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Using definability of types for stable formulas, one develops the powerful tools
of stability theory, such as canonical bases, a nice forking calculus, and stable em-
beddability. When one passes to the class of dependent formulas, this notion of
definability of types is lost. However, as this dissertation shows, we can recover
suitable alternatives to definability of types for some dependent theories. Using
these alternatives, we can recover some of the power of stability theory.

One alternative is uniform definability of types over finite sets (UDTFS). We
show that all formulas in dp-minimal theories have UDTFS, as well as formulas with
VC-density < 2. We also show that certain Henselian valued fields have UDTFS.

Another alternative is isolated extensions. We show that dependent formulas
are characterized by the existence of isolated extensions, and show how this gives
a weak stable embeddability result. We also explore the idea of UDTFS rank and
show how it relates to VC-density.

Finally, we use the machinery developed in this dissertation to show that VC-

minimal theories satisfy the Kueker Conjecture.
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Chapter 1
Introduction

1.1 Overview

As the purpose of this document is to generalize results from stability theory
to the unstable setting, it is only natural to ask: What is stability theory? Stability
theory was developed primarily by Shelah in the 1970’s and 1980’s. It is built out of
a generalization of Morley’s Categoricity Theorem, which states that if a complete
theory in a countable language is categorical in some uncountable power, then it
is categorical in all uncountable powers. Shelah generalized this result [22], cate-
gorizing when a theory has a certain number of isomorphism classes of models of
a given cardinality (i.e., understanding what he calls I(\,7")). This work brought
out many model-theoretic tools for stable theories, including forking calculus, sta-
ble embeddability, and definability of types. This work also led to the development
of other model-theoretic dividing lines, including superstability, Ny-stability, depen-
dence, strong dependence, and dp-minimality.

One of the main tools used in [22] and stability theory in general is the notion
of definability of types. The existence of uniform definability of types allows one to
show that, given any set B and any externally definable subset C' C B, there is a
definition for C' over B itself (i.e., B is stably embedded). It also allows for a better

understanding of types and type spaces. If a formula has uniform definability of



types, then the number of types in that formula over any infinite set is bounded by
the cardinality of that set. More generally, in a stable theory where all formulas
have uniform definability of types, there exists a class of cardinals A such that, for
all sets B with |B| = A, the number of all types over B is bounded by A.

Many important theories are stable, including the theory of algebraically closed
fields, differentially closed fields, and modules over rings. However, there are many
theories that are not stable, yet interesting to many mathematicians. These include,
for example, the theory of the real field, the p-adic field, dense linear order without
endpoints, and the random graph.

More recently, model theorists including Shelah have been studying a general-
ization of stability known as dependence. Shelah’s study of dependence began with
[22] and continued in [23, 24]. There are many interesting theories that are depen-
dent yet unstable, including the theory of the real field, the p-adic field, and dense
linear order without endpoints. However, a major problem that arises from working
with dependent theories is that we lose much of the power of stability theory. For
example, sets are not necessarily stably embedded and there is no control over the
size of the type space. Most notably, we lose uniform definability of types for some
formulas. The main question this thesis seeks to answer is: Can we find a suitable
replacement for definability of types in dependent theories. We give partial answers
to this question, suggesting several alternatives, and show how to recover some of
the strength of stability theory in the process.

In Section 1.2, we introduce the background material necessary for this thesis,

giving basic definitions and results, mostly from [22]. In Section 1.3, we discuss in



more detail the issue of definability of types. In Section 1.4, we outline the body of

this thesis and highlight key results.

1.2 Types, Stability, and Dependence

We use standard set-theoretic notation regarding ordinals and sets of functions.
For example, 0 = 0, 1 = {0}, 2 = {0,1}, and w = {0,1,2,...}. So we see that
2 € 5 and we write “<” to mean “€” for ordinals. For two fixed sets A, B, the
set of functions from A to B is denoted 4B. Thus, ®2 is the set of functions from
5=140,1,2,3,4} to 2 = {0, 1}, which has 32 elements. A function is a collection
of ordered pairs, so, for example, {(0,0)} is the function from {0} to itself. We use
this fact to simplify notation in Section 2.7.

We begin with a language L and a complete, first-order L-theory T with infinite
models. In our discussions, it benefits us to fix a large, sufficiently saturated model
of T called the “monster model.” We denote this by €. The idea is that we only
consider models M = T that have a small cardinality compared to the saturation
of €. Therefore, we may assume that M < €. Likewise, any “set” is a subset of €
of a small cardinality compared to the saturation of € and arbitrary elements are
contained in €. For any sentence 6 over €, we abbreviate € = 6 by |= 0. For most
of our discussion, it suffices to consider models of size at most 2%0.

By a “formula”’ we mean an ()-definable L-formula unless otherwise specified.
For convenience, we sometimes write T = (x, ..., x,_1) for variables xy, ..., ,,_1, S0

we would write the formula ¢(xq, ..., z,_1) as @(Z). The length of T = (xq, ..., 1)



is n and is denoted lg(Z). The same holds for tuples of elements from €. That is,
if ag,...,a,—1 € €, we may write @ = (ay, ..., a,_1) and say that the length of @ is
lg(@) = n. Of course, if p(Z) is a formula and @ € €@ then (@) denotes the
a-definable L-formula defined by substitution. Sometimes we partition the variables

of a formula into two clusters. When we fix a partitioned formula

O(T;7) = (X0, -y Tne13 Y0y s Ym—1),

we mean to remember which elements are on the left and which are on the right. We
often call the variables on the left the free variables and the variables on the right
the parameter variables. When we have a list of tuples of variables, we sometimes
denote this with a boldface variable to shorten notation. For example, we could
write ©(T; Vg, -, Y1) as ©(T;y). If 0(T) is a formula, then denote 6(Z)° = —0(T)

and 0(7)' = 0(z). For O(T) a set of formulas, let
+O(7) = {0(7)" : t < 2,0 € O}.

We define |T'| to be the cardinality of all L-formulas modulo T-equivalence.

Fix a partitioned formula o(7; 7). We say that aset B C €@ is p-independent
if, for all maps s € P2, the set of formulas {¢(z;0)*® : b € B} is consistent.! We
say that ¢ has independence dimension N < w, which we denote by ID(p) = N, if
N is maximal such that there exists a p-independent set B C ¢8® with |B| = N.

If no such maximal N exists, we say that ¢ is independent and write ID(yp) = oc.

'Saying that B is ¢-independent is the same as saying that B is shattered by ¢°PP, the formula

o with the opposite partitioning.



Definition 1.2.1. A partitioned formula ¢(7;y) is dependent if ID(¢) = N for

some N < w. A theory T is dependent if all partitioned formulas are dependent.

Notice that all of these notions are dependent on how the formula ¢ is par-
titioned. For example, there exists a formula that is dependent when partitioned
one way and independent when partitioned another (let ¢(z;y) be an independent
formula, let p(z,y,2) = (r = y) A(y, 2), and consider p(z;y, z) and ¢(z,y; 2)).

Fix now a set of formulas

A@y) ={w:(T;7) :i € I}
By a “A-type over B” for some small subset B C €5 we mean a maximal consis-
tent set of formulas of the form ;(Z;b)! for i € I, t < 2, and b € B. If p is a A-type
over B, we say that p has domain dom(p) = B. For a set B C ¢8®) the space of

all A-types is denoted Sa(B). For any element @ € €8® and any set B C ¢'8®)

let tpa(@/B) be the following A-type (in Sa(B)):
tpa(@/B) = {p(T;0)" : o € A,b € Bt <2, ¢(a;b)'}.

Any A-type gives rise to a function 6 € (B*2)2 where, for all b € B and ¢ € A,

(1)) € p(T).
We call this § the function associated to the A-type p. For By C B, p € Sa(B),
and § associated to p, let
Pa,(T) = {p(T;5)°®9) : b € By, p € A}
denote the restriction of p to By. If A = {¢(Z;7)} (i.e., A is a single formula, ¢),
then we say “p-type” for “{p}-type,” let S,(B) = S(p(B), ete. If By C By C B,

5



p € S,(B), and 6 is the function associated to p (note here that since {¢} is a

singleton, we may assume ¢ € 52), let
PBo.B: (T) = {(T; 5)6(5) :b € By — Bi} U {—¢(T; 1_7)5@ b€ B}

That is, pp,,B, is B, except we negate all instances of ¢ on elements of B;. Some-
times we call this perturbing pp, by By. One should note that pp, g, need not be a
p-type because it need not be consistent. This notation is used primarily in Section
2.4.

Notice that, since we are assuming that € is sufficiently saturated, all A-types
have a realization in € (so long as they are over a “small” set). Thus, for all
p € Sa(B), there exists @ such that p = tps(a/B). For any such @, we say a = p.
For the moment, set A*(T;Y,, 7y, ---) equal to all formulas partitioned in this manner
(though there are infinitely many variables, each formula in A* uses only finitely
many of them). Then, for any set B C €@ we let Sz(B) = Sa-(B%), the space of
all types in the variables T over B. Since this really only depends on lg(T), we let
Sn(B) denote S(z. .z 1)(B), the space of n-types over B. For any @ € ¢8® let
tp(a/B) = tpa«(a/B%), the (full) type of @ over B. We say that p is a partial type
if p C ¢ for some type gq.

The following two definitions are used in Section 3.3. We say that a partial
type p(Z) is finitely satisfied over a set A C €'8@ if for all finite partial subtypes
po C p, there exists @ € A such that @ = py. Given sets B C C' C €" and an

ultrafilter D on B, the average type of D over C' is the type

Av(D, C)(7) = {6(x) parameter-definable type over C': 6(B) € D}.

6



With most of the background out of the way, we begin with the definition of

stable formulas.

Definition 1.2.2. We say that a partitioned formula ¢(Z;7) has the order property
if there exists {@; : i < w} with lg(@;) = 1g(¥) for all i < w and {b; : j < w} with
lg(b;) = lg(y) for all j < w such that, for all 4, j < w, = ¢(a@;b;) if and only if i < j.
We say that ¢ is stable if it does not have the order property. We say that a theory

T is stable if all partitioned formulas are stable.

Notice that if ¢ is stable, then it is dependent (otherwise, independence pro-
vides a witness to the order property). Stable theories have many interesting prop-
erties. First, we define the notion of the Shelah 2-rank of a type (from [22], where
Shelah denotes it by Re® (p, A,2)). Let A(T;7) be a finite partitioned collection
of formulas and p € Sa(B). Then the Shelah 2-rank of p, denoted Raa(p), is an

ordinal-valued function on A-types defined inductively as follows:
(i) Raa(p) > 0 always.
(ii) Roa(p) > 6 for ¢ a limit ordinal if Ry a(p) > a for all a < 6.

(ili) Roa(p) > a+1if, for all finite A-types g C p, there are two A-types g, 1 2 ¢
such that there exists a parameter-definable formula 6 with 6 € ¢, and =6 € ¢;

and R a(q;) > a for both i < 2.

Finally, we say that R a(p) = oo if Rya(p) > « for all ordinals . A priori the
Shelah 2-rank of a formula could be any ordinal or even co. However, if ¢ is stable,
then the 2-rank of all types are finite. Moreover, the size of type spaces are bounded.

7



Theorem 1.2.3 (Theorem I1.2.2 of [22]). The following are equivalent for a parti-

tioned formula o(T;7):

(i) p(T;7) is stable.

(ii) For all B C €W with |B| > Ny, |S,(B)| < |B].

(111) R ,(p) < w, for all o-types p.

Chris Laskowski has a slightly different proof for Theorem 1.2.3 (iii) = (i) that
is useful in Section 3.2 when we introduce another rank (and show it is bounded by
the Shelah 2-rank, see Theorem 3.2.8). This proof is presented in that section. The

following theorem is known as “sufficiency of a single variable.”

Theorem 1.2.4 (Theorem 11.2.13 and Theorem 11.4.11 of [22]). For a theory T, the

following hold:

(i) T is stable if and only if all partitioned formulas p(x;7) (with 1g(x) = 1) are

stable.
(i) T is dependent if and only if all partitioned formulas ¢(x;7y) are dependent.

Instead of checking all formulas for stability (or dependence), it suffices to
check only formulas of the form ¢(z;7). This is noteworthy because we show a
similar result for UDTFS theories (see Lemma 2.3.6). This gives some evidence
(albeit very little) that dependence is equivalent to UDTFS, as both have sufficiency
of a single variable. Both dependence and stability of formulas are preserved under

reduct, which is a question that is still open for formulas with UDTFS. For more on



UDTFS, see Section 2.3. More facts about stable formulas and theories are discussed
in Section 1.3.

Another useful tool in studying theories is indiscernible sequences. For ex-
ample, we use indiscernible sequences in Section 2.2 when studying definability of
types. Fix a set of formulas A(¥, ..., 7,) with 1g(y;) = 1g(y;,) for all i, j < n. Fix a
linear order (I, <) where |I| is small in comparison to the saturation of € and let

(bi i € I) be a sequence of elements with each b; € ¢8@).

Definition 1.2.5. We say that (b; : i € I) is a A-indiscernible sequence if, for all

g < i1 < ...<1,and jo < j1 < ... < j, from I and for all 6 € A,

Izé(gio,...,l;in) Hd(bjow“agjn)' (11)

We say that (b; : i € I) is a A-indiscernible set if, for all ig, i1, ..., 4, € I distinct, for

all jo, ..., jn € I distinct (regardless of order), and for all § € A, (1.1) holds.

We say that (b, : ¢ € I) is a indiscernible sequence (respectively, set) if it
is a A-indiscernible sequence (respectively set) for all sets of formulas A of the
appropriate free variables (i.e., arbitrarily many tuples of variables, each of length
1g(b;))-

We use the following fact, which follows from Erdos-Rado Theorem. Specifi-

cally, we use this in the proof of Theorem 2.2.1.

Lemma 1.2.6. For all cardinals k, there exists a A (depending on k and |T|) such
that, for all sets {b; : i < \}, there exists [ C \ with |I| = r such that (b; : i € I) is

an indiscernible sequence.



Indiscernible sequences give us a means of analyzing the stability or depen-

dence of a formula.

Theorem 1.2.7 (Theorem 11.2.20 and Theorem 11.4.13 of [22]). The following holds

for a partitioned formula, ©(T;7):

(i) If ¢ is stable, then there exists n < w such that, for all @ € 8@ and all

indiscernible sequences (b; : i € I) of the appropriate length,
i€ I @@B)} < n or [{i € I —p(@B)} < n.

(ii) If o is dependent, then there exists n < w such that, for all @ € €@ and
all indiscernible sequences (b; : i € I), the truth value of ¢(a;b;) alternates
at most n times (i.e., there do not exist igp < ... < i, from I such that }=

o(@;b;,) < —p(@;b;,,,) for all ¢ <n).

We use part (ii) of this theorem for Lemma 2.2.4 (and we provide a proof
there). This gives rise to another rank to measure the complexity of a dependent
formula, namely the alternation rank. We say that a formula has alternation rank
n < w if n is minimal such that, for all @ and (b; : i € I), the truth value of (a;b;)
alternates at most n times. We denote this by alt(¢) = n. If no such n exists, we
say alt(p) = oo.

Indeed there are other ranks by which to measure the complexity of a formula.
For a partitioned formula ¢(7; ), we say that ¢ has VC-dimension n < w (denoted
VC(p) = n) if ID(¢°PP) = n, where ¢°P?(7;T) = ¢(T;7), i.e., PP is ¢ with the
opposite partitioning. Here VC stands for Vapnik-Chervonenkis for two probabilists,
Vladimir Vapnik and Alexey Chervonenkis.

10



Related is a notion called VC-density. We say that the formula ¢ has VC-
density ¢ for some ¢ € R if £ is the infimum over all ¢ € R such that there exists
K < w such that, for all finite non-empty B C €® |5 (B)| < K|B|”. We denote
this by VCden(yp) = ¢. If no such ¢ exists, say VCden(y) = oco. With this, we get

the following theorem.

Theorem 1.2.8 (Theorem 2.4 of [17], Sauer’s Lemma [21], and others). The fol-

lowing are equivalent for a partitioned formula, o(T;7):
(i) ID(p) < oo (i.e., ¢ is dependent).

(i1) VC(p) < o0.

(iii) alt(p) < oo.

(iv) VCden(p) < 0o.

Later, when we discuss UDTFS rank in Section 3.2, we analyze more closely
how all of these ranks relate. Of course, there exist formulas with infinite Shelah
2-rank that are still dependent (take any dependent unstable formula). So Shelah
2-rank does not fit in nicely with these ranks measuring various levels of dependence.

We conclude this section with two definitions regarding subclasses of all de-
pendent theories. The first deals with theories that define a linear order < on €.
The second one generalizes the first and does not require a linear order. One should
note that any theory that defines an infinite linear order is necessarily unstable.

However, it may still be dependent.

11



Definition 1.2.9. Suppose the language L includes < a binary relation and T
includes the axioms that < is a linear order on €. We say that 1" is o-minimal if,
for all formulas o(z;7) and all b € €¢8®) the set {a € € := ¢(a;b)} is a union of
finitely many points and intervals of €. We say that T is weakly o-minimal if, for
all models M = T, all formulas ¢(z;7), and all b € M@ {a € M :}= ¢(a;b)} is a

union of finitely many <-convex subsets of M.

Definition 1.2.10. A theory T is dp-minimal if, for all formulas p(z;7) and ¥(z;2)
and all {b; : i < w} and {¢; : j < w} (of the appropriate length), there exists

i0, jo < w such that the following {¢, ¥ }-type is inconsistent

{o(@;bi), ¥(2;€,) } U {mp(x; ;) 16 < w, i # o} U{(2;¢) 1 j <w,j# jo}-

By compactness, if T" is dp-minimal and ¢(z;7) and ¢ (x;Z) are partitioned
formulas, then there exists K < w such that the condition in Definition 1.2.10 holds
for all sets {b; : i < K} and {¢; : j < K}. We use this fact in the proof of Theorem

2.4.1. We get the following relation of theories, which is easily checked.

Proposition 1.2.11. IfT is o-minimal or weakly o-minimal, then T is dp-minimal.

If T is dp-minimal, then T is dependent.

As we show in Section 3.2, there are theories which are not dp-minimal but
are dependent (even with UDTFS). There are stable as well as unstable theories
that are dp-minimal. Since stable theories are not o-minimal, there are dp-minimal

theories that are not o-minimal.

12



1.3 Definability of Types

We now discuss the notion of definability of types and list some of the conse-
quences of this property. The idea is the following: We want to better understand
and control the space of types over a set. One way of understanding a type is finding

a definition for it. Fix ¢(Z;7) a partitioned formula and p a @-type.

Definition 1.3.1. A parameter-definable formula (%) defines p if, for all b €

dom(p), ¢(x;b) € p(T) if and only if = ¥(b).

On its face, this notion is quite trivial. In fact, for any p-type p, let @ be a

realization of p. Then, the formula 1 (y) = ¢(@;y) defines p. Our goal is three-fold:

(1) We want definitions for all ¢-types p.

(2) We want to reduce the domain over which the definitions of p are defined.

Preferably, we want the definition to be defined over dom(p).

(3) We want our definition to be uniform. That is, for any given ¢, we want a
single (-definable formula (7; Z) such that, when we plug in values for z, we

get definitions for any ¢-type.

As we will see shortly, in stable formulas ¢, (1), (2), and (3) hold in the strongest
sense. However, when we pass to more general formulas, we lose some of this. In
Chapter 2, we show that, for a large class of formulas ¢ (possibly all dependent
formulas), we achieve the strong form of (2) and (3), but fail on (1). We still have
a uniform definition v, but it only works for finite ¢-types. In Section 3.3, we take
another approach to definability of types. There we get a version of definability

13



of types for all dependent formulas, ¢, that has (1), but we only achieve a weaker
form of (2) and no (3). However, this is still strong enough to get a weak stable
embeddability result (see Corollary 3.3.5).

As promised, we have the following result for stable formulas:

Theorem 1.3.2 (Theorem 11.2.12 of [22]). The following are equivalent for a par-

titioned formula, o(T;7):
(i) ¢ is stable.

(it) There ezists (;Zo, ..., Zn—1) with 1g(y) = 1g(Z;) for all i < n such that, for

all B C ¢® and all p € Sy(B), there exists by, ...,bp_1 € B such that

U(7; bo, ..., by_1) defines p.

This theorem is exactly what we try to capture with both UDTFS and Isolated
Extensions (see Definition 2.1.1 and Theorem 3.3.3 below). Notice the similarities
between the condition of Theorem 1.3.2 and Definition 2.1.1. Except for the word
“finite,” they are identical.

One immediate consequence of uniform definability of types is stable embed-
dability. We say that a subset B C €" is stably embedded if, for all parameter-
definable formulas ¢(xo, ..., z,_1) (not necessarily defined over B), there exists a
parameter-definable formula (o, ..., z,_1) defined over B such that, for all b € B,
= ¢(b) <= 1(b). That is, all externally definable subsets of B are, in fact, internally

definable. For stable theories, we get the following result:
Corollary 1.3.3. If T is stable, then all sets B are stably embedded.
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Additionally, definability of types gives an explicit reason for the bound on type
spaces. To illustrate this, let us sketch a proof of Theorem 1.2.3, (i) = (ii) assuming
Theorem 1.3.2. Fix ¢ stable, so by Theorem 1.3.2; there exists ¢ (¥; Zo, .., Zn—1) that
uniformly defines ¢-types. Fix some B C ¢8® with |B| > X,. For each p € S,(B),
there exists € € B™ such that 1(y;<€) defines p. It is easy to see, however, that
one formula cannot define more than a single type over a given domain. Therefore,
5,(B)] < |B| = |BI.

When generalizing definability of types to dependent theories, one should note
that a different version of a type space bound holds for dependent formulas. By

Theorem 1.2.8 (i) < (iv), we get the following:

Corollary 1.3.4. A partitioned formula o(T;y) is dependent if and only if there

ezists n, K < w such that, for all finite B C €W |S (B)| < K - |B|".

This finite version of Theorem 1.2.3, (i) < (ii) for dependent formulas is part
of the motivation for UDTFS. In fact, as we see in the proof of Proposition 2.3.3
below, as definability of types “explains” type space bounds for stable formulas,

UDTFS “explains” type space bounds for some dependent formulas.

1.4  Outline of Thesis

The remainder of this thesis presents the work of this author. It should be
noted that the material from Sections 2.2, 2.3, and 2.4 have been submitted for
publication [11] and the material from Section 3.3 will appear in the Proceedings of

the American Mathematical Society [9].
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In Chapter 2 we introduce the notion of uniform definability of types over finite
sets (UDTFS), motivate it, and show results regarding it. The following summarizes

these results:

(i) (Theorem 2.2.1) A formula ¢ is dependent if and only if it has uniform defin-

ability of types over finite indiscernible sequences.

(ii) (Lemma 2.3.6) A theory T" has UDTFS if and only if all formulas of the form

¢(z;7) has UDTFS.

(iii) (Theorem 2.4.1) If a theory 7" is dp-minimal, then 7" has UDTFS.

(iv) (Theorem 2.4.3) If a formula ¢ has VC-density < 2, then ¢ has UDTFS.

(v) (Theorem 2.5.3) If a Henselian valued field of equicharacteristic zero is such
that the theory of the residue field and the theory of the value group have

UDTES, then the theory of the whole valued field has UDTFS.

(vi) (Theorem 2.6.6) A formula ¢ is stable if and only if there exists n < w such
that, for all ¢-types p, there exists € € (dom(p))™ such that p does not A, .-

split over {€} (see (2.5) below).

(vii) (Theorem 2.7.10) If a formula ¢ is maximum, then ¢ has UDTFS.

In Chapter 3 we discuss other definability of types notions, including UDTFS

ranks and isolated extensions. The following summarizes the results of Chapter 3:

(viii) (Theorem 3.2.4) If there exists k < w such that all formulas of the form ¢(z;7)
have UDTFS rank < k, then all formulas of the form ¢(7;7) have UDTFS
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rank < k- 1g(Z). In particular, if £ = 1, then T has VC-density one.

(ix) (Theorem 3.3.3) A formula ¢ is dependent if and only if, for all p-types p,

there exists an elementary p-isolated p-extension p’ (see Definition 3.3.2).

(x) (Corollary 3.3.5) If T is dependent, then for any set B in a model M, there
exists (N; B') = (M; B) such that all externally parameter-definable subsets

of B are definable over B’.

(xi) (Theorem 3.4.3) For all formulas ¢(7;y) from a dp-minimal theory with a
linear order, there exists N < w such that, for every finite B C ¢'8® and every

@ € 8@ there exists By C B with |By| < N such that tp(a/By) - tp,(a/B).

In Chapter 4, we discuss VC-minimal theories in more detail. The following

summarizes the results of Chapter 4:

(xii) (Theorem 4.2.2) If 7" is VC-minimal, then 7" is convexly orderable.

(xiii) (Theorem 4.4.4) If T is such that there exists (R, M) is a density d rank (see
Definition 4.4.3) on parameter-definable formulas (e.g., d = 1 for Morley rank

and degree for strongly minimal theories), then 7" has VC-density d.

(xiv) (Theorem 4.5.4) If T' is weakly VC-minimal, then either 7" is stable or 74

defines an infinite linear order.

(xv) (Corollary 4.5.6) If T" is weakly VC-minimal, then 7" satisfies the Kueker Con-

jecture.
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It is only fitting that we end this thesis with a result on the Kueker Conjecture,

as this was the initial motivation for a large portion of this work.

18



Chapter 2

Uniform Definability of Types over Finite Sets

For this chapter, we work in a complete theory T" with monster model €.

2.1 Overview

The main goal of this chapter is to study a generalization of definability of
types to a subclass of dependent theories known as uniform definability of types
over finite sets (UDTFS). The study of UDTFS began with Johnson and Laskowski
in [15]. They were analyzing compression schemes for concepts classes (see Section
2.7) and discovered that it was directly related to model theory. This motivated the
definition of UDTFS (which was originally called uniform type definition in [15]).

The following definition is due to Laskowski:

Definition 2.1.1. A partitioned formula ¢(Z;y) has uniform definability of types
over finite sets (UDTFS) if there exists a formula ¢(7; Zo, ..., Z,—1) (with lg(y) =
lg(%;) for all i < n) such that, for all finite B C €® with |B| > 2 and all p € S,(B),

there exists ¢, ..., 6,1 € B such that, for all b € B, ¢(7;b) € p(Z) if and only if

): "Lp(z_), Eo, ...,Enfl).

We say that a theory T has uniform definability of types over finite sets (UDTFS)

if all partitioned formulas of 7" have UDTF'S.
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Notice that this differs from Shelah’s notion of uniform definability of types
that characterizes stability (Theorem 1.3.2) only in the fact that we demand that B
be finite. This one simple change vastly expands the class of formulas and theories
that have a notion of definability of types. It is clear that stable formulas (hence
stable theories) have UDTFS and that formulas with UDTFS are dependent. The
main open question, known as the UDTFS Conjecture, is: Does UDTFS charac-
terizes dependence for formulas? This chapter gives various partial results to this
conjecture.

