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Abstract

Higher amalgamation is a model theoretic property. It was also studied under
the name generalised independence theorem. This property is defined in
stable, or more generally simple or rosy theories. In this thesis we study how
higher amalgamation behaves under expansion by finite covers and algebraic
COVers.

We first show that finite and algebraic covers are mild expansions, in the
sense that they preserve many model theoretic properties and behave well
when imaginaries are added to them. Then we show that in pregeometric
theories higher amalgamation over () implies higher amalgamation over pa-
rameters. We also show that in general this is not true. In fact, for any stable
theory with an algebraic closed set which is not a model we construct a finite
cover which fails 4-Amalgamation. With some additional assumption we can
also preserve higher amalgamation over the empty set. We apply this result
to abelian groups and show that (Z/47)“ satisfies these assumptions.

Then we take the opposite direction: rather then investigating covers
which have malicious properties towards amalgamation, we construct covers
which will make higher amalgamation become true. First we give a new proof
for the fact that there exists an algebraic cover of any stable T:geq ) with
higher amalgamation over (). A proof sketch of this was given by Hrushovski
and a full proof appeared in an unpublished work by D. Evans. The new proof
uses the notion of symmetric witness which was introduced by Goodrick,
Kim and Kolesnikov. We also show with a similar approach that there
exists an algebraic cover of any stable, omega-categorical theory with higher

amalgamation over parameters.
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Chapter 1

Introduction

This introduction is split into three parts. The first part will be a summary
of the thesis itself. The second part will put the thesis into context with
earlier results. The third part will discuss what the thesis did not accomplish

and where the author sees potential for future work.

1.1 Summary

This thesis is written for mathematicians with some background in first-order
logic. The requirement for the reader is to have some knowledge in model
theory. The knowledge of some introductory model theory lectures should
be sufficient. It will be very helpful to have seen some variant of forking, for
example the pregeometry of strongly minimal structures, the Morley rank
of totally transcendental theories, the notion of (co)heirs, or the extension
of definable types. In the thesis we work with an axiomatic approach and
avoid the use of any explicit notion of forking when possible. For that we will
introduce it as an abstract notion of independence instead. A reader who does
not know any notion of independence should keep in mind that this notion
naturally appears in many examples such as the algebraic independence in
algebraically closed fields or the independence of subspaces of a vector space.
But at some points we have to use its combinatorial description. Note that

theories which have an abstract notion of independence (in 7°%) are rosy



theories. The notion of independence can be combinatorially described as
thorn-forking. The knowledge of NIP and NTP; is also assumed in some
very minor parts.

Apart from the notion of independence, Chapter 2 contains several other
things. We start with explaining the notation, which is used for multi-sorted
theories. Then we define the monster model as a saturated model of class-size.
We explain what imaginary elements of a theory are and also give the reason
why they were introduced, namely to obtain stationarity of types over an
algebraically closed set in stable theories (see Lemma . We also define
rosy, stable and simple theories purely in terms of the abstract notion of
independence. Finally we prove some very elementary things in category
theory which will be used later.

In Chapter |3| we introduce the notion of algebraic and finite covers. An
algebraic cover of some structure is an expansion of it with new sorts. In
an algebraic cover the old part is (up to interdefinability) the same, and
the new structure lies in the algebraic closure of the old structure. A finite
cover is an algebraic cover which additionally requires that there is only one
new sort and a finite-to-one function which maps the new elements to (some
of) the old ones. Any algebraic cover of a theory which has its imaginaries
added (7°) with only one new sort will automatically be a finite cover (see
Corollary. If our language is countable we can also describe an algebraic
cover as a sequence of finite covers. We then prove that adding imaginaries to
the new theory does not destroy its property as an algebraic cover. Further
we prove that going over to a finite cover preserves many model theoretic
properties. For example categoricity, rosiness, stability and simplicity will
be preserved. Moreover, the notion of independence will be preserved in a
canonical way. Finally we give a condition which will help us in proving weak
elimination of imaginaries of finite covers of w-categorical theories.

Chapter [ is about the central notion of this thesis, “Amalgamation”
and contains only known results by other authors. We describe what an
amalgamation problem is and what a solution to such a problem is. An
n-amalgamation problem is a functor from P({1,...,n})\ {1,...,n} with

inclusions as morphisms to the category of algebraically closed sets of a



certain theory with partial elementary maps as inclusions. Additionally
we have some independence condition about the images of the functor. A
solution to an m-problem is an extension of this functor to one with domain
P({1,...,n}). We further discuss when a solution is considered unique,
namely when any two solution functors are naturally isomorphic. This might
fail even in stable theories (see Example . For the rest of chapter we
reprove known results about amalgamation. We will see how the existence
of a solution of n-amalgamation problem is connected to the uniqueness
of a solution of an (n — 1)-problem. Moreover, this notion can be used
to define stable and simple theories. We (re)prove some things about the
boundary property which is equivalent to the uniqueness of a solution in
stable theories under the assumption that the solution of all lower problems
is unique (see Proposition and Corollary . To briefly describe the
3-boundary property we take 3 independent points of some model, say a, b, c.
Any automorphism of the algebraic closure of ab which fixes the algebraic
closure of a and the algebraic closure of b pointwise can be extended to an
automorphism which fixes the algebraic closure of ac and bc. Finally we
analyse why amalgamation over models in stable theories is always true.

In Chapter [5| we try to answer the question of whether amalgamation
over parameters is related to amalgamation over the empty set. The first
section gives an explicit description of the connection between the two if the
independence notion is sufficiently nice. We develop for that the notion of
separability of an independence notion. A notion of independence is separable
whenever for any two sets (of some model) A C B with B algebraically closed
there exists some C' C B independent of A such that acl(AC) = B (in T°9).
This is always fulfilled in pregeometric theories with weak elimination of
imaginaries.

Then we will take a long path to establish a counterexample: a theory
which has amalgamation over (), but fails amalgamation over some parameters.
For that we first generalise the construction done in Hrushovski’s original
example of failure of 3-uniqueness (which was a finite cover of the theory of
an infinite set) to arbitrary theories. This construction will preserve weak

elimination of imaginaries if our original theory was stable or w-categorical.



We prove by using this construction that any theory (with an independence
notion) which has some algebraically closed set A which is not a model of the
theory has a finite cover which fails 3-uniqueness over A (see Lemma [5.5.1]).
We continue our road to a counterexample by establishing some theorems
telling us that this construction preserves amalgamation over () under certain
conditions. We will then apply these theorems to abelian groups whose theory
is closed under products. Finally we use all this to construct a finite cover of
(Z/AZ)* which has amalgamation over @), but fails it over some parameters. In
a sense, this is the simplest example one can find, since any totally categorical
structure which does not interpret an infinite group is in the algebraic closure
of a disintegrated strongly minimal set. Hence the independence notion of
such a theory is separable and therefore as we have seen amalgamation over ()
implies amalgamation over parameters. We also have such an example where
the original theory does not interpret any infinite group. It is uncountably
categorical, but of course as discussed not w-categorical. Finally we see
that there is a “natural” example, namely the theory of compact complex
manifolds, which has amalgamation over () but fails it over some parameter.

In Chapter [6] we introduce the notion of an n-witness. We show that
failure of amalgamation gives us the existence of such a witness. On the other
hand the existence of such a witness gives us also the failure of amalgamation.
We also show that if we look at amalgamation problems where the singletons
satisfy the same type, then amalgamation is connected to a Morley witness.

Then in Chapter [7] we let a witness disappear. We do that by construct-
ing a finite cover of T;S(m) to which we add some generic element of the
corresponding type of a witness. Then we add elements of the witness which
contains this generic element in a canonical way (see “Construction of a Finite
Cover”). Now in this finite cover the old witness will lose its ability to define
an amalgamation problem which has no solution (see ) We then use
this property for every witness and get some algebraic cover which has no
witness of the old sort. We repeat this process countably many times to get
some algebraic cover of T;g(@) which has amalgamation over ().

In the final Chapter [§] we let all witnesses of an w-categorical superstable

structure disappear. Here we have the nice property that a witness is fully
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determined by some formula without parameter (every realisation of this
formula is a witness). We define a finite cover of the theory (without adding
the parameters acl(()) to our theory) for any witness (over parameters). With
a similar reasoning (as in the chapter before) we then obtain an algebraic
cover which has amalgamation (over parameters).

We summarise which chapters of this thesis are original. Chapter [2| has
no new ideas. Chapter |3|is only new (for me) in the sense that I could not
find reference for many results, but I expect that most of it is folklore. Also
in Chapter [4] there is nothing new, except that some results are extended to
rosy theories (which is straightforward) and that some proofs are given in
greater detail. Chapter [5|is completely original (apart from what is cited).
Chapter [0] contains only slight modifications of ideas of others. In Chapter [7]
the results are not new, but the proof idea is. And finally in Chapter [8| the

results are new, but they are closely related to the results of Chapter [7]}

1.2 Related research

The development of good notions of independence started with strongly
minimal theories, then Morley rank and the development of forking for stable
and later for simple theories. Then it was continued beyond to the notion of
thorn-forking in rosy theories. This is closing the development of the notion
of independence for the following reason: this is the weakest of all notions,
i.e. if there is a strict independence notion at all, then thorn-forking will
be a strict independence notion and any elements being thorn-independent
will be independent for any other strict independence notion (see Theorem
5.2 of |[AdI09b]). Beyond that, recent work shows that forking still has nice
properties in NTPy and its subclass NIP (see for example [CK12| and [BC14]).
But this development does not play a crucial part in this thesis.

The notion of (finite, affine) covers originates from the analysis of to-
tally /uncountable categorical structures (see Zilber’s Ladder Theorem 5.0.1
of |Zi193]). Albrandt and Ziegler’s [AZ91] also contains important work.
Furthermore, in [EH93| finite covers of w-categorical theories were analysed.

The papers most relevant to our work are [Hrul2| and |[Eva09|, where in the

11



first the ideas for the relation between finite covers and amalgamation is
started and the latter worked out some of that in greater detail.

The history of amalgamation (we will use) also goes along with the
development of forking. Stationarity of types is nothing more than having
uniqueness of 2-amalgamation of its independent realisations. Elimination
of imaginaries were introduced by Shelah to obtain that any type over an
algebraically closed set is Stationary.lﬂ Shelah introduced higher amalgamation
diagrams in [She83|. In [She90| (see Ch XII section 2 p 598) (unique) higher
amalgamation for diagrams of models is proved. Hrushovski proved for
pseudo-finite fields that 3-amalgamation holds. This was generalised to
simple theories: the independence theorem by Kim and Pillay is nothing
more then the proof of 3-amalgamation over models. The notion of higher
amalgamation we use reappeared in [Hru98|. The generalised independence
theorem, which says that a theory has n-amalgamation for every n was proved
for algebraically closed fields with an automorphism (see Theorem after 1.9
in [CH99]). In [Kol05| simple theories were further analysed via the notion
of amalgamation. This was then continued in [KKT0§|. The assumption of
4-amalgamation was used in [PKMOG6| to construct a hyperdefinable group
from the group configuration theorem for simple theories in [BTWO04|. In the
same paper [PKMO06| it was also proved that (unique) n-amalgamation over
a model in stable theories always holds.

The key paper is Hrushovski’s [Hrul2|, which became available as a
preprint in 2006. In there, it is shown that in stable theories uniqueness
of 3-amalgamation, 4-amalgamation, generalised imaginaries and certain
finite covers are all strongly connected (see Corollary 4.10 in [Hrul2|). Of
special interest is Proposition 4.11 (in [Hrul2|), which tells us that for every
stable theory there exists an algebraic cover such that n-amalgamation holds.
Unfortunately the proof was only sketched. In the unpublished paper of
David Evans |Eva09| this proof was worked out.

Research which continues the work of Hrushovski’s paper (i.e. [Hrul2|)

and also heavily influenced this thesis is a series of publications by Goodrick,

'On page 186 in |[Hrul2] Hrushovski writes: “Elimination of imaginaries was introduced
in |[She78| precisely in order to obtain 2 -exactness for stable theories.”
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B. Kim and Kolesnikov. Namely the papers [GK10], [GKK14a], |GKK13b],
|IGKK13a], |GKK14b|, |[GKK15] and |[Kim16]. In there many ideas of Hru-
shovski’s paper (i.e. [Hrul2|) are worked out and generalised. A model
theoretic homology and homotopy theory is developed using the notion of
amalgamation and then a sort of (higher) Hurewicz Theorem is proved for this
(see Theorem 2.1 of [GKK14b]). It is also shown that the possible “homotopy”
groups are abelian pro-finite groups and a series of examples is given with
such “homotopy” groups. Also a higher analogue of these corresponding
homotopy groupoids is discussed. The notion of polygroupoid is used for
these “higher homotopy groupoids”. Another version of homotopy theory of
strong types with a not necessarily abelian fundamental group is developed
in |[KKL15|.

Examples of stable theories (in fact totally categorical theories) which
fail n-amalgamation (but guarantee lower uniqueness) have been constructed
in |[PS11]. The same author also showed (in |Pas12|) that, under certain
assumptions, there is a connection between the Hrushovski construction and
higher amalgamation. In [BHM15| it is shown that the theory of compact
complex manifolds fails unique 3-Amalgamation over parameters. Then
in |Pall6] the assumption of total amalgamation is used in some simple
theory. Finally in [Krul5| a slightly different version of higher amalgamation
is used (although they coincide under certain assumptions) to show that

certain non-simple theories are pseudofinite.

1.3 Future work

It is left to be proven that an algebraic cover preserves other model theoretic
notions such as NIP or NTPs. The analysis of a connection between amal-
gamation and the uniqueness over a fixed set of parameters looks complete
in the stable context. But outside that, one could probably try to find a
counterexample with the property that n-amalgamation holds for every n
but (n — 1)-uniqueness fails. It would be interesting to see what the exact
boundaries of this would be. For example, can uniqueness and amalgamation
both fail and hold (for different n) infinitely often in the same theory? Then

13



we question if there is a good dividing line between theories where amalgama-
tion over the empty set is linked (i.e. there does not exist an algebraic cover
such that only one of the two holds) to amalgamation over parameters (see
Chapter and theories where this not the case (see the (Z/47Z)" example).
Another question is if we can generalise our cover T3 4 (see Chapter [5))
such that the “homotopy group” (in the amalgamation sense, see |GKK14b])
is any profinite abelian group (if the original theory has amalgamation over
(). We can also ask if there is an algebraic cover for any (stable/simple)
theory (or even in the rosy non-simple context) such that amalgamation over
parameters holds for any n (outside the stable context 2-uniqueness would
need to fail and outside the simple context 3-Amalgamation). Note that
we only achieved this for superstable, w-categorical theories. Now if we put
all the ideas together then we can conjecture the following: For any stable
theory and any profinite abelian group G there exists an algebraic cover such
that the “homotopy group” (over @) of this cover is G. Is something similar
also true for “higher homotopy groups” (in the sense of [GKK15|)?
Moreover, we conjecture that, if in a stable theory forking is complicated
enough (of course here the question is what the precise notion of complicated
is) then for any two pro-finite abelian groups G, H, there exists an algebraic
cover where the “homotopy group” over ) is G and the “homotopy group” over
some parameter is H. Of course here we could also formulate some higher
dimensional version of this. Finally we can ask if there is a good notion of
(higher) amalgamation beyond theories with an independence notion. It is
probably wise to try starting with forking in NIP or NTP2, because there the
Independence Theorem for NTP; theories holds (see Theorem 3.3 of [BC14)),

which we could consider as suitable candidate for 3-amalgamation.
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Chapter 2

Notation and Preliminaries

An apology: I will recurringly use the book |TZ12| to refer to third party
results. So this book should not be viewed as an original source, but as
something which serves my own convenience. A great many of the ideas

around stability stem from |She90] and earlier publications of the same author.

2.1 Many-sorted language

We work in the first-order logic. The symbol T will normally represent some
complete many-sorted first-order L-theory with infinite models. We use
the same notation M for an L-structure and its domain. Also we will not
distinguish between symbols in the language L and interpretation of them
in some L-structure. Remember that a many sorted language L has some
set S of sorts present. This means that variables and constants will be of a
certain sort, relations will be of certain sorts (si,...,s,) € S™ and function
symbols will be of certain sorts, i.e. from some sorts (s1,...,s,) € S™ to some
sort s € S. For any many sorted L-structure M we write M, to denote the
elements of sort s. For more details about many-sorted languages, structures
and theories see for example the “many-sorted” parts of chapter 1 and 2 in
[TZ12].

Definition 2.1.1. Let T be an S-sorted L-theory. By T°° or T | Sy with
Sp C S, we mean the restriction of T to the language L [ Sy. The restriction

15



of a language to some Sy is done by removing function, relations, constants
and sorts which are not of sorts in 5. In similar fashion for an S-sorted
L-structure M by M0 or M | Sy we mean the reduct. The reduct of M is
constructed by removing all functions, relations and constants which are not
of sorts in S§ and also all M with s € S — Sp.

An L-formula ¢(z1,...,z,) indicates that zq,...,x, are all its free-
variables with the possibility that some of them are dummies. We also
allow that formulae have infinitely many variables, but require that all but
finitely many of them are dummies. In classical notation this essentially
means that if we have a formula ¢(%,7) and some potentially infinite set A,
then by ¢(Z, A) we mean a formula ¢(Z,a) for some tuple @ of A. Note that
by this convention the following is true: Let S be the set of sorts of the fixed
variable . Then for some formula ¢(Z,y) we can plug in any set A for 7, as

long as it contains at least one element for each sort of S.

2.2 Monster model

Definition 2.2.1. The monster model of a complete first-order theory T’
with infinite models is a class-size model of T" which is k-universal, strongly
k-homogeneous and k-saturated for any cardinal k. If the reader wants to
work inside ZFC and there exists some saturated models of arbitrary large
size, then they may take one saturated model which is of some large enough
cardinal k instead. If the reader wants to work inside ZFC and there do not
exist saturated models (of arbitrary large size) the reader may take a large
enough special model (of size k) instead. A special model is a model M of
cardinality A which has a specialising chain M, : K < A. A specialising chain
M, : k < X (of M) is an elementary chain such that M = (J,.., M, and such

that for each x we have that M, is kT-saturated.

Note that if the reader is working in one of the ZFC cases, then please
make the following replacements in the rest of thesis: Whenever we mention
a (definable) “class”, except when we talk about equivalence classes, then

replace the word “class” by the word “set” (of size < k) and when we talk
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about a (definable) “set”, then replace the word “set” by “small set” (i.e. of
size < k).

We denote by € the monster model of T'. For details on how to construct
a monster model of class size and on the set-theory requiredlﬂ see Section 6.1
and the Appendix A of [TZ12|. Moreover, it is noted there that for a stable
theory T there exists a monster model of set-size for every regular cardinal
of size kTl = k. For the construction of special models a good exposition is
Chapter 10.4 in [Hod93].

Now the notation will be that A, B,C' ... will normally denote subsets
(not classes) (if you do not want to work with a class-size monster then
consider them small sets) of the monster model € (see [2.2.1)), a, b, c... will be
elements of the monster model and will often be confused with tuples. The
same holds for variables  — they can also be considered tuples. As we often
work in 7°? this will then be automatic (see next section). The notation
a =¢ b means tp(a/C) = tp(a/C). By Sz(A) we denote the type-space in
the language L(A) where the types have z as their variable(s) (hence they
are of certain sort(s)). We may also write Sz(A) for 5 a tuple of sorts if we
do not care about the concrete variable and just want them to be of sorts 3.
We also omit = and write that S(A) and hope that it is clear of which sort
our types are (we require that the sort is fixed). By a global type we mean a

type in the space S(€).
Recall the following:
Definition 2.2.2. An S-sorted theory T is k-stable if for all subsets A of

size < k of the monster model and all sorts s € S we have that Ss(A) is of

size < k. We say that T is stable if it is k-stable for some k.

Note that if a theory is k-stable, then for all subsets of the monster A of
size < k and all tuples of sorts 5 of S we have that Sg(A) is of size < K (see
Lemma 5.2.2 of [TZ12]).

Tt will be the Bernays-Godel set theory with global choice (in short BGC). See for
example [Fel71| to note that the BGC set theory is a conservative extension of ZFC (so
any set theoretical statement provable in BGC will be provable in ZFC).

17



Fact 2.2.3. (Many-sorted Ryll-Nardzewski Theorem) A many-sorted count-
able theory is w-categorical if and only if for all n € N and for every given

n-tuple of sorts 5 we have that Sz(0) is finite.

This is just as in the single-sorted w-categorical case. If there are only
finitely many types (in a finite amount of sorts), then any countable structure
will be w-saturated (i.e. each type is realised). Then this direction follows by
noting that any two countable w-saturated model (of the same theory) are
isomorphic. The other direction can be also proved by assuming that Sz(()
is infinite and then using Omitting Type Theorem.

The group Aut(A/B) contains all automorphisms of A which fix B point-
wise. For A a subset of the monster, dcl(A) is the set of all A-definable
elements or equivalently the elements which are fixed by all automorphisms
which fix A. Further, acl(A) is the set of elements which are algebraic over A
or equivalently the elements which have finite orbit under the automorphisms
fixing A.

2.3 Imaginaries

An imaginary or imaginary element is a equivalence class of an 0-definable
equivalence relation. We will usually add imaginary elements to our theory.
We do that by adding a new sort for every 0-definable equivalence relation
together with the canonical projection from the old sort to the new sort. If
we add imaginaries to M =T we will call the new structure MY and the
corresponding theory T°Y. We will refer to the elements of the old structure
as real elements. dcl®? and acl®@ will refer to the calculation of the definable
and algebraic closure in 79 (if it is ambiguous whether we are working in
T or T°4). For an explicit construction see Section 8.4 of [TZ12|. All of the
following properties will hold for 7.

1. We say that a theory has uniform elimination of imaginaries, if every 0-
definable equivalence relation E is the fibration of a 0-definable function
f (i.e. aEb holds if and only if we have that f(a) = f(b)).

18



2. We say that a theory eliminates imaginaries or in short has e.i. if every

imaginary is interdefinable with a real tuple.

3. We say that a theory eliminates finite imaginaries if for every finite set
(of real elements) there exists a tuple such that the finite set is fixed by
the same automorphisms as this tuple. We refer to such a tuple as the
code of the finite set.

4. We say that a theory weakly eliminates imaginaries or in short has wes
if for every imaginary e there exists a real tuple d € acl(e) such that
e € dcl®i(d).

5. We say that a theory geometrically eliminates imaginaries or in short
has gei if for every imaginary e there exists a real tuple d € acl(e) such
that e € acl®d(d).

The only difference between point 1 and point 2 of the last definition
is whether there are some constants for coding of functions. In fact, we
have that a theory has elimination of imaginaries and has at least two 0-
definable elements if and only if it has uniform elimination of imaginaries
(see Lemma 8.4.7 of [TZ12|). By this we can easily see that 7°1 has uniform
elimination of imaginaries (the equivalence relation z1x2Ey1ys defined by

1 = Xy ¢ Y1 = Y2 gives rise to two elements).

Fact 2.3.1. (8.4.10 in [TZ12]) A theory has weak elimination and elimination

of finite imaginaries if and only if it has elimination of imaginaries.

Remark 2.3.2. Every automorphism of M extends uniquely to an automor-
phism of M4,

Fact 2.3.3. (8.4.3 in [TZ12].) If T' eliminates imaginaries, then every defin-
able class ¢(€) has a canonical parameter (that is a real tuple which is fixed

by the same automorphisms which leave ¢(€) invariant).

Going over from T to T will preserve many model theoretic properties.

For example it does preserve the following:
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Fact 2.3.4. (8.4.8 in [TZ12))

1.

2.

3.

T is uncountably categorical if and only if 74 is uncountably categori-

cal.
T is k-stable if and only if T°% is x-stable.

T is stable if and only if T4 is stable.

2.4 Independence relation

We will now define a rather abstract concept. But the reader may verify that

the notion which will be introduced coincidences in the theory of algebraically

closed fields with algebraic independenceﬂ

Definition 2.4.1. For a complete theory T, a ternary relation a.l pC be-

tween finite tuples a and sets B, C' which is invariant under automorphisms

is called an independence relation if it satisfies the following properties:

1.

6.

(Monotonicity and Transitivity) a L 4BC' if and only if a L 4B and
alapC.

(Symmetry) a.L b if and only if b L 4a, where we consider the tuples

on the right side as finite sets.
(Finite Character) a L 4B if and only if a L 4By for all By Cgnite B-

(Local Character) There is a cardinal k, such that for all @ and B there
is a Bp C B of cardinality less than « such that a | g, B.

(Existence) For all a, B, C there is a’ such that a =p o’ and ¢’ L gC.

