N

N

Topometric spaces and perturbations of metric
structures

[tal Ben Yaacov

» To cite this version:

‘ Itai Ben Yaacov. Topometric spaces and perturbations of metric structures. 2008. hal-00258552v1

HAL Id: hal-00258552
https://hal.science/hal-00258552v1

Preprint submitted on 22 Feb 2008 (v1), last revised 2 Jun 2008 (v2)

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00258552v1
https://hal.archives-ouvertes.fr

hal-00258552, version 1 - 22 Feb 2008

TOPOMETRIC SPACES AND PERTURBATIONS OF METRIC
STRUCTURES

ITAI BEN YAACOV

ABSTRACT. We develop the general theory of topometric spaces, i.e., topological spaces
equipped with a well-behaved lower semi-continuous metric function. Spaces of global
and local types in continuous logic are the motivating examples for the study of such
spaces.

In particular, we develop a theory of Cantor-Bendixson analysis of topometric spaces,
which can serve as a basis for the study of local stability (extending the ad hoc devel-
opment from [BU]), as well as of global Rp-stability.

We conclude with a study of perturbation systems (see [Benb]) in the formalism of
topometric spaces. In particular, we show how the abstract development applies to
Np-stability up to perturbation.

INTRODUCTION

Topometric spaces are omnipresent in continuous logic, and were so for a long time (to
some extent they even predate it). Global type spaces are topometric spaces, since they
come equipped with the metric d(p, q) = d(p(M), g(M)) (where M) is the monster model.
Local type spaces are topometric, equipped with d,(p,q) = sup;|p(Z,b)P — ¢(z,b)4).
Finally, perturbation systems, viewed as perturbation metrics, are none other than an
alternative topometric structure on S, (7).

In addition, topometric analogues of the classical (one should say “discrete”) Cantor-
Bendixson analysis in these spaces play important roles in various contexts: in global
type spaces they can be used to characterise Ny-stability and define the Morley ranks
constructed (in a far more complicated manner) in [Ben0d]; in local type spaces they
can be use to characterise local stability and independence, as in [BU]; and finally, in
the end of the present paper, we use them to show that the notion of a theory being
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2 ITAI BEN YAACOV

No-stable up to perturbation, which occurs more and more in recently studied examples,
is indeed as robust as we would expect, and in particular is characterised by the existence
of corresponding Morley ranks.

In the present paper we propose to unify these examples under a single name and study
them in a uniform abstract setting.

In Section [0 we define the category of topometric spaces. While we are quite certain
about the category of compact topometric spaces, we propose to extend our definitions
to locally compact and even more general spaces, with some lower degree of certitude.
In particular, we study questions such the existence of quotients which preserve part of
the structure, which seem to be a little more complicated than for classical topological
spaces.

In Section Pl we study various notions analogous to isolation in classical topological
spaces. In the case of topometric type spaces, d-isolated types are indeed the correct
analogues of isolated types in classical logic (such types were also referred to in [Ben(5]
as principal, following Henson’s previous terminology).

In Section Bl we study several natural notions of Cantor-Bendixson ranks, showing
that they all give rise the same notion of Cantor-Bendixson analysability. We give sev-
eral results characterising Cantor-Bendixson analysability and comparing the Cantor-
Bendixson ranks of two spaces.

Finally, in Section Bl we study the special case of topometric spaces arising as type
spaces equipped with perturbation metrics. We study notions such as A-stability, and in
particular Ny-stability, up to perturbation.

1. TOPOMETRIC SPACES

While a metric is usually defined to take values in [0, 00), we will allow infinite dis-
tances. If (X,d) is a metric space then distances between sets are defined as usual
d(A,B) = inf{d(z,y): v € Ayy € B} and d(z,A) = d({z}, A). We will follow the
convention that d(z, @) = d(A, &) = inf & = co.

Notation 1.1. Let (X, d) be a metric space, A C X, r € RT. We define:
B(A,r)={ze X:d(z,A) <r}

B(A;r)={rz e X:d(z,A) <r}
When A is a singleton {a} we may write B(a,r) and B(a,) instead.
Definition 1.2. A (Hausdorff) topometric space is a triplet (X, .7 ,d) = (X, Ix,dx)
where X is a set of points, .7 is a topology on X and d is a [0, oo]-valued metric on X:

(i) The metric refines the topology. In other words, for every open U C X and every
x € U there is r > 0 such that B(z,r) C U.

(ii) The metric function d: X* — [0, 0o] is lower semi-continuous, i.e., for all r € R*
the set {(a,b) € X?: d(a,b) < r} is closed in X2
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Convention 1.3. We will follow the convention that unless explicitly qualified other-
wise, terms and notations from the vocabulary of general topology (e.g., compactness,
continuity, etc.) refer to the topological space (X,.7), while terms from the vocabulary
of metric spaces which are not applicable in general topology (e.g., uniform continuity,
completeness) refer to the metric space (X, d).

Thus B(a,r) is the (topological) closure of B(a,r), not to be confused with B(a,r)
which is defined in pure metric terms.

Remark 1.4. Note that the definition of a topometric space implies in particular that it
is Hausdorff. Indeed, the second item can be simply viewed as a metric version of the
Hausdorff separation axiom.

Moreover, if the space is compact then the second property implies that B(a,r) is
compact for all @ € X and r € R™, and the first property follows.

Recall that the weight of a topological space X, denoted wt(X), is the minimal car-
dinality of a base of open sets for X. Similarly, if X is a metric space, we will use || X]||
to denote its density character, i.e., the minimal size of a dense subset. In case X is a
topometric space, wt(X) refers to its topological part while || X || to its metric part. If X
is a finite space then || X|| = wt(X) = | X|; otherwise both are infinite.

Ezample 1.5. The motivating examples come from continuous first order logic [BU]. Type
spaces, which are naturally equipped with an intrinsic “logic topology”, also admit one
or several metric structures rendering them topometric spaces:

(i) The type spaces S, (T') of a theory T, equipped with what we call the standard
metric:

d(p,q) = inf{d(a,b): a E p and b F ¢ in a saturated model M F T'}.

If T is incomplete and p, g belong to distinct completions then d(p, q¢) = oo.

(ii) Type spaces in unbounded continuous logic were defined in [Benb|], with the
distance between types is defined as above. Unlike type spaces in standard
continuous logic, these are merely locally compact.

(iii) Local type spaces S,(M) over a model:

d(p, q) = sup{|e(x,0)" — p(x,b)]: b e M}.

(iv) Perturbation systems are presented in [Benb] via an alternative system of topo-
metric structures on the type spaces S, (7), where the metric is the “perturbation
distance” d,. Here d(p, q) = oo means that a realisation of p cannot be perturbed
into a realisation of ¢.

(v) The metric dy, defined in [Benb] as a combination of d and d,, also renders the
topological space S, (T") a topometric space.

There are two extreme kinds of topometric spaces which arise naturally from standard
topological and metric spaces:
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Definition 1.6. (i) A mazimal topometric space is one in which the metric is dis-
crete.
(ii) A minimal topometric space is one in which the metric coincides with the topol-
ogy.

Example 1.7. Every Hausdorff topological space can be naturally viewed as a maximal
topometric space. Similarly, every metric space can be naturally viewed as a minimal
topometric space.

Clearly a topometric space X is minimal if and only if the metric function d: X? — R*
is continuous (rather than merely lower semi-continuous). If X is compact, then this is
further equivalent to the metric topology on X being compact.

A topometric space is both minimal and maximal if and only if it is topologically
discrete: thus the minimal topometric spaces should be viewed as the topometric gener-
alisation of classical discrete topological spaces.

In this paper we will deal mostly with compact or locally compact topometric spaces
(by our convention: this means the topology is compact or locally compact). It seems
clear what the correct notion of morphism of compact topometric spaces is:

Definition 1.8. Let X and Y be topometric spaces, X compact. A morphism f: X — Y
is a mapping which is both continuous (topologically) and uniformly continuous (metri-
cally).

It would seem that requiring uniform continuity on a non-compact space would be too
strong. We may seek a possible definition for a morphism between general topometric
spaces:

Definition 1.9. Let f: X — Y be a mapping between topometric spaces. We define
some properties of f which depend both on the topological and the metric structures of
X:
(i) We say that f is locally uniformly continuous if for every x € X has a neigh-
bourhood on which f is uniformly continuous.
(ii) We say that f is weakly locally uniformly continuous if for every x € X and
e > 0 there are a neighbourhood U of z and § > 0 such that if y,y’ € U and
dx(y,y') <6 then dy(f(y), f(y)) <e.
(iii) We say that f is uniformly continuous on every compact if every restriction of f
to a compact subset of X is uniformly continuous.

Lemma 1.10. The properties defined in Definition [L9 imply one another from top to
bottom.

Proof. We only need to prove that if X is compact and f: X — Y is weakly locally
uniformly continuous then f is uniformly continuous.

Indeed, let € > 0. Then X admits an open cover X = |J,.; U; such that for each Uj
there is §; > 0 such that if z,2’ € U; and dx(x,2") < 9; then dy (f(x), f(2')) < e.
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The set J,.; Ui x U; is a neighbourhood of the diagonal of X, which is equal to
Ns=0d"([0,6]). By definition of a topometric space each d~'([0,4]) is closed. Thus by
compactness we may assume that J,_, U; x U; 2 d~1([0,d']).

Now let § = min{d;: i < n} U{d'}. If z,2’ € X and d(x,2’) < 0 then z,2" € U; for
some ¢ < n and therefore d(f(z), f(2')) <e. L Ih,

Thus for locally compact X all these properties agree. For non locally compact X
even local uniform continuity seems too strong (e.g., for Proposition below). On
the other hand, uniform continuity on every compact is too weak (let X be the minimal
space based on R\ Q and Y the maximal one: then id: X — Y is uniformly continuous
on every compact while not being even metrically continuous.)

We find ourselves led to suggesting the intermediary property as the definition:

Definition 1.11 (Tentative). Let X and Y be topometric spaces. A morphism f: X —
Y is a mapping which is both continuous and weakly locally uniformly continuous.

We leave it to the reader to check that the composition of two morphisms is indeed a
morphism. By Lemma this definition extends Definition [C8.

Proposition 1.12. Let f: X — Y be a continuous mapping between topometric spaces,
and assume that either X is maximal or'Y is minimal. Then f is a morphism.

Proof. The case where X is maximal is immediate, so we prove the case where Y is
minimal. We need to show that f is weakly locally uniformly continuous. So let € > 0
and z € X. Let V = B(f(2),e/2) CY. As Y is minimal, V is open, so U = f~1(V) is
open in X. Then z € U, and for every y,y’ € U we have d(f(y), f(v')) < € (no need for
) here). .1'12

This justifies the terminology: a maximal topometric structure is the strongest possible
such structure on a topological space, while a minimal structure is the weakest possible
on a (metrisable) topological space.

We get another reassurance about our definition of a morphism of non-compact topo-
metric spaces from the following result, telling us that for all intents and purposes we
may identify classical Hausdorff topological spaces with maximal topometric spaces and
classical metric spaces with minimal topometric spaces:

Proposition 1.13. The construction of a mazimal topometric space from a Hausdorff
topological space is a functor € — TIN, from the category of Hausdorff spaces and contin-
uous mappings to that of topometric spaces. As such it is the left-adjoint of the forgetful
functor TM — X. This functor is an equivalence of categories between Hausdorff topo-
logical spaces and mazximal topometric spaces.