In Section 2.2, we show that having uniform definability of types over finite in-
discernible sequences (instead of merely sets) actually does characterize dependence
for formulas. In Section 2.3, we develop basic properties of UDTFS, including suffi-
ciency of a single variable and closure under boolean combinations. In Section 2.4,
we prove that all dp-minimal theories have UDTFS. This implies that all o-minimal
theories, all VC-minimal theories, and all VC-density one theories have UDTFS.
In Section 2.5, we show that, given a Henselian valued field of equicharacteristic
zero in the Denef-Pas language, if the residue field and value group have UDTFS,
then the entire valued field has UDTFS. In Section 2.6, we give a characterization of
UDTES in terms of non-A-splitting and discuss the Splitting Conjecture. Finally, in
Section 2.7, we discuss the relationship between UDTFS and compression schemes
for concept classes, as described in [15]. We show what the results of this chapter
entail for compression schemes. We also use the results of Floyd and Warmuth in

[7] to show that all maximum formulas have UDTFS.
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2.2 Finite Indiscernible Sequences

Before launching into our discussion of UDTFS, let us first introduce another
concept that actually proves to be equivalent to dependence. The following definition
is only used in this section. We say that a partitioned formula ¢(Z;%) has uniform
definability of types over (finite) indiscernible sequences (UDT(F)IS) if there exists
a formula ¥ (7;Zo, ..., Zn—1) (with 1g(y) = lg(z;) for all i < n) such that, for all
(finite) indiscernible sequences (b; : i € I) (with lg(b;) = lg(¥) for all i € I) and all
p € S,({b; : i € I}), there exists i, ...,in_1 € I such that ¥(; by, ..., b, ,) defines

p.
Theorem 2.2.1. For a partitioned formula o(Z;7), the following hold:
(i) ¢ is stable if and only if ¢ has UDTIS.
(ii) ¢ is dependent if and only if ¢ has UDTFIS.

Notice that Theorem 2.2.1 (i) holds when we replace “indiscernible sequences”
with arbitrary sets (see Theorem 1.3.2 above). However, it is still open whether or
not (ii) holds with a similar modification. Studying this question is the basis of this
chapter. We see by the analysis of this section that using indiscernible sequences
instead of sets tends to smooth things out a bit.

Before we prove Theorem 2.2.1, let us deal with the case where ¢ is dependent.

First, fix a set of formulas A(Zo, Z1, ..., Z,) with 1g(z;) = 1g(z;) for all i, j < n.

Definition 2.2.2. We say that A is closed under permutations if, for all o € S, 1
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(where S; is the symmetric group on i) and for all § € A, the formula

05(Z0,Z15 -, Zn) = 0(Z5(0) Zo(1)s s Zo(n)) (2.1)
is also in A.

Notice that if A is all formulas (of a fixed length and partitioning), then A
is closed under permutations. The following lemma shows that if A is any set of
formulas closed under permutations, for any A-indiscernible sequence that is not a
A-indiscernible set, there exists an instance of £A that defines the linear order of
the indiscernible sequence. The proof of this lemma is based on a modification of

the proof of Theorem I1.4.7 of [22].

Lemma 2.2.3. If A(Zy,Z1, ..., Zn) 1S a set of formulas that is closed under permu-
tations, (I,<) is a linear order with |I| > n, and (b; : i € I) is a A-indiscernible

sequence that is not a A-indiscernible set, then there existst <n — 1 and § € £A

such that

= 6(Bigs iy Diyars s D) A =0 (Bigs ooos Biy s By iy Diygs s i)

Tt41

for some (equivalently all) ig < ... < i, from I. In other words, ¢ is “order sensitive”

at t.

Proof. To simplify notation, assume that 0 < 1 < ... < nisin I and we show this for
bo, ..., bn. Since (b; : i € I) is a A-indiscernible sequence that is not a A-indiscernible
set, there exists some §' € +A witnessing this fact. That is, = & (bo, ..., b,) but

= —6’(1_)0(0), ...,l_)g(n)) for some o € S,,11. However, S, 11 as a group is generated by
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elements of the form (¢ t+1) for ¢ < n (i.e., the permutation that is the identity on
all of n+ 1 except that it swaps t and ¢ + 1). So, there exists another o € S, and

t < n such that

= 0" (b5(0)s s bon)) A 6 (D(roo)(0)s s D(roo)(n))

where 7 = (¢ t4+1). Since A is closed under permutations, if we let § = 0/ as in

(2.1), then we see that

= 5(B0, . Bu) A —0(Br(0y, s Br),

which is exactly what we aimed to show. O]

Suppose now that I = L < w (so [ is finite) and take n, A, ¢, and ¢ as in
Lemma 2.2.3. Then we can take the initial ¢ elements and final n — ¢ — 1 elements

of the A-indiscernible sequence (b; : i < L) and get that the formula

0(@0?@1) = 6<507 '--75t717y07§17[_)[/7n+t+17 "'71_714*1)

defines the linear order of the sequence (b; : t < i < L —n +t). That is, for all
distinct 4,7 with t < 4,5 < L —n —t, = 0(b;,b;) if and only if i < j. A theme
of this chapter is the following: creating a definable finite partial order is our main
way of obtaining uniform definability of types. However, we should note here that
we need a suitable choice of A. In particular, if we can possibly hope for a uniform
type definition, we need A to be finite.

Fix ¢(7;7) a dependent partitioned formula with independence dimension N.

Define A a finite collection of formulas, as follows:

Apo(Z0y 0y Zn) = {33 </\ o(T; zi)t“)) teE "“2} : (2.2)

i<n

%
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Notice that A, , is closed under permutations. We now show that it suffices to
consider Ay, to break up the finite index set I into boundedly many pieces that

are constant on ¢(a;y) for any choice of @ € €',

Lemma 2.2.4 (Theorem I1.4.13 of [22]). Let A = Ay, (where N =1D(y)), (1, <)

be a linear order, @ i € I) be a A-indiscernible sequence, and a € ¢18@),

(i) There exists K < N + 1 <-convex subsets of I, Iy, ..., I[x_1, such that, for all

i €1, = o@b) if and only if i € I, for some { < K.

(ii) If (b; : i € I) be a A-indiscernible set and |I| > 2N + 1, then there emists

Io C T with |Iy] < N and t < 2 such that, for alli € I, | o(a;b;)" if and only

if i € Iy.
This is due to Shelah, but we sketch the proof here for completeness.

Proof. (i): If not, then there exists ip < ... < igyy; from I such that = ¢(a@;b;,) if
and only if £ is odd. By A-indiscernibility, for any ¢ € Y12,

=3z N\ e(@b;,)"".

<N
This contradicts the fact that N = ID(y).
(ii): If not, then there exists distinct iy, ..., 79y 1 € I such that = ¢(a; Eie) if

and only if ¢ is odd. The proof follows as in (i). O

We now introduce one more lemma before proving Theorem 2.2.1. This is
proved exactly like Lemma 2.3.5, which in turn is proved like Theorem 11.2.12 (1)

of [22].
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Lemma 2.2.5. Fiz ¢(T;Y) a partitioned formula and {¢(7;Zo, ..., Zn—1) : L < L} a
finite collection of formulas such that, for all finite indiscernible sequences (b; : i € I)
and for all p(z) € S,({b; : i € I}), there exists { < L and iy, ...,i,_1 € I such that

Ue(F; big, ..., bi,_,) defines p. Then, o has UDTFIS.

We are now ready to prove the main theorem. Fix any partitioned formula

©(T;7) (not necessarily dependent).

Proof of Theorem 2.2.1. (i): Suppose first that ¢(7;7) is unstable, so ¢ has the
order property. By compactness and the Erdds-Rado Theorem, there exists an
infinite indiscernible sequence in j and another infinite sequence in T witnessing the

order property. By compactness, there exists an indiscernible sequence (b, : ¢ € Q)
and a set {@, : r € R} such that |= ¢(a,;b,) if and only if » < g. Suppose, by means
of contradiction, that there exists a formula ¢ (7; Z, ..., Z,—1) witnessing UDTIS.
Then, for each r € R, there exists qo,...,¢,—1 € Q such that ¥(7;by, .-, by, _,)
defines the type tp,(a,/{b, : ¢ € Q}). However, for different r € R, these types are
different. Hence |R| = |Q"|, a contradiction.

Conversely, suppose ¢ is stable. By Theorem 1.3.2 (Theorem 11.2.12 of [22]),
there exists a formula ¢ (¥; Zo, ..., Z,—1) witnessing uniform definability of -types
over all sets. Hence, this ¢ also witnesses that ¢ has UDTIS.

(ii): Assume that ¢ is independent. By compactness and the Erdés-Rado
Theorem, there exists an indiscernible sequence (b; : i < w) such that the set

{b; : i < w} is p-independent. Suppose, by means of contradiction, that there exists

a formula 1(7; Zo, ..., Z,—1) witnessing UDTFIS. Then, for each L < w, the number
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of p-types over {b; : i < L} is bounded by L”. On the other hand, since {b; : i < L}
is (p-independent, the number of p-types is exactly equal to 2F. Therefore, 2 < L™
However, since n is fixed and L < w is arbitrary, this is a contradiction.
Conversely, assume that ¢ is dependent. Let N =ID(y) and let A = Ay, as
n (2.2). We now define finitely many formulas 1,(7;z) that satisfy the hypotheses

of Lemma 2.2.5, showing that ¢ has UDTFIS. First, for each ¢t < 2, let

Ve(Y; Z0s - ZN) = <\/ y= Z’) -

<N

Now, for eacht < N, d € £A, K < N +1 and s € V12, let

9t,6(§07§1;zﬂ7 "'72N) = 5(207 "'72t715g07y17§t+27 "'7EN)

and let

¢t,5,K,s(y; 207 "'72N7w07 "'7w2K—1) =

Vi=z— 7=7 /\(j\/ g:—j>A

i<N i<N,s(i)=1 <2K
(/\ Y#F7zi A /\ yFw; — \/ (0r,6(W25,7;2) A Ors(Y, ij—H;Z))) :
i<N j<2K j<K

Think of 6, as defining the order of the sequence, as in Lemma 2.2.3. Also think
of the Z; as the boundaries of the indiscernible sequence and think of w; as the
endpoints of the convex sets Iy, ..., [x_1 given by Lemma 2.2.4 (i). So sk says
that either ¥ is equal to an appropriate z; or w;, or it falls within one of the convex
components [;. We now show that these ¢, and vk s satisfy the hypotheses of
Lemma 2.2.5.

Fix a finite indiscernible sequence (b; : i < L), let B = {b; : i < L} and
fix p € S,(B). First, if L < 2N, we may use ¢ trivially to define p. Second, if
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(b; : 1 < L) is a A-indiscernible set, then, by Lemma 2.2.4 (ii), there exists Iy C L
with |Io] < N and t < 2 such that, for all i < L, ¢(7; b;)! € p(%) if and only if i € Io.

Hence, 9 (¥; biy, ..., bi, ) defines p, where Iy = {ig, ..., in}.

Therefore, we may assume that (b; : 4 < L) is a A-indiscernible sequence that is
not a A-indiscernible set. By Lemma 2.2.3, there exists t < N and § € £A such that
0:.5(Tos U1; 005 -+, bes b1 N4 -, b 1) defines the sequence order for t <i < L — N +t.
By Lemma 2.2.4 (i) on the A-indiscernible sequence (b; : ¢t < i < L — N + ), there
exists K < N+1 and <-convex subsets of {t, ..., L— N+t}, Iy, ..., [ 1 such that, for
all i with ¢ <i < L—N+t, p(T;b;) € p(T) if and only if i € I; for some j < K. Let
s € V12 be such that o(7;b;)*? € p(T) for all i <t and ©(T;br_n4i—1)*? € p(T)

for all t <7 < N. Let mgj;, maj;1 be the endpoints of I; inclusive. Then, we can see

that

wt,(s,K,s(g; b07 ceey bt7 bL—N—l—ta ceey bL—17 bm07 ceey bmzK_1)

defines p, as desired. O

This proof also shows that if we assume that ¢ is dependent with independence
dimension N, then there exists a uniform definition of (-types over finite Ap .-
indiscernible sequences. We use finiteness of the sequence in two places: our ability
to define the linear order 6, s and our ability to choose endpoints of the convex sets,
mg; and mg;y1. Therefore, suitable generalizations can be made for indiscernible
sequences with different index sets. For example, there exists a uniform definition
of ¢-types over Ay -indiscernible sequences indexed by w + N (one needs to add

a few definitions for the case where the truth value is cofinal in w). This clearly
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cannot generalize to all index sets (for example, if ¢ is unstable, we see from the
proof that the index set Q does not work).

This result relies heavily on our ability to define the linear order of the se-
quence. As the remainder of this chapter demonstrates, we can prove that a for-
mula has UDTFS if we can come up with a similar notion of a definable order. For
example, in Section 2.4, we use the ordering <, to produce a uniform definition. Is
there a generalization of linear order that holds for dependent theories and can be

used to prove that all dependent theories have UDTFS?

2.3 Basic Properties of UDTFES

In this section, we discuss basic properties of UDTFS. Some of these properties
were worked out by Laskowski and Johnson in [15] and that is noted when we
present them. We include proofs of these for completeness. Recall Definition 2.1.1,
©(7;7) has UDTFES if there exists 1 (7;Z) such that, for all finite B C ¢#® and all
p € S,(B), there exists € € B" such that 1/(7; ) defines p. In this case, we say that
Y is a uniform definition of p-types over finite sets.

First, note that UDTFS is a property of the theory. This is because, for
each formula ¢(7;7), the fact that ¢ (7; Zo, ..., Zn—1) is a uniform definition for finite

@-types is expressible as the following collection of sentences: {0 : K < w} where

ok = VY. Y VT \/ (/\ P(T;7y,) < w(yk;yi(o)v "'7@1’(711))) .
ienK \k<K
Second, note that UDTFS is dependent on the way we partition a formula. As

before, if we let ¢ (z;y) be an independent formula, and let p(z,y,2) = (x = y) A
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¥(y, z), then we see that ¢(x;y,z) has UDTFS but ¢(z,y;2) does not. It is still
open whether or not the reduct of the a theory with UDTFS still has UDTFS; one
could accidentally “throw out” the definition when taking reducts.

The following lemma follows easily by the arguments in [22]:

Lemma 2.3.1. If o(Z;7) and ¥(T;Z) have UDTF'S, then the following formulas also

have UDTES:

(i) (o NY)(;7,Z) = p(T;7) A (T3 Z).

(ii) (—)(T;7) = —~o(T; 7).

In other words, the class of formulas that have UDTFS and have the same free

variables T is closed under boolean combinations.

Proof. Fix ¢(7;y) and ¢(7;Zz) with UDTFS, witnessed by ~,(¥; o, ..., w,) and

Y4(Z; Do, ..., Uy ) respectively. Then, notice that

is a uniform definition of (¢ A )-types over finite sets. Similarly, —y,(7; W) is a

uniform definition of (—y)-types over finite sets. O

The next proposition follows by definition and Theorem 1.3.2 (also see Theo-

rem 11.2.12 of [22]):

Proposition 2.3.2. If o(T;7) is a stable formula, then ¢ has UDTFS. Thus, stable

theories have UDTFS.
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The following proposition puts UDTFS between stability and dependence. It

is due to Chris Laskowski (unpublished).

Proposition 2.3.3. If a partitioned formula ¢(T;y) has UDTFS, then ¢ is depen-

dent.

Proof. If p(7;y) has UDTFS, then it certainly has UDTFIS (as defined in Section

2.2). Therefore, by Theorem 2.2.1 (ii) (<), ¢ is dependent. O

It is still open whether or not all dependent formulas have UDTFS or even
if all dependent theories have UDTFS. This is known as the UDTFS Conjecture,
and was first proposed by Laskowski (unpublished). Laskowski classifies this as an

“open question” and not a conjecture, but this author will go out on a limb:

Conjecture 2.3.4 (UDTFS Conjecture). For a partitioned formula o(T;7), ¢ is

dependent if and only if ¢ has UDTFS.

We discuss the implications of this conjecture and the evidence for it at the
end of this section.

The next lemma shows that we do not need a single uniform definition of -
types over finite sets; it suffices to have a fixed finite number of them instead. This
simplifies showing that formulas and theories have UDTFS. This is essentially due
to Shelah in the proof of Theorem I1.2.12 (1) in [22], where he shows it for standard

definability of types.

Lemma 2.3.5. Fiz ¢(T;Y) a partitioned formula and {¢(7;Zo, ..., Zn—1) : L < L} a
finite collection of formulas such that, for all finite non-empty B C €W and for
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all p(z) € S,(B), there exists { < L and ¢y, ..., ¢n—1 € B such that 1(y; ¢, ..., Ch_1)

defines p. Then, ¢ has UDTFS.

Proof. Let ¢ and vy for £ < L be given as in the hypothesis. Consider the following

formula:

w(ga z07 "'7211—17@7 607 "'aEL—l) = /\(w = 65 - @W@’ z07 "'7§n—1)'
{<L

We claim that this is a uniform definition of p-types over finite sets, showing that
¢ has UDTFS. Fix any finite B C €¢8®) with |B| > 2 and any p € S,(B). By the
hypothesis, there exists £ < L and ¢ € B™ such that v¢,(y;¢) defines p. Fix any
b0 from B (this is where we use the hypothesis that |B| > 2) and let b; = b for

alli < L, i# ¢ and let by = b.T hen, the following defines p:

- = —_

1/1@367(77[707 -~-7bL71)-
]

Now we exhibit another lemma that reduces the difficulty in showing that a

theory has UDTFS.

Lemma 2.3.6 (Sufficiency of a single variable). A theory T has UDTFES if and only

if all formulas of the form ¢(x;y) have UDTFS (where 1g(x) = 1).

Proof. One direction is trivial, so suppose that all formulas of the form ¢(x;7) have
UDTFS. We show that a formula ¢(Z;7) has UDTFS by induction on n = 1g(Z).
Of course, n = 1 is taken care of by assumption, so suppose n > 1.

Consider the repartitioned formula ¢(zo, ..., Zn—2;Tn-1,7) = @(T;y). Since
¢ has only n — 1 free variables, by induction hypothesis, there exists a uniform

31



definition of ¢-types over finite sets, say ¢ (x,_1,7;wo,Z0, .-, Wg—1, 2k—1) (Where

lg(z;) = 1g(y) for all i < k). Now let

¢*(xn;ya 20, '--7zk—1) = 'l/)(xn—lay; Tp—1y20y s zn—lazk—l)

(where we substitute x,_; for each w; and repartition). Since this has only one free
variable, by hypothesis, there exists a uniform definition of 1)*-types over finite sets,
say

’}/(y, 30, "'751671;607%0,07 ...,ﬂo’k,b ...,6@,1,@@,170, ...,ﬂg,l’kfl)

(so each (v;,W;p, ..., Ujk—1) corresponds to (¥, Zo, ..., Zx—1)). Finally, let

* (=5 = e el —
Y N(G;Z05 ooy Zhe15 V0, -y Up—1) =

VT, 20y ey Zho13 005 20y +ey 21y vvs D015 205 -vs Zk—1)

(so we substitute Z; for each u,, and repartition). We claim that +* is a uniform
definition of ¢-types over finite sets, completing the proof.
Fix B C €@ finite and fix p € S,(B). Let a; € € be such that (ay, ...,a, 1) &

p. Consider the ¢-type

(05 s Tn2) = tps(ag; .-y Gn2/an 1" B)

where a,_1 "B = {(an_1,b) : b € B}. As 1 is a uniform definition of ¢-types over

finite sets, there exists some (a,,_1,%), ..., (@n_1,Ck-1) € an_1_ B (i.e., Co,...,Ck_1 €
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B) such that

for all b € B, o(%;b) € p if and only if
&(20y ooy Tre2; @1, b) € (20, ..., Tn_z) if and only if

= Y(an_1,b;an_1,Co, ..., @n_1,C_1) if and only if

): w*(&nfl;g, EQ, ...,Ekfl).

Now consider the ¢*-type q(xn_1) = tpy«(an-1/B~ (Co, ..., Ck—1)). As 7y is a uniform

definition of 1*-types over finite sets, there exists some dy, ..., dy_1 € B such that

forall b€ B, |=v¢*(ap_1;b,%, ..., Cr_1) if and only if
’7(5,60, ...,Ek_l;ao,éo, vers Cl—1, ...,Eg_l,a), ...,Ek_l) if and only if

7*(57 EO? ‘”7Ek—17307 "'732—1)‘

If we string all of these equivalent conditions together, we see that

7*(g7 EO? "‘7Ek—176_l()7 "'7Ef—l>
defines p, as desired. O

We used nothing about finiteness, so this provides a new proof for the suffi-
ciency of a single variable for stable formulas (i.e., Theorem 1.2.4 (i) above). If the
UDTEFS Conjecture holds, this provides another proof of the sufficiency of a single
variable for dependent formulas as well (i.e., Theorem 1.2.4 (ii) above). Take note
of the fact that, if ¢ has a finite type definition with k£ parameter tuples and ¢* has
a finite type definition with ¢ parameter tuples, then ¢ has a finite type definition
of k + ¢ tuples. We use this fact to prove Theorem 3.2.4 below.
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Lemma 2.3.6 is used to prove UDTFS for a theory whose formulas with one
free variable are well understood. For example, we use it to show that all dp-minimal
theories have UDTFS (see Theorem 2.4.1 below).

The next two sections provide more examples of theories and formulas that
have UDTFS. Using the methods of these proofs as a template, we suggest potential
methods for proving the UDTFS Conjecture and provide more evidence for it. As
we see in Section 2.7, the UDTFS Conjecture implies the Warmuth Conjecture
(Conjecture 2.7.7 below). However, our main motivation is model-theoretic: The
UDTFS Conjecture would provide a ideal generalization of uniform definability of

types to dependent formulas.

2.4 dp-Minimal Theories have UDTFS

In this section, we prove the following theorem:

Theorem 2.4.1. IfT is dp-minimal, then T has UDTFS.

This has the following corollary:

Corollary 2.4.2. The following theories have UDTFS:

(1) T = Th(Qy; +,-,0,1) (the theory of the p-adic field).

(1) T = Th(Z;+, <) (the theory of Presburger arithmetic).

(11i) Any VC-minimal T (see Definition 4.1.1 below).

(iv) Any VC-density one theory T' (see Definition 3.2.5 below).
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(v) Any o-minimal or weakly o-minimal theory T' (originally due to Johnson and

Laskowski in [15]).
Along the way, we also provide a proof of the following theorem:

Theorem 2.4.3. If ¢(T;7) is any formula and N is a positive integer such that, for

all B C €@ with |B| = N, we have that |S,(B)| < w, then ¢ has UDTFS.

Therefore, if ¢ has VC-density < 2, then ¢ has UDTFS. One should note that
the bound given by the theorem, N (N +1)/2, is exactly one less than the maximum
for independence dimension two given by Sauer’s Lemma. We discuss this more in
Subsection 2.7.2.

Recall the definition of dp-minimality (Definition 1.2.10). An ICT-pattern is
a pair of formulas o(z;7) and 9 (z;%) together with two sequences (b; : i < w) and

(¢; : j < w) such that, for all iy, jo < w, the following type is consistent:

Therefore, T is dp-minimal if and only if there exists no ICT-pattern. For our
purposes, ICT-patterns do not suffice. Instead, we look at a notion we call a TP-

pattern.!

Definition 2.4.4. A TP-pattern is a formula ¢(x;7) with a single free variable x

together with a sequence of 1g(7)-tuples (b; : ¢ < w) such that, for all £ < k < w, the

!This author created this terminology for [11], intending TP to stand for triangle pattern,

without realizing that the word pattern was used twice.
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following formula holds:

Jz <90(£U;5k) Neo(sb) AN\ _'90<5C§Bi)) :

i<k, il
We now show that having a TP-pattern is equivalent to having a ICT-pattern,

providing a new characterization of dp-minimality and simplifying our proof of The-

orem 2.4.1.

Proposition 2.4.5. A theory T is dp-minimal if and only if T has no TP-pattern.

Proof. Suppose first that 7" has a TP-pattern, say ¢(z;7) and (b; : ¢ < w). Define

1 as follows:

(@70, 71) = (e(@:7) < ¢(z;71))
and let K be any positive integer. By Ramsey’s Theorem, we may assume that
(b; : i < w) is A-indiscernible for A = Ayx, as in (2.2) (from Section 2.2). By the

definition of a TP-pattern, the following is consistent:
{=p(z;b;) i < 2K} U{p(z;bar) } U {=p(z;b;) : 2K < i < 6K} U {p(x;bsx 1)}

Let a realize this type. By pigeon-hole principal, there exists some ¢ < 2 such
that, for infinitely many i > 6K + 1, = ¢(a;b;)!. By replacing (b; : i < w) with a
subsequence, we may assume that |= ¢(a;b;)f for all i > 6K + 1 (notice that being
A-indiscernible is closed under subsequence). Therefore, we have that the following

is consistent, witnessed by a:

{¢($;52i,l_72i+1) < K} U {_|’¢((L’;[_72K,52K+1)} U {¢($;52i,l_72i+1) K <i< 3K}U

{_‘w($§56K>l_76K+1)} U {¢(37;52¢7l_727;+1) (3K <i < 4K}
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By A-indiscernibility of (b; : i < w), we have that, for all / < K and K < k < 2K,

the following is consistent:

{¢($§52i752¢+1) i< Ki# L3 U {_‘1/’@;(_726,52z+1)}U
{w(@E%J—?ziH) K <i<2K,i#k}U {_‘w(l’352k752k+1>}-

Since K < w was arbitrary, by compactness there exists ¢;, Elj e 2@ foralli,j < w

such that, for all ¢,k < w, the following is consistent:

{W(2; 24, Caig1) 1 @ < w, i # L} U {~)(x;Cap, Capy1) JU
{w(m;aziaaml) i <w, i F# kU {_‘w(ﬂf;a%,azkﬂ)}-
Then =, =), ((€as,C2ir1) : 1 < w), and ((da;, doiy1) : i < w) form an ICT-pattern.

Thus, T is not dp-minimal.

Conversely, suppose that 7" is not dp-minimal and let ¢(x;73), ¥ (x;z), (b; 1 i <

w), and (¢; : j < w) be a ICT-pattern witnessing this. Then define # as follows:

0(z;7,2) = ~(o(;7) < ¢(2;2)).
Then one easily checks that 6 together with {(b;, ;) : i < w) form a TP-pattern. [
Compactness together with Proposition 2.4.5 yields the following result:

Lemma 2.4.6. Fix T a dp-minimal theory. For all p(x;7), there exists K < w
such that, for all (b; : i < K) with b; € &1¥W) for all i, we have that the following

two conditions hold:

(i) There exists { < k < K such that

= -3z ((P(x;l_)k) Ao(zsb) A N\ W(S&E)) :

1<k,i#l

37



(i1) There exists { < k < K such that
= —dx (—w(x;l_)k) A =p(z;bg) A /\ go(x;l_)i)> .
i<kyitl
With TP-patterns defined, we move on to decision processes. Fix a partitioned
formula ¢(7;7). Fix B C ¢¥® finite and p € S,(B). Let § € B2 be the function

associated to p (i.e., o(T;0)°® € p(z) for all b € B).

Definition 2.4.7. For any o-type ¢(T) and any b € B, we say that q decides p(T; b)
if either q(T) F o(T;b) or q(T) F —p(T;b). We say that q decides p(T;b) correctly
(with respect to p) if q(T) F o(T;0)°® (ie., ¢ decides ¢(T;b) and it implies the

instance of +¢(T;b) contained in p).

Notice that g need not be a p-subtype of p. In fact, when it is, the following

lemma is immediate since p is consistent:

Lemma 2.4.8. For any @-subtype ¢ C p and any b € B, if q decides o(T; _) then it

does so correctly.

