y; : U; — Ul}ier be its
definable atlas. The dimension of a definable set X is defined by
dim X = malxdirn wi(X N0,).
1€

Proposition 5.4. Consider a definably complete locally o-minimal structure M
and two pseudo-definable spaces (S,{pi : Ui — Uj}ier) and (S,{¢i : V; = V/}jer)
having the same underlying topological space S such that their definable atlases are
equivalent. The dimension of a definable set of S in Definition [5.3 is independent
of choice of a definable atlas of S.

Proof. We first demonstrate that dim;(X NU; NV;) = dim¢,;(X NU; N'V;) for
all ¢ € I and j € J. The equality is obvious when X NU; N U; is an empty
set. We next consider the other case. The map (¥;|xnuv.nv;) © (¢jlxnu,nv,) "t is
definable homeomorphism between ¢;(X NU; N'V;) and ¢;(X NU; NV;). We have
dim ¢; (X NU; NV;) = dimg;(X NU; NV;) by Proposition 2.8(6).

The above equality and Proposition 2Z.8(5) imply that

di (X NU;) = di (X N U,nNV,)) = di (XNU;,NV;
max dim ; (X 1 U;) = max dim g J_LGJ]( 5)) = max dim i )

= ZEHIH;)G(J dimy;(X NU; NV;) = I;lea}(dimi/Jj(X N g(UZ nv;))

= maxdim;(X NVj).
jedJ
We have demonstrated the proposition. O
5.2. Definably compact sets.

Definition 5.5. For a set X, a family F of subsets of X is called a filtered collection
if, for any Bi, Bs € F, there exists By € F with Bs C B; N Bs.

Consider an expansion of a dense linear order without endpoints M = (M; <
,...). Let X and T be pseudo-definable spaces. The parameterized family {S; }er
of definable subsets of X is called definable if the union | J,c,{t} x S; is definable
inT x X.

A parameterized family {S;:}ier of definable subsets of X is a definable filtered
collection if it is simultaneously definable and a filtered collection.

A definable space X is definably compact if every definable filtered collection of
closed nonempty subsets of X has a nonempty intersection. This definition is found
in [I1} Section 8.4].

Remark 5.6. Let M = (M;<,...) be a definably complete expansion of a dense
linear order without endpoints. Consider a definable subset X of M™ equipped
with the affine topology. The definable set X is definably compact if and only if it
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is closed and bounded. The literally same proof as that for o-minimal structures in
[11l Section 8.4] works.

The image of a definably compact psudo-definable space under a definable con-
tinuous map f : X — Y between psudo-definable spaces is definably compact. It
immidiately follows from the definition.

Lemma 5.7. Consider a definably complete locally o-minimal expansion of an or-
dered group M = (M;<,0,+,...). Let (X,{¢i : Uy = Ul}icr) be a definably
compact pseudo-definable space. Then, U] are bounded for all i € I or there exists
a definable homeomorphism between a bounded interval and an unbounded interval.

Proof. We construct a definable homeomorphism between a bounded interval and
an unbounded interval assuming that U/ is not bounded for some ¢ € I. Fix such
an ¢. Let M™ be the ambient space of U;.

We first prove the following claim:

Claim 1. There are no unbounded definable subsets of U] of dimension zero.

We prove the claim. We lead to a contradiction that there exists an unbounded
definable subset D of U/ of dimension zero. The notation B(0;r) denotes the open
box (—r,7)™ for 7 > 0. Consider the definable filtered collection {cl(p; (D \
B(0;7)))}r>0 of closed nonempty subsets of X. Since X is definably compact,
we can take z € (), c(p; Y(D \ B(0;7))). Take k € I so that z € Uy. Set
Z, = ¢r(p; 1 (D \ B(0;7)) NUy) for all » > 0. The point ¢y (z) is not contained
in Z, for a sufficiently large » > 0, but it is contained in the closure of Z, by
Proposition 5.2} It is a contradiction to the fact that a definable set of dimension
zero is closed. We have demonstrated the claim.

We can take 1 < j < m so that the image 7;(U}) is not bounded. Here, the
notation 7; : M — M denotes the projection onto the j-th coordinate. We assume
that m;(U!) is not bounded from above. The proof for the case in which 7;(U]) is
not bounded from below is similar. Under this circumstance, the following claim
holds true:

Claim 2. Let C be an unbounded definable subset of 7;(U}) which is bounded
from below. There exists an R € M such that the interval [R, co0) is contained in

C.
We prove the claim. Let D be the set of the discrete points in C'. Set

E = {(a,b) € M? | a < b and the open interval (a,b) is a maximal interval

contained in C'}.