Similarly the construction of a minimal topometric space from a metric one is a functor
M — T, from the category of metric spaces and (metrically) continuous mappings to
topometric spaces. It is the right-adjoint of the forgetful functor TM — M, and is an
equivalence of categories between metric spaces and minimal topometric spaces.
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Proof. Let z: T — TIN be the maximal topometric space construction and ygy: M —
T be the minimal topometric space construction. Both are functors by Proposi-
tion Let also pz: T — TM and pon: M — TIN be the forgetful functors. It
is immediate from the definition that ¢« is indeed a functor; it is also not difficult to
check that @gy is.

Let X € T,V € TM, and f: X — Y a mapping between their underlying sets.
Clearly if f: ¢<(X) — Y is a morphism then f: X — p<(Y) is continuous, and the
converse is by Proposition [LT2 Thus ¢z is the left-adjoint of pz. If X|Y € T we get
Home<(X,Y) = Homg(X, pg 0 ¢¥<(Y)) = Homam(¥=(X), ¥<(Y)) whence the equivalence
of categories.

The argument for minimal topometric spaces and metric spaces is similar. i

Lemma 1.14. Let X be a topometric space, F C X compact. Then B(F,r) is closed for
every r € RT (we say that F has closed metric neighbourhoods in X ).

Proof. For r € RT let G, = F x X Nd~'([0,7]). Then G, C F x X is closed. Since F' is
compact, the projection m: F'x X — X is closed, whereby 7(G,) is closed. We conclude
that B(F,r) = ()., m(G,) is closed. L_IB7

r'>r

In particular, if X is compact then every closed subset of X has closed metric neigh-
bourhoods. In fact we can say something slightly stronger:

Lemma 1.15. Let X be a Hausdorff topological space, d a metric on X. If X is compact
and d: X? — [0,00] is lower semi-continuous then d refines the topology on X and
every closed set in X has closed metric neighbourhoods. Conversely, if X is reqular (in
particular, if X is locally compact) and every closed set has closed metric neighbourhoods
then d 1s lower semi-continuous.

Proof. The first assertion is a consequence of Remark [[4 and Lemma [LT4 For the
converse assume B(F,r) is closed for every closed F and r > 0. Assume that d(z,y) > r,
and choose some intermediate values d(x,y) > 71 > ro > r. First, we have z ¢ B(y,r1)
and the latter is closed. We can therefore find an open set V such that z € V C V C
X\ B(y,r1), whereby d(V,y) > r1 > 79, and thus y ¢ B(V,r;). Following the same
reasoning we find U open such that y € U C U C X ~ B(V,ry). We conclude that
d(V,U) >d(V,U) >ry>r,and (z,y) € V x U C X2~ d71([0,7]), as required. ~ W 5

This means that our definition of a compact topometric space coincides with that
given in [BU], based on closed sets having closed metric neighbourhoods. If we drop the
compactness assumption then still in every “reasonable” space lower semi-continuity of
the metric is weaker than the closed metric neighbourhoods assumption. It is nonetheless
sufficient for our purposes in compact and locally compact spaces, and as all natural
examples are at least locally compact we have no choice but to base our intuition on those.
Finally, lower semi-continuity passes to product spaces (equipped with the supremum
distance) whereas the closed metric neighbourhoods property does not seem to do so.
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Lemma 1.16. Let X be a topometric space, K, FF C X compact. Then d(K,F) =
min{d(z,y): * € K,y € F'}, i.e., the minimum is attained by some vo € K and yo € Y.

Proof. Let r = d(K, F) = inf{d(z,y): © € K,y € F}. Then for every ' > r: (K x F)N
d=1([0,7"]) # @. As d71([0,7]) = (,»~, d"*([0,7]) and this is a decreasing intersection of
compact sets we get (K x F)Nd~'([0,7]) # &, as requried. W6

Proposition 1.17. Every compact topometric space is complete.

Proof. Let {x,},<., be a Cauchy sequence in X. For each n let r,, = sup{d(z,, x,): m >
n}, so r, \, 0. Then B(x,,r,) is closed for all n (by Lemma [[T4]) and contains z,, for
all m > n. By compactness F' =", _ B(z,,r,) # @. It follows that F = {z} where z
is the metric limit of {z, } <. o,

On the other hand, for non-compact spaces completeness is not isomorphism-invariant:
indeed, the minimal spaces (0,1) and R are isomorphic as (minimal) topometric spaces,
yet only one of them is complete. A more interesting example is that of type spaces
of a theory T in unbounded continuous logic (see [Benb]): Each type space S,(7") is
locally compact and complete. The compactification procedure described there consists of
embedding it S,,(T") < S, (7"°), where S,,(7°°) is a compact type space of a standard (i.e.,
bounded) theory 7°°. This embedding is a morphism (continuous and locally uniformly
continuous) and the image is incomplete — indeed, it is metrically dense in S, (7).

Question 1.18. Can a “single point” (or at least “few points”) compactification be con-
structed for locally compact topometric spaces? In the case of an unbounded continuous
theory T', we would like S,,(7°°) to be a “few points compactification” of S, (7).

Definition 1.19. Let X be a topometric space. A (topometric) subspace of X is a subset
Y C X equipped with the induced structure. One easily verifies that this is indeed a
topometric space (this was in fact used implicitly in the proof of Lemma [[T0) and that
the inclusion mapping Y < X is a morphisms.

A mapping f: Y — X is a monomorphism if it is an isomorphism with a subspace of
X (its image).

When dealing with quotients we feel more secure restricting to compact spaces. Recall
that a continuous surjective mapping from a compact space to a Hausdorff space is
automatically a topological quotient mapping, so we only need to worry about the metric
structure.

Definition 1.20. Let X and Y be topometric spaces, X compact. An epimorphism
f: X — Y is a surjective morphism satisfying that for every ¢ > 0 there is 6 > 0 such
that forallz € X and y € Y

dy(f(z),y) <6 = dx(z, fH(y)) <e.
We then say that Y is a quotient space of X, and that f is a quotient mapping.
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Note that this property is in some sense a converse of uniform continuity, which may
be stated as:

(Ve)(30)(Vay) (dx (x, f 7' (y)) < 0 = dy(f(2),y) < €).

Also, a mapping is a surjective monomorphism if and only if it is an injective epimorphism
if and only if it is an isomorphism.

Definition 1.21. Let us call a mapping between metric spaces f: X — Y is precise if
for every z € X and y € Y: dy(f(z),y) = dx(x, f~'(y)). We follow the convention that
d(x, ) = oo.

Lemma 1.22. Let f: X — Y be a continuous precise mapping between topometric
spaces. Then:

(i) It is uniformly continuous, and in particular a morphism.

(ii) If f is surjective and X is compact then f is an epimorphism. (Any generali-
sation of the definition of epimorphisms to non-compact spaces should preserve
this property.)

(iii) The distance from f(X) to its complement Y ~ f(X) is infinite. Thus, if we
exclude in'Y the infinite distance then a precise mapping is necessarily surjective.

(iv) If f is injective then it is isometric.

Proof. Immediate. 5

1.1. Existence of precise quotients. We shall need a result saying that interesting
quotients of compact topometric spaces exist. By interesting we mean ones which preserve
some prescribed piece of information without preserving too much else. Throughout this
subsection X is a compact topometric space (much of what we say can be extended to
locally compact spaces in a straightforward manner).

First, let us describe precise topometric quotients of X.

Lemma 1.23. Let ~ be an equivalence relation on X. Let [z] = {2’ € X: x ~ 2} and
Y = X/~ = {[z]: x € X} be the quotient set, m: X — Y the projection map. Then the
following are equivalent:

(1) The relation ~ is closed and for all x,y € X: dx(x,[y]) = dx([z],y).

(ii) There exists a topometric structure on'Y such that 7 is a precise quotient map.
Moreover, if such a topometric structure on Y exists then it is unique, given by the
quotient topology in'Y and the metric:

dy ([z], [y]) = dx([z], [y]) = inf{dx (2', ) : 2" ~ 2,0/ ~ y}.

Proof. Assume first ~ is closed and dx(z,[y]) = dx([z],y). Then Y is compact and
Hausdorff, and that each equivalence class is compact. By Lemma [CT0, for all z,y € X
there are 2/ € [z] and y' € [y] such that dx([z], [y]) = dx(2’,y’). We obtain that [z] #
ly] = dx([z]. [y]) > 0 and dx([z], [y]) = dx (<, [y]) = dx([z],y) = dx(z,[y]), whereby
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dx([2],[2]) < dx([z],y) + dx(y,[2]) = dx([z], [y]) + dx(ly], [z]). Thus dy([z], [y]) =
dx([z],[y]) is a metric.

For all r € RT the set {(z,y): dx(z,[y]) < r} € X? is closed as the projection
on the first and last coordinate of {(z,,2): dx(z,y) < r Ay ~ z} C X3. Thus
{([z], [y]): dy([z],[y]) < r} C Y? is compact and therefore closed, and (Y, %, dy) is
a topometric structure. The property dy([z],[y]) = dx(z,[y]) also implies that 7 is
precise.

Conversely, assume that 7 is precise. Then it is immediate that the topometric struc-
ture on Y is as prescribed in the moreover part, and that for all z,y € X:

dx(z, [y]) = dy([x], [y]) = dx([z],y). W,

Lemma 1.24. Let ~ be a closed equivalence relation on X. Then the following are
equivalent:

(i) For all z,y € X: d(z,[y]) = d([z],y).
(ii) For every class [x] C X and r € R*: B([x],7) is closed under ~.
(i) For every closed set F C X and r € RY, if F is closed under ~ then so is
B(F,r).
(iv) There exists a family B of closed sets in X such that:
(a) B is closed under finite intersections.

(b) For all x o y there is F € B such thatx € F, y ¢ F.

(c) Forall F € B andr € QT: B(F,r) is closed under ~.

Proof. (i) = (ii). For all y ~ ¢’ we have d(y, [z]) = d([y],x) = d(¥/,[z]), so one
belongs to B([z],r) if and only if the other does.

(ii) = (iii). As F' and each [z] are compact and closed under ~, we have from
Lemma [CTd that B(F,r) =, B(z,7) = U,cr B([z], 7).

(iii) = (iv). Immediate.

(iv) = (i). It would suffice to show that d(z, [y]) > d([z],y). Let B be a family as in
the assumption, and assume that d(y, [z]) > r € Q*. Then we can find a family By C B
closed under finite intersections such that () By = [z]. As B(y,r) N [r] = &, we obtain
by compactness that B(y,r) N F = @ for some F € By. Then y ¢ B(F,r), and since the
latter is closed under ~: [y] N B(F,r) = @. In particular d([y],z) > r. LI

Let 2 = C(X,[0,1]). It is known that the closed equivalence relations on X are
precisely those of the form ~g where B C 2 and x ~g y < (Vf € B)(f(x) = f(y)).
In this case for each f € B there is a unique f’ € C(Y,[0,1]) such that f = f'ow. If B
is closed under —, % and =, then the set B’ = {f’: f € B} dense in uniform convergence
in C(Y,[0,1]).