(Anti-Reflexive) If a L 4a, then a € acl(A).

2Note that the theory of ACFy will be strongly minimal and by quantifier elimination
the algebraic closure in the model-theoretic- and algebraic-sense coincide. From this it
follows that the algebraic closure operator will be a pregeometry (which will give rise of
some independence notion by for example Corollary 8.5.13 of [TZ12]).
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Note that an independence relation L directly translates to (or rather defines)
a special class of extensions of n-types C: Forp € S(A),q € S(B) with A C B
we have p C ¢ if p C ¢ and there exists a = ¢ such that a L 4B. In simple
theory this special class will coincide with the usual notion of non-forking

extension.

The development of (abstract) notions of independence is an important
part of modern model theory. It started with the notion of matroids (i.e.
pregeometries) in [Wae30] ([Wae31]) and [Whi35[7] then continued with the
Morley ranif¥|and went on with the development of forking for stabld’|and later
for simple theoriesﬁ Then continuing beyond to the notion of thorn-forking
(defined first in [Ons02|), which is the weakest of all notions, i.e. if there is
an independence notion at all, then thorn-forking will be an independence
notion and any elements being thorn-independence will be independent for
any other independence notion (see Theorem 5.2 of |[AdI09b]).

Just requiring that 7" has an independence notion (and not 7°%) does not
give any deep structure, as Example 4.5 of |Adl09a| shows. We will discuss
more about independence notions in a more meaningful context, i.e. in rosy,

simple and stable theories, later.

But first we will do more abstract nonsensel’]

Lemma 2.4.2. An independence notion always satisfies the following addi-

tional properties;

1. (Weak Existence) a L a4 A holds for any a, A,

3That the algebraic closure of strongly minimal defines an pregeometry was shown
in [Mar66| (see [BL71| for an exposition of this work).

“Implicitly Morley rank is already defined in [Mor65| (see the Historic notes on page 52
in |Bal88|). An axiomatic approach can be found in [BB74| and |Lac76|.

*Implicitly already defined by the rank in [She69]. An axiomatic approach can be found
in [She78|.

°This was done for weak forking in [She96] and for forking in [KP97] (see Claim 1.5 in
the former and Theorem 4.2 in the latter).

" According to [Mac97| the term “abstract nonsense” dates at least back to 1942. Note
that according to [Mon01| at least “[i]n algebra, the term “abstract nonsense” has a definite
meaning without any pejorative connotation.” I do use this term in a similar way just to
tell the reader that the following proof will be purely axiomatic.
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2. (Right Monotonicity) a L oB if and only if a L AAB,
3. (Base Monotonicity) a L aB implies that a L ap,B for any By C B.

Proof. The first point is given since there exists a’ =4 a with @’ L 4 A by
Existence. Then as there is an automorphism fixing A and mapping a’ to a,
we have by invariance under automorphism that a . 4 A. For the second point
note that a L 4 AB implies a .l 4 B by Monotonicity and Transitivity. On the
other hand if a .l 4B holds then we get by Monotonicity and Transitivity
again that a L 4 AB. The last point is true since a L 4B implies a L 4 By B
which gives by Monotonicity and Transitivity that a L ap,B holds. O

Remark 2.4.3. An independence notion naturally extends so that it is a notion
between triples A, B, C of sets. To see this note that by finite character and
symmetry, we can define that A L ¢B holds, if ag.l ¢B holds for some

enumerations ag of all finite A9 C A.

Lemma 2.4.4. An independence notion is invariant under algebraic closure,
i.e. AL pC holds if and only if acl(A) L gC if and only if A L ,ap)C if
and only if A L pacl(C).

Proof. In this proof one should read the notation A L gC as ag L pco holds
for all ag which do enumerate a finite subset of A and for all ¢y which
do enumerate a finite subset of C. Then A =g C means that there is an
enumeration of A and an enumeration of C such that these enumerations
have the same type over B.

If AL pC holds, we can find an A’ =gc A (by compactness) with
A" L peacl(BC). Hence by the invariance under automorphism we have
AL peacl(BC). And therefore by Monotonicity and Transitivity we have
A L pCacl(BC). Hence we have A L pacl(C).

If we assume that this point is true now, then we have A.L pBacl(C)
by Monotonicity and Transitivity. By the same argument as before we have
A L pacl(BC). From here it follows that A L ,.(p)acl(BC) and therefore
AL aap)C-

If we assume that this point is true, then since A L pB (and therefore

A L pacl(B) as shown before), we have by Monotonicity and Transitivity
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that A L pacl(B)C and therefore A.L gC. Now by Symmetry acl(4) L gC
holds if and only if the other conditions hold. O

Definition 2.4.5. We are now going to define several notions in a theory with
an independence relation. A sequence (a; : i € I) is called an independence
sequence over A if we have a<; L aa; where ac; = (a; : j < i) for all i € I.
An indiscernible sequence which is also an independence sequence is called a
Morley sequence. As the independence of a sequence does not depend on its
ordering by symmetry, we say that {a; | i € I'} is an independent set over A

if for any (all) ordering of I it is an independence sequence.

Lemma 2.4.6. Let (a; : 2 <i <n) be an independence sequence over baj
and let a1 Lya; for all i with 2 < i <n. Then the sequence (a; : 1 <i < n)

1s independent over the parameter b.

Proof. We prove this by induction, the basis n = 2 is given. Now by the
induction hypothesis we have that (a; : 1 <i <n — 1) is independent over
b. Further we have that a; Lpa, and a, Lpg, (a; 12 <i<mn-—1) by our

assumptions. Hence by transitivity we have a,, Lp(a; : 2 <i<n—1). ]

2.5 Rosy theories

Rosy theories are the most general class of theories which have an indepen-

dence notion in 7°9:

Fact 2.5.1. (5.2 of |[Adl09b]) 7°¢ has an independence notion if and only if
T is rosy.

The reader not familiar with rosy theories may take this fact as a definition
of a rosy theory. The independence notion will be the notion of thorn-forking.
We will not care about the combinatorial description of thorn forking and
just deal with it as an abstract notion. If the reader is more interested in
this, then they could take a look at Adler’s [Adl09a] and Ealy and Onshuus’
[EO07| work.

Fact 2.5.2. (5.3 of [Adl09b]) Every reduct of a rosy theory is rosy.
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Definition 2.5.3. We say that a rosy theory T is superrosy, if (in T°%) we
can pick the x in the local character as w. To phrase this in other terms, for
every type p there exists a finite subset Ag of its domain, such that p [ Ag C p.
If a theory is superrosy and simple or stable we will call it supersimple or

superstable.

Note that in general we can pick x in the local character definition to be
(IT| + |A])" (see the proof of Theorem 1.6 of [AdI09b]).

2.6 Simple theories

Definition 2.6.1. An independence relation satisfies the Independence The-
orem over Models if for every model M (of the same theory as the one the

independence notion is associated with) and all tuples a, b, ¢, d with
a=pmb, clLyd, alyc and b L d,

there exists e such that e =7, a, e =p7q b and e L psed.

Fact 2.6.2. (Kim-Pillay)(7.3.13 of |TZ12|) A theory T" has an independence
notion L which satisfies the Independence Theorem over Models if and only
if T is simple. Further L is the non-forking relation and the non-dividing
relation (they coincide) (see Definition [2.6.3)). The cardinal  in the local
character can be picked as |T|T. In addition, if dividing or forking is an

independence notion, then T is necessarily simple.

The reader not familiar with the context may take Fact as definition
for simple theories. Further, they should not worry too much about the
non-forking (or non-dividing) relation L™ and they can use the abstract
concept defined above most of the time. In addition, the reader should note
that the notion of non-forking extension is just the class C (coming from the
non-forking independence relation). In some proofs we do need the following

combinatorial definition of dividing and forking:
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Definition 2.6.3. (7.1.4 of [TZ12]|) A formula ¢(z,b) divides or we say that
o(x,b) is a dividing formula over A if there is a sequence of indiscernibles
(bi);<,, over A with by =4 b and such that | J,_,, ¢#(z, ;) is inconsistent.

A complete type p divides over A if it contains a formula which divides
over A. A partial type divides if all completions divide over A. Moreover, a
formula ¢(x,b) or a (partial) type p forks over A if it implies a disjunction
of formulae \/éz1 ¢i(x), such that for every ¢ with 1 <i <[ we have that
¢; divides over A. Finally we define the relation a L% C to hold, if tp(a/C)

does not fork over B.
Fact 2.6.4. (4.5 of [Adl09Db])
1. Every reduct of a simple theory is simple.

2. T is simple if and only if 79 is simple.

2.7 Stable theories

Definition 2.7.1. A type p is called stationary (with respect to some notion
of independence) if for any two types qi, g2 over the same set of parameters

with p C ¢1, g2 we have ¢1 = ¢o.

Definition 2.7.2. An independence relation has Weak Boundedness, if for
all a, A there is a cardinal k such that for any B D A, there are at most s
(@i);er With a; =4 a, a; L aB and aj Zp ay for k # j € I.

Fact 2.7.3. (8.5.10 of [TZ12]|) A theory T has an independence notion L
which satisfies Weak Boundedness if and only if 7" is stable. Further L is
the non-forking relation. If T' further has elimination of imaginaries then the
cardinal k in the Weak Boundedness definition can be set as 2/71. We also
have that any type over a model is stationary. If we further have that T has
(weak) elimination of imaginaries (or work in 7°°%), then any type over an

algebraically closed set is stationary.

Again if the reader is not familiar with the context, they may take
Fact 2.7.3] as definition for stable theories.
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Fact 2.7.4. [Parameter Separation Theorem|(see Theorem 12.31 of |Poi00]
or Corollary 3.19 of [Sim15|) Let M be the model of some stable L-theory,
let ¢(T) be some L-formula and let ¢(Z,m) be some L(M)-formula. Then
there is some L(¢(M))formula (7, @) which is equivalent to ¢(T) A (T, m)
(in M).

Definition 2.7.5. A theory has canonical bases, if for every global type
p € S(€) there exists some set B which is fixed point-wise by the same

automorphisms which leave p invariant.

Fact 2.7.6. (2.6 in [CF04]) A theory which has canonical bases is stable and
has weak elimination of imaginaries. If on the other hand the theory is stable

and has elimination of imaginaries then it has canonical bases.

Amalgamation diagrams have been around in model theory at least since
the 1950ies.|§| The next lemma is also such an amalgamation diagram (this
time of automorphisms). It is a corollary of the fact that in 7°? types over
algebraically closed sets are stationary, which is due to Shelah (see 6.9(1)
of [She90|). It first appeared in [Las91|(see 3.3) together with the name

amalgamation.

Lemma 2.7.7. Let T be a stable theory with weak elimination of imagi-
naries. Let A be an algebraically closed set, a,b some tuples, o, 5 be two
automorphisms with o | A= [ A. Further suppose we have a.l ab and
afa) Lga)B(b). Then o | AaU B | Ab is an elementary map.

Proof. Note that tp(a/A) C tp(a/Ab) and tp(a(a)/B(A)) C tp(a(a)/B(Ab)).
Now by stationarity (this by wei and since A is algebraic closed), we have
tp(a(a)/B(Ab)) = tp(B(a)/B(AD)), therefore we have an automorphism ~y
fixing B(Ab) and mapping B(a) to a(a). Now we are finished since

yofB Tl Aab=«a [ AaU S | Ab.

O]

8In Chapter 6.4 of [Hod93| Hodges writes “It was Roland Fraissé who first called
attention to the [2-amalgamation] diagram”
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Fact 2.7.8. (see Exercise 8.5.2 of [TZ12] or for a proof [Bal88|) (The Finite
Equivalence Relation Theorem) Let T be stable, A C B and let ¢ # p be types
over B which do not fork over A. Then there is an A-definable equivalence

relation E with finitely many classes such that ¢(z) U p(y) - —~E(zx,y).

Proposition 2.7.9. Let T be stable and w-categorical. Then any type p over
a finite set A has only finitely many non-forking extensions. Hence there
are only finitely many global types (over a fized set of variables) which are

non-forking over A.

Proof. Let (p; :i € I) be all global non-forking extensions of p. Now by
the Finite Equivalence Relation Theorem, for every two types p; # p; there
exists an A-definable equivalence relation F; ; with p;(z) Up;(y) F —E; j(z,y).
Now we use the Ryll-Nardzewski Theorem. Note that it states that in an
w-categorical theory there are only finitely many inequivalent L-formulae
over some fixed finite tuple of variables. Since T'(A) is also w-categorical,
we have only finitely many different F; ;. Hence we have only finitely many
non-forking extensions. As there are only finitely many types over a finite

set (by Ryll-Nardzewski) the second point automatically follows. O

2.8 Category theory

We establish some elementary things in arbitrary categories:

Lemma 2.8.1. Let S and C be arbitrary categories. Let a:S — C be a
functor and let (a(s) ELN b(s))ses be a system of isomorphisms in C. We
define b : S — C by mapping the object s to b(s) and a morphism s i> t to

b(f) = fioa(f)o "
Then b is a functor, which is naturally isomorphic to a.

Proof. We check that b is a functor. We have

b(lds) =fs Oa(ids) Of;1 =Js Oida(s) Ofgl =fs Ofgl = 1db(s)
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h .
For arrows s 2% u and u - ¢ in S we have

b(h) o b(g) = froa(h)o fi ' o fuca(g)o fi!
= froa(h)oa(g)o fi' =b(hoyg).

S

Hence b is a functor. The natural isomorphism is given by (a(s) ELN b(s))ses,
because we have f;oa(f) =0b(f)o fs. O

Lemma 2.8.2. Let S, U and C be categories such that S is a subcategory
of U. Let b= : S - C and a= : S — C be two naturally isomorphic functors
with natural isomorphism (fs: s € S). Further let a : U — C be a functor,
such that a [ S = a~. Then there exists a functor b : U — C withb [ S =0b",

which is naturally isomorphic to a.

Proof. Let the natural isomorphism between a~ and b~ be given by the
isomorphisms (fs : s € §). We use Lemma with

{fs 5 € SHU{idg) : u € ob(U) — ob(5)}

as our system of isomorphisms to receive a functor b which is naturally
isomorphic to a. It is left to check that b [ S = b~ holds. First note that it is
clear that the objects are the right ones, i.e. b~ (s) = b(s) for any s € ob(S).
So check that the image of any arrow s by ¢ in S is the same under b~ and b.
By definition of b we have that b(h) = fy oa(h)o f;1. Also as (fs:s € 9)

gives a natural isomorphism between a~ and b~ we have

b~ (h) o fs = fyoa (h)

and therefore

As a [ S =a" this then gives
b= (h) = fu o a(h) o £

Hence we have b~ (h) = b(h) as required. O
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Chapter 3

Algebraic and Finite Covers

In this chapter we will analyse some mild expansions of complete theories. We
consider them mild because the algebraic closure (computed in the expansion)
of any model of the original theory will be the domain of a model of the
expansion. Further, the expansions do additionally preserve many model
theoretic properties and also behave well when we add imaginary elements
to them.

I have been unable to find precise references for the results in this section,
though it is likely that many of them are in the realm of folklore (apart from
Section . I became aware of them via personal communication with David

Evans.

We use the following conventions throughout this chapter.

We let T be a complete S-sorted L-theory and let T' be a complete S’'-
sorted L'-theory with T CT', L C L' and S C S’". Moreover, we require
that L' | S =L (this means that any S-sorted function, relation or con-
stant of L' is already part of L). Moreover (by that), we have T' | S =T
(meaning that we forget about any sentence in T with relation and variables
which are not S-sorted). We let € be the monster model of T and M be a
model of T. We let € be the monster model of T' and M’ be a model of
T'. Note that by these conventions (together with Deﬁm’tion we have
that M' 1 S=M"|L=M"|(L'[S). We also use a complete S”-sorted
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L"-theory T" with the same properties as T' (in relation to T') and also set
¢’ M" accordingly. Finally we refer to the sorts of S as the old sorts and to

the sorts of 8" — S as the new sorts.

3.1 Definition

Definition 3.1.1. (The conventions are as defined above.) The model M
is embedded in the model M’, if we have that the 0-definable subsets of M’
and powers of it are the same in the L and L’ sense. This means that any
S-sorted L’-definable set is definable in the language L. The theory T is
embedded in the theory T”, if for all models M’ of T” the restriction M of M’
to the sorts of L is embedded in M’. The model M is stably embedded in the
model M’, if we have that the definable subsets of M and powers of it are the
same in the L and L’ senses. This means that any S-sorted L'(M’)-definable
set is definable in the language L(M). The theory T is stably embedded in
the theory 7", if for all models M’ of T" the restriction M of M’ to the sorts
of L is stably embedded in M’. A model M or a theory T is said to be fully
embedded in M’ or T’ respectively, if each of them are embedded and stably
embedded.

Let M be some L-structure and ¢ some L-formula. If we consider ¢(M’) to
be the induced structure of M (i.e. it has language Ly = {Ry(z) | ¢ € L}
and the interpretation: for every a € ¢(M), ¢(M) |= Ry(a) <= M [=(a))
then we have that ¢(M) is embedded in M, ¢(M),idg(arr). If M is moreover
stable then we also have that it is stably embedded in M by the Parameter
Separation Theorem (see Fact and the next Remark
Remark 3.1.2. Let M’ be stable. Let M be embedded in M’. Then we

have that M’ is stably embedded M. Of course if we have additionally that
M’ = acl(M) then M’ is an algebraic cover of M.

Proof. By the assumptions we only need to check that M is stably embedded
in M’. So take some (%, m’) formula with m’ € M’ and with Z of the old
sorts (i.e. the sorts of M). Now by stability and as M is a restriction of
sorts, we can apply Fact with ¢(Z) =% = T and 1. Hence we get some
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L'(M)-formula 6(z,m) which is equivalent to ¥ (in M’). Now as 6(Z,7) is
some L’-definable formula defining an subset of M we know by embeddedness
that there is some ¢'(Z,y) € L equivalent to 6(Z,7y) (in M’). Which gives
us stable embeddedness since we have then that 6'(z,m) is equivalent to

V(@ 77). .
The next result is part of Lemma 1 in the Appendix of [CH99|.

Fact 3.1.3. If every automorphism of € extends to one of €', then T is fully
embedded in T”. If L, L’ are both countable languages, then the converse is

also true.

We will later see that under the condition that 7" is an algebraic cover of

T, we have that the converse also holds for uncountable theories. For that

see Lemma 31111

Definition 3.1.4. For M fully embedded in M’, we say that M’ is an
algebraic cover of M, if M’ is the algebraic closure of M (computed in M").
We further require that, if Sq,...,S, are any number of new sorts of L’
(compared to L), the restriction of M’ to the sorts Si,...,S, together with
the sorts of L is fully embedded in M’. We say that M’ is a finite cover of
M, if there is only a single new sort M; and there is a 0-definable function
7 from M; to M which is (boundedly) finite-to-one. For a natural number
n we say that M’ is a n-cover of M, if it is a finite cover and the definable
function 7 is n-to-one, by which we mean that the fibre of each point has
exactly n elements.

For T fully embedded in T”, we say that T” is an algebraic cover of T, if
whenever M’ =T, we have that M’ is an algebraic cover of the restriction
M of M’ to the sorts of L. The theory T is a finite cover of T, if it is an
algebraic cover of T and whenever M’ |= T", we have that M’ is a finite cover
of the restriction M of M’ to the sorts of L. It is an n-cover, if it is a finite
cover and whenever M’ = T", we have that M’ is an n-cover of the restriction
M of M’ to the sorts of L.

A more general definition of a finite cover is given in [Eva97b| (see Defini-

tion 1.1.2 in there). If one only cares about structure up to interdefinability,

31



then our notion and the notion in |[Eva97b| should coincide. But this proof is
left to future work. We will only use the definition in here, which is suited

for our needs.

Remark 3.1.5. Let T” be an algebraic cover of T. Then we have that for every
M = T the structure acl”’ (M) is a model of 1"

Proof. So take some L'-formula ¢(z,y) and some m’ € acl”’ (M). Then by
Tarski’s test acl”’ (M) will be a model of T” if and only if there exists
m” € acl” (M) such that T’ |= ¢(m”,m’) (assuming that ¢(z,m’) is satisfi-
able in €’). We take some formula 91 (y, 1) (with x; of the old sort) such
that

T' = VeI "y (y, 21)

and such that 7" = ¢ (m’, m) for some m € M holds. Then by compactness
and as acl(€) = ¢’ there exist ¥a(z, z2) (with x; of the old sort) such that

T' |= Va3 21po(z, 12)
and such that Jzote(z, x2) covers

3y, r16(2,y) A1y, 1)

We set 0(x1,22) to be following L'-formula

0(x1,22) == V23y((¢(2,y) A h1(y, x1)) = Pa(z, 22)).

Now there is some ¢ € € such that € = 6(m, ¢). Hence by Tarski’s test and
as (by embeddedness) 6(x1,x2) is equivalent to an L-formula we have that
there is some mgy € M satisfying 8(m, z2). But this means that ¢(z,m’) is
satisfiable by an element algebraic over mg (more precisely some element

satisfying 12(z, mg)). O

The next lemma tells us that we only need to check embeddedness (and
not stable embeddedness) in case there is some finite-to-one map in order to

verify that some extension is a finite cover.
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Lemma 3.1.6. Let 8" = SU{s}. If M is embedded in M’ and there is
a 0-definable finite-to-one map © from s to the S-sorts, then M is stably
embedded in the model M’ .

Proof. Fix some M’-definable subset ¢(m/, M) of M. Now let {(m;);<;<;}

be all the elements with 7w(m’) = w(m;). For each 1 < i < k fix some
a; € g(m’, M) — p(m, M)
and some

bi € p(mi, M) — ¢(m’, M)

(if the sets are non-empty). Let I, be the set of all 1 < i < k for which there
exists some a; and let I be the set of all 1 <1 < k for which there exists

some b;. Then by embeddedness we have that for the L’-formula

Bfr(z) =a Aoz y) A N d(zy) A N ~6(z yirr).

i€ly i€l

there exists an L-formula

w(xa Y, (yi)ielav (yiJrk)iEIb)v

with the same realisations. Now the L(M)-formula

b(m(m'),y, (ai)icq,» (bi)iep,) € L(M)
has the same realisations as the L'(M’)-formula ¢(m/,y). O

We will show that asking whether M’ is a finite cover or an n-cover of
M for some models (of 77 and T') is the same as asking if 7" is a finite cover
of T'. Note that here we need to require that the finite-to-one function is
bounded. Otherwise, by compactness, the function will not necessarily be
finite-to-one in some bigger model. Moreover, if the models are saturated,
then asking if M’ is an algebraic cover of M is equivalent to asking whether

T’ is an algebraic cover of T. The idea to this lemma is due J. Kirby.
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Lemma 3.1.7. If M’ is a finite cover of M, then T" is a finite cover of T. If
M’ is an n-cover of M, then T" is an n-cover of T. If M’ is |L'|*-saturated

and if M' is an algebraic cover of M, then T' is an algebraic cover of T.

Proof. First check that if M is embedded in M’, then for any M* = M’
we have that M* [ S is embedded in M*. But this is just because for any
variables x, which are of old sorts S, and for any L'-formula 1 (x) there exists

some L-formula ¢(z) such that

M’ = Va(¥(z) < ¢(x))

and hence

M* = Va(y(z) < ¢(z)),

which shows what we want.

Note that if there is some O-definable bounded finite-to-one or n-to-one
function from the new sort to the old in one pair of model (M’, M), then this
is of course true for any pair of models (M*, M* | S) with M* = M'. Note
that by Lemma [3.1.6] we have that for finite covers and for n-covers stable
embeddedness follows. Hence we have shown the first part of the lemma.

Now take a pair (M’, M) which is |L'|T-saturated. Further we require
that M’ C acl™ (M). Then for a variable z of some new sort s we can
find |L'|-many formulas (¢; (2, ¥;));c; such that M’ = 3="i2¢;(z,y;) and such
that (U;c; Fyidi(z, y:) covers all of M. By compactness we can find a finite
subset of Iy of I such that (J;c;, Jvigi(2, i) still covers all of M. But this
is first-order expressible, and hence we do have M* C acl(M* [ S) for any
M* = M.

Finally we need to check that stable embeddedness stays true. So take
a pair M’, M for which M is stably embedded in M’. So let z be variables
of some old sorts and ¥ (z, z) be some L'-formula. Then for every m’ € M’
there exists ¢y, (z, m) some L(M)-formula such that ¢,/ (x,m) <> ¥ (z,m’).
Now we have that (J,e;, 3yVa(d(z,y) <> ¢(z, 2)) does cover all of the sort
of z, and hence by compactness we can find an finite set X of L-formulas
such that e x FyVz(o(z,y) <> ¢ (x, 2)) does cover all of the sort of z. This
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is expressible in an L’-sentence and hence stable embeddedness is preserved
for different models of T". O

Remark 3.1.8. If T" is an algebraic cover of T note that then any automorphism
of € can be extended to one of ¢'. This is just because any automorphism
of € is by embeddedness a partial elementary map and this map can be

extended to its algebraic closure which is all of €.