For any subsets By C By C B, recall the definitions of pp, and pp, p, from

Section 1.2 (pp, is the restriction of p to By and pg, g, is pp, perturbed by By).

Definition 2.4.9. Fix By C B and b € B. We say that By *-decides ¢(7;b) if pp,
decides ¢(T;b) or there exists by € By such that pp, (b} 1S consistent and decides

©(T;b). We say that By *-decides o(T;b) correctly if By *-decides ¢(7;b) and we

have that one of the following holds:

(i) pp, decides (T;b) (hence correctly by Lemma 2.4.8), or
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(i) For all by € By such that py (5} 18 consistent and decides ¢(T; b), g, (B0}

decides ¢(T;b) correctly.

So By *-decides ¢(7;b) if there exists a perturbation of pp, of size at most
one that decides (7;b). By Lemma 2.4.8, if pp, decides ¢(;b), then it does so
correctly. Therefore, the only way By would #-decide o(%;b) incorrectly is if pp,

does not decide ¢(Z;b) and, for some by € By, PBo {be} 1S consistent and decides
©(T; b) incorrectly. That is, PBo.iy = (T )@,

One can generalize *-decides to perturbations of size at most ¢, called /-
decides (so *-decides is *;-decides). However, the Making Correct Decisions Lemma
(Lemma 2.4.11 below) does not hold for any perturbation of size greater than 1.
Still, somehow modifying the remaining argument to work for *,-decisions may lead
to a proof for the UDTFS Conjecture.

The concept of x-decides captures one possible way of constructing an algo-
rithm to define the p-type p. If we can construct, in a uniform manner, a small
collection of small subsets of B which, when chosen in a certain order, x-decides
©(T; b) correctly for all b € B, we can get a uniform definition of ¢-types over finite
sets. We now show how to construct such a collection.

As orderings aided us in proving UDTFIS for dependent formulas in Section

2.2, we define a quasi-ordering on P(B), the powerset of B, as follows:
For Bo, B1 S P(B), let BO Sp B1 if pB()(f) F PB; (f)

We say that By is p-equivalent to By, denoted By =, By, if By <, By and B; <, By.
Clearly =, is an equivalence relation on P(B) and <, is a partial ordering on
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P(B)/ =,. In fact, By <, By if and only if the set of realizations of pp, is contained
in pp,, so By =, B if and only if the set of realizations of pp, equals the set
of realizations of pp,. We say that By <, By it By <, By but By £, By. For
completeness, py is the empty ¢-type, which is realized by all @ € ¢'8®_ Therefore,
By <, 0 for all By € P(B) and §) <, By if and only if pp, is realized by all elements of

@2 Now consider the following lemma, which is immediate from the definitions:
Lemma 2.4.10. For the quasi-ordering <,, the following hold:

(i) For all By, By € P(B), By C By implies that By <, By.

(11) For all By, By € P(B) and all B C By, By <, By if and only if By <, B1UB|,.

(i) If B C P(B) and By € B, then there exists a By <, By such that By € B
and, for all other By € B, By <, By implies that By =, By (we call such By

<,-minimal elements of B).

Notice that (iii) holds because B, hence B, is finite. Surprisingly, this is our
only use of finiteness in the proof of Theorem 2.4.1. That it, it is our only obstacle
for showing general uniform definability of types for dp-minimal theories (since there
are unstable dp-minimal theories, this is an unavoidable obstacle).

A great deal of mileage can be obtained by using <,-minimal elements. Let B
be any non-empty set of subsets of B. Consider the following lemma about correct

decisions using <,-minimality:

Lemma 2.4.11 (Making Correct Decisions Lemma). Fiz b € B, By € B <,-
manimal in B, and by € By. If
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(i) Ppy (5o 5 consistent and decides p(T; b),

(ii) pp, does not decide ©(T;b), and

(iii) there exists By <, By — {bo} such that B, U {b} € B,
then pg, 5,y decides ©(T; b) correctly.

This lemma is the driving force behind creating an algorithm for correctly
deciding o(7; b) for all b € B given only a small amount of data from p. It says that,

to get correct decisions, we need only find a B with good closure properties.

Proof of Lemma 2.4.11. Since pp, does not decide (T;b), by definition of <p, we

have that By £, {b}. Therefore, by Lemma 2.4.10 (ii),

By #, (B — {bo}) U {b}. (2.3)

Now, by means of contradiction, suppose that pp g, decides ©(T; b) incorrectly.

That is, suppose that

Pty (@) U {0 (@ 30 b 1 (@, 5)00),
By contrapositive, we get that pg g yum F P Therefore, by definition of <,
(Bo = {bo}) U{D} <, Bo.
Combined with (2.3), we get
(Bo — {bo}) U {b} <, Bo.
Using hypothesis (iii), we note that

By U {l_)} Sp (BO — {[_)0}) U {1_7} <p Bo
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and B; U {b} € B. This contradicts the <,-minimality of By in B. O

We now construct a collection of subsets of B for which the Making Correct
Decisions Lemma shows that, when chosen in the correct order, these subsets cor-
rectly decide ((T;b) for all b € B. First, notice that everything worked out above for
subsets of B works for sequences in B by considering the images of those sequences.
With this in mind, we define B,,, a set of sequences from B of length n, inductively
as follows:

For n = 1, let By = {{(b) : b € B and ¢(;b)" is consistent for both ¢ < 2}
(i.e., for all b € B, (b) € By if and only if () #, (b) if and only if P, is consistent).

For n > 1, let
B,={B8"(b):be B,3€B,_1, and 3 does not *-decide ¢(7;b)}.
We state an equivalent definition for B, in the following lemma:
Lemma 2.4.12. The sequence 3 = (by, ...,by_1) € By, if and only if
(i) for all ¢ < n, P, S consistent, and
(i) for all £ <k <n, Pg.icpy @5 1S consistent.

Proof. We prove this by induction on n. The case n = 1 is clear by definition. So
suppose n > 1 and let 3’ = (b; : i <n — 1) (i.e., 8 restricted to n — 1).

First suppose that 8 € B,. By definition of B,, we see that 3’ € B,_;.
Therefore, by induction, pg 4, is consistent for each £ < n —1 and pg. <k 5,50
is consistent for each £ < k < n — 1. However, 3 does not *-decide o(%;b,_1)

by definition of B,. Thus, ps U {p(Z;b,_1)'} is consistent for both ¢+ < 2 and
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Do,y Y 10(T; b,_1)'} is consistent for each £ < n — 1 and ¢ < 2. Therefore, P, 18
consistent for each £ <n and pg, <y 4,5, 1S consistent for each £ <k < n.
Conversely, suppose that pg g is consistent for each £ < n and pg,;<py 5,5, 1
consistent for each ¢ < k < n. Clearly this condition is closed downward, so it holds
for 3’. Therefore, by induction, 3" € B,,_;. By means of contradiction, suppose that
B (bp_1) & B,,. This means exactly that 3" x-decides ¢(7; b,_,) by definition of B,,.
As above, this implies that either Pg i,y 1s inconsistent for some £ < n or pgy Bebnr)

is inconsistent for some ¢ < n — 1. This contradicts our assumption. Il

We get the following as a corollary:

Corollary 2.4.13. If 3 = (by,...,bu_1) € B, then the following hold:

(i) For all k < n and all subsequences By C [ (not necessarily initial sequences)

of length k, By € By.

(ii) |S,({bi i < n})| > "t

2

(iii) For allb € B, if 3 does not %-decide p(7T;b), then 37(b) € Byy1.

Proof. (i): This follows from the characterization of B,, in Lemma 2.4.12. Conditions
(i) and (ii) of that lemma are clearly closed under subsequence.

(ii): Again this follows from Lemma 2.4.12. Condition (i) of that lemma yields
n new types and condition (ii) of that lemma yields (g) new types. Together with
the original p, there are at least 1 +n + (;L) > n(n 4 1)/2 types over {b; : i < n}.

(iii): This follows from the original definition of B,,. O

43



We now define, for each n > 1 and each <,-minimal element 3 of B, a set
H() of non-empty sequences inductively as follows (note that H stands for history,
as one can think of it as showing the history of how [ is “built” up):

For n = 1 and any <,-minimal element  of By, let H(3) = {#}. For n > 1,

fix any <,-minimal element 3 of B,. Let 3 = (by, ..., b, 1) and, for each i < n, let

0; be the subsequence of § given by

ﬂi = <l_)07 "'7bi*17 bi+17 "'7bn71>-

That is, (; is the (n — 1)-element subsequence of 3 obtained by removing the ith
element. By Corollary 2.4.13 (i), §; € B,—1, so by Lemma 2.4.10 (iii), there exists
Bi € B,—1 such that 3] <, §; and 3/ is <,-minimal. Fix any such choice of /3, for
each i < n and let

H(B)=JH(B)u{s}.

<n

This defines H on all <,-minimal elements of B,, for each n < w, as desired. Note
that |H(3)| is a function only of 1g(3). In fact, define fg : w — w as follows:
fa(0) =0 and fg(n) =n- fu(n—1)+ 1 for n > 1. Then |H(B)| = fu(lg(p)).
We now show that elements of H(3), when chosen in a particular manner, correctly
*-decide ¢(T;b).

Lemma 2.4.14. Fizb € B, n < w, and € B, <p-minimal. Let k < n be minimal
such that there exists 3' € H(B) with 1g(8') = k and 3’ *-decides ©(T;b). Then, any
such (3 *-decides o(T;b) correctly.

Proof. First, it suffices to assume that £ = n and 3’ = § by replacement. We now

prove this statement by induction on n.
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If n = 1, then take § € By <,-minimal. If ps decides ¢(Z;b), then it does so
correctly by Lemma 2.4.8. So assume that ps does not decide ¢(7; b). Therefore,
b #, 0, so (b) € B;. By Lemma 2.4.11 (Making Correct Decisions), if ps 3 decides
©(T; b), then it does so correctly. Therefore, if 3 *-decides o(T;b), then it does so
correctly.

Suppose now that n > 1. By Lemma 2.4.8, we may assume that ps does not
decide ¢(7;b). So assume that Pp., decides o(T; b), where we let 3 = (by, ..., bp_1).
Consider 3; <, 3, as defined above. We have that 3, € H(() and lg(3;) =n—1 < n.
By minimality of & = n, (3, does not *-decide p(7;b). By Lemma 2.4.13 (iii),

~(b) € B, (this follows by definition of 3,). These are the exact hypotheses of
the Making Correct Decisions Lemma (Lemma 2.4.11). Therefore, pj g, decides

©(; b) correctly. Since ¢ < n was arbitrary such that P,y decides p(T; b), we see

that 3 *-decides ¢(Z;b) correctly. O

All the pieces are now in place. In the following Theorem, we show how to put

the pieces together to get UDTFS. Theorems 2.4.1 and 2.4.3 follow as a corollary.

Theorem 2.4.15. Fiz a partitioned formula ¢(T;7y) and a K < w. Suppose that,
for all finite B C ¢#® and all p € S,(B), the set By = () where B, is defined as

above for our choice of B and p. Then, ¢ has UDTFS.

Proof. We need to consider fy(K) many sequences, each of length at most K. For
each i < fy(K), we encode sequences of length m; < K as z; = (Zo, ..., Zm;—1.i)-
Let s € £x/u(5)2 encode the fact that “¢(x;%z;,;)*U" is in our type.” There is a first
order formula 0; ;(7;Z;) that says: “the sequence encoded by z; *-decides ¢(7;7)
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with respect to the type denoted by s.” For example,

0:s(V:Z:) = \/Vf ( /\ 0(T;2;5)°0" — o(T; y)t> Vv

t<2 j<m;

\/ <HT ( /\ P (T;2,)" ) A =p(T; 7jo,z’)s(j0’i)> A \/

Jo<my; J<mi,j#jo i<

VE ( N 0@ Z0)" 00 A =p(T; Zjo,0) V0 — (T @)t>

Jj<mi,j#jo

[\

N——

In a similar manner, there exists a formula 67 (7;Z;) that says that “the sequence
encoded by z; *-decides ¢(T;7) positively with respect to the type denoted by s”
(i-e., 07, holds when the sequence *-decides ©(T;y) correctly and ¢(7;7y) is in our
type and ¢} fails when the sequence *-decides (T;7) correctly and —p(7;7) is in
our type). For example,

07, (7: %) =VT ( N\ @700 — o(x; ﬂ)) \

j<m;

</\ v ( N ¢@z)0 — o ?)t> A

t<2 j<m;

V (5@( N @ 7)) A (T zjo,i)S(j07i)> A

Jo<my J<ms,j#3jo

& ( A @@ 7000 A (@250, 00— (@ @)) ).

J<mi,j#jo
Now we can encode an algorithm that finds the first *-decision, and checks whether
or not it holds positively. Namely,

V(U205 -y By (k)—1) = /\ (Qi,s@; z;) A\ /\ =0y s(U; Zir) — 07 ,(V; ZJ) -

i<fu(K) i'<i

We claim that the set {1, : s € K*f#(K)2} is a uniform definition of ¢-types over

finite sets, completing the proof.
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Fix a finite B C €@ and p € S,(B). Choose n maximum such that B,, # ()
for our choice of B and p. This exists and n < K by hypothesis. Choose any
<,-minimal § € B,, and let H = H((3). Let H = {v; : i < fu(n)} ordered by length
of ; (that is, if i < j, then 1g(y;) <1g(v;)). So Vi = (bj; : j < m;) for some m; < n.

Choose bj; arbitrarily for i < fy(n),m; < j < K and fy(n) <i < fu(K),j < K.

Choose s € Kxfm(K)2 guch that

P,y = {o(T; b))

for all (5,7) € K x fu(K). So, if § is associated to p, then s(j,7) = d(b;;). Finally,
we claim that ¥,(7; 5070, ...,BK,l,fH(K),l) defines p, as desired.

Fix b € B. By Lemma 2.4.14, if 3/ € H({) is ever minimal such that 3’
x-decides ©(;b), then it does so correctly. Therefore, = 1,(b; bo.o, ---aEK—l,fH(K)—l)
if and only if ¢(Z;7) € p(Z). On the other hand, if no 3’ € H(B) *-decides ¢(7;b),
then by Lemma 2.4.13 (i), 87 (b) € B,1. However, this contradicts our choice of

n (since B,.1 = 0). Therefore, 1), works. O
We can now prove Theorems 2.4.1 and 2.4.3.

Proof of Theorem 2.4.3. Fix a partitioned formula ¢(7;7) and N < w such that, for

all B C €@ with |B| = N,

So(B)| < N(N+1)/2. Fix any p € S,(B). By Lemma
2.4.13 (ii), if By # 0, then for any § € B, [S,(5)| > N(N +1)/2, a contradiction to

our assumption. Therefore, By = (). Thus, by Theorem 2.4.15, ¢ has UDTFS. [

Proof of Theorem 2.4.1. By sufficiency of a single variable (Lemma 2.3.6), it suffices

to check that formulas of the form ¢(x;7) have UDTFS, so fix such a ¢. Let K < w
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be given for ¢ as in Lemma 2.4.6. We claim that Byx_; = @) for any choice of finite
B C ¢8® and p € S,(B). Thus, by Theorem 2.4.15, ¢ has UDTFS.

Suppose, by means of contradiction, that Bag 1 # () for some choice of B and
p. Fix 0 € By _1. By pigeon-hole principal, there exists t < 2 and a subsequence
(bo, ...,bx—1) = Bo C B of length K such that, for all i < K, o(z;b;)" € p(z) (ie., p
is constant on ). By Lemma 2.4.13 (i), 5y € Bk. Therefore, by Lemma 2.4.12, for

all { < k < K,
p{Bi:igk},{Bg,Ek}(x)

is consistent. However, since p is constant on [y, we have that, for all / < k < K,

{o(x;0,)" i < kyi # €} U{=p(2;be)", ~(a; by)'

is consistent. This contradicts our choice of K as in Lemma 2.4.6 (i.e., it contradicts

the non-existence of a TP-pattern in +¢ of length K). ]

In Chapter 4, we define VC-minimal theories and note that all VC-minimal
theories are dp-minimal. This implies Corollary 2.4.2 (iii). By Theorem 4.1.2 (i), all
o-minimal and weakly o-minimal theories are VC-minimal, so this implies Corollary
2.4.2 (v). In Section 4.4, we define VC-density one theories and note that all such
theories are dp-minimal. This implies Corollary 2.4.2 (iv). Theorem 6.6 of [6] says
that the p-adic field is dp-minimal, thus Corollary 2.4.2 (i) holds. Finally, one
can show that Presburger arithmetic is dp-minimal (see Example 2.5 in [§8]), thus
Corollary 2.4.2 (ii) holds.

One should note that UDTFS does not characterize dp-minimality. There are
examples of stable theories that are not dp-minimal (see Theorem 3.5 (iii) of [18],
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for example). However, since stable theories have UDTFS, this shows that UDTFS
does not imply dp-minimal. Even unstable UDTFS does not imply dp-minimal, as

we show in Section 4.3. For more examples of dp-minimal theories, see [6], [8], [18],

and [27].

2.5 UDTFS and Valued Fields

As in Shelah’s work on strongly dependent theories of valued fields in [26],
we consider a language called the Denef-Pas language. The Denef-Pas language has
three sorts: the valued field sort, which we denote K, the value group sort, which we
denote I', and the residue field sort, which we denote k. We put the ring language
and a partial function for the inverse on the sorts K and k and the language of
ordered abelian groups (written additively, with a function for subtraction) on I
Finally, we have two maps between sorts: the valuation map, v : K — I' and the
angular component map, ac : K — k. We also consider a variation on this language
which we call the “Denef-Pas w-language” (which is still a first-order language). In
this language, we replace ac with a collection of formulas ac, indexed by n € w.
These are again maps of the form ac, : K — k. The theory of valued fields in
the Denef-Pas language (respectively the Denef-Pas w-language) says that I' is an
ordered abelian group, K and k are fields, and v and ac (respectively ac, for all
n € w) satisfy the natural demands on them. The theory of valued fields in the
Denef-Pas w-language also requires that I" have a least positive element, called 1

(or simply 1).
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Definition 2.5.1. We say that a theory 7" in the Denef-Pas language (or the Denef-
Pas w-language) has elimination of field quantifiers if all formulas are T-equivalent
to a boolean combination of atomic formulas, formulas only on the sort k (i.e., all
free and bounded variables in the formula are from the k sort), and formulas only

on the sort .

Theorem 2.5.2 (Theorem 4.2 of [5]). (i) If p is any prime, and T is the theory,
in the Denef-Pas w-language, of the p-adic field, then T has elimination of

field quantifiers.

(i1) If char(k) = 0, I' has a least positive element, 1r, and K is a Henselian valued
field, then the theory of (K, k,T") in the Denef-Pas w-language has elimination

of field quantifiers.

(iii) If char(k) = 0, I' is divisible, and K is a Henselian valued field, then the theory

of (K, k,T") in the Denef-Pas language has elimination of field quantifiers.

As in Shelah’s paper on strongly dependent theories, we now prove an Ax-
Kochen-style transfer result about UDTFS for valued fields in the Denef-Pas lan-

guage (and w-language).

Theorem 2.5.3. Let T be any complete theory of valued fields, in either the Denef-
Pas language or the Denef-Pas w-language, that has elimination of field quantifiers.
If Ty (i.e., the theory T only on the sort k with the induced language) and T|r have

UDTFS, then T' has UDTFS.

By abuse of notation, let K = K¢ ' =T'¢, and k = k% (the three sorts of €).
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Let F' be the prime field of K (so F' = Q if char(K) = 0 and F,, if char(K) = p > 0).
Similarly, let F” be the prime field of k. To prove the theorem, we must first
understand the formulas of 7. By elimination of field quantifiers, all formulas are

T-equivalent to a boolean combination of formulas of the form:

(i) o a formula only in the sort k,

(ii) or a formula only in the sort T,

(iii) g(x) = 0 for some g € F(Z) with T variables in the K sort,

(iv) 7(v(go(T)), .-, v(gn-1(T)),7) = 0 for some gy, ...,gn—1 € F(T) and some term

7(20, -, Zn—1,y) from the I' sort,

(v) 1(v(g90(T)), ..., v(gn-1(T)),y) < 0 for some gy, ...,g,—1 € F(T) and some term

T(20y -y Zn—1,Y) from the I' sort, and

(vi) f(ac(go(T)), ..., ac(gn-1(7)),y) = 0 for ¢g; € F(T) with T from the K sort and

for f € F'(z, ..., 2n_1,7) with z; and 7 from the k sort.

(vi)* If we are working in the w-language, replace ac(g;) with ac,,,(g;) for some

m; € w for 1 < n.

This is true because (iii) through (vi) enumerate all possible atomic formulas,
up to T-equivalence. For any atomic formula, the relation symbol is either = in
the sort K (i.e., formula (iii)), = or < in the sort I' (i.e., formulas (iv) and (v)

respectively), or = in the sort £ (i.e., formula (vi)).
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By Lemma 2.3.6, it suffices to check that each of these formulas individually
has UDTFS. By assumption, formulas as in (i) and (ii) already have UDTFS. For
(iii), we can reduce to the case where g € F[Z]. For (iv), since v is a homomorphism
from K to I'; we may combine all g;’s into a single g € F/(T) and move the remaining
variables to the other side of the equation. We can do this similarly for (v), so this

yields:
(iv)” v(g(Z)) = 7(y) for some g € F(T) and some term 7(y) from the I' sort,
(v)" v(g(T)) < 7(y) for some g € F(Z) and some term 7(y) from the I" sort.

Furthermore, (iv)’ can actually be broken down into boolean combinations of in-
stances of (v)’. That is, v(¢(Z)) = 7(y) is T-equivalent to —(v(g(Z)) < 7(7)) A
=(v(g(x)™') < —7(y)). So it suffices to show that formulas of the form (iii) (for

g € F[z]), (v)’, and (vi) have UDTFS (or (vi)* if we are working in the w-language).
Lemma 2.5.4. If o(x;7) = [g(x,y) = 0] for some g € F[x,7|, then ¢ has UDTFS.

Proof. Let n be the z-degree of g. For any b € K'8®_ g(x,b) has at most n solutions
in K. Therefore, the following formula can define any non-trivial ¢-type:

<n
(because a non-empty intersection of sets of size at most n is equal to an intersection

of at most n of them). This shows ¢ has UDTFS. O

This takes care of the formulas in (iii) with one free variable. For (v)’, consider

the following lemma:
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Lemma 2.5.5. If o(x;7,%) = [v(h(z,7)) < 7(Z)] for some h € F(z,y) and 7(Z) is

some term in the I' sort, then ¢ has UDTFS.

Proof. First, let h(z;7) = f(x;7)/g(x;7) for f,g € F[x;7], let n be the z-degree of
f and m the a-degree of g. Let f(z;7) = fi(y)z" + ... + fi(y) and let g(z;7) =

9 (@)™ + ...+ g5(y) for [, g7 € F(y). Therefore, the formula ¢ reduces to

V(@ + o+ [5@) < 7(Z) +o(gn @™ + o+ g5(1)-

We now show, by induction on n + m, that formulas of this form have UDTFS. If
n 4+ m = 0, then we have a formula where x is a dummy variable. In this case,
o(x;7,Z) clearly has UDTFS. Now suppose n + m > 0.

This breaks down further into three cases, n = m, n < m, and n > m.

Case 1. m =n.

Notice that in this case p(z;7,z) is T-equivalent to

v(x”Z(f:(m/f;(- Z‘)—v(HZgz /9. ><

1<n

7(2) — v(f2(®)) + v(g,(®))-

For notational simplicity, let f/* = f*/f* and ¢* = ¢//g’ for i < n and let f** =

Dicn fi¥xt and g =37 gi*a’. Hence, ¢ is T-equivalent to

o(f7 ;7)) —o(g™ (%) < 7(2) —v(f2(®)) +v(9,(¥))-

Notice that f**(x;7) — ¢**(x;7) has z-degree less than n as

Fo@7) = g™ (7) = > @) — g7 @)’

<n
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Therefore, the formula v(¢** (z;7)) < v(f*(z;y) — ¢**(2;7)) has UDTFS, by induc-
tion, say witnessed by ¢ (7;%,). Similarly, v(g™(z;7)) > (/" (%) — g™ ;7))
has UDTFS, say witnessed by ¢_(g;w_). If v(¢**(x;7)) < v(f*(x;7) — ¢**(2;7))
holds, then, by the strong triangle inequality, v(f**(x;7)) = v(¢™(z;7)) holds.
Therefore, in this case, ¢(z;7,%) is T-equivalent to 7(z) — v(f*(y)) + v(g: (7)) > 0,
which is a formula without x. Similarly, if v(¢**(z;7)) > v(f*(z;79) — ¢"*(;7))
holds, then

o(f ;) = o(f () — 97 (1;7)).

Therefore, in this case, p(z;7,z) is T-equivalent to

o(f7 (@ y) — 97 (2:7) —v(g™(2:7)) < 7(2) —v(fn (@) + v(g,(7)).

This is T-equivalent to

o((f"(@:9) — g™ (@) (@) < 7(2) +0(9™ (25 7)9,(9)),

which has UDTFS by induction, say witnessed by 71 (7, Z; Wy). Finally, if v(¢**(z;7))

=u(f*(x;7) — ¢**(x; 7)) holds, then p(z;7,Zz) is T-equivalent to

v(f* (@) — o7 (2;9) — g™ (2:7)) < 7(2) = v(f2(®@)) + v(9.(D)),

which again has UDTFS by induction, say witnessed by 72(7,z; Wz). Collecting
these three possibilities together into a single formula, we see that the following

formula witnesses the fact that ¢ has UDTFS:

(Vs = [7(Z) +0(fa(@) = v(gn(@)) > ) A (b= = 1) A (Zp A= — 72). (2.4)

Case 2. m < n.
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First, by dividing both sides by f(y) (i.e., subtracting v(f*(y))), we may

assume that f* = 1. Fix B C K'8® x I'¢(® finite and a € K. Choose (by,¢) € B

such that v(f(a;by)) > v(g(a; b)) +7(Co) (i-e., ~p(a; by, Go) holds) and v(g(a;by)) +
7(¢y) is <-maximal such (if no such (by, @) exists, then the type is trivial). Now fix

any (b,¢) € B and we describe a uniform algorithm to determine (a; b, ), showing

that ¢ has UDTFS.

Subcase 2(a). v(g(a; b)) + 7(¢) > v(g(a; by)) + 7(co).
First notice that this formula has UDTFS, since m < n and using induction.
If this holds, then the maximality of the choice of (b, %) € B implies that ¢(a;b,c)

holds.

Subcase 2(b). v(g(a;b))+7(¢) < v(g(a; by))+7(C) and v( f(a;b)— f(a; by)) <

v(g(a; b)) + 7(2).
Notice that, since f; =1,
f@:y) = f@7) =Y 1@ - @)

Therefore, the formula v(f(z;7) — f(x; 7)) < v(g(x;7))+7(Z) has UDTFS by induc-

tion. Now, if Subcase 2(b) holds, suppose by way of contradiction that —¢(a;b, )

also holds. Then we would have v(f(a;b)) > v(g(a;b)) + 7(¢), hence

v(f(a; b)) > v(f(a;b) — f(a; by)).

By strong triangle inequality, we get that v(f(a;by)) = v(f(a;b) — f(a;by)). By
assumption,

v(f(a;bo)) < v(g(a;0)) +7(2) < wlgla; bo)) + (%),
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contrary to the assumption that —(a; by, ) holds. Therefore, Subcase 2(b) implies

that o(a; b, ¢) holds.