L and =. Then the following

Lemma 1.25. Let B C %A, and assume ‘B is closed under =, 5

are equivalent:
(i) For all z,y € X: d(z, [y]) = d([z],y).
(ii) For allT € Q*, f € B: B(f~1({0},r)) is closed under ~g.
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Proof. (i) = (ii). Follows from Lemma [[24], as every set of the form f~!({0}) is
closed in X and closed under ~g.

(ii) = (i). Let B={f"'({0}): f € B}. For every f,g € B we also have fV g € B,
so B is closed under finite intersections. If z g y, there is f € B such that f(z) # f(y).
Possibly replacing f with =f € B we have f(z) < f(y). If f(z) <s < f(y) and s € [0, 1]
is dyadic, then we can replace f with f —s € 9B, and have f(x) =0 < f(y). Thus B
satisfies the hypotheses of Lemma . |y

As we use continuous functions to prescribe equivalence relations, we need to measure
how many such functions are required to capture a piece of information.

Definition 1.26. (i) We defined the definition complexity xqer(K) of a closed subset
K C X as the minimal infinite cardinal x such that there exists a family of con-
tinuous functions {f;: i < k} C 2 defining K in the sense that K = (), f; ' ({0}).

(ii) We define definition complexity of the metric d as:

Xdef(d) = Sup{xdef(B(K, 7’))2 r > O, Xdof(K) = No}

Note that if ygef(K) = R then K is the zero set of a single continuous function. In
case Xdef(K) = k > Xy we can find {K;: ¢ < s} such that yqaer(K;) = No, K =), K;,
and the family {K;: i < x} is closed under finite intersections. It follows by compactness
that B(K,r) =, B(K;,7). We conclude that: yaet(B(K, 7)) < Xaet(K) + Xaet(d).

Theorem 1.27. Let X be a compact topometric space, B C A = C(X,[0,1]). Then
there exists B C B’ C A such that:
(i) |B'] < [B] 4 Xaerld).-
(i) Y = X/~ admits a topometric structure for which the projection m: X — Y
18 a precise topometric quotient map.

Moreover, this quotient structure is unique given by the quotient topology and the metric:
dy([z], [y]) = dx([z], [y]) = inf{dx (2, ) : 2"~ 2,9~ y}.
Proof. For each f € 2 and r € Q7 choose a family B, C A such that |B,| < xaet(d)

and B(f'({0}),7) = N{g " ({0}): g € By, }.
Let B be the closure of B under -, 1 and =, so [By| < |B| + Ny. Given B, C A
closed under these connectives, let B, .1 be the closure under the connectives of B, U

Usems, req+ B
Let B’ = |J,,B,. Then B C B C A |B'| < |B| + xdaet(d), and B’ satisfies the
hypotheses of Lemma We conclude using Lemma [[23] [ I

Corollary 1.28. Let X be a compact topometric space, B C A = C(X,[0,1]). Then
X admits a precise topometric quotient m: X — Y such that each member of B factors
through m and wt(Y") < |B| + xaer(d).

Proof. Immediate from Theorem [C27 since wt(X/~g) < |B'| + Ry < [B] + xaet(d)-
W2
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Definition 1.29. Let X be a compact topometric space.

(i) A family Q of (isomorphism classes of) quotients of X is sufficient if for every
subset B C C(X, [0, 1]) there is a quotient (Y, 7) € Q (where 7: X — Y is the
quotient map) such that wt(Y) < |28| + Xy and every member of B factors via
.

(ii) We say that X has enough quotients if X admits a sufficient family of quotients.

(iii) We say that X has enough precise quotients if X admits a sufficient family of
precise quotients.

Theorem 1.30. Let X be a topometric space. Then the following are equivalent:
(1) Xaef(dx) = Ro.
(ii) The family of all precise quotients of X is sufficient.
(iii) X has enough precise quotients.

Proof. (i) = (ii). By Corollary [L28

(ii) = (iii). Immediate.

(iii) = (i). Let K C X be a zero set, K’ = B(K,r), and we need to show that
Xaef(K') = Rg as well. Say that K = f71(0), and let 7: X — Y be a precise quotient
such that wt(Y) = Ry and f = f'or. Let K = f/~'(0), K’ = B(K,r). Then K = 7~ 1(K),
so K' = 77 Y(K') by preciseness. On the other hand, as wt(Y) = X every closed set is a
zero set, so say K’ = ¢g~1(0). Then K' = (g o 7)~%(0), as required. m

The topometric spaces we are interested in are of course type spaces, with either the
standard metric or some other (e.g., perturbation) metric. Such spaces almost always
have enough precise quotients.

Proposition 1.31. (i) Let T be a theory in a language of arbitrary size. Let
d be a metric on S,(T), and assume that for every r the set of 2n-tuples
{(a,b): d'(tp(a),tp(b)) < r} is type-definable using only countably many sym-
bols from the language. Then (S, (T),d') has enough precise quotients.

(ii) Let T be a theory in a language of arbitrary size. Then (S,(T'),d) has enough
precise quotients where T is the standard metric. (Since we may name parameters
in the language, this also applies to S, (A) for any set of parameters A.)

(iii) Let M be an Wy-saturated and strongly homogeneous structure in a countable
language, and let d' be a lower semi-continuous metric on S, (M) invariant under
the action of Aut(M). Then (S,(M),d") has enough precise quotients.

(iv) Let T be a theory in a language of arbitrary size, ¢(Z,y) a formula, M a model.

Then (S,(M),d,) has enough precise quotients where d, is the standard metric
on S, (M).

Proof. For the first item, let K C S,(7T) be a zero set. Then K can be defined using
countably many symbols from the language, so B(K,r) can also be defined using count-
ably many symbols and is therefore a zero set as well. It follows that xqer(d’) = Ng, and
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conclude using Theorem The second and third items are special cases of the first
one.

For the last item, even though we allow a language of arbitrary size we may replace
it with a countable sub-language containing all symbols appearing in . By downward
Lowenheim-Skolem, the family of all spaces S,(M’) where M' < M is a sufficient family
of precise quotients. m

2. d-ISOLATION

Usually we do not expect to find topologically isolated points in a non-maximal topo-
metric space, as by definition the topology cannot be stronger than the metric. Instead,
we define a notion of isolation relative to the metric by requiring the topology to be as
strong as possible around a point, i.e., to coincide with the metric:

Definition 2.1. (i) A point z € X is d-isolated if the topology and the metric agree
near z, i.e., if z € B(z,r)° for all r > 0.
(i) It is weakly d-isolated if we only have B(z,r)° # @ for all r > 0.

The need for two notions of isolation may be bothering. Indeed, in the case of the
standard metric on type spaces d-isolation and weak d-isolation are equivalent (see [BUOT,
Fact 1.8]). On the other hand, the distinction is unavoidable in some cases, e.g., that of
perturbation metrics, and each notion plays its own role.

For example, we have:

Lemma 2.2. The set of weakly d-isolated points in a topometric space X is metrically
closed.

Proof. Let x € X, and assume that B(x,r) contains a weakly d-isolated point for all r >
0. This means that B(z,r/2) contains a weakly d-isolated point x,, and B(x,,r/2)° # &.
Thus B(x,r)° # @ for all r > 0, and x is weakly d-isolated as well. [P

In particular, a metric limit of d-isolated points is weakly d-isolated, and we do not
know in general that it is d-isolated.

One can push the notion of weak d-isolation a bit further, allowing us to improve the
previous observation a little. As the usefulness of this exercise is not clear we will do it
briefly. Define the weak d-isolation rank of a point as follows: the rank of every point is
at least zero, and the rank of x is at least o+ 1 if B(x,r)° contains a point of rank a for
every r > (. Thus a point is weakly d-isolated if and only if it has weak d-isolation rank
one or more, and every truly d-isolated point has rank oco.

Lemma 2.3. (i) The set of all points of weak d-isolation rank > « is metrically
closed.
(ii) In a complete topometric space the set of point of weak d-isolation rank oo is
precisely the metric closure of the set of d-isolated points.
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Proof. The first item is proved like Lemma [Z2] and yields that every limit of d-isolated
points has weak d-isolation rank co. Conversely, assume = has weak d-isolation rank oco.
Fixr > 0, and let g = z, 7o = r. Given z,, of weak d-isolation rank oo and r,, > 0 the set
B(xp,ry,)° contains at least one point x,; of weak d-isolation rank oo (as else the set of
all ranks of points there is bounded by some ordinal). As the metric refines the topology
B(x,,7,)° is metrically open, is there is r,,,1 > 0 such that B(z,41,7n41) € B(xn,m0)°,
and we may further assume that r,.; < r,/2. The sequence (z,: n > w) is Cauchy
and thus converges to some point y. We observe that by construction w,, € B(x,,r,)
for all m < n whereby y € B(Zni1,7ns1) € B(,,7,)°. In particular d(z,y) < r. More
generally, for every € < 0 there is n such that r,, < /2 in which case y € B(x,,r,)° C
B(y,e)° and y is d-isolated. m;

On the other hand, weak d-isolation does not seem to pass to sub-spaces while full
d-isolation does:

Lemma 2.4. Let X C Y be topometric spaces, where X carries the induced structure
fromY , and let v € X be d-isolated in Y. Then it is d-isolated in X.

Proof. Let r > 0 and U = By(x,r)°. Then x € U N X by assumption, U N X is open in
X and UN X C Bx(z,7). m,

Recall that a mapping of topological spaces f: X — Y is open if the image of every
open set is open. Say it is weakly open if the image of every non-empty open set has
non-empty interior. Then we have the following:

Theorem 2.5. Let m: X — Y be a morphism between locally compact topometric spaces.
Letz e X, y=mn(z) €Y, and Z = 7~ (y) the fibre over y with the induced topometric
structure. Then:

(i) If x is d-isolated in X then it is d-isolated in Z.
(i) If = is (weakly) d-isolated in X and 7 is (weakly) open then y is (weakly) d-
isolated in Y.
(i) If m is an epimorphism, x is (weakly) d-isolated in Z and y (weakly) d-isolated
in'Y then x is (weakly) d-isolated in X .

Proof. There is no harm in replacing X with a compact neighbourhood of x and replacing
Y with its image, so we may assume all spaces are compact, and thus that 7 is uniformly
continuous. Let A: (0,00) — (0,00) be a uniform continuity modulus for 7, meaning
that for all € > 0, if dx(2/, ") < A(e) then dy (n(2'), 7(2")) < e.

For [(1)] just use Lemma 24

For assume first that = is weakly d-isolated and 7 weakly open. Fix r > 0. Let
U = Bx(z,A(r))° in X. Then U # &, whereby @ # 7n(U)° C By(y,r)°in Y. If z is
d-isolated and 7 open we have furthermore that z € U and y € n(U) = n(U)°.