A slight complication is given here. A priori the extension of a partial
elementary map f to an automorphism of the monster can only be done if
the domain of that map is a (small) set. Such an automorphism restricted
to the algebraic closure of dom(f) is of course then an extension of f to the
algebraic closure. But as we can do that for any model M (of T') of arbitrary
size we may just neglect that issue. In fact, if we work in a countable language

then we can also use stable embeddedness to conclude the above remark (see

Fact |3.1.3)).

Corollary 3.1.9. Let T' be an algebraic cover of the theory T. Then for
every set A C € we have that algebraic and definable closure on the old sorts

is the same in the T and T'-sense. This means that the following holds;
dal”(A) = dd” (A) N e and acl”(A) = acl” (A) N €.

Proof. Note that as said in the last remark every automorphism of € extends
to one of € and on the other hand we have that every automorphism of ¢’
restricted to the old sort is an automorphism of €. Hence for elements of €
having a finite orbit or being fixed over A by either an automorphism of € or

an automorphism of ¢’ is the same. ]

Lemma 3.1.10. Let T be an algebraic cover of T. Then any automorphism
of € which fixres M pointwise (some model of T) can be extended to an

automorphism which fizes aclT/(M ) pointwise.

Proof. Let a be an automorphism of € which fixes M pointwise. We have
that M’ = acl” (M) is a model of T" (by Remark [3.1.5). Now we claim

that a Uidy is an elementary map. For that note for any variable x of the
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old sort and any ¢(xz,m’) L'(M') by stable embeddedness there exists some
L(M)-formula v (z, m) which has the same realisations in €. Now this means
that the truth of the ¢(x,m’) will be preserved under automorphisms of M.

Hence the union o Uidp is an elementary map. O

Lemma 3.1.11. Let S’ (the sorts of T') be SU{s}. Then we have that the

following three points are equivalent;
1. T" is a finite cover of T.

2. The reduct € = €' [g (of the monster model € of T') is a monster
model of T; there is an L'-definable finite-to-one function from the new

sort s to € and every automorphism of € can be extended to one of € .

3. The reduct € =€ |g (of the monster model € of T") is a monster
model of T; there is an L'-definable finite-to-one function from any
finite number of sorts of € to € and every automorphism of € can be

extended to one of €.

Proof. We prove (1) to (2) first. The first point of (2) is clear as any type in
¢ is a partial type in ¢’ and therefore satisfiable. The second point is also
given by definition. For the last point we need to check that automorphisms
of € are partial elementary maps of M’. If this is done we are finished,
since we can extend any elementary map to the algebraic closure which is
¢’ (see Remark . But since € is embedded in ¢, we have that for any
L’-definable class ¢(€) there exists some L-formula 1) satisfied by the same
elements. Now for an automorphism « of € we have €' = ¢(m) if and only if
¢ = ¢(m) if and only if € = ¢ (a(m)) if and only if € = ¢ (a(m)).

To prove that (2) implies (3) just note that we can extend the finite-one-
map from the sort s to some finite number of sorts of €’ by defining 7(x) = x
for x not of sort s. This the only thing in which the two points differ.

Finally for the direction (3) to (1) note that we need only to check that
T is fully embedded in T”. But this follows directly from Fact O

The next definition gives us a way of combining two algebraic covers into

a single algebraic cover. This notion will be used in Chapter [7] and Chapter
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Definition 3.1.12. Suppose T is fully embedded in 7" and also fully embed-
ded in T7. If M’, M" are models (of T",T") with a common T-part M =T
we denote by M'[],, M" the L' Uy, L"-structure which is the disjoint union
over M of M' and M" and in which no new instances of atomic relations are
added. Note that by L’ LIy L” we mean the union of L’ and L” such that
any sort and any relation, function or constant symbol which is part of both
L' and L" is already part of L. This of course can always be achieved by
renaming the languages. The theory of this does not depend on the choice of
M', M" and we denote it by 7" x7 T". Clearly Aut(M']],, M") is the fibre
product

Aut(M') X aup(ar) Aut(M”) =
{(d',g") € Aut(M') x Aut(M") | ¢’ | M = g" | M}.

Note that T is fully embedded in 7" x T"” and this is an algebraic cover of
T if T" and T" are.

3.2 Relating algebraic covers with finite covers

Remember that we use the conventions defined on page [29

Lemma 3.2.1. Let S1,So be sorts of S such that SY C acl(S5). Then there
is some formula ¢(x,y) (with x € S and § € Sa) and some natural number

m such that

¢ = Vg3~ g (x, §) A VeIge(z, 7).

Proof. For every a € S¥ we find an algebraic formula ¢, (z,b) with b € S$
with € |= ¢4(a,b). Further we require that for every b, we have that every
bq(x,b) has strictly less realisations than some fixed number (say m,). We
can do that by replacing ¢q(z,7,) by ¢u(z,7,) A I~ xd;(x,7,). Note that
all the formulae 37,0, (x,7,) together cover S¥. Now by compactness there is
a finite number of these formulae such that {37, ¢q, (7, 7,,) : 1 <i < n} cover
S¢. We now set ¢(z,7) = ¢(2, 7, ... Jy,) = Vi<icn ®i(®,7;). Then 3yé(z,7)
is satisfied by every element of S§ and |= Vy3<mit+mnge(z, 3) holds. [
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Lemma 3.2.2. Let S1,S> be sorts of S such that S§ C acl(S§) and such
that S5 is fully embedded in €. Then there is a 0-eq-definable finite-to-one
function from S¥ to (S$)4. This function is 0-definable in the language of
U (S$).

Proof. By Lemma there is some formula ¢(x,y) and some natural
number m, such that = Vg3<"z¢(x,7) and Ige(x,7) covers S¥. We take
the definable finite-to-one map f which maps a € S} onto the imaginary ag

where the equivalence relation E is given by

E($1?x2) = Vy(qﬁ(xl,@) e QS(I'Q,@))

This function is finite-to-one as there is a common b such that for any a’ € ag
we have ¢(a’,b). Now each ap is fixed by the same automorphisms as ¢(a, €).
Furthermore, as ¢(a, ®) C S§, by stably embeddedness there is some formula
with ¢(z,7) in the language of the restriction of € to the sort S such that
#(a,€) = (c, €) for some c € S§. Hence there is a canonical parameter b,
of ¢(a, @) in (S5)°. We may assume that for ¢(a,€) # ¢(a’,€) we have that
the corresponding canonical parameters b, and b, are not equal.

Now as all ag and b, are interdefinable in €*4, there is a 0-definable

injective function g from (ag),c ge to the canonical parameter b, of

(¢(a7 Q:))aeslC .

To see this fix for every ap and b, a formula ¢ with = ¢ (ag,b,) and
= VeI~ g (2, g) A VYT (2, 7).

Now all the 3g¢(x,7) cover S¥/E, hence there is a finite number of them
covering S¥/FE, which we can assume to be disjoint. Hence go f is a 0-eq-
definable finite-to-one function from S} to (S$)°d. Now note that since the
graph of (go f) is in € U (S5)° and by embeddedness of Sy we have that the
function is 0-definable in the language of € U (S5)°9. O

Corollary 3.2.3. Let T’ be an algebraic cover of T = T°4. Then from each
new sort S there is a 0-definable finite-to-one map to the old sorts S.
38



Proof. Note that Sy is covered by (Jy;¢;(x,y;) : i € I) such that
T' = Wy 3" ¢i(x, yi).-

By compactness we may take I to be finite. Hence we have S; is in the
algebraic closure of all sorts of all y;. As we work in 7°? we may assume that
all the y; belong to the same sort. Now we are finished as we can apply the
last Lemma [3.2.2) O

Corollary 3.2.4. Suppose T uniformly eliminates imaginaries and let T' be
an algebraic cover of T with only one new sort. Then T' is a finite cover of
the theory T.

Proof. Let € be a monster model of 7. By the Lemma there is a
0-definable finite-to-one map f from the new sort to some sort of 7T°4 say
S. As T eliminates imaginaries uniformly, there is a 0-definable function ¢
from S to €™ such that for every element of S there is a unique element in
€™, Now g o f is an 0-eq-definable function from the new sort to €. This is
a function whose graph is in the (home) sorts of 7" and therefore definable
in it. O

Corollary 3.2.5. Suppose T uniformly eliminates imaginaries. Further let
T’ be an algebraic cover of the theory T with only finitely many new sorts.
Then we have that the theory T' is interdefinable with some theory T", which
s a finite cover of the theory T.

Proof. The point is that we can interpret any finite number of sorts as a single
sort: Let Si,...,S, be the new sorts of (7" compared to T'). Interpret this
as a single sort S’ by adding relation symbols R; ... R, to it with Sy,...,S,
as its classes. Changing the language mildly such that the relations of 7"
are relations of sort S’ (and sort of T') are of the right sort will finish the
construction. Then this new structure is what we were looking for. The proof
of Corollary shows us that there is a 0-definable finite-to-one map from
S to the sorts of T. Now because the 571,..., S, are definable by the new

sort S, we have that 7" is a finite cover. O
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By the last Corollary we may start to confuse finite covers and algebraic

covers (with finitely many new sorts) over 7.

3.3 Imaginaries and covers

Remember that we use the conventions defined on page [29

The next lemma will help us to understand new imaginaries appearing in

a finite cover.

Lemma 3.3.1. Let M’ be an algebraic cover of M and suppose M geometri-

cally eliminates imaginaries. Then for every e € M'*Y we have
e € aclM™ (aclM/eq(e) NM).

Proof. Throughout this proof we let acl™ " be acl™™". Note that if the map
m: M’ — M is O-definable and finite-to-one, then so is

7M™ M™ (e, en) = (m(er), ..., m(en)).

Hence we may assume that e is a class of a 0-definable equivalence relation
~ on M’ and that e = E is a subset of M’. Now F = 7(F) is a definable
subset of M (by stable embeddedness). Therefore by geometric elimination of
imaginaries there exists f € acl™’ (e) N M such that the canonical parameter
fi of Fis in acl™(f).

Let o € Aut(M'/f), then as f; has finite orbit over f (say f1,..., fx),
we have a(f1) = a(f;) for some ¢ < k. Let F; be the definable set which is
corresponding to f;. Then we have a(F) = F; and we have that E' = a(E)
is a ~-class with 7(E") = F; for some 1 <14 < j.

Pick now any b; € F;. There is some o' € E' with 7(a’) = b; and with
E' = d'/ ~. Thus the number of possibilities for E’ is at most ]Ule 7L (by)].
But this is finite. So e € acl™ (f) and therefore e € acl™ (acl™’(e) N M). O

Corollary 3.3.2. Let M’ be an algebraic cover of M. Further suppose M’

is a saturated model. Then M'®Y is an algebraic cover of M*®9.
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Proof. First note that M’ is an algebraic cover of M®4: M’ is in the algebraic
closure of M€Y as it is in the algebraic closure of M. The structure M9 also
stays fully embedded in M’ as this only depends on the definable sets on
the home-sort of M®1 and M. We have clearly that acl™" (M®1) = M’ by
Lemma Now as every automorphism from M9 extends to M’, we have
that every automorphism of M® extends to M’*? as every automorphism
of M’ extends uniquely to one of €°4. Hence by Fact Me1 is fully
embedded in M’ O

Lemma 3.3.3. Let M’ be an algebraic cover of M = M®4. Further we require
that the algebraic closure of the empty set is added as parameters to M, i.e
we have Msgleq(@) = M. Then we have that the structure M/aclM’(@) (again

this means we add the parameters acl™’ (0) to M') is an algebraic cover of
M.

Proof. We clearly have that M,y is contained in acl(M). Hence we need
to check that M is fully embedded in M ,acl(w)' It is clear that the parameter
definable sets of M with parameters from M’ stay the same. So it is left to
check embeddedness. For that take some definable set of M, say ¢(M,¢) with
¢ € aclM /(Q)). Now over M’ the tuple ¢ has finite orbit. Hence the canonical
parameter e of ¢(M,¢) has finite orbit in M’. Hence e must have finite orbit
in M. But as we required that any canonical parameter with finite orbit is

already added as parameter in M we are finished. O

3.4 A cover is a mild extension

Remember that we use the conventions defined on page [29

If we look at the nature of algebraic and finite covers, one could be tempted
to say that such expansion should preserve any serious model theoretic
property. But this is slightly overconfident. As then one would need to
take some fundamental model theoretic properties such as o-minimality as
non-serious. For that first note that in o-minimal the definable and algebraic

closure coincide (see 2.2 of [Mac00|). The point now is that in any theory in
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which the algebraic and definable closure coincidence we have that the 2-cover
without any new relations (a two-to-one function from a new sort to the
old) will have the property that definable closure and algebraic closure differ.
Hence this kind of 2-cover of an o-minimal theory will be not o-minimal. But
we can still show that many (stability-style) model-theoretic properties are

preserved under extensions of algebraic covers (and finite covers).

Lemma 3.4.1. Let T' be an algebraic cover of T. Let k be a cardinal with
k > |T'|*. Then a model M’ (of T') is k-saturated if and only if its reduct
M of M' to the S-sorts is k-saturated in the theory T.

Proof. The direction left to right is clear, as any type in M is a partial
type in M’ and can therefore be satisfied by saturation of M’. Now assume
M is k-saturated. So take a type p € S, (A) over some parameters A C M’
with |A| = A < k. By Lemma there exists a definable (boundedly)
finite-to-one 7 from the sort of p to some sorts of M.

Now note that the type

q={3z(r(z) =y A(z) | P € p}

is satisfiable in M: It is finitely-satisfiable since
Jo(r(z) = y A N\vi(@)) F ]\ Je(r(@) = y Adi())

for any finite number of 1; € p. To see that it is satisfiable, note first that
as M is stably embedded in M’ we can replace every formula in ¢ by an
L(M)-formula with parameters in M. Now this type will then have equal or
less than A - |T|-many parameters. As A - |T'| is smaller then x we know that
q is satisfied.

We now fix m a realisation of ¢. And let my,...,m, be all elements of
realising m(x) = m. We claim that one of the m; is a realisation of p. If
not then for all m; there would be a 1; € p with m; = —1);. But since p is
a complete type, we have A, v; € p and hence Jz(n(x) =y A A, ¥i(2)) € q.
But this is impossible since m would not satisty Jz(7(z) =y A A, ¢i(2)) € q.

O
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Corollary 3.4.2. Let T be an algebraic cover of T. Then T' is uncountably

categorical if and only if T is uncountably categorical.

Proof. If T" is uncountably categorical, then any uncountable model of T is
saturated. As we can extend any model of T' to a model of 7", we have that
any model of T of the size of |T”|T is saturated by Lemma[3.4.1] Hence as
two saturated models of 7" of the same cardinality are isomorphic, we have
that T is |T”|"-categorical and therefore uncountably categorical.

If on the other hand T is uncountably categorical, then by Lemma (3.4.1
any model of T" of size |T’|* is saturated as any reduct to T is saturated.
Hence again as two saturated models of 7”7 of the same cardinality are

isomorphic, we have that 7" is |T"|T-categorical. O

Lemma 3.4.3. Let T' be an algebraic cover of T. Then T' is rosy if and
only if T is rosy. Further for all A, B,C of (€' we have that A L gC holds
if and only if in T°Y we have that the following holds;

acl®d(A)ynesd [ acl®d(C) N €%,
acl®d(B)Ne¢ea

Proof. If T' is rosy then (17)°® has an independence notion L 7". We check
that L 7" restricted to subsets of €°¢ is an independence notion of 7 (this
will give that T is rosy). It is invariant under automorphisms of 7" as we have
seen that we can extend every automorphism of T to one of T”. The rest of
the properties directly translate to 71 as well (see Corollary for the
Anti-Reflexivity).

Let on the other hand 7T°% have an independence notion. Now by Corol-
lary we know that (77)%? is an algebraic cover of T hence we may
assume that T'= T°% and 7" = (T")*1. We define that a L gC is true in 7" if
the followings holds (with € is the monster of T');

acl(A)N¢ U acl(C)N¢.
acl®d(B)Neea

We need to check that all the properties of an independence notion are

satisfied. As every automorphism of 7" if restricted to the sorts T is an
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automorphism of 7', we have that J/T / is invariant of automorphism. We
have that Monotonicity, Transitivity and Symmetry follows, because \LT
has this property together with [2:4.4]

We check that Finite Character holds. We just need to check that
acl(4) N € L 4a)neacl(Co) N € for every finite Cp C C implies

acl(A)ne L ac(C)ne.
acl(B)N¢

Then this implies of course that acl(A) N €L ,.(pyneCy holds for any finite
C} C acl(C) N € hence by Finite Character of LT we are finished.
For the Local Character we can take max(x, Ng) where & is from the Local

Character of L 7. To see that, note first that (by the Local Character of T')
if the following equation does hold

acl(a)N € I acl(B)N ¢,
acl(B)N¢

we can find By C (acl(B) N €) of cardinality & such that

acl(a) N cl” acl(B) N €.
By
Now for each element b of By there is some finite tuple ¢, in B such that
b € acl(cy) N €. The set {c, | b € By} has size at most max(k,Ng) and we
have
acl(a) N € J,T acl(B)N €
acl({cy|beBo})NE
since By C acl({ep | b € Bo}) N € C acl(B) N € by Base Monotonicity (which
follows from Monotonicity and Transitivity).
For the Existence Property for a, B, C' we need to find a’ =g a such that
a’ L gC. Note that there is a 0-definable finite-to-one map 7 from the sort
of a to the sort of T' by Lemma [3.2.2, We can find m =,jea(p)ne 7(a) such
that m L cea(gynem(C) by the Existence Property of T'. We check that we
have @’ =p a for some a’ € 771(m). If we assume contrary, then there would

be a formula ¢(z,y) € L' (the language of T") and a tuple b € B, such that
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a = ¢(z,b) but not that any a’ € 7~ 1(m) satisfies ¢(z,b). Hence we have
m #p m(a): we can see this via the formula ¢(z,b) = Jzp(x,b) A w(x) = 2).
There is again by Lemma [3.2.2] a 0-definable finite-to-one map from the sort
of b to T'. We will assume that this is also 7. Now the canonical parameter of
¥(z,b) has finite orbit over m(b) (as it is definable over b € acl®d(nw(b))). The
canonical parameter of 1)(z,b) can be picked in T by stable embeddedness and
therefore it is in acl(B) N € (since it contains 7 (b)). Hence m #,.(pyne 7(a)
which is impossible.

It is left to check Anti-Reflexivity for tuples a and sets A of €. So assume
that a L 4a. We will show that a € acl(A) then. We fix 7 some 0-definable
finite-to-one map from the sort of a to some sorts T, which we can do by
Lemma [3:2.2l We now claim that the following holds

acl(a) N € L acl(a) N €
acl(A)Ne

if and only if

acl(A)NE

Note first that we clearly have a € acl(m(a)) and therefore
acl(a) N € = acl(n(a)) N € C acl (n(a))

holds by Corollary Hence the equivalence follows by Lemma [2.4.4]
This gives us then that 7(a) € acl(4) N € holds. Therefore we have that
a € acl(acl(A) N €) C acl(A). O

Lemma 3.4.4. Let T' be an algebraic cover of T with L, L' both countable

languages. Then T is w-categorical if and only if T is w-categorical.

Proof. We will use the Ryll-Nardzewski Theorem in the proof without men-
tioning it. Let T' be w-categorical. Now for any given tuple of S’-sorts s
by Lemma we know that there is a 0-definable formula ¢(Z,7) such
that = Vy3<"z¢(Z,7) and Jy¢(T,7) covers the 5-sorts. Now let A; be the
realisations of ¢(%,b). Note the b’s only belong to one of finitely many types

by w-categoricity of T' (say n-many). As we can extend every automorphism
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of €, we can for b= b find some automorphism which maps Ag onto A .
Hence we know that there can be at most n - m-many s-sorted L’-types.

If T' is w-categorical then it follows that there are only finitely many
s-sorted L/-definable sets. By embeddedness of T this directly gives finitely
many s-sorted L-definable sets. And hence there exists only finitely many

s-sorted L-formulae modulo T'. O

Proposition 3.4.5. Let T' be an algebraic cover of T. Then T is k-stable
if and only if T' is k-stable. Hence T is stable if and only if T" is stable.

Proof. Note again that 7" is an algebraic cover of T°4 by Corollary [3.3.2}
As a theory T is k-stable if and only if T°Y is k-stable, we may assume again
that 77 = 7" and T = T*4.

Let T be k-stable. Now fix some B in the monster of 7" with |B| < k.
What size does ST "(B) have, if  is still a variable of the old sorts? There are
|B| - |T'"| < k many L'(B) formulae ¢(x,b). Now since T is stably embedded,
we have that there is a L(€)-formula v (z,m) which has the same realisations
as ¢(x,b). Let A be the set of these parameters m. It has size < k as already
noted. Hence ST’ (B) has the same size as some S (A) which has by the
k-stableness of T at most k£ many elements.

Let 7 be 0-definable finite-to-one from some new sort of s’ to the sort s.
Now for a variable y of the new sort s’ we will show, that for every p € SI'(B)
there are only finitely many ¢ € S';FI(B) with 7(q) = p. This will then finish
the proof as then |Sgl (B)| = |ST(B)|. (Define 7(q) as in the last proof:
take any a = ¢ and set p = tp(n(a)/B), then note that it is well-defined via
automorphisms).

We fix some b = p. So take some realisation of a = ¢ we know that there
is an automorphism of 7" fixing B which maps 7(a) to b, this of course also
maps a to some element of 71(b). Hence every element has the same type
over B as some 7 1(b). Hence as already discussed |S™" (B)| < .

For the other direction note that any A-type in T is a partial type in T".
Hence there is an inclusion from Sp(A) to Sp/(A). Thus if T” is k-stable,
then T" has to be k-stable. O
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Lemma 3.4.6. Let T' be an algebraic cover of T. Then T is simple if and
only if T" is simple.

Proof. The direction right to left follows from Fact 2.6.4] as we know then
that if a theory is simple, then any reduct of it is simple as well.

We start showing the direction left to right. We assume that 7' is simple
and T is not simple (but we know that it is a least rosy by Lemma .
Note again that T7°9 is an algebraic cover of T°% by By Fact we
know that any theory T” is simple if and only if 779 is simple. Hence we
may assume again that 7" = 774 and T' = T°9. Note that if an independence
notion implies the non-dividing relation, then T is already simple (see [2.6.2]).
As T is rosy non-simple we know that there exists a, B, C' with C' = acl(C)
and B = acl(B) such that a L gpC and some ¢(z, ¢) € tp,(a/C) which divides
over B. To finish the proof we will show that such conditions are not possible.

As ¢(z, c) divides over B there is a Morley sequence (¢;);erof realisations
of tp(c/B) such that A\;.; ¢(z,¢;) is inconsistent. Let 7 be 0-definable finite-
to-one from some sort of ¢ to the some old sort (we find such a function
by .

This implies that A;c; 3z(¢(z,c;) A () = y) is inconsistent: If it were
not, fix a realisation of it (say b), then this implies that some a’ € 771(b) (be-
cause this set is finite) realises infinitely many ¢(x, ¢;). But this is impossible
since the sequence (c;)ier is Morley and \,;c; ¢(x,¢;) is inconsistent. Now
let (d;)ier be the canonical parameters of 3x(¢(z,¢;) A m(z) = y). Note that
they can be considered as part of T by stable embeddedness. And also note
that they are a Morley sequence over B. And therefore they are a Morley
sequence over BN €.

Moreover, if d is the canonical parameter of 3z(¢(z,c) A m(x) = y), then
(di)ier is a Morley sequence of tp(d/B N &) (as BN is algebraically closed
by B.1.9). As A, 3z(¢(z,¢;) Am(x) =y) is inconsistent, we have that the
conjunction A, “y € d;” is inconsistent. Hence “y € d” divides over BN €.
As € |=7(a) € dand d € acl(w(c)), we have tp(m(a)/acl(C) N €) divides over
BN¢in (in 7). But as the 0-definable sets are the same in 7" and 77, this
implies that tp(m(a)/C N <€) divides over BN € in T'. But this is impossible

as being independent implies non-dividing in 7. O
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For more results about finite covers one may look at [EH93|, chapter 2
of [Eva97b| and [Eva97al. Another interesting publication in which finite

covers are used is [Hru89).

