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Abstract

In continuous logic, there are plenty of examples of interesting stable metric structures.
However, on the other side of the SOP line, there are only a few metric structures where order
is relevant, and orders often appear in different ways. We now present a unified approach to
linear and cyclic orders in continuous logic. We axiomatize theories of metric linear and cyclic
orders, and in the ultrametric case, find generic completions, analogous to the complete theory
DLO.

We then characterize which expansions of metric linear orders should be considered o-minimal
in terms of regulated functions. We prove versions several key properties of o-minimal structures,
such as definable completeness and distality, in the context of o-minimal metric structures.
Finally we find examples of o-minimal (and weakly o-minimal) metric structures by turning to
real closed metric valued fields.
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1 Introduction

Continuous logic, as laid out in [5], adapts the tools of model theory to better study analytic objects.
It differs from standard (or as we will call it, discrete) first-order logic in two ways. Firstly, it allows
formulas to take values in a real interval [0, 1] instead of simply true and false. Secondly, it allows
for equality to be replaced with a metric on the elements of a structure, with respect to which all
other aspects of the structure must be continuous. These objects, metric structures, include the
full variety of structures from discrete logic as well as a growing menagerie of inherently continuous
examples.

In terms of the standard classification of first-order structures, most of the examples of metric
structures presented in [5] are stable - informally, they display no order-like behavior [7, 8]. Other
well-studied examples tend to have been either stable or not NIP - informally, combinatorially
complicated [10, 15, 19]. While in principle, we may expect non-discrete metric structures to exhibit
all the same possibilities of behavior that discrete structures do and more, a strictly simple theory
of metric structures was discovered only recently [18]. In the world of NIP but unstable structures,
one may search for distal metric structures, but examples were only identified in [3].

In discrete logic, most examples of distal structures, or NIP-but-unstable structures in general,
prominently feature a linear order, but linear orders have been almost entirely absent from continuous
logic. When ordered structures have been studied in continuous logic, such as ordered real closed
metric valued fields [34] or (portions of) value groups [29], they have been studied in ad-hoc ways,
rather than with a general theory of linear orders.

This means that while strongly minimal structures, the best understood discrete structures,
have an analog in the continuous logic literature [17], their ordered counterparts, the celebrated
o-minimal structures, do not. This is particularly unfortunate, as the most celebrated examples
of o-minimal structures are expansions of the real ordered field [32, 33]. These structures have
proved extremely useful in studying analytic objects (see [31] for general background and [27] for
an example). These o-minimal expansions of the reals featuring analytic functions are central to
powerful new applications of model theory, including the recent proof of the André-Oort conjecture
[28]. In order to understand these analytic, real-valued functions using the lens of continuous logic,
we must first understand linear orders in continuous logic in general, and o-minimal metric structures
in particular.



1.1 Theories of Metric Linear Orders

In this paper, we will present several new theories whose models are metric structures imbued with
a linear or cyclic order. In order for the continuous aspect of continuous logic to tell us something
meaningful about these “metric linear orders,” rather than separate information about a metric and
a linear order, we need some compatibility condition relating the metric and the order appropriately.
We use the following convexity condition:

Definition (3.1). We say that a set M is a metric linear order if it is assigned a linear ordering
together with a metric such that each open ball in the metric is order-convex.

This compatibility condition facilitates a number of basic observations, including that the metric
topology coarsens the order topology. This definition has appeared before (in the ultrametric case),
in the structural Ramsey theory literature, as applied to ultrametric spaces taking values in a
particular countable set, which can thus be studied in discrete logic [25, 20].

To describe a linear order as a metric structure at all, the set {(z,y) : # < y} must be definable
in the sense of continuous logic. As continuous logic is about real-valued predicates, a set D is
definable when it is closed and the distance predicate d(x, D) = infyecp d(z,y) is definable. Thus
one choice of symbol to represent < is

d<(z,y) = inf d((z,y), (w,2)) = inf max (d(z,w),d(y, 2)) .
- w<z w<z
While we definitely want d< to be definable, another real-valued representation of < is easier to
work with. This is the distance to a ray:
r(z,y) = d(z, (—o0,y]) = inf d(z, 2).
2<y
The behavior of this ray predicate is easy to describe precisely under the compatibility condition
of metric linear orders, and using this ray predicate, we were able to axiomatize a straightforward
theory MLO of metric linear orders:

Theorem (3.10). The models of MLO are exactly the complete, bounded metric linear orders.

The models of this theory are still very diverse, including, for instance, any linear order equipped
with the discrete {0, 1}-valued metric. In order to isolate new metric behavior that does not occur
in discrete logic, and focus on the dense linear order case, we propose a theory MDLO of metric
dense linear orders.

Theorem (Lemmas 3.13, 3.15, 3.16). The models of MDLO are precisely the metric linear orders
M such that for every a € M, the sets {d(a,b) : b < a} and {d(a,b) : b > a} are both dense in [0,1].

Each such model is a dense linear order without endpoints where the metric and order topologies
agree.

However, MDLO is still not precise enough to be complete - to find our first non-discrete complete
theory of metric linear orders, we must place another constraint on the behavior of the metric.
Motivated by trying to understand metric valued fields, we focus on the ultrametric case. Adding
the ultrametric axiom to MDLO gives us a theory UDLO of ultrametric dense linear orders, which
indeed turns out to be complete. In order to prove this, we needed to prove analogous facts about
the pure metric reduct of this theory. Thus in Section 4, we study the metric reduct theory DU of
“dense ultrametrics” and UDLO in parallel. The theory DU had already been studied in [14], not
with an axiomatization, but as the complete theory of the ultrametric Urysohn spaces constructed
in [16]. These constructions were modified in [25] to add a lexicographic linear ordering, inducing
models of UDLO. We show, using a framework generalized to continuous logic in [10], that both of
these theories are model companions of more general theories, from which other useful results follow.



Theorem (Corollary 4.19, Theorem 4.32). The theory DU is complete, eliminates quantifiers, and
is the model companion of the theory UM of ultrametric spaces in the empty language of metric
structures.

The theory UDLO is complete, eliminates quantifiers, and is the model companion of the theory
ULO of ultrametric linear orders.

Unfortunately, unlike DLO in discrete logic, neither of these theories is separably categorical,
as was observed for DU in [I14]. However, they are not far from that. To recover some version
of categoricity, we aim at approximate categoricity, a weaker condition that is sufficient to obtain
a Ryll-Nardzewski-like result on the type space. This closely follows the framework of distortion
systems laid out in [19, 20], generalizing [4, 6]. As such, we recall many basic definitions and
facts about approximate categoricity in Section 5, although we strongly recommend referring to
[19, 20] for detailed background. Ultimately, we do prove that they are approximately categorical
- more precisely, Gromov-Hausdorff categorical and an ordered modification of Gromov-Hausdorff
categorical respectively:

Theorem (5.16, 5.20). The theory DU is strongly G H-w-categorical, while UDLO is strongly OGH -
w-categorical.

Motivated by understanding the projective lines of ordered metric valued fields, we also examined
metric cyclic orders. Cyclic orders have been frequently studied in model theory as reducts of linear
orders [12, 13, 30], and naturally capture the order information retained by, for instance, the real
projective line RP*. Cyclic orders are also usually axiomatized in terms of the strict relation (which
we denote O(z,y, z)) analogous to <, while in continuous logic, definable sets must be closed. Thus
we present an axiomatization of cyclic orders in discrete logic in terms of the nonstrict relation
O(z,y,2) <= Oz,y,z) Ve =yVy=2Vae =z Once we have done this, we modify it into a
metric version, analogous to metric linear orders, such that any metric linear order admits a reduct
to a metric cyclic order. This can be envisioned as “rolling up” the linear order into a circle. Using
this relation, we axiomatize a complete theory UDCO of ultrametric dense cyclic orders.

Theorem (Lemma 8.19, Theorem 8.20). The theory UDCO is complete, and is the theory of any
cyclic reduct of UDLO.

1.2 o-Minimal Metric Structures

With the groundwork laid for metric linear orders, we can explore what makes a metric linear
order o-minimal. In discrete logic, o-minimality is classified by all definable sets (with parameters)
in dimension 1 being quantifier-free definable (with parameters) in just the order language. In
continuous logic, definable sets are of secondary importance to real-valued definable predicates, so
we seek to define o-minimality in terms of all definable predicates in dimension 1 being quantifier-free
definable in just the order language {r(z,y)}.

This property, quantifier-free definability in just the order language, is usually stated in simpler
terms: such a set is a finite union of intervals and points. We propose a corresponding definition for
real-valued predicates: that they be strongly regulated.

Definition (6.3). Let X be a linear order. Let the set of strong step functions on X be the R-linear
span of the set of characteristic functions of intervals in X — R, and let the set of weak step functions
be the R-linear span of the set of characteristic functions of order-convex sets.

Let f: X — R. We say that f is strongly regulated if it is a uniform limit of strong step functions,
and weakly regulated if it is a uniform limit of weak step functions.

These are two possible generalizations to a general linear order X of the definition of regulated
functions in [9], where they occur in the theory of Riemann integration. (In fact, the inspiration to
use regulated functions in this characterization came from [2, Lemma 3.14], where certain functions



on indiscernible sequences are shown to be regulated, in order to integrate them.) The difference in
these two corresponds to the difference between o-minimal and weakly o-minimal structures.

To justify the relevance of regulated functions to o-minimality, we show that they characterize
definable predicates in discrete o-minimal structures, which we treat as metric structures with the
{0, 1}-valued metric:

Theorem (6.6). Suppose M is a structure of discrete logic expanding a linear order. Then if
f: M — [0,1] is strongly regulated, then using continuous logic, there is some definable predicate
é(x) with oM = f.

Conversely, if M is o-minimal and ¢(z) is a definable predicate, then ¢™M is strongly requlated.
If M is weakly o-minimal and ¢(x) is a definable predicate, then ¢™ is weakly requlated.

We then find that in any metric linear order, quantifier-free definable predicates with parameters
in dimension 1 are strongly regulated, indeed all strongly regulated functions that are continuous
with respect to the metric

Theorem (Lemma 7.1, Theorem 7.3). Let M be a metric linear order and let f : M — [0,1]. Then
f is given by a quantifier-free definable predicate with parameters in the language {r} if and only if
f s strongly requlated and continuous with respect to the metric.

We finally define o-minimality and weak o-minimality accordingly:

Definition (7.4). Let £ be a language including r, and let M be an L-structure expanding a metric
linear order. We say that M is o-minimal when either of the following two conditions holds for
every definable predicate ¢(x) with |z| = 1:

e ¢(z) is equivalent to a quantifier-free definable predicate in the reduced language {r}
e the interpretation of ¢(z) is strongly regulated.

We call M weakly o-minimal when the interpretation of every definable predicate ¢(z) with
|z| =1 is weakly regulated.

We then prove versions of some classic o-minimality results for o-minimal or weakly o-minimal
expansions of appropriate theories of metric linear orders. These include a characterization of
definable sets in dimension 1, including definable completeness, as well as distality of weakly o-
minimal metric theories.

Theorem (Lemma 7.11, Theorem 7.12). In an o-minimal expansion M of an MDLO, a set D C M
is definable if and only if M\ D is a countable union of disjoint open intervals, of which only finitely
many have diameter > € for any fized € > 0.

In particular, if D is bounded above (resp. below), then D has a least upper bound (resp. greatest
lower bound).

Theorem (7.15). If T is a theory expanding MLO such that all models of T are weakly o-minimal,
then T is distal.

Finally, we apply these definitions to metric valued fields. We show that models of ORCMVF,
the projective lines of ordered real closed metric valued fields defined in [34], have a cyclic order
reduct satisfying UDCO. If we rephrase our definition of o-minimality for cyclic orders, these are
o-minimal:

Theorem (9.4). Every model of ORCMVF is a cyclically o-minimal expansion of UDCO.

The formalism of metric valued fields in [29] produces linear, rather than cyclic orders. However,
these structures, which we refer to as metric valuation rings, are more model theoretically wild. We
develop a theory of ordered real closed metric valuation rings, expanding UDLO, but these are, like
real closed valued fields in discrete logic, only weakly o-minimal:



Theorem (9.17). Every model of ORCMVR is weakly o-minimal, but not o-minimal.

Along the way, we observe that the value groups (or rather, value monoids-with-zero) of metric
valuation rings, interpretable in the structure described in [29], are ultrametric linear orders.

Theorem (9.8). Suppose that M is a model of The imaginary vO is a metric linear order, and for

all x,y, r(v(z),v(y)) = D(x,y), so this metric linear order structure is interpretable. In particular,
vO E ULO.

By studying these linear orders, it may be possible to develop an Ax-Kochen-Ershov principle
for metric valuation rings, analogous to the version of the principle for projective lines of metric
valued fields in [21].
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2 Continuous Logic Preliminaries

In this section we give a concise presentation of the basics of continuous logic for readers who might
be unfamiliar with the subject. The reader should be aware that this presentation provides only
a cursory exposition of the basic definitions and results we will use throughout the paper. For a
standard introduction to the subject, we refer the reader to [5].

Definition 2.1. A metric structure M = (M, d;{c¢;}icr, {fj}jes, {Px}rek) consists of a complete,
bounded metric space (M,d) of diameter 1 augmented with an additional structure given by col-
lection of elements ¢; € M, of uniformly continuous functions f; : M™ — M, and of uniformly
continuous functions Py, : M™ — [0, 1] (we call these functions predicates).

An illustrative example is that of Banach spaces: If B is the unit ball of a Banach space X over
R or C, we can name the point Ox € B, and add the norm || -|| : B — [0, 1] as a predicate. We can
also add functions f, g(x,y) = oz + By for each pair of scalars with |a| + |§] < 1. In addition, if
one wishes to capture the structure of a C*-algebra, we can include multiplication and the *-map as
functions.

Remark 2.2. Metric structures can be defined more generally by allowing the range of the predicates
to live inside arbitrary closed intervals of the reals. However, we do not require these level of
generality in this article.

A model-theoretic study of metric structures can be achieved by developing a suitable logic. As
in the case of first-order logic, the notions of atomic formulas, formulas, sentences, and truth in a
model are defined inductively. Here we give a short explanation:

Definition 2.3. 1. We start with a vocabulary: a collection of formal symbols. We allow three
kinds of symbols: constants, functions, and predicates. As with first-order logic, functions
and predicates have a prescribed number of arguments they take, called the arity, but in
continuous logic the language also specifies the modulus of continuity for functions and
predicates. For example, 7 = {Ox, || - ||, {fa,8}|a|+|s/<1} is the vocabulary for unit balls of
Banach spaces.

2. The formulas of continuous logic are constructed in an analogous way to the first-order
setting: we apply predicates to terms to create atomic formulas. Then, we can combine



those formulas using continuous functions of the form w : [0, 1]™ — [0, 1] as our connectives.
One important example is the restricted subtraction function z — y = max(z — y,0). For
quantifiers, continuous logic uses inf, and sup,. Free and bound variables are defined
analogously as in first order logic, and a formula without free variables is called a sentence.

3. Formulas are then uniformly continuous functions ¢ : M™ — [0,1]. We usually write
#™ (@) = r to mean that applying ¢ to the tuple a@ of elements from M gives the value r
as a result. For example, consider the sentence ¢ := sup, , [d(z,y) — d(y, z)|. Given a metric
structure M, we have that ¢ = 0 since the metric is symmetric. The guiding principle is that
a sentence is true in M if ¢™ = 0, and otherwise the value of ™ is a measure of the degree
of failure. A language L, on some vocabulary 7, is the set of all formulas in that vocabulary.
We will often omit mentioning both if they are clear from context.

4. One difference with first-order logic is that we will often make use of the uniform limits of
formulas, where the uniform limit is taken with respect to a particular metric structure M.
Following the convention of [5], a uniform limit of formulas is called a definable predicate.
We usually make a slight abuse of notation and write definable predicates as functions ¢ :
M™ — [0,1]. We should note that definable predicates can also be derived purely syntactically
without referencing a metric structure using forced limits (see [5]).

5. By a quantifier-free definable predicate, we mean a definable predicate that is the uniform
limit of quantifier-free formulas.

6. Given a metric structure M in a language L, and a set B C M, we can construct the language
L(B) by adding the elements of B as constants in the vocabulary, and treat M as an L(B)-
metric structure. If a sequence of L(B)-formulas converges uniformly in M to a function
¢: M™ —[0,1], we call ¢ an L(B)-definable predicate.

7. A theory T is a set of sentences. We say that a metric structure M is a model of a theory
T, and write M = T, if $M = 0 for every ¢ € T. Also, the theory of Th(M) is the set of all
sentences ¢ such that ¢™ = 0. A theory is complete if T = Th(M) for some metric structure
M. We call the expression ¢ = 0, for a sentence ¢, a condition.

8. Given a theory T on a language L, we write Mody,(T") for the set of all metric structures that
are models of T. Given a class of L-structures C, we say that C is axiomatizable if the is
theory T such that C = Mody,(T), and say that T is the set of axioms for C in L.

9. A theory T eliminates quantifiers if for every definable predicate ¢(zx1,...,x,) there is a
quantifier-free definable predicate (x4, ..., z,) such that for every M | T we have
|6 —y[" = 0.

The remainder of this section explores some basic concepts of continuous logic that will be used
in future sections. We start with definable sets:

Remark 2.4. Given a metric structure M with distance d, we treat M™ as a (complete, bounded)
metric space equipped with the metric

dn(a,b) = 112?§Xn d(a;,b;).
Definition 2.5. Let M be a metric L-structure, D a non-empty, metrically closed subset of M™
and B C M a set of parameters. We say that D is an L(B)-definable set (or that D is definable in
M with parameters from B) if there is an L(B)-definable predicate ¢ such that

oM(z)=dM(z,D): 7 — alg]fj dM(z,a).



This conditions might seem quite strong to the reader. However, in continuous logic, this condi-
tion is equivalent to quantification over the set D:

Fact 2.6 ([5, Theorem 9.17)). For a closed set D C M™ the following are equivalent:
1. D is definable in M with parameters from B.

2. For any L(B)-definable predicate ¢ : M™ x M™ — [0, 1], the predicate 1 : M™ — [0, 1] defined
by
2 — inf G(7. 7
w(@) = inf 6(z,7)
is L(B)-definable (and similarly for sup).
With this in mind, we can give a basic definition of the definable and algebraic closure of a set:

Definition 2.7. Let M be a metric L-structure, a set B C M, and a tuple a € M™. We say that
a is definable over B if {a} is L(B)-definable (i.e. d,,(Z,a) is an L(B)-definable predicate). We say
that @ is algebraic over B if there is a compact set C C M™ such that @ € C and C' is L(B)-definable.

Thus, we define:
delp (B) = {a| a is definable over B}

and
aclyr(B) = {a | a is algebraic over B}

3 A Language For Ordered Metric Structures

In discrete logic, definable sets in dimension 1 in o-minimal structures are exactly those that are
quantifier-free definable in the language {<}, so to generalize the definition of o-minimality, we will
first look for the proper generalization of the language {<}.

Definition 3.1. We say that a set M is a metric linear order if it is assigned a linear ordering
together with a metric such that each open ball in the metric is order-convex.

In a metric linear order M, we define the following functions: Let d<(z,y) be the distance
predicate to {(z,y) : x < y}, and let r(x,y) denote the distance from z to the ray (—oo,y].

Metric linear orders were defined (under the name of “convex linear orders”) in [25, 26], where
they are studied from a structural Ramsey theory perspective, without using the framework of
continuous logic.

Lemma 3.2. Let M be a metric linear order. Then
e Closed balls are also order-convex.

e For any a € M, d(z,a) is nonincreasing on (—oo,a], and nondecreasing on [a, 00).

The set {(z,y) : * < y} is closed in the metric topology.

The function r(x,y) is 2-Lipschitz and given by

r(z,y) = 0 Ty
T dl,y) y<a

The identity r(z,y) + r(y,x) = d(z,y) holds.

e For any a € M, r(x,a) is nondecreasing.



Proof. Closed balls are intersections of families of order-convex open balls, and are thus order-convex.
Fix a € M. If b < ¢ < a, then the closed ball of radius d(a,b) around b also contains ¢ by
order-convexity, so d(a,c) < d(a,b).
Suppose that (zg,y0) € {(z,y) : © > y}. For any § < 3d(zo,yo), as the open balls Bs(z) and
B;(yo) are order-convex, do not intersect, and contain points xg,yo respectively with xg > yo, we
see that every point of Bs(zg) is greater than every point of Bs(yo), so

(%0, 90) € Bs(wo) x Bs(yo) < {(2,y) : x> y}.

This shows that that {(z,y) : > y} is open, and {(z,y) : < y} is closed.

Now we check claims about r. Clearly if <y, then r(z,y) = 0. If instead x > y, then for any
z <y, by monotonicity, d(x, z) > d(z,y), so d(z,y) = r(z,y).