We finally set F' = DU{(a+b)/2 | (a,b) € E}. The definable set F is an unbounded
definable subset of 7;(U’) of dimension zero. It is a contradiction to Claim 1. We
have demonstrated the claim.

We take a definable map 7 : 7;(U}) — U/ by the definable choice lemma. Set
Ci={x e M]|x>0,7 is continuous at x}.

Since the map 7 is continuous at any discrete point in 7;(U/), the set C is an un-
bounded definable subset of 7;(U/) by Theorem 2.3l The definable set C; contains
an interval of the form [R;, 00) by Claim 2.
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Set Y, = cl(p; *(([r,00)))). Since it is a definable filtered collection of closed
nonempty subsets and X is definably compact, we can take a point z € (), -5 Y.
We can take k € I so that z € Uy. Take a bounded open definable neighborhood
V' of @i(2) in Uj, and set V = ¢, ' (V). Set

Cy={zeC| (p;l(T(I)) eV}

It is an unbounded definable set. There exists Ry € M such that the interval
[R2,c0) is contained in Cy by Claim 2.

Let M™ be the ambient space of U}, and consider the definable map 7 : [Ra, 00) —
U, given by n(z) = ¢ (p; ' (7(x))). Let p; : M™ — M be the coordinate projection
onto the [-th coordinate. Set

C3 = {z € [R2,00)) | p; o1 is continuous and locally monotone at =
forall 1 <1< n}.

Since the difference [Ra,00) \ C3 is discrete by the strong local monotonicity, the
definable set C3 is unbounded. The definable set C3 contains an interval of the form
[R3,00) by Claim 2. The restriction p; o |(r, ) of p1 07 to (R3,00) is monotone
by [0 Proposition 3.1] for all 1 < k < n. Since 7 is injective, the composition p; o
Nl (Ry,00) 18 strictly monotone for some 1 <1 < n. It is a definable homeomorphism
between a bounded open interval and an unbounded open interval. (|

Remark 5.8. Consider an definably complete locally o-minimal expansion of an or-
dered group M = (M; <,0,+,...). Let X be a definably compact pseudo-definable
space. By Lemma [5.7] there always exists a definable atlas {¢; : U; — U/ }ier of X
such that U, are bounded for all i € I.

5.3. Imbedding of psudo-definable spaces.

Definition 5.9. Let M = (M; <,...) be a definably complete expansion of a dense
linear order without endpoints. Let X be a definable Hausdorff space and (a,b) an
interval. We call a definable map v : (a,b) — X a definable curve in X. For z € X,
we write v — x if lim;—, y(t) = x. A definable curve v — = € Y with definable
Y C X such that vy(a,b) CY, we say that v is completable in Y.

We can prove the following lemma similarly to [3, Chapter 6, Lemma 4.2].

Lemma 5.10. Consider a definably complete locally o-minimal expansion of an
ordered group M = (M;<,0,+,...). Let X be a definable Hausdorff space, f :
X — MP¥ be a definable map and x € X. Then f is continuous at the point x if
and only if for each definable curve v C X with v — x, we obtain f o~y — f(x).

Proof. We may assume that the definable curve v is continuous by Proposition
23(7). If f is continuous, then the condition is clear.

We prove the converse. Since M is an expansion of ordered group, the space
MP* has a definable metric d. Assume f is discontinuous at p. Then, for any € > 0
and any neighborhood V of f(p), we have

{xe X [d(f(x), f(p)) =t NV #0.
Since X is a psudo-definable space, we can take an open set U 3 p and a homeomor-
phism g : U — W C M™ such that the set {y € W | d(f(g7*(y)), f(p)) > €} is a
definable set and it intersects every neighborhood of g(p). It implies that the defin-
able set {d(y,g9(p)) | v € W,d(f(g(y)), f(p)) > €} contains an open interval of the
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form (0,4). By the definable choice, there exists a definable curve v : (0,d) — W
such that d(v(t),p) = t and f(y(t)), f(p)) > € for all 0 < t < 4. Consider the
pullback 4/ : (0,0) — X given by +/(t) = g~ oy(t). We get v/ — p, but do not
obtain f(v") = f(p). O

We get the following theorem with a proof similar to [3, Chapter 10, Theorem
1.8] using Remark B8

Theorem 5.11. Consider an definably complete locally o-minimal expansion of
an ordered group M = (M;<,0,+,...) having definable bounded multiplication -
compatible to +. Every reqular definably compact pseudo-definable space is definably
imbeddable into some M™.