3.5 WEI in w-categorical theories

Remember that we use the conventions defined on page [29

The following method for proving weak elimination of imaginaries of split

finite covers of w-categorical theories was provided by David Evans.

Notation: We denote by A(€) the set of algebraic closures in € of finite
subsets of €. For subsets C, Cy of some group G, then by (Cy, Ca) we denote
the subgroup generated by these two sets.

Fact 3.5.1. (16.17 of |Poi00]) Let T" be some theory and € its monster model.
If there is no infinite strictly decreasing sequence Ag 2 A; ... where each
A; € A(€)) and for all A, B € A(€) we have

(Aut(€/A), Aut(¢/B)) = Aut(€/AN B),

then T has weak elimination of imaginaries.

Lemma 3.5.2. Let € be w-categorical. We have for all A, B € A(€) that
(Aut(€/A), Aut(€/B)) = Aut(€/AN B),

if and only if € has weak elimination of imaginaries.

Proof. We show first, that in a countably categorical theory if for any sets
A, B € A(C) we have (Aut(€/A), Aut(€/B)) = Aut(€/AN B), then wei must
be true. But we just need to note that due to w-categoricity we have that
algebraic closure of a finite set is finite and hence there is no infinite strictly
decreasing sequence Ay 2 A; ... where each A; is the algebraic closure of a
finite set of parameters (as Ag is finite). Hence then weak elimination of
imaginaries follows from the Fact
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For the other direction assume that € has wei. Let A, B C € be finite and
algebraically closed, let @ be enumeration of A and let D be the Aut(¢)-orbit
containing @. By the Ryll-Nardzewski Theorem we have that D is 0-definable.
Let H be the subgroup of Aut(€) generated by Aut(€/A) and Aut(¢/B) and
let £ C D be the H-orbit containing @. By the Ryll-Nardzewski Theorem we
have that E is a class of a 0-definable equivalence relation R on D: To see
that define the equivalence relation R as follows; R(g(a), f(@)) if f~'og € H.
Then this equivalence relation will be well defined and Aut(€)-invariant. By
the Aut(¢)-invariance and the Ryll-Nardzewski Theorem R is a 0-definable
subset (of €2"). Moreover, H is the stabiliser of E in Aut(€). Let e be the
corresponding imaginary of E. Let X = acl(e) N €. By wei we obtain that
Aut(€/X) < H and H stabilises X set wise. From the first, it follows that
X C AN B; from the second we get that X C A and X C B. This then gives
us H = Aut(€/A N B) as required. O

For the rest of this section we assume that 7 : ¢ — € is a finite
cover such that ¢ has weak elimination of imaginaries The main point
is that wei can be checked in the kernel K = Aut(¢’/€).

Assumption/ Notation: If A € A(€) then we define

) =|Jr(a) C .

Further let K = Aut(¢’/€) and K4 = Aut(¢’'/€, '(A)).

Definition 3.5.3. We say that a cover 7 : € — € splits if there is a closed
subgroup H < Aut(¢’) with HN K =1 and Aut(¢’) = KH.

The main consequence of this for us is the following:

Lemma 3.5.4. (Lemma 2.2 of [Eva09]): Suppose that the cover m: € — €
is split and X4,..., X, € A(€). Then we have that

Aut(|J @(X3)/ | Xi) = Aut(| € (X3)/©).
=1 =1

i=1
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Moreover, Aut(€'/¢'(X1)) = Kx,Hx,, where Hx, denotes the pointwise sta-
biliser in H of X;.

Proof. The containment O is clear. For the converse, it is enough to prove
the case r =1 as Aut({J;_, €(X;)/€) = (;_; Aut(¢’'(X;)/€). So suppose
f € Aut(¢’/X;). By assumption, there is is a closed subgroup H < Aut(¢’)
with H N K =1 and Aut(¢’) = KH. Thus we have that f = kh with k € K
and h € H. So clearly h € Aut(¢'/Xy).

Consider the restriction map from Hy, to Aut(acl® (X1)/X;). We claim
that this has trivial image. To see this, note that this is a continuous map
and the range is a profinite group. As X; is algebraically closed in €, it
follows that Aut(€/X), has no proper open subgroup of finite index. Thus
the only possible continuous image of Hy, inside a profinite group is the
trivial group. So h fixes each element of acl® (X;) and therefore f and k
agree on acl®(Xy). As k € Aut(¢’/€) we have shown that we can find for
any f € Aut(acl® (X1)/X1) some element in Aut(¢’(X;)/€). O

Lemma 3.5.5. For A, B € A(C) the following are equivalent:
1. KaKp = Kanp;

2. Aut(€'(A)/€,¢'(B)) = Aut(¢'(A)/€, (AN B)) and the same condi-
tion with A and B interchanged.

Proof. (1) = (2): Take h € Aut(€¢’(A)/¢,¢'(AN B)). Extend to k € Kanp.
So there are k1 € K4 and ky € K with & = k1ky. Then ks restricted to
¢’(A) does what we want, as it fixes ¢/(B) and as ky fixes €'(A) it does have
to be the same on €’'(A) as h.

(2) = (1): Take k € Kanp and let h =k | €'(A). Thereis ¥’ € Kp which
extends h. Then k~'k’ € K4 as required. O

Lemma 3.5.6. Suppose w: € — € is split and w-categorical and suppose
that € has weak elimination of imaginaries. If we have that KaKp = Kanp
holds for all A, B € A(€), then € has weak elimination of imaginaries.
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Proof. We will use Lemma [3.5.2, So take a splitting Aut(¢’) = KH. Let
X,Y € A(¢). By Lemma we have Aut(¢’/¢'(X)) = KxHx and

Aut(Q://C/(Y)) = Ky Hy.

We have to show that what they generate contains Aut(¢’/¢'(X NY)).
Now, by wei in € (and Lemma [3.5.2) we have (Hx,Hy) = Hxny. By
assumption Kxny = Kx Ky, and this suffices. ]

Note that this and Lemma [3.5.5] gives us a way of checking weak elimina-

tion of imaginaries by the analysing the action of K on finite sets:

Corollary 3.5.7. Suppose that 7 : € — € is split and w-categorical and

suppose that € has weak elimination of imaginaries. Suppose that whenever
A, B € A(Q), then

Aut(€'(A) /€, & (AN B)) = Aut(¢'(A)/¢, & (B)).

Then € has weak elimination of imaginaries.
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Chapter 4

Known results on

Amalgamation

The nature of this chapter is purely recreational (in its original Latin sense).
All the definitions and results in here (modulo some slight modifications
and some corollaries) are results of other authors and have appeared some-
where else before. The main source of them are the publications [GKK13al
and [Hrul2]. Some similar versions of some proofs in this chapter of results of
others have already been in my Diplomarbeit (see [Zan12|). We will repeat the
proofs for the convenience of the reader. Some readers may wonder why the
categorical approach for defining higher amalgamation is taken and why we
do not just work with the Property B(n). One reason is that the categorical
definition of higher amalgamation directly translates to the generalised inde-
pendence theorem (see Definition and the Remark thereafter). Another
reason is that lower uniqueness of amalgamation has to be assumed such
that the Property B(n), n + l-amalgamation and unique n-amalgamation
(called n-uniqueness) are all equivalent (see Fact [4.2.5)). Moreover, to show
this one cannot work over a fixed base but instead has to assume that the
properties are true over all sets. That this makes a difference can be seen via
the examples in Section and Section [5.7] Also note that there is some
sort of group configuration theorem for simple theories when assuming higher
amalgamation (see [PKMO06| or Chapter 9 of |Kim14]).
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In this chapter we normally work in a complete rosy theory T
with | as its independence notion. Note that some parts make sense
outside the rosy context. We are now going to define the basic notion of

amalgamation.

4.1 Definition of amalgamation

We let 7 with n > 2 be the set {1,...,n}. By [S]* for some set S and some
natural number k, we mean the set of all subsets of size k, i.e. it is a set of
the following form {s C S | |s| = k}. Further we define [n]* to be [7]*. By
u Cj s we mean that u has size k.

We view the power set P(n), the set
Pr(n) ={s|s&n}

and more generally any S C P(n) which is closed under subsets (i.e. for all
s € S and all t C s it follows that ¢ € S) as categories; where the objects are
the elements of P(n), P~ (n),S and the morphisms are the inclusion maps.

Let C be the category whose objects are the acl-closed subsets of €. Let
C® be the category whose objects are the acl®@-closed subsets of €°4. In
both categories, the morphisms are the partial elementary maps between
the closed sets. If a is a functor from S (a subset of P(n) closed under
subset) to C*4, we write a(s) for the image of the object s € S under a. For
s,t € S with s C t we write a, : a(s) — a(t) for the partial elementary map

which is the image of the morphism “s C ¢” under a. We will call the maps

t

al s a(s) — a(t) transition maps. We further write a’(s) or a’(s) for a’(a(s))

(that is the image of a(s) under the function al).

Proposition 4.1.1. If T weakly eliminates imaginaries then C°Y and C are
isomorphic. Moreover, we can pick the isomorphism in such a way that it

preserves the independence relation.

Proof. Let T weakly eliminate imaginaries. Now we are going to construct an

isomorphism between the categories C°? and C. For this it will be enough to
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construct two functors F': C*4 — C and G : C — C*? with the property that
the composition of them is the identity, i.e. F o G = id¢ and G o F = idgea.

We start by defining these functors. For any object B of C we set the
functor G to be G(B) = acl®d(B). For an object of C*4 set FI(B) =B | €.
We clearly have that

FoG=GB)|C=acl®(B)|€=DB

because B is already algebraically closed (in €) and hence there are no
new algebraic real elements. We also have that G o F/(B) = acl®d(B | €) = B.
This is because by weak elimination of imaginaries we have that any imaginary
e € B has a real element a in its algebraic closure (hence it is in B) such that
e € dcl®(a) and therefore e € acl®d(B | €).

We let F' map a morphism f: B — B’ of C® to f [ (F(B)) which is a
morphism from F(B) to F(B’). This also shows that F is a functor. Any
morphism f: B — B’ of C will uniquely extend to some elementary map
[’ from dcl®d(B) to dcl®d(B). But then dcl®d(B) = acl®d(B) as acl®d(B) has
no new real elements compared to B. Now set G(f) = f’. Now clearly
FoG(f)=f. On the other hand, G o F(f") = f’ as we have seen that an
elementary map on some acl®@-closed set is already uniquely determined by
its restriction to the real elements.

It is left to be checked that G is a functor. If an elementary map fixes
some set, then any extension of it also fixes its definable closure. Hence
identities are preserved. Also G(fog)= G(f)o G(g) holds as the maps
on the real elements are the same and hence on the dcl®@-closure which

coincidences with acl®@-closure as seen. The “Moreover’-part follows now
easily by Lemma [2.4.4] O

By the last Proposition if we work in a theory with weak elimination of

imaginaries we can confuse the two categories C** and C.

Definition 4.1.2. Suppose that S is a subset of P(n) closed under subsets
and a: S — C is a functor.

1. We say that a is independent if for every nonempty s € S we have that

{a*({i}) | i € s} is an a®(0))-independent set.
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2. We say that a is closed, if for every non-empty s € S we have

a(s) = acl(Ja*({i}))

€S

Remark 4.1.3. Note that for two naturally isomorphic functors a,b: 5 — C
then if one is independent the other is as well. This is because independence
is preserved under automorphisms (which every elementary map can be
extended to). The same is true for closedness, that is either both isomorphic
functors are closed or neither of the two functors is. To see this just note
that any automorphism which maps (a®({i})ies onto (b°({i})ics does maps

acl(U;es @°({7})) onto acl({U;e, 0°({7})).

Lemma 4.1.4. (Remark 1.7. of [GKK13a[) Let S be closed under subsets. A
closed functor a: .S — C is independent if and only if for every u,t Cv € S

the following is true

av (tNu)

Proof. a is independent if and only if

Uav({i}) L U a’({k}) for all u,t Cv e S.

i€t Ujetﬁu av({5}) k€eu

Since independence is invariant of applying acl (see Lemma [2.4.4]) that

independence of a is equivalent to the following holds

acl(|_Ja"({})) L acl(| J a*({k})) forall u,t Cves.

ict acl(U;einy a°({31) keu

Since a is closed this is same as

a’(t) L a%(u) for all u,t Cv € S. O

a? (tNu)

Note that the assumption of closedness is necessary in Lemma [£.1.4] In

order to see that, we set up some functor from P(3) to C with the following
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properties;

acl(alt>M ({1})al23({2})) L att23({3}),

a{1,2,3}(@)

but with
a23((12p) L a3,

Cl{1,2,3}((2))

We can do that as it is not required that the functor is closed. Hence we can
pick the object a{l,2} big enough, such that then the following holds;

a2 ({12 L a2 ({3)).

Cl{1,2,3}((2))

Definition 4.1.5. An n-amalgamation problem over A is a closed inde-
pendent functor a: P~ (7)) — C such that acl(4) = a(d). A solution to an
n-amalgamation problem a is an extension of it to a closed independent
functor o’ : P(n) — C.

Definition 4.1.6. For a natural number n > 2 we define the following:

1. T has n-ezistence or n-amalgamation over A (where A is a subset of

¢e4), if every n-amalgamation problem over A in C*? has a solution.

2. T has n-uniqueness over A (where A is a subset of €°9), if for every
n-amalgamation problem over A in C°! any two solutions of it are

naturally isomorphic.

3. T has complete n-amalgamation over A, if it has k-amalgamation
over A for every k < n and T has total amalgamation over A, if it has

n-amalgamation over A for every n.

4. T has complete n-uniqueness over A if it has k-uniqueness over A for
every k < mn and T has total uniqueness over A if it has n-uniqueness

over A for every n.

If we omit the parameter A in the above definition, then this means that it

should be true for any parameter set A (of €°4). We sometimes emphasise
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this by saying T has n-existence over every set (instead of omitting “over
every set”).

Any definition of the above points together with the suffix over real
parameters is meant to be the same definition except that we work in C and

¢ (instead of C*? and €°9).

Remark 4.1.7. First note that any of the above definitions over A are true if
and only if they are true over acl(A) (computed in either 7" or 7T°?). Note
that in a theory with weak elimination of imaginaries the above definitions
without the suffix “over real parameters” are true if and only if their counter-
parts with the suffix “for real parameters” are true. This can be seen via
Proposition Of course in the case without the suffix “for real parameters”
as A is a subset of €°4 we have to replace this by some real elements A’ such
that acl®d(A’) = acl®d(A), which we can do because of weak elimination of

imaginaries.

Definition 4.1.8 (Generalised Independence Theorem). A theory 7" satisfies
the n’th Generalised Independence Theorem over A = acl(A) if the following
holds: Let for any s € P~ (n) ps(Ts) be complete type over A such that the

following point are satisfied;
1. For s C s’ we have T3 C Ty and ps C py.

2. For any a5 = ps we have that {a; | i € s} is independent over A (where
@; is the subtuple of a; corresponding to the type p{i}).

3. For any @s = ps we have that every element of the tuple @ is contained

in acl(|J a;) (where a; is the subtuple of as corresponding to the type
Pfi})-

Then there exists some complete type pyy, ., such that the points 1 3 remain
true for all s € P(n).

Remark 4.1.9. A theory has n-existence over A if and only if the n’th

Generalised Independence Theorem over acl(A) holds.
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Proof. This is just a matter of translating the properties. Left to right one
has to enumerate the sets appropriately and then take their type over acl(A).
The other direction is just a matter of realising the types and then finding
the appropriate elementary maps. See Proposition 2.10 of [KKTO08| for a
worked out proof. ]

Fact 4.1.10 (Generalised Independence Theorem of ACFA). (see page 3009
of [CH99|) The ACFA (algebraic closed fields with automorphism) has total

amalgamation.

Lemma 4.1.11. (Remark 1.11 of (GKK13d]) T has n-uniqueness over A
if and only if for every two naturally isomorphic n-amalgamation problems
a” and b~ over A we have that any two solutions a— C a and b~ C b are

naturally tsomorphic.

Proof. The direction right to left is clear as the cases one as to check for
n-uniqueness are clearly contained in the right hand property. For the other
direction note that by Lemma [2.8.2] we can go over from b to some naturally
isomorphic b such that b is a solution of a~. Then by n-uniqueness over A b
is naturally isomorphic to a. Now of course this implies that b is naturally

isomorphic to a. [

Definition 4.1.12. For a sequence aq, ..., a, by its canonical S-functor over
A with S C P(n) closed under subsets we mean the functor a : S — C with
a(s) = acl({a; | i € s}A) and af =id [4).

For an independent sequence aq,...,a, over A by its canonical problem
we mean the canonical-P~ (n)-functor and by its canonical solution we mean

the canonical-P(n)-functor.

Lemma 4.1.13. (Claim 1.13 of [GKK13d]) Any closed independent func-
tor a:P(n) — C is naturally isomorphic to a canonical solution of some

independent sequence.

Proof. For that take all the morphisms of a?. They form a system of isomor-
phisms (if we think about them as arrows to a”(s)) in the sense of Lemmam
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Hence there is a naturally isomorphic functor a with a(s) = a”(s) and

al =afoalo(al)" =al o (al)”" =idgn ().
This shows that @ is a canonical functor of a({1}),...,a({n}) over a()) which

is naturally isomorphic to a. 0
Lemma 4.1.14. (Proposition 1.9 of [GKK13d]) The following are equivalent;
1. T has n-uniqueness over A

2. For any independent sequence aq, . ..,a, over A (in €*1) we have that
every solution b of the canonical problem a~ of ai,...,an, A is isomor-

phic to the canonical solution a of ai,...,an, A.

3. For any independent sequence ay,...,a, over A (in €*1) we have that
for every solution b of the canonical problem a~ of ai,...,a,, A the

following map is elementary

L ol
seP~ ()
|s|=n—1
Proof. The direction “(1) implies (2)” is clear. For the direction “(2) im-
plies (1)” is enough to show by Lemma that every solution to an
n-amalgamation problem is isomorphic to a canonical solution. But this has
been done in Lemma £L.1.13l
To prove that (3) is implied by (2) note that if a and b are isomorphic,
then there exists an elementary map o : a(7) — b(f), such that o o a” = b7.

Hence o is an extension of
7
J e
|s|=n—1,s€ P~ (1)

On the other hand if point (3) holds, then we can set o : a(n) — b(n)

defined as an extension of U| s|=n—1,s€P~ (i) b” to the algebraic closure of its
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image and preimage. Clearly this then gives an isomorphism between a and
b and therefore we have (2). O

4.2 Relation between existence and uniqueness

Definition 4.2.1. For any n > 2 and any k£ > 0 we say that a theory T has

(n — 1,n + k)-ezistence over A, if any closed independent functor
a:{ucC{l,...,n+k}||ul <n}—C
with acl(4) = a(()) has an extension to a closed independent functor
a:P{L,...,n+k}) —C.

Note (n — 1, n)-existence is by definition the same as n-existence.

Lemma 4.2.2 (4.1 of [Hrul2|). Let T be a theory with (n — 1,n)-existence
over every set. Then T has (n — 1,n + k)-ezistence over every set for all

k> 0.

Proof. We will prove it by induction, the base case (k = 0) being given. So fix
a partial problem a : S — C with S :={u C {1,...,n+ k} | |u| < n}. Define
U={uc{l,....n+k}||ul <n,(n+k) € u}. Since we have n-existence,
for all w € U there exists some closed independent ,a: T, — C extending
a| T, withT, ={v Cu}and T,, = {v C u}.
We claim that
c:i=al U wSUU = C

uel,
lul=n

is a closed independent functor. To see this, note that there are no transition
maps between any two distinct u, v’ € U with |u| = |v/| = n (as obviously we
cannot have n C n’ for any such two sets). Hence ¢ is functor. For the same
reason ¢ is closed and independent as all ,a are.

We define a system (¢s)sesuv of elementary bijections. We set

s = C§U{n+k}
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for |s| < n and ¢ =1id | ¢(s) otherwise (i.e. s € U —S). Then with this
system of elementary bijections we go over from ¢ to a naturally isomorphic
functor ¢’ as described in Lemma [2.8.1] Note that then cfu{mrk} =id [ (s)

for |s| < n. Hence we have

C/t =id [c’(t) OC;t oid rc’(s)_ tu{n+k}

¥ = Cypnik) le(s) forallsCcte SUU.

Since U is isomorphic to the set to
Vi={sc{l,....n+ (k—=1)}||s| <n},

in order to apply (n — 1,n + k — 1)-existence (over ¢({n+1})) on ¢’ | U we
need make sure that this functor is closed and independent (as a functor from
V). But it is closed as ¢ is closed. For independence use the independence
of ¢ together with Lemma to see that the following holds;

(w) L () forall u,t Cv € U withunt D {n+k},
/v (unt)

which then by Lemma again gives us independence of ¢ [ U (over
c({n +1})).

Let now
Q={uc{l,....n+k}|(n+k)€u}.

We get by (n — 1,n + k — 1)-existence a closed functor from b: Q — C ex-
tending ¢’ | U, such that

(b"({i,n+k}):iecw)

is an independent sequence over b¥({n + k}). We define now 2: QU S — C
by bU ¢ together with

. tU{n+k} _ tU{n+k}
Dé T bsu{n—i—k} [C/(S)_ sU{n+k} rc’(s)

forse SUU,te QUS.
It is left to define maps for s € S with (n+ 1) € s and t € Q — U, since
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we have for s € U that 0 := p!oin k) le(sy= bf and for t € SUU that

sU{n+k}
t . pntUn+k _ nu{n+k} n 1sU{n+k}y _ U{n+k} g, ot
0, = bsu{nJrk} rC/(S)_ Ct Ocsu{nJrk}ocs =4 ocgt = ¢y

Note now that all transition maps of 0, can be written as

oL = bl 1) forall s,t € SUQ.

Moreover, 0 is obviously closed. Hence for s,u,t € SUQ with s Cu C ¢

u _ ptU{n+k} uw{n+k} _ tU{n+k} o
atu °0; = buu{n-l—k} rol(“) obsU{n+k} rb’(s)_ bsu{n-l—k} rb’(s)_ Dé'

Now we go over from 0 to some natural isomorphic functor 9’ as in

Lemma with ¥s =0, 1, nik)- Note that

o = ol TR o ot o (@t i for all s,t € QU S.

Then extend ¥’ to
e: P{1,...,n+k}) = C,

by e(v) = acl(U,e, 0'({i})) and ¢} =id for all s,¢,v € P({1,...,n + k}). By
closedness of ¥, ¢ is obviously extending 0’. So functoriality of ¢ is clear since

we just need to check that e(v) C e(v') C e(v”) for all
vcv cv' eP{L,...,n+k}),

which is clear. Closedness is also clear by the construction of the e(v)’s. Since
we have that
aCccexd cozd Ce,

we have that ¢ | S = a. Therefore we can find (by Lemma [2.8.2) some closed
a :P({1,...n+k}) — C which extends a.
It is now only left to check that ¢ (and therefore a’) is an independent

functor. Since ¢ [ Q =20 [ @ = b and all transition maps of ¢ are trivial, we
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have that
(e({i,n+k}):ie{l,...,n+k})

is an independent sequence over e({n + k}), therefore we have that

(i) :ie{l,...,n+k})

is an independent sequence over e({n + k}). Moreover, since ¢ [ UUS = ¢

we have that
e({i}) Le@ye({n + k})for alli € {1,...,n+k —1}.

So Lemma [2.4.6] gives us that (e({i}) : ¢ € {1,...,n+ k}) is an independent

sequence over e((). O

Proposition 4.2.3 (4.1 of [Hrul2|). Assume the theory T has n-existence
over every set and assume that T has n-uniqueness over A. Then we have

that T' has (n + 1)-existence over A.

Proof. Take an (n + 1)-problem a over A. By the Lemma we can find for
alsg with S:={uC{l,...,n+1}||u| < n} a closed independent extension

b:P({L,....,n+1}) —C.

Now look at the sets Ty = {s C t} for t € P({1,...,n+1}) with [t| =n.
By n-uniqueness a | T} is isomorphic to b | T (since {s C t} is isomorphic
to P~ (n)). We claim that there is a natural isomorphism between a and
the functor b [p(f1,. niry)-: First note that a [ S=0b]S. Now (n—1)-
uniqueness there exists isomorphisms ¢; : a(t) — b(¢). Hence all these maps
together are a natural isomorphism. So by Lemma [2.8:2] we have found an

extension of a. I

We can improve the above result for theories with complete n-uniqueness
over some set. For that, note that any rosy theory has automatically 2-

existence over any set by the Existence property of the independence notion.
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Lemma 4.2.4. Let T be rosy. Suppose that T has m-uniqueness over A for

every 2 < m < n. Then T has n-existence over A.