From this, we will check the 2-Lipschitz property. If (xo,y0), (z1,y1) are pairs, then |r(xzo,yo) —
r(z1,y1)| is either 0, |d(zo,yo) — d(x1,y1)|, or d(a;,y;) for i = 0,1. As d(x,y) is itself 2-Lipschitz,
without loss of generality we can assume this is d(zg, yo) in the case where zg > yog and 21 < y;. If
x1 < yo, then d(xg, 1) > d(x0,y0), s0 d(xo,y0) < d((x0,y0), (x1,y1))- If &1 > yo, then yo < zq < yy
so by monotonicity d(yo,z1) < d(yo,y1), SO

d(zo,y0) < d(zo, 1) + d(z1,90) < d(xo, 1) + d(yo,y1) < 2d((z0,Y0), (z1,91))-

The remaining claims follow from the piecewise form of r and the fact that d(x, a) is nondecreasing
on [a, o). O

Before giving a piecewise description of d<, we introduce a notation that will also be useful when
discussing metric cyclic orders:

Definition 3.3. In any metric language, let da be the formula
da(z,y) = inf(max(d(z, 2), d(y, 2)))

which is the distance predicate to the definable set A = {(a,a) : a € M}, the diagonal of M?>.

Lemma 3.4. In any metric structure, for all z,y, d(x,y) < da(z,y), and M is an ultrametric if
and only if for all x,y, da(z,y) = d(x,y).

Proof. We see that d(z,y) < da(z,y) by observing that

inf(max(d(z, 2), d(y,2))) < max(d(z,y),d(y,y)) = d(z,y).

z

In the ultrametric case, we see that for any z, max(d(z, 2),d(y, z)) > d(z,y), so

inf(max(d(z, 2),d(y, 2))) > d(z,y).

z

The statement that for all z,y, inf,(max(d(x, 2),d(y, z))) > d(z,y) also states that for all z,y, z,
max(d(z, z),d(y, z)) > d(z,y), so this statement is equivalent to the ultrametric inequality. O

Lemma 3.5. In any metric linear order M, then for all a,b € M,

d<(a,b) = inf max(r(a, z),r(z,b)) = {0 ifa<b

z dA (Cl7 b) Zf b <a
Proof. If a < b, the first two of these of these are clearly 0. We also find, by plugging in z = a, that

irzlf max(r(a, z),r(z,b0)) < max(r(a,a),r(a,b)) =0.



As A C{(z,y) : x <y}, we know that d<(a,b) < da(a,b).

If b < a, then assume that (¢, d) € {(z,y) : * < y} minimizes d((a,b), (¢, d)).

We do not increase the distance by replacing (¢, d) with (a,d) or (¢, b), as long as these points are
in {(z,y) : < y}. Thus we may assume that b < ¢ < d < a. If this is the case, then d(b, ¢) < d(b,d),
so d((a,b), (¢,d)) > d((a,b), (c,c)), so we can assume that ¢ = d. Thus d<(a,b) = d((a,b), (c,c)) >
da(a,b) for some ¢ € [b, al.

We have seen that d<(a,b) = infcpp, o) max(d(a, 2),d(z,b)) = inf.cpp o max(r(a, 2),7(z,b)), as for
any ¢ € [b,a], r(a,c') = d(a,c') and r(c,b) = d(c',b). Fix ¢ & [b,a], and assume without loss of
generality that ¢ < b. we find that r(a,c) = d(a,c’) while r(¢/,b) = 0, so max(r(a, ), r(c,b)) =
d(d',a) > d(b,a) > d<(a,b) by convexity. Thus the infimum does not change when we extend to
z € M instead of z € [b, a], and

inf max(r(a, z),r(z,b)) = ir[})f ]max(r(a,z),r(@b)) = d<(a,b).
z z€|b,a

O

Lemma 3.6. Let M be both an L-metric structure for some language L and a metric linear order,
with the same metric. If any one of d<,r is a definable predicate, then so is the other one.

Proof. If r is definable, then inf, max(r(z,z),r(z,y)) is definable, and this is d<(z,y) by Lemma
3.5.

If d< is definable, then consider ¢(x,y) = infy, <. d(z, w) + d(z,y) is a definable predicate,
and we claim that ¢(z,y) = r(z,y).

If a < b, then ¢(a,b) = 0 = r(a,b). If a > b, then by setting w = z = a we see that this is at
most d(a,b) = r(a,b). For any ¢ < d, the intervals [c, a] and [b, d] must intersect, and if e is in the
intersection, we see that d(a,c) > d(a,e) and d(b,d) > d(b,e) so d(a,c) +d(b,d) > d(a,e) +d(b,e) >
d(a,b), so ¢(x,y) > d(a,b). O

As in a reasonable metric theory of linear orders, {(z,y) : © < y} should be definable. As both

d<,r will be definable, we include them all in our language, so that they are both quantifier-free
definable:

Definition 3.7. Let L< be the metric language consisting of the binary predicates {d<,r}.

3.1 Axiomatizing The Theory of Metric Linear Orders
Definition 3.8. Let MLO be the L<-theory consisting of the following conditions:
(1) sup, , [(r(z,y) +r(y,x)) — d(z,y)| = 0
(2) sup, , min{r(z,y),r(y,z)} =0
(3) sup, . 7(¥,2) = (r(z,y) +7(y,2)) =0
(4) sup, , |d<(z,y) — inf, max(r(z, 2),7(2,y))| = 0.

Conditions (1) and (2) together imply that exactly one of r(x,y) and r(y,x) is equal to d(z,y)
and the other one is equal to zero. Hence our ordering is total. Condition (3) is a version of the
triangle inequality that gives us the following properties:

e Transitivity: If 2 < y and y < z, then r(z,y) = r(y,2) = 0, so condition (3) forces that
r(xz,z) =0. Thus, z < z.

e Monotonicity: If y < z < z, then the condition forces r(x, z) < r(z,y). Meaning that r is
nondecreasing on (—oo, x].
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Note that r is not symmetric, so condition (3) is not a full triangle inequality condition.

One can think of r as an “asymmetrization” of the distance predicate, where for each pair of
elements x and y, we pick one of the pairs (z,y) and (y,x) to give the full weight of the distance
d(x,y) and zero to the other, and do so in a way that is transitive and monotonic.

Remark 3.9. Let (M;<) is a discrete structure equipped with a linear order <. Now consider
(M; <) as a continuous logic structure with the discrete {0, 1}-metric, and with 0 being true and 1
false. Then < satisfies the axioms for r in the previous definition.

Theorem 3.10. The models of MLO are ezxactly the complete, bounded metric linear orders.

Proof. Suppose (M, d) is complete, bounded metric space with a linear order < such that each open
ball in the metric is order convex. Then interpreting d<,r as in 3.1 yields a metric structure in L<.
Conditions (1) and (2) follow directly from 3.2. Condition (3) is justified as follows by cases:

o © <y < z: then all the r predicates in condition (3) are zero, and the condition holds.

e r<z<y,and y <z < z: since x < z, the left-hand side is zero, and in the right-hand side
we have either zero or some distance predicate, which is at least zero.

e 2z < y < z: then all the r predicates are actually equal to the distance, and the condition
follows from the triangle inequality.

e y < z < z: the condition simplifies to d(x, z) < d(x,y). This equality follows from the fact
that d(z,-) is nonincreasing on (—oo, z| by 3.2.

e 2z <z < y: the condition simplifies to d(z,z) < d(y, z). This equality follows from the fact
that d(z,-) is nondecreasing on [z, 00) by 3.2.

Once this is done, condition (4) is satisfied by Lemma 3.5.

On the other hand, suppose (M;d, d<,r) = MLO. Define a linear order < on M by saying that
x <y iff r(xz,y) = 0. We need to show that < is a linear order and that every open ball in the
metric is order-convex.

As for the axioms of linear orders: reflexivity follows from the fact that d(x,z) = 0, transitivity
from condition (3), totality from condition (2). Antisymmetry follows from condition(1): if x <y
and y < z then d(z,y) = r(z,y) + r(y,2) = 0, so = y. Here we need that d be a metric.

Fix a € M and 6 > 0. We need to show that Bjs(a) is order-convex. Fix x,y € Bs(a) and z € M
such that x < z <y. If a < 2, then a < z < y and, since d(a,y) < ¢, condition (3) gives us that

d(a,z) =r(z,a) <r(z,y) +r(y,a) = d(a,y) < 4.

The case a > z is handled similarly by noticing that < z < a and using condition (3). O

3.2 Topologies
Lemma 3.11. In any metric linear order M, the metric topology refines the order topology.

Proof. As seen in Lemma 3.2, the set {(x,y) : > y} is metric-open. The rays (—oo, a), (a,00) are
preimages of this set under the maps z — (x,a) and y — (a,y), so they are also metric-open, as are
all open intervals, and in turn, any order-open set. O

This means that the identity function from M equipped with the metric topology to M equipped
with the order topology is continuous, allowing us to make the following translations between the
two topologies:

11



Corollary 3.12. Suppose M is metric linear order and X C M.
If X is open or closed in the order topology, it is in the metric topology as well.
If X is compact or connected in the metric topology, it is in the order topology as well.

Lemma 3.13. In a metric linear order M which is a dense linear order without endpoints, the
metric and order topologies agree if and only if for every a € M and e > 0, there are b < a < ¢ with
d(b,a),d(a,c) < e.

Proof. By Lemma 3.11, the topologies agree if and only if every open ball is order-open.
This is equivalent to saying for every a € M, € > 0, a is contained in an open interval (b, ¢) which
is in turn contained in the ball. This happens precisely when b < a < ¢ and d(b,a),d(a,c) <e. O

This condition on the topologies agreeing is, perhaps inconveniently, not elementary.

Example 1. If M is a metric linear order which is a dense linear order without endpoints where
the metric and order topologies agree, and n € N, define M,, to be a copy of M with the same order,
where all distances are scaled down by a factor of %

The sequence (M, : n € N) is a sequence of metric linear orders which are dense linear orders
without endpoints where the metric and order topologies agree, but their ultraproduct is a single
point.

Proof. The diameter of each M,, is +, so the ultraproduct satisfies the condition sup, ,, d(z,y)

n’

0. O
As a way around this, we propose the following theory:

Definition 3.14. Let MDLO be the theory of metric dense linear orders consisting of the two
countable families of axioms

e For any rational p € QN [0, 1], sup, inf, |[r(z,y) —p| =0
e For any rational p € QN [0, 1], sup, inf, |r(y,z) — p| = 0.

The name of this theory is justified by the following two density statements, which together
imply that the metric and order topologies agree in models of MDLO:

Lemma 3.15. The models of MDLO are precisely the metric linear orders M such that for every
a € M, the sets {d(a,b) : b < a} and {d(a,b) : b > a} are both dense in [0,1].

Proof. For any rational p, M F sup,inf, |r(z,y) —p| = 0 if and only if for all « € M, M F
infy |r(a,y) — p| = 0. This means that for any ¢ > 0, there is some b € M with |r(a,b) — p| < e.
For p > 0, we can choose 0 < € < p, and see that this implies r(a,b) > 0, so b < a. This means
that there are values b € M with b < a and thus d(a,b) = r(a,b), with (a,b) arbitrarily close to p -
when we consider this for all p, this is equivalent to the set {d(a,b) : b < a} being dense in [0, 1].

A symmetric argument shows that the remaining family of axioms is equivalent to the set {d(a, ) :
a < b} being dense in [0, 1]. O

Lemma 3.16. Any model of MDLO is a dense linear order without endpoints.

Proof. Suppose M E MDLO and a < b are in M. Then by Lemma 3.15, there is some ¢ > a with
d(a,c) < d(a,b),soa<c<bas M E MLO.
Lemma 3.15 clearly contradicts M having endpoints. O
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4 The Ultrametric Case

In this section, we draw our attention to the case of metric linear orders whose metrics are ultramet-
rics. In particular, we study the model companion of the theory of ultrametric linear orders, which
we call the theory of ultrametric dense linear orders. First, though, we review some background on
quantifer elimination and model companions in contnuous logic:

4.1 Quantifer Elimination and Model Companions

We will show that DU is in fact complete and thus equivalent to Th(Ug), by showing that it is also
the model companion of UM. We take this approach, as we will want to take the same approach to
finding the model companion of the theory of ultrametric linear orders. The blueprint we use for
finding model companions in continuous logic is the one used in [10], as R-trees and ultrametrics are
inherently related. We start by recalling the definition of existentially closed models in continuous
logic, and then work to show that the existentially closed models of UM are precisely the models of
DU.

Definition 4.1 ([10, Defn. 3.4]). If T is a theory, a model M E T is an ezistentially closed model
of T if and only if for all N F T with M C N, and all quantifier-free formulas ¢(Z, ), and tuples
ae Mm™, if

() = inf ¢(z,7),
then

M (@) = ™ (a).
Fact 4.2 ([10, Prop. 3.5]). A theory T is model complete if any embedding between model of T is

an elementary embedding. This is equivalent to the condition that every model of T is existentially
closed.

Definition 4.3 ([10, Defn. 3.4]). Let T be a theory. A theory S, in the same language, is the model
companion of T if:

e Every model of T' embeds into a model of S.
e Every model of S embeds into a model of T
e S is model complete.

Definition 4.4. A theory T has amalgamation of substructures when My, My, My are substructures
of models of T', and f : My < M, fo : My — My are embeddings, then there is a model N E T
with embeddings ¢ : M7 < N, g2 : My — N such that g1 o f; = g2 0 fo.

Fact 4.5 ([10, Prop. 3.8]). Assume that Ty and Ty are theories in the same language such that Ty
is the model companion of T1 and Ty has amalgamation over substructures. Then Ty has quantifier
elimination.

We now prove a test that we will use to check existential closedness.

Lemma 4.6. If T is a theory, a model M E T is an existentially closed model of T if for every
model N E T with M C N, alla € M™, b€ N", all § > 0, there exists ¢ € M™ such that for all
atomic formulas 6(Z,7),
|0(a,b) — 0(a,b)| < 9.

Proof. Let ¢(z) = inf; ¢(Z, ), where ¢ is quantifier-free. Fix a. For all ¢ > 0, we will show that
WM (@) — N (a)| < e. Fix b such that ¢(a,b) < ¢¥™(a)+ 5. As ¢ is a continuous combination of
atomic formulas, there is some ¢ > 0 such that if for all atomic formulas 6(z,y), if ¢ is such that
0(a,b) — 6(a,c)| < 4, then |p(a,b) — ¢(a,c)| < 5. By assumption, there is some ¢ meeting this
hypothesis, so ¥ (a) < ¢(a,c) < ¥V (a) +e. O
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4.2 Ultrametric Metric Structures

Recall that a metric space is ultrametric if it satisfies
d(z, z) < max(d(z,y),d(y, z))

for all x, y, z. It is straightforward to check that this property can be represented with a condition in
continuous logic, so metric structures whose metrics are ultrametric are axiomatized by the following
theory:

Definition 4.7. Let UM be the theory, in the empty language of metric structures, of ultrametric
spaces, consisting of the ultrametric axiom

sup d(z, z)— max(d(z,y),d(y, z)) = 0.

T,Y,2

We particularly care about a particular theory of ultrametric spaces, which we will later combine
with an order. This theory was studied in [14] as the complete theory of a particular ultrametric
space constructed in [10]:

Definition 4.8. If S C (0,1] is countable and dense, let Ug be the set {f € Q¥ : Vs > 0,{z > s :
f(z) # 0} is finite.} Give Ug the metric

d(f,g9) = sup{z : f(z) # g(x)}.
Fact 4.9 ([14]). The following are true of the theory Th(Ug) for any countable dense S C (0,1]:
e Th(Ug) is complete

e Th(Ug) eliminates quantifiers

Any model of Th(Ug) is an ultrametric space

Any model of UM embeds (isometrically or equivalently, model-theoretically) into a model of
Th(Ug).

Because Th(Ug) eliminates quantifiers, it is model complete, which together with the fact that
any ultrametric space embeds into a model, tells us that this is the model companion of UM. As
this theory is unique, all structures Ug are elementarily equivalent.

Corollary 4.10. The theory UM has a model companion, which is the theory Th(Ug) for any
countable dense S C (0,1].

We will simply refer to this theory as Th(Ug).
We propose the following theory, which will turn out to be another axiomatization of Th(Ug):

Definition 4.11. Let DU be the theory, in the empty language of metric structures, extending UM
by the following countable family of axioms: For every rational p € Q N [0, 1], include the axiom

supinf |d(z,y) —p| = 0.
z Y

We call models of this theory dense ultrametrics, because of the following observation:

Lemma 4.12. IF M is a metric structure in the empty language, then M = DU if and only if for
every a € M, the set {d(a,b) : b € M} is dense in [0, 1].

(The proof is a simplification of that of Lemma 3.15 below.)
Firstly, we check that Us F DU:
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Lemma 4.13. If S C (0,1] is countable and dense, then for any f € Us, {d(f,g) : g € Us} =
QnNJ0,1], and in particular, Us E DU.

Proof. This is a slight generalization of [14, Proposition 2.7]. Fix f € Ug.
For any s € S, we can define g € Ug such that f(z) = g(z) if and only if z # s, so d(f,g) =
sup{s} = s. O

We will prove existential closure through a series of lemmas which we can reuse when linear
orders are present.

Lemma 4.14. Let M be an ultrametric space, let A C M, let b € M, and assume ag € A is such
that d(ag,b) < d(a,b) for all a € A.
Then for all a € A, d(a,b) = max (d(a, ao), d(ao,b)).

Proof. By the ultrametric inequality, if z,y, z are in an ultrametric space and d(z,y) < d(z, z), then
d(y,z) = d(z, z). Generalizing, if d(z,y) # d(z, ), then d(y, z) = max (d(z,y), d(z, z)).

In our case, if a € A is such that d(a,ap) # d(ao,b), then the result follows. Otherwise, if
d(a,ag) # d(ap,b), we find that d(a,b) < max (d(a,ag),d(ag,b)) = d(ag,b). By the assumption of
minimality of d(ag,b), we have d(a,b) = d(ag,b) = max (d(a, ag), d(ag,b)). O

Definition 4.15. If M, N are ultrametric spaces, ¢ > 0, and (a1,...,a,) € M™, (b1,...,b,) € N"
are tuples of the same length, call these tuples e-isometric if for all 1 < ¢, j < n, |d(a;, a;)—d(b;, b;)| <
E.

Lemma 4.16. If M = UM,N E DU, ¢ > 0, and @ € M™,b € N™ are -isometric tuples of the
same length, then for every a,11 € M, there is an open ball B C N such that for every b,y € B,
(a1, ... an41) and (b1, ..., byy1) are e-isometric.

In particular, if any1 & {a1,...,an} and 1 < ig < n minimizes d(a;,,ant1), then there is an
open set D C (0,1) such that for any bp+1 € N with d(b;y, bpt1) € D, it will also be true that for all
1<i<n,dbi,bpt1) < d(bi,bpt1), and (a1,...,ant1) and (b1, ..., byt1) will be e-isometric.

Proof. Let 1 < iy < n minimize d(a;,, an+1) (this need not be unique). If a,+1 = a;,, we may simply
let by,4+1 = b;,. Otherwise, let

D= (d(aio,anH) — e,d(aio,anﬂ) + 8) \ {d(b“bm) 1< < n}

This is a nonempty open set, so by the density axioms of DU, there is some b* € N with d(b;,,b*) € D.
Let t be strictly smaller than all the distances mentioned in the construction so far, and consider
B = B;(b*) C N. Note that for every b,,+1 € B we have that d(b;,b,+1) = d(b;,b*) for 1 <i <n by
the ultrametric inequality.

Now fix b,11 € B. First, we establish that for all 1 < i < n, d(b;,,bp+1) < d(b;,bp+1). By
construction, d(b;,,bp41) # d(b;, bi,), so the ultrametric inequality will be an equality, and

d(bi, bpt1) = max (d(biy, bnt1), d(bi, big)) > d(big, byg1)-
Thus by Lemma 4.14, for all 1 < i < n, we have

d(blv anrl) = nax (d(blv bio)a d(bm ) bn+1))
d(a;,any1) = max (d(ai, ai, ), d(ai,, ant1)) ,

SO as
|d(ai, aiy) — d(bi, biy)l, [d(aiy, any1) — d(big, bus1)| <e,

and the function max(-,-) is 1-Lipschitz, we have |d(a;, any1) — d(bi, bpt1)| < € as well. O

Theorem 4.17. The existentially closed models of UM are precisely the models of DU.
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Proof. Let M E UM be an existentially closed model of UM, and consider the quantifier-free formula
¢(x,y) = |d(z,y) — g| for some ¢ € [0,1]. By Fact 4.9, M embeds into some N E Th(Ug), and by
Lemma 4.13, N F DU. Fix a € M. By the axioms of DU, inf,cn ¢(a,y) = 0, so by existential
closure, inf e ¢(a,y) = 0 as well, so M = DU.