Subcase 2(c). v(g(a;b))+7(¢) < v(g(a; b)) +7(c) and v(f(a;b)— f(a; b)) >

v(g(a; b)) +7(2).

Suppose, by way of contradiction, that Subcase 2(c) holds and ¢(a; b, €) holds.

Then v(f(a;)) < v(g(a;b)) + 7(c), hence v(f(a;b)) < v(f(a;b) — f(a;bo)). By
strong triangle inequality, v(f(a;by)) = v(f(a;b)), hence

v(f(a; bo)) < w(g(a; b)) +7(c) < wlg(a; bo)) + 7(c0),

contrary to the assumption that —¢(a; by, é) holds. Therefore, Subcase 2(c) implies
that = (a; b, €) holds.

Asin Case 1, since all formulas distinguishing the three subcases have UDTFS,
we can replace them with the formulas witnessing their UDTFS, thus showing that
@ itself has UDTFS.

Case 3. m > n.

This is similar to Case 2. As before, we may assume that g’ = 1. Fix
B C K®® x I'8®) finite and a € K. Choose (by,) € B such that v(f(a;by)) <
v(g(a; bo)) + 7(Co) (i.e., p(a; by, ) holds) and v(f(a;by)) — 7(¢) is <-maximal such
(if no such (b, ) exists, then the type is trivial). Now fix any (b,¢) € B and we

describe a uniform algorithm to determine ¢(a;b,¢), showing that ¢ has UDTFS.

Subcase 3(a). v(f(a;b)) — 7(2) > v(f(a;by)) — 7(co).

In this case —(a;b, ) holds.

Subcase 3(b). v(f(a;b)) — 7(¢) < v(f(a;by)) — 7(cp) and v(f(a;b)) — 7(¢) <
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v(g(a;b) — g(a; bo)).

As before, we can show that, in this case, ¢(a; b, ) holds.

Subcase 3(c). v(g(a;b)) + 7(¢) < v(g(a;by)) + 7(cy) and v(f(a;b)) — 7(¢) >
v(g(a; b) — g(a; bo)).

In this case, =p(a; b, ) holds.

As in Case 1 and Case 2, this algorithm shows that ¢ has UDTFS. m

In addition to the form taken in Lemma 2.5.5, formulas in (v)” with a single
non-parameter variable can also have the form ¢(z;7,%) = [v(h(7)) < 7(z,Z)]. The
terms of an abelian group are very simple; we can show that this formula takes the
form

maz > v(h(g)) + 10(Z)

for some m € Z and some term 7. Now given B C K'8®) x T'8() finite and a € T,

we simply choose (b, %) € B such that ma > v(h(by)) +70(c) and v(h(by)) + 70(co)

is <-maximal such (if none exists, the type is trivial). Then, for any (b,¢) € B,

p(a;6,2) & [v(h(b) +70(2) < v(h(bo)) + T0(Co))-

This shows that formulas of the form p(z;7,z) = [v(h(y)) < 7(z,Z)] have UDTFS.
In combination with Lemma 2.5.5, we see that all formulas of the form (v)’ with one
free variable have UDTFS. It remains to show that formulas of the form (vi) (or, in

the case of the Denef-Pas w-language, (vi)*) with one free variable have UDTF'S.

Lemma 2.5.6. If ¢(2;7,2) = [f(ac(go(z,7)), ..., ac(gn-1(x,7)),Z) = 0] as in (vi),

then ¢ has UDTFS.
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Before giving the full proof of Lemma 2.5.6, we give a simple example. Suppose
that p(z;y, z) = [ac(x — y) = z|. If we are given B C K X k finite and a € K, the
first step toward developing a uniform algorithm for determining the truth value of
@(a,b,c) for (b,c) € B is to choose a closest approximation by to a (then we can

replace a with by in most cases). Consider the following facts about ac in valued

fields:

Remark 2.5.7. For K a valued field, the following hold for all a,b € K:

(i) ac(ab) = ac(a) - ac(b),

(ii) v(a) = v(b) and v(a — b) > v(a) implies that ac(a) = ac(b),

(iii) v(a) = v(b) = v(a — b) implies that ac(a — b) = ac(a) — ac(b), and

(iv) v(a) < v(b) implies that ac(a — b) = ac(a).

So to approximate a with an element by requires v(a — by) to be large. With
this is mind, choose (by, o) € B such that v(a — by) is <-maximal. For any other
(b,c) € B, we have v(a — b) < wv(a — by). If v(a —b) < v(a — by), then, by Remark
2.5.7 (iv), ac(a — b) = ac(by — b). Therefore, in this case, ¢(a; b, ¢) holds if and only
if ac(bp — b) = ¢. If v(a —b) = v(a — by), then, by the strong triangle inequality,
v(b —by) > v(a —b), yielding another two cases. If v(by — b) > v(a — b), then, by
Remark 2.5.7 (ii), ac(a — b) = ac(a — bg). Fix (b1, ¢1) € B such that ac(a —by) = ¢,
if such an element exists (otherwise, the type in this case is trivial). Therefore, in
this case, ¢(a;b,c) holds if and only if ¢; = ¢. The only remaining case is when

v(a —b) = v(a — by) = v(by — b). In this case, by Remark 2.5.7 (iii), ac(a — b) =
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ac(a —by) + ac(by — b). Now fix (by, c2) € B such that ac(a — by) + ac(by — by) = c2,
if such an element in B exists (if not, then the type in this case is trivially false).
Hence ac(a—by) = co —ac(by —by). Then, p(a;b,c) holds if and only if ac(a —b) = ¢

if and only if ac(a — by) 4+ ac(by — b) = ¢ if and only if
Co — ac(bg — bo) + aC(bo — b) = C.

Since these three cases are determined by formulas with UDTFS (namely of the
form (iv) and (v) above), this gives us a uniform algorithm for determining the

truth value of p(a,b,c). Therefore, p has UDTFS. Now consider the general case.

Proof of Lemma 2.5.6. Let ¢(x;7,%Z) = [f(ac(go(x,7)), ...,ac(gn-1(x,7)),Z) = 0] as
in (vi). We first construct polynomials gf € Flz, 7y, ...,y,] and hg € Flyy, .., 7;] by
induction on j. First, let hY be the leading polynomial coefficient of g;(x,,) in the

variable and let ¢?(z,%,) = gi(x,7y)/h2(Y,) (s0 ¢ has leading polynomial coefficient

J

1 in the x variable). Now suppose g

7=1 and ™" are constructed. Temporarily,

define

9 (@3 Tgs ;) = [0 (@1 T s Tjos T) — G0 (@5 Tgs oo Tj—2s Tj—1)]-

Note that deg,(¢g*) < deg,(¢’"") because g/~ ' has leading coefficient 1 in the x
variable. If deg,(¢g*) = 0, we terminate the construction, let gf = g~ hg =1, and
set N; = j (in this case, notice that ¢/ € F[g,, ...,¥;], as there is no x variable).
Otherwise, let hf be the leading coefficient of ¢g* in the x variable and set gf =
g*/hl. Since deg,(g;) = deg,(g?) is finite, this process must terminate for all i < n,
producing a sequence (Ny, ..., N, _1).
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Using these gf and hf , along with the approximation trick used in the example
above, we produce a uniform algorithm for determining (p-types over finite sets,
showing ¢ has UDTFS. Fix B C K'8® x k'=®) finite and a« € K. We construct

(I_yj ¢}) € B inductively as follows: Choose (1_79 @) € B such that v(g? (a;l_)?)) is <-

91 1)1

maximal. If (Ez_l,?_l) € Band j < N, let (l_)] &) € B such that v(gg(a;g?, ,Z_)z))

7 PRI )

is <-maximal. Let

- -0 —Np—1

b=b".."b

—~ /\_0 —~ A_anl_l
R s

and, by abuse of notation, let

PO i, 70 -1 _
gi(a7b7y) :gg(a7bza7bz 7y)a

-1

gl(a;b) = ¢/(a; bi,...,l_)z l_)j), and

» Ve

-0 j—1

hi(a;b.7) = hi(a;by, ... b .7

for all i < n and appropriate j. This simplifies further notation. When 57 = N;, we
may drop the a as x is a dummy variable in gZ-N i, Fix (b,¢) € B. Now, for any i <n
and j < N;, we have three cases (just as in the example above):

Case 1 ;). v(gl (a;b,b)) < v(g!(a;b)).

In this case, using Remark 2.5.7 (iv), we see that
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By Remark 2.5.7 (iii), we see that
ac(g! (a;b,0)) = ac(g! (a; b)) + ac(g! (a;b,b) — g/ (a; b))

hence

In this fashion, we can reduce the entire polynomial equation of ¢ depending

on only 3(Zicn o)

many cases, each of which is distinguishable by formulas with
UDTFS. Encode these cases by p : {(i,7) : i < n,j < N;} — {1,2,3} where
p(i,7) = 1 if Case 1(; j) holds, p(i, j) = 2 if Case 2; ;) holds, and p(i, j) = 3 if Case
3(i,j) holds. We then encode ac(g! (a; b, b)) by the variable w; ;, ac(g/(a; b)) by the

variable v; ;, and ac(h!(a;b,b)) by the variable u; j in the following formula:

(Vi3 Ui g, Wi N, Z) = (3wz‘,j)z‘<n,j<Ni[ N wig=wigwiga AN wig=wvin
p(i,5)=1 p(1,5)=2

/\ Vij + Ui jr1Wi 1 N\ f(wo,o, ey wn,LO’E) = ()}
p(i,3)=3

(where u; ; ranges over j < N; but v;; only ranges over j < N;). Notice that ¢ is
a formula only in the k sort. By the assumption that 7', has UDTFS, we know ¢
has UDTFS, say by ~. Let

B* = {u(b,e) : (b,e) € B}

where

:u(b76) = /“L(B’ C; B) = (ac(hf (B’ B))>i<n7jSNiA<aC(gzNi(b’ b))>i<n,\E

(notice that y is a definable function). Let

at = <ac (gg(a;g>)>i<n,j<Ni ’
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By UDTFS on tp,(a*/B*), there exists (d¢,€,) € B for £ < L such that, for all

(b,e) € B, ¥(a@*;u(b,e)) holds if and only if v(u(b,2); u(do, e0), ..., p(dr—1,81-1))

holds.

Therefore, ¢(a;b,¢) holds if and only if f(ac(go(a;b)), ..., ac(gn_1(a;b)),¢) =0

if and only if 1 (@*; (b, )) holds if and only if

’}/(M(b, 6)7 /’L(E()a E0)7 SR) M(8L717 EL*I))
holds. This shows that ¢ has UDTFS. U

In a manner very similar to Lemma 2.5.4, we can prove that formulas of the

form
p(2;7,7) = [f(ac(go(@)); - ac(gn-1(7)), 7, Z) = 0]
have UDTFS. Thus, all formulas of the form (vi) with one free variable have UDTFS.

Now consider the Denef-Pas w-language and formulas of the form (vi)*. We

have a remark for ac, corresponding to Remark 2.5.7 on ac:

Remark 2.5.8. For K a valued field, the following hold for all a,b € K and all n € w:
(i) acy(ab) = Zi§2n ac;(a) - acz,—i(b),
(ii) v(a) =v(b) and v(a — b) > v(a) + n implies that ac,(a) = ac,(b),

(iii) v(a) = v(b) and v(a—b) = v(a)+i for some 0 < i < n implies that ac,(a—b) =

acpi(a) — acp4i(b),
(iv) v(a) < v(b) — n implies that ac,(a — b) = ac,(a), and

(v) v(a) = v(b) —i for some 0 < i < n implies that ac,(a —b) = ac,(a) — ac,—;(b).
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A proof similar to the one for Lemma 2.5.6 show that formulas of the form

p(;9,%) = [f(ack (90(x, 7)), - acs, , (gn-1(2,7)), Z) = O]
have UDTFS. The argument is more complicated, mainly due to the fact that ac,(a-
b) is not necessarily equal to ac,(a) - ac,(b) for n > 0. Instead, when we decompose
products inside ac,, as we did with ac in the proof of Lemma 2.5.6, we get instead a
linear combination of ac; (as in Remark 2.5.8 (i)). This complicates the argument,
but it remains essentially the same. As in Lemma 2.5.4, we can also show that

formulas of the form
QO(I,@, E) = [f(aCZO(QO(y))7 ey ac€n71(gn—l<y>>a ZL‘,E) = 0]
have UDTFS. Thus, all formulas of the form (vi)* with one free variable have

UDTFS. We therefore conclude that Theorem 2.5.3 holds.

We get the following corollary of the theorem:
Corollary 2.5.9. The following theories have UDTFES:

(i) The theory of the p-adic field in the Denef-Pas w-language.
(ii) The theory of the field R((t)) in the Denef-Pas w-language.
(iii) The theory of the field C((tQ)) in the Denef-Pas language.

(iv) Algebraically closed valued fields of equicharacteristic zero (with a non-trivial
valuation) in the Denef-Pas language.
Proof. (i): Note that (Z;+, <) has UDTFS by 2.4.2 (ii). Also, k = F, which is
finite, hence has UDTFS. By Theorem 2.5.2 (i) and Theorem 2.5.3, the theory of
the p-adic field has UDTFS in the Denef-Pas w-language.

63



(ii): Again (Z;+, <) has UDTFS. The real field R is o-minimal, hence has
UDTEFS by Corollary 2.4.2 (v). Therefore, by Theorem 2.5.2 (ii) and Theorem 2.5.3
the theory of R((¢)) has UDTFS in the Denef-Pas w-language.

(iii): Note that (Q;+, <) is o-minimal, hence has UDTFS by Corollary 2.4.2
(v). The theory of the complex field is stable (in fact Xy-stable), hence has UDTFS.
Therefore, the theory of C((t?)) has UDTFS by Theorem 2.5.2 (iii) and Theorem
2.5.3.

(iv): One can show that such fields have a divisible value group and a alge-

braically closed residue field. Hence, this follows similarly to (iii). O

Instead of the Denef-Pas (w-)language, we can use a simpler, one-sorted lan-
guage, Ly, = {0,1,4, —, -, |}. Here we interpret 0, 1,4, —, - in the standard way and
| is the binary relation where z|y if and only if v(z) < v(y). In this language, the the-
ory of algebraically closed valued fields of characteristics (p, q), denoted ACVFy, 4,

has elimination of quantifiers. As in Lemma 2.5.5, we get the following:

Lemma 2.5.10. If f(2;9),9(%;9) € Z[z;7] and o(z;7) = f(2;9)|g(x;7), then ¢

has UDTFS.
And thus, we get the following result:

Theorem 2.5.11. If T is an Lyy-theory of valued fields that eliminates quantifiers,

then T has UDTFS.

Therefore, ACVF,, in the language L, has UDTFS. Since UDTFES is not

closed under reducts, this does not follow immediately from Corollary 2.5.9 (iv).
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However, it can be shown that ACVF, ;) is VC-minimal (see Theorem 3.7 of [12]),

hence dp-minimal, so this also follows as a corollary of Theorem 2.4.1.

2.6 A-Splitting and Coherence

UDTFS is closely related to a notion developed by Shelah called non-splitting.
In our context, fix a formula ¢(Z;7), a set of formulas A(7;Z), two sets B C ¢'s®)

and C C €3 and a ¢-type p € S,(B).

Definition 2.6.1. We say that p does not A-split over C if, for all by, by € B with

tpA(go/C) = tpA(l_)l/C), we have that ¢(T; 50) € p(7) if and only if p(T; l_)l) € p(T).

Note that, in [22], Shelah calls this ({¢}, A)-non-splitting.

In our context, we usually consider finite sets A of the form A(y;Zo, ..., Z—1)
where 1g(z;) = lg(y) and C = {€}. For the moment, let us make a definition
measuring the complexity of a formula in terms of non-splitting. We say that a
partitioned formula ¢(7;7) has finite non-splitting if there exists a finite set of
formulas A(7;Zo, ..., Z,_1) such that, for all finite B C €@ and all p € S,(B),

there exists € € B™ such that p does not A-split over {c}.

Theorem 2.6.2. Fiz a partitioned formula ¢(Z;y). Then ¢ has finite non-splitting

if and only if ¢ has UDTFS.

Proof. Suppose first that ¢(7;7) has UDTFS, witnessed by ¥(7; Zo, ..., Zn—1). Then
we claim that A = {¢} suffices to show that ¢ has finite non-splitting. Fix any

B C €@ and p € S,(B). By UDTFS, there exists € € B such that ¢(7; ) defines
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p. Now fix by, by € B such that tp,,(by/{c}) = tp,(b1/{c}). This means exactly that

= 1 (bo; €) > ¥(bi; ).

Therefore, by the definition of defines, p(%; by) € p(%) if and only if ¢(T;b,) € p(T),
showing that p does not 1-split over {c}.

Conversely, suppose that ¢(Z;7) has finite non-splitting. Let A(7;Zo, ..., Zn_1)
witness this. For each I C 22, consider the following formula:

U1 %0, Zn-1) = \ N\ 0@ %0, s Zo1)")

nel deA

We claim that these 1; witness the fact that ¢ has UDTFS. Fix any finite B C ¢'8®)
and p € S,(B). By finite non-splitting, there exists (¢o,...,¢,—1) = € € B" such
that p does not A-split over {c}. Let

I = {u € 22 for all b € B with /\ 5(b; T, ..., Cn1 )M, (T D) € p(f)} .
YSTAN

Since p does not A-split over {€}, if any b € B is such that ¢(F;b) € p(F), then all
b € B with the same A-type over {c} as b are also such that ¢(Z;b ) € p(Z). So we
see that this actually partitions B and [* describes this partition. Therefore, it is

easy to check that v;«(7; ) defines p, as desired. [

A question one could ask is which A are needed to get finite non-splitting.
A particularly nice set A is the following: Given ¢(T;7) a partitioned formula and

n <w, let

Ao (T 20y ey Bn1) = {Hf <g0(§; 9 A\ e zg“”) s <2t € "2} . (2.5)

<n
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This is the same as the A, , defined in (2.2) except that we have partitioned the
formulas. This particular set A, ,, is used in Section 3.3 when we discuss the Isolated
Extension Theorem. For this discussion, we show how A, , is related to the notion
of coherence from [14]. In this paper, Johnson defines coherence as follows: Fix
a partitioned formula ¢(z;7), B C ¢8® By C B, and p € S,(B) (we use the

language of Section 2.4, see Definition 2.4.7).
Definition 2.6.3. We say that By is coherent at p if

(i) For all b € B, there exists ¢ € S,(By) such that ¢ decides o(7;b); and

(ii) For any by, b; € B such that, for all ¢ € S,(By), ¢ decides p(;by) if and only
if ¢ decides ¢(7;b;), we have that there exists g € S,(Bo), t(0),#(1) < 2 such

that qo(T) - ¢(T;b0)'® A (z; b)) and either
(a) @ (@;00)", o(T; b1)" V) € p(T) or
(b) = (3 80)"”, —p(T301)'V € p(@).

Finally, say that ¢ is coherent if there exists k£ < w such that, for all finite B and

p € S,(B), there exists By C B with |By| < k such that By is coherent at p.
We get the following result relating non-A,, ,-splitting to coherence:

Proposition 2.6.4. Fiz By C B C €B8®) with By finite and p € S,(B) and let
n = |By|. If By is coherent at p, then p does not A, ,-split over {C€}, where T is an

enumeration (in any order) of the elements of By.
Proof. Fix By C B C €@ with By finite, p € S,(B), and suppose that By is
coherent at p. Let n = |By|, € be an enumeration of all of the elements in By, and
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let A = A, . Fix by,b; € B such that tp,(bo/{€}) = tpa(b1/{€}). Therefore, for
all ¢ € S,(By), g decides ¢(T;by) if and only if g decides p(T;b;) (because, in the

type tpa(bo/{€}) are formulas of the form
VT (/\ 49(T) — ¢(T; ?)t)

for all ¢ € S,(By) and ¢t < 2). By clause (ii) of Definition 2.6.3, this implies that
there exists gy € S,(By), t(0),¢(1) < 2 such that gy = ¢(T;b,)"® for both £ < 2
and either ¢(7; b)Y € p(Z) for both £ < 2 or —p(T; b)) € p(F) for both ¢ < 2.
However, since tpu(bo/{€}) = tpa(b1/{€}), we see that t(0) = #(1). Therefore,
©(T;by) € p(T) if and only if ¢(T;b;) € p(Z). This means exactly that p does not

A-split over {C}, as desired. O

This generalizes Theorem 4.2 of [14], which states that if a formula ¢ is coher-
ent, then it has UDTFS. If a formula ¢ is coherent, then A = A, , suffices to show
that ¢ has finite non-splitting by Proposition 2.6.4. Therefore, by Theorem 2.6.2,
¢ has UDTFS. By Theorem 5.4 of [14], formulas of the form ¢(x;7) in dp-minimal
theories are coherent. Therefore, A = A, ,, suffices for such formulas to show they
have finite non-splitting. This leads to the following open question, which is far

stronger than the UDTFS Conjecture:

Open Question 2.6.5 (Splitting Conjecture). If ¢ is dependent, then does there

erist n < w such that A = A, , witnesses that ¢ has finite non-splitting?

Surprisingly enough, this holds for stable formulas. In fact, we have the fol-

lowing characterization of stability:
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Theorem 2.6.6. A partitioned formula o(T;7y) is stable if and only if there exists
n < w such that, for all B C ¢#W and all p € S,(B), there exists € € B™ such that

p does not A, ,-split over {C}.

Our proof of this theorem is based on the proof of Lemma 2.2 in [19]. In that
lemma, Pillay shows that, over models, one can take the type definition of a stable
formula to be a boolean combination of instances of the that formula.

One direction of Theorem 2.6.6 is clear by definability of types (see Theorem
1.3.2 and the proof of Theorem 2.6.2 above). So assume that ¢ is stable and let
N < w be such that there exists no @; € €' and Bj e ¢® for i, j < N such that,
for all 4,5 < N, |= o(a;; b;) if and only if i < j and there exists no @, € €8® and
l_);- € ¢18@) for 4, j < N such that, for all i,j < N, = w(ag;E}) if and only if 7 < j.

For each n < 2N, let
X, ={0,1} x P({0,1,...,n — 1})

and let M, = |X,| = 2" Let f* : M, — X, be any bijection (to put an
ordering on X,,). For any m < M, let f"(m) = (fi'(m), f{(m)) for fi(m) < 2 and
fi(m) € P(n). Finally, let M =3 _,\ M,.

Now start with any B C ¢8® and any p € S,(B). For simplicity, let @ = p.
Assume that there exists b,b € B such that = ¢(@;b) and = —p(a; B/), otherwise p
does not Ay ,-split over any subset of BM. We now construct inductively, for each
n < 2N and m < M, I}, C M,, ¢"(Zo, ..., T,) and ¢, (To, ..., Tn,) (consistent) partial
types over B, and Efn € B as follows:

For n =0 and m < M, = 2, let I_)?n € B be such that = —¢(a; Bfn)ff?(m) (these
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exists by hypothesis). Let Iy = {0,1} and let ¢} = ¢} = 0.
Suppose now that n > 0 and, for all k < n, I* ¢* and l;]; are defined for all

m < My. Then, let
0 (T, oo Tn) = @1 (Tor s Tr1) U {m0(Ti b)) - k < mym < My}

In other words, ¢" is ¢}, _; together with tp@(d/{l_)fn tk <n,m < M})(T,). Since
qhr, 1 18 consistent and @ realizes the T, portion of the type, then we see that ¢" is
consistent.

Suppose now that n > 1, m < M, ¢"~ ' is defined, and I",, ¢",, and Z_JZ, are

-1 .
"~ so we simply

defined for all m’ < m (whenm =0, set ["; = I}, ' _ and¢", = ¢
include the items from the previous level of the construction). Let (¢, W) = f™(m),

sot = fi(m) <2and W = f*(m) € P(n). If there exists b,, € B such that
(i) E —¢(@;b,,)", and
(ii) ¢%_(Zo, ..., Tno1) U {p(Ts; b,,)t : i € W} is consistent,

then let b,, € B be such a witness, let I, = I , U {m}, and let
4" (Toy oy Tn1) = @ (To, oo, Tno1) U {@(Tis b)) 21 € WY

By assumption, ¢;,, is consistent. If there exists no such E:Ln € B satisfying (i) and

(ii), then let I = 17"

m—1»

let ¢" = ¢"_,, and let b, € B be arbitrary so that only (i)
holds (again, this exists by hypothesis).
Finally, let I" = Iy, _, and let ¢ = ¢*"~'. We have now constructed ¢ a partial

type over B with at most M elements from B. Now consider the following lemma.
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Lemma 2.6.7. For any W C 2N and any t < 2, if there exists b € B such that

q(fo, ...,fQN_l) U {QO(fZ,E)t NS W}

is consistent and | —p(a;b)t, then, for any realization (ay,...,aan_1) E q, there

exists my, € My, for k € W such that, for all i,k € W,

-k

= (@b, )" if and only if i < k.

That is, (a; : i € W) and (l_)]:nk . k € W) witness that ¢' has the order property of

length |W|.

Proof. Fix (ag,...,aan-1) = q. Fix any k € W and let W' = W N k. Choose

m = my < My such that ff(m) =t and fF(m) = W’. We first claim that m € I*.
Since

q(fo, ...,fQN_l) U {gp(fz,g)t 11 € W}

is consistent, so is the subtype
& (T, Te1) U (T ) i€ W

(if m = 0, let ¢*, = ¢*~! as in the construction above). Thus cases (i) and (ii) of the
construction are met (for condition (i), note that |= —(a;b)!). Therefore, m € I*

-k . . . . Tk
and, furthermore, b,, is a witness to this fact. That is, = —¢(a;b,,)" and

{cp(fi;gfn)t e W't Cq.

-k

Thus, by construction, for all i < k with i € W (i.e. alli € W), o(T;;0,,)" € q.

Hence, = @(Ei;gfn)t. On the other hand, for all i > k, —w(fi;l_)k )t € ¢ (since, by
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construction, in ¢ the variables Z; for ¢ > k match @ on l_),’;) Thus we see that, for
alli e W,

= gp(di;gfnk)t if and only if i < k.
This yields the desired conclusion. Il

Therefore, since we chose N to witness the fact that the order property fails
for ¢ and —¢p, if W C 2N with [W| = N, then, for any ¢ < 2, if there exists b € B
such that
q(To, ..., Ton—1) U{p(Ts; b)' i € W}
is consistent, then = o(@;b)!. However, by pigeon-hole principal, for any b € B,

there exists t < 2 and W C 2N with |[W| = N such that
q(fo, --~7E2N—1) U {gp(fz,g)t S W}

is consistent. Therefore, for all b € B, |= ¢(a@;b) if and only if, for some W C 2N
with [W| = N,

q(fo, ...,EQN_l) U {QO(TZ,Z_)) 11 E W}

is consistent. With this, we are ready to prove Theorem 2.6.6.