Proof. Let a:P~(n) — C be an amalgamation problem. Now restrict this
functor to {{i} | 1 <i<n}} C P~ (n). Since we have 2-existence over every
set, we can apply (1,n)-existence to this restricted functor by Lemma m
Now the restriction of this functor to P~ (n) is isomorphic to a since we have
m-uniqueness over A for every m < n. Hence we have also found an extension
of a by Lemma [2.8.2 O

Note that at least in simple theories (I suspect this easily extends to rosy
theories and any [ < n) we have that the other direction is true, but one has

to assume n-existence/uniqueness over all sets:

Fact 4.2.5. (Corollary 3.17 of |GKK13a|) Let a simple theory T have k-
uniqueness over all sets be true for all | < k < n with 2 <1 < 3, then we have

that the following is equivalent:
1. T has n-uniqueness.
2. T has n + 1-existence.
3. T has Property B(n) (see later this chapter for the definition).

Note that in stable theories by this and Proposition [£.3.1] we have that

3-uniqueness and 4-amalgamation are equivalent.

4.3 Amalgamation in stable and simple theories

The next two results are folklore in the sense that they essentially reduce
to theorems of Shelah and Kim-Pillay. They show that we can define stable
and simple theories only in terms of an abstract independence notion and an

amalgamation condition.

The next proposition reduces to the fact that all types over models
(or algebraically closed sets in the case of elimination of imaginaries) are

stationary if and only if the theory is stable.
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Proposition 4.3.1. Let T be a rosy theory. The following are equivalent;

1. The theory T is stable,
2. T has 2-uniqueness for real parameters over every model of T,

3. T has 2-uniqueness (over every parameter set).

Proof. We prove “(1) implies (2)” first. In a stable theory any independence
notion is the non-forking independence notion (see Fact . Since non-
forking extension over models are unique in stable theories (see 8.5.4 of [TZ12]),
we can re-prove Lemma over models without the assumption of weak
elimination of imaginaries. Now we get 2-uniqueness for real parameters
over every model of T: Fix two solutions a’, b of the same 2-amalgamation
problem a. Then we can use our re-proved Lemma to note that the
following map is elementary
iy o (o)™ Uy o (o)™

Now any extension of this map to the algebraic closure of its image and
preimage shows us that a, b are isomorphic.

We check that “(2) implies (1)”. For that we show that a theory with
2-uniqueness for real parameters over models then the independence notion
has weak boundedness (see Fact [2.7.3)). So for a type p = tp(a/A) and any
B D A show that there is some k such that there are only k-many non-forking
extension of p to B. To see that fix a model M which contains A. There are
only boundedly many say k extension to this model (and hence at most
non-forking extension to M ). Now by 2-uniqueness over every model we have
that (p; : i € k) are all these types extended over M B which are non-forking
over A. Now each non-forking extension of p to B is contained in one of these
types.

The proof that (3) holds if and only if (1) is essentially the same as the
one we see for (1) and (2). This is as T is stable if and only if 71 is stable.
The only thing which is new is that in stable theories types are stationary
over acl®-closed sets (see 8.5.3 of [TZ12|). Hence we get that 2-uniqueness

over any parameter set holds. ]
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The following results essentially breaks down to the Independence theorem

of simple theories.

Proposition 4.3.2. We have that T is simple if and only if 3-existence over
models holds.

Proof. This is a matter of translating 3-existence to the independence theorem
of simple theories (see Fact and vice versa. So assume that T is simple.
And let a: P~ (3) — C be an amalgamation problem over some M.

We may assume that a()) = as(0) for any s € P~(3)

a({1}) = a3 ({1}) = a5 ({1})

and a({2}) = a1 2)({2}) = aq2,33({2}) by going over to an isomorphic prob-
lem and solving this instead (which we can do by Lemma [2.8.2)): for that

replace a(() by agy 23(0) a({1}) by ag9y({1}) and a({2}) by agy 23({2}). Set

{12} {12} {1,2
0

the transition maps of a ;04 and a 2 } as the identity. Then extend

t
s

flfor s Ct € P~ (3). Set

the transition maps a’ (which are elementary maps) to some automorphisms

a({1,3}) = 15" o (P a({1,3}),

a({2,3}) == 0 o (F2°H N (a({2,3))).

— 2 {2}
Then set ag’}g} as {{11i2} I (a({3})) and ag’}g} as f;iS} [ (a({3})).

We can work in T/ and apply the independence theorem to ¢ = a({1}),
d=a({2}), a = af;} (a({3})) and b = a3} (a({3})). Therefore there exists
e with e =, a, e =4 b and e L cd. Hence we have some automorphism g; which
fixes ¢ and maps a to e and automorphism go which fixes d and maps b to e.
We set then ag; 933 ({3}) as e. We need to set the transition maps accordingly
by a5 = o a({L,3)), aly 557 = g2 Ta({2:8)) and afy®™ = g1 o afy”.
We set the rest of the transition maps to be the identity. This is then a
solution to the amalgamation problem.

For the other direction we translate the setup (same notation as in

Definition [2.6.1)) of the independence theorem to an amalgamation functor

66



over M. Set a({1}) = acl(c),

a({2}) = acl(d), {3} = a5 ({3}) = acl(a) and ags 5 ({3}) = acl(b)

and all transition maps except agf} to be the identity. We set agf} to be
some elementary map which maps acl(a) to acl(b) (there is one since a =7 b).
Now a solution a’ to this problem gives also the independence theorem over
models: To make sure that ¢ and d stay the same, extend a{{{11’,22}:3} to some
automorphism and apply the inverse of it to a’({1,2,3}). If we set e to be

the image of a{{{31}’2’3} we are done. O

4.4 Property B(n)

The following two definitions we will give are somehow more model theo-
retically accessible (compared to higher amalgamation). We will see that
they do coincide with higher uniqueness under some additional assumptions.
We can also think about this new property as a condition that a certain
amalgamation functor is isomorphic to some canonical solution functor (for

that see the proof of Proposition [4.4.7)).

Notation: For any tuple (ai,...,a,) by (a1,...a;...,a,) we denote the

subtuple (a1,...,Qi—1,Qit1,. .., 0p).

Definition 4.4.1. Let T be an arbitrary complete theory and let A be some
subset of the monster model of T'. A sequence a . .. a, is said to have Property
B(n) over A, if every ¢ € acl(ay,...,an,—1A) which is in the definable closure
of

n—1
U acl(a1 . di . an_lanA),
i=1

is in the definable closure of U?:_ll acl(aj...a;...ap—1A). A rosy theory is
said to have Property B(n) over A, if in T every independent sequence over
A has Property B(n) over A. A rosy theory is said to have Property B(n), if

it has Property B(n) over A for every parameter set A.

We can restate the same definition (see Lemma[4.4.6|) with automorphisms:

67



Definition 4.4.2. Let T be an arbitrary complete theory and let A be some
subset of the monster model of T. A sequence ay,...,a, is said to have

Property Bayi(n) over A, if we have that the following holds;

n—1
Aut(acl(ay . ..an—14)/ U acl(ay ...G;...an—1anA)) =
=1
n—1
Aut(acl(a1 co.an—1A)/ U acl(ai ... a; ... an,lA)).
i=1

A rosy theory is said to have Property Bgqy(n) over A, if in T every
independent sequence over A has Property Bay(n) over A. A rosy theory is
said to have Property Baqy(n), if it has Property Bayui(n) over A for every

parameter set A.

Again as in the definition of amalgamation and uniqueness by Property
Byui(n) for real parameters over A and Property B(n) for real parameters
over A we mean the same as the above definition but in 7" (instead of 7°9).
By a similar argument as done in the proof of Proposition [£.1.1] we can show
that these notions are equivalent (to the versions without the suffix) in case

weak elimination of imaginaries holds.
Remark 4.4.3. B(2) (over real parameters) is true in any rosy theory. In a

stable theory Bayut(2) is always true.

Proof. Just write down the definitions. B(2) over A means that
¢ € acl(a1 A) Ndcl(azA)

is also in acl(A) for any two independent aj,as over A. But this is trivially
true by Anti-Reflexivity of the independence notion.

In order to see the second claim, take some f, which is in the automorphism
group Aut(acl(a;A)/acl(A)). Then note that by Lemma we have that

the union f Uid [,(4,4) is @ partial elementary map O
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Remark 4.4.4. In a theory where the algebraic closure coincidences with the
definable closure, then Property Bayt(n) (and B(n) (see next lemma)) holds

over any set as the automorphism groups are trivial in this case.

The next lemma tells us that B(n) and Bayi(n) are the same in 7°9. But

I suspect that the following question can be answered positively.

Question 4.4.5. Does there exist a theory with weak elimination of imaginaries
such that B(n) (over A) holds for real parameters but Bayg(n) (over A) fails

for real parameters?

Lemma 4.4.6. Let T be any complete theory. If a sequence ay,...,a, has
Property Bay(n) over A (for real parameters), then it has Property B(n)
over A (for real parameters). If our theory has additionally elimination of
finite imaginaries and we assume that n > 3, then the converse is true, i.e. a
sequence ai, . ..,ay has Property B(n) over A (for real parameters), then it

has Property Bayu(n) over A (for real parameters).

Proof. Assume that Bayt(n) holds for some sequence aj .. .a,. Any

n—1
ceaclla...an—1A4)N dcl(U acl(aj...a;... an,lanA)),
i=1

will be fixed by all automorphisms in

n—1
Aut (acl(a1 co.ap—1A)/ U acl(ay ...a;.. .an,lanA)).
i=1

By Baut(n) this means that ¢ will also be fixed by all of

n—1

Aut(acl(a1 cocapn—1A)/ U acl(ay ...a;. .. an_lA)).
i=1
Hence we have that ¢ € dcl(U?:_l1 acl(ay ...a;...ap—14)).

For the second point ¢ be some tuple in acl(a; ...a,—1A4). Let X, be the
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orbit set of ¢ under
n—1
Aut(acl(a1 co.ap—1A)/ U acl(ai...a; ... anA)).
i=1

Now as X, has finite size, by elimination of finite imaginaries there is a code
for it in acl(ay ...a,—1A4). Also as X, is fixed by the automorphism group,
it is in dcl(U?;ll acl(ay ...G;...anA)). Now by B(n) of this sequence this
code is then also in dcl(U?:_l1 acl(ay ...a;.. .an,lA)). But this means that
any such tuple ¢ has the same orbit under the two automorphism groups, so

the groups coincide. O

The next proposition is essentially Lemma 3.3 of [GKK13a].

Proposition 4.4.7. Let T' be some rosy theory. If T has n-uniqueness over
A (over real parameters), then it has Property Bayu(n) over A (over real

parameters).

Proof. In order to prove this, we will translate the automorphism property
of Baut(n) to an amalgamation functor. So take any independent sequence
ai,...,ay over A. Name the sequence’s canonical problem functor a and

name its canonical solution functor a’. If we can extend

n—1

fe Aut(acl(a1 co.ap—1A)/ U acl(ai ... a; ... an_lA))
i=1
to some

n—1
g € Aut(acl(ay ...an—1A)/ U acl(ay...a;...ap—1a,4)),
i=1

we are finished, since the first automorphism group is bigger than the second.

For that define another solution a” of a. The object stays the same, i.e.

The transition maps are inclusions apart from the transition map

{17"'7”} f

Olyen—1y =
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By n-uniqueness these two solutions are isomorphic. Hence there exists some

elementary map

g:ad({1,...,n}) = ad"({1,...,n}),

such that g o a;{l’_”’n} = a;”{l’_”’n} for any s C {1,...,n}. This then gives
that g laci(ay..an_1)= f- As all the other transition maps are identities, we

have that the g is the elementary map we were looking for. O

4.5 Total amalgamation and Property B(n)

In this section we show that the Property B(n) over A coincidences with

n-uniqueness over A, if we assume that lower uniqueness over A is also true.

Definition 4.5.1. Suppose 2 < k < n. We say that T has relative (k,n)-
uniqueness (over A), if in T°? for every independent sequence aq, ..., a, over
A with a its canonical solution functor and elementary maps (o, : u € [A]¥~1)
with o, € Aut(a(u)) and o, [ a*(v) = id for all v C u, we have that the union

Uue[ﬁ]k—l oy 1S an elementary map.

We already have seen a similar property in Lemma [4.1.14] but there it

was not required that o, [ a%(v) = id.

Lemma 4.5.2. ([GKK13af, Lemma 3.10) Suppose n > 2. Then we have
that the theory T has property Bayu(n) over A if and only if the theory T has

relative (n,n)-uniqueness over A.
Proof. Assume B ,t(n) over A fails. Hence there exists some automorphism

n—1

f € Aut(acl(a; ...an—1A)/ U acl(ay ...G;...an—14))—
i=1
n—1

Aut(acl(a1 co.ap—1A)/ U acl(ai...a; ... anA)).
i=1
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This gives us that the following map is not elementary

n—1

f U U idacl(al...&i...anA)'
i=1

For the other direction set
A;=acl(ay...a;...a,A),

Bi = Uacl(a1...dj...di...anA),
JF#i
C; = Uacl(al...dj...anA).
J#i

Since Bayt(n) holds, we can extend every o; € Aut(A4;/B;) to some
O'g € Aut(AZ/Cl)

Extend o} to some o, € Aut(€/C;). Now set o = o, o...00c]. Now as every
U;-/ with j # 1 fixes A; we have o | A; = 0;. Hence o1 U ... U o, is elementary

as it is the same as o restricted to A; U ... U A,. O

Lemma 4.5.3. (|GKK13d], Lemma 4.4) Suppose n >k > 2 and T has prop-

erty Bayi(k) over A. Then T has relative (k,n)-uniqueness over A.

Proof. Use induction for the proof. We already know by Lemma that
(k, k)-uniqueness does hold. Hence the induction basis is given. We assume
now that (k,n — 1)-uniqueness holds. Let aq,...,a, be an independent se-
quence (over A), let a be its canonical solution functor and let (o, : u € [A]*~1)
be such that o, € Aut(a(u)) and o, [ a*(v) =id for all v C u.

We need to show that Uue[ﬁ]k—l oy 1s elementary. We set
Vi={vcin|{i,i+1} Cov}.

Now for any v € V; and any u Cj_1 v, if ¢ is the smallest number such that
{i,7+ 1} is not contained in u we set f, to be o, otherwise id [ a(u). Then

by Baut(k) over A we know that (J,, fu is elementary.
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We extend this map to the algebraic closure of its domain (and image),
ie. a(v) and call it f,. We claim that we can apply (k,n — 1)-uniqueness
to the sequence a(1)...a({i,i +1})...a(n) together with maps f, : v € V;.
For that check that for u C v, with either {i,7+ 1} C v and |u| =k — 1 or
{i,i+1}Nu =0 and |u| = k — 2, we have that f, | a(u) is the identity. But
this is clear by the construction of f,. Hence we have that fy, := UUEVi fv is
an elementary map.

Now we claim that fy;, o...o fy; is some extension of o. To see that note
that each o, only does appear in exactly one fy;: for every u C n there is
exactly one smallest ¢ such that {i,7+ 1} not contained in u, hence it is in
some fy;. And then note that for u Cx_1 n + 1, if 4 is not the smallest such
that {i,7 + 1} not contained in w or if {i,7 + 1)} is contained in u, we have
fv, | a(u) =id. Hence we have that fy, o...o fy; | a(u) = oy. O

Corollary 4.5.4. Suppose n > 2 and suppose that T has property B gy:(¢)
over ) for all ¢ with 2 < ¢ <n. Then T has relative (k,n)-uniqueness over ()
for all k with 2 < k <n.

Proof. Use the last lemma. O

Corollary 4.5.5. Let T' has Property B () over () for all ¢ with 2 < £ < n.
Suppose 1 <r <n and ay,...,a, is a sequence independent over 0. Fur-
ther let a be its canonical solution functor. Let {o, | u € [n]"} be such that

oy € Aut(a(u)) and oy (x) = oy(z) whenever x € a(u) Na(v). Then

Uftou | we @)

is an elementary map.

Proof. We prove this by induction on 7, the case r = 1 being straightforward.
Consider the compatible system of elementary maps {7, | v € [n]" "'} given
by 7, = oy, | acl(a; : i € v) whenever v C u. By the induction hypothesis, the
union of these is an elementary map. So it extends to an automorphism 7.
By the previous result, relative (r 4+ 1, n)-uniqueness holds. We can apply
this to {770, | u € [n]"} to obtain an elementary map p extending all 7~ 10,,.

Then 7p is an elementary map extending all o, as required. ]
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The following result is similar to 3.5 of [Hrul2|, but works for a fixed set.
The idea for this is due to David Evans.

Corollary 4.5.6. A rosy theory T with 2-uniqueness over A, which has
Property B(k) over A for every k with 3 < k <n, has n-uniqueness over A.

Proof. Fix two solutions a’, b of the same n-amalgamation problem a. With-
out loss we may assume that o’ is a canonical functor (see Lemma [4.1.14]).
Note that by applying 2-uniqueness over A n — l-many times, we know that

the following union of elementary maps is elementary

HL,...n {1 n}

U oy e by
Hence by extending this map to some automorphism and moving b we may
assume that b({1,...,n}) = d({1,...,n}) and b{l’ “"} — id. Now we can

apply Corollary [£.5.5] to note that the followmg is elementary
Ul [ e ()%}

Hence by moving b with this map we may assume that bg’j}’"} =1id. Then
repeating this argument for 3 and so on, we finally get that a’ and b are
the same. This then of course shows that these maps were already naturally

isomorphic in the beginning. O

Corollary 4.5.7. A rosy theory T with complete i-uniqueness over A with
i > 2, which has Property B(k) over A for every k with n >k > i, has

complete n 4+ 1-amalgamation and complete n-uniqueness over A.

Proof. Note that complete i-uniqueness over A implies B(l) over for every
[ with [ < (this is by Proposition [4.4.7 and Lemma [4.4.6). Now complete
n-uniqueness over A is obvious by the last corollary. Then complete n + 1-

amalgamation follows from Lemma [4.2.4 O

Corollary 4.5.8. A rosy theory T with weak elimination of imaginaries

and i-uniqueness over A for real parameters with i > 2, which has Property
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Baut(k) over A for real parameters for every k with n > k > i, has complete

n + l-amalgamation over A and complete n-uniqueness over A.

Proof. As already noted if a theory has weak elimination of imaginaries we
get that 2-uniqueness over A for real parameters implies 2-uniqueness over
A. Also we have that complete i-uniqueness over A for real parameters
implies Bayut(l) over for every [ for real parameters with [ < (this is by
Proposition . Then by weak elimination of imaginaries we have that
Property Bayut(n) over A for real parameters implies Property Bayt(n) over
A. As Bay(n) over A implies B(n) over A (see Lemma [1.4.6), we can then
use Corollary to finish the proof. O

Corollary 4.5.9. A stable theory T with elimination of imaginaries which has
Property B(k) over A for every k with n >k > 2 (or equivalently complete
i-uniqueness for some i > 2 and Property B(k) for every n >k >1i), has
complete n + 1-amalgamation over A and complete n-uniqueness over A. A
stable theory T with weak elimination of imaginaries and Property B au(n)
over A for real parameters for every k withn > k > 2 (or equivalently complete
i-uniqueness over real parameters for some i > 2 and Property B (k) for real
parameters for every k with n > k > i) has also complete n + 1-amalgamation

over A and complete n-uniqueness over A.

Proof. For both parts note that a stable theory has 2-uniqueness over every
set and in the second case this is true for the suffix “over real parameters”.
Hence we can use Corollary [£.5.7] for the first part and Corollary [£.5.§] for
the second part. O

4.6 Amalgamation of Morley sequences

We will show that complete n-uniqueness of Morley sequence implies complete

n-uniqueness.

Fact 4.6.1. (3.11 in [GKK15|) Let 7" = T4 be stable and with k-uniqueness

for every k < n. Suppose n-uniqueness fails (over A). Then there exists some
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Morley sequence ay, ..., a, over some A such that Property B(n) (over A)

for this sequence fails.

In fact the following is part of the proof of the above fact. We will reprove

it for the convenience of the reader.

Lemma 4.6.2. We fix some stable theory T with elimination of imaginaries.
Let by,...,bp+1 be an independent sequence over A which fails Property
B(n+ 1) over A and let k-uniqueness with k < n be true over by, ..., b,—1, A
and over b, A. Then there exists some Morley sequence (of (n + 1)-tuples)

a1,y ..., 0nr1 over A with
a; = (at, .-, any1) =4 (b1, ..., bag1)
where a; ; = b; such that ai, ..., any1 fails B(n+ 1) over A.

Proof. We pick in tp(bi,...,bn+1/acl(A)) the a; for i with 1 <i<n+1

successively such that

a; J—/Abiab cees Gi—1, bi+17 R bn+1~
Now assume by induction that aq,...a;—1,b;,...,b,+1 is independent over A
Hence we have
bi \J_/ACL]_, ceey Qi—1, bi+17 ceey bn+1

and we have that the following is true by construction

a; L ap;a1, ..., ai-1,bi11, ..., bpyt.
This together gives us by Transitivity that aq,...,a;,bi11,...,bp41 is inde-
pendent over A. Hence ay,...,ant1 is an independent sequence over A where

all elements satisfy the same stationary type. This gives use that the sequence
(a; : 1 <i<mn+1)is a Morley sequence.
We now need to check that this sequence fails Property B(n + 1) over A.
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For that fix some
f € Aut(acl(by /U acl(b b A))

which does not extend to some automorphism in
Aut (acl(by /U acl(by ... b;. ..bn+1A)).

Note also that aq, ..., a,_1, b, is an independent sequence over by, ..., b,_1, A.
We set B = acl(b; ...b,—1A). We build inductively (by the size of s) elemen-
tary fs for s C {1,...,n} with f; C f; for s C ¢ and the following additional

properties,
L if s C{1,...,n — 1} then fs = idaci(q, Biics)

2. if s =spU{n} with so C {1,...,n — 1} is an elementary map which

extends f with acl(a;b,B : i € sp) as its image and preimage.

To see that this is possible first note that by our assumption of k-uniqueness
for k <n over B, Lemma and Proposition [£.4.7] we have relative
(k, k)-uniqueness for k <mn over by,...,b,—1,A. Now if all f; with [t| < k
are constructed, then for [s| =k construct f; by extending {J;c, f¢ (which is
elementary by relative (k, k)-uniqueness) to the algebraic closure of its image
and preimage.

Now for the partial elementary map fi ., we have that the following two

equations holds for all : <n — 1;

fl...n racl(bl...bnA): f and fln racl(a1...ai...an_1bnA): id racl(al...ai...an_lbnA) .

Now use (n,n)-uniqueness over b, A on
fi..m and idagi(ay. a0y 1 1 <P <n—1

to obtain the following elementary map;
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ft € Aut(acl(ar U acl(a ..and)).

Now if we could extend fT to some element of
Aut (acl capnA)/ U acl(a . .anHA)),
then we would also be able to extended f to some element of
Aut (acl A)/ U acl(b b; ... anA)).

This of course by the choice of f is impossible. O

Corollary 4.6.3. A stable theory which has Property B(n) for Morley se-
quences over all sets, has complete n + 1-amalgamation over all sets and
complete n-uniqueness over all sets. Moreover, a stable theory which has
Property B(n) for Morley sequences over all finite sets, has complete n + 1-
amalgamation over all finite sets and complete n-uniqueness over all finite

sets.

Proof. Assume that n-uniqueness over some (finite) set A fails. Further
assume that k-uniqueness holds for all £ < n — 1 over all (finite) sets. By
Corollary we know that then B(n) fails over A. Now use Lemma [4.6.2]
to note that then B(n) fails for some Morley sequence over A, contradicting

our assumptions. ]

4.7 Amalgamation over models

The following result is Proposition 1.6 of IPKMOGID

Fact 4.7.1. We have total n-amalgamation and n-uniqueness over models

in any stable theory.

If our amalgamation diagram contains only models (of T') then this result can be
already found in [She90|(see Ch XII section 2 p 598).
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The author cannot resist to make the following silly remark. This result
gives us a (true) class of stable theories with total amalgamation over all sets.
To see that this has actually class-size, note that {T4 | A Cset-size €}, Where
¢ is the monster-model of T'=ACFy, has class size and is a subclass of all
stable theories which have total amalgamation over any set.

Differentially closed fields contain an algebraically closed set which is not
a model of its theory. But I suspect that in DCF higher amalgamation is still
true. The theories of compact complex manifolds with or without a fixed
automorphism (CCM and CCMA) also contain an algebraically closed set
which is not a model of their theory. However in CCM the algebraic closure
of the empty set is a model of the theory (for this see Section [5.7)).