Conversely, we use Lemma 4.6 to show that any M F DU is an existentially closed model of
UM. Let N E UM extend M, and fix ¢ > 0. We claim that for all @ € M™, b € N, there is
¢ € M™ such that for all 1 <i <m,1 < j <n, |d(a;,b;) —d(ai,c;)] <€, and for all 1 < 4,5 < mn,
|d(b;,b;) — d(ci, c;)| < e. In other words, we need to find & such that the tuples (a,b) and (a,¢) are
e-isometric. This follows by induction on the length of b. The base case, that @ and a are e-isometric
is trivial, and Lemma 4.16 provides the inductive step. O

We finish the model companion proof with the following fact, which is stated for inductive theories
as [10, Prop. 3.7]. For the proof in classical logic, see [22, Theorem 8.3.6].

Fact 4.18. IfT is a universal theory (in continuous logic, aziomatized by sup-formulas), and another
theory T' axiomatizes the existentially closed models of T, then T’ is the model companion of T.

This completes our proof that DU is the model companion of UM, which implies that it is
equivalent to Th(Ug).

Corollary 4.19. The theory DU is complete, eliminates quantifiers, is the model companion of UM,
and is equivalent to Th(Ug) for any countable dense S C (0,1].

4.3 Ultrametric Linear Orders

Definition 4.20. Let ULO be the L<-theory of ultrametric linear orders consisting of MLO together
with the ultrametric axiom UM.

One advantage of working with ultrametrics is that the language can be simplified:
Lemma 4.21. If M is an ultrametric linear order, then d< = .

Proof. By the ultrametric inequality, for any a,b € M, da(a,b) = d(a,b). Thus by Lemma 3.5,

if @ < if @ <
0 1a_b_{0 la_b:r(a,b).

d<(a,b) = =
<(ab) {dA(a,b) iftb<a |d(ab) ifb<a
The ultrametric triangle inequality itself interacts with the ordering in a reliable way:

Lemma 4.22. If M is an ultrametric linear order, and a,b,c € M satisfy a < b < ¢, then d(a,c) =
max((d(a, b), d(a, c)).

Proof. Monotonicity already tells us that d(a,b),d(b,c) < d(a,c), so max(d(a,b),d(b,c)) < d(a,c).
Conversely, the ultrametric triangle inequality states that d(a,c) < max(d(a,b),d(b,c)), so d(a,c) =
max(d(a,b),d(d,c)). O

We can induct on this lemma to produce the following generalization, which makes it straight-
forward to characterize finite ultrametric linear orders:

Lemma 4.23. If M is an ultrametric linear order, and a1 < ay < --- < a, 1S an increasing sequence
in M with n > 2, then d(a1, an) = maxi<i<n, d(a;, @it1)-
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Proof. This is trivial for n = 2, and for n = 3, it is Lemma 4.22. Given a sequence a1 < ag < -+ < ay
for which this holds, if a,,+1 > a,, then Lemma 4.22 shows that

d(ar,an+1) = max(d(ay, an), d(an, ani1)

= max < max d(a;, ai+1),d(an,an+1)>

1<i<n

= max d(a;,a;+1
1<i<n+1 (ai, aita),

using our induction hypothesis to finish the induction step. O

To prove one more property of ULO, useful in understanding its model companion, we will cite
the following fact about finite models of ULO. This was shown in the context of classical structural
Ramsey theory, without any continuous logic.

Fact 4.24. [25, Theorem 2] If S C (0,1] is countable and dense, then the set of finite ultrametric
linear orders with distances in S has the Ramsey property.

Rather than define the Ramsey property itself, we note the following consequence, which follows
easily due to [24, Theorem 4.2], noting that the hereditary property and joint embedding property
are easy to check. This amalgamation property is fundamentally a fact about embeddings, and in
both the classical and the continuous logic setting, an embedding between metric linear orders is
just an order-preserving isometry. Thus this amalgamation property translates from the classical
logic setting of [24, 25] to ours:

Corollary 4.25. If S C (0, 1] is countable and dense, then the set of finite ultrametric linear orders
with distances in S is an amalgamation class, meaning that for any such structures My, M1, My and
embeddings f1: My — My, fo: My — Ms, there is a finite ultrametric linear order N with distances
in S with embeddings g1 : M1 — N, go : My — N with g1 o f1 = g2 0 fo.

We extrapolate from this to amalgamation over substructures:
Lemma 4.26. The theory ULO has amalgamation over substructures.

Proof. First, we observe that ULO is a universal theory, so its substructures are also models of ULO.

The model N we seek is precisely a model of ULO that also satisfies the atomic diagrams of the
structures My, M1, M>, as well as sentences identifying the constant representing m € My with the
constants representing f1(m), fo(m). We thus only need to show that this theory is satisfiable, or
finitely satisfiable. To show finite satisfiability, it will suffice to reduce to the portion of this theory
containing ULO and the sentences pertaining to only finitely many constants representing elements
of My, My, Ms. As L< is a relational language, this amounts to assuming that My, M1, M, are finite.

To consider finite structures, we turn to Corollary 4.25. For any finite ultrametric linear or-
ders My, My, Ms, let S C (0,1] be countable and dense, containing all distances between pairs in
My, M1, Ms5. By Corollary 4.25, there is some finite ultrametric linear order N with embeddings
g1: My = N,go: My — N with g1 o fi = g2 0 fo. O]

4.4 Ultrametric Dense Linear Orders

We now study a theory of ultrametric dense linear orders, whose orders will be dense linear orders,
and whose metrics will be dense ultrametrics modelling DU.

Definition 4.27. Let UDLO be the L<-theory of ultrametric dense linear orders consisting of ULO
together with MDLO.
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We then see that the models of UDLO are precisely the ultrametric linear orders M such that
for every a € M, the sets {d(a,b) : b < a} and {d(a,b) : b > a} are both dense in [0, 1].
By ignoring the ordering in the distance sets in Lemma 3.15, we get this corollary:

Corollary 4.28. The reduct of any model of UDLO to the empty language satisfies DU.

To make this theory more concrete, we provide an example, by showing how Ug F DU (see
Lemma 4.13 can be expanded to make a model of UDLO. This metric linear order first appears in

[25]-

Lemma 4.29. For countable dense S C (0,1], give Ug the “lexicographical” order where f < g if
and only if when x is mazimal such that f(x) # g(x), f(z) < g(z).
Then Ug E UDLO.

Proof. The metric open ball around f of radius r is defined as all g such that for x > r, f(z) = g(x),
which is convex in this lexicographical order.

For any f, the set {g € Us : f < g} is S, because for any s € S, we may simply define g € Ug
such that if « # s, then f(z) = g(z), but g(s) = f(s) + 1. Then d(f, g) = sup{s} = s, while f < g.
A similar argument shows {g € Us: g < f} = S. O

Lemma 4.30. If M,N = UDLO, ¢ > 0, n € N, and a € M",b € N™ are e-isometric n-tuples
with the same order type, then for every an,y+1 € M, there is an open ball B C N such that for any
bpt1 € B we have that (ay,...,an+1) and (b1, ...,by11) are e-isometric with the same order type.

Proof. The proof is quite similar to Lemma 4.16, but we need to preserve the order type. As before,
we let ig be such that d(a;,, an+1) is as small as possible. Without loss of generality, let us assume
that an41 < a4, and that ¢; is such that a;, is the largest element of a satisfying a;, < ant+1 < aj,-
If no such element exists, the construction is easier. Consider now the open set

D = ((d(ay, ant1) — €, d(aiy, ant1) + &) N (0, d(aiy, ai,)) \ {d(bs, bi,) : 1 < i < n}.

as a;, < Api1 < @i, it follows that d(ant1,a:,) < d(a;,,a;,), so this interval is nonempty.
By UDLO, the set {d(b;,,z) : © € N,z < b;,} is dense in (0,1), so we can find b* € N with the
approximately correct distance and with the correct order type. We let B be an open ball centered
around b* with radius smaller than all the nonzero distances that are realized between elements of
a and b. O

Theorem 4.31. The existentially closed models of ULO are precisely the models of UDLO.

Proof. Suppose that M is an existentially closed model of ULO. To show that M £ UDLO, we will
show that for any a € M and ¢ € [0, 1], that M F inf, |r(z,a) —q| = 0. (The analogous result for the
other axiom follows by the same argument.) To do this, we show that there is N F ULO extending
M containing an element b with r(b,a) = g - then N F inf, [r(x,a) — q| = 0, and so by existential
closedness, M E inf, |r(z,a) — ¢| = 0. We can construct N through Lemma 4.26, by amalgamating
M with the ultrametric linear order {a,b} with a < b and d(a,b) = gq.

It now suffices to show that for every model N E ULO with M C N, alla € M™, b € N™, all
€ > 0, there exists ¢ € M™ such that for all atomic formulas 6(z, 7),

|6(a,b) — 6(a,b)| < e.

Because all atomic formulas may be assumed to be of the form d(w,v) or r(w,v), it suffices to find
¢ such that (a@,b) and (@, ) have the same order type and are e-isometric.

As in the proof of Theorem 4.17, we construct this by induction on the length of b. As a base case,
we see that @ and b have the same order type and are e-isometric. It now suffices to show that if (a, b)
and (@, ) have the same order type and are e-isometric, then for any b,41 € N, there is ¢p,41 € M
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such that (a, b, bnt1) and (@, E, ¢p41) have the same order type and are e-isometric. By Lemma 4.16,
for the e-isometric condition, if e € {a; : 1 <7 <m} U{b; : 1 < j < n} minimizes d(e, ¢p41), and f
is the corresponding element of the tuple (@, ¢) (if e = a;, then f = a;, if e = b;, then f = ¢;), then
it suffices to find ¢,+1 such that d(f,c,+1) € D, where D is a nonempty open subset of [0, 1]. After
doing this, f will still be the closest element of {a; : 1 <i < m}U{¢; : 1 <j < n}tocyy1. By
the axioms of UDLO, it is possible to choose ¢;,+1 € M such that (f, ¢,+1) has the same order type
as (e,bp11), and d(f,c,41) € D. It now suffices to check that (a,b,b,41) and (@,¢,c,+1) have the
same order type. As f is the closest element of {a; : 1 <i <m}U{c¢; : 1 < j <n}tocpt1, Cpy1 s
adjacent to f in the order, and similarly b, is adjacent to e in its order. As c¢,+1 is adjacent to f
on the correct side, it has been added to the correct gap in the order. O

Theorem 4.32. The theory UDLO is the model companion of ULO, and UDLO has quantifier elim-
ination.

Proof. By Fact 4.18, as ULO is universal, Theorem 4.31 implies that UDLO is the model companion
of ULO.

By Lemma 4.26, ULO has amalgamation over substructures, so by Fact 4.5, UDLO has quantifier
elimination. O

Now that we have quantifier elimination, we can show that acl is trivial in UDLO.

Lemma 4.33. Let M E UDLO, A C M, and ¢(x) an A-predicate.

Ifb,c € M are such that d(b,c) < d(b, A), then ¢(b) = ¢(c).

Consequently, if b € M is not in the metric closure of A, then ¢(x) is constant on the open ball
of radius d(b, A) around b.

Proof. By quantifier elimination, we can express ¢(z) as a continuous combination of countably
many A-definable atomic formulas ), (z). If each of these satisfy ¥, (b) = 1, (c), then ¢(b) = ¢(c)
as well, so we may focus on an A-definable atomic formula ¥ (x).

Any such formula takes one of the forms d(zx,a),r(x,a),r(a,z) for some a € A. As d(b,c) <
d(b,a), the ultrametric property tells us that d(a,b) = d(a,c). For the other predicates, we observe
that the points b and ¢ are on the same side of @ in the order. Thus either r(b,a) = 0 = r(c,a), or
r(b,a) = d(b,a) = d(c,a) = r(c,a), and similarly for r(a,z). O

Theorem 4.34. If M E UDLO and A C M, then acl(A) is the metric closure of A.

Proof. Suppose b € acl(A). Then b is in some compact set with A-definable distance predicate ¢(x).
If b is not in the metric closure of A, then d(b, A) > 0. By Lemma 4.33, ¢(z) is constant on the
the open ball defined by d(x,b) < d(b, A). As the set defined by ¢(x) = 0 contains this entire open
ball, it is not compact, a contradiction. (Any open ball in UDLO has infinite e-covering number for
any € smaller than the radius of the ball.)
Meanwhile, the metric closure of a set in any metric structure is contained in its definable closure,
and thus its algebraic closure ([5, Exercise 10.10]). O

5 Approximate Categoricity and Type Spaces

The aim of this section is to show that DU and UDLO satisfy a weak notion of separable categoricity
developed by Hanson in [19] and [20] using the notion of distortion systems. Although this notion
of categoricity does not necessarily give rise to nice invertible maps between separable models of DU
and UDLOQ, it is strong enough to proof a Ryll-Nardzewski-like result on the type space. This first
subsection recall the necessary definitions, but we refer the reader to [19] and [20] for the full details.
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Definition 5.1. 1. ([19, Definition 2.4]) Given a set of formulas A, and fixing a continuous theory

T, A is the closure of A under renaming variables, quantification, 1-Lipschitz connectives,
logical equivalence modulo T, and uniform limits.

2. ([19, Definition 2.6]) Given n € N, a collection of formulas A separates distinct n-types p and
q if there is a formula ¢ € A such that ¢(p) # ¢(q) (after possibly renaming the variables in
9).

3. ([19, Definition 2.8]) A set of formulas A is a distortion system for a continuous theory 7 if it
separates any two distinct n-types for every n € N, and A = A.

Fact 5.2 ([19, Proposition 2.10]). If A separates any two distinct quantifier free n-types for every
n € N, then A is a distortion system.

We can then use distortion systems to measure how distinct two models of a theory are:
Definition 5.3. Let A be a set of formulas in a metric language £ with a set of sorts S:

1. A correlation between metric structures M and N is a set R such that R [ s C s(M) x s(N)
is a total surjective relation for every sort s € S.

2. An almost correlation between metric structures M and N is a correlation between dense
subsets of M and N.

3. Givenm € M and i € N, cor(M,m; N,7n) is the set of all correlations between M and N such
that (m,n) € R. Similarly, acor(M,m; N,7n) is the set of all almost correlations between M
and N such that (m,n) € R.

4. If R € cor(M; N), then the distortion of R according to A is
disa(R) = sup{|¢™ (m) = ™ (R)] | (. 7) € R, ¢ € A,
The same holds if R € acor(M; N).
5. pa(M,m; N,n) = inf{disa(R) | R € cor(M,m;N,n)}.
6. an(M,m; N,n) = inf{disa(R) | R € acor(M,m; N,7n)}.

The next few facts give us basic results about the distortions systems and the distortion of a
correlation that we will use in the next subsection:

Fact 5.4 ([19, Proposition 2.5]). For any M,N =T and m € M, n € N, disa(R) = disx(R)
Fact 5.5. Let A be a distortion system for T. Then:

1. [20, After Definition 1.5] If A C M is some set of parameters, A(A) = {¢(T,a) |a € A} is a
distortion system for T(A)

2. [20, Proposition 1.7] For any set of fresh constant symbols C, let Do(A,C) = AU{d(z,¢)}eco
and D(A, C) its closure. Then, D(A,C) is a distortion system for T'(C)

Remark 5.6. Let A be a distortion system for 7', and R € cor(M, N) for M, N = T both containing
a set of parameters A. Then

diSA(R) S diSA(A)(R) S disDo(A(A),C) (R) = diSD(A(A),C)(R)

Fact 5.7 ([19, Lemma 1.12]). Let A be a distortion system for T. For every predicate symbol P € L
and every € > 0 there is a 0 > 0 such that pa(M,m; N,7) < & implies |PM(m) — PN(n)| < e.
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We are now ready to state Hanson’s notion of categoricity:

Definition 5.8 ([20, Definition 3.1]). Fix a continuous theory T and a distortion system A for T
1. T is A-k-categorical if an (M; N) = 0 for any two M, N =T of density character .
2. T is strongly A-s-categorical if pa(M; N) =0 for any two M, N =T of density character .

Although this notion of cateogricty does not necessarily imply the existence of nice invertible
maps, it does have nice consequences for the type space:

Definition 5.9 ([19, Definition 2.18]). Let A be a distortion system for T. For each A and types
p,q € Sx\(T), we can define the distance

SA(p, q) = inf{pa(M,m; N,i) | m |= p,7n = q}

Definition 5.10 ([20, Definition 1.8]). Let A be a distortion system for T, A a set of parameters
in some model of T, and C' a set of fresh new constants. For each \ and types p,q € S\(A), let

dA,A(p7 Q) = 6OD(A(A)’E) (p(é7 A)7 q(é7 A))
Where we drop A if it is empty.

Calculating the value of da a(p,q) can be a difficult task. The following lemma gives us a tool
for such a task:

Fact 5.11 ([20, Proposition 1.10]). Let T' be a complete theory, let A be a distortion system for T.
1. For every e > 0 there is a 6 > 0 such that if

e there are models M, N = T both containing a set of parameters A, with tuples m € M
and n,b € N such that m = p and n |= q, and an R € cor(M,m; N,b) with disa(R) <9
and d™ (n,b) < 4.
Then da a(p,q) <e.

2. For any set of parameters A, if da.a(p, q) < € then there are models M, N =T both containing
A, with tuples m € M and 7,b € N such that m |=p and n |= q, and an R € cor(M,m; N,b)
with disa(R) < e and dN (n,b) <e.

We can now state the Ryll-Nardzewski-like result obtained by Hanson:

Definition 5.12 ([20, Definition 2.1]). Let X be a topological space and d : X2 — R be a metric
on X not necessarily related to the topology. A point x € X is weakly d-atomic if the closed ball

Bee(r) ={y € X | d(z,y) < e}

has nonempty interior for every € > 0. If Y is a subspace of X and x € Y, we say that = is weakly
d-atomic-in-Y if x is weakly d-atomic in Y using the subspace topology and computing the interiors
inY.

Fact 5.13 ([20, Theorem 3.13]). For any countable complete theory T and distortion system A of
T:

1. T is A-w-categorical if and only if every type p € Sy, (a) is weakly da-atomic-in-S,(a), seen as
a subspace of Sy41a|(T), for every tuple of parameters a and every n € N.

2. Same as the previous statement but only considering types in S1(a).
3. If every space Sp(T) is metrically compact relative to da, then T is A-w-categorical.

Note: categoricity does not imply metric compactness.
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5.1 Approximate Categoricity of DU

Proposition 5.14. Let GH = {d(z,y)}, then GH is atomically complete for DU. Therefore, GH
is a distortion system for DU.

Proof. DU has quantifier elimination, and the only atomic symbol is d(z, y). O

Lemma 5.15. Given separable M, N = DU, € > 0, k € N, and finite k-tuples m € M and i € N
that are e-isometric, there a correlation R. € cor(M,m;N,n), meaning that (m,n) € R, with
dZSGiH(RE) <e.

Proof. Fix a real number v > 0 such that

dM (mi, m;)

~
dN(m,nj) €

e V<

for i,j < k. Using separability of M and N, extend the tuples m and 7 into countable sequences
{m;}ien dense in M and {n;};cn dense in N. We assume that the first k elements of each sequence
are our original tuples.

Step 1: Construction. We construct a pair of sequences {u;}ieny and {v;};en via back-and-
forth with the following properties for all i € N:

1. p; € M, and v; € N;

2. m; € (pto, - - -, p2i), and n; € (vo,.. ., Voiy1);

3. (po,---,pi) and (vp,...,v;) are e-isometric.
aM .
4. e77 < M < ¢ (note that this requirement is symmetric).
d (Vi7Vj)
For the base case, we let m = (ug, ..., pur—1) and 7 = (v, ...,vk—1). For the induction step, fix

i € N, ¢ > k, and assume we have build (uo, ..., pe) and (vo,...,v,) for £ < 2i — 1 satisfying the
properties above. If m; is already in the list, then there is nothing to do. As in the proof of Lemma
4.16, we fix jo < ¢ that minimizes d (m;, 1;,). Consider now the open real interval

D = ((d™(mi, pjo) — &, d™ (mi, pjo) +€) N (e77dM (mi, gy ), €7 d™ (mi, 11y)) \ {d™ (v, v5,) | § < £}

Note that both intervals are open, nonempty, and contain d™ (m, i, ); so their intersection
also open nonempty. Using the density axiom of DU, there is some n € N N D. Let t be strictly
smaller than all the distances mentioned in the construction so far, and consider B,(n) C N. By
tail-density of {n;};en in N, we can find some i* € N greater than all indices mentioned so far
such that n;« € By(n). By the ultrametric axiom, d"(n,v;) = d"(n;,v;), so we can use them
interchangeably. We claim now that letting pey1 = m; and vpy1 = n;- extends the sequence
preserving all the properties. The proof of e-isometry is the same as in Lemma 4.16, and the proof
of Property 4 is a small variation where we have by construction that

- < dN(V@‘H? Vjo)

<ev
dM (/’L€+17 :u‘]())
and by assumption that, for all j </,
N .
eV < dM (Uj7y]0) < eV
dM (g, g1, )
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so by the same argument as in Lemma 5.21 we obtain Property 4. The back step is symmetric. This
completes the construction.

Step 2: Extension. Now, we construct R. as follows: (a,b) € R. if for some (equivalently
every) function f: N — N we have that a = lim; ;o ft7(;) and b = lim; oo v¢(;). To show that this
is a well defined notion, we prove the following claims:

Claim 5.15.1. For every function f: N — N, we have that {j1(;)}ien is Cauchy in M if, and only
if {Vf@) bien s Cauchy in N.