We now prove As 7 is assumed to be an epimorphism we may further assume
that if dy (v, m(2")) < A(e) then dx (7 1(y'),2’) < e. Assume that z is weakly d-isolated
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in Z and y is weakly d-isolated in Y. Fix r > 0. Let U = Bz(x,r/2)°in Z, so U # @&
and we can fix some z € U. Then there is an open set V' C X such that U = ZNV. We
can find an open subset V/ C X such that z € V' C V' C V. Then V' = ﬂS>OB(V’, s),
and as V' has closed metric neighbourhoods and X is compact there is s > 0 such that
Bx(V',s) C V. Decreasing s further we may assume that s < r/2 and Bx(z,s) C V"

Let W = By(y,A(s))°, and R = 7= '(W)NV’, so R is open. Then W # &, and
given iy € W we know that dx(z, 7 (y')) < s. As 7 1(y/) is compact, we obtain by
Lemma [CT6 that @ # 7~ !(y') N Bx(z,5) € R. Finally we show that R C Bx(xz,7).
Indeed, let ' € R. Then w(z') € W, so dy(w(2'),y) < A(s) = d(2/,Z) < s, and by
Lemma [CT6 there is 2” € Z such that dx(2/,2") < s. Then 2’ € V! = 2" € B(V',s) C
V,sox" € ZNV =U C By(z,r/2). Thus 2’ € Bx(z,r) as required. We conclude that
Bx(z,7)° 2 R # &, so x is weakly d-isolated.

In case x is d-isolated in Z and y in Y then we may choose z = x € V'’ and we know
that y € W whereby z € R, so the same argument shows that z is d-isolated in X. W5

Corollary 2.6. Let m: X — Y be an open epimorphism of locally compact topometric
spaces. Let v € X, y = n(z) € Y, and Z = 7 '(y) the fibre over y with the induced
topometric structure.

Then x s d-isolated in X if and only if x is d-isolated in Z and y is d-isolated in 'Y .

Corollary 2.7. Let m: X — Y be an epimorphism of locally compact topometric spaces.

Let v € X,y =mn(x) €Y, and Z = 7' (y) the fibre over y with the induced topo-

metric structure. Let (Z,dz) be another topometric structure with the same underlying

topological space Z, where dz is finer than dx, soid: (Z,dz) — (Z,dx) is a morphism.
If x is dz-isolated in Z and y is dy-isolated in Y then x is dx-isolated in X.

Proof. Since id: (Z,dz) — (Z,dx) is open we have that x is dx-isolated in Z by Theo-
rem Now apply Theorem EH(iii)] n

3. CANTOR-BENDIXSON RANKS

In classical topological spaces the Cantor-Bendixson derivative consists of removing
isolated points. One crucial property of the derivative is that it is a closed subspace.
In the topometric setting the situation is more complicated. If we simply tried to take
out the (weakly) d-isolated points the derivative would no longer be closed, and the
machinery would break down. We “save the day” by viewing the Cantor-Bendixson
derivative alternatively as consisting of removing open sets which are “small” (singletons,
or finite sets).

Modulo some care about the metric and our notion of smallness we recover much of
the classical theory concerning Cantor-Bendixson analysis.

3.1. General definitions. Fix now a topometric space (X, .7, d). We need a notion of
a “small” open set. This will necessarily depend on some “resolution parameter” € > 0.
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We will consider several natural notions of smallness, none of which a prior: better than
another:

Definition 3.1. Let A C X, ¢ > 0, a < w. We say that A is e-a-finite if there is no
subset {a;: i < a} C A satisfying d(a;,a;) > e forall i < j < .
We obtain three notions of smallness:
(i) We observe that A is e-1-finite if and only if diam(A) < e.
(ii) We say that A is e-finite if it is e-n-finite for some n < w.
(iii) We say that A is e-bounded if it is e-w-finite.

These notions of smallness relate as follows:

Lemma 3.2. Let A C X be open, € > 0.
(i) If diam(A) < e then A is e-finite.
(ii) If A is e-finite then it is e-bounded.
(iii) If A = U s e-bounded and open, then it is the union of open sets of diameter
< 2¢.

Proof. All but the last property are obvious. So assume U C A is e-bounded. Let ag € U
and construct by induction a maximal set {a;: i < a} C U satisfying d(a;, a;) > ¢ for all
i < j<a. AsU is e-bounded o must by finite. Let V = U \ Uy, B(as,€). Then V
is open, since each B(a;,¢) is closed, ap € V C U, and diam(V) < 2¢ by the maximality
of the set {a;: i < a}. m;

To each notion of smallness we associate a Cantor-Bendixson derivative and rank. We
can also define Cantor-Bendixson derivative based on (weakly) d-isolation, but showing
these have the desired properties is trickier.

Definition 3.3. Let ¢ > 0 and * € {d, f, b, i, wi}
(i) We define the (x,¢)-Cantor-Bendizson derivative of X as:
Xj. =X~U{UCX:Uopen, diam(U) < ¢}
Xi. =X~ U{U C X: U open and e-finite}

Xy, =X~ U{U C X:U open and e-bounded}
Xi. =X~U{B(a,e)°: a € X d-isolated}

X =X~ U{B(a,e)°: a € X weakly d-isolated}.
(ii) We define the (x,)-Cantor-Bendizson derivative sequence:
X2 =X
X = (x@)
Xi?é) = Nsea Xii-), (v limit)

X&) =0, x9 =X
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(iii) For A C X we define its (e, *)-Cantor-Bendizson rank:
CB..(A) = sup{a: XY N A+ o}.
Note that if A is compact then supremum is attained as a maximum.

(iv) We say that X is (x,¢)-CB-analysable if CB,.(X) < oo, i.e., if Xi?) =@. Itis
x-CB-analysable if it is (*, €)-CB-analysable for all € > 0.

Definition 3.4. In case K C X is compact and has a Cantor-Bendixson rank we may
define its Cantor-Bendizson degree, in a manner depending on the kind of rank in ques-
tion:
(i) If CB.(K) = a < oo then Xéf? NK C U,., U where each U; C Xc(l:? is open of
diameter < ¢, and we define CBdé{a(K ) to be the minimal such n.
(i) If CBF.(K) = a < oo then X}i) NK C U where U C X}i) is open and e-n-finite
for some n, and we define CBd*}fa(K ) to be the minimal such n.
(iii) If CBL(K) = a < oo then Xéz)ﬂK C U where U C leg) is open and e-bounded,
and thus 2e-n-finite for some n, and we define CBdgfe(K ) to be the minimal such
n.

Remark 3.5. (i) In the case of a maximal topometric space, which is just the topo-
metric representation of a classical topological space, these notions all coincide
(for £ small enough) with the classical Cantor-Bendixson ranks and derivatives.

(ii) The Cantor-Bendixson rank which was defined in [BU] is CB,..
(iii) Also, one can verify that the e-Morley rank of a closed or open set A as defined
in [Ben05] coincides with CB,(A) where we view A as a subset of the space

of types over a sufficiently saturated model, equipped with the standard metric.
The e-Morley degree defined there coincides with CBd,(A).

The three notions of Cantor-Bendixson rank based on notions of smallness are tightly
related, and in particular define a unique notion of CB-analysability.

Proposition 3.6. For every topometric space X, ordinal o and € > 0:
Xiz € X c XY XY
Whereby for all A C X :
CBga2:(A) < CBp(A) < CBfo(A) < CBye(A).

In particular, being x-CB-analysable for x € {d, f,b} are all equivalent properties, and
from now on we will refer to them as being CB-analysable.

Proof. 1t follows from Lemma that if X CY C Z C W then X}, CVY/ C Z; C
WC’LS, and from there proceed by induction. .,
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On the other hand, we shall see below that the ranks CB;. and CB;. are somewhat
easier to handle than the CB;.. On the other hand, the degrees associated to CBy. and
CBy. are more elegant than those associated with CB; .. Thus the “comparative study”
carried out here leads us to the conclusion that the most useful notion of rank among
these three is CBy,.

Proposition 3.7. Assume that X is locally compact and CB-analysable. Then the d-
1solated points are dense.

Proof. Let U C X be open, non-empty. As X is locally compact, we may replace U
with a non-empty open subset such that U is compact. We will construct a decreasing
sequence of non-empty open sets (U;: i < w) and numbers (g; > 0: i < w) such that
U(] = U, diam(UZ-H) S 2_i and Ui—l—l Q Uz

Start with Uy = U. Given U; open, non-empty, let V; be open and non-empty such
that V; C U;.

Let o = min{CBys-i(z): x € V;}, and let x € V; be such that CBys-i(z) = «a.

This means that V; C Xéaz),i and that there is an open subset W;,; of Xc(lo;),i such that

x € Wiy1 and diam(W; ) < 27% Let Uy = VN Wiy, AsV; C Xé’a;,i, U;1 is open in
X, diam(UiH) S 2_i and Ui—l—l Q ‘_/Z Q UZ

In the end (U; = ( U; is non-empty as a decreasing intersection on non-empty com-
pact sets, and in fact consists of a single point {a}. It follows from the construction that
for all € > 0 the set B(a,¢) contains U; for some i, so a is d-isolated. u;

Corollary 3.8. Let X be a locally compact topometric space. Then the following are
equivalent:

(i) X is CB-analysable.
(ii) For all locally compact @ #Y C X the d-isolated points of the topometric space
Y (with the induced structure) are dense.
(iii) For all closed @ #Y C X the topometric space Y (with the induced structure)
contains a weakly d-isolated point.

Proof. (i) = (ii). By Proposition B

(ii) = (iii). Immediate.

(iii) = (i). Let e > 0, and assume that « is such that X é‘;) # . Then by assumption
there is a point a € X C(l:? which is weakly d-isolated there. Then the set B(a,c/2)° (as
calculated inside X éf?) is non-empty and of diameter < ¢, so X éaﬂ) cX C(li). Therefore

,€

Xéoao) = . W
We also obtain a converse for Lemma 2.2k

Corollary 3.9. Let X be a locally compact CB-analysable topometric space. Then the
set of weakly d-isolated points is the metric closure of the set of d-isolated points.
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Proof. One inclusion follows from Lemma For the other, let x be a weakly d-isolated
point. Then for each r > 0 the set B(z,7)° is non-empty and by Proposition B contains
a d-isolated point. m,

We can now show the relation with the Cantor-Bendixson ranks based on (weakly)
d-isolated points:

Theorem 3.10. Let X be a locally compact topometric space. Then all notions of CB-
analysability defined so far are equivalent. Moreover, if X is CB-analysable then for
every ordinal o and € > 0:

X cxl cxWcxy
Whereby for all A C X :
CBy2:(A) < CBy;c(A) <CB;(A) < CBgc(A).

Proof. Clearly if X CY C Z then X,  C Y, C Z_, whereby X( . C X(a) - X(a for
all e. Thus -CB-analysable implies wi-CB- analysable implies CB analysable To close
the circle assume that X is CB-analysable. By Proposition B, if X i,e is non-empty then
it contains a d-isolated point, so XZ-(;‘H) C XZ-(?. Thus Xi(zo) =

For the moreover part assume X is CB-analysable. Assume U C X is open and
diam(U) < e. By Proposition BZ U contains a d-isolated point a, and clearly U C
B(a,)°. Tt follows that X/ C X, _, and the rest follows. [P

3.2. Cantor-Bendixson analysis of subspaces and quotients.

Lemma 3.11. Let X CY be topometric spaces. Then for every x € {d,b, f,i1}, z € X,
e>0: CBfa(z) < CBXE(x). In particular if Y is CB-analysable then so is X.

Proof. Tt is straightforward to verify that X C Y implies X|_C Y]_for x € {d,b, f,i}
(though not for * = wi, since a weakly d-isolated point is not necessarily so in a subspace).
The statement follows. L_ERPI

Lemma 3.12. Let m: X — Y be a surjective morphism of compact topometric spaces,
and let A be such that d(z,y) < A(e) = d(w(x),7(y)) < e. Then for allb € Y and

e >0: CBy.(y) < CBjap (7)), ie., Yf(fz) - W(X](C?ZA)(E)) for all o. In particular, if X
is CB-analysable so is 'Y .