Proof of Theorem 2.6.6. Suppose that ¢(7;7) is stable and N and M are as above.
We claim that n = M suffices. Fix any B C €8® and p € S,(B). Let ¢ and Efn eB
for k < 2N and m < M), be as above. Finally, let ¢ = (Z_)iZ ck < 2N,m < My). We

claim that p does not Ay, -split over {c}.
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Fix b,b € B such that o(T: D) € p(x) and —¢(7;b ) € p(T). By the characteri-
zation above, there exists W C 2N with |[I/W| = N such that
q(To, ..., Ton—1) U {p(Ti;b) 11 € W}
is consistent and
¢(To, -, Tan-1) U{p(@i;0) 1i € W}

is inconsistent (since it is for all such ). This implies that

9(@) = E'TQ...HTQN_l (/\ q(fo, ...,ng_l) N /\ @(El,y)>

ieWw
holds for b and fails for b. For each k < 2N , let
_ _ Tk _ -k
w(T) = {p(T;b,,)" :m < My, t < 2,0(T1;b,,)" € q}

be the restriction of ¢ to the variable Zj. Then, we see that 6(7) is equivalent to

vm= N FT(Aa@re@n)r A 3E(Aa@).

k<2N,keW k<2N,kgW

However, ' is equivalent to a boolean combination of formulas from A ,(y;<€).

Therefore, since |= 6'(b) A =6'(b), we see that

tPa,,, (B/{€}) # tpa,, . (B /{E}).

This means exactly that p does not Ay ,-split over {c}. O

2.7 Applications to Compression Schemes

2.7.1 Concept Classes and Compression Schemes

In [15], Johnson and Laskowski discover a relationship between UDTFS and
(extended) compression schemes from computer science. In fact, the idea of com-
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pression schemes was the inspiration for Laskowski’s definition of UDTFS. This
chapter summarizes the work of Johnson and Laskowski from [15] and discusses
how the results of this thesis contribute to the field of computer science.

The basic idea is the following: We have a set X and a set of subsets of X, C,
and we wish to measure the complexity of this set on finite subsets of X by sampling
points in X. For simplicity of notation, we actually take C C *2 (where 2 = {0, 1})
and think of these as the characteristic functions of the subsets of X in question.
We call such C concept classes on X. For this discussion, we are only interested in

finite subsets of X, so define Clg, as follows:

Clan ={fly : f €C,Y C X finite}.

Consider the following definition from [15] which is an adaptation of the definition

of an extended compression scheme introduced by Floyd and Warmuth in [7]:

Definition 2.7.1. Fix C C *2 and d < w. We say that C has an (extended d-
sequence) compression scheme if there exists a compression function x : C|g, — X¢
and a set of finitely many recovery functions R (with p : X¢ — X2 for each p € R)

such that, for every f € C and Y C X finite, there exists p € R such that
(i) £(fly) € Y and
(ii) p(r(fly)) extends f|y (as functions).

Finally, we simply say that C has a compression scheme if it has a extended d-
sequence compression scheme for some d < w. The dimension of a compression
scheme is the minimal such d.
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This captures one method of measuring the complexity of C. Another way of
capturing the complexity of a concept class is the VC-dimension. We say that a
concept class C C X2 has VC-dimension d for some d < w if d is maximal such that
there exists Y C X with |Y]| = d and |Cly| = 2¢ (where C|y = {f|y : f € C}). We
say that C is a V(-class if it has a finite VC-dimension.

Another measure of complexity is VC-density. A concept class C C *2 has
VC-density r for some r € R if r is the infimum of all " € R such that there exists
K < w such that, for all finite Y C X |C|y| < K-|Y|". By Sauer’s Lemma [21], we
get that if C has VC-dimension d, then C has VC-density < d. Conversely, it is clear
that if C has finite VC-density, then C is a VC-class. One should also note that if C
has a d-dimensional compression scheme, then it has VC-density < d. Therefore, if

C has a compression scheme, then C is a VC-class.

Example 2.7.2. Let X =R and let C = {x[a : a,b € R,a < b}, where x4 denotes
the characteristic function of A C X. So C is the concept class of closed intervals in
R. One checks that C has VC-dimension 2, VC-density 1, and a compression scheme
of dimension 2 (the last fact actually follows from the discussion of UDTFS rank in

Section 3.2).

Compression schemes are intimately related to UDTFS. Starting with X any
set and C C X2, construct an L-structure M in the language L = {U, R} (for U
a unary relation symbol and R a binary relation symbol) as follows: Let M have
universe CLIX (where LI denotes disjoint union), let UMe = C, and let R(f, x) hold in

Mc if and only if f € C, x € X, and f(x) = 1. This provides a way to encode C into
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a model-theoretic structure. We now get the following result relating compression

schemes to UDTFS (for a proof, see the proof of Proposition 3.2.9 below):

Proposition 2.7.3 (Johnson and Laskowski, [15]). If C C %2 is such that R has

UDTFS in Mc, then C has a compression scheme.

We can also go the other direction, starting with a formula with UDTFS
and producing a concept class with a compression scheme. Suppose p(T;7) is a
partitioned formula in 7" with UDTFS (and recall that € is a monster model for T').
Let X = ¢'#@) and let
Co = {Xw(ﬁ;@ rac Q:lg@} :
We get the following result:

Proposition 2.7.4 (Johnson and Laskowski, [15]). If ¢ has UDTFS, then C, has

a compression scheme.

In [15], they mention that C, has a compression scheme for any stable ¢ and
prove that C, has a compression scheme for any ¢ from an o-minimal theory, 7" (by
showing that such theories have UDTFS).

The results of this thesis produce more concept classes that have compression
schemes. By Theorem 2.4.1, all concept classes C, with ¢ from a dp-minimal theory
have a compression scheme. For example, by the results of [6], this implies that

concept classes C, with ¢ from Th(Qp; +,-,],0,1) have compression schemes.
Example 2.7.5. Working in Th(Q,; +,-,|,0,1), let p(zo, z1;y) = x1|(y —20). Then
C, is the following concept class on Q,:

C, ={xp:D CQp,D is a closed ball in Q,}.
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Therefore, we see that the concept class of closed balls in @Q, has a compression

scheme. Similarly, the concept class of open balls in @, has a compression scheme.

By the results of Section 2.5, fields such as R((¢)) have UDTFS. Therefore, con-
cept classes of uniformly definable subsets of R((¢)) also have compression schemes.
The same is true of other fields such as C((¢)) and C((t?)). Considering UDTFS
rank in Section 3.2 allows us to bound the dimension of the compression scheme.
If we suppose that ¢ has UDTFS rank r, then C, has a compression scheme of
dimension < r.

Theorem 2.4.3 provides an interesting result on concept classes. Fix X any

set and C C X2 any concept class. Then, we get the following result:

Corollary 2.7.6. If there exists N < w such that, for allY C X with |Y| = N,
}C!y‘ < w, then C has a compression scheme. In particular, if C has VC-density

< 2, then C has a compression scheme.

This analysis of compression schemes leads to several open questions. The

biggest of which is known as the Warmuth Conjecture (from [7]):

Conjecture 2.7.7 (Warmuth Conjecture). If C is a VC-class, then C has a com-

pression scheme.

Of course, the UDTFS Conjecture implies the Warmuth Conjecture, but not

conversely. In fact, this leads to another interesting open question:

Open Question 2.7.8. If ¢ is such that C, has a compression scheme, then does

¢ have UDTFS?
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Certainly UDTFS implies a compression scheme, but the converse need not
hold. In the definition of compression schemes, there is no mention of “definability”
of the compression scheme. In fact, we could even alter the language of M, and, if
R has UDTFS in that expanded language, then C would still have a compression

scheme.

2.7.2 Maximum Formulas

Going the other direction, we use a result about concept classes to prove that
a certain class of formulas has UDTFS. First, by Sauer’s Lemma, we know that if a
partitioned formula ¢(7;7) has independence dimension d < w, then, for any finite

B C ¢#W with |B| > d,
B
sl =3 (7).

When a formula attains this maximum bound for all such B, then we say that this
formula is mazimum of dimension d. For example, consider any infinite set X and
let Cq = {f € X2 : |supp(f)| < d} for some fixed d < w (where supp(f) = {z €
X : f(x) =1}). Finally, let M = Mc, in the language L = {U, R} as defined in the
previous subsection. Then one can see that R is a maximum formula of dimension
d in M. There are other examples of maximum formulas, and these were studied in
the context of concept classes by Floyd and Warmuth in [7].

Given a concept class C on a set X, we say that C is maximum of dimension

d < w if R is maximum with dimension d in M. That is, for all finite Y C X with

78



Y] >d,

v =" ('i').

i<d
We get the following result about maximum concept classes.
Theorem 2.7.9 (Theorem 10 of [7]). Fiz d < w, X a finite set with | X| > d, and
let C C X2 be a mazimum concept class of dimension d. Then, for each f € C,

there exists Y C X with |Y| = d such that, for all z € (X —Y) and all g € Y2,

gV flizy € Clyugay-

That is, the value of f on any = € (X —Y) is determined, since there is at
most one ¢ < 2 such that g U {(z,t)} is extendable to a function in C for all g € ¥'2
(otherwise, Y U{z} would witness that C has VC-dimension d + 1, a contradiction).
Using the dictionary between concept classes and formulas, we can use Theorem

2.7.9 to get a result for maximum formulas.

Theorem 2.7.10. If p(Z;7) is mazimum of dimension d < w, then ¢ has UDTFS.

Furthermore, ¢ has UDTFS rank < d (see Section 3.2).

Proof. Fix ¢(7;7) a maximum formula of dimension d < w. Consider, for each

s € 92, the formula

Vs(Y3 20, -, Za-1) = (/\ﬂ AzA [\ 37 (@(f; DA N e Ei)t(i)>> v

i<d ted2 i<d
\V @==).
i<d,s(i)=1

We claim that these define y-types over finite sets. Fix any B C ¢8®) finite and

p € S,(B). If |B| < d, we can use 1, trivially to define p. For each ¢ € S,(B), let
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d, € P2 be the function associated to ¢ (so @(%;b)%®) € ¢(Z) for all b € B). Let

X = B and let

C={0,:q€ 5,(B)}.
It is easy to show that C is of maximum dimension d, so the hypotheses of Theorem
2.7.9 are met. Therefore, if we let f = 9,, then there exists By C B with |By| = d
such that, for all b € (B — By), ¢(;b) € p() if and only if §,(b) = 1 if and only if
f(b) = 1if and only if g U {(b, 1)} extends to a function in C for all g € 02. This is
true if and only if

o (@ 0) A N\ p(m;@)'
is consistent for every ¢ € 92 where By = {¢; : i < d}. Therefore, letting s € 92 be

such that s(i) = 9,(¢;), we see that

Ys(Y; o, -, Ca—1)

defines p. Thus, ¢ has UDTFS, as desired.
Furthermore, since 1s has only d parameter tuples, we see that the UDTFS

rank of ¢ is < d. [l

Moreover, we see from the proof above that if ¢ is maximum of dimension
d < w, then the Splitting Conjecture (Open Question 2.6.5) holds for ¢ (with
n=d).

Combined with Theorem 2.4.3, one may be tempted to conclude that this
implies all formulas ¢ with independence dimension two have UDTFS. However,

this does not necessarily follow.
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Example 2.7.11. Let X,, be an n-element set for all n > 2 and let X = ]_[@2 X,,.

Let C, be maximum of dimension 2 on X,,. Finally, let
C={ce™2:(3n>2)(c|x, €CpA(¥m#n)(clx, =0)}.
Let M = M, as above. Then, for any n > 2,
|Sr(X,)| > n(n+1)/2.

So the condition of Theorem 2.4.3 is not met. However, R is clearly not maximal
of dimension 2, so the condition of Theorem 2.7.10 above is not met. So we cannot
conclude from these that R has UDTFS. However, one can see that this particular

R actually does have UDTFS.

It is the opinion of this author that we should somehow be able to amalgamate
the procedure of Theorem 2.7.10 and the procedure of Theorem 2.4.3 to produce a
means of showing that formulas of independence dimension two have UDTFS. With

any luck, this may also give a means of showing, in general, that dependent formulas

have UDTFS.
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Chapter 3
Other Definability of Types Notions in Dependent Theories

3.1 Overview

The main goal of this chapter is to study other generalizations of definability
of types to subclass of dependent theories. The study of these notions branched off
of this author’s study into UDTF'S.

In Section 3.2, we study UDTFS rank and show how it relates to VC-density
and other ranks. This ties up some loose ends from the last chapter, including
how to compute compression scheme dimensions from model-theoretic notions. Our
main result is Theorem 3.2.4, where we show how to calculate the UDTFS rank of
all formulas from only those with one free variable. This has applications to showing
certain theories have VC-density one.

In Section 3.3, we examine isolated extensions as another alternative to de-
finability of types, this time for all dependent formulas. The main result of this
section is the Isolated Extension Theorem, Theorem 3.3.3. This has several corol-
laries, including a new notion of definability of types and a weak notion of stable
embeddability for dependent theories (see Corollary 3.3.5).

In Section 3.4, we talk briefly about the work of Pierre Simon in [28] and give
some results relating to dp-minimal theories. In particular, we show that Conjecture

4.7 of [28] holds for dp-minimal theories with a linear order (see Theorem 3.4.3).
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3.2 UDTEFS ranks and VC-Density

3.2.1 UDTFS rank

In this section, the main object of our study is UDTFS rank. This rank is

closely related to the VCm property from [3].

Definition 3.2.1. A formula ¢(7;y) has UDTFS rank n < w (denoted Ryprrs(¢) =
n) if n is minimal such that there exists finitely many formulas {1 (7; Zo, ..., Zn_1) :
¢ < L} such that, for all finite non-empty B C €@ and for all p(Z) € S,(B), there
exists ¢ < L and @, ..., ¢,—1 € B such that ¢,(7; o, ..., ¢,—1) defines p. If no such n

exists, we let Ruyprrs(p) = o0.

Clearly ¢ has UDTEFS if and only if Ryprrs(¢) < co. We list several other

simple observations:

Proposition 3.2.2. For a fized partitioned formula ¢(T;y) with UDTFS, the fol-

lowing hold:

(1) VCden(y) < Ruprrs(p)-

(ii) alt(p) < 2- Ruprrs(y).

Proof. (i): Let {¢¢(¥; Zo, ..., Zn-1) : £ < L} witness that Ryprrs(¢) = n and we show
that, for all finite B C €5® |S_(B)| < L-|B|", as desired. Each type p € S,(B)
is associated to ¢ < L and € € B" via a choice such that v,(7; <€) defines p. This is
clearly an injective map, so |SW(B)| <|Lx B"|=L-|B|"

(ii): Again, let {¢(7;Z0,...,2Zn—1) : £ < L} witness that Ruprrs(¢) = n.

Suppose, by means of contradiction, that alt(¢) > 2n. Let (b; : @ € I) be an
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indiscernible sequence and @ € €'5®) witnessing alt(¢) > 2n. Therefore, there exists

1o < 11 < ... < 19, from I such that

): 90(5; bZJ) e _'Sp(a; Z_)ij+1)

for all j < 2n (i.e., the subsequence alternates with respect to the truth value of
¢(@7y)). Let B = {b;, : j < 2n} and fix p = tp,(@/B). By definition of UDTFS
rank, there exists ¢ < L and @, ...,¢,—1 € B such that ¥(7y; ¢, ..., ¢,_1) defines p.
By pigeon-hole principal, there exists jo < 2n such that Bjo and Ejoﬂ are not among

the ¢;’s. Therefore, by indiscernibility,

): ¢€(Bjo;60a -‘-7En—1) = ¢£(Bjo+1§507 "'7671—1)'

That is,
¢ (T; bj,) € p(T) if and only if p(T; bjo11) € p(T).
This contradicts the fact that the sequence alternates with respect to the truth value

of p(a;y). Therefore, alt(¢) < 2n, as desired. ]

The result of Proposition 3.2.2 (ii) is surprising, since the exact same result
holds if we replace Ryptrs with ID. That is, for any dependent formula ¢, alt(¢) <
2 - ID(p). This follows from the proof of Lemma 2.2.4 (i) and is originally due
to Shelah in [22]. The relationship between the independence dimension and the
UDTFS rank is unknown (they could, in fact, be equal). However, it is known that
the UDTFS rank can be much higher than the VC-density. Consider the following

example, due to Alfred Dolich (unpublished):
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Example 3.2.3. Fix any n > 2. We exhibit an example where VCden(y) = 1 but
RUDTFS(SO) =n.
Let L = {E,U, R} for E, R binary relation symbols and X a unary relation

symbol. Let M be the L-structure given by
M=wx 2nU{I C2n:|I| =n}),

where we let EM((i,a), (4,b)) hold if and only if i = j, X*(4,b) holds if and only if
b € 2n (the first part of the disjoint union), and R™((i,a), (j,b)) holds if and only
ifi=j,ae{l C2n:|I| =n}, be2n,and b € a. We claim that R(x;y) has
VC-density 1 and UDTFS rank n.

For any (i,b) € XM, there are at most (*") elements (i,a) such that M |=
R((i,a),(i,b)). From this, one easily checks that, for any finite B C M, |SR(B)| <
(®") - |B|, hence showing that VCden(R(z;y)) < 1. One easily checks that it
is, in fact, equal to one. Next, for any permutation ¢ € S, and any 7y <
w, there exists an L-automorphism of M, which we call 0%, where o (i,z) =
(i,2) for all i # ig, 0 (ig,x) = (ig,o(x)) for x € 2n, and o (iy, {Po; .-, Pu_1}) =
(i0, {o(po), --es 0(Pn-1)}). Fix B ={(0,0) : b € 2n} and let a = (0, ) for any I C 2n,
|I| = n, and consider p = tpg(a/B). If we assume, by means of contradiction, that
Ruprrs(R(z;y)) < n, then there exists a defining formula ¥ (y, z, ..., z,_2) for p.
That is, there exists by, ...,b,_2 € 2n such that ¥ (y, (0,by), ..., (0,b,_2)) defines p.
Choose any ¢y € I — {bg, ..., b,_2} (which exists since |I| = n and |{b, ..., b,—2}| <
n—1)and ¢, € 2n — (I U {bo,...,b,—2}) (which also exists by counting). Let

o = (¢o 1), the permutation of Sy, swapping ¢y and ¢; but fixing everything else.
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Then, since ¢g € I, R((0,1),(0,¢cp)) holds, hence 1((0, c), (0,bp), ..., (0, b,_2)) holds

as this defines p. So we get

co € I hence = o°[¥((0,¢co), (0,b), ..., (0,b,_2))] hence

): w((O, Cl), (0, bo), ceny (O, bn_g)) hence c1 € 1.

contrary to our choice of ¢; ¢ I. Therefore, no such definition exists, so we see that
Ruprrs(R(z;y)) > n. One can check, however, that a definition with n parameters

exists. Also note that ID(R(z;y)) = n.

We see from this example that both UDTFS rank and independence dimen-
sion are sensitive to small portions of the theory, while VC-density ignores smaller
subpieces of the structure for a more big-picture look. Depending on the context,
one of these viewpoints may be preferable.

Now that we have an understanding of how UDTFS rank relates to other

ranks, we present the main result of this section.!

Theorem 3.2.4. Fiz T a theory and k < w. If all formulas of the form o(z;7)
have UDTFS rank < k, then all formulas of the form ¢(T;y) have UDTFS rank

< k-1g(@).

Before proving this, we examine some of the consequences. Most notably, it

allows us to measure the density of a theory.

Definition 3.2.5. For a fixed £ < w, a theory T has VC-density k if, for all

partitioned formulas ¢(7;7), VCden(p) < k - 1g(7).

IThis result is similar to the sufficiency of a single variable result for the VCm property in [3].
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The following is an immediate consequence of Theorem 3.2.4 and Proposition

3.2.2 (i):

Corollary 3.2.6. Fiz T a theory and k < w. If, all formulas of the form o(z;7y)

have UDTFS rank < k, then T has VC-density k.

A simple calculation shows the following, originally due to Aschenbrenner,

Dolich, Haskell, MacPherson, and Starchenko in [3]:
Corollary 3.2.7. If T is weakly o-minimal, then T has VC-density one.

Proof. We actually show that any formula of the form ¢(z;%) have UDTFS rank
< 1. By Corollary 3.2.6, this suffices to show that 7" has VC-density one.

Fix any such formula, ¢(z;7). Then, by weak o-minimality of T', there exists
some K < w such that, for all b € €@ ¢(¢;b) is a union of at most K convex
subsets of €. Let v;(x;%) be so that, for each b € €'8@) ¢);(¢€;b) is the ith convex
subset of £¢(€;b) (this is clearly definable, and there are at most 2K + 1 of them;

see, for example, the proof of Proposition 4.3.3). For each i < 2K + 1, let

Yi(7;Z) = Vo (vs(2;Z) — 32 (2" > x Aps(a'5Z) A p(2;7))).

We claim that {7;(7;Z) : i < 2K + 1} can be used to define ¢-types over finite sets,
thus showing that Ryprrs(¢) < 1. Fix any finite B C ¢'8® and a € €. Then, for
each b € B, let V(b) = ¢;(€;b) for the i < 2K + 1 such that |= 1;(a;b) (there exists
exactly one such 7). Let V = {V(b) N [a,00) : b € B} and choose by € B such that
V(bo) N [a,00) is C-minimal in V. Let iy be such that V(by) = 14, (€;by). Then

we claim 7;, (7; bo) defines tp,(a/B), as desired. For any b € B, 7, (b; by) holds if
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and only if V/(by) is cofinal in ¢(€;b) if and only if ¢(a;b) holds (by minimality of

V(bo) N [a,00) in V). O

We now prove the main theorem, which essentially follows from the proof of

Lemma 2.3.6.

Proof of Theorem 3.2.4. Fix a partitioned formula ¢(7;7) with n = 1g(Z). Suppose
that G(zo, ..., Tn_2; Tn_1,Y) = @(T;7) has UDTFS rank < K, and we take a set of
formulas

{We(xn—1,7; w0, Z0, -, WEy—1, Zio-1) : £ < Lo}

witnessing this. As in the proof of Lemma 2.3.6, for each ¢ < Ly, let

wZ(l‘nvg7 z07 "'7216—1) = @W(l’n—l,?? xn—laz(b ceey xn—lazk—l)

and suppose that ¢} (z,;7,z) has UDTFS rank < K, for each ¢ < Ly. For each

¢ < Ly, suppose this is witnessed by
{ﬁ/g’gl(y, Eo, ...,ZKofl;ﬁo,ﬂo’o, ...,EO,Kofl, ...,EKlfl,ﬂKlfl’g, ...,ﬂK1,17K0,1) : gl < Ll}
Again, as in the proof of Lemma 2.3.6, for each ¢ < Lg and ¢’ < L1, let

Yoo (U5 20, -y ZKo—1, 00, -, VK, —1) =

"}/g’gl(y, Eo, ...,ZKofl;ﬂo,zo, "'721(0*17 ...,@Kl,l,io, -~-7EK071>~

Then, just as in the proof of Lemma 2.3.6, we see that {7}, : £ < Lo, ¢’ < L1} is a
witness to the fact that Ryprrs(p) < Ko + K.

Now, given the above information, we prove the theorem by induction on
n = lg(Z). For n = 1, this is given by hypothesis. Fix n > 1, fix ¢(Z;7) with
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n = lg(Z). Note that ¢ has UDTFS rank < k- (n — 1) by induction and each v}
has UDTFS rank < k by assumption. Therefore, Ryprrs(¢) < k(n — 1) + k = kn,

as desired. ]

This gives us one way of showing that theories have VC-density k for various
k < w. Are there other ways of proving theories have bounded VC-density? We
come back to this question in Section 4.4 when we show that, in particular, all
strongly minimal theories have VC-density one. This does not follow from Theorem
3.2.4; Example 4.3.5 below shows that strongly minimal theories can have formulas
with UDTFS rank 2.

For a moment, we move back to the stable setting. The following theorem is

due to Laskowksi (unpublished).

Theorem 3.2.8 (Laskowski). Fiz a stable formula o(Z;7y). Then,

Ruptrs(p) < Ry, (0),

where () is the empty p-type.

Proof. Since ¢ is stable, Ry ,(0) is finite, say n = Rs,(0). For each s € "2, define

0u(T: %0, .. Zn1) = \ (T %)

<n
(so 5 is used to encode a finite p-type of size < n). For each K < w, let
Vs(7:2) = 3@, v € =12)

N 37 (95@; 2) Ap(@Y) A N (@ wnm"“)) :

nek2 i<K
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So Yk s encodes that the type encoded by 05, together with the positive instance of
©(T;7), has Shelah 2-rank > K. We claim that {¢x : K < n,s € "2} is a witness
to the fact that ¢ has UDTFS rank < n.

Fix any B C ¢8® finite and p € S,(B). Say that Ry, (p) = ¢ < n. Let
¢o = 0 and inductively define ¢; C p as follows: Fix ¢ > 0. If there exists b € B
so that ;-1 U pg, has Shelah 2-rank < R ,(g;—1), then let ¢; = ¢;—4 Upg for any
such b. Otherwise, the construction halts and let ¢ = ¢; ; and K = Ry ,(q). Since
Ry.,(q0) = n and Ry ,(p) = ¢, this construction halts in at most n — ¢ steps and

K < n. Now, by construction, for each b € B,

Ry 0(q Up{z}) =Ry ,(q) = K.

Therefore, ¢(7;b) € p(Z) if and only if ¢(T) U {p(;b)} has Shelah 2-rank > K.

Therefore, if we choose ¢; € B for i <n and s € "2 so that
¢(T) = {p(T; )"V i < n}

(allowing for some overlap if |¢g| < n), then we see that ¢k s(7;€) defines p, as

desired. O

3.2.2 Applications to Compression Schemes

We now discuss applications of UDTFS rank to compression schemes. Recall
the definitions of concept classes and compression schemes from Subsection 2.7.1.
Fix X any set and let C C *2 be a concept class. Use the same definition of M,
as in Subsection 2.7.1. We get the following refinement of Proposition 2.7.3, which
essentially follows from the proof in [15], but we include it here for completeness:
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Proposition 3.2.9 (Johnson and Laskowski, [15]). If Ruprrs(R(x;y)) = d in M,

then C has an extended d-sequence compression scheme.

Proof. Let {1(y; 20, ..., za—1) : { < L} witness the fact that R(x;y) has UDTFS

rank d. Each v, gives rise to a function p, : X¢ — X2 in the following manner:

[pe(co, ..., ca—1)](b) = 1 if and only if M¢ = 1e(b; co, .., ca-1)

for all b,cg,...,cq_1 € X. Similarly, we have x : Clgn — X% defined as follows:
Start with f € C and Y C X finite. Then consider the type pry = tpp(f/Y).
By definition, there exists co, ..., cq—1 € Y such that ¢,(y; co, ..., cq—1) defines p. Set
k(flY) = (co,...,cq-1). Now, it is easy to check that s is a compression function
and {pe : £ < L} are recovery functions witnessing the fact that C has an extended

d-sequence compression scheme. Il

Coupled with Theorem 3.2.4 above, we can now compute the dimension of
many compression schemes. For example, consider Th(R; <,+,-,0,1). This is o-
minimal, so by the proof of Corollary 3.2.7, all formulas of the form ¢(7;y) have

UDTEFS rank < lg(z). Therefore,

(i) The concept class Caisis = {Xp : D C R?, D is an open disk } has a compres-

sion scheme of dimension < 3. This is because Cgisks = C,, for
@(%Jh@; yo;?Jl) = [(yo - 960)2 + (y1 - $1)2 < xQ].