Proof. We prove the forward direction, the backward direction being symmetric. Fix § > 0; by
assumption there is some K € N such that if K < 4,7, then dM(,uf(i),,uf(j)) < e%. Therefore, by
Property 4, we have that dN(I/f(i), Vi) < 0. O

Claim 5.15.2. Every element of M can be written as the limit of a sequence {jis;)}ien for some
function f : N — N. Similarly, every element of N can be written as the limit of a sequence
{vs(i) tien for some function f: N — N.

Proof. This follows from the fact that the sequences {u; }ien and {v; }ien are dense in their respective
structures. Indeed, by Property 2 of the construction, each element of the dense sequence {m;};en
appears in {y; }ien, and similarly for {v;};en. O

Claim 5.15.3. The definition of R. is well-defined.

Proof. Suppose we have two functions f,g : N — N with a = lim; o0 i) = lim; 00 p1g(;). By the
previous lemma, the corresponding subsequences on of {v; };en are Cauchy, so let by = lim; o V(5
and by = lim;_, o v4(;). Now observe that

dV (bg,bg) < dN (b, vpay) + AN (Vigy, vgay) + A7 (bgs vg(i))

where the first and last term can clearly be made arbitrarily small by taking i — oco. To see that
the middle term also goes to zero, note that dM(uf(i), tg(i)) — 0 as both sequences limit to a, so by
Property 4, the same is true for dN(Vf(i), Vg(s))- Thus, by = by. O

Step 3: Verification. By the claims above R, is a total surjective relation, so it is a correlation
between M and N.

Next, recall that m = (mo,...,mg—1), e = my for £ < k by construction, and similarly 1 =
(v0,...,Vg—1). Therefore, the constant function fy(i) = ¢ show that (mg,n;) € R, for ¢ < k. Thus,
(m,n) € R,.

It remains to show that disgz(R.) < €. By Proposition 5.4, it is enough to show that disqp (R:) <
e. Suppose then that (a,b), (c,d) € R.. We want to show that [d*(a,c) — d™ (b,d)| < . By con-
struction there are functions f, g : N — N such that

“= iliglouf(i)’ b= ill)r&yf(i), €= ig&%(i)’ d= ilggayg(i)'
Moreover, |dM(uf(i), Hhg(i)) — dN(Z/f(i), Vg(i))| < € by e-isometry for every i € N. The result follows
by continuity.
O

Theorem 5.16. Thus, DU is strongly GH -w-categorical.

Proof. Given separable M, N = DU and ¢ > 0, we can use Lemma 5.15 with the empty tuples to
find a correlation R. € cor(M;N) with disgz(R.) < €. Since this can be done for every ¢ > 0, it
follows that pgp(M,N) = 0. O

Our next goal is to characterize dgz in Sy (a) for some finite tuple a:
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Lemma 5.17. Let a be a finite set of parameters for DU. Let p,q € Sy(a), then dgg(p,q) < € if and
only if any (resp. all) pair(s) of realizations of p and q (in perhaps different models) are e-isometric
for all e > 0. Thus,

deg(p, q) = inf{e : any/all realizations of p and q are e-isometric}

Proof. The equivalence between any and all is because e-isometry is implied by a formula in the
complete types (we need finitely many variables here).

(=) Suppose we have types p,q € S,(a) with dgg(p,q) < e. Therefore, there are models
M, N | DU containing a and tuples m € M and 72 € N realizing p and ¢ respectively such that

Pp@H(a),e) MM N, ) <e.

Thus, there is a correlation R € cor(M,m; N,n) with disD(@(a)ﬁé)(R) < . By Proposition 5.6, we
get that disgz(R) < e. Thus, m and n have to be e-isometric.

(<) Suppose we have types p,q € Sp(a) with models M, N | DU containing @ and tuples
m € M and 1 € N realizing p and ¢ respectively such that m and 7 are e-isometric. As the tuples
are finite, there is some ¢y < € such that the tuples are in fact gg-isometric. Note that M extends
canonically into a model of the £(¢,a) theory p(¢,a) by interpreting ¢ as m. Similarly, N extends
into a model of ¢(c, a).

Next, by Lemma 5.15, there is a correlation R € cor(M,am; N,an) with disgz(R) < eo. It
remains to show that disp, &7z (a) - (1) < €0, and it is enough to show that disp &77(a), (1) < €o.
In moving from GH to Do(GH (@), ), we added a as parameters, which doesn’t increase the distortion
as they are finitely many and already correlated in R, and formulas of the form d(z,¢;) for i < |¢|.
Hence, it is enough to show that

sup |dM(u,cZ-) - dN(v, ¢i)| <eo
c€é,(u,v)ER

but this follows because (mu,nv) € R, so the tuples must be ¢ isometric. Thus,

dem (P 4) < Pp@m(ay,eo (M, m; N,it) <e.
O

Corollary 5.18. For any finite set of parameter a living in the monster model of DU, every type in
Sn(a) is weakly dgpr-atomic-in-Sy(a), where

deg(p, q) = inf{e : any/all realizations of p and q are e-isometric}

5.2 Approximate Categoricity of UDLO
Our result on DU can be transferred into UDLO, giving us approximate categoricity of UDLO:

Proposition 5.19. Let OGH = {d(z,y),r(z,y)}, then OGH is atomically complete for UDLO.
Therefore, OGH is a distortion system for UDLO.

Proof. UDLO has quantifier elimination, and the only atomic symbols are d(z, y), 7(z, y) and d<(a, b).
However, by Lemma 4.21, d< = 7. O

Theorem 5.20. Fiz separable M, N = UDLO and ¢ > 0, then there is R. € cor(M,N) such that
disge(Re) < €. Thus, UDLO is strongly OG H -w-categorical.
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Proof. The structure of the proof is the same as in Theorem 5.16. The only change is that in the
extension we must also preserve the order type, for which we use Lemma 4.30. O]

Our next goal is to characterize dggg in Sy, (a) for some finite tuple a:

Definition 5.21. If M, N = UDLO, ¢ > 0, and (my,...,mg) € M¥ (ny,...,nx) € N* are tuples
of the same length, call these tuples e-order isometric if

1. \dM(mi,mj) — dN(ni,nj)| < e
2. \TM(mi,mj) — TN(ni,nj)| <e
forall 1 <1,5 <k.

Note that order isometric tuples might not have the same order type. The next Lemma is a
generalization of Lemma 4.30 to order isometric tuples:

Lemma 5.22. Suppose M E ULO, N E UDLO, ¢ > 0, and (m1,...,mg), (n1,...,ng) are e-order iso-
metric. Then, for everym € M there is an open ball B C N such that if n € B, then (mq,...,mg, m)
and (n1,...,nE,n) are e-order isometric.

Proof. Our strategy is similar to Lemma 4.16 and Lemma 4.30. Thus, let 1 < iy < n be such that
m;, minimizes d(m;,, m). Without loss of generality, we may assume that m;, < m and that m;,
and m are consecutive elements in the order among {m,...,mi} U {m}.

We will construct an open set U C R such that if we let n € N be such that r(n,n;,) —r(n;,,n) €
U and t > 0 is a number smaller than all the nonzero distances among elements in this construction,
then Bi(n) is the desired open ball by the ultrametric inequality.

First, we will try letting

U= ( max 7(n;,n;), min r(ni,nio))ﬂ(d(m,mio) —e,d(m,m;,) +e)\{d(n;,n;y) : 1 < < k}.

i <M LM >

We claim that if n € N satisfies r(n,n;,) € U, then (mq,...,mg, m),(ny,...,ng,n) are e-order
isometric. By Lemma 4.16, we see that this is a e-isometry. Also, we see that if r(n,n;,) € U, then
forall1 < i < kwith m; < m, we have r(n;,n;,) < r(n,n;,), son; < n, and similarly, if m; > m, then
r(ng, ni,) > r(n,ni,), so n; > n. Thus for any 1 < i <k, either |r(n;,n) — r(m;,m)| =10 —-0| =0,
or [r(ng,n) —r(m;,m)| = |d(n;,n) —d(m;, m)| < e, and similarly, |r(n,n;) —r(m,m;)| < e.

If U is nonempty, this set will work, so assume U is empty - this implies that

(' max  7(n;,n;,), min r(ni,mo)> N (d(m,m;,) — e,d(m, m;;) + €)
211 <Mij LM >mg
is empty. We will check that if the interval on the left is nonempty, then the intersection is. To
start, observe that for any ¢ with m; < m;,, either r(n;,n;,) =0, or n; > n;,, in which case by the
e-order isometry assumption, we see that

r(ng, niy) = d(ng,ng,) < e < d(m,m;, +¢€).

Thus max;.m, <m,, r(ng, ni,) < d(m,m;,) + €. Then observe that for any ¢ with m; > m,,, by the
assumption that m, m;, are consecutive in the order, we have m;, < m < m;, and thus r(m;, m;,) >
r(m,m;,). By the e-order isometry assumption, we have d(n;, n;,) > d(m;, m;,) —e > d(m, m;,) —¢,
SO MiN:pn,; >my, T(Mis Niy) > d(m,my,) — €.

The remainder of the proof focuses on the case when

min  r(n;,ng) < max  7(n;,ng).
LM >Mm L <My
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This implies that there are j and ¢ such that m; < m;, < m < my and r(ne,n;,) < r(nj,n). We
may assume that j is such that n; is the <-greatest with r(n;,n;,) maximal among all m; < m,.
Similarly, £ is such that ng is the <-smallest element with r(ng, n;,) minimal among all m; > m,,.
Consider now the set

U= |0, min d(n;,n) | N(d(m,m;) —e,d(m,m;,) + ¢€)
1<i<k,
N FE N

and note that if d(m,m;,) < €, then U is nonempty; also, if n € N satisfies r(n,n;,) € U, then
Lemma 4.16 shows that this choice makes the tuples (my, ..., mg, m) and (ng, ..., ng, m) e-isometric.
In cases (1)-(3) below, as well as in (4a), we will use this remark to find a suitable extension that
preserves e-isometry and then check tha the order is also approximately preserved. Case (4b) requires
a different set U to work, which we define there. With this in mind, we split into cases:

(1)

Suppose 0 = r(ng, ni,) = r(nj, n), so nj,ng < n;,: by e-order isometry, both d(mg, m;,) and
d(ng,n;,) are < g, and thus so is d(m,m;, ), so this is an e-isometry by the remark above. As
for the order: note that, as in the previous case, if the order does not change, then the order
predicates disagree by at most . Thus, we only need to check the cases where the tuples
(m;,m) and (n;,n) have different order types. By our assumptions on j, this can only happen
when m;, < m < m; and ny < n; < n;, < n. In that case, e-order isometry of the original
tuples implies that both d(m;,,m;) and d(n;,,n;) are < € so
[r(ms, m) — 1r(ni,n)| = d(m;, m) < d(m;,m;,) < e

and

[r(m,m;) —r(n,n;)| = d(n,n;) < max(d(n,n;,),d(ni,,n;)) <e
since d(n,n;,) < d(ne,ni,) < e.
Suppose 0 = r(ng,niy) < r(nj,ni,) =6, so ng < n;y; < nj and d(n;,n;,) = 9. As (m;, my)
and (n;,ng) have different order types, e-order isometry requires that their distances be < ¢,
so 0 < €. By the ultrametric condition and the order, all of m;, m;,, m, m,; are < ¢ apart from
each other, and the same holds for n;,,ng,n;. In particular, d(m,m;,) < €, so the set U is
nonempty and does not contain any of the distances of the form d(n;,n;,). Hence, if n € N
satisfies r(n, n;,) € U, then we are extending an e-isometry. As before, to check that the order
is e-preserved, we need to consider the cases where (m;,m) and (n;,n) have different order
types. Note that as m;, < m and n;, < n, so nothing to check here. Moreover, m;, < m are

consecutive by assumption; as are n;, < n by construction. Thus, the only case we need to
check are:

o m; < m;, <m but n;, <n <n;. As (m;,m;) and (n;,n;,) have different order types,
e-order isometry requires that their distance be < ¢. From this we can conclude that

[r(m, m;) —r(n,n;)| = dimg, m) < max(d(mg, mi,), d(mg,, m)) <e
as M is an ultrametric space and
|r(mi,m) —r(ni,n)| = d(n;,n) < max(d(ni,ni,),d(n;,,n)) <e

since d(n;,,n) < 6 < e.

e m;, < m < m; and n; < n;, < n. In that case, e-order isometry implies that both
d(my,, m;) and d(n;,,n;) are < € so

[r(mi,m) —r(ni,n)| = d(m;,m) < d(m;,m,) < e

26



and
[r(m,m;) —r(n,n;)| = d(n,n;) < max(d(n,n;,),d(ni,,n;)) <e

since d(n,n;,) < 6 < e.

(3) Suppose 0 < p=r(ng,n;,) < r(n;,n,) =9, s0 n;, <ng <n; and d(myg, m;) and d(ng,n;) =46
are both < ¢ by € isometry. As in the previous case, this implies that all of m;, m;,, m,m, are
< ¢ apart from each other, and the same holds for n,,, n¢,n;. In particular, d(m,m;,) < €, so
the set U is nonempty and does not contain any of the distances of the form d(n;, n;,). Hence,
if n € N satisfies r(n,n;,) € U, then this extension is a e-isometry. As before, to check that
the order is e-preserved, we need to consider the cases where (m;, m) and (n;,n) have different
order types. By the order minimality of n,, we can rule out the case where m; > m > m,, as
this implies n; > ny > n. Note that as m;, < m and n;, < n, we only need to consider the
case where m; < m;, < m but n;, <n < n;, which we do as in the previous case.

(4) Suppose 0 < p = r(ne,ni,) = r(nj, N4 ), 50 Ny, < ng,nj and d(ng,,ne) = d(ni,,nj) = p: by
e-order isometry the distances d(m;,, m;), d(n;,,n;) are < €, and by the ultrametric condition
so is d(ni,,n¢). We have two subcases:

(4a) If n;, < mg < nj, then all of the pairwise distances between m;, m;,, m, mg and n;,, ng, n,
are < ¢ and we can proceed as in the previous cases.

(4b) If n;, < mj < nyg, then d(mj,m;,) and d(nj,n;,) are < e. The easy case is when
d(m;,, m) < e, which we can can handle using the same set U as before.
Otherwise, we must handle this case quite differently than all the previous ones. Note
that since d(m;,,m;) < € and we have assumed that d(m;,,m) > ¢, then d(m;,m) =
d(ms,, m) > e. Therefore, m; is also a closest point to m, and we will focus on it going
forward. Note that using the isometry condition we have

d(nj,ng) > d(m;,mg) —e > d(mj,m) —e.
Thus, the open set
U = (0,d(n;,ne)) N (d(m;,m) —e,d(m;, m) +¢)

is nonempty. Using the density axioms, we can find n € N be such that r(n,n;) —
r(nj,n) € U. Since m; was also the closest point to m, we can use the same arguments
as in Lemma 4.16 to see that this is an e-isometry. By the maximality and minimality
conditions on n; and ng, we can see that no n; € (n;j,ng), so there is no ¢ such that the
pairs (m;,m) and (n;,n) have different order types, so this is also an e-order isometry.

This completes the proof.

With this result, we can now construct the desired correlations:

Lemma 5.23. Given separable M, N |= UDLO, € > 0, k € N, and finite k-tuplesm € M andn € N
that are e-order isometric, there a correlation R, € cor(M,m; N,7), meaning that (m,n) € R, with
d’LSﬁ(RE) <e.

Proof. The proof structure is the same as Lemma 5.15. However, in the construction step, we use
Lemma 5.22 to extend e-order isometry. Thus, for an appropriately chosen v > 0, we get sequences
{pi}ien dense in M and {v;};cn dense in N (and extending m and 7 respectively) such that for
every ¢ € N we have that (uo,...,u;) and (vg,...,v;) are e-order isometric and satisfying the same
multiplicative condition as in 5.15.
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The extension step follows them same strategy to get a correlation R, € cor(M,m; N, i) such that
the (a,b) € R. if for some (equivalently every) function f : N — N we have that a = lim; oo 155
and b= hml_wo Vi(s)-

The only missing part to show that disgz(R.) < € is to check that the r predicate on related
pairs differs by no more than ¢, but as in 5.15 this follows from continuity and the fact that the
sequences are e-order isometric. O

Thus, following the same strategy as in Lemma 5.17 and Theorem 5.13 from Hanson (see [20,
Theorem 3.13]), we get that:

Corollary 5.24. For any finite set of parameter a living in some model of UDLO, every type in
Sn(a) is weakly dsgpr-atomic-in-Sy(a), where

doa(p,q) = inf{e : any/all realizations of p and q are e-order isometric}

6 Regulated Functions

Now that we have shown quantifier elimination in UDLO, we would like to understand what the
quantifier-free definable predicates are, at least in one variable. Our characterization is inspired by,
and will generalize, the characterization of definable predicates in one variable in (weakly) o-minimal
structures in discrete logic.

In discrete logic, a structure expanding a dense linear order is o-minimal when every definable
set in dimension 1 is a finite union of intervals, or weakly o-minimal when every definable set in
dimension 1 is a finite union of order-convex sets. To generalize these properties to continuous logic,
we will first need to generalize some standard analysis definitions to general linear orders.

Definition 6.1. Let X be a linear order. Let the set of strong step functions on X be the R-linear
span of the set of characteristic functions of intervals in X — R, and let the set of weak step functions
be the R-linear span of the set of characteristic functions of order-convex sets.

It is easy to see a discrete structure expanding a dense linear order is o-minimal if and only if
every {0,1} C R-valued formula is a strong step function, and that a discrete structure expanding a
dense linear order is weakly o-minimal if and only if every {0,1} C R-valued formula is a weak step
function. If X is a complete linear order, then intervals and order-convex sets coincide, and so we
may speak simply of step functions, without specifying strong or weak.

Regulated functions on intervals of R were defined in [9]. We may take the following fact as a
definition:

Fact 6.2 ([9, Théoreme 3, FVR IL5]). The space of regulated functions on an interval in R is the
closure of the space of step functions under the sup norm.

Over any complete linear order, such as an interval in R, order-convex sets are precisely intervals,
so when stating this fact, we need not distinguish between strong and weak step functions. However,
the order of an o-minimal structure need not be complete, so we will generalize regulated functions
to two other definitions:

Definition 6.3. Let X be a linear order, and let f : X — R. We say that f is strongly regulated
if it is a uniform limit of strong step functions, and weakly regulated if it is a uniform limit of weak
step functions.

Lemma 6.4. The classes of strong/weak step functions and strongly/weakly regulated functions are
closed under continuous combinations.
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Proof. The classes of strong and weak step functions are closed under continuous combinations, as if
fi,..., fn are strong/weak step functions, then for any function g : R™ — R, g(f1(t), ..., fn(t)) is one
as well. Let g : R™ — R be continuous, with f1,..., f, strongly/weakly regulated. To approximate
g(fi(t),..., fa(t)) up to € > 0 with a strong/weak step function, we find ¢ such that |x; —y;| < 6
implies |g(x1,...,2n) — 9(y1,...,yn)| < &. Then there is a strong/weak step function f; for each i
approximating f; up to ¢, and then |g(f1(¢),..., fu(t)) — g(f1(t), ..., fL(¥))] < e for all ¢. O

We can rephrase the regulated properties with the following useful criteria:
Lemma 6.5. Let X be a linear order and f: X — [0,1]. The following are equivalent:
1. f is strongly regqulated

2. For alle > 0, there is a partition of X into finitely many intervals Iy, ..., I, such that on each
I;, f varies by at most €

3. For all0 < s <t <1, there is a partition of X into finitely many intervals I, ..., I, such that
on each I;, either f(x) <t or f(z) > s.

as are the following:
1. f is weakly requlated

2. For alle > 0, there is a partition of X into finitely many order-convex sets Iy, ..., I, such that
on each I;, f varies by at most €

3. For all 0 < s <t <1, there is a partition of X into finitely many order-convez sets I, ..., I,
such that on each I;, either f(x) <t or f(x) > s.

Proof. We will prove the equivalences for strongly regulated, as the proof for weakly regulated has
the same structure.

(1) = (2): If f is strongly regulated, then for any € > 0, there is a strong step function g with
sup, |f(z) — g(x)| < §. By the nature of strong step functions, X can be partitioned into intervals
Iy,...,I, on each of which g is constant. Thus for x,y € I,

If(x) = fW)] < |f(x) —g(x)| +[f(y) —9(y)| < e,

so f varies by at most e.
(2) = (3): Partition X into finitely many intervals on f varies by at most 2. On each of these
intervals I, if we had z,y € I with f(z) < s and f(y) > ¢, we would have |f(z)— f(y)| > t—s > 52,

a contradiction to our assumption that f varies by at most t;S.