Proof. We will show that Y( C W(X}QA( ) by induction on a. For a = 0 and limit this is

(a+1) (a+1)
\W(XﬁA(E)).

Then each x € 77!(y) has an open neighbourhood V,, such that V, ﬂXf Ae) 18 A(e)-finite.
As 771 (y) is compact it can be covered by a finite sub-family: 7=!(y) C V,,U...UV,, , =
V. Then V' N X}aA( o is A(e)-n-finite for some n < w.

clear from the induction hypothesis. For a+1, let us assume that y € Y
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Let N(y) denote the set of all open neighbourhoods of y. Then for all U € N(y)
there are points yy,; € U N Y(vo;) for i < n such that i < j = d(yus,yv;) > €. By

the induction hypothesis there are zy; € 7' (yp;) N X,E(,IA)(&)- By assumption on m, A:
1 <j — d(ZL’U7Z',£L’U7j) > A(€)

For each i < n, the net (yy,;: U € N(y)) converges to y. As X is compact we can find
a directed partially ordered set (S5, <) and a decreasing function o: S — N(y) sending
s — U, such that for each i < n the sub-net (xy,;: s € S) converges in X, say to z;.
Then necessarily 7(z;) = vy, i.e., 2; € 7 '(y). Thus for some s € S and U = U, € N(y)

we have zy,; € V for all ¢ < n, in contradiction with A(e)-n-finiteness of V' N X}QA)@.
This contradiction concludes the proof. [ PRDY

Definition 3.13. Let X be a topometric space and € > 0. An e-perfect tree in X is a
tree of compact non-empty sets {F,: o € 2<“} where:

(i) f o,7 € 2<“ and 0 < 7 (i.e., 7 extends o) then F, C F.
(ii) For all o € 2<%: d(Fy0, Fp1) > €.

Lemma 3.14. Let X be a locally compact topometric space, € > 0, and assume an e-
perfect tree {F,: o € 2<%} exists in X. Let % be a base of closed sets for the topology
on X, closed for finite intersections, and such that for every compact set F C X there
is a compact F' € B such that F C F'. Then there exists in X an e-perfect tree
{F.: 0 <29} C A, such that moreover F. O F, for all o € 2<%.

Proof. We let FJ; be any compact member of % containing Fg.

We now proceed by induction on |o|. Assume F, C F! € 2 has been chosen. By
assumption B(Fyg, )N F.NF,; = @. Since F,q is compact, B(F,, ) is closed and thus
B(F,9,¢) N F. is compact. As F,; is an intersection of members of 2, there is a finite
sub-intersection I, satisfying B(Fyo,e) N F. N Fy = @. As F. € 2 we may assume
that F! D F!,, so F!, is compact and B(F,y, &) N F., = &. As F, is compact as well
we get d(Fyo, F.,) > ¢, and since Z is closed under finite intersections we have F!, € A.
We can now do the same thing to find F, € % compact such that F,, C F., C F! and

d(Fl,, F.,) > e. This completes the induction stage. W,

Remark 3.15. Notice that the second requirement on % is not superfluous. Indeed, the
set of all complements of bounded open sets in R is a base for the closed sets and is closed
under finite intersections, but equipping R with the maximal (i.e., discrete) metric we
obtain a locally compact topometric space in which Lemma T4 fails.

On the other hand, let X be a locally compact space and let & be the family of all
zero sets of functions in C'(X,[0,1]). Then it is easy to verify that # satisfies all the
assumptions of Lemma BT

Proposition 3.16. Let X be locally compact. Then X is CB-analysable if and only if
for no € > 0 is there an e-perfect tree in X.
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Proof. Assume X is not CB-analysable, say it is not (d,e)-CB-analysable. We may
replace X with X éf), so every non-empty open set has diameter greater than €. Given
an open set @ # U C X there are x,y € F be such that d(x,y) > . Then we can find
compact neighbourhoods Fy and Fj of x and y, respectively, such that d(Fpy, F1) > . In
particular Fjj and F} are non-empty open sets. We can thus proceed by induction to
construct the tree.

Conversely, assume an e-perfect tree (F,: o € 2<¢) exists. Let I, = [J,con F» and
F =, F.. Then F C X is compact, and there is a natural surjective mapping 7: F' —
2¢ sending F; = (), Frn to 7 for all 7 € 2¥. Viewing 2¢ with the natural topology and
the discrete metric, 7 is a surjective morphism. As 2“ is not CB-analysable, F' is not
CB-analysable by Lemma B2, so X is not CB-analysable by Lemma BTl m;

Theorem 3.17. Let X be a compact topometric space with enough precise quotients,
and let Q be a sufficient family of precise quotients of X (see Definition[.Z). Then the
following are equivalent:

(i) X is CB-analysable.
(ii) All homomorphic images of X are CB-analysable.
(iii) All precise quotients of X are CB-analysable.
(iv) AllY € Q admitting a countable base are CB-analysable.

Proof. The first implication follows from Lemma B.I2 The second and third are imme-
diate.

For the last, assume X is not CB-analysable. By Proposition BT0, for some ¢ > 0
there exists an e-perfect tree {F,: 0 € 2<“} in X. Let & be the collection of zero sets of
continuous functions f € C(X, |0, 1]). Then Z satisfies the assumptions of Lemma BT
so we may assume that each F, is the zero set of some f, € C(X,[0,1]). Let B =
{fs: 0 € 2=¥}. By definition there is a quotient (Y, 7) € Q such that wt(Y) = ¥y and
each f, factors as f. om with f. € C(Y,[0,1]). Let F. = n(F,) for each 0 € 2<“.
Then as f, factors through 7 we have F,, = 7~ 1(F/), and since 7 is precise we see that
dy(Fly, Fl) > € for all o, so {F]: 0 € 2<“} is an e-perfect tree in Y, and Y is not
CB-analysable. | P

We now seek to relate CB-analysability of a topometric space, its metric density char-
acter and its topological weight.

Proposition 3.18. Let X be a CB-analysable topometric space. Then || X|| < wt(X).

Proof. We may assume wt(X) > Ry.

Fix a base B of open sets for X, |B| = wt(X). Foreach U € B and n < w, if U contains
a point of maximal CBys-n-rank we let zy,, be such a point, otherwise zy,, € U is an
arbitrary point. Let A = {xy,,: U € B,n < w}. Clearly |A| < Rg - |B| = wt(X), and we
claim A is metrically dense.

Indeed, let € X and ¢ > 0. Then for some n: € > 27", Let a = CB,y-»(x), and

let Uy C Xéaz),n be relatively open of diameter < 27". Let U C X be open so that
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Uy=Un Xc(lo;),n. Then CBya-—n(U) = a, so CBya—n(zy,n) = o, whereby zy,, € Uy. Thus
Ty, € B(z,e) N A. W5

The converse does not hold in general (the disjoint union of a small non-CB-analysable
space with a large CB-analysable one would be a counterexample). The converse does
hold wen wt(X) is countable:

Proposition 3.19. Let X be a locally compact topometric space with a countable base.
Then X is CB-analysable if and only if || X|| < Vg if and only if || X|| < 2%.

Proof. If X is CB-analysable then | X|| < wt(X) = Ry < 2%, Conversely, assume X is
not CB-analysable. Then for some € > 0 there is an e-perfect tree {F,: 0 <2<} in X.
By compactness, for each 7 € 2¢ the intersection F, = (1, _, Fy;, is non-empty, and we

may choose xg € F,. Then 7 # 7/ = d(z,,z,/) > €, whereby || X|| > 2%. [T
In conjunction with Theorem BT we obtain:

Corollary 3.20. Let X be a compact topometric space with enough precise quotients,
and let Q be a sufficient family of precise quotients of X.
(i) X is CB-analysable.
(ii) Every homomorphic image Y of X satisfies ||Y]| < wt(Y).
(iii) Every precise quotient Y of X satisfies ||Y|| < wt(Y).
(iv) Every Y € Q with a countable base is metrically separable.

3.3. Comparing Cantor-Bendixson ranks of two spaces. Earlier we compared the
Cantor-Bendixson ranks of two topometric spaces admitting a special relation, such as
an inclusion or a surjective homomorphism from one to the other. Such (and other)
homomorphisms can be identified with their graphs, which are a special kind of closed
relations between two spaces. We will now explore inequalities of Cantor-Bendixson ranks
between spaces admitting an arbitrary closed relation.

Notation 3.21. Let X, Y be two compact spaces, R C X X Y a closed relation. For
z € X and A CY we define:
R, ={yeY: (2,y) € R},
R™ ={x e X: R, C A},
R4 ={reX:R,NA+# 2}
Note that:
(i) For all A CY: RV = X R4,
(ii) If A C Y is closed then R4 is closed.
(iii) If A C Y is open then R™ is open.
For example, if Y C X then R = Ay C Y x X is a closed relation, R, = {y},
R™ = R = AnY. If 7: X — Y is a projection, then R = {(7(z),2): v € X} CY x X
is again a closed relation, R, = 7= 1(y), R = n(A).
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The formalism of closed relations allows us to compare Cantor-Bendixson ranks of
spaces (or of subsets thereof) in very general situations. In particular, the following
result, albeit more technical, is a proper generalisation of Lemma and a partial
generalisation of Lemma BTl

Let us fix:

e A pair of locally compact topometric spaces X,Y .
e A closed relation R C X x Y such that R, is compact for every z € X.
e £,0 > 0 such that for all (x,y), (¢/,vy') € R: if dy(y,y’) <6 then dx(z,2') <e

Lemma 3.22. If U CY is open and J-finite (5-bounded) then R™Y N (R?Y)° is open and
e-finite (e-bounded).

Proof. As both RV and (R?)° are open so is their intersection. Assume now that for
some ordinal a < w we have z; € RV N (R¥Y)° for i < « satisfying i < j < a =
d(z;,z;) > . Then we can find y; € R,, C U for all i < o which necessarily satisfy
i <j<oa=d(y,y;) > 0. ;o

The analogous statement will be true if we replace J-finite with diameter < § (i.e.,
)-1-finite). However, it will not be of much use since the family of open sets of diameter
< ¢ is not closed under finite unions.