To see why the Fact [£.7.1]is true and why its proof cannot be used outside
of the stable context note that the following is proved in [PKMO6| (in order
to prove Fact . Remember that a global type ¢ which is the extension
of some type p € S(M) is a coheir, if q is finitely satisfiable in M. Moreover,
in stable theories the notion of a coheir coincides with that of non-forking

extension. See Section 8.1 of [TZ12| for more information.

Lemma 4.7.2. Let T be some arbitrary complete theory and let M be some
model of T'. Further let a,...,a, be a sequence of tuples. Now if we have that
the type tp(an/acl(May ...an—1)) is a coheir of tp(an/M), then a1,...,an
has Property B(n) over M.

Proof. This proof is essentially a copy-paste of the proof of Lemma 1.5(2)
of [PKMO06|. We will work in T),. Take some

n—1
c€acl(ay ...an—1)Ndel( U acl(ay...d;...an—1ay)).
i=1
We can fix f1,..., fn—1 such that (tp(fi/a1...a;...an))1<i<n are algebraic
types, ¢ € dcl(f1 ... fn—1). Then we fix some formula ¢;(y,a1,...a;...,an)
such that it isolates tp(fi/ai,...a;...,a,). Further we fix some formula
W(x, f1,..., fn_1) such that it isolates tp(¢/f1 ... fn—1) (and has therefore at

most one realisation).
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It is easy to see that the formula

iYWy g ) AN\ dilar,az a3, y)
1<i<n

is part of the type tp(an/cay...an—1). Now as tp(a,/acl(a; ...a,—1)) is a
coheir of tp(ay,/0) and ¢ € acl(ay .. .a,) we have that there exists an m € M
(as we worked in T)s) such that

E g @y yn) AN dilar,an. b anoa,mo ).
1<i<n

Hence we have that ¢ € del(l,_,, acl(ay ... a;...an—1M)) as required. O

i<n

Now from this result the Fact follows as a corollary. To see that,
note first that in a stable theory every non-forking extension of a type over
a model is in fact a coheir extension. Therefore Property B(n) over models
holds. Note also that in a stable theory any type over a model is stationary
and therefore 2-uniqueness over models holds (see Proposition . Hence
we are finished as we apply Corollary [£.5.9| now, which tells us then that total

amalgamation and total uniqueness over any model is true.
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Chapter 5
Amalgamation over Parameters

We will see in this chapter that amalgamation can fail in finite covers, while
in the original structure it may hold. Moreover, we construct finite covers
such that amalgamation and uniqueness over the empty set hold, but 3-
uniqueness over some parameter set fails. But first we investigate a case

where amalgamation with and without parameters is connected.

5.1 Separable independence notion

We are going to establish results which will show that under some conditions
amalgamation problems over parameters can be translated to amalgamation
problems over (). This then shows that in this case total uniqueness over the

empty set implies total uniqueness over all sets.

Definition 5.1.1. We say that a theory T has a separable independence
notion if it is rosy and if in 7°9 for all sets A C B there exists some C' such
that AL yC and acl(AC) = acl(B). We say that a theory has separable

forking if it is simple and non-forking is a separable independence notion.

We will analyse which theories have a separable independence notion.
There are also examples in this thesis which do not have a separable indepen-
dence notion. These are the example in Section and the two examples in
Section In order to see that this is true, note that these examples do not

satisfy Theorem [5.1.10
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Remark 5.1.2. We have that theories with a separable independence notion

and 2-uniqueness over () are stable.

Proof. We work in T°4. By Fact [2.7.3]it will be enough to show that the in-
dependence notion has weak boundedness. So take some sequence (a; : i € I),
some set A and some set B D A such that we have a; =4 a; for all 4,5 € I
and a; L 4B for all i € I. We will show that the set {tp(a;/B) | i € I} has at
most size 2171 to finish the proof. Note that we may assume that a; =acl(0) @)
for all 4,j € I as there are no more then 2/71 different types in S(acl()).
Hence we may work in T:geq(m).

Since our theory has a separable independence notion we know that
there exists a} L A s.t. acl(a]A) = acl(a;A). Moreover we may assume that
a, = a;. for all 4,7 € I (as the a; have that property). We also fix some
formula ¢(z,y,Z) such that for all a, b we have ¢(z, a,b) has less then n-many
solutions and some @ € A such that ¢(x,a},a) has a; in its solution set. We
claim that we can use 27! as bound.

Now we have a; L 4B and therefore acl(a;A) L 4B. Hence a; L 4B and
therefore by transitivity a; L B. Now by 2-uniqueness we know that a; =p a’;.
As each a; realises ¢(z, a},a) with @ € A (which solution set is smaller then n),
we know that there no more then n-many types p1,...,p, € S(B) such that
for any 7 we can find some j with 1 < j < n such that we have tp(a;/B) = p;.

O

Lemma 5.1.3. If T has a separable independence notion, then any algebraic

cover of T' has a separable independence notion.

Proof. Let T} be some algebraic cover of T'. Then T} will be rosy because of
Lemma [3.4.3] By Corollary and as separability has to be checked in
779 we may assume that 7= T°1 and 71 = T7". Now let A C B be subsets
of the monster model of T7. Let {S; : i € I} be all sorts in which B has
elements. By Lemma[3.2.2| we have that for any finite set of sorts {S; : i € In}
(where Iy C I), there is a definable finite-to-one map 7, to some sorts of
T. Use the separability of T' on Ay C By defined as Ay :=J IocI 71, (A)
and By := Uy, 7 71, (B). Now find some C such that we have Ay .L ¢C and
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acl(ApC) = acl(By) in T. We claim that A.L ¢C and acl(AC) = acl(B) in
T1. The first point follows, as by Lemma [3.4.3] we have Ay L ¢C in T and
then as A C acl(Ap) in 71 we can use Lemma to show this. The second
point is also true, since we have additionally that B C acl(By) = acl(4¢C')
in 7} and therefore we have that acl(A4¢C) = acl(AC) = acl(B) holds in the
theory T7. O

Definition 5.1.4. A theory T is said to be pregeometric if the algebraic
closure operator is a pregeometry on € (see Appendix C.1 of |[TZ12]).

Lemma 5.1.5. We let T be a single-sorted pregeometric theory with geometric

elimination of imaginaries. Then T has a separable independence notion.

Note that o-minimal and strongly minimal theories are pregeometric. See
2.2.4 of [Mac00] for the former and 5.7.5 of |[TZ12] for the latter.

Proof. First note that the notion of independence of a pregeometry defines
some independence relation in the sense of Definition 2.4.1} Then note that
it is enough to check, by geometric elimination of imaginaries, that the
independence notion is separable in the real elements. Let {a; | i < a} be a
basis (in the sense of the pregeometry) of acl(B) such that for some A < «,
(a; : i < A) forms a basis of acl(A). Now C' = {a; | A < i < a} is independent
of A and acl(AC) = acl(B). O

More about pregeometric theories which do have geometric elimination of

imaginaries can be found in |Gag05| and |Ele05|.

Definition 5.1.6. An L-theory T is called almost strongly minimal, if

there exists some strongly minimal (in 7") formula ¢(z) € L(€) such that

¢ = acl(¢(€)).

Lemma 5.1.7. Let T be an almost strongly minimal L-theory with geometric
elimination of imaginaries which has an 0-definable (i.e. L-definable) strongly
minimal formula ¢ with € = acl(¢(C)) for the monster model € of T. Then

we have that T has a separable independence notion.
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Proof. First note that T is uncountably categorical (see Theorem 4.7.3
of [Hod93|), therefore is stable and hence has an independence notion. By
Lemma [5.1.3] Lemma [5.1.5] and Lemma [3.1.7] it will be enough to show that
¢ is an algebraic cover of ¢(€) (with the induced structure L-structure of €).
To make sense of it in our setup that we replace € by the two sorted structure
(€, ¢(€),idy(e)). We know that ¢(€)) (with the induced L-structure) will be
embedded in this two sorted structure. Now since our theory is stable we get
then stable embeddedness by Remark Now as we have € = acl(¢(€))

by our assumptions. ]

By the last lemma we know that if we allow the naming of a finite number
of elements of the monster (the elements defining the strongly minimal set)
then each almost strongly minimal theory with gei has separable forking. But
is this true without naming a finite number of elements or without assuming
gei, i.e. have all almost strongly minimal theories separable forking? Hence
then the next fact would give us lot of examples of theories with separable

forking.

Fact 5.1.8. (see 10.2.6 of [TZ12]) Any uncountably categorical structure,

with no definable infinite group in 7°°¢, is almost strongly minimal.

Question 5.1.9. Is the separable independence notion equivalent to any other

model theoretic notion?

The following result is the main use of the separable independence notion.

Theorem 5.1.10. Let T be a rosy theory with a separable independence
notion. Further suppose that T has n and (n + 1)-uniqueness over (). Then

T has n-uniqueness over any set.

Proof. We work in 7. We will prove the second condition of Lemma [£.1.14]
to get m-uniqueness over any set. So take a sequence aq,...,a, which is
independent over some set A. Then fix the canonical problem a* (of this
sequence) and its canonical solution a and fix also some other solution b. We

are going to construct an isomorphism between a and b.
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By separability of the independence notion we can find ¢; with ¢; L pA
such that acl(¢;A) = acl(a;A). Now because ¢; L gA and ci,...,¢, is an
independent sequence over A, we have by Lemma [2.4.6] that the sequence

Cl...CpCpy1 With ¢y = A

is independent over (). We take the canonical n + 1-amalgamation problem
a~ (over ) of ¢1,...,¢cp41 and its canonical solution to a.

We will extend b now to say b such that this is solving the problem
a~. We define b to be equal to @ on P({1,...,n +1})~. We set the object

b({1,...,n + 1}) as b({1,...,n}). Then we define the transition maps
Eél,...7n+1}:

1. We set b as b for C{1,...,n+1} with (n+1) € s.

2. We set b1 as (bil""’n} acl(c; : i € s)) for s C{1,...,n+ 1}
with (n+1) € sand s # {1,...,n}.

3. We set BEZ?} as some (arbitrary) elementary extension to the

algebraic closure (of its image and preimage) of the following map

Lom
U (bil,.._i._in} racl(cl_.,éi_._cn)).

We check that b is a functor. We use the fact that b is a functor. Because
of that it is only left to check that BE”Z;I} is well-defined. For that first

note that the maps

{1,...,n}
by Tadt(erinen)

are giving a solution to the canonical problem (over () of the sequence
C1,...,¢yn. Hence by the third point of Lemma [£.1.14) we can see that

1,...,n
fi= U (bil,g},n} racl(cl..,éi...cn))

is an elementary map. Hence BEZ?I} can be picked as an elementary

-----

extension of f to the algebraic closure (of its preimage and image).
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Now b is isomorphic to the canonical solution by n + l-uniqueness over
(). Let us take the natural isomorphism (a ELN 6)8673(”;1) from @ to b. Further

we define the following
S:={scPn+1)|(n+1)cs}

Of course the category S is isomorphic to P(n). So if we think about our
original solution functor a and b as functors from S to C, we have that a [g=a
and b [g= b and hence (a ELN b)ses gives a natural isomorphism between
them. O

Remark 5.1.11. Note that the proof of this proposition does not use the fact
that we work in T, hence it also gives some results for n-uniqueness over

real parameters in any pregeometric theory:

Let T be a theory with a separable independence notion in the real
parameters (same definition but in 7' instead of 7°%). Further suppose
that T has n and n + 1-uniqueness over () for real parameters. Then T has

n-uniqueness over any set for real parameters.

5.2 The standard example of non-3-uniqueness

We will see later in this chapter that, after adding a finite cover, every
theory which has an algebraically closed set which is not a model can fail
amalgamation. Then we use this construction to establish examples where
amalgamation over some non-empty set will fail, but amalgamation over the

empty set holds.

But first we remember the easiest example, which fails 3-uniqueness over
the empty set. This example is in fact totally categorical and is due to
Hrushovski. It appeared as Example 1.7 in [PKMO06].

Ezample 5.2.1. Let A be an infinite set, [A]? the set of all subset of A of size
2. Let B = [A]? x {0,1} (the double cover of [4]?). Let E C A x [A]? be the

membership relation, i.e. (a1,{az,as}) € E if and only if a1 = ay or a1 = as.
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Further let the relation P be the subset of B? such that

((w1,11), (w2, i2)(ws,43)) € P

if and only if there exists distinct a1, a9, a3 € A such that for

{i7j7 k} = {1’ 273}a

we have w; = {a;j,ai} and also we have that i + 42 + i3 =0 mod 2. Also
let 7 : B — [A]? be the projection map, i.e. w((w,i)) = w.

Now we let M be 3-sorted structure (A, [A]?, B, E, P,7). This structure
has weak elimination of imaginaries (see Lemma. We check that for pair-
wise non-equal a1, az, a3 € A Property B(3) over () fails. This then of course
implies that 3-uniqueness fails over () (see Lemma and Lemma [4.4.6]).
Note that for a € A we have acl(a) = {a}. Hence for a;, az € A we have that

({a1,a2},0) & dcl(acl(aq)acl(az)),

as there is an automorphism taking ({a1,a2},0) to ({a1, a2}, 1) and fixing
ay,az. But as ({a1,as},0) is in acl(aq, a3) and ({az,as},0) is in acl(az, a3),
and as P(({a1,as},0), ({az, as},0),z) defines ({a1, az},0), we can see that

({a1,a2},0) € dcl(acl(ar, as), acl(ag, as)).

Hence we have shown that Property B(3) over () fails.

Now this construction is actually a finite cover of subsets of size 2 of the
theory of an infinite set. The construction (see the next section) done in
this example can be done in a very general way on the 2-sets of a definable
subset of an arbitrary structures. Later we will then see that, if we choose
the definable set right, we can have failure of B(3) for any independent
realisations of this definable set. Also under some additional conditions we
can preserve total amalgamation over (. And later this will then gives us
theories where B(3) over some parameters fail, but total amalgamation over

the empty set will hold.
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Also note that this example has inspired many others. In [PS11] a stable
totally categorical theory (of similar type) was constructed with complete
n-amalgamation and complete n — l-uniqueness but failure of n-uniqueness
over (). In similar fashion in [GKK13b| (see Remark 2.29) it was shown that
there are totally categorical theories with failure of 3-uniqueness over () with
a more complicated “homology” group (see that same paper to know what

this means).

5.3 A double cover of a definable set

The structure

We start constructing a 2-cover for some arbitrary L-theory T and some
L-formula ¢(z,y). For that we fix some L-theory T" and some L-formula
¢(z,y) for the rest of this section. Set

1/1(35173327y) = d)(xl?y) N QS(:I:??y) A _|(:131 = mQ)'

Let S; be the sort of 21 (and therefore of x2) and let S3 be the sort of y.
Now let S5 be the class which consists of all subsets of S of size 2. The
sort Sy is of course a sort in 7°Y, but if Sy is not already contained, we
add it to our theory T together with the membership relation. Further
we set D = {({a1,a2},b) € So x S5 | (a1,az2,b) =1} (a definable subset of
Sy x S3). We say that dj, ds, ds are compatible sets if there exist elements
ai,as,as € Sp pairwise non equal and some b € S3 such that the following

elements are part of the definable class D;

d1 = ({al,ag},b), d2 = ({ag,ag},b) and d3 = ({al,ag},b).

We fix a new sort Sy, a new function 7 from Sy to Sz x S3, and some
ternary relation symbol R on Sy. Define Sy, to be a double cover (D x {0,1})
of D, namely Sy, contains (d,0) and (d,1) for every d € D. For readability
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reasons we will write (d, i) € Sy, as ig. Further let
m: Sy = D :m(ig) =d.

For i4,, jd,, kds € Sy (as defined i, 7,k € {0,1} and dy,ds,d3 € D) we define
that R(i4,, jd,,kas) holds if and only if i+ j+ %k =0 mod 2 and d;, ds,ds
are compatible. Now this L U {Sy, 7, R}-structure is an extension of the
monster model € of T" and we will call it €¢*. If we do this construction for
some model M, we call it M*. Note that Th(¢€*) = Th(M™).

The axiomatisation

We give an axiomatisation of the L U {Sy,r, R}-theory Th(€*). We will
prove in Lemma that this axiomatisation is complete (and defines the
same theory as Th(€")). But for now we call it T 4. The L-part will be the

same as T. The new axioms are the following:
1. 7 is two-to-one (with range Sy) and has image D.
V1202 (Y(21, 22, 2) = I 22(7(7) = ({21, 22}, 2)))

Vavy (m(z) =y — Jz1202(Y(21, 22, 2) A ({21, 22}, 2) = ¥))

2. If R(x1,x2,x3) holds, then the images m(x1), m(x2), 7(x3) have to be

compatible sets.

Va1zowsIy1yaysz (R(w1, 22, x3) — /\ () = (Y Yit1 poas) > 2))
1<3<3

3. For all z1,xy for which there exists some x3g such 7(z1)7(z2)m(x3) is

compatible, there exists exactly one 3 such that R(x1,z2,x3) holds.

Voi29(32120232 /\ m(wi) = ({20, 2(i41)}, 2) = ElzlrrgR(xl,xg,xg))
1<i<2

4. For all elements x1, x9, xo for which Rzixox3 holds, we have that for
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any permutation of x1,xs, z3 the relation R holds.

Vaizoxs (R(z1, x2, T3) — /\ R(Z4(1), To(2) To(3)))
ceS(3)

5. (tetrahedron-like) For all z, for all x1,x9,x3, x4 non-equal points in
¢(x, z) and for all

Y12, Y13, Y14, Y23, Y24, Y34

(of sort Sy) such that 7(y;;) = ({xs,x;},2) and we have that if either

all or exactly one of

R(y12, Y13, y23), R(y13, Y14, y34) and R(y12, Y14, Y24)

holds, then R(y23, Y34, y24) holds. And if of

R(y12, 13, y23), R(y13, Y14, y34) and R(y12, Y14, Y24)

either 0 or 2 are true, then R(ya3, Y34, y24) fails.

In formulae with — set accordingly, we can write it as follow:

VaVr1wox3raVy12, Y13, Y14, Y23, Y24, Y34

(A ~w=an A slaan A )= (oo

1<i<j<4 1<i<4 1<i<j<4

() R(y12, Y13, Y23) A () R(y13, Y14, Y34) A () R(Y12, Y14, 3/24)>

= (7)) R(y23, Y34, y24)]

Verification

We check that these axioms are true in €*. All but the last point following

directly from the construction. Hence it is left to check that the structure is
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tetrahedron-like. For that we set

Y12 = i({xl,ﬂc2}7z)’ Y13 = j({xl’m}’z),
Y14 = k({m,u}z)’ Y23 = l({f‘?2vx3}vz)’

Y24 = M{zg,24},2)> Y34 = N({as,24},2)-
We have then that
l=1i4j(+1) mod 2,
m=j+ k(+1) mod 2,
n=1+k(+1) mod 2

(41 is there, in the case when the corresponding elements are not in the
relation R). In order to fulfil tetrahedron-like, we have that | +m +mn =10
mod 2 if either 0 or 2 “+1” are present and [ +m +n =1 mod 2 if either 1

or 3 “41” are present. But this can be seen by the equation

l+m+n=i+j(+1)+j+k(+1)+i+k(+1) mod 2
=20+ 2j + 2k(+1)(+1)(+1) mod 2
= (+1)(+1)(+1) mod 2.

Now a good way to imagine this, is to think about the set D N Sy x {b}
as the lines between elements in ¢(&,b). Then Sy, is the double cover of these
lines. Think about Oy, q,) as normal line and 174, 4,1 as a dotted line. Then

a “triangle” is in R, whenever the triangle consists of either 0 or 2 dotted
lines. (see Figure on page

Remark 5.3.1. 1T do not see any obstruction, why the construction in this
section could not be extended to more than a double cover (namely an n-cover
with more complicated group structure than Sym(n)). Instead of covering
2-sets we could surely also cover (n — 1)-sets and replace the tetrahedron-
like property with some polyhedron-like property. Then if we assume lower

amalgamation and uniqueness we should be able to prove a similar result
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Figure 5.1: Double cover
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as Lemma with Property B(n) (and hopefully also similar results to
Proposition |5.5.15)). Moreover, then in this case if T" is the theory of infinite
set, then T 4 should be the same as the example of [PS11].

Having positively answered the last remark one could then ask:

Question 5.3.2. Does there exists some algebraic cover which has Property
B(k) (over empty set) for infinite many k’s and also fails Property B(l) (over

empty set) for infinite many {’s?

Lemma 5.3.3. T 4 is a complete L U{Sy, m, R}-theory. Moreover, € is

the monster model of this theory.

Proof. Fix some model M* (of some completion) of T 4. Since M* [ L =T
we can extend M* | L = M to M™ (as described in the beginning of this
section). We will show that M* is isomorphic to M7 to finish the proof. As
we have Th(M™) = Th(€"), this will also give us that the monster €* of
T 4 is isomorphic to €.

We define an isomorphism from M™ to M* which fixes M. Because we
require that M is fixed, we may assume that ¢(z,b) has some realisations
for only one b (and ignore it). We enumerate the class ¢(M,b) (in any way).
Without loss we may assume that {aq | @ € Ord} = ¢(M,b) where Ord are
the ordinal numbers.

Now we will describe the automorphism say f. Note that Axiom 4 will
be used without noting it. By Axiom 1 we can map 04 q,) for any a to any
element in 7! ({ag, an}) (of M*). Then by Axiom 2 and 3 for every a, 3 there
exists a realisation a of R(z, f(0{aq,a0})s [ (0fag,as})) With m(a) = ({ag, an}).
We set the automorphism f on Oy, 4 5} to be this a. By Axiom 1 we make
this map then a bijection between M T and M* by mapping Lan,as} tO the
other element of 71 ({ag, an}).

It is left to check that the relation R is preserved under f. So we need to
check that ¢ +j + %k =0 mod 2 if and only if

M* = R(f(ifan,ap1)s f (fap,ant) F(Ffaa,ar}))-

For that note that we have that
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M }: R(f(i{aa,a,g})7 f(o{ao,aa})a f(o{ao,ag})) iff i =0
M ): R(f(j{ama.y})v f(o{ao,aa})v f(o{ao,a.y})) IH] =0
M ): R(f(k{aﬂ,a,y}% f(o{ao,ag})a f(O{ao,a—y})) iff k=0.

Now by our assumption that R is tetrahedron-like (Axiom 5) these points

give exactly what we want. O
Lemma 5.3.4. T5 4 is a finite cover of T'.

Proof. By Lemma we may assume that € is the monster model of
T, . Clearly m is a O-definable finite-to-one map from the new sort of €*
to €. We will show that every L-automorphism of ¢ extends to an L™-
automorphism of €*. This will finish the proof as by Fact will know
then, that € is fully embedded in €*. For that fix some L-automorphism
f of € We define hy € Aut(€") the extension of f. We set hy(iq) = is(a)
for all d € D. For that it is enough to check that R(i4,, ja,, k4, ) holds if and
only if R(in(d,)s Ja(ds) Fa(ds)) for all di,dz,d3 € D. Hence we need to check
that compatibility is preserved, but this is clear since an automorphism of €

is a bijection on the old sorts. Hence €1 is a finite cover of €. O

Remark 5.3.5. We have seen that we can extend any automorphism of €
which fixes A C € to one of € which fixes 7=1(A).

5.4 General properties of the cover 75 4

Lemma 5.4.1. Let € be the monster of T and €% be the above described
extension (and hence the monster model of Ty »). We have that G = Aut(€h)

1s the inner semidirect product of the following closed subgroup
H = {a € Aut(€") | aliq) = iq(q) for all d € D}

and the normal, closed subgroup N = Aut(€*/€).
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Proof. 1t is enough to check that there exists some homomorphism
F:G—H

which is the identity on H with kernel N. First note that any automorphism
f of Aut(€") is in Aut(€*t/€) if and only if f [¢=id. Note that [¢ is a
homomorphism and its kernel N is a normal subgroup. Then note that
F’: Aut(€) — H defined by extending each a € Aut(€) to some h, € H
by setting hq(ig) = iq(q) for all d € D is an isomorphism. In the proof of
Lemma [5.3.4] we already see that this is well-defined.

Then F’ is a homomorphism because for a, § € Aut(€), we have

hﬁ o ha(id) = iﬁoa(d) = hﬁoa (Zd)

It is surjective, as for each h € H we have F'(h [¢) = h. It is injective as for
B # a € Aut(€) we have hg # hy (as both are extensions of the former). As
already noted we know that the homomorphism [¢ has N as its kernel and
hence the kernel of F := F'o |¢ is also N. Hence F is the homomorphism

with the desired properties and therefore we are finished. O

Lemma 5.4.2. A bijective map f on € with f [¢= id¢ is in Aut(€T/€) if

and only if the following is true

R(f(och)a f(Odz)a f(0d3)>

for all compatible elements dy,ds,ds in the set D.