(3) = (1): Suppose this holds for all s < ¢, and fix £ > 0. We will find a strong step function
g: X —[0,1] with sup,¢ x | f(z) —g(x)| <e. Let n > ™', Then for any 0 < i < n, we see that there

is a finite partition of X into intervals such that on each interval, either f(z) < “tL or f(z) > L.
Partition X into a finite partition into intervals that refines all n of these partitions. Then for each
interval I in this partition, there are no 21,20 € I and 0 < i < n with f(z1) < * and f(zp) > 1,

) . = n : n
so in particular, there is some j with % < flx) < % for all x € I. We let g(z) = £ on this
interval, and define it similarly for all other intervals. We then see that for all z € I,

1
< =<e.

(&) — gle)] = \f(az) i

O

We claim that regulated functions are critical to understanding o-minimality in continuous logic.
Any structure of discrete logic can also be understood as a metric structure. We claim that if we view
an o-minimal structure of discrete logic this way, its definable predicates are precisely the strongly
regulated functions.
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Theorem 6.6. Suppose M is a structure of discrete logic expanding a linear order. Then if f :
M — [0,1] is strongly regulated, then using continuous logic, there is some definable predicate ¢(x)
with M = f.

Conversely, if M is o-minimal and ¢(z) is a definable predicate, then ¢™M is strongly requlated.
If M is weakly o-minimal and ¢(x) is a definable predicate, then ¢™ is weakly requlated.

Proof. As every interval is a definable set in a linear order, the characteristic function of every interval
is given by a definable predicate. As definable predicates are also closed under convex combinations
and uniform limits, any strongly regulated function is also given by a definable predicate.

We now show that the interpretation of any definable predicate over a discrete logic o-minimal
structure is strongly regulated. Because strongly regulated functions are closed under uniform limits,
it suffices to show this for formulas. By [5, Remark 9.21], if ¢(z) is an £-formula, then ¢ (z) takes
only finitely many values, and for each s € [0,1], (¢™)~1({s}) is a definable set. As any definable
set is a finite union of intervals, ™ must be a strong step function, and thus strongly regulated.

If instead M was just weakly o-minimal, we would get a weak step function, so definable predi-
cates must be weakly regulated. O

7 o-Minimal Metric Structures

In discrete logic, o-minimal structures can be defined as expansions of a linear order, where all
definable sets in one variable are already definable, without quantifiers, using only the symbol <.
To carry this analogy to expansions of metric linear orders, we now characterize the definable
predicates in one variable which are quantifier-free definable using only the symbol r(z,y). These
will turn out to be precisely the metric-continuous regulated functions (Theorems 7.1, 7.3), setting
up our proposed definitions of o-minimality and weak o-minimality in Definition 7.4. For structures
from discrete logic, these definitions will coincide with the existing definitions by Theorem 6.6.

7.1 Quantifier-Free Definable Predicates

Now that we have introduced regulated functions in the appropriate generality, we will see how they
are related to quantifier-free definable functions in metric linear orders.

Lemma 7.1. Suppose M is a metric linear order, understood as a {d<,r}-structure. All quantifier-
free definable predicates ¢(x) with parameters, for |x| = 1, are strongly regulated.

Proof. By Lemma 6.4, it suffices to check that atomic formulas are strongly regulated. In one
variable, these are only d(x;a), d<(z;a),d<(a;x),7(x; a), r(a; z). Each of these can be expressed in a
piecewise fashion with at most two pieces, where it is nondecreasing or nonincreasing on each piece.
Monotone functions are strongly regulated, and regulated functions are closed under finite piecewise
definitions, finishing the proof. O

Lemma 7.2. Let M be a metric linear order, and let f : M — [0,1]. Suppose there are points
ai,...,a, € M such that, if we abuse notation and let ag = —00, a,11 = 400, then on each interval
[ai,a;41] for 0 < i < n, f equals a quantifier-free definable predicate with parameters in the language

{r}.

Then f itself is given by a quantifier-free definable predicate with parameters in the language {r}.

Proof. By induction, we can assume n = 1. We then just need to show that if ¢,y are quantifier-free
definable predicates with ¢(a;) = ¥(ay), then the function given by

N COREESH
o= {20 =2
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is also given by a quantifier-free definable predicate.

As both ¢ and 1 are metric-continuous, for all € > 0, there exists § > 0 such that for all z € M,
d(z,ay) < 0 implies |¢(x) — ¢(a1)|+ [1(x) —1p(a1)| < e. Thus by [5, Proposition 2.10], there is some
increasing continuous function « : [0, 1] — [0, 1] such that a(0) = 0 and for all x € M,

[¢(x) — plar)| + [¢(z) — ¥(ar)] < a(d(z,a1)).

Now we claim that for all z € M,

f(z) = min (¢(x) + a(r(z, a1)), () + a(r(ar, 2)), 1),

noting that the right side is a quantifier-free definable predicate. Without loss of generality, we
evaluate this for < a1, hoping to get ¢(x). We see that ¢(x) + a(r(x,a1)) = ¢(x) while ¥(z) +
a(r(a,x)) = ¥(x)+a(d(ar,x)). It now suffices (as ¢(z) < 1) to show that ¢(x) < ¢ (z)+a(d(ar,z)).
This follows from the construction of «, as

9(x) = P(2)] < |¢(x) = dlar)| + [¢(2) = P(a)] < e (d(z,ar)) .
Thus the minimum is ¢(x) as desired. O

Theorem 7.3. Suppose M is a metric linear order, understood as a {r}-structure. All strongly reg-
ulated functions M — M that are continuous with respect to the metric are quantifier-free definable
predicates.

Proof. Let f: M — M be strongly regulated and metric-continuous, and fix € > 0. There is a strong
step function g : M — M with sup, |f(z) — g(x)| < e. We may assume that there are finitely many
points a; < -+ < a, in M such that g is constant on the intervals (a;,a;4+1) for 0 < i < n, where
by abuse of notation we let ag = —oco and a,41 = +00, and we may assume that for 1 < i < n,
g(a;) = f(a;). Let s; denote the constant value of g on the interval (a;, a;+1).

We will construct a function h : M — M, given by a quantifier-free definable predicate, such
that sup, |g(z) — h(z)|] < e. This implies that sup, |f(z) — h(z)| < 2¢, so f is a uniform limit of
quantifier-free definable predicates, and is itself quantifier-free definable.

By Lemma 7.2, to construct h that is quantifier-free definable, it will suffice to define h by a
quantifier-free definable predicate ¢; on [a;, a; 1] for each 0 < i < n. To ensure that these definitions
agree, we will define ¢; on each of these closed intervals so that ¢;(a;) = g(a;) and ¢;(a;4+1) = g(ai+1)
for 1 <i<n.

Now fix 0 < 7 < n. We choose the quantifier-free definable predicate ¢; in one of several ways,
depending on whether the endpoints a;, a;11 are limit points of the interval (a;, a;11) with respect
to the metric. In each case, we must check that ¢;(a;) = g(a;) and ¢;(a;+1) = g(a;+1), and that
SUDy, <y ., 51— 01(2)| <

First, we note that if a; is an endpoint of an open interval I, with a; a limit point of I with respect
to the metric, then by continuity of f, f(a;) is a limit point of the image f(I). As for each point = € I,
|f(z) —si| = |f(x) —g(z)| < e, and g is constant on I, we see that also |g(a;) — s;| = |f(a;) —si| <€
across 1.

e If both of the endpoints a; and a;41 are limit points of the interval, with respect to the metric,
then on this interval, we define

61(2) = g(as) + (9air) — 9(a:)) - max (d{“ﬁ)) 1) .

This takes the right values at both a;,a;+1, and is monotone (either nondecreasing or non-
increasing) on [a;, a;+1], so it only takes values on the closed interval bounded by g(a;) and
g(aiy1). For any x € (a;, a;4+1), we know that |g(a;) — s;],|g(ait+1) — si| < €, so any value of ¢;
between these will also satisfy |¢;(z) — s;] < e.
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e Suppose that exactly one endpoint is a limit point of the interval between them. Without loss
of generality, assume it is a;41. Then if we let ¢t = inf,c(4, .., d(%,a;), we find that ¢ > 0.
We then define

d(x,a;
¢i(z) = g(a;) + (9(ai+1) — g(a;)) - max ( <x£a ),1) .
Then ¢;(a;) = g(a;), but for any other x € (a;,a;11], d(x,a;) > t, so

¢i(z) = g(ai) + (9(air1) — g(ai)) - 1 = g(aiy1)-

As a;41 is a limit point of this interval, we see that for € (a;, a;41),
|pi(x) — si| = |g(ai+1) — si| < e

e If neither endpoint is a limit point of the interval between them, let

t = min < inf  d(z,a;), inf d(z, ai+1)> .

z€(ai,ait1] z€laj,ai41)
As t > 0, we can define

oi(x) = s; + (g9(a;) — s;) - max <d(m£ai), 1) + (g(ajy1) — s;) - max (W, 1> .

We then find that, on our closed interval,
g(a;) T = a

¢i(w) = < 5 a; < T < Qi1

g(aiv1) = =ap1,

which clearly satisfies the required inequality sup,c(q, q,,,) [9i(¥) — s < e.

7.2 Defining o-Minimality

Now that we have characterized quantifier-free definable predicates in one variable over metric linear
orders, we use this characterization to propose definitions of o-minimality and weak o-minimality
for metric structures:

Definition 7.4. Let £ be a language including r, and let M be an L-structure expanding a metric
linear order. We say that M is o-minimal when either of the following two conditions holds for
every definable predicate ¢(z) with |z| = 1:

e ¢(x) is equivalent to a quantifier-free definable predicate in the reduced language {r}
e the interpretation of ¢(x) is strongly regulated.

We call M weakly o-minimal when the interpretation of every definable predicate ¢(z) with
|z] =1 is weakly regulated.

We see that if X has the discrete metric, these agree with the existing definitions, as strongly /weakly
regulated {0, 1}-valued functions are exactly strong/weak step functions.
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7.3 Monotone Decomposition

Through the definitions in terms of weak/strong step functions, it is easy to see that (weakly)
regulated functions are uniform limits of sums of monotone functions. By default, the functions
we get are not definable predicates, but we will now construct a decomposition of weakly regulated
definable predicates into monotone definable predicates, over the same parameters.

Lemma 7.5. Let M expand a metric linear order, and let ¢(z) be a definable predicate with |x| = 1.
Let ¢g = ¢, and then recursively define definable predicates

Un(x) = sup ¢n(y),

and
Pnt1(2) = Yn(z) — Pn(z),
so that
ME¢(x) =Y (=) (@) + (—1)"¢n ().
k<n
Then also

e For all n, ¥, (z) is nondecreasing.

o If for somee > 0,b € M?, and m € N, M can be partitioned into m order-conver sets on
which ¢(x) varies by at most €, then M E sup,, ¢ (z) < e and M E sup, ¥m11(x) < €.

Proof. By construction, each ¢,,, 1, is also definable, and each 1, (z) will be nondecreasing because
of its definition of a supremum over an initial segment. It follows by a simple induction that for all
n’

n—1
o) = (Z(—wwx)) T (~1)" ().
k=0

Now fix € > 0 and some b € M?, and assume that M can be partitioned into m order-convex
sets Uy < - -+ < Uy, on which ¢(x) varies by at most . We will show that M E sup, ¢, (z) < e.

We will show by induction on n that ¢,, also varies by at most € on each U,, and if a € |J,,, Ui,
then ¢, (a) <e. We can deduce from this that sup, ¢, (z) <e. a

If n = 0, this statement holds by our assumptions. Assume for induction that it holds for n.
Then ¢ny1(z) = supy<, ¢n(y) — ¢n(). If @ € U<, 41 Ui has ¢ny1(a) > €, then there must be
some b < a such that ¢, (b) > ¢,(a) + . If b € |J,.,, Ui, then the induction hypothesis states that
¢n(b) < &, which contradicts this, so we may assume b € U, and thus a € U,. This contradicts the
assumption that ¢, varies by at most ¢ on U,,.

Now we also show that ¢,, 1 varies by at most € on each U;, that is, if a,b € U;, then |¢,11(b) —
¢n+1(a)| <e. We may assume a < b. Note that

‘¢n+1(b) - ¢n+1(a’)| = |wn(b) - ¢n(b) - 7/}71(0’) + ¢n(a)| ’

and 1, is nondecreasing, 0 < 1, (b) — ¥, (a), and as |¢,(a) — ¢, (b)| < €, the only way this quantity
can be greater that e is if both ), (b) > ¥, (a) and ¢,(a) > ¢, (b). If this occurs, 1, (b) = ¢, (c) for
some a < ¢ < b, and ¢ € U;. We then have

bn(b) < dn(a) < n(a) < dn(c),

SO
|¢n(c) - ¢7L(b) - ¢n(a) + d)n(a)‘ S ¢n(c) - (bn(b) S .
By construction, sup, ¥,,+1(x;b) = sup, ¢ (x;b). O
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Lemma 7.6. Let T be a theory extending MLO, all of whose models are weakly o-minimal, and let
¢(x;z) be a definable predicate with |z| = 1.
Let ¢g = ¢, and then recursively define definable predicates

1/Jn($; Z) = Sup (bn(yv Z)7

y<

and
Pn+1(232) = Pn (23 2) = dn(; 2),
so that
ME ¢(x;2) = Y (=1)" (w3 2) + (=1)"¢n(a; 2).
k<n
Then for every e > 0, there is some m such that T & sup,, , ¢m(;2) < e, T Fsup, , Ymy1(z;2) <
€.

Proof. Suppose that this fails for some . Then the partial type p(z) consisting of all formulas of
the form ¢, (z;2) > € is consistent, and thus realized by b € M* for some M E T.

The predicate 1 (z;b) is weakly regulated, so Lemma 7.5 states that there is some m such that
M F sup,, m(2;b) < 5, contradicting the construction of b. O

7.4 Definable Sets

We start by providing some examples of definable sets in metric dense linear orders:

Lemma 7.7. Let M F MDLO. If D C M is the complement of a countable union of pairwise
disjoint open intervals, of which only finitely many have diameter > € for any fized € > 0, then D
is definable.

Proof. First, consider a family (I; : ¢ € S) of pairwise disjoint open intervals in M, with I; = (a;, b;).
We claim that if D = M \ ;g i, then for all ¢ € I,
d(e, D) = d(e, M \ I;) = min(d(c, a;), d(c, b;)).

Let I; = (a;,b;), and assume a; < ¢ < b;. By the density of the linear order, and the fact
that the intervals are pairwise disjoint, we may assume that a;,b; & (J;cqLi- Thus d(c, D) <
min(d(c, a;),d(c,b;)). Also, for all e € D, as e ¢ I;, we either have e < a;, in which case
d(c,e) > d(c,a;), or e > b; and d(c,e) > d(c, b;).

Thus if (I; : i € N) is a countable family of pairwise disjoint open intervals and D = M \ ;- L;,
we find that d(z, D) = Y ;o d(z, M \ I;), and it suffices to show that this is a definable predicate.

Given n € N, let S,, be the set of all n such that d(a,, b,) > % Note that this set must be finite,
as d(ay,by) is also the diameter of the interval I,,. Now let

Gn(z) = Y dx, M\ L),

i€ESy

and observe that this definable predicate is the distance to the set M \ |J I;. We also find that

for any ¢ € M and any n,

€Sy
|d(c, D) = ¢n(c)| = > d(e, M\ T,),
iZSy

which is only nonzero when ¢ € I; for some i ¢ S,,. We then find that ¢, (c) = min(d(c, a;),d(c, b;)) <
d(a;,b;) < L. Thus ¢,(z) converges uniformly to d(z, D). O
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In any metric linear order, if D is definable, and a ¢ D lies in a gap in D, then inequalities to
a split D into two definable sets. This is easy to do by adding a parameter for a, but we can avoid
this in the weakly o-minimal case.

Lemma 7.8. Let M be an expansion of a model of MLO. If D C M is an A-definable set and
a € M\ D, then DN (—o0,a) and DN (a,o0) are Aa-definable.
If M is weakly o-minimal, then these sets are A-definable.

Proof. We may assume that both D N (—oo0,a) and D N (a,00) are nonempty - otherwise this is
trivial.
First, we claim that there is a nondecreasing Aa-definable predicate 1(x) such that

sup ()< inf (),
zeDN(—o0,a) zeDN(a,00)

and that if M is weakly o-minimal, then we can choose ¥ (z) that is A-definable.

In the general case, we let () = r(y,a). In the weakly o-minimal case, apply Lemma 7.5 to
¢(x) = d(z, D) to see that there are monotone A-definable predicates Y, _,, (—1)*4(x) converging
uniformly to ¢(z). We claim that for some k, we can let 1 (x) = ¢ (). To show this, we will show
by contradiction that for some k, Sup,cpn(—oo,e) ¥k(z) < ¥r(a). Otherwise, fix n such that

9@

62) = 3 (~1Fun(a)| < 25

k<n

sup <

xT

Then for every k < n, there is some by, € D N (—o0,a) such that 1y (bg) > Vr(a) — % Then if
b = maxy«, by, we have

¢le)

<n
3n’

S DR () - 3 (~ D)

k<n k<n

from which we conclude that |¢p(b) — ¢(a)| < ¢(a), contradicting the fact that ¢(b) = 0.
We may assume that for any b € D, if b < a, we have ¥(b) = 0, and if @ < b, we have (b)) = 1.
To do this, we can let 7 = Sup,c pn(—co,a) ¥(¥), § = infyepn(a,00) ¥(¥), and then replace ¥(z) with

max (1#(30)47“’ 1) 7

S

where r and s are constants, simply acting as part of a binary continuous connective.
Now consider the definable predicate

9(5(}) = ylélg max (d(:my), ¢(y)) )

which uses the same parameters as d(x, D) and .
Given b € M, ¢ < a, we find that max (d(b, ¢),¢(c)) = d(b, c), and given ¢ € D N (a, c0), we find
that ¢ (c) = 1, so max (d(b, ¢),¢¥(c)) = 1. Thus

inf max (d(z,y),¥(y)) = min ( inf max (d(z,y), ¥ (y)) inf  max (d(z,y), ¢(y)))

yeD yeDN(—o0,a) ’yEDﬂ(a,oo)

= min ( inf d(z,y), 1)

yeDN(—o0,a)
= _inf  d(z,y),
yGDr%I(lfoo,a) (33 y)
so D N (—o0,a) is definable by 0(x). O
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Theorem 7.9. If M is a weakly o-minimal metric structure expanding UDLO, A C M and D C M
is compact and A-definable, then for any b € D, b is A-definable. Thus acl(A) = dcl(A).

Proof. Suppose b € D. Because M E UDLO and D is compact, D has empty interior (in the
order/metric topology).

For each n, as b is not in the interior of D, we may find points a,, ,a;” & D such that a,, <b < a;f
and d(a,,a) < L. By applying Lemma 7.8 to a, and then a, we see that D N (a,,a;) is
A-definable by a predicate ¢, (x).

We claim that ¢, (z) — d(x,b) uniformly. For each ¢ > 0, if % < &, then for any ¢ € M and
e € DN (a,,a), d(c,e) < d(c,b) +d(be) < d(c,b) + L, s0 ¢(c) = d(c, DN (ay,a)) < d(c,b) +e.
Thus d(x,b) is a limit of A-definable predicates, so b is A-definable. O

We can now describe all definable sets in weakly o-minimal expansions of MDLO in terms of their
complements:

Lemma 7.10. In a weakly o-minimal expansion M of an MDLO, if D C M is a definable set, then
M\ D is a countable union of order-open order-convex sets, which are disjoint and separated by
elements of D, of which only finitely many have diameter > € for any fized € > 0.

Proof. As D is closed, its complement is open, and an open set is a union of open intervals, which
are order-convex and open. By taking unions, we may assume each open order-convex subset of
M \ D in the decomposition is maximal, which makes them disjoint and separated by elements of
D.

Let U € M\ D be an open order-convex set. Its diameter is sup,, , ¢y d(z,y), so if this diameter
is > &, then there are a < b in U with d(a,b) > . By the density assumptions of MDLO, there
is some ¢ € (a,b) with 3d(a,b) < d(a,c) < 2d(a,b), and the triangle inequality mandates that
+d(a,b) < d(b,c) < Zd(a,b) also. Then d(c,D) = infg,ep,d(c,do), but for each dy € D, either
dy < U, in which case dy < a < ¢ and d(do,c) > d(a,c) > 1d(a,b), or dy > U, in which case
¢ < b < dy, so d(dy,c) > d(b,c) > 3d(a,b). In either case, we see that d(c, D) > 1d(a,b) > §. This
tells us that in any set U in the decomposition of M \ D, the predicate d(z, D) reaches at least
% the diameter of U. As this predicate is weakly regulated, there is a maximum finite number of
times it can alternate on any increasing sequence between being at least %e and being 0. Thus this
maximum is also a maximum on the number of sets U in the decomposition which have diameter
greater than . O

If we strengthen our assumptions to o-minimality, we can now prove definable completeness,
which will let us fully characterize definable sets.

Lemma 7.11. Let M be an o-minimal metric structure and D C M a definable set. If D is bounded
above (resp. below), then D has a least upper bound (resp. greatest lower bound).