(ii) The concept class Cect 0Of axis-parallel rectangles has a compression scheme of
dimension < 4, since Cyeot = C,, for
©(wo, T1, 2, 733 Y0, Y1) = [(To < Yo < 1) A (T2 < Y1 < ¥3)].
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Both of these particular examples are already known, but we illustrate here a general
method for computing the dimension of any compression scheme uniformly definable

in the real ordered field. As another example, consider the following:

(ili) Consider the concept class Cp_aisks = {xp : D € Q,, D is an closed disk} of
closed disks in the p-adic field. Then C,_qisks = C,, Where @(zo, z1;y) = z1|(y —
xo) (in the language Ly = {0,1,+, —,-, |} as defined in Section 2.5). One
easily computes that Ruprrs(¢) = 2. Therefore, C,_qisks has a compression

scheme of dimension < 2.

3.3 Isolated Extension Theorem

The main theorem of this section, Theorem 3.3.3, characterizes dependent
formulas using the notions of y-isolation and @p-definability. These differ from the
concept of UDTFS dramatically. First of all, we are no longer only working over
finite domains, but types of any size. Secondly, the definition one obtains is not
uniform and it is not over the original domain of the type. However, it does have
a very special form (namely, it is a ¢-definition), and it holds for all dependent
formulas.

One interesting thing about Theorem 3.3.3 is that it is a local result; it de-
scribes the behavior of a specific ¢-type for a dependent formula ¢ regardless of
the complexities of the ambient theory (e.g., even when the whole theory is inde-
pendent). Another noteworthy fact is that this gives a new result even for stable

formulas. This is discussed in Subsection 3.3.3.
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3.3.1 The Isolated Extension Theorem

We begin with some definitions that are relevant to this section. Fix a parti-

tioned formula ¢(Z;7y). First, we define ¢-isolation and ¢-definitions:

Definition 3.3.1. We say that a ¢-type p is p-isolated if there exists a finite ¢-
subtype po(Z) C p(T) such that py(Z) - p(T). We say that a parameter-definable
formula ¢ () is a ¢-formula if it is of the form ¢(Z) = A, ¢(@;b;)*" for some
n < w, elements b;, and some s € "2. We say that a parameter-definable formula (%)
p-defines a @-type p if v defines p and it is of the form (7)) = VZ((T) — ¢(7;7))

for some p-formula ).

Notice that a -type is @-isolated if and only if there exists a ¢-formula 1(7)
over dom(p) such that p(Z) is equivalent to ¢ (T) (namely, take 1 to be the conjunc-
tion of the witnessing finite p-subtype of p). This holds if and only if there exists a
@-definition of p over dom(p), namely VZ((Z) — ¢(7;7)).

For M |= T and B C M'"®_ consider the language Ly = L U {Pp}, an
expansion of L by adding a single lg(y)-ary predicate, Pg. Let (M; B) be the obvi-
ous Lp-structure. By “(N;B’) = (M; B)” we mean that (N; B’) is an elementary

extension of (M; B) in the language Lp.

Definition 3.3.2. Fix M = T and B C M'¥®. We say that a o-type p’ is an
elementary p-extension of the p-type p € S,(B) if p’ extends p and dom(p') C B’
for some (N; B') = (M; B).

We are now ready to state the main theorem of this section. The proof is

presented in Subsection 3.3.2.

93



Theorem 3.3.3 (Isolated Extension Theorem). For any partitioned formula o(T;7),

the following are equivalent:

(i) ¢ is dependent.

(i1) For all o-types p, there ezists a p-isolated elementary p-extension of p.

Moreover, if the above conditions hold, we can choose p' a -isolated elementary -
extension of p € Sy(B) such that |[dom(p') — B| < 2-ID(y). Finally, fiving m < w
and B C M™, if we let (N; B') = (M; B) be |B|"-saturated, then for all dependent
formulas ©(T;y) with 1g(y) = m and all p € S,(B), there exists p' a p-isolated

extension of p with dom(p') C B'.
We get the following corollary:

Corollary 3.3.4 (Elementary ¢-definability of types). If M = T, m < w, and
B C M™, then there exists (N; B") = (M; B) such that, for all dependent formulas
o(z;y) with 1g(y) = m, for all p(T) € S,(B), there exists v(y) defined over B' that
p-defines p.

Proof. Fix M =T, m < w, and B C M™ and let (N;B’) = (M;B) be |B|"-
saturated. Then, by Theorem 3.3.3, there exists p’ a p-isolated extension of p with
dom(p’) C B’. Since p’ is g-isolated, there exists v over dom(p’) C B’ that p-defines

p’. Clearly, this v also p-defines p. [

As in the stable case, we get a weak form of stable embeddability:

Corollary 3.3.5 (Weak Stable Embedability). If M |= T for a dependent theory
T, m < w, and B C M™, then there exists (N; B') = (M; B) such that, for all
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parameter-definable formulas p(y) with 1g(y) = m defined over any elementary su-
permodel of M, there exists a formula v(y) defined over B’ such that o(B) = v(B).

Moreover, we may take v to be of the form YT (¢ (T) — ©(T; 7)) for some -formula

.

Proof. Fix (N; B') = (M; B) |B|*-saturated. For any parameter-definable formula
0(Y), say ©(y) = o(a;y) for some (-definable formula ¢y and some a. Let p =

tp,, (@/B). As g is dependent, by Corollary 3.3.4, there exists 7(¥) that ¢o-defines

p. Then, by definition, ¢(B) = v(B). O

3.3.2 Proof of the Isolated Extension Theorem

First, to show (ii) implies (i), we exhibit the contrapositive. Assume that
©(T;7) is independent. By compactness, there exists a model M with an infinite
¢-independent set B. Let (N; B’) = (M; B) by any extension. By elementarily, it
follows that all finite subsets of B’ are @-independent (for each n < w, consider the
L p-sentence

On = YYgs - Un—1 ( /\ Ui # §j A /\ PB(gZ) — /\ dz (/\ gp(f; gi)s(i))>

i<j<n i<n sen2 i<n

and note that {0, : n < w} holds in (M; B)). Let p’ be any extension of p to a
p-type with dom(p’) C B’. Fix any finite subtype po(Z) C p/(¥). For any p; a finite
p-subtype of p’ with po(Z) C p1(T), since dom(p;) is ¢-independent, we cannot have
po B p1. Therefore, py I/ p’. This shows that no elementary p-extension of p is
p-isolated. Therefore, (ii) implies (i).

To show (i) implies (ii), we first establish the following proposition:
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Proposition 3.3.6. Fiz a theory T, O(y) a partial type over ), p(T;y) a dependent
formula, M =T, B C ©(M), and N = M that is |B|"-saturated. Then, there
exists C' C O(N) with |C| < 2-1ID(¢) and an extension p'(z) € S,(B UC) of p(T)

that is -isolated.

Assuming Proposition 3.3.6, we finish the proof of Theorem 3.3.3. To see (i)
implies (ii), fix a dependent formula p(7;%), M =T, B C M'®® and p € S,(B).
We work in the language Lp and let ©(y) = {Pp(y)}. By upward Lowenheim-
Skolem, there exists (N; B") = (M; B) that is | B|"-saturated. By Proposition 3.3.6,
there exists C' C O((N; B')) = B’ with |C] < 2-ID(yp) and a type p' € S,(BUC)

extending p that is p-isolated. Hence p’ is an elementary p-extension of p that is

¢-isolated, so condition (i) holds. Moreover, |dom(p’) — B| < 2-ID(y), as desired.
Finally, this holds for any choice of (N; B") = (M; B) that is | B|"-saturated. This
completes the proof of Theorem 3.3.3.

So we now aim to prove Proposition 3.3.6. Fix a dependent formula ¢(Z;7)
in a theory T and O(y) any partial type over (). Let n = ID(¢p), the independence
dimension of ¢, and let A(y;Zo,...,Zn-1) = An, asin (2.5). Fix M =T, B C
O(M), N = M that is |B|*-saturated, and p € S,(B). If B is finite, then p is
already p-isolated, so assume that B is infinite. We now define the notion of a good

configuration. This allows us to build up the external C' in, at most, ID(¢) steps

(adding two elements at a time):

Definition 3.3.7. A good configuration of p of size K < w is a sequence € = (G;; :

i < K,t < 2) such that the following conditions hold:
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(i) ¢ EO(y) for all i < Kt < 2;
(i) p(T) U {p(T;cis)" 1 i < K,t < 2} is consistent; and

(iii) For all s € 2 and all j < K, ¢ and ¢;; have the same A-type over (B U
{Cis i 7 1™

If € is a good configuration of p of size K, let ps = p(T) U{p(T;Ci4)" 1 i < K,t < 2}

as in (ii).

The first thing to note is that these good configurations are used to extend the
p-type p in a very specific way. These could, a priori, be arbitrarily large. However,

the fact that ¢ is dependent forces good configurations to be of bounded size.

Lemma 3.3.8. If¢ = (¢;; : i < K,t < 2) is a good configuration of p of size K,

then K <n =1D(p).

Proof. Suppose not, i.e., K > n. A good configuration of size n + 1 explicitly gives
us a special p-type over 2(n+ 1) parameters. Using condition (iii), we can translate
this to 2"*! distinct ¢-types over n + 1 parameters, producing a ¢-independent set
of size n + 1, contrary to the fact that n = ID(ip). Specifically, for each s € "2,

notice that

3T N\ e@ )™ (3.1)

<n+1

because {¢(T; ¢ 51))*? : i < n+ 1} is a consistent type. Now notice that, for any
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): Jz (/\ QO(E, EZO /\ I‘ & ,s(2) (l)> =

1<J j<i<n+1
= 37 (/\ ©(T;Cp) /\ (T i s) (i)> (3.2)
i<j j<i<n4+1

because ¢;o and ¢;; have the same A-type over (G;o : 1 < j) (G 1 J < 1 < n)
(to see this, use condition (iii) of Definition 3.3.7 with the function s’ = {(7,0) : ¢ <
7 U{(i,s(7)),j < i <n}). Starting with (3.1), and using (3.2) and induction, we

get that

=3z N\ e@e) ™.

1<n+1

As s € "2 was arbitrary, we see that {¢;o : ¢ < n+ 1} is a g-independent set,

contradicting the fact that n = ID(y). O

If we fix ¢ a maximal good configuration for the p-type p, then we argue in
the remaining lemmas that pg is p-isolated. If no such maximal good configuration
exists, then use Lemma 3.3.8 to show that ¢ is not actually dependent.

Now that we have defined good configurations, we need a sufficient condition
for taking a good configuration and building a larger one out of it. Clearly any new d,
and d; we would like to add must realize © and must be so that —(T; do) Ap(T; dy ) is
consistent with ps(7). However, condition (iii) of Definition 3.3.7 is trickier to satisfy.
Not only do dy and d; have to have the same A-type over (B U {¢; ) : i < K})"
for all s € X2, but, for each j < K, ¢; and ¢;; have to have the same A-type over
(BU{Gis) 17 # j}U{d})" for all s € X2 and ¢ < 2. With this in mind, we now

give a sufficient condition for adding to a good configuration.
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Lemma 3.3.9. Ifc = (¢;; : i < K,t < 2) is a good configuration of p and there

exists dy and dy such that:
(i) do,di = O(7);
(i1) pe(T) U {p(T;d;)t 1 t < 2} is consistent;
(i) tpa(@o/ (BUC)") = tpa (@ /(BUC)™); and
(i) tpa(do/(BUC)™) is finitely satisfiable in B.

Then, € (dy,d) is a good configuration of p of size K + 1 (where C = {G;; 1 i <

K.t <2}).

Proof. Clearly all conditions for €~ (dy,d;) to be a good configuration of p are met
except perhaps the condition that ¢; ¢ and ¢;; have the same A-type over (BU{¢; ()
i #jyu{d})" for all s € K2, ¢t < 2. So suppose this fails, and fix the s € X2 and
t < 2 where this fails.

Then there exists § € A such that N = 6(¢;0,€) A 2(C;1,€) for some
€€ (BU{Cisi : 1 # jU{d})". Since ¢;o and ;1 have the same A-type over
(BU{Cisu) 11 # j})", we may assume that € = (d;, @) for some € from (BU {Cisti)
i # j})" ! (we could have repeated instances of dy, but this would only trivially

change the argument, so we may assume not). Therefore, we get that:

N E6(¢j0,d;, @) A=5(¢j1,ds, €). (3.3)

By condition (iii), we may assume that ¢t = 0. Then by condition (iv), there
exists b € B such that:
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N E§(¢0,b,€) A—0(¢j1,b,€). (3.4)

But, as (b,€) € (BU {¢;su) : i # j})", this contradicts the fact that ¢; and

;1 have the same A-type over (BU {G; ) : @ # j})" O

So fix € = (¢4 : © < K,t < 2) a maximal good configuration of p and let
C ={c::i< K,t <2}. Therefore, pe is a p-type over B U C Let s(Z) be any
extension of ps(T) to a complete type in Sz(BUC). Define the partial type r4(7) as

follows:

ra(@) = {32 Y) A P(T)) : P € 5,8 <2} UO(T).
Lemma 3.3.10. Given ry as above, r4(y) is not finitely satisfied in B.

Proof. Suppose, by means of contradiction, that r, is finitely satisfied in B. Let D
be an ultrafilter on B such that for all parameter-definable 6(y) € r5(y), 6(B) € D
(by finite satisfiability of 7 in B, the set {6(B) : 6 € rs} has the finite intersection
property, hence can be completed to an ultrafilter by Zorn’s Lemma). Let ¢(y) =
Av(D, BUC), the average type of D over BUC'. That is, for any parameter-definable
formula §(g) over BUC, 6(7) € q(y) if and only if §(B) € D. Then ¢q € Sz(B UC),
q extends rg, and ¢ is finitely satisfied in B. Let ¢ = ¢|a (the restriction to the
A-type over (BUC)").

Now notice that {3Z(¢o(7;7)" A ¥(T))} U ¢(7) is consistent for each ¢ € s and
each t < 2 (as ¢ extends 7). Since s is closed under conjunction, by compact-

ness we get that s(Z) U {p(T;7)'} U q(y) is consistent for each ¢ < 2. Therefore,
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s(T) U {p(@; 1)U (y) U{0(y)} is consistent for each ¢ < 2 and each 6(y) a fi-
nite conjunction of formulas from O(7) (as ¢'(7) U©O(7) C ¢(7)). This means that
s(T) U {Fy(p(@; 1) AO(m) A (7))} is consistent for each () a finite conjunction
of formulas from ¢'(7) and each 6(7) a finite conjunction of formulas from ©(7).
But, since s is a complete type in the variables Z, s decides all formulas of the form

Fy(p(T;9)" A O(y) A (7). Therefore, we get that:

F(o(T;7) A O@G) A7) € s(T).

Choose ¢(T) a finite conjunction of formulas from ¢'(7) and 6;(7) a finite conjunction
of formulas from ©(7) for both ¢t < 2. Then 37,(¢(7;7,)" A 0:(7,) A i(7,)) € s(T)

for both t < 2. Therefore, we get that:

s(T) U {39 (~¢ (T 7o) A 0o(o) A tho(Bo)) } U A{FT (@(T:91) AL (51) A (71))}

is consistent. Now, by compactness,

w(Z, Yo, Y1) = s(T) U{~p(T;70) A 0(T;71)} U ql@o) Uq'(y,) U O(Y,) UB(71)

is consistent. So, taking any realization (a,dy,d;) of u(Z,7,,7,) from N, we see
that do,d; |= O(7), do,d1 = ¢'(7), and pe(T) U {@(T;d;)! : t < 2} is consistent. So
conditions (i), (ii), and (iii) of Lemma 3.3.9 are met. However, since ¢ is finitely
satisfied in B, ¢ is finitely satisfied in B. Therefore, condition (iv) of Lemma 3.3.9
is met, so € (dy, d,) is a good configuration of p. This contradicts the maximality

of c. O
We now show how the non-finite-satisfiability of ry in B leads to a formula
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definition of ps(7). Again, fix € = (¢;; : i < K,t < 2) a maximal good configuration

of pandlet C = {¢;;:i < K,t <2}.

Lemma 3.3.11. For any s(Z) € Sz(B U C) an extension of pe(T), there ezists a

formula v(T) € s(T) such that v(Z) & pe(T).

Proof. Consider r, as given above. By Lemma 3.3.10, r, is not finitely satisfiable in
B. Thus, there exists ¢y(Z), ...,r_1(Z) € s(T) and ¢(0),...,t(L — 1) < 2 such that,

for all b € B,

NE - (/\ 3z (o(z; b)) A w(@))

{<L

(notice here that b |= O(7) for all b € B, so all the formulas in ©(7) C 74(7) are
always realized in B). Taking ¢(Z) = A, 1¢(T), we see that, for all b € B, there
exists ¢ < 2 such that
N | ~32(p(;0)" A (7).
Therefore, for all b € B, N |= VZ(¢(T) — ¢(T;b)) or N | VZ(¢(T) — —p(T;b)).
Let v(Z) be defined as follows:
@D = @A N\ pE@ )"
i<Ku<2

Since s is closed under conjunction and s extends ps, we get that (T) € s(7).
To prove that v(Z) F pe(T), notice that, for all b € B, there exists t < 2 such
that ¢(Z) - ¢(;b)!, hence o(T;b)" € s(Z). But s extends pe, so we get that
o(T;b)! € pe(T). Similarly, ¥(Z) F ¢(T;¢.,)" for all i < K and u < 2. Therefore,

Y(T) = pe(T). O

102



Now that we have a formula definition for pg(Z) for each s € Sz(B U C)
extending pe, we see that a single formula is equivalent to ps(Z) using compactness.
After that, we show that this implies that a finite p-subtype of pe(¥) is equivalent

to the whole of pe(T).

Lemma 3.3.12. If¢€ = (¢;; : i < K,t < 2) is a mazimal good configuration of p
(and C = {¢;; 1 i < K,t < 2}), then there exists a formula ¥ (T) over B U C' such

that (T) is equivalent to pe(T).

Proof. For each such s € Sz(B U C) extending ps(T), define v4(Z) to be a formula
such that v4(Z) € s(T) and v4(Z) I pe(T) as given in Lemma 3.3.11.

Consider the following partial type over B U ("
X(T) = {:(T) : s € Sz(BUC) and s(T) 2 pe(T)} U pe(T).

Note that 3(Z) is inconsistent, since otherwise we would have @ |= ps(T) yet @ |=
—,(T) for any s(7) extending pe(Z). In particular, @ |= =, () for s = tp(a/BUC).
This contradicts the fact that so(Z) F 75, (Z). Therefore, by compactness, there exists
some finite set Sy C Sz(B U C) of types extending pg so that ¥g(Z) = {—7(T) : s €
So} U pe(T) is inconsistent. Let ¢(Z) =V g, 7s(T).

Certainly ¥(Z) & pe(T) as v5(T) F pe(T) for all s € Sy. Conversely, if a = pe(T),
then @ £ {—7:(T) : s € Sp} (by the inconsistency of ¥4(T)). Therefore, @ = (7).

Hence, ps(T) F ¥ (T), as desired. O

Lemma 3.3.13. If¢ = (¢;; : i < K,t < 2) is a mazimal good configuration of p
(and C' ={¢;; 1 i < K,t < 2}), then there exists a finite p-subtype po(T) C pe(T) so
that po(T) b= pe(T).
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Proof. First let 1(Z) be a formula over B U C' that is equivalent to ps(T), given by
Lemma 3.3.12. Then consider {—¢ ()} U p<(T), a partial type over B U C. This is
clearly inconsistent. Therefore, there exists a finite subset po(Z) C pe(Z) such that
{=9(Z)} U po(T) is inconsistent. That is, po(T) F ¥ (ZT) and, therefore, we get that

po(T) F pe(T). O

We are now ready to prove Proposition 3.3.6, hence finish our proof of Theorem

3.3.3.

Proof of Proposition 3.3.6. Take € = (¢;; : i < K,t < 2) any maximal good config-
uration of p and let C' = {¢;; : i < K,t < 2}. By definition, C C ©(N). By Lemma
3.3.8, K < n, hence |C| < 2-n. Let p'(T) = pe(T) = p(T)U{p(T;¢:0)" i < K, t < 2}.
By Lemma 3.3.13, there exists a finite py(Z) C p/(Z) so that po(Z) F p/(Z). Therefore,

p'(Z) is p-isolated. -

This concludes our proof of the Isolated Extension Theorem. In the next

subsection, we discuss the applications of this theorem to the stable setting.

3.3.3 Stable Case

Since stable formulas are, in particular, dependent, all stable formulas have the
property of Theorem 3.3.3 (ii). But what is the ¢-isolated elementary y-extension
P (Z) of a given p-type p(T)? In the interesting case when p(T) is not already -
isolated, p/(Z) is a forking extension of p(Z). This follows from the Open Mapping

Theorem (i.e., the fact that the restriction map from non-forking ¢-extensions of
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S,(B) to S,(B) is open) as, if p has a non-forking ¢-isolated extension, then it is
already (p-isolated.

On the issue of uniformity, the results of Theorem 3.3.3 differ strongly from
the standard definability of ¢-types in the stable case, as in Theorem 1.3.2. In
the case where ¢ is stable, we can use a compactness argument to get a uniform
definition of ¢-types. Note, however, that this uniform definition is not necessarily
a @-definition. One cannot, in general, get a uniform -definition of all ¢-types,

even in the case where ¢ is stable.

Example 3.3.14. We use a classic example to illustrate this point. Let T" be the
theory, in the language L = {E} with a single binary relation F, stating that E is
an equivalence relation with infinitely many F-equivalence classes all of infinite size.
This theory is certainly stable, and even Ny-stable. Fix M =T and let B C M be
a set containing one element from one class, two from another, three from a third

class, and so on. Finally, let ¢(z;vy, z,w) be the formula given by:

p(riy, zw) = [(z=w—z=y)A(z#w— E(z,y))]

(so ¢ encodes the two formulas © = y and E(z,y) into a single formula). Now let
n € w be arbitrary and let a € M — B be in the E-equivalence class with exactly
n elements of B in it; call this class [a]g. Finally, let p,(r) = tp,(a/B). Now, for
any (N; B') = (M; B), notice that the E-equivalence class with exactly n elements
from B still has exactly n elements from B’, so [a]g N B’ = [a|g N B. However,
this shows that any @-extension of p, to some p’ with dom(p’) C B’ is g-isolated
only by a finite subtype whose domain contains [a]g N B (this is because we need
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the full set [a]p N B to say that z # b for each b € ([a]g N B) yet E(z,b) for some
(all) b € ([alg N B)). As |[a]Jg N B] = n and n < w was arbitrary, we see from this
example that there is no uniform bound on the size of the p-isolating ¢-subtype of

the elementary (p-extension given by Theorem 3.3.3, even in the stable case.

3.4 Distal Theories and Finite Type Implications

This chapter gives an answer to the conjecture of Simon in [28] in the case
of dp-minimal theories with a linear order and discusses the notion of finite type
definitions.

We say that two indiscernible sequences (b; : i € I) and (¢; : j € J) have the
same EM-type if, for all n < w, all 1y < ... <4, from [, and all jy < ... < j, from J,
tp(big, .- bi, /0) = tp(Cjy, ..., ¢, /0).2 For any linear order (I, <), a non-principal cut
C of I is a subset of I such that C'is downward closed, C' has no largest element, and
I — C has no smallest element. Using these definitions, we define distal sequences

and distal theories:

Definition 3.4.1 (Definition 2.1 of [28]). An infinite indiscernible sequence (b; : i €
I) is distal if, for every indiscernible sequence (¢; : j € J) with the same EM-type

as (b; : i € I) and (J, <) dense, for every distinct non-principal cuts C; and Cy of J

with C C (s, and for every dy, ds, if the sequences

<Ej 1] € 01>A<C_ll>m<5j cjel— Cl> and <Ej 1] € CQ>/—\<32>/—\<E]' cgel— Cg)

2Here EM stands for Ehrenfeucht-Mostowski.
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are each indiscernible, then the sequence
<Ej ] € Cl>h<;ll>ﬁ<zj j € 02 - C’1>A<32>A<E] ] el — CQ)
is indiscernible. We say that a theory T is distal if all infinite indiscernible sequences

are distal.

Simon says that distal theories are intended to be, in some sense, purely in-
stable. He goes on to show a remarkable result about distal theories, namely that
T is distal if and only if all generically stable measures are smooth (see Theorem
1.1 of [28]). For this discussion, we are primarily interested in the conjecture at the

end of the paper. Namely,

Conjecture 3.4.2 (Conjecture 2.29 of [28]). Let T' be distal and o(T;y) be any
partitioned formula. Then, there exists N < w such that, for every finite B C
¢ and every @ € ¢'8@) | there exists a subset By C B with |Bo| < N such that
tp(a/Bo) b tp,(a/B).

The converse of this conjecture is true, as noted by Simon in [28]. By this
conjecture, Simon intends to show how UDTFS can be separated into isolation
in the distal case and “pure definability” in the non-distal dependent case. By
Corollary 2.28 of [28], dp-minimal theories with a linear order are distal. We now

exhibit a partial solution to Conjecture 3.4.2:

Theorem 3.4.3. Fiz T a dp-minimal theory with a definable linear order on €.
For every partitioned formula o(T;7), there exists N < w such that, for every finite
B C %0 and every a € €@ there exists a subset By C B with |By| < N such
that tp(a/Bo) &= tp,(a/B).
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Before proving the theorem, we discuss a notion we call finite type implication.

Definition 3.4.4. We say that a partitioned formula ¢(Z;y) has finite type impli-
cations if there exists a finite set of partitioned formulas {1(T; Zo, ..., Zn-1) : £ < L}
such that, for all finite B C ¢8®) and all @ € ¢'8® | there exists by, ..., by_1 € B and

¢ < L such that
(1) ): wg(a; [_)0, ...,BNfl); and

This is clearly a stronger condition than the conclusion of Conjecture 3.4.2.
Therefore, to prove Theorem 3.4.3, it suffices to show that all partitioned formulas
in a dp-minimal theory with a linear order have finite type implications. Finite type

implications is clearly strictly stronger than UDTF'S.

Proposition 3.4.5. If a partitioned formula ¢(T;7) has finite type implications,

then ¢ has UDTFS.

Proof. Fix 1y(T;Zo, ...,Zy—1) as in Definition 3.4.4 and let ~,(7;z) be defined as

follows:
(7 Z) = VI (Ve(T;Z) — ¢(T;7)).
It is clear that the 7, are uniform definitions for finite ¢-types. By Lemma 2.3.5, ¢

has UDTFS. OJ

Just as the sufficiency of a single variable holds for UDTFS (Lemma 2.3.6), it

also holds for finite type implications.
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Proposition 3.4.6. If T is a theory such that all partitioned formulas of the form
o(x;7) have finite type implications, then all partitioned formulas have finite type

implications.
Proof. By induction on n = lg(Z). The case n = 1 is given by hypothesis, so assume
n > 1. Fix p(zo, ..., x,_1;y) any partitioned formula. Let @(zo, ..., Tp_2; Tp_1,7) =
©(Z; 7). By induction, there exists (g, ..., Tn_2; Wo, Z0, -, WNy—1, ZNy—1) for £ < Ly
exhibiting the fact that ¢ has finite type implications. For each ¢ < Ly and t < 2,
let
Vet (X157, 20y ooy ZNg—1) = VT0...Tp—2
(Ve(@o, .oy Tne2; Tne1, 205 ooy Tne1, ZNg—1) — ©(T; 7))
By hypothesis, v;, has finite type implications, so there exists
P (Tn—1; W0, Vo, .oy WNy—1, VN, 1)
witnessing this for ¢/ < L. Finally, let 6,0 be given as follows:
Ot00 (T, W, Z) = prop(Tpn_1;W0,Zy ..., Wny—1,Z)
We(Toy ooy T2y T 15 205 -y Tn1, ZNg—1)-
We claim that {dpee A 0100 @ € < Lo, ¢ < Ly} witnesses that ¢ has finite type
implications.
Fix @ € ¢" and B C ¢ finite. By definition of finite type implications on
(ag, ..., an_2) and a,_17 B, there exists ¢; € B for i < Ny and ¢ < Ly such that
(agy -y Gp_2) EWe(x0, .oy Tp2; 1, Coy ovy A1, CNy—1)

tpy((ao, - an-2)/an1" B).
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That is, for any b € B and ¢ < 2 such that = ¢(a;b)’,

): va"'vm'nfl (W(l'o, ey Tp—23 Gn71,507 ) anflaéNofl) - QO(JZ'(), ooy Tp—2, Ap—1; b)t)
That is, = Yi¢(an_1;b,€). By the definition of finite type implications on a,_; and

B¢, for each t < 2 there exists 3t,j for j < Ny and ¢/ < L such that

an—1 FEprope(Tn-1;dio,C,...,d¢ Ny—1,C) F

tp,, ,(an-1/B7T)

Clearly @ |= 600 (T;do, €) A 610,0(T;dy, €), by construction. Now suppose
(€0, - €n—1) [ 0,00 (T; do, ©) A 01,0,0(T; dy, T)

and fix b € B and t < 2 such that = (@;b)!. Then, in particular, (eg,...,e, 1) E

81,00 (T; dy,€), so by definition,

en1 = tp,, , (an_1/B"T).