Lemma 3.23. Under the assumptions above, let x € {f, b}, and set X (@) — Xi?f:), v
Y;%v)_ Then for every ordinal o: (R7Y)° N X(© C R,

Proof. Indeed for o = 0 this holds by assumption, and for « limit a compactness argument
shows that R = RFINs<a ¥ = No<a R,

Assume now that (R¥)° N X©@ C R and we shall prove this for a + 1. Let
z e (R™)°NX®) R we need to show that z ¢ X©@+) Let K = R, N Y@ =
(R),, where R = RN (X x y(@),

Then K is compact, and by assumption on z: K # @, K N Y @) = & The latter
means that K admits a covering K C |, <x Ui where each U; C Y@ is relatively open
and J-finite in case x = f (d-bounded in case * = b). By compactness of K we may take
this union to be finite. As a finite union of d-finite (6-bounded) sets is such, we find that
K C U where U C Y® is open and d-finite (6-bounded). Let U’ = (R®)" N (RFY)° C
X©@_ Then z € U’, and by Lemma applied to R, U’ is open in X and e-finite
(e-bounded). Thus U’ N XD = g and = ¢ X+ as required. W,

Theorem 3.24. Let X,Y be two locally compact topometric spaces. Let R C X XY be
a closed relation such that R, is compact for all x € X. Let £,6 > 0 be such that for
all (z,y), (@, y) € R: if dy(y,y') < d then dx(z,2') < e. Let K C X be compact and
F CY any set such that K C (R7Y)° N R Then CB;.(K) < CB4(F) for = € {f,b}.
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Proof. Assume that CBY_(K) > a, i.e., there exists z € K N X% C (R™)°n X )

REY*(E), so thereisy € RxﬂY( Since K C R"" we havey € R, C F. Thus FﬂY 7& %)
and CBX(;(F) > « as well. W

Corollary 3.25. LemmalZId can be obtained as a special case of Theorem[3.Z4) In fact
it is enough to assume that X and Y are locally compact and 7: X — Y is surjective
with compact fibres.

Proof. We follow the notations and assumptions of Lemma BT2 Let R C Y x X be the
transposed graph of 7, i.e., R = {(n(z),z): * € X}. Then R, = 7~ !(y) is compact for
all y € Y by assumption. As 7 is surjective, R*X =Y. Let ¢ > 0 and y € Y, and set
6 =A), K=nYY) =R, C X. Then y € (R?*)°N RS and by Theorem B2%
CBY,e(y) < CBf&(W_l(y))- ;.

The same argument shows that CB;_(y) < CBp;(7m'(y)) as well, improving
Lemma B.T2)

In particular, if 7: X — Y is precise, then CBy. ranks go down, in the sense that
CBY@(K ) < CB?’&(W‘I(K )) for K C Y. We will now seeks sufficient conditions for
equality.

Definition 3.26. Let 7: X — Y be a precise surjective mapping of compact spaces. We
say that X is homogeneous over Y (or more precisely, over ) if for every K C U C Y,
where K is compact and U open, and every countable set X, C 7 !(K), there is an
isometric automorphism f of X such that 7o f[y, is isometric with image in U.

(All the results below hold if we replace “compact” with “locally compact” and require
in addition that if K C Y is compact then so is 771(K).)

Proposition 3.27. Let M < N be two structures, M approximately Ry-saturated and N
very homogeneous. Then S,(N) is homogeneous over S, (M) and S,(N) is homogeneous
over S,(M), each with the respective standard metric.

Proof. Let K C U C S,(M) be closed and open, respectively, and let Xy C 7~ '(K) C
S»(N) be countable, say Xo = {p;: i < w}. Then one can find a formula ¢(z,b) with
parameters b € M such that K C [p(7,b) = 0] C [p(z,b) < 1/2] C U. Then there is
some € > 0 such that for all ¥ € M, if d(b,V') < € then [p(z,b') = 0] C U as well.

For each i < j < w one can find a countable set A;; C N such that d(p; [ 4,0 Dj [Aij) =
d(pi,p;). Then A =J,_,_, Aij is countable. By approximate No-saturation of M we can
find ¥ A’ C M such that Ab = A’V and d(b,b') < . By homogeneity of N there exists
f € Aut(N) sending Ab — A'Y. Then f induces an isometric automorphism f of S, (N),
T o f(Xo) C [@(Z,b) = 0] C U, and since A’ C M we get that 7 o f is isometric on X.

The proof for m: S,(N) — S, (M) is essentially the same. m; .

Proposition 3.28. Let m: X — Y be precise, and assume X is homogeneous over Y .
Let x € X andy =mn(x) €Y. Then CBZ@(y) > CB;ffa(x) foralle >0, x € {d, f,b}.
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Proof. We will only prove the case * = f, the others being similar. It will suffice to show

by induction on « that 7(X J(coé)) c Yf(,?'

For o« = 0 or limit this is clear. For a+1, assume that U C Y is open such that U ﬂYf(z)
is e-finite, say e-n-finite. Let y € U N Yf(z‘). Then it will suffice to find 7=!(y) C V open
such that V' N X}i) is e-n-finite as well.

Indeed, find U’ C Y open such that y € U’ C U’ C U, and let V = 7= 4U’). We
claim that V N X}i)) is e-n-finite. If not, then there are z,...,2, € V N X}i) such that

£

i < j <n = d(z;,z;) > . By the homogeneity assumption there exists a precise
automorphism f of X such that wo f] v} 18 isometric with image in U. Since f is
a precise automorphism it leaves Xj(f;) invariant, so f(xq),..., f(z,) € X J(f? as well. By
the induction hypothesis 7 o f(xg),..., 7o f(x,) € Yf("i_‘), contradicting the assumption
that U N Yf(,z) is e-n-finite. [ PO

We conclude:

Theorem 3.29. Let m: X — Y be precise, and assume X is homogeneous over' Y. Then
for all K CY, « € {f,b} and e > 0: CB! _(K) = CB} (=" 1(K)).
Moreover, if this common rank is ordinal then: CBdXE(K) = CBdfa(w_l(K)).

Proof. Only the moreover part is left to be proved. Indeed, assume first that CByve(K ) =
CBY.(m1(K)) = a < co. Let X© = X% and Y(® = ¥;*). By the first part 7(X(®) =
Y@,

Let n = CBd’iE(K). Then there is an open set K C U C Y such that U N Y@ ig
e-n-finite. By the same argument as in the proof of Proposition we find V C X
open such that 771 (K) C V and V N X @ is e-n-finite so n > CBd} (7~'(K)). On the
other hand, let m = CBd}_(7!(K)), so there is an open set 7~'(K) C V C X such
that V N X is e-m-finite. Let U = Y ~ 7(X \ V). Then U is open, K C U, and
7Y U) C V. It follows that 7~ ({U NY®) C VN X and as 7 is precise U NY(® is
e-m-finite, so m > CBdYﬁ(K).

The case % = b is similar. ;.

Together with Proposition this means we can define the e-Morley rank of a type-
definable set X as RM.(X) = CB?;(M)([X ]) where M is any approximately Rg-saturated
model containing the parameters for X. Indeed, if M is the monster model then S, (M)
is homogeneous over S,,(M) whereby CB?Z(M)([X]S"(M)) = CB?;(M)([X]S"(M)). Similarly
we define the e-Morley degree of X as dM.(X) = CBd]Sp,’;(M)([X]).

The same would be true for CB, . ranks and degrees (which coincide with the Morley

ranks and degrees defined in [Ben05]). However, CB . ranks seem to have the advantage
of a more natural notion of degree.
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3.4. Measures. We conclude this section with a few results concerning Borel probability
measures on CB-analysable spaces. These results come from joint work with Anand
Pillay, whom we would like to thank for allowing their inclusion here.

Recall that a measure on a topological space X is reqular if for every measurable S

wu(S) =sup{p(K): SO K compact} = inf{u(U): S C U open}.

Regular Borel measures on X are in bijection with positive integration functionals on
C(X,R) (or C(X,]0,1])). Following our convention concerning terminology, the Borel
o-algebra of a topometric space is the o-algebra generated by the topology.

Theorem 3.30. Let X be a locally compact, CB-analysable topometric space, i a reqular
Borel probability measure on X. Then for every e > 0, 1 —¢ of the mass of p is supported
by a metrically compact set.

Proof. Fix r;6 > 0, and let U, = X ~ X(a Thus Uyy1 N X( ) is a union of open r-finite

subsets of X (a

Assume ﬁrst that pu(U;) > 6. By regularity there is a compact subset F' C U; such
that u(F) > p(Uy) — 6. Since F' C U; is compact it is covered by finitely many r-finite
sets, and is therefore r-finite. It follows that for arbitrary a, if pu(Uyt1 N\ Uy) > 9 then
there is a compact set F' C U,y1 \ U, such that u(F) > p(Uysr N Uy) — 9.

We now claim that for all a: pu(Us) = > 5., #1(Ust1 \ Up). In case a is countable this
is just by o-additivity, but for the general case a small inductive argument is required.
a = 0 (and indeed, o < wy) is immediate, as is the successor case. For a limit, we
have U, = U5<a Us. Then every compact set K C U, is contained is some Upg, so by
regularity: u(Us,) = supg.,, 1(Up).

By CB-analysability we have p(X) = > #t(Ust1 ~\ Uy). Only countably many sum-
mands can be non-zero, and we may enumerate their indexes by {a,: n < w} (not
necessarily in order). For each n find F,, C U,, +1 \ U,, compact, r-finite and satisfying
p(Fn) > p(Uspsr N Uq,) — 27716, Then for some m: w(U,_,, Fn) > w(X) — 4, and
K =, <, Fn is r-finite and compact, and therefore complete.

Letting r and § vary, we see that for all n we can find K,, C X compact, 27 "-finite,
satisfying p(K,) > u(X) — 27" 1e. Let K = (| K,. Then K totally bounded and
complete, i.e., it is metrically compact, and p(K) > pu(X) —e. H; 3

Corollary 3.31. Let X be a compact, CB-analysable topometric space, i a reqular Borel
probability measure on X. Then there is a sequence {,: n < w} of probability measures
with finite support converging weakly to p, i.e., [ fdup, — [ fdu for every continuous
function with compact support f € C.(X,C). Moreover, if F C C.(X,C) is a family of
uniformly bounded, and equally uniformly continuous functions then [ fdu, — [ fdu
uniformly for all f € F.

Proof. For each n < w, choose K, C X metrically compact such that p(K,) >1—27".
By compactness we can find points {z,;: i < ¢,} C K, such that K,, C |J B(z,;,27").



26 ITAI BEN YAACOV

For i < {, let S,; = K, N B(,;,27"71) \ Uj<i Sp;- Then each S, ; is a Borel set, and
they form a partition of K. Let pin0 = >, #(Sni)0s,,, where 0, denotes the Dirac
measure concentrated at x. Then p, = pu(K,) o is a probability measure with finite
support.

Now let f: X — C be a continuous function with compact support. Then f

is uniformly continuous and bounded. Let M = sup|f|, and for each 6 > 0 let
A7) = sup{|f(x) — f(y)|: d(z,y) < 6}. Then A71(6) — 0 as § — 0, so:
Vfdu /fdun < Fdu— [ Fduno
bl W S i
+/ fdM‘Jr'/fdun—/fdun,o
XK,

<ZA m)+M2"+M2"(1— ! )

Z<Zn M(Kn)
<ATH2T) 4+ 327" M.
This goes to 0 as n — oo. The moreover part is implicit in the proof above. | BSt

Measures on type spaces were originally studied by Keisler [Kei&7].

Definition 3.32. Let T" be a theory, A a set of parameters. An n-ary Keisler measure
() over a set A is a Borel probability measure on S, (A).

Such measures generalise the notion of a type (the Dirac measures being in bijection
with types).

Let 14(Z) be a Keisler measure over A. Then a definable predicate ¢(z) with parameters
in A is a continuous function ¢: S,,(A) — [0, 1], and we can calculate its integral I,¢
[ P du(p). Conversely, the integration functional I, determines .

Let now p(Z) be a Keisler measure over a model M . Let ¢(Z, ) be a definable predicate,
possibly with some parameters in M, and let us restrict our attention to instances ¢(Z, b)
over M. This defines a predicate b — I,o(Z,b) on M, which we denote by I,z ¢(Z, 7).