Proof. As D is definable, we can quantify over D. Thus, there is a definable predicate ¥ such that

M e M
= f 5
v () = inf 1 (z, y)
and ¥M is strongly regulated by o-minimality of M. Also, observe that D is bounded above in M
exactly when M |= sup, ¢(x) > 0, so we will assume so and break into two cases:

Case 1: For every € > 0, there is some x € M such that 0 < ™ (z) < e.

We begin by constructing a sequence {z,,} C M such that 0 < ¢ (z,) < 27" and 2,41 < Tn.
We claim that the sequence is Cauchy in the metric: take m > n so that z,, < x, and fix some
d € D with d(z,,y) < 27" (we can do this because ¥ (z,,) < 27"). As d(-,y) is nondecreasing on
[y,00) and y < 2y, < Ty, we must have that d(zy,,y) < 27". Thus,

d(IMa 'Tn) < d(xnv y) + d(xmv y) <27,
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Next, let m = limz,,. It follows that ¢ (m) = 0, so m € D as we can find elements of D arbitrarily
close to m in the metric and D is metrically closed. We claim that m is the maximum of D: oth-
erwise, we could find some z € D so that m < z. By the construction of the Cauchy sequence, we
must also have that m < z < x,, for all n. But since d(-, z,,) is nonincreasing on (—oo, ), we must
have that x,, — 2z on the metric, so z = limx,, and z = m, a contradiction.

Case 2: There is an € > 0 such that ¥ (z) < € implies ¥ () = 0 for every x € M.

Since ¢ is strongly regulated, we can partition M into finitely many intervals Iy < I, < ... < I,
so that on each interval either ™ < 2¢/3 or M > ¢/3. By assumption, the first case implies
M = 0.

Let I;, be the rightmost interval such that ¥ = 0. Thus, I k-1 1s the leftmost interval so that
M > ¢/3. In particular, D < I}, 1. There are a few possibilities here:

e [; is closed on the right. Then I has a maximum m, so m € D and it is the maximum of D.

e [; is open on the right, and I is closed on the left with a minimum m. Then D has no
maximum. However, m is a upper bound of D and it is the least upper bound as m is the
leftmost element of the leftmost interval above D.

e [; is open on the right and Ijy; is open on the left. Then, there is a point p such that
I, < p < Ig41, but this contradicts the partition of M into intervals and our choice of intervals.

O

Theorem 7.12. In an o-minimal expansion M of an MDLO, a set D C M is definable if and only
if M\ D is a countable union of disjoint open intervals, of which only finitely many have diameter
> ¢ for any fixed € > 0.

Proof. One direction is Lemma 7.7.

Now assume that D C M is definable. By Lemma 7.10, write D = M \ |J;2, U;, where each U;
is an open order-convex set, and for each distinct nonempty U;, Uj, there is some e € D between
them.

Now fix ¢, and we will show that U, is an open interval. It suffices to show that if it is bounded
above/below, it has a least upper/greatest lower bound. We may also assume U; is nonempty, so
let a € U;. By Lemma 7.8, both DN (—00,a) and D N (a,c0) are definable. If U; is bounded above,
then D N (a,00) is nonempty and bounded below by a, so by Lemma 7.11, it has a greatest lower
bound, call this b.

We claim that b is the least upper bound for U;. If ¢ € U;, then by order convexity, (¢, a) or
(a,¢) C U, so in either case, ¢ < b, so b is an upper bound. To see it is the least upper bound, note
that if @ < ¢ < b, then the entire interval (¢, b) is less than D N (a,c0), so it does not intersect D.
IT is thus contained in Uj;, so ¢ cannot be an upper bound for Uj;.

Similarly, we can show that if U; is bounded below, it has a greatest lower bound, and we conclude
that U; is an interval. O

We have classified definable subsets of an o-minimal expansion of a metric dense linear order,
similarly to the classical case, where such sets are exactly finite unions of intervals. However, not
everything works as smoothly as in the classical case.

In classical o-minimality, one of the most basic facts is that a definable set in dimension 1 either
contains an open interval or is finite. We could characterize containing an open interval as having
nonempty interior in the order topology, and the standard analog of finiteness in continuous logic
is compactness with respect to the metric. In this subsection, we demonstrate that in an o-minimal
metric structure, it is possible to construct a definable set in dimension 1 with empty interior that
is not compact. This suggests that some basic tools of o-minimality will have to be developed
differently.
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Theorem 7.13. Let M E UDLO be separable. There is a definable subset D C M that has empty
interior but is not compact.

Proof. Let (p; : ¢ € N) be dense in M. We will construct a sequence (I; : i € N) of (possibly
empty) intervals I; = (a;,b;) recursively, such that for all n, either I,, is nonempty with a, = py,
or p, € |J; I;. We will then define D = M \ J;—, I;- To make this definable, it will suffice for the
intervals to be pairwise disjoint, with the diameter of I,, bounded by %4_2

To start defining our intervals, let I = (ag, by), where ag = pg, by > ap and d(ag, by) < % Given
Io, ..., In_1, if pn € U;cpnla, bi], then let I,, = (). In this case, we will end up with p, € (U, L.

Otherwise, let a, = p,, let ¢ = d(pn,Ui<n[ai7bi]), and let b, > p, be such that d(a,,p,) <
min (5, %H) This ensures that all of the intervals are disjoint, and that the diameter of I,, is at

most n%rz, ensuring definability.

Claim 7.13.1. D has empty interior.

Proof. Equivalently, |J;°,1; is dense. We show this by showing that each p,, is contained in the
closure of this set. This happens because either p,, € U;’io I; directly, or I,, is nonempty and p,, = a,,
in which case p,, € [an,by], which is contained in the closure of U;’io I;. O

Claim 7.13.2. D is not compact.

Proof. We will show that every ball of radius % contains a point of D. As M can be partitioned into

infinitely many disjoint such balls, this gives an open cover of which no finite subset covers D.
Each ball of radius % contains a point p,, from the dense sequence. If I,, # (), then a,, = p,, € E,

and we are done. Otherwise, there is some m < n with I, nonempty such that p, € [am,bmn]. As

d(@m, b)) < &, d(am,an) < 3, 50 am, = pyy, is also in this ball, and in D. O

O

7.5 Definable Functions

We now observe that definable functions in o-minimal structures themselves satisfy an analog of
Lemma 6.5:

Lemma 7.14. Let f : M — M be definable in an o-minimal metric structure M. Then for all
s <tin M, there is a partition of X into finitely many intervals such that on each interval I in the
partition, either f(z) > s or f(z) < t.

Proof. Fix s < tin M. We wish to show that M can be partitioned into finitely many intervals such
that on each interval, either f(z) > s or f(z) < t.

To do this, we consider the predicate ¢(x) = r(s, f(z)), which is definable as f(x) is a definable
function. As this is a definable predicate, it is a strongly regulated function itself, so we can partition
M into finitely many intervals such that on each interval, ¢(z) > 0 or ¢(z) < d(s, ).

Now on any interval in the partition, if ¢(x) > 0, then f(z) > s. If instead, ¢(x) < d(s,t), then
either f(x) < s, or ¢(z) = d(r, f(x)) < d(s,t), and in either case, we can deduce that f(z) <t. O

7.6 Distality
As in classical logic, weak o-minimality (on the level of theories) is enough to imply distality.

Theorem 7.15. If T is a theory expanding MLO such that all models of T are weakly o-minimal,
then T is distal.
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Proof. By [1, Theorem 5.22], it suffices to show that if Z = (a; : ¢ € Q) is an indiscernible sequence
over M E T, and b € M is a singleton such that Z with ag removed is indiscernible over b, then 7
is indiscernible over b. Fix ¢(z;y), and we wish to show that i — ¢(a;;b) is constant. We know
that ¢(ag;y), treated as a predicate on y, is weakly regulated, so by Lemma 7.6, we can decompose
¢(x;y) as a continuous combination of nondecreasing predicates. Thus we may assume ¢(z;y) itself
is nondecreasing in y for every value of x.

For contradiction, without loss of generality, we may assume that ¢(ag;b) < ¢(a1;b). Fix real
numbers tg,t; with ¢(ag;b) < to < t1 < ¢(a1;b), and define a new predicate

0(zo, 1) = supmin (to—¢(z0;y), plz1;y)—t1) -
Y

Note that 0(xg,z1) > 0 is equivalent to there existing some value of y such that
d(zo;y) < to <t1 < @(x15y).
In particular, 6(ag,a1) > 0, so by indiscernibility, #(a_1,ap) > 0, so there is some b’ such that
dla_1;b) < tg <t1 < ¢(ap;b).
Because ¢(a1;y) is monotone and
pla—1;b') < t1 < dlar;b) = ¢(a_1;b),

we see that b’ < b, but this means that t; < ¢(ag;b’) < ¢(ap;b) < to, a contradiction since we
assume tg < tq. O

8 Cyclic Orders

In order to correctly describe the order on ordered real closed metric valued fields, we will need to
describe the ordering on a projective line. The ordering on such a projective line is most naturally
described as a cyclic (or circular) ordering, rather than linear. Cyclic orders are usually defined in
terms of the strict relation (analogous to <) instead of the nonstrict relation (analogous to <). We
recall that definition:

Definition 8.1. A relation O(x,y,2) on a set M is a strict cyclic order relation when it satisfies
the following axioms for all w, x,y, z:

o if O(x,y, z), then O(y, 2, x)
o if O(x,y,2), then ~O(z, z,y)
o if O(w,z,y) and O(w,y, z), then O(w, z, 2)
e if x,y, z are distinct, then O(z,y, 2) or O(z, 2,y).
One can define the nonstrict version equivalently by O(z,y,2) <= —O(z,z,y) or
O(z,y,2) <= O(z,y,z) orz=yorx=zory=2z.
It is straightforward to translate the theory of cyclic orders to this language:

Definition 8.2. A relation O(x,y,z) on a set M is a nonstrict cyclic order when it satisfies the
following axioms for all w, x,y, 2:

e O(z,z,y)
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e if O(z,y,2), then O(y, 2, x)

o if O(z,y,2) and O(z, 2,y), then x =y, z =z, or y = 2
e if O(w,x, z), then either O(w, z,y) or O(w,y, z)

e either O(z,y, z) or O(z, z,y).

We can consider cyclic orders on complete metric spaces as metric structures in the language L¢)
consisting of just the distance predicate de, to the set {(2,y,2z) € M? : O(z,y,2)}. As in the case
of linear orders, we will also ask for a convexity condition, using the definition of order-convex sets
from [23]:

Definition 8.3. If M is cyclically ordered, a set S C M is order-convex when for every a,b € S,
either O(a, ¢,b) implies ¢ € S, or O(b, ¢,a) implies ¢ € S.

A metric cyclic order is a complete metric space equipped with a cyclic order with respect to
which each open ball is order-convex.

Lemma 8.4. In a metric cyclic order, the set O of triples is metric-closed.

Proof. This amounts to showing the set O of triples is open. Suppose that O(a,b,c). Then there is
some O

8.1 Inequalities

Before attempting to axiomatize metric cyclic orders, we need to establish some basic inequalities
that the metric and the function d, satisfy. To state this inequalities, we need the notion of cyclic
order for tuples:

Definition 8.5. Say a tuple (aq,...,a,) of elements of a cyclic order is in cyclic order when for any
1,7,k € {1,...,n} that are themselves in cyclic order (giving {1,...,n} the standard cyclic order),
Ofas, aj, a).

When dealing with four points (w, z,y, z) in cyclic order, we imagine them as a quadrilateral of
points arranged around a circle. In that visualization, the following lemma states that a diagonal of
this quadrilateral incident to vertex w is at least as long as one of the sides incident to w.

Lemma 8.6. If (w,x,y, 2) in a metric cyclic order M are in cyclic order, then
d(w, y) = min (d(w, ), d(w, z)) .

Proof. If not, then we may choose a real number ¢ with d(w,y) < t < min (d(w, ), d(w, z)). However,
then the ball of radius ¢t around w contains w,y but not z, z, and is thus not order-convex. O

In fact, this is enough to guarantee convexity.

Lemma 8.7. Suppose O is a nonstrict cyclic order on M, equipped with a metric d, such that for
all (w,z,y,2) € M* in cyclic order,

d(w,y) = min (d(w, z), d(w, 2)) .
Then M with d and O is a metric cyclic order.

Proof. Suppose that the convexity condition fails. Then there is an open ball, say B.(w) for ¢ >
0,w € M, that is not order-convex. Thus there are u,v € B.(w) and m1, me € M with O(u,v, my)
and O(v,u,es) such that d(w,my),d(w,my) > e. This means that (u,eq,v,e;1) is in cyclic order,
so depending on whether O(w, ey, es), either (w,es,v,e1) or (w, ey, u,es) is. Whichever of these
tuples is in cyclic order, we rename (w, z,¥, z). Then we have d(w,y) < ¢, but d(w, z), d(w, z) > €,
contradicting our assumption. O
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Lemma 8.8. If (w,z,y,z) are in cyclic order, then
d(w,y) = min (d(w, z),d(w, z)) .

Proof. If not, then we may choose a real number ¢ with d(w,y) < t < min (d(w, ), d(w, z)). However,
then the ball of radius ¢t around w contains w,y but not x, z, and is thus not order-convex. O

In order to axiomatize metric cyclic orders, we first need to understand what the predicate
dey(2,y, z) will do when O(z,y, 2) is false. To do this outside the ultrametric case, we need to build
on Definition 3.3:

Definition 8.9. Define the formulas
da(x,y) = inf(max(d(x, 2), d(y, 2)))

and

Lemma 8.10. The formula da, is the distance predicate to the definable set As of triples (a,b,c) €
M? such that a, b, c are not all distinct.

Proof. The set Ag is the union of three definable sets, each of which is a permutation of the variables
of A x M, so it is definable, and its distance predicate is just the minimum of the three distance
predicates to the permutations of A x M. O

The following lemma says that for any quadruple in cyclic order, the maximum of the diagonal
distances of the quadrilateral is at least the distance from any side to A.

Lemma 8.11. If (w,x,y, z) are in cyclic order, then
max (d(w, y), d(.f(:, Z)) > dA(?/? Z)

Proof. By Lemma 8.8, we see that either d(w,y) > d(y, z) or d(w,y) > d(z,y). If the former is true,
then
max (d(w,y), d(z,z)) = d(w,y) > d(y, z) = da(y, 2).

In the latter case, where d(w,y) > d(x,y), we find that

da(y, z) < max(d(z,y),d(z, z)) < max (d(w, y),d(x, 2)) .

Lemma 8.12. In a metric cyclic order, either (z,y,z) € O or

0 if O(x,y,2)

das(x,y,2) otherwise.

dO(xa y,Z) = {
Proof. As A3 € O C M?, we find that do(2,y,2) < da,(2,y,2). Thus it suffices to show that for
every (x,y, z), either O(x,y, z) or for every (u,v,w) € O,

da,(z,y,2) < d((u,v,w), (x,y, 2)).

Fix some (u,v,w) € O. Either O(u, v, z) or O(u, z,v). In the former case, as d((u, v, 2), (z,y, 2)) <
d((u,v,w), (z,y, z)), we may assume that w = z. By the same argument, we see that either

o u=uzxor O(,z,w)
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e v =y or O(w,y,u)
e w=zor O(u,z,v).

We now do casework on the 8 options from these three dichotomies. By symmetry, we only need to
consider how many of the equalities hold.

If the equality holds in all cases, we see that O(x,y, z) holds.

If two of the equalities hold, we assume that v = x,v = y, and O(u,z,v). In this case,
d((u,v,w), (z,y,2)) = d(w, z). As (u, z,v,w) = (z, z,y,w) is in cyclic order, we see that by Lemma
8.8,

d(w, z) > min(d(y, 2),d(z, 2)) > da,(x,y, 2),

because d(x, z) is the distance to (z,y,z) € Az and d(y, z) is the distance to (z,y,y) € As.

If one of the equalities holds, we assume that v = z, O(w,y,u), and O(u, z,v). In this case,
d((u,v,w), (z,y, z)) = max(d(v,y),d(w, z)). The sequence (w,y,x,z,v), and thus its subsequence
(w,y, z,v) is in cyclic order, so by Lemma 8.11,

max (d(v,y),d(w, z)) > da(y, z) > da,(z,y, 2).

If none of the equalities hold, then the O relation holds in all cases, then we see that the sequence
(u, z,v, 2, w,y,u) is in cyclic order, which also implies that O(x,y, z) holds. O

Lemma 8.13. In an ultrametric cyclic order, the set of triples satisfying O is metric-closed.

Proof. In general, the zero-set of dr, is the metric-closure of the set of triples satisfying ©. By
Lemma 8.12, we see that if d;(a,b,¢) = 0, then (a,b,c) € O, because otherwise, we would have
da(a,b,c) = 0, so three elements a, b, ¢ are not distinct, which still implies (a,b,c) € . Thus this
set equals its closure, the zero-set of d,. O

8.2 Axiomatizing Metric Cyclic Orders

We can now axiomatize metric cyclic orders. The first two axioms are to ensure that d, is the dis-
tance predicate to its zero set. These are instances of conditions £y and Es from [5, Theorem 9.12],
and in that notation,  and g are triples of variables, while d(Z, §) = max(d(z1, y1), d(z2, y2), d(z3,y3)).

Because of these axioms, we will be able to assume that O is definable, and thus by [5, Theorem
9.17], we can quantify over O in the subsequent axioms.

Lemma 8.14. A metric structure in the language L, is the structure given by a metric cyclic order
if and only if it satisfies the following theory, MCO:

(1) supg infy max(dy (9), |[do (7) — d(Z,9)[) = 0

(2) sup; [de (&) — infy min(de,(3) — d(.9). 1] = 0

(3) sup, . |do (2,y,2) — do(y, z,2)| = 0 (Cyclicity)

(4) sup, . [(do (2, y,2) +do (y, 2, 2)) — das(z,y, 2)| = 0 (Antisymmetry, Reflexivity)
(5) sup, , , min{de,(z,y, 2),do,(y,v,2)} = 0 (Totality)

(6) Supy, 4 ey min(de, (w, z,y), doy (w,y, 2)) = 0 (Transitivity)

(7) sup,, ; ,, , min (Q(w, y,x), O(w, z,9), (min (d(w, ), d(w, z)) 4d(w,y))) =0 (Convezity)
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Proof. First, assume that M is a metric cyclic order with metric d and nonstrict cyclic ordering O.
If we interpret d, as the distance predicate to the closed set O, it will satisfy Axioms (1) and (2).

Axiom (3) follows from the cyclic symmetry of ©. By Lemma 8.12, d¢(z,y, z) = 0 is equivalent
to O(z,y, z), so totality of O implies Axiom (5). N

By antisymmetry and reflexivity, either (x,y, z) represents a tuple of nondistinct elements, in
which case doy(z,y,2) = dry(y,z,2) = 0 and Axiom (4) holds, or it represents distinct elements, in
which case precisely one of O(z,y, 2), O(y, x, z) holds. By Lemma 8.12, for one of these, d;, is 0, and
for the other, it is da,(z,y, z), satisfying Axiom (4). n

To check transitivity, we quantify over ©. Axiom (6) states that for all w,z, z, if O(w, z, z), then
O(w, z,y) or O(w,y,z), the contrapositive of the transitivity of O.

Given w, z,y, z, either O(w,y,z), O(w, z,y), or we have both O(w,z,y) and O(y, z,w), from
which we can deduce that (w, z,y, z) is in cyclic order, and then deduce by Lemma 8.8 that d(w,y) >
min(d(w, z), d(w, z)), allowing us to deduce Axiom (7).

Now let (M;d,dy) be a metric structure satisfying these axioms. By Axioms (1) and (2), d¢,
is the distance predicate to its zero set, the definable relation O, which we must show is a metric
cyclic order with d. By Axiom (3) this relation is cyclic, and for a,b,c € M, by Axiom (5), we see
that either O(a,b,c) or O(b,a,c) holds, so O is appropriately total.

By Axiom (4) and totality, for each a,b,c € M, as O(a,b,¢) + O(b,a,¢) = da,(a,b,c) and one
of these values is 0, the other must be da,(a,b,c). Thus both of these are equal to 0 if and only if
da,(a,b,c) = 0, which happens precisely when a,b, ¢ are not distinct. This makes O reflexive and
antisymmetric.

Axiom (6) shows that for any a,b,c,d € M, if O(a,b,d), then either O(a,b,c) or O(a,c,d),
satisfying the transitivity axiom.

Thus far we have checked that O is a nonstrict cyclic order. Axiom (7) implies that for any
pairwise distinct (a, b, ¢,d) € M* in cyclic order, the condition of Lemma 8.7 holds. It holds trivially
if they are not pairwise distinct, so d, O satisfy the convexity condition, and this is a metric cyclic
order. O

8.3 Rolling Up Linear Orders

Given a linear order (M, <), it can be interpreted as a cyclic order by defining
O(x,y,2) < (e<y<z)Vy<z<z)V(z<z<y).