Therefore, |= v;¢(e,_1;b,€). Hence, by definition of 7,

IZ V:ico...Vxn,l (’lﬁg(.ﬁﬂo, ey Tp—2; en,l,Eo, ceey €n,1,ENO,1) — 90(]7[), ey Tp—2,€n_1; b)t) .

In particular, since (e, ...,€n—2) E ©e(Zo, .., Tn_2;€n—1,Coy sy €n—1, CNy—1), WE S€E
that = ¢(€;b)". Since b € B was arbitrary, we see that @ realizes the type tp,(@/B).

This is the desired conclusion. O

In light of Proposition 3.4.6, in order to prove Theorem 3.4.3, it suffices to
check that, in a dp-minimal theory with a linear order, all formulas of the form
©(z;7) have finite type implications. For the remainder of this section, let T' be
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a dp-minimal theory and let < be a definable linear order on €. Fix ¢(z;7) any
formula.

Since T is dp-minimal, the formulas {¢(z;7), ¥ (x; 20, 21) } do not form an ICT-
pattern, where ¥(x; 29, 21) = (20 < = < 21) (see Section 2.4 for a definition). By
compactness, there exists K < w such that, for all by, ..., bx_1 € €8®) all ¢y < ... <
cx from €, and both t < 2, there exists ig, jo < K such that

= —dx (cjo <z < cjora A (a5 biy)t A /\ gp(x;l_)i)t> : (3.5)
iio
For simplicity, define v;, ;(x;b) for each iy < K and t < 2 as follows:
%O,t(a:;l_)o, ...,BK_l) = ﬁgo(x;l;io)t A /\ gp(a:;l_)i)t.
iio
For each by, ...,bx_1 € €8® t < 2 and i < K, consider the following defini-

tion:

Definition 3.4.7. We say that a sequence dy < ... < d from € is (i,t)-full for

b = (bo, ..., bx_1) if the following conditions hold:
(i) E 7it(d;; b) for all j < L; and
(i) B Ak 32(d; <z < djyr A Y o(7; b)) for all j < L.

So not only do we demand that each d; satisfy ~; ,(z; b), but between each of
them there is a witness to i ,(x; b) for all other i’ < K. Because of dp-minimality,

there is a restriction on the length of (i,¢)-full sequences.

Lemma 3.4.8. If dy < ... < dy, is a sequence that is (i,t)-full for b, then L < K.

111



Proof. Suppose that L. > K. Then, notice that the following is true for all 7, j < K:
= Jz (dj <z <dj N %’t(x;B)) )
By definition of v;,, this contradicts (3.5). O

For each b € (€¥W)X ¢ € €, i < K, and t < 2, let W(a,b,i,t) be the
largest (ordered by inclusion) convex subset of € containing a such that, for all e €
W(a,b,i,t), E —.:(e;b) (if = vis(a;b), then W(a,b,i,t) = (), but this can only
happen for at most one i < K). These convex sets are themselves partially ordered
by inclusion. So let W (a, b, t) be a maximal such convex set and let i(a, b, t) < K be
so that W (a,b,t) = W(a, b, i(a,b,t),t). We now show that these sets are uniformly
definable over b.

Fix ¢t < 2. For each ¢ < K and ¢ < K, let 6, ¢,(wy, ..., wy;Z) encode the fact
that wy < ... < wy is (7,t)-full for z, which is expressible as a (-definable first-order

formula. For example,

0i,€,t<w07 ,@UbZ) - /\’wa(wj,Z) A /\ ( /\ El:v(wj << Wj+1 /\’)/2/7,5(1’,2))) .

j<e j<t \i'<K,i'#i

For each I C K, L € KK, and j € K(K + 1), let

wl,L,j,t(vﬁz) = /\Vwo...wL(i) (9,-7L(i)7t(w0, ...,wL(i);Z) — Wj(3)—1 <xr< IUj(i)) s
i€l

where we let w_; = —oo and wj(;y = oo for j(i) > L(4). Finally, let ¢y(z;2) = (x =
Lemma 3.4.9. For each b € (€80)K ¢ ¢ &, and t < 2, there exists I C K,
LeXK, and j € K(K +1) such that ¥ 1;(€;b) = W(a,b,t) (or 1(€;b) = ¢ =
W(a,b,t)).
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Proof. Let W = W(a,b,t) and let I = {i < K : (Ve € W)(|E —:(e,b))}. Since
i(a,€,t) € I, we know that |I| > 1. If W = €, then vy(x; b) defines W, so suppose
not. Therefore, for all i € I, there exists at least one d; € € with = ”yi,t(di;E).

Claim 1. If i € I, dy,dy | vis(2;b), and dy < W < dy, then dy < d; is
(4, t)-full for b.

To see this, it suffices to show that condition (ii) of Definition 3.4.7 is satisfied,
as condition (i) is given by hypothesis. If, by means of contradiction, there exists
i' < K with i’ # i so that, for all e with dy < e < dy, = —i+(e; b), then the interval
[dy,d1] € W(a, b, t). However, since W C (do,d,), we get a contradiction to the
maximality of W = W (a,<c,1).

Now, for each ¢ € I, let L(i) be maximal so that there exists d;p < ... < d; ()
a sequence that is (i,t)-full for b. Then, for each i € I, there exists j(i) with
0 < j(i) < L(4) + 1 such that d; j;-1 < W < d; ji) (where we set d; 1 = —oo and
di,L(i)+1 = OO)

Claim 2. For all e € €, e € W if and only if, for all ¢+ € I, for all sequences

dy < ... < dj; that are (z,7)-full for b, d

i1 < € < dj; (where again we use the

convention that d”; = —oo and dj;),, = 00).

To see this, first suppose that e € W and fix ¢ € I and a sequence dj, <
o < d’L(i) that is (4,¢)-full for b. Suppose, by means of contradiction, that dy_y <
e < d for some j' # j(i). Then, d;, , < W < dj,. Without loss of generality,
suppose j' > j(i) (the other direction follows by symmetry). By our first claim,
dy < ... <djy_y <dijiy < ... <dirg) is (i,t)-full for b. As j' > j(i), this sequence

has length > L(i), contradicting the maximality of L(7).
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Conversely, suppose that, for all i € I, for all sequences dj, < ... < d’L(i) that
are (4,t)-full for b, d;.(i)_l <e< d;.(i). By means of contradiction, suppose that
e ¢ W. Without loss of generality, we may suppose e < W (the other direction
follows by symmetry). Then, there exists ¢/ € I and ¢’ with e < ¢/ < W so that
= vi¢(e/;b) (if not, then for any f € W, [e, flUW C W(a,b,i’,t), which would
contradict the maximality of W = W (a,b,t)). Fix any dj < ... < dy ) that are
(4',t)-full for b. Thus d;.(i,)_l < e < € by hypothesis on i'. However, by the other
direction, we have that W < d;(i,), hence d;'(zf)q <e <W< d;.(i,). By our first
claim, df), < ... < d;.(z.,)_Q <e < d;.(i,) <. < d’L(i) is (,t)-full for b. By hypothesis,
this means that ¢/ < e < d;.(i,). However, this contradicts the fact that e < ¢’.

By our second claim, it is clear that ;1 ;,(€;b) = W. O
LetT: (2x2) - P(K),L:(2x2)— %K, andj: (2x2) — 5(K +1). Define

Or.Lj(7; 20,0, 20,1, 21,0, Z1,1) = /\ VL(s,) L(s0).§(s,0),t (T3 Zis t ).
s,t<2

Finally, let

R A R A R A AL
5I,L7j($7 70,0, 20,1, 21,0, Z1,17W07W1) = QI,L,J' A /\ 90(% wi,t) .
I<K—1,t<2

We claim that the drp,; witness the fact that ¢(z;7y) has finite type implications.

Fix B C ¢'8®) finite, a € ¢, and ¢t < 2 and let

Wy = (] Wlab,t).

beBX

Since this is the intersection of finitely many convex subsets of €, there exists

ngt,BLt € B¥ such that

Wt* = W((Z,Eoyt, t) M W(a,BLt, t)
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So we see that Wy N W =, ,, W(a,bs,, 1), which is defined by the formula
6@) = 91,L,j (96;50,0750,1751,0,51,1)

for an appropriate choice of I(s,t),L(s,t),j(s,t), as given by Lemma 3.4.9. Clearly
= 6(a) and, for all € € BX and t < 2, §(¢€) C W(a,c,t). For each t < 2, let
B, ={be B = ¢(a;b)'}. Now, as we did in Section 2.4, we put a quasi-order on a
subset of P(B;). Notice that, for all ¢, ...,¢x_1 € B, there exists i < K such that
=V (9(93) AN elaie) — @(ﬂf;ﬁio)t) (3.6)

i#io
(this is because 6(€) C W (a,<,t) by construction, hence there exists iy < K such

that = Va(0(x) — —v;,.+(x;€)), but this is exactly (3.6)).

Lemma 3.4.10. Fiz t < 2. Then, either for all b € By, = —p(a;b)t or there exists

Co, ..., Cx—9 € By such that

O@)n N\ olwe) - tp,(a/B)(@).
i<K-—1
Proof. If B, = (), then clearly = —(a;b) for all b € B, so we may assume that B, #
(). If | B;| < K, then we can set B; = {¢, ..., ¢x 2} and this choice of ¢, ..., Cx_2 € B;

clearly works. So we may also assume that |B;| > K. Let [B]f~! = {C C B :

|C| = K — 1} and define a partial order, <,, on the set [B;]¥~1, as follows:
Co <, Cy if and only if tp,(a/Co)(z) U{0(x)} F tp,(a/C1) ().

Notice that this is the same as <, defined in Section 2.4.1 where we let p(z) =

tp,(a/B)(x) U{0(z)}. Therefore, it is easy to see that Lemma 2.4.10 holds for <,
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and <,-minimal elements exist. Choose Cy € [By]*~! <,-minimal in [B;]*~! and
let Cy = {@, ...,Cx_2}. We claim that these ¢;’s work.

By way of contradiction, suppose 0(z) A A\, i, ¢(;E)" ¥ tp,(a/By)(x). Fix
b € B, such that

= —Vz <9(x) A /\ o(z;6) — gp(:z;;l—))t> .
i<K—1
However, as established in (3.6), there exists igp < K — 1 such that
=V (9(96) NN elaE) Ap(ab) — ¢(w;5io)t> :
i<K—1,i#i

Therefore, we see that Cy — {¢;,} U {b} <, Cp, contrary to the minimality of Cp.

Hence, ¢y, ..., Cx_o works to prove the lemma. Il

Finally, for each t < 2, let €, = (Coy, ..., Ck—2+) be given as in Lemma 3.4.10
(in the case where = —p(a;b)! for all b € B, we ignore this value of t < 2). By
Lemma 3.4.10 on both ¢ < 2 simultaneously, we see that

Ox)n N\ (e Ftpy(a/B)(x).

i<K—1,t<2

That is,

611 (2; Do, bo1, bro, b11,C,C1) tp,(a/B)().

Hence, we see that ¢(z;7) has finite type implications. Since ¢(z;y) was arbitrary,
by Proposition 3.4.6, all formulas ¢(Z;%) in a dp-minimal theory with a definable
linear order on € have finite type implications. This completes the proof of Theorem
3.4.3 and answers Conjecture 3.4.2 for dp-minimal theories with a definable linear
order on C.
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Chapter 4
V(C-Minimal Theories and Variants

4.1 Overview

In this chapter, we take a slight detour from our main goal of investigating
definability of types to discuss VC-minimal theories. VC-minimal theories were
invented by Hans Adler in [2]. In that paper, he shows that VC-minimal theo-
ries generalize o-minimal and weakly o-minimal theories. Additionally, VC-minimal
theories are dp-minimal, hence they have UDTFS by Theorem 2.4.1.

For the remainder of this chapter, fix a theory T" with monster model €.

Definition 4.1.1. A set of formulas ® = {p;(z;7;) : ¢ € I} is a VC-instantiable
family if, for all i,j € I, b € ¢%8W) and ¢ € ¢8), one of the following four

conditions holds:
(1) | ~Fz(pilw;b) A pj(2:2)),
(i) |~ (=i B) A 5 (257),
(i) | ~a(pu(: ) A ~3(w; ), or
(iv) | =3z (ei(x;b) A —p;(x;7T)).

An instance of ® means ;(2;b) for some i € I and b € €87, We say that a theory

T is VO-minimal if there exists a VC-minimal instantiable family ® such that all
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parameter-definable formulas ¢ (x) are T-equivalent to a boolean combination of

instances of ®.

VC-minimal theories have a “backbone” of formulas that have independence
dimension < 1. VC-minimality was developed primarily to generalize the appear-
ance of swiss cheeses (see Proposition 7 of [2]). We get the following theorem relating

VC-minimality to other model-theoretic properties:

Theorem 4.1.2 ([2]). The following hold:

(i) If T is strongly minimal, o-minimal, or weakly o-minimal, then T is VC-

minimal.

(ii) The theory ACVF in the language Lya (as in Theorem 2.5.11) is VC-minimal.

(i11) If T is VC-minimal, then T is dp-minimal.

In Section 4.2, we explore a notion called convexly orderable. Our main result
is to show that any model of a VC-minimal theory is convexly orderable. In Section
4.3, we develop several alternatives to VC-minimality, including full VC-minimality
and weak VC-minimality. In Section 4.4, we discuss the conjecture from [3]: All
VC-minimal theories have VC-density one (Conjecture 4.4.1 below). Although this
question is still open, we present evidence for the truth of the conjecture in this
section. Finally, we conclude this thesis with a proof of Kueker’s Conjecture for

weakly VC-minimal theories in Section 4.5.
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4.2 Convexly Orderable Structures

The main objective of this section is to show that VC-minimal theories are
“like” weakly o-minimal theories. In a weakly o-minimal theory 7', for any formula
¢(z;7), there exists K < w such that, for all b € ¢le®), ©(€;b) is a union of at most
K convex subsets of €. Thus, models of a weakly o-minimal theories are convexly

orderable, defined as follows:

Definition 4.2.1. Fix an L-structure M. We say that M is convexly orderable
if there exists a linear order < on M (not necessarily definable) such that, for all
formulas ¢ (x;7), there exists K < w such that, for all b € M's®) ©(M;b) is a union

of at most K <-convex subsets of M.

In fact, it is clear that if M is a reduct of a weakly o-minimal theory, then M

is convexly orderable. More is true.

Theorem 4.2.2. If T is a VC-minimal theory and M = T, then M is convexly

orderable.

In order to prove this, we actually show something more general about sets
with independence dimension < 1. Fix X any set and A C P(X) (so A is a set of
subsets of X). Since X is fixed beforehand, for any A C X, let A° = X — A and
Al = A. We say that A has independence dimension n < w if n is maximal such
that there exists B C A with |B] = n and, for all s € 52, we have (5 ,; B*® # 0.
We denote this by IDx(A) = n. Let L = {U, R} as in Section 2.7 and let M4 be the

L-structure where M4 = M = X UA, UM = X, and R™(z, A) holds if and only if
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r e X,Ae A and x € A. Then, A has independence dimension n if and only if
R(z;y) has independence dimension n in M 4 in the usual sense. This construction
is similar to the one in Section 2.7, except we demand here that A is a set of subsets
of X and not a set of functions from *2 and, when constructing M 4, we reverse the
roles of X and A with respect to R. Both of these changes are superficial, but aid

in the presentation of this section.

Proposition 4.2.3. If X is any set and A C P(X) has independence dimension
< 1, then there exists < a linear order on X such that, for all A € A, either A° is

a <-convex subset of X or A' is a <-convex subset of X.

First we show this for finite .4, then use compactness to yield the general

result.

Lemma 4.2.4. Fiz X any set and let A C P(X) be any finite set of subsets of X
that has independence dimension at most one. Then, there exists a linear order <

on X such that, for all A € A, either A or A is a <-convex subset of X.

Proof of Lemma 4.2.4. Notice that it suffices to show this for A such that () ¢ A
and X ¢ A (regardless of the order we put on X, these two sets are convex). We
first prove the following claim via induction on the size of A:

Claim 1. If A is such that there exists no A, B € A where ANB # (), (B—A) # (),
and (A — B) # (), then there exists a linear order < on X such that, for all A € A,
A is a <-convex subset of X.

Proof of Claim 1. This proceeds by induction on |A|. If |A| = 1, this is trivial,
so suppose not. Fix A € A that is C-maximal. As stated above, we may assume
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A # X. Then, for all B € A, notice that either B C A° or B C A!, but not both.
To see this, suppose that A N B! # () and A' N B! # (). Further, suppose that
A'N B% =0 (i.e., A C B). This contradicts the maximality of A, so A' N B® = (.
Hence ANB # 0, (B—A) # 0, and (A — B) # (), contrary to assumption.

Therefore, we can break up A — {A} into two disjoint subsets:
A ={BeA:B#ANBC A"}

for each t < 2. Now, as A; has independence dimension < 1 with respect to A, by
induction hypothesis there exists an ordering <; on A’ such that, for all B € A,, B
is a <;-convex subset of A’. Define < globally by letting < extend <, and <; and
setting A < A! (i.e., for all ag € AY and a; € A', ay < a;). Then, for all B € A,

either:

(i) B = A for some t < 2 and B is clearly <-convex;

(ii) B € Ay and B is <g-convex, hence since B C A” and < extends <g, B is

<-convex; or

(iii) B € A; and B is <j-convex, hence since B C A' and < extends <;, B is

<-convex.

Claim 1 O
Now, more generally, fix A C P(X) finite with IDx(A) < 1. Fix any A € A
(recall that we may assume A # X and A # 0)). Now, by independence dimension

< 1, for any B € A, one of the following four conditions hold:

(i) B” C A,
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Let A, = {B°: Be A—{A}, s <2,B* C A"} for each t < 2. By the statement
above, for any B € A — {A}, there exists t, s < 2 such that B* € A;. Furthermore,
A; has independence dimension < 1 with respect to A* for both ¢ < 2 (replacing B
with B? does not change the independence dimension). We claim that A; satisfies
the hypotheses of Claim 1, hence showing that there is a linear order <; on A’ so
that, for all B € A,, B is a <;-convex subset of A’.

To see this, choose any By, By € A; and suppose that ByN By # (), (By— By) #
f, and (B;y — By) # (0. Then, since A® # X and By, By C A', we have that
Bo U B; # X. These four conditions together contradict the fact that IDx(A) < 1.

Now, as before, let < be the global ordering on X that extends < and <
so that A° < A'. Then, we claim that this ordering on X satisfies the desired
condition. To see this, fix any B € A. Then, for some ¢,s < 2, B* € A; (hence
B* C A"). Therefore, B® is a <;-convex subset of A’. As < extends <; and B* C A,
B® is a <-convex subset of X. That is, we have shown that all elements of A are
either <-convex subsets of X or the compliment of <-convex subsets of X. This

concludes the proof of the lemma. n

Proof of Proposition 4.2.3. Fix any set X and fix A C P(X) with independence

dimension < 1. Consider the language L which consists of unary predicate symbols
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Pg for each B € A and let M = (X;B)pea be the natural L-structure. Let
L' = LU {<}, where < is a binary relation symbol. By compactness and Lemma
4.2.4, there exists N = M such that N is naturally an L’-structure with each Pg(N)
a <-convex subset of N or the compliment of a <-convex subset of N. However,
being a convex subset is closed under linear subspace. Thus, if we consider < |y x,

we get a linear ordering on X with the desired result. O]

We are now ready to prove Theorem 4.2.2, showing that a structure with a

VC-minimal theory is convexly orderable.

Proof of Theorem 4.2.2. Fix T a complete theory, and M = T. Suppose T is VC-
minimal and let ¥ = {¢;(z;%Z;) : i« € I} be a VC-minimal instantiable family
witnessing this fact. Fix a formula ¢(x;7). Then, by compactness, there exists
a number K < w such that, for all b € M@ go(a:‘;B) is a boolean combination of
at most K instances of formulas from W. Let A = {¢;(M;5) :i € I,¢; € M8G)},
By VC-minimality, the independence dimension of A is < 1. Thus, by Proposition
4.2.3, there exists a linear order < on M so that all elements of A are either <-
convex or the compliment of a <-convex set. Therefore, for any b € M'®®) since
©(M;b) is a boolean combination of at most K elements from A, it is a union of at

most K + 1 <-convex subsets of M. O

Reducts of convexly orderable structures are convexly orderable. One inter-
esting open question we get from this is the following: Does being the reduct of

a structure with a VC-minimal theory characterize convexly orderability? We can

123



relate theories with convexly orderable structures to notions of VC-density and dp-

minimality?

Proposition 4.2.5. If T' is any complete theory all of whose models are convexly
orderable, then all formulas of the form ¢(x;y) (with x a singleton) have VC-density

<1.

Proof. Fix M =T, so M is convexly orderable, and fix < an ordering on M witness-
ing this fact. By definition, there exists K < w such that, for all b € M®®  o(M;b)
is a union of at most K <-convex subsets of M. Therefore, there are at most 2K
“endpoints” (i.e., the truth value of ¢(z;b) alternates at most 2K times). So if we
take any finite B C M'®®  there are at most 2K - |B| “endpoints” from all the
©(M;b) as we range over all b € B. Therefore, we get that |S,(B)| < 2K - |B| + 1,

hence ¢ has VC-density < 1. [

The proof of Proposition 3.2 in [6] yields: If T"is a theory such that all formulas
of the form ¢(x;7) have VC-density < 1, then T' is dp-minimal. Therefore, we get

the following corollary:

Corollary 4.2.6. If T is any complete theory all of whose models are convexly

orderable, then T is dp-minimal.

Convexly orderability does not characterize dp-minimality. Consider the fol-

lowing example taken from Proposition 3.7 in [6]:

Example 4.2.7. Let L = {P, : n < w;} for P, unary predicates. For any I, J C w;
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finite and disjoint, let

org =3 (/\ Pi(x) A /\ ﬁPJ(@)

i€l jeJ

and let "= {0 ; : for all such I, J}. As shown in [6], T is complete, has quantifier
elimination, and is dp-minimal. However, we claim that 7" has no convexly orderable
structure. Suppose, by way of contradiction, that M = T is convexly orderable,
witnessed by <. By pigeon-hole principal, there exists N < w and I C w; with
|I| = Ny such that P;(M) is the union of at most N <-convex subsets of M for all
i € I. Hence, for each i € I, P;(M) has at most 2N “endpoints.” Therefore, for any
k < w and any finite Iy C I with |Iy| = k, there are, at most, 2Nk + 1 Ay, -types
over () (where Ay, = {Pi(x) : i € Iy}). However, by M |= oy, 1,1, for all I} C Iy,

there are 2% Az -types over (). Hence 28 < 2Nk + 1 for all k < w, a contradiction.

We should remark that if we replace L with L = {P, : n < w} and build the
corresponding theory T', then T is actually VC-minimal, hence also has a convexly

orderable model. In fact, the following is a VC-instantiable family for 7"

{/\ Pi(x)*DAPy(z):n <w,s € ”2} :

i<n
4.3 Fully VC-Minimal Theories and Weakly VC-Minimal Theories

In this section, we discuss two variants of VC-minimality. The first is full VC-
minimality, which is stronger than VC-minimality. We show that weakly o-minimal
theories are fully VC-minimal (Proposition 4.3.3) and that fully VC-minimal theo-
ries have VC-density one (Proposition 4.3.4). However, we show that not all VC-
minimal theories are fully VC-minimal, so this does not prove Conjecture 4.4.1. We
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discuss this conjecture more in Section 4.4. The second variant we discuss is weakly
VC-minimal. We show that VC-minimal theories are weakly VC-minimal, but not
conversely. This definition is key to Section 4.5, where we show that all weakly

VC-minimal theories satisfy the Kueker Conjecture (Corollary 4.5.6 below).

4.3.1 Fully VC-Minimal Theories

Definition 4.3.1. Say that T"is fully VC-minimal if there exists a family of formulas

U (each of which has x as a free variable) such that:

(i) For all ¥o(x;7,), Y1(7;7,) € U, by € €8W) and b € €8F) there exists

t(0),t(1) < 2 such that

= =3 (Yo (25 b0) O Ay (23 b)),

(ii) For all formulas ¢(x;7), there exists 1(x;7) a boolean combination of formulas

from W with free variables (x;7) such that ¢(x;7) is equivalent to ¢ (x;7).

Lemma 4.3.2. This definition is equivalent to the same definition after replacing

(i) with the following condition:

(ii)" For all formulas o(x;%) and all b € €W there exists Yo(x;7), ..., Yn_1(7;7) €
U such that o(z;b) is equivalent to a boolean combination of the formulas

Vi(x;0) fori < n.

First, notice that this only differs from the definition of VC-minimal in that
we insist that the instances of 1; be exactly ;(x;b) for the same b from ¢(;b).
Therefore, it is clear from this lemma that VC-minimal implies fully VC-minimal.
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Proof of Lemma 4.3.2. Since it is clear that (i) and (ii) implies (i) and (ii)’, it suffices
to show that (i) and (i)’ implies (i) and (ii). So let ¥ be given satisfying (i) and
(ii)’. First, let

V' =W U{4(7) : x is not a free variable in 7}.

Since z acts as a dummy variable in each §(7) € ¥ — W, it should be clear that ¥’
still satisfies (i). We claim that U’ now satisfies (ii).

Fix any formula ¢(z;7). By (i)’ and compactness, there exists finitely many
formulas vo(x;9), ..., 7(z;7) that are each a boolean combination of formulas from

U’ such that, for all b € €'®) o(2:b) is equivalent to ;(2;b) for some i < ¢ (Let
X(@) = {-Vaz(p(z;7) < v(x;7)) : v a boolean combination of formulas from W}
and use compactness on this partial type to yield the desired result). Now let
6;(y) = Va(p(2;7) < vi(z; 7))
for each i < ¢ and we see that ¢(x;7) is equivalent to

/\51'(?7) — 7i(; 7).