Proof. Left to right is clear by definition. For the other direction since
compatibility will preserved by f assume that there exists 44, , ja,, kq; € Sy
with compatible di,ds,ds € D such that

l: R(id17jd2ﬂ kds) and ’: _‘R(f(id1)7 f(jd2)7 f(kd3)>

or vice versa. We may assume without loss that the former holds, as otherwise
the latter holds, i.e. = = R(ig,, jdy, kas) and = R(f(iq,), f(Jdy), f(kds)) holds,
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but then it is easy to see that the former holds for the elements 4, , j4, and
kg, with i =i+ 1 mod 2.
Hence this implies that ¢ + j + k£ =0 mod 2, but

F@)+ f(G)+ f(k)=1 mod 2.

This means that f cannot be the identity on 1 or 3 of them, as then
f(i)+ f(4)+ f(k) =0 mod 2 would hold. Hence either f can only be the
identity on either O or 2 of then ig4,, j4,, ka;. But then

R(f(0d,), f(0dy), f(0ds))

can not hold, as either 1 or 3 of 0’s will be 1’s after applying f. O

Lemma 5.4.3. Let € be the monster of T and €1 be the above described
extension (and hence the monster model of T 4). Let b be an element of sort
Ss. Then for any subclasses Ay, A2, C' of ¢(€,b) with A1 N Ay = C and any
f,g9 € N(= Aut(€* /€)) with

FIa i ([CP x {b}) = g I 7~ H([C]? x {b}),
we have that
Fra (A x {bY) Ug I o 1([A2)? x {b})

1s an elementary map which can be extended to an automorphism of N.

Further if A1 N Ay = 0 holds, then for each a1 € A1 and as € As there

exists automorphisms h,h' in N both extending
Fra AP x {by) ug I 77 ([A2]? x {b})

with h(o({al,ag},b)) = 0({a1,a2},b) and h/(O({al,ag},b)) - 1({a1,az},b)'

Proof. We will show that

Fra (A x {b}) Ug I 7~ ([A2]” x {b})
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can be extended to an automorphism. As € will be fixed and there is no
interaction between elements of S, with different canonical projections to Ss,
we may assume that S3 consists only of one b (set the automorphism as the
identity on the rest) and forget about this parameter. This essentially means
that we assume that D C Ss.

We are going to define a map h with preimage and image 71 ([4; U A5]?)

which does extend the following map
Frat (A ug o ([A])

and moreover fulfils the properties of Lemma [5.4.2] i.e. we need to check that
R(h(04,),1(04,), h(0g,)) holds for all compatible elements

dy,dy,ds € [A; U Ag]?.

In order to do that we need to define the map h for any element a; € A1 — Ao
and any element as € Ay — A;. We may assume that there exist such elements,
because otherwise we would be finished.

To make notation easier we now will start confusing elements 0y with 0
and 14 with 1, hence writing something like iy + jo = kg mod 2, which is
meant to be i + 7 = k mod 2. If A} N Ay = C is non-empty take an element
c of it. Then h(0Oy4, 4,)) Will map to g(0q, ) + f(0ay,c}) mod 2. We check
that this value does not depend on the choice of ¢. For that take another
¢ € A1 N Ay. Note that we have that

f(o{c,c’}) + f(O{a1,c’}) = f(o{a1,c}) mod 2
and we also have that

g(o{c,c’}) =+ g(o{ag,c’}) = g<0{a2,c}) mod 2

since both f and g are automorphisms (see Lemma [5.4.2)). Since f, g are the

same on their common preimage part, this give us that f(0cc) = 9(0c,ry)
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holds. Hence we have that the following equation is true;

g(o{az,c}) + f(o{ahc}) = 2f(0{c,c’}) + g(o{az,c/}) —+ f(o{al,c’}) (mOd 2)

So we need check that for aq,a} € Ay and ay € As that

(Q:+) ’: R(f(o{al,a’l})a h(o{a1,a2})7 h(o{a/l,ag}))‘

But that can be seen by the following equation:

F(0ar,a13) + h(Ofay a2)) + P(0gar ar))

= f(0far,a13) + (f(O0gay,c}) + 9(04an,c1)) + (f(Ogar,c}) + 9(0gay.c1))
= [ (O¢ar,ay) + F(O0qay,¢3) + F(Ofag ep) +29(0ay,c}) =

= [ (Ogar,ay) + F(0qay.¢3) + fF(Ofag c3)

=0 (mod 2).

+
+
+

The same holds for a; € A and ag, a, € B as we can exchange the roles of
A; and Aj in the calculation above. Hence we have R(h(04,),(04,), h(04,))
holds for all compatible dy, da, ds € [A1 U Ag)%.

If A1 N A, is empty we fix any a1 € A1 and as € As, and set

h(o{al,az}) = Ofar,az}-

Here we have a free choice, we could also pick h(0{4, 4,}) = 1{a;,a0}- We will
put this in square brackets in our calculations to keep track of it, as this will

show the last part of this lemma. For @} € A; and df, € Ay we define

h(0¢ay,a51) = 9(04ay,a5}) [+7 (01 a5})] (mod 2),
h’(o{a’l,ag}) = f(o{al,a’l})[+h(0{a1,a2})] (mOd 2)7
h(o{a’l,a’z}) = 9(0{a2,a’2}) =+ f(o{m,a’l})[+h(0{a1,a2})] (mOd 2)'

We need to check that for a},af € Ay and a}, € Ay
= R(f(01a5,011): (O0gay at)s 1e(Ogay ag)) -
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But the following easy calculation shows it:

f(o{al,al ) + h‘(o{al,a’2 + h<0{a’1’,a’2 )

= f(0qa;.a7y) + 9(0¢az,ay}) + (Ofar,a;1) [+7(0fay an})]
+ 9(0gaz,az)) + F(Ofay,a7)) [+7(044; ar})]
= [(O¢a;,ary) + f(Ogar.apy) + F(Oqar.a7y) +29(0gay,az) ) [+20(0fay a0} )]
= [(O¢a;,ary) + [(Ogar.ay) + F(Oqayary)
=0 (mod 2).

Therefore we have again, that R(h(0g4,),h(04,), h(04,)) is true for all compat-
ible dy,do, ds € [A1 U Ag)%.

Now suppose we take the identity automorphism of €. Then by the
same argument as in the “A; N Ay = (-case but for Az = ¢(€,b) — (41 U Ag)
and (A; U Az), we can extend the following map h [-1(14,04,]2) Uidr—1((44)2)
to some h* such that R(h*(0g4,), h*(04,),h*(04,)) holds for all compatible
dy,dg, ds from D(= [¢(€,b)]?). Hence by Lemma again, we have that
h* together with idg is an automorphism in N. O

Remark 5.4.4. Let the assumption be the same as in Lemma |5 Then for
any element as € ¢(€,b) — Ay and for every a € ¢(€,b) with a ;é ag, we have
that 0({4,4,),p) is not in the definable closure of €U 7 ([A1)% x {b}). To see
this take the identity elementary map on 7—1(A4) x {b}) with A} = A; U {a}
and take the identity elementary map 7~ (€ — Ay x {b}), then apply the
last part of Lemma [5.4.3]

Corollary 5.4.5. Let T be a countable w-categorical theory. If T has weak

elimination of imaginaries, then Ty 4 has weak elimination of imaginaries.

Proof. We check the conditions of Fact [3.5.7 So take some
feAut(C(X)/€,C(XNY))

for acl®-closed sets X,V in €. We may set C(X) = U,cxnp ™ *(2). As

there is no interaction between elements ({a1,as},b) and ({a1,a2},?’) for
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b # b/, we may assume that the sort S3 contains only one element. Note that
by algebraic closedness of X,Y, we have that if ({a1,a2},b) € D is in X (or
Y') then so is ag, az, b. Hence in order to prove the corollary we note we have
C(X)=7m"YH[X NS x {b}), C(Y) =71y NnS]? x {b}) and

C(XNY)=n"Y[XNnYNS? x {b}).
Now we are finished since
f1OXnNY)=idgxny)
and therefore by Lemma we have that f Uidg(y) is in
Aut(C(X)/€,C(Y)). O

Proposition 5.4.6. Let T be stable with elimination of imaginaries. Then

15,4 has weak elimination of imaginaries.

Proof. The idea is to use Fact [2.7.6] Because our theory is stable we can fix
some set-size monster model M = T' (see Section and denote by M its
extension to T3 4 (it will be a set-size monster model as well).

Fix some p € S,(M™) (in T3 ) and fix some ¢y = p. Then by elimination
of imaginaries and stability tp(m(cyo)/M) has a canonical base By. We claim
that By together with finitely many elements of Sfp\/[ " is a canonical base of
p. For that we add any of a,,b € M which is part of d(44,,1,5) € €0 to Bo.
We call this new set B. Note that this will be independent of the choice of
¢o. Now for any a,,al,,b € B with (am,,b) E ¢(z,y) and (al,,b) = ¢(z,v),
we add Oy, or yp and 1gq, o 15 t0 B.

We claim that this B is a canonical base of p. So for f € Aut(¢€*/B)
which fixes M set-wise, we must show that if ¢ = p then f(c) =p. We
have that tp(w(¢)/M) = tp(f(w(¢))/M) since the set B contains a canoni-
cal base of tp(w(¢)/M). Hence there is some g € Aut(€/M) such that we
have g(w(¢)) = f(w(¢)). Now this g can be extended to an element h € H,
such that h fixes M* (see Remark . If we can show that there is
some [ € Aut(€*/€) N Aut(€*t/M™T) such that f'(h(c))) = f(¢), then we
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are finished as f’ o h € Aut(€*/M™) which maps ¢ to f(¢). This means that
it is enough to show that the orbit of any ¢ = p in Aut(¢€*/€, MT) and
in Aut(¢€*/¢, B) is the same. Note as h™! o f is in Aut(¢€T/€, B), we can
then pick f” € Aut(€t/¢, MT) with f(¢) = h™! o f(¢) and hence then
ho f(e) = f(©).

o f(€) = f(2)

TJ/hu
|

_ g —
m(¢) —— f(=(2))
Figure 5.2: Canonical base maps

We may assume that there is only one such b, as there is no interaction
between elements d((q,a,p); d({a” o} for different b, and absorb the pa-
rameter to our theory. Note that by the choice of B, we have that for any
d{a’am} € ¢ with a,, € M we have a,, € B. We let A be the set of all a,,, € M
which are part of some dy, 4,1 € ¢ Note that ANB=A=ANM. Use M,
AU (€ — M) and 7(B), AU (€ — M) both each time with Lemma to
note that the automorphisms of Aut(€* /€, B) and Aut(€*t /€, MT) are the
same on 7~ (AU (€ — M)): For f € Aut(¢* /€, B) we have by Lemma [5.4.3
that f [-1(aue—nm)) Vid [u is elementary and (as f [mna= f [Bna=ida)
can be extended to an automorphism of Aut(€* /€, M*). Now since € is a
tuple of elements in 7~} (AU (¢ — M)) we are done. O

Question 5.4.7. Does (T°Y)y 4 always have weak elimination of imaginaries?

5.5 Amalgamation properties of T 4

Now we are ready to use our construction 7154, to establish examples of
failure of 3-uniqueness over algebraically closed sets which are not the domain

of a model of theory T.
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Force failure of B(3)

Proposition 5.5.1. Let T be a complete rosy L-theory and let A be some
algebraically closed set which is not a model of T. Then T has a finite cover
T" which fails Property B(3) over A for real parameters. In fact, if ¢(x,y)
is some L-formulas such that ¢(z,a) with a € A is not satisfiable in A, then
Ty.¢ fails Property B(3) over A for real parameters. Moreover, we can pick

A to be the algebraic closure of some finite set.

Proof. Fix an algebraically closed set A which is not a model of T. Then
by Tarski’s Test there exists some L-formula ¢(z,7) and some b € A such
that ¢(z,b) is satisfiable but not satisfied in A. Moreover, ¢(z,b) has to be
realised by infinitely many elements.

We construct for this ¢(z,y) the finite cover = T 4. We check that this
finite cover |= T 4 fails B(3) over any A’ C A which contains b in order to
finish the proof. Note that this will then also show the “Moreover’-part.
Therefore fix any type p in S(A’) which contains ¢(x,b). Let ay,az,as3 be
independent realisations of p. We check that B(3) for a1, as, a3 over A’ fails.
Hence we have to check that dcl(acl(a; A")acl(azA’)) is a proper subset of

acl(ajas A") Ndcl(acl(ajazA’), acl(azaz A")). (5.1)

Now note that we have acl(a;A") L aracl(azA’) (this is true by Symmetry,
Monotonicity and Lemma[2.4.4] or one could have picked independent elements
in the type tp(acl(ayA’)/acl(A4’)).). By this and by Anti-Reflexivity we have
then that the following is true

acl(a; A") Nacl(agA") C acl(4A").

Further there is no element in acl(A) and therefore in acl(A’) which
satisfies ¢(x,b). Hence by our choice of ¢ (see page , we have for all
a’ € acl(a1A’) and all a” € acl(agA’) that there is no algebraic element over
A’ which satisfies both v(a’, y2,b) and (a”,y2,b). Hence by Lemma
we can find an automorphism fixing acl(a; A’), acl(agA’) and € and mapping
0({(11’&2}75) to 1({[11’(12}75). Clearly this shows the element O({al,az},E) is not part

of the set dcl(acl(a;A’), acl(agA")).
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But we have that 0, .47 is part of acl(ajagA’) and 0({as,a5},5) 1S Part
of acl(agazA’). The new relation R gives us then, that the 0({ar,a0}.p) 18 the
only element which satisfies R(z, 0 {a1,a3}.0) 0 {az,a3} 5)). Hence of course we
have that

O(fa1,a2}.) € dcl(acl(ajazA’), acl(azaz A")).

But now we are finished. Since we have shown, that the inequality [5.1] is
fulfilled. This then give us, as we already discussed, that the constructed
finite cover fails the Property B(3) over the set A’ O

Remark 5.5.2. Note that the last proof did only use the properties of forking
which are true in any theory. Hence the following is true as well: Let T be a
complete L-theory such that there exists some acl-closed A which is not a
model of 7. Then T has a finite cover 7" which fails B(3) for some Morley

sequence over A.

Corollary 5.5.3. Let T be w-categorical rosy and let A be some algebraically
closed set which is not a model of T. Then T has a finite cover T which
fails B(3) over A.

Note that if T is an w-categorical theory which does have a sort with
infinitely many elements, then T" does have some algebraically closed set
which is not a model of T'. This is as due to the Ryll-Nardzewski theorem

the algebraic closure of any finite set of parameters is finite in each sort.

Proof. This follows from Proposition and Corollary ]

Corollary 5.5.4. Let T be stable and let A be some algebraically closed which
is not a model of T. Then T has a finite cover T' which fails B(3) over A.

Proof. This follows from Proposition and Proposition [5.4.6 O

So this corollary together with Fact shows that in stable theories
there is no abstract model theoretic reason (i.e. reason based on properties
preserved under finite cover) why 3-uniqueness should be true, except if the

algebraic closure only produces models of the theory.
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Baut(n) is B(n) in T, y modulo T

In this subsection we proof a rather technical lemma which shows us that in
Ty,4 Property Bay(n) and B,, are more or less the same. For the previous
Subsection (i.e. the first subsection of Section this will give us no new
insight. But it will have some use later: we will preserve the Property Bayt(n)
over some (fixed) set (and therefore n-uniqueness in stable theories with lower
uniqueness) in the extension 75 pp;. After we have done that, we will in some
examples combine this result with Proposition to get examples with

total uniqueness over () and failure of 3-uniqueness over some non-empty set.

The main assumption in the technical lemma we have to take about the

cover Ty 4 will be the following definition.

Definition 5.5.5. If by ... b, is an independent sequence over (), we set

n—1 n—1
B = U ELCIch (bl ... lA)l ... bnflbn) and B~ = U aclﬁ (bl ... lA)l . bnfl).
=1 =1

We say that T 4 has Property B(n) in Aut(€*/€) if for every independent
sequence in by ...b, over () and every element e in a,cl€+(b1 ...bp—1) we have
that the orbit of e over Aut(€*/B¢€) and over Aut(€*/B~€) is the same (i.e.
we have e € dcl(€B) if and only if we have e € dcl(€B7)).

Lemma 5.5.6. Let T be a rosy theory with Property Bay(n) over O for
real parameters. Let ¢p(x,y) be some formula such that for any a,b = ¢(x,y)
we have that b € acl(a) and such that Th 4 has Property B(n) in Aut(€t/€).
Then we have that Ty 4 has Property Bay(n) over () for real parameters. If
T has Bay(n) over O (in T°1) and Ty 4 has weak elimination of imaginaries

then we can omit the term for real parameter.

Proof. Let € be the monster of T and € the monster of T,. Fix an
independent sequence (of tuples) by, ...,b, over ) in € (and not €*). Note
that by Corollary it is indeed enough take elements of € (and not of

the cover). Now we have, since Property Bayi(n) over the empty set holds
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in the theory T', that for the sets

n—1 n—1
Be = |J ac(by...bi...bp_1bs) and By = | Jacl®(by...bi...bp1)
=1 =1

the following automorphism groups are the same;
Aut(acl®(by ...by—1)/Be) = Aut(acl®(b; ... b,—1)/Bg ).

By Remark this then gives that for the same sets in €1, i.e.

n—1 n—1
B=|Jac® (by...bi...bp1by) and B~ = | Jacl® (by...bi...by_1)
=1 =1

the following corresponding automorphism groups are the same;
Aut(acl®(by ...b,_1)/B) = Aut(acl®(by ...b,_1)/B7). (5.2)

Also by Lemma we know that we can write each f € Aut(€*/B™) as a
composition f = fj, o f, with f, € Aut(€*/€) and f;, € H (see Lemmam
for the definition of H). By Equation|5.2|we know that f, | acl®(by, ..., bu_1)
can be extended such that it fixes B and this then extends uniquely (in H) to
acl®’ (b1,...,byp—1). Hence we only need to check that f, | acl®’ (b1y...,bp—1)
can be extended such that it fixes B.

Because of this, it is left to show that for any tuple € € acl?” (b1y...,bp—1)
the orbit of it over €B~ is the same as over €B. As the orbit on the old
sort is trivial in Aut(€*/€), we may assume that € is purely of sort Sy, and
as there is no interaction between elements of Sy with different canonical
projections to S3, we may assume that Ss consists only of one element and

forget about this parameter, i.e. we may assume D C Ss.
Claim. We may assume that € is a singleton.

Proof(Claim): We assume that the orbit of each singleton of

Sw N ELC]QJr (b1 - bnfl)
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is the same over €B and €B~. Then we will prove by induction of the length
of the tuple, that the tuple (eq,...,e,) has the same orbit over €B and €B~.
Hence assume that the orbit of tuples of length n — 1 is the same over €B and
€B~. Take some f € Aut(€*/€B™). Then there exists f/, f” € Aut(€*/€B)
with

fller...en1) = fler...en 1)

and f"(en) = f(en).

We may assume that e,, & dcl(e; . ..e,—1), because otherwise we would be
finished. Let A be the projection of eq,...,e,_1 onto Sy. Let e, = 0fa1,a2}-
Now we have to consider several cases: If a; and a, are both not in A, then
we can use the last part of Lemma with A; = A and Ay = {a1, a2}
and the claim follows. If a7 is in and as is not in A or vice versa, then
we can use the last part of Lemma with A1 = A and Ay = {as} (or
vice versa) and the claim follows. For a; and ay are both in A and as we
have that e, & dcl(e;...e,—1), we know that there cannot be a sequence
Hay,a)} J{alab} - - - k{a’m,pain% l{ar, sy With each element of this sequence be
one of the e;’s with i < n. Hence we can split A into disjoint A; and As,
such that a; € Ay and ay € A and each e; for i < n is either in 771([41]?)
and 771([A2]?). Hence applying the last part of Lemma m to this sets

gives us the claim. Uctaim

Now by Property B(n) in Aut(€*/€) we have that any singleton
e €acl® (by,... bp1)

has the same orbit in Aut(€*/€B) and in Aut(¢€*/€B~). But this shows

what we wanted. O

Keep B(3) over () true

We now examine the situation in which Property B(3) over the empty set

and Property B(3) over parameters can differ.

Definition 5.5.7. Fix some rosy L-theory T'. An L-formula ¢(z,y) is said

to have only dependent realisations in x over () (in T'), if for all a1, ag, b with
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a1,b = ¢(z,y) and az,b |= ¢(x,y), we have a1 [ ;az and b € acl(ar).

Remark 5.5.8. Let T' be some rosy L-theory. Then a formula ¢(z,y) such
that for any = ¢(a,b) we have b € acl(a) and b ¢ acl(()) has only dependent

realisations in x over ()

Proof. Take any aq,b and ag,b both satisfying ¢(x,y), then we have that
b € acl(a1) Nacl(az). As we have b & acl(()) we get that by Anti-Reflexivity
that aq J//@ as. O

By the last remark we can easily see that the following is true

Remark 5.5.9. Let T be arosy L-theory with acl(()) finite. Then the L-formula
(21, x2;y) defined as —(x1 = x9) Az =y Ay ¢ acl(()) has only dependent

realisations in (z1,x2) over the empty set.

Proposition 5.5.10. Let T be rosy theory with By (3) over O for real
parameters and let ¢(x,y) be a formula with only dependent realisations in x

over (. Then Ty 4 has Bau(3) over O for real parameters.

Proof. By the Lemma it is enough to show that B(3) in Aut(€t/¢)
holds. So fix an independent sequence (of tuples) by,bs,bs over @) in €
(and not €*). We will show B(3) in Aut(€t/€) (for this sequence) by
showing the following; if there is an automorphism « of €™ moving 0({a1,a}.b)
to 1({a;,a0},p) and fixing €B~ (with B~ = acl®’ (b1) U acl€+(bg), then there
is an automorphism moving 04, a,},5) t0 1({a1,a2},5) and fixing €B (with
B~ =acl® (bybs) Uacl®" (babs)).

Claim. We may assume that ay, as are in B™.

Proof(Claim): Note that if a1, as are in B, then as ai,as are in acl(by, b2)
by independence they will be in B~. But by Remark we have that if
either one of a1, az would not be in B, then it follow that O(f4, a,},) Would
not be in dcl(B). But then we would be finished as there is an automorphism
moving O({4;,a5},6) 10 1({a1,a2}.,0) and fixing €B. Uclaim

Note that we cannot have a1 € acl¢+(b1) and ag € acl®” (b2) as a1 f as

holds since ¢ has only dependent realisations. But then as a1, as are part
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of B~ we have that they are either both part of acl®’ (b1) or else they are
both part of acl€+(b1). This then of course gives that 04, a,1,5) € del(B7)

as required. O

Corollary 5.5.11. Let T be a rosy theory having Bau(3) over O for real
parameters, let acl(D) be finite and let A # acl(()) be some algebraically closed
set which is not a model of T. Then there exists some formula ¢(x,y) such
that Ty 4 has Bau(3) over () for real parameters and fails B(3) over A for

real parameters.

Proof. We pick the same formula (for A) as in Proposition [5.5.1] Further
we may assume that for @, b = ¢(z,y) we have b € dcl(@) and acl(b) ¢ acl(0).
The proof of Proposition [5.5.1] will still work and by Remark [5.5.8 we know
that the formula will also have only dependent realisations. Hence we can
apply Proposition [5.5.10] to finish the proof. O

Corollary 5.5.12. Let T'(=T°9) be a stable theory with 3-uniqueness over
0, let acl(D) be finite and let A # acl(()) be some algebraically closed set which
is not a model of T'. Then there exists some formula ¢(x,y) such that Ty 4

has 3-uniqueness over O and fails B(3) over A.

Proof. First note that T 4 has weak elimination of imaginaries (see Propo-
sition [5.4.6)). By Corollary [5.5.11| (by weak elimination of imaginaries we
can omit the suffix “over real parameters’) we have as Bay(3) over (). Now

Proposition m gives us 3-uniqueness over (). O

Corollary 5.5.13. Let T be a rosy w-categorical theory with weak elimination
of imaginaries such that there exists at least one sort of infinite size. Let
Property Bau(3) over 0 be true as well. Then there exists some formula
o(x,y) such that Ty 4 has Baw(3) over ) and fails B(3) over some non-empty

set.