We call this procedure rolling up a linear order. In the case of metric linear orders, we can again
define the roll-up as a metric cyclic order structure:

Lemma 8.15. If M is a metric linear order, then the roll-up of M with the same metric is a metric
cyclic order, which is a reduct of the metric linear order structure.

Proof. To check that the roll-up is a metric cyclic order, it suffices to check the cyclic convexity
property, in the form given in Lemma 8.7. Suppose (w,z,y,z) € M* are in cyclic order - we wish
to check that d(w,y) > min(d(w, z), d(w, z)). Some cyclic permutation of (w,x,y, z) is in increasing
order. In all four of these cases, we see that either w < z < y, so d(w,z) < d(w,y) by the metric
linear order convexity property, or y < z < w, so d(w, z) < d(w, y).

For the reduct claim, we check that de,(z,y, 2) is definable in L<, by proving that it equals

min (dS (LC, y)v dS (y7 Z), dS (:c, Z))+min (dS (y, Z)? dS (27 x)v dS (yv m))—l—min (dS (27 x)7 dS (‘Tv y), dS (Zv y)) .

If any of these three terms is nonzero, it is equal to da,(z,y,z). The first term is nonzero when
y < z,z <y,and z < x - that is, z < y < . By symmetry, the second term is nonzero when
T < z < y, and the third is nonzero when y < x < z. These are mutually incompatible conditions,
and one of them occuring is equivalent to O(y,x, z). Thus the sum is equal to 0 when O(z,y, 2),
and otherwise, da,(z,y, 2). O

43



The converse is not true - not every metric cyclic order is the roll-up of a metric linear order.

Example 2. The roll-up of the linear order [0, 1) is the same cyclic order as the obvious cyclic order
on the unit circle.

This cyclic order is compatible with the metric d(x,y) = min(|z—y|, 1—|x—y|), which corresponds
(up to a constant multiple) to geodesic distance around the unit circle.

This cyclic order, with this metric, is not the roll-up of any metric linear order.

Proof. By the least upper bound property of the reals, if M is the roll-up of a linear order, that
linear order has either a minimum or a maximum element, but not both. This linear order is
isomorphic, by a shift/rotation, to [0,1) or (0,1], in such a way that the induced metric remains
d(z,y) = min(|z — y|,1 — | — y|). This is not a valid metric linear order, as the open ball By 2(0.1)
is not convex. O

We can recover this converse in the ultrametric case.

Lemma 8.16. If M is a ultrametric cyclic order, then M is the roll-up of a metric linear order.

Proof. This is trivial if |M] < 2.

We can first extend M to a larger ultrametric cyclic order - if this larger ultrametric cyclic order
has a compatible linear order, then the induced linear order on M will also be compatible with the
metric cyclic order on M.

Because of this, if D = sup, ,cn d(x,y), then we may assume, by passing to an elementary
extension, that M contains elements a,b € M with d(a,b) = D, while still satisfying sup, , d(z,y) <
D.

We then can partition M into the order-convex pieces Bp(a) (the open ball of radius D) and
M\ Bp(a). We give Bp(a) a compatible linear ordering with z < y <= O(x,y,b), and give
M\ Bp(a) a compatible linear ordering with z <y <= O(z,y,a). We can then extend these to a
linear order on M by declaring

BD(CL) < (M\BD(CL))

This linear order is compatible with the cyclic order on M. To see that it is also compatible with
the metric on M, let B C M be an open ball. By the ultrametric property, the ball B is either
disjoint from Bp(a) or comparable to it. Thus either B C Bp(a),B € M \ Bp(a), or Bp(a) C B,
in which case B has radius greater than D, so B = M. In all three cases, B is order-convex. O

8.4 Ultrametric Dense Cyclic Orders
We now introduce a completion of the theory of ultrametric cyclic orders, analogous to UDLO.

Definition 8.17. Let UDCO be the theory consisting of MCO, DU, and the following axioms, for
every p € QN (0,1):
sup_inf_d(u,x) + d(v,) + |d(u,2) — pd(u, )] =0,

u,v T:Y,2€

sup inf Od(u,ac) + d(v,y) + |d(v, 2) — pd(u,v)| = 0.

u,v T:Y,2€

Lemma 8.18. Suppose that (M,d,O) E MCOUDU. Then (M,d,0) E UDCO if and only if for each
a,b e M, the sets {d(a,c) : O(a,b,c)} N[0, d(a,b)],{d(b,c): O(a,b,c)} N[0,d(a,b)] are both dense in
[0,d(a,b)].

Proof. First, we will check that this condition is sufficient for (M,d, ) F UDCO. Without loss of
generality, we show that for p € QN (0,1), a,b € M and ¢ > 0,

inf Od(a,a:) +d(b,y) + |d(a, z) — pd(a,b)| < e.

©,y,2€
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By our density condition, there is some ¢ € M with O(a, b, ¢) such that |d(a, ¢) — pd(a,b)| < . Thus
we see that

inf d(a,x)+d(b,y) + |d(a, z) — pd(a,b)| < d(a,a)+d(b,b) + |d(a,c) — pd(a,b)| < e.

z,y,2€0

Now assume (M, d, O) F UDCO, and without loss of generality, we will show that for all a,b € M,
the set {d(a,c) : O(a,b,¢)} N[0,d(a,b)] is dense in [0,d(a,b)]. This is trivial if a = b, so assume
d(a,b) > 0. Fix p € QN (0,1), and 0 < & < min (5d(a,b), (1 — p)d(a,b)) . The axioms of UDCO tell
us that there exist o’,b’,c € M with O(a’,¥’, ¢) and

d(a,a’) 4+ d(b,b") + |d(a,c) — pd(a,b)| < e.

It suffices to show that O(a,b,c), as |d(a,c) — pd(a,b)| < &, which would assure density. By the
ultrametric inequality, as d(a,a’) < d(a,b), we see that d(a,b’) = d(a,b). We see that

d(a,c) > pd(a,b) — e > gd(a, b) > e > d(a,a’).

We claim that O(a,b’,c). If this were not the case, then either (a,b’,d’,¢) or (a’,V,a,c) would
be in cyclic order, but d(a,a’) < d(a,c),d(a,b).

Also, d(a,c) < (1 —p)d(a,b) +e < d(a,b), so d(b,c) = d(a,b) > d(b,b"), so by a similar convexity
argument, as O(a, ', ¢), we also have O(a, b, ). O

Lemma 8.19. If (M,d,dy) is the roll-up of a metric linear order (M,d,d<), then (M,d,d<) F
UDLO if and only if (M,d,d,) F UDCO.

Proof. First, fix an ultrametric dense linear order (M, d, d<). We know that (M, d, d,) E MCOUDU.
Without loss of generality, fix a,b € M, and we will show that {d(a,c) : O(a,b,c)} N[0,d(a,b)] is
dense in [0, d(a, b)] By UDLO’s density axioms, for any p € [0,d(a,b)] and € > 0, there is some ¢ € M
with ¢ < a and |d(a,c) — p| < e, and it suffices to show that O(a,b,c). If a < b, then we have
¢ <a<bsoOa,b,c). If b <a, then choose 0 < ¢ < d(a,b) — p, so that d(a,c) < d(a,b). Then
convexity ensures that b < ¢ < a, so O(a, b, c).

Now fix (M,d,d<) and assume that (M,d,d,) F UDCO. It is easy to see that (M,d,d<) F
DU U ULO, so without loss of generality, it suffices to show that for every a € M and 0 < s < t < 1,
there is some ¢ € M with a < c and s < d(a,c) <t. As (M,d,d<) E DU, fix b € M with d(a,b) > t.
Then by Lemma 8.18, there is ¢ with O(a,¢,b) and s < d(a,c) < t, and we can show that a < ¢. If
a < b, we see that a < ¢ < b. If b < a, then ¢ < a would imply d(a,b) < d(c,a), a contradiction to
d(a,c) <t <d(a,b),soa<ec. O

Theorem 8.20. The theory UDCO is complete.

Proof. Every model (M,d,d) F UDCO is a reduct of a model of the complete theory UDLO, and
thus satisfies the complete theory of d¢)-reducts of UDLO. O

8.5 Cyclic o-Minimality

We now define regulated functions for the cyclic order context, and characterize definable predicates
in dimension 1 over UDCO.

Definition 8.21. Let X be a cyclic order.

A cyclic interval is a set of the form {c: O(a,c,b)} or {c: O(a,c,b)}.

Let the set of cyclic strong step functions on X be the R-linear span of the set of characteristic
functions of intervals in X — R, and let the set of cyclic weak step functions be the R-linear span
of the set of characteristic functions of cyclically order-convex sets.
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Then let the set of cyclically strongly regulated functions be the closure of the set of cyclic strong
step functions under uniform limits, and let the set of cyclically weakly regulated functions be the
closure of the set of cyclic strong step functions under uniform limits.

If X is a linear order, say that f: X — R is cyclically strongly/weakly regulated on X when f
is cyclically strongly/weakly regulated on the roll-up of X.

If M is a structure expanding a model of MCO, then we call M cyclically weakly o-minimal
when the interpretation of every definable predicate in one variable with parameters is cyclically
weakly regulated, and cyclically o-minimal when the interpretation of every definable predicate in
one variable with parameters is cyclically strongly regulated.

Lemma 8.22. If X is a dense linear order without endpoints, then f : X — R is cyclically strongly
regulated if and only if it is strongly requlated and lim,—, _ f(x) = lim,— 400 f(2).

Proof. Cyclic intervals in the roll-up of X are all unions of at most two intervals, so any cyclic strong
step function is also a strong step function, and cyclically strongly regulated functions are strongly
regulated.

Any interval of X not containing an initial or final segment of X is of the form (a, b) or [a, b] and
thus is a cyclic interval of the roll-up. Any cyclic interval of the roll-up which contains an initial
segment of X also contains a final segment of X, and vice versa. (This relies on the fact that X
lacks endpoints.) Thus the cyclic intervals of the roll-up are precisely X, ), intervals of X that are
neither initial nor final segments, and unions of a nonempty initial ray and a nonempty final ray of
X.

From this, we see that a cyclic strong step function on the roll-up is precisely a strong step
function f where lim,_, _~ f(z) = lim,— 40 f(z), so any cyclically strongly regulated function f
satisfies this also.

Let f : X — R be a strongly regulated function satisfying lim,_, o f(z) = lim,_ 4 f(z). For
every € > 0, there is a strong step function g : X — R with sup, |f(z) — g(x)| < e, and thus
limg oo g(z) — limy—, o0 g(z)| < 2e. Thus we could replace the value of g on one of these rays
with the value on the other, and get a cyclic strong step function h, without ever changing the value
by more than 2e. Thus sup,, |f(z) — h(z)| < &, from which we conclude that f is cyclically strongly
regulated. O

Theorem 8.23. If M £ UDCO, then the interpretations of definable predicates with parameters in
one variable are precisely the cyclically strongly requlated functions which are continuous with respect
to the metric, which are all given by quantifier-free definable predicates with parameters.

In particular, M is cyclically o-minimal.

Proof. As M is a reduct of some model of UDLO, all interpretations of definable predicates with
parameters in one variable are strongly regulated with respect to that linear order, and all are
continuous with respect to the metric.

Let ¢(z) be an Ly-predicate with parameters in M. It remains to show that if ¢(x) is the
L<-predicate with the same parameters with the same interpretation as ¢(z) with respect to this
linear order, then lim; o, 9(2) = lim_, ¥ (z). This is equivalent to showing that

(M,d,d<) Einfinf sup sup |¢p(w)—(z)] =0.
<) Fmim

wwlz z:y<z

Fix an elementary extension (N, d, d<) = (M, d, d<) such that there are a,b € N with d(a,b) = 1.
It suffices to show that

(N,d,d<) Finfinf sup sup |¢(w)—9(z)| =0.

T Y ww<lz zy<lz

Examining the proof of Lemma 8.16, we see that (N,) can be partitioned into two disjoint
cyclically order-convex sets A, B such that either defining Va € A,Vb € B,a < b or defining Va €
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A,Vb € B,b < a induces a distinct valid UDLO structure on N. Thus in at least one of these linear
orders, there is a cut placing a final segment of our initial linear order next to an initial segment of
the initial linear order. As the limits of ¥ (x) on either side of the cut are equal, we find that in the
original linear order,

(N,d,d<) Finfinf sup sup |[¢(w)—(2)] =0.

T Y ww<zx ziy<z

9 Ordered Metric Valued Fields

Prior to this paper, there was one notable example in the continuous logic literature of a class of
ordered structures: ordered metric valued fields, as introduced in [34, Section 3]. We will examine
ordered metric valued fields, and in particular, their model completion, ordered real closed metric
valued fields, or the theory ORCMVF. There are two ways to consider these as metric structures:
the projective line, as in [34], or a valuation ring (for a valuation coarsening the metric), as in [29].

The projective line has the advantage of being axiomatizable without requiring a coarsening of
the valuation - see [34, Prop. 1.2]. It will turn out to be best understood as a metric cyclic order,
in which context it is o-minimal (Theorem 9.4).

The valuation ring has the advantage of being simpler to define, and will turn out to be a metric
linear order. Restricting the domain to the valuation ring also defines additional structure, as the
valuation ring is not otherwise definable in the projective line. We combine this framework with that
of metric linear orders to define a theory ORCMVR of ordered real closed metric valued fields, for
which we prove quantifier elimination. Models of this theory turn out to be only weakly o-minimal
(Theorem 9.17).

We observe that the two complete theories of projective lines of metric valued fields introduced
in [34] are tamer than the analogous theories in classical logic: ACMVF is stable, while ACVF is only
NIP, and ORCMVF is o-minimal while RCVF is only weakly o-minimal. The same does not occur
for the valuation ring framework, where both theories reproduce the wilder classical behavior.

This phenomenon can be at least partially explained in terms of the Ax-Kochen-Ershov principle.
Such a principle is elaborated for the projective line in [21], where the value group is always a
subgroup of the positive reals. To develop an analogous principle for the valuation ring framework
will require studying the value groups as metric linear orders.

9.1 Projective Line

Lemma 9.1. In a model of RCMVF,

0 O(z,y, 2)

inf |[(z —)(y — 2)(z — ) — (& + D + (2 + D] = {d(w (@, )d.2)  otherise

Proof. Firstly, we can expand this in homogeneous coordinates as

inf [(ay” =y (2" —y'2)(at = )~ (@4 @)+ P
= inf [P (220,97, 2,20 ()° - Q' (207)Q" (0.7)Q" (2,201,

where P(x,y,2) = (z —y)(y — 2)(z — ) and Q(x) = 2% + 1.
For any [z : #*], the binomial Q" (z, z*) will always be positive, and |Q" (x, z*)| = |22 + (z*)
mex(jal, [2*)? = 1.

2‘_
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If Ph(x,z%,y,y%,2,2*) > 0, then it can be written as u?, and Q"(x,z*)Q"(y, y*)Q" (2, z*) can
be written as v? where |v| = 1, so if we let ¢ = [u : v], we find that

Phz,zx,y,y*, 2, 29)(t")? + Q" (z, 2)Q" (y, y*)Q" (2, z*)t* = u*v* — v*u? = 0.
If P"(z, 2%, y,y*, z,2*) <0, then for any [t : t*],

| P (2, 5, y, 4%, 2, 2%) (1) — Qh(w x*)Q"(y y*)Q"(z, z*)t2|

:max( (mam*ay>y*aZ>Z*) y y

2)’

QTZE

so as either |t| =1 or |t*| = 1, this quantity is minimized in [t : ¢*] when ¢t = 0 and |¢| = 1, with the
value

|Ph(x,x*,y,y*,z,z*)\ = |ay* — x*y||lyz" — v z||za” — 2" x| = d(z, v)d(y, 2)d(z, x).

It now suffices to show that O([x : 2*], [y : y*], [z : 2¥]) is equivalent to P"(z,x%,y,y*, z,2*) > 0.
If none of these points are infinite, we may assume that z*,y*, z* are all positive, and then we see

that the sign of P"(z,z%,y,y*, 2,2*) is the same as the sign of P ( 2 Z ), and one can check

T* 0 y*) F e
by casework that this is nonnegative if and only if O ( =, y* , ) holds.

If multiple points are infinite, or in general, if any two pomts are equal, then O([z : z*],[y :
y*], [z : 2*]) holds and P"(z,z*,y,y*, z,2*) = 0.

If only one point is infinite, we may assume that [z : z*] = [1,0] and z*,y* > 0. Then we find
that

h * *\ *  k\2 Yy x
Pz, ax,y,y",2,2") = (2"y") (y*—x*>

which is nonnegative if and only if yl > %, which is precisely the condition under which O (f—*, y%, oo)
holds. O

Theorem 9.2. In a model of RCMVF, the relation O(x,y, z) is a definable set.

Proof. The set C' is definable if there is some definable predicate ¢(x,y, z) such that if O(z,y, 2),
then ¢(z,y, z) = 0, and otherwise, d((x,y, 2),C) < ¢(x,y, 2).
We will use

P, y,2) = Q/ilgf (@ —y)(y = 2)(z —z) = (22 + D(y* + 1)(z + 1)E2].

By Lemma 9.1,

O(2,y,2)
oz, y,2) = {\/dl‘ y)d(z, 2)d(y,z) otherwise,

and if (z,y, z) € C, then

d((z,y,2),C) < min(d(z,y),d(z, 2 < Vd(z,y)d(z, 2)d(y, 2)) = ¢(z,y, ).
O

This means that any model of RCMVF (or, indeed, of ORCMVF) can be expanded by definitions
to an expansion of a metric cyclic order. Because this metric cyclic order is definable from the metric
valued field structure, we will just call that resulting structure the reduct.

Lemma 9.3. The reduct of any M F RCMVF to L, models UDCO.
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Proof. We already know that the reduct structure is an ultrametric cyclic order. To show density,
let a,b € M - we wish to show that the sets {d(a,c) : ¢ € O(a,b,¢)} and {d(a,c) : ¢ € O(a,c,b)} are
both dense in [0, d(a, b)].

Because [a : a*] — [a* : a] is a cyclic-order-preserving isometry of M, we may assume that |a| <1
and a* = 1. We start by showing the density of {d(a,c) : ¢ € O(a,¢,b)}. Now let 0 < s < t < d(a,b).
By the density of the valuation in a real closed metric valued field, choose g nonnegative such
that s < |g| < ¢, and let ¢ = [a + ¢ : 1]. We find that ||c| = |a + ¢| < max(lal,|q|) < 1, and
d(a,c) = |ac* —ca*| = |a — (a+ q)| = |q|, so s < d(a,c) < t. Because ¢ is nonnegative, a < ¢. To
show that O(a,c,b), we will see that either b < a, b = 00, or ¢ < b. The set S of elements [« : o]
with |a*| = 1 is order-convex, so if b is outside this set, we may assume that either b = 0o, b < S, or
S < b, and in all cases we are done. Thus we may assume that b = [b: 1], and we may also assume
that a < b. In this regime, we find that d(a,b) = [b — a|. As |c —a| < |b — a| and both differences
are positive, we find that a < ¢ < b.

Similarly, we could show the density of {d(a,c) : ¢ € O(a,c,b)} by setting ¢ = [a — ¢ : 1]. O

Theorem 9.4. Every model of ORCMVF is a cyclically o-minimal expansion of UDCO.

Proof. Let M = ORCMVF, let ¢(x;%) be a definable predicate with |z| = 1, and let b € MY. We
wish to show that ¢(x;b) is strongly regulated.

By [34, Theorem 3.11], ORCMVF has quantifier elimination. Thus, as in the proof of [34, Theorem
3.12] we may assume ¢(; b) is an atomic predicate - these take the form || P(z,b)|| or (P(,b)). Each
of these equals, in turn, a continuous combination of formulas of the form |z — ¢| or (x — ¢), so it
suffices to show these predicates are cyclically strongly regulated. (Note that the exact continuous
combination this equals and the new parameters ¢ may depend on b). We will show that these are
cyclically strongly regulated using Lemma 6.5.

Fix 0 < s <t < 1. We first claim that there is some a € M with s < |a] < t - in general, the
set of valuations of elements of M is dense in [0, 1]. To show this, we first note that by one of the
axioms in [34, Definition 3.5], for any § > 0, there is an element h € M with ‘|h| — %‘ < 4 - all we

need is that 0 < |h| < 1. There must exist some rational % such that s < |h|7 < t. We may assume
q is odd. As M is a real closed valued field, there is some a € M with a? = hP, so we see that
la| = |h|7, and s < |a| < t as desired.

Now consider |z —¢|. We may partition M into three cyclic intervals: (oo, c—a),[c—a,c+al, (c+
a,o0]. Then on the first and last piece of this partition, we have |x — ¢| > |a| > s, while on the
middle part, we have |z — ¢| < |a| < t.