Let ji, be the image measure of ;1 on S o»(M). Then p, is a Borel probablhty measure as
well, so we say it is a p-Keisler measure over M. Conversely, yi, determines I,z ¢(Z, %),
so the family of all such (1, determines p (in fact we only need the family of s, where
o(z,7) are formulae without hidden parameters).

Corollary 3.33. Assume ¢(z,y) is a stable formula, M a model, and p, a @-Keisler

measure over M. Then i, is definable, meaning that the predicate 1,z ¢ (Z,7) is equal on

M to some definable predicate 1(y) with parameters in M (it follows that ¥ is unique).
Moreover, 1 is a ¢-predicate, namely a continuous function on Sz(M) where p(y,T) =

o(Z, 7).

Proof. By [BUI, (S,(M),d,) is CB-analysable. By Corollary B3 1 is the weak limit of

a sequence of finitely supported measures p,. The family of all functions of the form
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©(Z, b) is uniformly bounded (by 1) and equally uniformly continuous (all are 1-Lipschitz)
on S, (M). By the moreover part of Corollary B3l the predicates I,,,z)(Z, ) converge
uniformly to 1,z (Z,y) on M.

Let us write pi, = >, anidp,,. Each p,; is definable, and let 1, ;(7) denote its
definition by. Set

%(?J) = Z an,iwn,i(g) = Iun(ﬂ’C)QO(fa ?j)
i<ln

Then the definable predicates 1,,(7) converge uniformly (on a model M and therefore
everywhere) and their limit is the required definable predicate ).

As each 1), ; is a ¢-predicate so is each 1), and therefore 1. s

Corollary 3.34. Let M be a model and let p(Z,y) be any formula (or even definable
predicate, possibly with hidden parameters in M ). Let p(Z) and v(y) be two Keisler
measures over M. Then Fubini’s Theorem holds for p and v:

[u(i)[lj(g)gp(jv g) = [u(g)[u(i)@(ja g)

Proof. We know by Corollary that I, (7, 9) is a p-predicate and I,,)¢(Z, ) is a
¢-predicate, so in fact the statement is only concerned with ji, and vgz. In case these are
Dirac measures, i.e., complete types, this is just standard dividing symmetry:

L@y Ly (2, 9) = D) d,p(T) = dgp(T)”
= dpo(9)" = Ioe)dpe(Y) = Ly Ip(z) 0 (7, 7).

In the general case proceed use Corollary B3l to approximate p, and vs by finite sums
of complete types with weights, and apply the first case. m,

Note that if 7" is stable we can then define a Keisler measure (u x v)(Z,y) over M
by: Ly o(Z,9) = Ly L@, 7). This is the free product of p and v, generalising free
product of types.

4. PERTURBATION METRICS

4.1. Definitions and characterisations. We recall from [Benb] that a perturbation
system p for a theory T can be given by a system of perturbation metrics d,, on S,(T")
for each n < w such that n — (S,(T),d,) is a precise topometric functor, namely:

(i) Each (S,(7'),d,) is a topometric space.

(ii) For every n,m < w and mapping o: n — m, the corresponding mapping

*

o*: Spu(T) — S,(T) is a precise morphism of topometric spaces.
We will follow the notation from [Benb] and denote By, (X,r) by X*().

Definition 4.1. Let p be a perturbation system for 7', M, N E T, and r > 0.

(i) A partial p(r)-perturbation from M to N is a partial mapping f: M --» N such
that for all @ € dom(f): dp(tpy(a), tpy(f(a))) <.
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(ii) If f above is bijective then it is a p(r)-perturbation of M into N. We denote the
set of all such mappings by Pertyq) (M, N).

Remark 4.2. What we call a perturbation here was called a bi-perturbation in [Benb|, the
term perturbation being reserved there for the somewhat weaker notion of a total (but
not necessarily surjective) partial perturbation. The distinction is more important when
dealing with asymmetric perturbation radii and pre-radii with which much of that paper
was concerned and which will not appear here at all. We apologise for the inconvenience.

The preciseness of ¢* has a concrete meaning for various special cases for o:

e Preciseness of * when o: 2 — 1 is the unique mapping is equivalent to the
property that if p(z,y) € S3(T) then either p € [z = y] or dy(p, [z = y]) = o©
(since p ¢ [z = y| implies that d(q, (6*)"*(p)) = d(q, @) = oo for all g € S;(T)).
By compactness it follows that for every » > 0 and € > 0 there is 6 > 0 such that
[d(z,y) < 6] C [d(z,y) < €], and by symmetry: [d(z,y) > &]P") C [d(z,y) >
0]. In particular every partial p(r)-perturbation is uniformly continuous and
injective, and its inverse is a partial p(r)-perturbation by symmetry of d,.

e Preciseness of 0* when o: n — n is a permutation just means that a permutation
of the variables is an isometry of (S, (7"), dy), i.e., the notion of perturbation does
not depend on the order of an enumeration.

e Preciseness of ¢* when o: n — n + 1 is the inclusion tells us that a partial
p(r)-perturbation can be extended to one more element.

Along with a standard back-and-forth argument this yields:

Fact 4.3. Let p be a perturbation system for T, r>0. Let M,\NET,a € M", be N".
Then the following are equivalent:

(i) dp(tpp(@), tpy(b)) <. _
(ii) There are M' = M, N' = N and f € Perty,y(M', N') such that f(a) = b.

This means that the perturbation system is determined by the mapping (M, N,r) —
Perty) (M, N), and it will be convenient to give a general characterisation of mappings
of this form.

Theorem 4.4. Let p be a perturbation system for T. Then for each r € Rt and

M, N € Mod(T), Pertyp,y(M, N) is a set of bijections of M with N satisfying the following

properties:
(i) Monotonicity: Perty,y(M,N) = (., Perty) (M, N).

(ii) Strict reflexivity: Pertyoy (M, N) is the set of isomorphisms of M with N.

(iii) Symmetry: f € Perty,y (M, N) if and only f~" € Pertyq (N, M).

(iv) Transitivity: if f € Pertpey(M,N) and g € Pertp)(N,L) then go [ €
Pertp(,,Jrs) (M, L)

(v) Uniform continuity: for eachr € R*, all members of Perty,y(M, N), where M, N
vary over all models of T, satisfy a common modulus of uniform continuity.
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(vi) Ultraproducts: If f; € Pertyy(M;, N;) for i € I, and % is an ultrafilter on I
then I1,, fi € Pertpey ([T, Mi, T1, Ni). (Note that [],, f; exists by the uniform
continuity assumption).

(vil) Elementary substructures: If f € Pertyqy(M,N), My < M, and Ny = f(My) =
N then f[y, € Pertyq) (Mo, No).

Conversely, every mapping associating to every triplet (r, M, N) € Rt x Mod(T)? a
set of bijections Pert!. (M, N) satisfying the properties above is of the form (r, M, N)
Pertpy (M, N) for a unique perturbation system p.

Proof. The first part is fairly immediate from facts we already know, so we only prove
the converse. The uniqueness part follows from Fact SO we prove existence.

Say that “d,(p,q) < r” (in quotes, since we have not yet given a value to dy(p, q)) if
there are models M, N E T and f € Pert,.(M, N) sending a realisation of p to one of g.

First we claim that “d,(p,q) < r” if and only if “dy(p,q) < s” for all s > r. Left
to right is immediate from monotonicity. For right to left, let s, \, r. For each n
let f, € Pert, (M,,N,) witness that “d,(p,q) < s,” sending a, € M, to b, € N,.
Let % be a non-principal ultrafilter on w, and let (M, N, f) =[], (M,, Ny, f,). Then
f € Pert, (M,N) for all n by the ultraproduct property and f([a,]) = [b,], whereby
f € Pert. (M, N) witnesses that “d(p,q) <r”.

We may therefore define dy(p, ¢) = inf{r: “d,(p,q) <"} € [0, 00] and drop the quotes.
Strict reflexivity tells us that dy(p,q) = 0 <= p = ¢, and symmetry and transitivity
imply symmetry of d, and the triangle inequality, so d, is a metric. The ultraproduct
property implies that {(p,q) € S.(T)?: dy(p,q) < r} is closed, and (S,(T),d,) is a
topometric space for all n.

For preciseness, let now 0: n — m, p € S,,,(T), ¢ € S,(T), and we need to show
that dy(p, (6*)7*(q)) = dy(c*(p),q). Assume first that dy(p, (c*)"'(q)) = r < oo, so
dy(p,q') = r for some ¢’ € (¢*)7'(q). Let f € Pert, (M, N) witness this, sending a F p (of
length m) to f(a) F ¢'. Let aj = aq(;) for i <n. Then @' F o*(p) and f(a’) F ¢, whereby
dp(0*(p), q) < r. Conversely, assume d,(c*(p),q) = < co. Let f € Pert, (M, N) witness
this, sending a £ o*(p) (of length m) to f(a) F ¢. By the ultraproduct property we
may replace M with an N;-saturated elementary extension, in which there is a tuple c.,,
such that a; = ¢,(;) for i < n. Then f(¢) realises a type in (¢*)"*(q), showing that
dp(p, (%) (q)) < r. Equality follows.

We have shown that d, is indeed the perturbation metric associated to a perturbation
system p. The inclusion Pert; (M, N) C Perty (M, N) is immediate from the construc-
tion. Assume now that f € Pert,, (M, N). Let A C M be a finite subset and enumerate
it as a tuple a. Let p = tp(a), ¢ = tp(f(a)), so dp(p,q) < r. This is witnessed by some
fa € Pert (M4, N4) sending @ F p to fa(a') F g. In other words, there are partial
elementary mappings 64: M --» M4 and 0;: N --» Ny, with domains A and f(A),
respectively, such that fqa o604 = 64,0 f on A Set [ = {A C M: |A| < oo} and let
% be an ultrafilter on I containing the set {A € I:a € A} for each a € M. Let
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(M, N, f) =[1,(Ma, Ny, fa), so fe Pert! (M, N) by the ultraproduct property. Define
0: M — M by 0(a) = [aa]aer where ay = 0a(a) if a € A, and anything otherwise.

Define ¢': N — N similarly. Then 0 and 6" are (total) elementary embeddings, and

fol=0of. It follows that f € Pert!. (M, N) by the elementary substructures property,
as required. W,

Remark 4.5. Let [,fc be the language for triplets (M, N, f), consisting of two disjoint copies
of £ plus a new function symbol f going from one to the other. Then the ultraproduct
and elementary substructures properties are not equivalent (modulo previous axioms) to
the elementarity of the class

{(M,N, f): M,N ET, f € Pert,(M, N)}.

Indeed, The assumption that (M, N, f) C (M’,N', f') and M < M', N < N’ does not
imply that (M, N, f) < (M',N', '), so elementarity is not strong enough to imply the
elementary substructures property.

The correct equivalent assumption is that the class above is elementary and that its
theory is “universal over £”. In case T eliminates quantifiers (which we may always
assume) this just means that it is given by:

{M ET}U{N E T} U {some universal axioms (involving both copies and f)}.