Proof. Let X be a regular definably compact pseudo-definable space with definable
atlas {h; : U; = V; C M™ le. We may assume that V; are always bounded by
Remark 5.8 We proceed by induction k. The case where k = 1 is trivial. We may
assume that k = 2. If we can prove this case, the general case is proved similarly.
We define the definable sets as follows:
Vi=hi(UiNUz), Va=he(UiNUs), B1=h1(0Us), Bz = ha(0U1),
Bl/ = {{E e M™ 3y S Bg,i,Vel,eg > 0,32 e Uy NUs,
[d(z,h1(2)) < €1 and d(y, ha(2)) < e2]} (i =1,2).

Claim 1. d(z, B}) > 0 for each z € V;, i =1, 2.

We show the claim the case in which ¢+ = 1 and the case in which i = 2 is
symmetry. Assume that d(z, Bj) = 0 for some = € V;. Note that h;*(z) € U; and
Uy Nhy*(Bz) = 0. Then, we get Uy Ncl(hy ' (Bs)) = 0. Since X is regular, there
exist disjoint open neighborhoods D of hy*(z) € Uy and E of hy(Bz) in Us,. For a
contradiction, we find an element in D N E.

Since hi(D) is open in V4, we can take an € > 0 such that B(x,€) NV; C hi(D).
Because d(z, B}) = 0, there exists 2/ € B with d(z,2") < e. By the definition of
B, there exists y € By for which there are points z € U; N U with hq(2) close to
2’ and ha(z) close to y. Since ho(F) is open neighborhood of y in V3, there exists
z € Uy NUsz with d(x, hi(z)) < €, ha(2) € hao(E). Thus, z € DN E. This proves the
claim.

Set d;(z) = min{d(h;(z), B}),1} for z € X and i = 1,2. We define the map
h: X — Mmtret2 by

(di(2),d1(2) - h1(2),0,...,0) for z € Uy \ Uy,
h(z) =< (di(2),d1(2) - hi(2),d2(2),d2(2) - ha(2)) for z € Uy N Uy,
(0,...,O,d2(z),d1(z)-hg(z)) fOI‘ZEUQ\Ul.

We assumed that M has definable bounded multiplication. Since both d; and h;
are bounded for ¢ = 1,2, the map h is definable.
By Claim 1, we get the following for each z € X.

e h(z) € Uy \ Uz if and only if the last (1 4+ n2) coordinates of h(z) are equal
to 0,

e h(z) € Uy \ Uy if and only if the first (1 + ny) coordinates of h(z) are equal
to 0 and
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e h is injective.
Claim 2. The map h is continuous.

We check the criterion given in Lemma[5.10 Let v be a curve in X withy — z €
X. By restricting the domain of v, we may assume that ~ lies in either completely
in Uy \ U, completely in Uy N Us, or completely in Us \ Us.

When + lies in completely in U; \ Us, we also have z € Uy \ Us, since z € Us
implies that +y lies at least partly in Us. The definition of h shows that h(y) — h(z).
We can prove the claim similarly when ~ lies completely in Us \ Us.

Consider the case in which v lies completely in U;NU;. If we also have z € U1NU3,
the definition of h implies that h(y) — h(z). Let z & Uy N Uz, say z & Uj.
Then z € Uy, y := ha(z) € By. Take x € M™ such that hi(y) — =z. Since
ha(y) — y € Ba, it follows that x € Bf. Hence, we get h(y) — h(2).

Claim 3. The map h maps X homeomorphically onto h(X).

Let K be a definable closed subset of X. Since h is injective and Claim 2, it
suffices to prove that h(K) is closed in h(X).

Let z € X with h(z) € cl(h(K)) N h(X). It suffices to show z € K. Since
h(z) € cl(h(K)), there exists a definable curve v in K such that h(y) — h(z). We
may assume that either v lies completely in Uy \ Us, v lies completely in Uy N U,
or 7y lies completely in Uy \ U;. We can also assume that the domain of v is (0, €).

We first consider the case in which «y lies completely in Uy \ Us. Since h(y(t)) =
(di(y(1)), d1(v(t))h1(¥(1)),0,...,0) = h(z) as t — ¢, the last (1 + ng) coordinates
of h(z) are 0, so that z € Uy \ Uz and h(z) = (d1(2),d1(2)h1(2),0,...,0). Using
Claim 1, we get hi(y) — h1(z). Hence, we have v — 2, so z € K as K is closed in
X. The proof is similar when v lies completely in Us \ Uy.

The remaining case is the case in which ~ lies completely in U; N U;. We have
h(y(t)) = h(z) as t — €, where

h(y(8)) = (di(()), dr (7(2)) - ha(7(2)), d2(7(1)), da (7 (2)) - ha(7(2)))-

If z € Uy, then we get h(z) = (di(z),d1(2)h1(2),...). By Claim 1, we have
hi(y(t)) — hi(z) and v — z. Hence, we have z € K. If z € Us, the similar
argument proves it. ([l
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