Meanwhile, we can understand (x — ¢) best as a piecewise function. The immediate definition is

that
0 z—c>0
(—c)= .
[z —cl|All(z =) =—-c<0,

but this amounts to
0 r—c>0
(x—c)y=<lz— | -1<z—-¢<0
(z—¢)! co<z—c<l1.
As all three pieces are strongly regulated functions, and the pieces of the definitions are intervals,
the piecewise definition is as cyclically strongly regulated as well. O

9.2 Valuation Ring

Now we compare with the formalism for metric valued fields introduced in [29]. In this context, the
metric structure is just the valuation ring, so we will refer to such structures as metric valuation
TINgs.
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Definition 9.5. Let £p be the metric language {0,1,+, —,-, D} of valued rings, and let Lp< =
LgULc.

We use |z| as notation in this language for d(z,0).

Let MVR be the theory of metric valuation rings, referred to in [29, Lemma 3.3] as MVF, together
with the axiom D(z,y) = inf, |y — zz|.

Fact 9.6 ([29, Lemma 3.3]). The models of MVR are precisely of the form (O(K), |xt—y|,0,1,+,—,-, D)
where O(K) is the valuation ring of a valued field (K,v), and |-| is an absolute value corresponding
to a valuation coarsening v, and D(x,y) = inf.cok) |y — z2].

First, let us make some observations about D(x,y) and the value group vO. It is mentioned in
[29] that |z —yO(K)*| = max(D(xz,y), D(y, x)) is the pseudometric on the imaginary corresponding
to the value group vO. Here, we observe that D(x,y) makes this imaginary a metric linear order.

Lemma 9.7. For all x,y € O(K),

D(o.y) = {0 if v(x) < v(y)

ly| otherwise

Proof. Tf v(z) < v(y), then = divides y, so D(x,y) = 0. If v(x) > v(y), then for every z € O(K),
v(zz) > v(x), and thus v(y—xz) = v(y), so also, [y—xz| = |y|. Thus D(z,y) = inf, |[y—xz| = |y|. O

Theorem 9.8. The imaginary vO is a metric linear order, and for all z,y, r(v(z),v(y)) = D(z,y),
so this metric linear order structure is interpretable. In particular, vO E ULO.

Proof. First, observe that if v(w) = v(x),v(y) = v(z), then D(x,y) = D(w, 2), so this definition of
r is a definable predicate on this imaginary.

We know that vO is linearly ordered, and that D(z,y) = 0 for v(z) < v(y). Meanwhile, when
v(z) > v(y), we see that d(v(z),v(y)) = max(D(z,y), D(y,x)) = D(z,y), so D(x,y) has the correct
piecewise definition to be the predicate r. It now suffices to show that for all a € O, r(v(z),v(a)) =
D(z,a) is nondecreasing in v(z), which is true because it equals 0 for v(z) < wv(a), and |a| when

v(z) > v(a).
Lastly, we note that this metric is an ultrametric, as given z,y, z with v(z) < v(y) < v(z), we
have
d(v(z),v(y)) = ly| < |z = d(v(z),v(2)) = d(v(y), v(z)).
O

We now recall some facts about formally real and ordered valued fields before defining formally
real and ordered metric valuation rings.

Fact 9.9 ([34, Lemma 3.2]). A wvalued field is formally real if and only if it satisfies

Yz, v <Zw ) —mmv mz).
A wvalued field equipped with an ordering is an ordered valued field if and only if for all x,y > 0,
v(z +y) = min(v(z), v(y)).

It is straightforward to see that if a field is equipped with two valuations, one coarsening the
other, and is formally real or ordered with respect to the finer one, it is also formally real or ordered
with respect to the coarser one.
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Lemma 9.10. If M E MVR, then the fraction field of M is formally real if and only if for every n,
M satisfies the following conditions:

n
in D 2 22| =
SL%p min <Z :cz,xz> 0

i=1
n

sup D (m?,fo) =0,
T i=1

and if M is an Lp<-structure also satisfying MLO, then the ordering on M extends to a valued field
ordering on the fraction field of M if and only if M satisfies the conditions

sup min (D(z +y,z),D(z +y,y)) =0

z,y=>0

sup D(z,z+y)=0.

z,y>0

We define the Lp-theory FRMVR of formally real metric valued fields and the Lp<-theory OMVR
of ordered metric valued fields accordingly.

Proof. Tt is easy to see by scaling that if the fraction field of M is not formally real or not validly
ordered, the witnesses in Lemma 9.9 can be chosen from the valuation ring.

The axioms then simply ensure that the valuations of the appropriate sums are the minima of
the valuations of the elements they are summing, and these properties extend to the coarser absolute
value valuation as well. O

Fact 9.11 ([l1, Theorem 1]). An ordered ring M is the valuation ring of an ordered real closed
valued field if and only if the following hold:

e Forall0<a<bin M, b divides a
e Fvery nonnegative element of M is a square.
e FEvery monic polynomial of odd degree in M has a oot in M.

The first of these properties is already covered by the axioms of an ordered valuation ring,
allowing us to axiomatize ordered real closed metric valuation rings accordingly:

Lemma 9.12. The fraction field of a model M E OMVR is a real closed valued field with respect to
both valuations if and only if M satisfies the following additional conditions, with the latter holding
for each n € N:

supinf d(x, y?) = 0

>0 Y
2n
sup inf [y?" ! 4+ Z x| = 0.
T1,0,%2n Y =0
Proof. This follows by Fact 9.11. O

Definition 9.13. Let ORCMVR be the theory consisting of OMVR, the additional conditions of
Lemma 9.12, and the axiom

1
inf |x—2’:0

implying that |- |, and therefore v, are nontrivial on M.
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Lemma 9.14. Any model of ORCMVR is also a model of UDLO.

Proof. Such a model is clearly an ultrametric linear order, so it suffices to prove density.

We observe that as the absolute value on M is nontrivial, there is some ¢ € M with 0 < |a| < 1,
and optionally switching a with —a, we assume 0 < a. Thus by exponentiating and taking roots of
a, we may find positive elements of valuations |a|? for all ¢ € Q N (0, 00), which are dense in (0, 1).

Thus for any b € M, and any 0 < s < t < 1, we may find an element ¢ = a? such that s < |c| < t,
and see that s < d(b,b+¢) < t, and b < b+ c. Similarly, s < d(b,b —¢) < t, while b — ¢ < b. O

Before proving quantifier elimination for the theory ORCMVR, we characterize embeddings of
(ordered) metric valued rings, in terms of embeddings with respect to the discrete language Lg;y of
rings with the divisibility symbol z|y, interpreted as v(y) > v(x).

Lemma 9.15. Embeddings of metric valuation rings are exactly embeddings in the discrete language
Laiv that also preserve | - |.

If f : M — N is an Lqiy-embedding, and there ism € M such that 0 < |m| < 1 and |f(m)| = |m|,
then f is an embedding of metric valuation rings.

Additionally, embeddings of ordered metric valuation rings are just order-preserving embeddings
of metric valuation rings.

Proof. An embedding of metric valuation rings is definitionally a map preserving the ring structure,
the metric, and the additional symbol D. Preserving the metric is equivalent to preserving | - |, and
preserving D is equivalent to preserving both |- | and divisibility by Lemma 9.7.

Let f : M — N be an Lg;y-embedding, and let m € M be such that 0 < |m| < 1 and |f(m)| = |m/].
Because this embedding preserves divisibility, we see that for all a,b € M, if |a| < |b|, then b|a, so
f(0)|f(a), and thus [f(b)| <[f(a)|-

Now fix a € M, and we will show that |f(a)| = |a|. If |a|] = 0, then |f(a)| = |f(0)] = 0. If |a| = 1,
then for all k € N, |m| < |a*|, so |f(m)| < |f(a)|F. This can only happen if |f(a)| = 1. Otherwise,
fix 0 < s < |a] <t <1, and we will show that s < |f(a)| < t. There are then positive rationals
p,q € QN(0,00) with s < |m|P < |a|] < |m|? < t. Let i € N be such that ¢ > 0 and pi, gi are integers.
Then |m[P! < |a|® < |m|?, from which we can deduce that s < |f(m)[P* < |f(a)|* < |f(m)]|? < t.

The last claim is true as the only additional symbol is the metric linear order symbol r, which is
preserved as order and metric are. O

Lemma 9.16. The theory ORCMVR admits quantifier elimination.

Proof. To do this, assume that M, N £ ORCMVR, that A is a substructure of M with f : A < N, and
that N is |M|T-saturated. We will show that f extends to an embedding of M into N, analogously
to the proof of [29, Prop. 3.7] for the algebraically closed case.

We start by extending A and f to an embedding from a substructure of M on which | - | is not
trivial. Suppose ¢ € M satisfies 0 < |¢| < 1, and 0 < ¢. Then to correctly extend the embedding to
¢, and the substructure generated by A and ¢, it suffices to map ¢ to some d € N where |d| = |c| and
0 < d. This is possible by saturation of N. By performing this extension first, we may assume | - |
is not trivial on A, and f preserves |- |, so any order-preserving Lgi,-embedding M — N extending
f will automatically be an embedding of ordered metric valuation rings.

We now define N1 2O N, a larger, |M|T-saturated model of the discrete language of ordered real
closed valued fields. To do this, if K is the fraction field of N, let N7 be the valuation ring of the
Hahn series field Ky ((T')), where T is an | M |T-saturated divisible ordered abelian group, taking the
natural valuation in v(N) x I'. The Hahn series field Ny is saturated, as it is maximally complete,
the value group is saturated, and the residue field is saturated.

By [11], the theory of real closed valuation rings (valuation rings of real closed valued fields) in
the (discrete) language of ordered valued rings admits quantifier elimination. Thus f extends to
an embedding g : M — N; of real closed valued rings. By composing this with the quotient map
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N1 — N, quotienting out by the ideal I = {z : v(z) > v(N)}, we get a map h : M — N. To
show this is an embedding, it suffices to show that g(M) NI = {0}. Suppose for contradiction that
m € M is nonzero with m € I. Choose n € N,a € A with 0 < |n| < |a| < |m|. Then |n| < |g(a)],
and v(g(m)) < v(g(a)), so v(g(m)) < v(n), contradicting the assumption that m € I. O

Theorem 9.17. Every model of ORCMVR is weakly o-minimal, but not o-minimal.

Proof. To show M £ ORCMVR is not o-minimal, let € M be such that @ > 0 and 0 < |a| < 1. Then
the ideal aM is definable by the predicate d(z,aM) = inf, d(z, ay). We will show that d(z,aM) is
not strongly regulated.

The ideal aM consists of exactly those elements z of M with v(z) > v(a). Thus for any
be M\ aM,c e aM, we have that b— ¢ & aM, so v(b—¢) < v(a) and thus d(b,c) = |b—¢| > |al, so
d(xz,aM) > 0 implies d(x,aM) > |a|. If d(x,aM) is strongly regulated, M can be partitioned into
finitely many intervals on which either d(z,aM) > 0 or d(z,aM) < |a|, but we see that the latter
condition implies « € aM, so aM must itself be a finite union of intervals.

The ideal aM is order-convex and bounded above, so it suffices to show that it is not an interval.
Assume for contradiction that b is a least upper bound. If b € aM, we can contradict b being an
upper bound by finding that b < b+b € aM. If b & aM, then as before, we see that v(b—a) < v(a),
so b—a & aM. However, 0 < b — a < b, so by order-convexity of aM, we can conclude that b — a is
a smaller upper bound for aM.

To show M E ORCMVR is weakly o-minimal, it suffices to show that if ¢(z) is an atomic predicate
with parameters in M with |z| = 1, then ¢(x) is weakly regulated. All atomic L£<-predicates will be
strongly regulated, as ORCMVR implies UDLO, leaving us to check D(p(x,a), g(x, a)) for polynomials
p,q and parameters a.

For a given value of z, by Lemma 9.7 either v(p(z,a)) < v(q(x,a)), in which case D(p(z, a), ¢(x, a))
0, or D(p(x,a),q(z,a)) = |q(x,a)|. We will show that the former condition holds on a finite union
of order-convex sets. This means that M can be partitioned into a finite union of order-convex
sets on which this predicate either equals 0, or the strongly regulated function |g(x,a)|. The latter
order-convex sets can then be further partitioned into a finite union of order-convex sets on which
that function is approximately constant, showing that D(p(z,a), ¢(z,a)) is weakly regulated.

Note that any boolean combination of order-convex sets is a finite union of order-convex sets.
Thus if we write v(p(x,a)) = min;<p, fi(z), v(g(x,a)) = minj<, g;(x), then it suffices to show that
the set {x € M : f;(x) < g;(x)} is itself a boolean combination of order-convex sets.

We can factor p(x,a) into polynomials of the forms ¢, z — ¢, and (z — ¢)? + b, where c is any
constant and b is a positive constant. As v((z—c)?+b) = min(2v(z—c), v(b)), we find that v(p(z,a))
is a sum of valuations of the forms v(c), v(x — ¢), min(2v(z — ¢),v(b)), and is thus the minimum of a
finite collection of sums of valuations of the form v(c) and v(z — ¢). Thus we may assume v(p(z, a))
and v(g(x,a)) are each such a sum.

Write v(p(z,a)) = v(by) + > ey v(z — b;), v(g(x,a)) = v(co) + Z?:I v(z —¢j).

Let C={b;:1<i<m}U{¢;:1<j<n}

For each ¢* € C, on the order-convex set where v(z — ¢*) > v(x — ¢) for all other ¢ € C, we see
that v(z —¢) = min(v(z —¢*),v(c—c*)). Thus M can be partitioned into a finite collection of order-
convex sets on which v(p(x,a)),v(q(z,a)) are each the minimum of a finite collection of valuations
of the form kv(z — ¢*) + v(c) for some 1 < ip < n, k € N, ¢ € M. Thus we may now reduce
to the case where each of v(p(z,a)),v(q(x,a)) is of this form, with v(p(z,a)) = ju(z — ¢*) + v(b),

)-

v(g(z,a)) = ko(z —c*) + v(c

In this case, v(p(z,a)) < v(q(z,a)) precisely when (k — j)v(x — ¢*) < v(b) —v(c). If j = k,
this does not depend on x, and otherwise, this occurs when v(z — ¢*) < (b])g_v( ), which is the
complement of an order-convex set containing c*. O

53



References

[1]

2]

[17]

[18]

[19]

Aaron Anderson. Fuzzy VC combinatorics and distality in continuous logic, 2023. arXiv:
2310.04393.

Aaron Anderson. Generically stable measures and distal regularity in continuous logic. Preprint,
2023. arXiv:2310.04393.

Aaron Anderson and Itai Ben Yaacov. Examples of distal metric structures. Preprint, 2025.
URL: https://arxiv.org/abs/2508.09073, arXiv:2508.09073.

Itai Ben Yaacov. On perturbations of continuous structures. Journal of Mathematical Logic,
8(02):225-249, 2008.

Itai Ben Yaacov, Alexander Berenstein, C. Ward Henson, and Alexander Usvyatsov. Model
theory for metric structures. London Mathematical Society Lecture Note Series, 350:315, 2008.

Itai Ben Yaacov, Michal Doucha, André Nies, and Todor Tsankov. Metric scott analysis.
Advances in Mathematics, 318:46-87, 2017.

Itai Ben Yaacov and Alexander Usvyatsov. Continuous first order logic and local stability.
Transactions of the American Mathematical Society, 362(10):5213-5259, 2010.

Ttay Ben Yaacov. Schrodinger’s cat. Israel Journal of Mathematics, 153(1):157-191, 2006.

Nicolas Bourbaki. Fonctions d’une variable réelle: théorie élémentaire. Springer Science &

Business Media, 2007.

Sylvia Carlisle and C Ward Henson. Model theory of R-trees. Journal of Logic and Analysis,
12, December 2020. URL: http://dx.doi.org/10.4115/j1a.2020.12.3, doi:10.4115/jla.
2020.12.3.

Gregory Cherlin and Max A Dickmann. Real closed rings ii. Model theory. Annals of pure and
applied logic, 25(3):213-231, 1983.

Artem Chernikov and Itay Kaplan. Forking and dividing in ntp2 theories. The Journal of
Symbolic Logic, 77(1):1-20, 2012.

Artem Chernikov and Alex Mennen. Semi-equational theories. The Journal of Symbolic Logic,
90(1):391-422, 2025.

Gabriel Conant. Ultrametric spaces in continuous logic. Unpublished Note, 2014. URL: https:
//homepages.math.uic.edu/~gconant/Math/ultrametric.pdf.

Gabriel Conant and Caroline Terry. Model theoretic properties of the urysohn sphere. Annals
of Pure and Applied Logic, 167(1):49-72, 2016.

Su Gao and Chuang Shao. Polish ultrametric urysohn spaces and their isometry groups. Topol-
ogy and its Applications, 158(3):492-508, 2011.

James Hanson. Strongly minimal sets and categoricity in continuous logic. Memoirs of the
American Mathematical Society, 311(1574), 2025.

James E. Hanson. A simple continuous theory. Journal of Mathematical Logic, 0(0):2450026, 0.
arXiv:https://doi.org/10.1142/S0219061324500260, doi:10.1142/350219061324500260.

James E Hanson. Approximate isomorphism of metric structures. Mathematical Logic Quarterly,
69(4):482-507, 2023.

54


https://arxiv.org/abs/2310.04393
https://arxiv.org/abs/2310.04393
https://arxiv.org/abs/2310.04393
https://arxiv.org/abs/2508.09073
https://arxiv.org/abs/2508.09073
http://dx.doi.org/10.4115/jla.2020.12.3
https://doi.org/10.4115/jla.2020.12.3
https://doi.org/10.4115/jla.2020.12.3
https://homepages.math.uic.edu/~gconant/Math/ultrametric.pdf
https://homepages.math.uic.edu/~gconant/Math/ultrametric.pdf
https://arxiv.org/abs/https://doi.org/10.1142/S0219061324500260
https://doi.org/10.1142/S0219061324500260

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

James E Hanson. Approximate categoricity in continuous logic. Archive for Mathematical Logic,
64(3):547-577, 2025.

Martin Hils and Stefan Marian Ludwig. An approximate AKE principle for metric valued fields.
Preprint, 2022.

Wilfrid Hodges. Model theory. Cambridge university press, 1993.

Beibut Kulpeshov and Dugald Macpherson. Minimality conditions on circularly ordered struc-
tures. Mathematical Logic Quarterly, 51(4):377-399, 2005.

Jaroslav Nesettil. Ramsey classes and homogeneous structures. Combinatorics, probability and
computing, 14(1-2):171-189, 2005.

Lionel Nguyen Van Thé. Ramsey degrees of finite ultrametric spaces, ultrametric urysohn
spaces and dynamics of their isometry groups. European Journal of Combinatorics, 30(4):934—
945, 2009.

Lionel Nguyen Van Thé. Structural Ramsey theory of metric spaces and topological dynamics
of isometry groups. American Mathematical Society, 2010.

Ya’acov Peterzil and Sergei Starchenko. Complex analytic geometry and analytic-geometric
categories. 2009.

Jonathan Pila, Ananth N Shankar, Jacob Tsimerman, Hélene Esnault, and Michael Groechenig.
Canonical heights on shimura varieties and the andr\’e-oort conjecture. arXiv preprint
arXiv:2109.08788, 2021.

Silvain Rideau-Kikuchi, Thomas Scanlon, and Pierre Simon. The tilting equivalence as
a bi-interpretation. preprint, 2025. URL: https://arxiv.org/abs/2505.01321, arXiv:
2505.01321.

Chieu-Minh Tran and Erik Walsberg. A family of dp-minimal expansions of (z;+). Notre Dame
Journal of Formal Logic, 64(2):225-238, 2023.

Lou Van den Dries. Tame topology and o-minimal structures, volume 248. Cambridge university
press, 1998.

Lou van den Dries and Chris Miller. On the real exponential field with restricted analytic
functions. Israel Journal of Mathematics, 85(1):19-56, 1994.

Alex J Wilkie. Model completeness results for expansions of the ordered field of real num-
bers by restricted pfaffian functions and the exponential function. Journal of the American
Mathematical Society, 9(4):1051-1094, 1996.

Itai Ben Yaacov. Model theoretic properties of metric valued fields. The Journal of Symbolic
Logic, 79(3):655-675, 2014.

55


https://arxiv.org/abs/2505.01321
https://arxiv.org/abs/2505.01321
https://arxiv.org/abs/2505.01321

	Introduction
	Theories of Metric Linear Orders
	o-Minimal Metric Structures

	Continuous Logic Preliminaries
	A Language For Ordered Metric Structures
	Axiomatizing The Theory of Metric Linear Orders
	Topologies

	The Ultrametric Case
	Quantifer Elimination and Model Companions
	Ultrametric Metric Structures
	Ultrametric Linear Orders
	Ultrametric Dense Linear Orders

	Approximate Categoricity and Type Spaces
	Approximate Categoricity of DU
	Approximate Categoricity of UDLO

	Regulated Functions
	o-Minimal Metric Structures
	Quantifier-Free Definable Predicates
	Defining o-Minimality
	Monotone Decomposition
	Definable Sets
	Definable Functions
	Distality

	Cyclic Orders
	Inequalities
	Axiomatizing Metric Cyclic Orders
	Rolling Up Linear Orders
	Ultrametric Dense Cyclic Orders
	Cyclic o-Minimality

	Ordered Metric Valued Fields
	Projective Line
	Valuation Ring