4.2. Extensions of perturbation systems. By definition, a perturbation system p for
a theory T' compares complete types without parameters, telling us the by how much one
needs to be perturbed in order to obtain the other. What about types with parameters?
Adding a parameter in a set A C M to the language consists of two steps: adding
new constant symbols to the language for the members of A, and replacing T with
T(A) = Thgay(M). Given a perturbation system for 7" in £(A), the second step merely
consists of the restriction to a smaller family of type, so let us concentrate on the first step.
More generally, let us explore the extension of perturbation systems to a bigger language
L' O L. Replacing a function symbol f(z) with the predicate G¢(z,y) = d(f(Z),y), we
may assume only predicate symbols are added.

Let us first consider the case where a single new symbol is added: Lp = L U {P}.
Let T" denote the set of Lp-consequence of T (i.e., T viewed as an Lp-theory). Then
it is natural (to the author, at least, which is what counts at the moment) to extend p

to a perturbation system pp for 7" allowing small perturbations of P. Thus for every
(M, PM) (N, PY) E T’ we define:

for all b € M:
Perty,, ) (M, PM), (N, PY)) = < 6 € Perty (M, N) :

CIPY ) = PYOG)] < r

It is fairly straightforward to verify that this definition satisfies the list of properties from
Theorem 4], and thus indeed defines a perturbation system pp.
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In case we wish to add several new symbols P = {F;: i < k}, we will merely iterate
this construction.

Pert, ) (M, Py, ...),(N,Py’,...)) =
for all 7 < k:andbeM:}

{9 & Pertary MN) pan ) (o)) < r

This is particularly elegant as it does not depend on the order in which we add the
symbols. However, one could come up with several variants of this definition, such as:

Perty o (M, By, ...), (N, By',...)) =
foralli < k and b € M: }

{9 <Pt b ) pN () < 2

Or:

Pertyyr () (M, P ), (NLBY, L)) =

foralli < k and b € M:
RS Pertp(,,)(M, N):

[P (0) = PN (O0)] < 2

As long as we only add finitely many symbols, all three definitions are equivalent, in the
sense that the metrics dy, dp% and dp% are all uniformly equivalent metrics. Of course,
one can come up with many more variants of this kind, but as long as we allow to perturb
each of the finitely many new symbols, we are always going to get something equivalent
to pp, which, as we said, seems the most elegant of the lot.

Let us now consider the case where countably many new symbols are added. All three
constructions suggested above admit an obvious generalisation to P = {P;: i < w}.
However, an essential distinction now presents itself between pp, p’5 on the one hand,
and p’; on the other.

Indeed, p’; is a very relaxed perturbation system, as a positive perturbation distance
only takes into account finitely many of { P;: i < w}. More precisely, the question whether
or not ¢ € Pertyr (,) (M, N) depends only on {F;: 0 <4 < —log,r}. This is essentially the
only way of getting a meaningful perturbation system for first order logic. For example,
let T" be a theory in a countable language L. Let p be the trivial perturbation system
for the language of equality, and let p’. be as above. Then T is p.-Rj-categorical if and
only if every restriction of 7" to a finite sub-language is Ny-categorical. In the case of an
uncountable tuple P, obtaining a “perturbation system” with similar properties would
force us to replace metrics with non-metrisable uniform structures. At the moment we
do not see the point in doing so, as the usefulness of p; for infinite P is not at all
clear. In particular, type spaces over infinitely many parameters in classical logic do not
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involve non-trivial perturbation systems, so the “correct” way to extend p to types over
an infinite set A should go through another construction.

In contrast, pp and p’; can be arbitrarily strict when applied judiciously to infinitely
many new symbols. Indeed, in the case of p’;, we may enumerate P with repetitions,
repeating each symbols infinitely many times (or, if this bothers the reader, we could
enumerate many copies of each new symbol and later add to 7" the axioms that all
copies of a single symbol coincide). In that case, a p’s(r)-perturbation of L p-structures
would necessarily fix the interpretation of every new predicate symbol P;. In case of the
apparently more relaxed pp, the same can be achieved by replacing each new symbol
P, with a tree of symbols {P?: o € 2<¥}, viewing P? as P;, and adding axioms that
PO =2P7 Al and PPt = (2P7 — 1)V 0. Then for r < 1 a pp(r)-perturbation of models
of these axioms would necessarily fix all the new symbols.

The somewhat philosophical discussion in the previous paragraph is meant to convince
the reader that when adding infinitely many new symbols to the language, the most
reasonable (and canonical) way of extending p is by fixing all the new symbols. In that
case we might as well define directly the extension p|p (“p over P”) by:

Perty; ) (M, PM), (N, FyY)) = {6 € Perty) (M, N): PM = PYof for all P € P}.

In particular, when we extend p to S, (A) where A is infinite we will use p| 4.

Let us now re-examine the distance between two types p,q € S, (T"). If p is a perturba-
tion system then d,(p, ¢) measures by how much a realisation of p needs to be perturbed
in order to get a realisation of q. But we can also identify p and ¢ with completions
of T in the language L£(¢), where ¢ is an n-tuple of new constant symbols, which we
will denote by p',¢ € SL(c (T'). Let id be the trivial perturbation system for 7', and
let id; be constructed as above. Then Pertiq_((M, a), (N, b)) consists of all isomorphisms
of #: M — N such that d(b,0(a)) < r, and dig_(p',¢) is simply the standard distance
d(p, q), measuring by how much a realisation of p needs to be moved in order to obtain a
realisation of ¢. Finally, we can combine both constructions defining Jp(p, q) =dyp.(, ).
We obtain a notion of distance which allows both to perturb the underlying structure
and to move the realisations. We could also define it directly (as was done in [Benb]) as

PR (EIMi:p(d) N E q(b), 6 € Perty, (MN))
S - (VceM,i< >(|ndaZ dN(Q(c),bi)|§r>

In the terminology of Section @ we can restate [Benb, Theorem 3.8 and Proposition 3.9
as:

A complete countable theory T' is p-No-categorical if and only if every
finite tuple a, every type p € Si(a) is weakly d,,-isolated.

And:
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If T is a complete countable theory and every type p € S,(T) is dy-
isolated, then T' is p-Ny-categorical.

Remark 4.6. C. Ward Henson pointed out that if (X, d) is a complete topometric space,
then the following are equivalent:

(i) Every point z € X is weakly d-isolated.
(ii) The set of d-isolated points in d-dense in X.

This is a special case of Lemma

4.3. X-stability up to perturbation. In the course of studying metric structures one
encounters many which should, according to all moral standards, be Ny-stable (or at
least superstable), but are not. Examples for this are probability spaces with a generic
automorphism [BB| or Nakano spaces [Benal. Reassuringly enough, both turn out to be
No-stable up to a natural perturbation system. Our earlier work allows us to conclude
almost immediately that this notion of Ry-stability, and more generally, of A-stability,
satisfies some expected properties. In particular, Ny-stability coincides with the existence
of appropriate Morley ranks.

Convention 4.7. Henceforth, when p is a perturbation system for 7" and A a set of
parameters, we will always interpret d, on S,,(A) as dy;,, and accordingly, d, as dy, .

Definition 4.8. Let T' be a theory, A > |£|, and p a perturbation system for 7. We say
that 7" is p-A-stable if whenever |A| < A: ||(S,(A),dy)|| < A

First of all it should be pointed out that for any perturbation system p, p-A-stability
is weaker than A-stability, since d,, is always coarser than the standard metric d (which

coincides with cZid). We thus need to make sure that p-A-stability is still strong enough
to imply stability.

Fact 4.9. Let T be a theory, A > |L|, and p a perturbation system for T. Then T is
p-A-stable if and only if for any model M ET': || M| =X = ||(S,.(M), dp)| = .

Proof. By Lowenheim-Skolem and the fact that if A C M is dense then (Su(A),dy,) =
(Sn(M), dy). W,

Lemma 4.10. Let T' be a theory, p a perturbation system for T', and M & T'. Let p(Z,y)
be any formula, || = n. Then m,: (S,(M),d,) — (Sp(M),d,) is uniformly continuous
and thus a morphism of topometric spaces.

Proof. We need to show that for all € > 0 there is 6 > 0 such that if p,q € S,(M) and
dy(p,q) < & then for all b € M: |@(Z,b)? — ¢(Z,b)!| < e. Indeed, as p is a perturbation
system for T, one can find §; > 0 such that whenever § € Pert,s, (M, N) then for
all a,b € M: |p(a,b)™ — p(6(a),8(b))N| < /2. By uniform continuity one can find
8o > 0 such that if a,a’,b € M and d(a,a’) < &, then |p(a, b)M — ¢(a',b)™| < /2. Now
0= min{(Sl, (52} will do. .4.10
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Proposition 4.11. Let p be any perturbation system forT'. Then T is stable if and only
if T is p-A-stable for some A, if and only if T is p-A-stable for all A = M-I,

Proof. If T is stable then for all A = Al if | M|| = X then | S, (M)| = \. It follows that
T is p-A-stable independently of p. In particular, T is p-2/¢l-stable.

Conversely, assume 7' is unstable, say due to an unstable formula ¢, and let A\ > |L|.
Then there exists M F T such that ||M|| = A and ||S,(M)|| > A. As the projection
(S, (M),d,) — (Sp(M),d,) is uniformly continuous, it follows that ||(S,(M),d,)|| > A,
and T is not p-A-stable. m,

Remark 4.12. Recall the various alternatives we considered for the extension of a per-
turbation system p to countably many new symbols (in this case, constant symbols):
the strict variants p4 and p’y allowed us essentially to fix A (as long as we enumerate it
judiciously enough), while the relaxed variant p’y only considers finite parts of A. Had
we chosen the latter as a basis for extending perturbation systems to new parameters,
the previous Proposition would have been false. Indeed, if 7" is any small theory and A
any (countable) set, then [|(S,(A), dys)|| = Vo, even though 7" needs not be stable.

Lemma 4.13. Let p be aNperturbation system forT, A C B C MZFET. Then the
projection map w: (S,(B),dy,) — (Sn(A),d,) is precise (and in particular a quotient of
topometric spaces).

Proof. Exercise. L_IBE
It follows that:

Proposition 4.14. Let T' be a countable theory, p a perturbation system for T'. Then
the collection {(Sn(M"),dy): M' < M} is a sufficient family of quotients of (S, (M), d,).

Theorem 4.15. Let T be a countable theory, p a perturbation system for T. Then the
following are equivalent:
(i) T is p-A-stable for all \.
(i) T is p-Ng-stable.
(iii) For every separable model M : ||(S,(M)
(iv) For every model M, the space ||(S,(M)

Proof. (i) = (ii). Immediate.

(ii) = (iii). If M is separable and A C M is countable and dense, then S, (A) =
Sn(M).

(iii) = (iv). By Corollary B2

(iv) = (i). By Lowenheim-Skolem and Proposition B8 W

dp)|| = Ro.
.dp)|| is CB-analysable.

Corollary 4.16. Let T' be a complete countable theory, M a monster model for T. For
a non-empty type-definable set X C M™ and € > 0, define the e-Morley rank of X up to

p by: RM,.(X) = CBfE”(M)’J")([X]). Then T is p-Rg-stable if and only if RM, (X)) is
an ordinal for every type-definable set X and every e > 0.
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In particular:

Corollary 4.17. A theory T is Ny-stable if and only if RM.(X) is an ordinal for every
type-definable set X and every e > 0.

[BU

[BUO7]
[Kei87]
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