1<l

As 0;(y) € V', this is a boolean combination of formulas from ¥, hence showing
(ii). O
Proposition 4.3.3. If T is weakly o-minimal, then T is fully VC-minimal.

Proof. For each formula ¢(z;7) from T and each n < w, we define the formula that

gives the nth leftward ray carved out by ¢(x;7):

Vypn(2;7) = 2Fwp...wy (I = W, N /\(wz < Wi A p(wi; ) 4~ @(wiﬂ;@))) .

<n
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Then, let

U = {¢yn(z;7) : @(x;7) is any formula, n < w}.

For all b € €@ and all formulas o(z;7), ¥, (x; b) is a downward-closed convex set.
Therefore, we see that W satisfies (i). By definition of weak o-minimality and ., ,,
it is clear that condition (ii)’ holds for any ¢(x;7). Therefore, by Lemma 4.3.2, we

see that T is fully VC-minimal. O]
Proposition 4.3.4. If T is fully VC-minimal, then T has VC-density one.

Proof. We first show that any formula of the form ¢(z;7) has UDTFS rank < 1. By
Corollary 3.2.6, this implies 7' has VC-density one. Fix ¢(x;7) any such formula.
By condition (ii) of Definition 4.3.1, there exists v(z;7) a boolean combination of
formulas from ¥ with free variables (x;7) such that ¢ is equivalent to . Say that

Y g) = \/ (/\ %(SE@)””)

pel \i<n

forn <w, I C"2, and 1y, ..., 0,1 € V.
We now generate a uniform algorithm for determining ¢-types using only a
single instance, showing ¢ has UDTFS rank < 1. Fix B C ¢¥®) finite and a € €.

Choose i < n, t < 2, and by € B such that
(i) = vi(a;by)t, and
(ii) v(a;bo)t is F-minimal such.

By condition (i) of Definition 4.3.1, for all j < n and b € B, one of the following

holds:
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(i) Yilsbo)" b (w3 b);
(i) (5 bo)" (w3 D)3
(i) (23D) F i b)'s or
(iv) =y (;b) b= i bo)"
If (i) holds, then |= 1;(a;b) and if (ii) holds, then = —);(a;b), so we may assume
(i) and (ii) fails. If (iii) holds, then this contradicts the F-minimality of v;(x;b)

unless = —);(a;b). Similarly, if (iv) holds, then [= v;(a;b). Thus, 1;(a;b) holds if

and only if

6i,j,t<[_7; Bo) :v.T(wZ(l',Bo)t — w]<£€,5))\/

[V (s (25 b0)" — = (; b)) A V(= (;0) — (5 bo)")]

holds. Finally, notice that y(a;b) holds if and only if

5§,t(5; 50) = \/ </\ 5i7j¢(l—); 50)“(j)>

pel \j<n
holds. Therefore, we see that the set {0;,(7;7,) : i < n,t < 2} shows that ¢ has

UDTFS rank < 1. This concludes the proof. m

Since weakly o-minimal theories are fully VC-minimal, Proposition 4.3.4 gen-
eralizes the result of Corollary 3.2.7. The problem with full VC-minimality is that,
unlike normal VC-minimality, it does not generalize strong minimality. That is,
there exists strongly minimal theories that are not fully VC-minimal. It is worse

than that; there are strongly minimal theories with a formula ¢(z;%) that does not
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have UDTFS rank < 1. So the methods of Proposition 4.3.4 cannot be used to yield

V(C-density one in the case of certain strongly minimal theories.

Example 4.3.5. In the theory ACF, and the theory ACVF (o), the formula ¢(xz;7)

given by ¢(z; o, y1) = [#? + yor + 1 = 0] has UDTFS rank 2.

Proof of Example 4.3.5. Suppose, by means of contradiction, that {,(yo, y1; 20, 21) :
¢ < L} is a finite list of formulas witnessing that ¢ has UDTFS rank 1 (so either
in the language of ACF, or ACVF(()). Notice that C = ACF, and C((t9)) =
ACVF 0,0y, so we work in C the common subfield of both.

Fix ap, aq,as,a3 € C algebraically independent. For any ¢ < j < 4, there
exists 0; ; an automorphism of C that permutes o; and «a; and fixes the other two
ay’s. This can be extended, in the obvious manner, to an automorphism of C((t2)).

For each i < j < 4, define b; ; = (b, b} ;) so that

z? + bgjx + bg’j = (z — a;)(z — ay).

Let B = {b;; : i < j < 4} and let p(z) = tp,(ao/B). Notice that o;;(b;;) = b,
i (l_)zk) = I_)j,k, and o; ; (Z_)W) = l_)kj for {i, 7, k, ¢} = 4 by definition. Also notice that,
for any i < j < 4, | ap(ao;l_)m) if and only if ¢ = 0 (this is the only way for aq
to be a root of (v — o;)(x — ). Now, by the fact that {1¢(vo, y1;20,21) : £ < L}

witnesses UDTFS in ¢, there exists ¢y < L and iy < jo < 4 such that the formula
¢€0 (ya Bio,jo)

defines p. We now have two cases to consider.
Case 1. ig = 0.
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In this case, consider o = 0y, and fix k € 4 — {0, jo}. Since | ¢(ag;box),
we get that = 1y, (bo; boj,). Hence, since o is an automorphism, we see that =
Vo (0 (bok); 7(bojy)), 1., = Vey (Bjo.i bojo)- By definition, we see that = ¢(ag; bj 1),
which is clearly a contradiction.

Case 2. i > 0.

In this case, let 0 < k < 4 and k ¢ {ig, jo} (there is one such element). Con-
sider now o = o, so o still fixes b, j,. Now = p(ag; bos, ), hence = g, (bo.io; big jo)-
Therefore, = 1y, (0 (bo.iy); 7(bigjo )5 1-€-, |E Vey (Brio; bio.jo ), hence = p(ag; b, ). This
is again a contradiction.

Since these are the only two cases to consider, we see that no such {¢,(7;z) :
¢ < L} can exist. Hence, the UDTFS rank of ¢ is at least two. It is easy to check

that ¢ has UDTFS rank 2. [

By the proof of Proposition 4.3.4, ACF, and ACVF gy cannot possibly be
fully VC-minimal. The property of VC-minimality has the advantage of essentially
being the fusion of weakly o-minimal and strongly minimal. This is basically why
ACVF o), which has both a weakly o-minimal part (the value group) and a strongly
minimal part (the residue field), is VC-minimal. Example 4.3.5 is disappointing
because it means that the method of Corollary 3.2.6 cannot be used to show that
ACVF (g0) has VC-density one. In Section 4.4, we discuss another approach and

show that, in particular, strongly minimal theories have VC-density one (Theorem

4.4.4).
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4.3.2 Weakly VC-Minimal Theories

We now turn our attention to weakly VC-minimal theories.

Definition 4.3.6. We say that T is weakly VC-minimal if, for all formulas ¢(z;7)
and all b € €@ there exists formulas 1o(z; %), ..., Yn_1(7; Z,_1) each with inde-
pendence dimension < 1 and ¢y, ..., ¢,_1 from € of the appropriate length such that

¢(x;b) is a boolean combination of the ;(x;¢;)’s.

If T is VC-minimal and ¢ is a VC-minimal instantiable family witnessing this,
then, in particular, each formula in ® has independence dimension < 1 (by itself).
Hence, T is also weakly VC-minimal. To see that this is actually a strictly weaker
notion, consider Example 4.2.7 above. This example is not VC-minimal, but it is
weakly VC-minimal, since each ¢(x;y) = P;(z) has independence dimension < 1.

In fact, weakly VC-minimal theories are not necessarily even dp-minimal.

Example 4.3.7. Fix n > 1 and let M = Q". For each i < n, let <; be a binary
relation on M defined by (zq, ..., zp—1) <i (Yo, ---, Yn—1) if and only if z; < y;. Finally,
let T'=Th(M; <;)i<n. In much the same way as one shows it for Th(Q; <), we can
see that T" has quantifier elimination. Therefore, since x <; y has independence
dimension one for all 7 < n, we see that T is weakly VC-minimal. However, T is not

dp-minimal, witnessed by the formulas y < x <¢ z and y <; * <1 2.

In fact, the dp-rank of 7" (as defined in [16]) is at least n, showing that there
are weakly VC-minimal theories with arbitrarily large dp-rank. Consequently, there

are weakly VC-minimal theories with arbitrarily large VC-density. One could also
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use Example 1.3 in [16], as the theory presented there is weakly VC-minimal and
not dp-minimal. Clearly weakly VC-minimal theories are dependent. Consider the
following modification to Example 4.3.7 showing that dependence does not imply

weak VC-minimality:

Example 4.3.8. Let M = Q? and let < be the binary relation (zg,z1) < (o, 1) if
and only if xy < yo and z; < y;. Let T* = Th(M; <) and notice that this is a reduct
of the theory from Example 4.3.7 forn =2, as x <y ifand only if x <qg y Az <y y.
Therefore, T is dependent. However, reflection along a line (7, : M — M via 7,(x)
is the reflection of = along the line of slope one through a € M) is an automorphism
of (M; <). This, coupled with quantifier elimination of 7" from Example 4.3.7, shows
that the only independence dimension < 1 formula with non-parameter variable x
is © = y (use automorphisms to alter an instance of ¢ to overlap independently with

the original).

One can also see that 7 is not dp-minimal. Consider b; = (i, —i) for all i € Z.

Then, for any integers k < ¢, the <-type

pre(z) ={z £Lbi<k}U{z<b:k<i<l}U{x£b:l<i}

is consistent, witnessed by a = (k — 1/2,—¢ + 1/2) € Q?. Therefore, if we let
W(x;yo, 1) = ¢ < Yo ¥ x < yi, then 1 together with ((by;, boir1) : @ € w) is a
TP-pattern as defined in Definition 2.4.4. Therefore, by Proposition 2.4.5, T is not
dp-minimal. This leads to an interesting open question: Does dp-minimality imply

weak VC-minimality?
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One should also notice that < has UDTFS in T*. In fact, one can easily
see that T from Example 4.3.7 has UDTFS (since UDTFS is closed under boolean
combinations). Therefore, since T is not dp-minimal and unstable, this shows that
Theorem 2.4.1 is not tight (i.e., there are unstable UDTFS theories that are not

dp-minimal).

4.4 VC-Density One

The main objective of this section is to develop tools to address the following
conjecture, posed by Aschenbrenner, Dolich, Haskell, MacPherson, and Starchenko

in [3]:
Conjecture 4.4.1 ([3]). If T is VC-minimal, then T has VC-density one.

We cannot answer this question yet, but we have several methods to attack
this problem. First of all, there is the idea of UDTFS rank and the method of
Corollary 3.2.6. In this section, we develop another method that, for example, has

the following corollary:
Theorem 4.4.2. If T is strongly minimal, then T" has VC-density one.

This was independently shown by Aschenbrenner, Dolich, Haskell, MacPher-
son, and Starchenko in [3]. We begin by discussing a notion of a rank, which is

exactly the Morley rank and Morley degree when 71" is strongly minimal.

Definition 4.4.3. Fix d < w and let R and M be two functions from parameter-
definable formulas to Z. The pair (R, M) is called a density d rank on T if the
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following conditions hold for all parameter-definable formulas, ¢(Z) and ¥ (Z), where

n = lg(T).
(i) =1 < R(p) <n-d, 1 < M(p), and R(¢) = —1 if and only if ¢ is inconsistent.
(i) If ¥ ¢, then R(1)) < R(y) and, if R(1)) = R(y), then M(¢)) < M ().

(iii) R(p Ay) = R(p) or R(e A =¢) = R(g).
(iv) If R(p) = R(p A¢p) and M(p A ) < M(p), then R(p) = R(p A ).

(v) If /(%) is a parameter-definable formula, ¢ - ¢, ¥ F ¢, and R(p) = R(¢) =

R(Y) > R Ay'), then M(p) = M(¢) + M ().

(vi) For all (-definable 6(Z;7), there exists M* < w such that, for all b € ¢'&@)

M(0(z;b)) < M.

If we let »(Z;7) be an (-definable formula, we can extend (R, M) a density
d rank to finite p-types in the following manner: Say that R(p) = R(/Ap) and
M (p) = M(/\ p) for any finite ¢-type p. Using this, we can count types and get the

following result:

Theorem 4.4.4. For any d < w, if there exists (R, M) a density d rank on T, then

T has VC-density d.
First, we begin with a lemma on density d ranks for some fixed d < w.

Lemma 4.4.5. If (R, M) is a density d rank on T and o(T;7) is 0-definable formula,
then the following hold:
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(i) If p is a p-type over a finite set B, By C B, and, for all By with By C By C B
and |Bl - BO| =1, we have that M(p|Bl) = M(p|Bo) and R(p|B1) = R(p|Bo)7

then R(p) = R(p|s,) and M(p) = M(p|z,)-

(ii) There exists g : (nd + 1) — w such that, for all finite o-types p, there exists

po € p with [po] < g(R(p)) such that R(po) = R(p).
(11i) There exists M** < w such that, for all finite p-types p, M(p) < M**.

Proof. (i): By induction on m = |B — By|. If m = 1, this follows immediately,
so suppose m > 1. By induction, we may assume that M (p|g,) = M(p|p,) and
R(p|p,) = R(p|s,) for all By with By C By C B and |B; — By| < m. Fix any
two such By, By so that B = By U By. Let 0y(Z) = A pls,, let 61(Z) = Ap|s,, and
let 02(T) = Apls,- We have that R(6y) = R(61) = R(62), 01 - 0y, and 6 F 6.
By Definition 4.4.3 (v), if R(6; A 02) < R(6y), then M(6y) > M(61) + M(62).
This contradicts our assumption that M (p|p,) = M(p|s,) and M (p|p,) = M(p|s,)-
Thus, R(p) = R(p|s,). Furthermore, if M(p) < M(p|p,), then M (6, A 6s) < M(6,).
Thus, R(61 A —02) = R(6) = R(6y) by Definition 4.4.3 (iv). Thus, M(6,) >
M(6y) + M(6, A —02) > M(0s) + 1 = M(6y) + 1, a contradiction. Therefore,
M (p) = M (pls,)-

(ii): By Definition 4.4.3 (vi), for each ¢ < w, there exists M/ so that, for all
e-types p with [p| = £, M(p) < M} (a p-type of size ¢ is merely an instance of
Ni<o 0(T; 7,)!@ for some t € 2, so take the maximal corresponding M* over each
t € £2). Define g(nd) = 0 and recursively define g(k) = g(k + 1) + Mg+ 1. We
claim this g works.
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By (reverse) induction on k = R(p). This is trivial if £ = R(Z = T) < nd, as
R(0) = R(T = T), where () denotes the empty ¢-type. Now assume k < R(T = T).
Choose p’ C p with R(p') > k and R(p’) is minimal such. By induction, there exists
po € p’ with |po| < g(k+1) and R(po) = R(p').
Case 1. There exists b € (dom(p) — dom(po)), R(po Uplg) < R(po)-

Then R(p) = R(po U p|;) by minimal choice of p'.
[P0 Uplg| = lpol +1 < g(k+1)+1 < g(k).

Case 2. For all b € (dom(p) — dom(py)), R(po Uplg) = R(po)-

Suppose there exists b € (dom(p) — dom(py)), R(po U plg) = R(po) and
M(po U plgy) < M(po). In this case, add p|g to po, and repeat this at most
M(po) < M., 1) steps to produce p; C p with Ip1] < |po| + M0 R(p1) = R(po),
and M (p;) is minimal. If this does not hold, immediately set po = p;. Now suppose
that, for all b € (dom(p) —dom(py)), R(p: Uplz) = R(p1). By minimality of M (p1),
M(p1 Uplgy) = M(p1). By (i) of this lemma, R(p) = R(p1) = R(po) = R(p') > k =
R(p), a contradiction. Thus, there exists some b € (dom(p) — dom(p;)) such that
R(p1 Uplg) < R(p1). Hence, R(p1 Uplz) = R(p) by minimality. As in Case 1, we

get that

D1 UP\{E}‘ = |p1l +1 < |po| + My1y + 1 < g(k+ 1) + My gy + 1 < g(k)

as desired.

(iii): Let M** = max{M;} : ¢ < ¢g(0)} for g and M/ from (ii). Fix p any finite ¢-
type. By (ii), there exists py C p with |po| < g(R(p)) < g(0) such that R(po) = R(p).
Then, M(po) < M, < M** and M(p) < M(po), so M(p) < M**. O
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We are now ready to prove the main theorem.

Proof of Theorem 4.4.4. Fix a formula ¢(7;7), let n = lg(Z), and let (R, M) be a

density d rank. For any finite ¢-type p and any finite B O dom(p), define
SP(B) = {q a ¢-type over B : q 2 p}.

So if we let () denote the empty ¢-type, then S,(B) = Sg(B). Let M** be as in
Lemma 4.4.5 (iii) above, so M (p) < M™** for all finite ¢-types p. We now claim that

the following holds for all finite ¢-types p and all B 2 dom(p):
ok \ R R
[SE(B)| < (M) M(p) - | B — dom(p)["®.

By applying this to @), we get the desired conclusion (as R(() = R(T = T) < nd by
Definition 4.4.3 (i)).

The claim follows by induction on R(p) and M (p) and |B —dom(p)|. If R(p) =
0, then Definition 4.4.3 (v) yields that there are, at most, M (p) extensions of p to
finite p-types. Hence, |SE(B)| < M(p), as desired.

Let k = R(p), { = M(p), and m = |B — dom(p)|. For simplicity of notation,

let L; = (M**)". Suppose k > 0. We aim to show that
1SUB)| < Ly~ €t

Case 1. There exists b € (B — dom(p)) such that R(p U {¢(Z;b)!}) = k for both
<2
In this case, let py = p U {—p(7;b)} and let p; = p U {p(7;b)}. By Definition

4.4.3 (v), £ > M(py) + M(p1). By induction hypothesis,

|SE(B)] = Ly, - M(po) - (m — 1)* and [SZ'(B)| = Ly, - M(py) - (m — 1)".
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Therefore, since SE(B) = SP°(B) U SE'(B), we get that
|SP(B)| < Ly - M(po) - (m — 1)* + Ly - M(p1) - (m — 1)* < Ly - £-m"

as desired.

Case 2. For all b € (B — dom(p)), R(p U {px(T;b)'}) < k for some t < 2.

In this case, let pg = p U {p(T;b)'} and let p; = p U {x(T;b)' '} for the given
t < 2. By Definition 4.4.3 (iii), R(p1) = k, so M(p1) < ¢ by (ii). By the induction

hypothesis on m,

|SP(B)| < Li- M(pr) - (m = 1) < Ly - £+ (m = 1)*.
On the other hand, since R(py) < k, we have that

SB(B)] < Lty - M(po) - (m — 1% < Ly M(po) - (m — 1)

By Lemma 4.4.5 (iii), M (po) < M**, so we have that

|SP(B)| < Ly - M™ - (m — 1)* ' = Ly - (m — 1),
(as Lp_1 = (M**)*=1). Thus,

|SP(B)| < Ly - (m—=1)F + Ly, (m = 1) < Ly - £ - m”

as desired.

Now, applying this claim to p = (), we get
|Sp(B)| < (M) |B|™

for all finite B. So ¢(7;7y) has VC-density d - 1g(Z). Since ¢ was arbitrary, 7" has
VC-density d. m
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Notice that we only use the density rank (R, M) relative to ¢ to show that ¢
has VC-density < n, so if we want to show that ¢ has VC-density < k for any k, we
need only have a density rank relativized to ¢ with maximal rank k. For the case
when d = 1, we get that T" having a density one rank implies that 7" has VC-density
one.

One should note that Morley rank and Morley degree satisfy all the axioms of
Definition 4.4.3 except possibly (i) (i.e., that R(y) < nd for all ¢(Z) with n = 1g(7))
and (vi) (i.e., a bound on the Morley degree of formulas). Therefore, if we can show
that (i) and (vi) hold for (MR, Md) for some d < w, then this would imply that
(MR, Md) is a density d rank and 7" has VC-density d. We show this in the following
corollary, independently due to Aschenbrenner, Dolich, Haskell, MacPherson, and

Starchenko in [3]:

Corollary 4.4.6. If T is Ny -categorical, then T has VC-density MR(x = z) (in par-

ticular, since such theories are totally transcendental, they have finite VC-density).

Proof. Let d = MR(z = x) and we aim to show that (MR, Md) is a density d rank.
By Theorem 4.4.4, this suffices. First, all such theories T' are superstable, so the

Lascar equality holds:

U(a/BU{c})+U(c/B) =Ul(a,c/B).

In N;-categorical theories, U = MR, so this holds for Morley rank (see, for example,
Corollary 2 of [20]). In particular, we see that MR is additive, so MR(Z = 7) <
lg(Z) - MR(xz = z) = nd for n = 1g(Z). Therefore, condition (i) of Definition 4.4.3
holds for MR.
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It is not hard to see that T does not have the finite cover property (see Def-

inition 11.4.1 of [22]). Therefore, by Theorem 11.4.4 of [22], for any 0(%;7), there
exists M* < w such that, for all b € €@ the Morley degree of (Z;b) is, at most,

M*. Therefore, condition (vi) of Definition 4.4.3 holds for Md. Hence, (MR, Md) is

a density d rank, as we aimed to show. O

If T is strongly minimal, then T" is R;-categorical and MR(z = z) = 1. There-
fore, Theorem 4.4.2 follows as a corollary of Corollary 4.4.6. Notice that all we
are using about N;-categorical theories is that the Morley Rank is additive and the

Morley degree is bounded. So we can replace the hypotheses with this instead.

4.5 Kueker’s Conjecture

First we consider a lemma to simplify cases where we have instances of formulas

equivalent to instances of formulas from a fixed set.

Lemma 4.5.1. Let U = {¢;(x;Z;) : i € I} be any set of formulas and let p(x;7) be
a formula. Suppose that, for all b € €W there exists ani € I and a ¢ € €8F) 5o
that o(&;b) = 1;(€;€). Then, there exists a finite Iy C I such that, for all b € €@,

there exists an i € Iy and a € € €8F) so that o(x;b) is equivalent to Vy(x;T).

Proof. Consider the following partial type in 7 over (:

Y(@) = {~FzVo(p(x;7) < vi(;%:)) i € 1}

By assumption, ¥ is inconsistent. Therefore, by compactness, there exists a finite
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Iy C I so that
20(y) = {~FzVa(p(2;7) © Yi(2:%)) 10 € Lo}
is inconsistent. This yields the desired conclusion. O]
This has the following corollary on weak VC-minimality.

Corollary 4.5.2. If T is weakly VC-minimal and ¢(x;7) is a formula, then there
exists finitely many formulas Vo = {¢;(x;Z;) i € Iy}, each a boolean combination
of formulas with independence dimension < 1 (in the variable x), such that, for any

b€ ¢80 there exists i € Iy and ¢ € €8 such that p(x;b) is equivalent to 1;(x;¢).

Proof. Let ¥ be all boolean combinations of formulas with independence dimension

< 1 in the variable z, then use Lemma 4.5.1 to conclude. ]

Lemma 4.5.3. If T is weakly VC-minimal and all independence dimension < 1

formulas of the form p(x;y) are stable, then T is stable.

Proof. Suppose that each independence dimension < 1 formula of the form ¢ (z;7)
is stable but, by means of contradiction, T is not stable. Then, by sufficiency of
a single variable for stability (Theorem 1.2.4 (i)), there exists a formula ¢(z;7)
that is unstable. By Corollary 4.5.2, if we let © be all boolean combinations of
independence dimension < 1 formulas in the variable x, then there exists a finite
B¢ C O such that, for all b € €8 there exists 0(x;Z) € Oy and ¢ € ¢!83) such that
¢(x;b) is equivalent to 0(z;¢). Now let (a; : i < w) and (b; : j < w) witness the fact
that o(7;%) has the order property (i.e., = (ay; b;) if and only if i < j). By pigeon-
hole principal and reindexing, we may assume that there is a single 0(x;z) € O
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such that, for all j < w, there exists ¢; € @) such that o(z;b;) is equivalent to
(x;¢;). Therefore, (a; : i < w) and (¢; : j < w) are a witness to the fact that 6 has
the order property. However, # is a boolean combination of independence dimension
< 1 formulas in the variable z, each of which is stable by hypothesis. Since stability

is closed under boolean combinations, this is a contradiction. O

Theorem 4.5.4. If T' is weakly VC-minimal, then either T is stable or T°Y defines

an infinite linear order.

Proof. Assume T is weakly VC-minimal and unstable. Then, by Lemma 4.5.3, there
exists a formula ¢(x;7) that has independence dimension < 1 and is unstable. Since

¢ is unstable, there exists (a; : ¢ € Q) and (b; : j € Q) such that, for all 4,5 € Q,

= @(ai; b;) if and only if ¢ < j (by compactness). We claim that the following is a

definable quasi-linear-order in T Let

Yo <Y = (V$(90(5B;§o) - 90($;§1)))

and let
D={bec®® . p, <b<b}.
First, it is clear that D and < are definable. Moreover, it is clear that < is a quasi-

ordering on D. To see that D is non-empty, take any ¢,j € Q with ¢ < 5. Then we

get that

(i) = @lar; bi) A (ak; by) for any k <1,

(i) = —(ai;bi) A p(ai;by), and

(iif) = —e(az; b) A —p(as; by).
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By independence dimension < 1, = Va(¢(x;b;) — ¢(x;b;)). Thus, b; < b; if and
only if i < j. In particular, this shows that b; € D for all i € Q with 0 < i < 1.
It also shows that all such b; are non-<-equivalent. It remains to show that < is a
linear quasi-order (i.e., all two elements of D are comparable).

Suppose that b, bVeD yet b £ b oand b % b. Then, by definition, Jz(p(x;b) A
ﬁgo(:c;g/)) and 3z (- (x;b) A (p(x;gl)) both hold. As witnessed by a_;, for example,
Fz(o(2;b) Agp(x; D)) holds. As witnessed by ag, for example, 3z(—~p(; b) A—p(z; D))
holds. These four statements together contradict the fact that ¢ has independence
dimension < 1.

Therefore, (D, <) is a definable quasi-linear-order. Hence, if we take the nat-
ural (-definable equivalence relation bED defined by b < DAL < B, we see that

(D/E, <) is an infinite T°-definable linear order. O
We are now ready to discuss the Kueker Conjecture.

Conjecture 4.5.5 (Kueker’s Conjecture). If T' is a theory in a countable language
such that every uncountable model of T is Ny-saturated, then T is Nq-categorical or

Ny -categorical.

Corollary 4.5.6. If T is weakly VC-minimal, then T satisfies the Kueker Conjec-

ture.

Proof. By Section 3 of [13], if T is stable, then the Kueker Conjecture holds for 7.
Therefore, we may assume that 7" is unstable. By Theorem 4.5.4, we have that 74
has a infinite definable linear order. By Proposition 4.1 of [13], this implies that the
Kueker Conjecture holds for 7T'. m
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As a corollary, if T'is VC-minimal, then 7" has the stable / infinite interpretable
linear order dichotomy as in Theorem 4.5.4. Thus, T satisfies the Kueker Conjecture.
What other dependent theories have this stable / infinite interpretable linear order
dichotomy? For any such theory, the Kueker Conjecture certainly holds by the
above argument. One of this author’s goals in his future research is to prove the
Kueker Conjecture for UDTF'S theories. This can either be accomplished by showing
UDTFS theories have a stable / infinite interpretable linear order dichotomy or by

showing it directly as in the stable case of [13].
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