Proof. This is just due to the fact that the algebraic closure of a finite set
is finite (in each sort) and hence not a model of our theory. We can then
apply Corollary [5.5.11] Since we have weak elimination of imaginaries by
Corollary we can omit the suffix “over real parameters”. O
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Keep B(n) over {) true for all n

Theorem [5.1.10| shows that if our theory has a separable independence notion,
then there is a connection between total uniqueness over the empty set and
3-uniqueness over parameters (in fact n-uniqueness). We will see that under

certain assumptions there is no connection between these two notions.

Definition 5.5.14. Fix some rosy L-theory 7. An L-formula ¢(z,y) is said
to split in x (over §) (in T), if for any two subsets of the monster A;, Ay
with A1 L gAz and any a,b |= ¢(z,y) with a € acl(A;A2) and b € acl(A;) we
have that there exists o’ € acl(A;) with o’ |= ¢(z,b).

We will later see examples of split formulae. But first we examine the

main use of this notion.

Proposition 5.5.15. Let T'(= T°Y) be a rosy theory with Property Bayu(n)
over () for real parameters and let ¢(x,y) be a formula which splits in x over
0 and such that for any a,b = ¢(z,y) we have that b € dcl(a). Then Ty 4 has

Property Bay(n) over () for real parameters.

Again by Corollary [5.4.5] and Proposition [5.4.6] as before we can omit "for
real parameters" in the above proposition if we additionally assume either
stability or w-categoricity. Unfortunately the notion of a split formula is a bit
mysterious to me, as I could not prove an equivalent to the Corollaries
and Probably the mystery comes from the fact that this notion was

reverse-engineered from the example (Z/47Z)%.

Proof. By the Lemma it is enough to show that B(n) in Aut(€*/€).
So fix an independent sequence (of tuples) by, ..., b, over ) in € (and not
¢t). We will show B(n) in Aut(€*/€) (for this sequence) by showing the
following; if there is an automorphism « of € moving O({as,a2}.b) t0 L({ar,as}.b)
and fixing ¢B~ (with B~ = J/} acl® (by...b;...b,_1)), then there is an
automorphism moving 0({a, as},5) t0 1({a;,a},5) and fixing €B (with
n—1
B=Jac® (by...b;...bu1bn)).

=1
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Claim. We may assume that aq,as € B™.

Proof(Claim): Note that if aj,a2 € B then as aj,as € acl€+(bl, ceybn1),
by independence of the b;’s, they are in B~. Hence it is enough to check
that a1,as € B. By Remark we know that if a1 is not in B then we
have that 0{q, 4,},0) & dcl(€B). But then we would be finished as there is
an automorphism moving 0((4; a5},0) $0 1({a;,a},6) and fixing €B, which is
impossible. Oclaim

We may assume that
a1 € acl® (by, ..., bu_1) and ay € acl® (by,...,b_2).

As we have that b € dcl(a;) for i € {1,2} by the assumptions, we have that
b is contained in acl(bs ...b,_2): this follows from the independence of the
b;’s and the Anti-Reflexivity axiom, as b is in both acl®’ (ba...bp—1) and
acl®’ (by...bp—2).

By our assumptions we have that ¢(z,y) splits in  over (). We apply
the splitting of ¢ to the sets Ay = acl(bs...b,—2) and As = b1b,_1b,. Note
that we have shown that b € A;. As we have that a; € acl(4;43) and get
therefore some

a) € acl(A;) with d} & ¢(z,b).

Note that this is already enough as now 0f4y,07} 1S In acl(az...ap—1) and

(4} ap} 18 In acl(ay . ..an—2). As then Oy, 4,) is the only solution of

R(ZL‘, O{a’1 ,az}s 0{a1 N )

and hence it is in dcl(€B 7). This gives us finally B(n) in Aut(¢*/¢). O

5.6 15, of an abelian group

We now will work with modules. For that, fix some ring R and an R-module
M. A module will be of language (0,+, —,7),cr where r : M — M has the
obvious interpretation (left multiplication with the ring element). Any module

is stable, this is due to Fisher, E. [Fis72| (implicitly) and independently Baur,
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W. [Bau75| (see Theorem 2.1 of |Zie84] or Theorem 3.1 of [Pre03| for a proof
and the paragraph above the latter for the historic references). And we know
that every formula in such a theory is equivalent to a Boolean combination
of positive primitive formulae. A pp-formula is of the form Jy(A; ;) where

(7, T) are equations (v;(Z) = r121 + --- + 172, = 0).
Fact 5.6.1. Let T be the complete theory of M. The following are equivalent;

1. A complete theory T of some module M is closed under products (i.e.
M = M¥).

2. The class of models of T is closed under products.

Moreover, if these points are true then there are no pairs ¢ > ¥ of pp-formulae
such that ¢(M)/¢(M) is a non-trivial finite group.

Proof. That the first two points are equivalent is by Exercise 4 after Proposi-
tion 2.29 in [Pre88|. The “Moreover’-part is by Exercise 2(i) after Theorem
2.12 also in [Pre8§]. O

Fact 5.6.2. (5.36 of [Pre88|) In a complete theory T of modules with quan-
tifier elimination which is also closed under products then following are

equivalent;
1. We have A L 4B for A,B C M (a model of T').

2. There exists a direct summand C; @ Cy of M with the property that
A C Cy and B C 0.

Note that an abelian group can be considered a Z-module (in the above

described language) since n.x can be written as z + -+ - + .

Lemma 5.6.3. Let T be a {+,—,0}-theory of an infinite abelian group with

quantifier elimination which is also closed under products. Further let

P(z,y) =nx=yA-(y=0)

with n € N —{0}. Then the formula ¢(x,y) has only dependent realisations

in x over (), and splits in x over ().
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Proof. Since the theory is closed under products we have that n.x = 0 has
either only the trivial or infinitely many solutions for every n > 1 (see last
point of Fact . By this and by quantifier elimination we have that
acl(0) = {0}. Clearly ¢ satisfies the conditions of Remark and hence
has only dependent realisations in x over ().

It is left to check that the formula splits in . We take A, As (subsets of
the monster) with A; L yA2 and take a,b = ¢(z,y) with a € acl(A;A2) and
b € acl(A1). Now by Fact we know that

acl(A1Az) = acl(A;) @ acl(As).

Hence we have a = a1 + a2 with a1 € acl(A;) and ag € acl(Az). We have
then b = n.a = n.a; +n.az. As as € acl(Az) and —n.aq,b € acl(A;) holds
and as acl(A;) L gacl(Ag) also holds, we get —n.aj,b.L gn.az. But as we
have that —n.a; +b = n.az and as acl(A;) Nacl(Az) = {0} it follows that
n.as = 0. Hence we have n.a; = b and therefore we have shown that the

formula is split. O

We will now see an example. (Z/47Z)" satisfies all conditions of the last
lemma. More generally one could use the following fact to produce more

structures satisfying the assumptions of Lemma [5.6.3]

Fact 5.6.4. (16.3 of [Pre88|) Let T be a theory of an abelian group. Then
this theory has quantifier elimination if and only if some model is the direct
product of elements of either {Q} U {Zp~ | p prime} or of {valn ey szk}
with p1, ..., pg are distinct primes.

Also note that any structure satisfying the assumption of Lemma [5.6.3

does have weak elimination of imaginaries. In fact the following is true;

Fact 5.6.5. (3.10 of [KP92|) Let T' be a complete theory of modules with

quantifier elimination. Then 71" weakly eliminates imaginaries.

Example: a finite cover of (Z/47)“

Now construct a finite cover of T' = Th((Z/47Z)“,+, —,0) which fails amalga-

mation over some non-empty set, but has total amalgamation over ().
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Fix ¢ the monster model of T. Note T is totally categorical (see point 5
on page 132 in |[Har(00|), has elimination of quantifiers (see point 2 on page
134 of |Har00|), has Morley and U-rank 2 (see 1.32 in [Har00]). We have
also weak elimination of imaginaries by Fact Note that elimination of
quantifiers implies that every formula ¢(x1, ..., z,) is equivalent to a Boolean
combination of formulae > | z;z; = 0 with z; € {—2,—-1,0,1,2}. Moreover,
the theory is closed under products as it is the theory of a structure which is
an w-product.

The only positive basic formulae with a single free variable (i.e. atomic
formulas and there negations, here equations and there negations) which
have non trivial realisations are the formulae of the form (—)2z = a. They
will have infinitely many solutions if a is of order 2 or 0. As the sets of
form 2z = a are the cosets of 2z = 0, we know that any two distinct such
sets have empty intersection. Hence any definable (by a conjunction of basic
formulae) set with more then one solution will contain a cofinite part of some
coset and is therefore infinite. Hence we have “dcl = acl”. Also we have that
acl(()) = {0} (this was for example shown in the proof of Lemma [5.6.3). Note
that A L pC if and only if 2¢€ Ndcl(A) Ndcl(C) C del(B). For any a,b # 0

with 2a = b the type tp(a/b) forks over the empty set.
Proposition 5.6.6. Let T = Th((Z/AZ)“) and let ¢(x,y) be the formula

saying “zr has order 4 and 2z =y”. Then Ty 4 has total uniqueness over ()
and total amalgamation over (), but fails 3-uniqueness over every element of

order 2 (in fact over every subset of 2z =07).

Proof. First note that T5 4 has weak elimination of imaginaries by Corol-
lary Since “dcl = acl” as already noted, T" has total amalgamation and
total uniqueness over every set (see Remark and Corollary . By
Lemma [5.6.3| we know that the formula “z has order 4 and 2z = y” is split.
Hence we can apply the Proposition and then use Corollary to
get that that T5 4 has total uniqueness and amalgamation over ). Finally
by the “in fact”-part of Proposition [5.5.1] we see that the cover has failure of

3-uniqueness over elements of order 2. ]

This finite cover of (Z/47Z)* which has amalgamation over ), but fails it

over some parameters, could be the easiest (totally categorical) example we
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can find (although probably we could take any (Z/p?Z)* by Lemma [5.6.3
Fact and Fact . It should be the easiest as any uncountably
categorical structure, which does not interpret an infinite group, is a almost
strongly minimal set (for that see Fact . Now as Lemma suggests
there has to be at least some complication if our structure is totally categorical
and does not interpret an infinite group. Maybe it is not possible at all to
find an almost strongly minimal theory which does not have total uniqueness

over the empty set, but fails 3-uniqueness over some set.

5.7 More examples

We will now see an example, which will not interpret an infinite group. By
the last paragraph we know then that this example will therefore not be
uncountably categorical. But note that this can also be easily seen by a direct

argument.

A finite cover of a relational structure

Take the theory T of an equivalence relation E with infinitely many classes
of infinite size which has an extra sort added for the equivalence classes, and
a map 7w mapping each element to its corresponding equivalence class.

Take a monster model € = (&,,, €., E, f) where &, are the normal elements
and €, the corresponding equivalence classes. This theory is w-categorical
and of Morley rank 2. To see w-categoricity fix two countable models M, IV,
and enumerate all equivalence classes of each model. Then fix a bijection f;
between the i'th equivalence classes of the two models. Then | J; fi induces
an isomorphism between the two models. This can be used to show that the
assumptions of Lemma hold and hence we have weak elimination of
imaginaries.

Note that “acl = dcl” in this structure, and hence by Remark and
Corollary [£.5.7] it has total amalgamation and total uniqueness over every
set of parameters. Also note that acl() = (). Note that dcl(A) = AU f(A).
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The independence notion A L ¢ B is given by
dcl(A) Ndcl(B) C del(C).

Therefore any two sets A, B are independent over () if and only if their
definable closures are disjoint in &,.

We define ¢(x,y) as f(x) =y and construct the finite cover T3 4. This
theory has weak elimination of imaginaries by Corollary [5.4.5] By looking
at the proof of Lemma [5.5.1, we see that it has failure of 3-uniqueness over
any element in €,. We check that the assumptions of Lemma [5.5.15] are
fulfilled. Of course for = ¢(a,b), we have b € dcl(a) and b & dcl(()) = (). But
this already proves that ¢ has only dependent realisations by Anti-Reflexivity
of forking.

So it is left to show that ¢ splits. Let A;, A2 be two independent sets
over () and let a,b = ¢(x,y) with a € dcl(A1Az) and b € dcl(A;). We claim
that a € dcl(A;). First note that a € A; U Ay as it cannot be in f(A4;As)
by definition of ¥. If a € Ay, then b would be dcl(A43) and hence we would
have the following by independence dcl(A1) Ndcl(As) = del(@) = 0. This of
course is impossible. Hence we have shown that the formula ¢(x,y) splits in
x. So we have found a finite cover with total amalgamation and uniqueness
over the empty set, but failure of 3-uniqueness over some parameters, which

does moreover not interpret an infinite group.

Compact complex manifold

We will now see a “natural” example where total amalgamation and total
uniqueness over the empty set are true, but 3-uniqueness over some parameter

set fails.

Definition 5.7.1. Let A be the structure with a sort for each compact
complex manifold X, and a relation for each complex analytic subset of a
product of sorts. The theory CCM is defined as the first-order theory of A.

The following can be found in [Moo05|.
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Fact 5.7.2. CCM is a theory that has quantifier elimination, eliminates

imaginaries and each sort has finite Morley rank (hence CCM is stable).

Remark 5.7.3. acl()) of CCM is a model of it. This implies that CCM has

total amalgamation over () and total uniqueness over (.

Proof. By definition every tuple ¢ of complex numbers has its own sort. Hence
by definition for every sort all points of the model A will be named in acl(0).
For the second point we can use Fact by stability. O

Fact 5.7.4. (Theorem 2.1 of [BHM15|) The theory of Compact Complex

Manifolds (CCM) fails 3-uniqueness over some non-empty set.

5.8 Amalgamation over models in 75 4

In this section we will investigate if it is possible to get failure of amalgamation
over a model in Ty 4. We know by Fact [£.7.T and Proposition [3.4.5 that it is
necessary that a theory which has such a property is not stable. The question
if amalgamation over models can fail outside the stable context is already
positively answered: see section 5.2 of [GKK13a] for an example of a simple
theory which has failure of B(3) over a model.

One possibility to find many examples of this type, could be to use theories
which eliminate the quantifier 3°°. If T" is such a theory, we can add a generic
predicate P to it (hence work in the theory T},) as described in [CP98|. Note
that in general T}, is not stable even if T" was. It should be possible to check
that (T}), , fails B(3) over some model. Note that this would even make
sense outside the simple context, for example for a geometric T" with NTP,
(see 7.3 of [Cheld]).

But this is left to future work, and instead we will work out another

approach.

Lemma 5.8.1. Let T be a rosy theory and M be a model of it. If there exists
a formula ¢(x,b) not satisfiable in M, which has some realisation a, such

that a L pb, then in Ty 4 Property B(4) fails over M for real parameters. In
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fact, it fails for ai,as,b, as where a1, as,as are any independent realisations
tp(a/bM).

Proof. We will confuse tuples with singletons. We fix ¢(z, b) not satisfied in

some (fixed) M and a realisation a of it with a L psb. We construct T5 g, )

and work in it. We fix a1, a2, a3 some independent realisations tp(a/bM).
Now we claim that B(4) fails over M for aj,as9,b,as. Hence we claim

that there exists some element 0(f4, 4,},5) Which is part of

acl(ajaebM) Ndcl(acl(ayazas M), acl(a1bag M), acl(azbas M ))—
del(acl(ajaaM), acl(a1bM), acl(a2bM)).

It is clear that the following formula is true in our finite cover

R(0({a1,a2},6)> O({ar,as}.)> O({az,as}.b))-

Further as 0({q, 44},0) € acl(aibag) and 0(f4,,451,5) € acl(azbaz) we have that
0({a1,a2}.b) € dcl(acl(aiazas), acl(arbag), acl(agbas)).

Note that as ajaaM L pb we have that b € acl(ajaaM). This is because
we would have b € acl(M) and therefore b € M. But this is of course im-
possible as otherwise ¢(z,b) would have a realisation in M by Tarski’s Test.
Hence there are no elements of the form 0, ;) (Where * represents any 2-set)
in acl(ajazM). Note that as a; L praebM we have a1 & acl(agbM). For the
same reason as ag L pa1bM we have ag & acl(a1bM). Hence by Lemmam

there is some automorphism fixing acl(a1bM), acl(agbM) and acl(ajaaM)

and mapping 0({a;,a21,6) 10 1(fa1,a2).0)- .

Fact 5.8.2. In all NTP, theories with the independence property (not NIP)
there is a global type p non-forking over some model M which is not finitely
satisfiable in it (see Section 4 of [CKS16|). There are TPy theories such that
all global types p non-forking over some model M are finitely satisfiable in it
(see Section 5.3 of [CKS16]). A simple theory is non-stable if and only if it
has the independence property (see for example Remark 2.25 [Casl1]). Every
simple theory is NTPy (see II1.7.11 in [She90]).
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Corollary 5.8.3. In any simple non-stable theory T there exists a formula

o(x,y) such that Ty 4 fails B(4) over some model for real parameters.

Proof. As our theory T is simple non-stable, by Fact there is a global
type p non-forking over some model M which is not finitely satisfiable in
it. We fix some formula ¢(z,b) € p which is not satisfiable in M. Now we
have that p [ does not fork over M and hence for any a = p [p, we have
a L prb. Therefore we can apply Lemma and get that T5 4 fails B(4)
over M. From this it follows by definition of B(4), that T5 4 fails B(4) over
acl’2¢(M). Now we are finished as Th is a finite cover of T, and hence
acl’2¢ (M) is a model of T 4. O

We have already noted that B(3) can fail for a Morley sequence over
some algebraically closed set which is not a model even when the theory is
not simple (see Remark [5.5.2)). Then next the question is asking in similar

fashion if the last corollary is true for forking outside the simple context.

Question 5.8.4. Let T be a theory with a global type p non-forking over some
model M but not finitely satisfiable in it. Does T" have a formula ¢(x,y) such

that Th 4 fails B(4) for some Morley sequence over a model?

For that we first remember Lemma [£.7.2] It says that if types are finitely
satisfiable over some model, then B(n) holds for that type. The assertion
in Question [5.8.4] cannot be true in some cases; in particular in some cases
where the assumption fails. The second point of the Fact tells us that
outside NTP this does not need to work. Also it cannot be pseudofinite NIP.
This is due to Exercise 6.19 of [Sim15| which says that in any pseudofinite
NIP theory: a global type is non-forking over a model if and only if it is
finitely satisfiable in it. But by the first point of the Fact we know that
this is at least true for all NTPs-theories with the independence property.
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Chapter 6

Witnesses of Failure

In this chapter we further analyse the situation when Property B(n) is failing.
The notion of n-witness is nothing special, it is just defining some formulae
and elements which “witness” the failure of the Property B(n). The notion of
a Morley witness is a bit more advanced. It uses the fact that amalgamation
over Morley sequences implies general amalgamation. But these two notions
are less sophisticated than the notions which inspired them, namely the notion
of symmetric witnesses to non-3-uniqueness which appeared in |[GK10| and its
generalised version called a symmetric witness to the failure of n-uniqueness
(see 3.12 of |[GKK15|). The versions we use have only the minimal amount of
properties needed in this thesis. They will later be used in Chapter [7] and
Chapter [§f There we use them to define some algebraic cover with total
amalgamation. The more advanced notions in [GK10| and [GKK15| were
used to get some definable algebraic structures which were groupoids in the

former and polygroupoids in the latter case.

6.1 Localise failure of B(n)

The next definition is only some re-writing of Property B(n) in a way which

will be more suitable for our later needs in Chapter

Remember by ¢(T, A) we mean a formula ¢(T,a) for some tuple a of A.
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Definition 6.1.1. We fix some theory T'=T°% and some n > 3. Let the
tuple a1, ..., an, f1,..., fn consist of elements of the monster model of T. We
say that this tuple a1, ..., an, f1,-.., fn is an n-witness over A, if we have

that it satisfies the following four properties;

1. a1,...,a, are independent over A,
2. fn € acl(al . an,lA) — dCl(UZL;ll acl(al R, PR an,lA)),

3. There exists some formulae
Gi(x1y o B,y 2i) i 1 <i<n—1
with some natural number m; such that we have
Eoi(ar,...a;...,an, A; f;) for every 1 <i <mn —1,
and we have that
EVry, . B T, y3 M2, B T, Y 2,

4. fn S dC](fl e fn—l)-

Lemma 6.1.2. Property B(n) over A fails if and only if there exists an

n-witness over A.

Proof. Assume that B(n) over A fails. So this means that there exists some

independent a,...,a, such that
n—1
B = (acl(al cecGp—1A)N dcl( U acl(aj...a;... anA)))
i=1
n—1
—del(|J acl(ar ... d;...an1A))
i=1

is non-empty. Then by definition of dcl and acl there exists
fz‘ € acl(a1 R PR anA)
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such that ai,...,an, f1,..., fn is an n-witness over A: Pick any f, in B
and then find the f; € acl(a;...d;...a,A) accordingly such that f, €
del(fi... fn—1). Then of course we can find formulae ¢; such that the
condition 3 is satisfied. Of course if there is an n-witness, then B(n) fails as

well, as we can easily reverse the above process. O

6.2 Definition of a Morley n-Witness

Definition 6.2.1. We fix some L-theory T" = T°% and some n > 3. A Morley
n-witness over A is a tuple ay, ..., ap, f1,..., fn (of elements of the monster

of T') with the following properties:
1. ai,...,ay, are independent realisations of some type p € S(A),
2. fn € acl(a1 e an,lA) — dCl(U?;ll acl(a1 R, P an,lA)),

3. There exists some L-formula ¢(x1,...,2,-1,y;2) and some natural

number m such that we have
): vxl; ceey xn—l:y3<mz¢(‘r17 vy In—1,Y; Z)
and we have that

Eolar,...a;...,apn, A; f;) for every i <n —1,

4. f, € dCl(fl . fn—l)-

We use the term “Morley” in the last definition, as we have that aq, ..., a,
is a finite Morley sequence whenever the theory is stable and A is an acl®4-

closed set.

Remark 6.2.2. A Morley n-witness is an n-witness. To see that just note that
we can set ¢; = ¢ for all 2 with 1 <7< n—1.

Remark 6.2.3. Let ay,...an, f1,..., fn be a Morley n-witness over A. Then

for any elements by, ...,bn,91,-..,9, and B with

bl,...,bn,gl,...,gn,BEal,...,an,fl,...,fn,A,
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we have that b1,...,b,,91,...,9n is a Morley n-witness over B. Moreover,

we can omit the term “Morley” and the statement still remains valid.

Proof. We need to check that all the properties are preserved under applying
some automorphisms. That the b;’s are an independent sequence is clear by
invariance of independence under automorphisms. It is also clear that the
b;’s satisfy the same type over B. Also the third point is clear as we can
use the same ¢;’s. The fourth point is true as we can find some v such that
W(f1,--., fn-1,y) define f, and such that for any hq,..., h,—1 we have that
Y(hy,...,hn—1,y) it has at most one realisation.

Now it is left to check that the second point remains valid. First note
that f, is in acl(aj ...ap—14) is witnessed by some formula similar to ¢ and

hence stays true under automorphisms. It is also true that

n

fn & dcl< U acl(ay ...d;. .. anlA)>

i=1,i#k

is preserved under automorphisms. For that note that being algebraic over

ai,...0;...,an_1,A is preserved under automorphisms. Then for any ele-
ments
n
c1...¢ € ( U acl(al...di...an_lA))
i=1,i#k

and any formula 7, we have

ET(fncr-..a) = =y = fu) AT(y, 1. ). O

6.3 The existence of Morley witnesses

Lemma 6.3.1. Let p € S(A) for some set A and let (a; : i < n) be a Morley
sequence of realisations of p. Suppose d is in

n—1

(acl(al, a1 A)N dcl( U acl(aj...a; ... anA)))
i=1
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Then there exists f1,..., fn_1 such that ay,...,an, f1,..., fn with f,, =d is a

Morley n-witness over A.

Proof. Let ay,...,an,d(= fn) be as given in the assumptions. So point one
and two of the witness definition are true. We need to find the elements
fi,--., fn—1. Note that we can find e; € acl(a;...a;...a,A) for (i <n —1)
such that f,, € dcl(ey . ..e,—1).

Further we can find formulae x;(z1,...,%n—1,9, 2;) with ¢ <n — 1 having

the following property:
o VT, yIMizixi(21, ..., T, Y, 21)

e ;= xilar...a;...an, A, z)
n—1
We now set  ¢(z1,...,Tp-1,Y,21...2n-1) = /\ Xi(Z1 .. Tp—1,Y,2i)-
i=1
Also set f;, = (f(1,4)> -+ +» f(n—1,i)) to be some realisation tuple of

dlar,...G;. .. an, A 21, .., 2p-1) With f; ) = e;.

So ¢ fulfils the third point of the witness-definition. And as e; is part of (the
tuple) f; we also have that f, is in del(fy ... fn—1). O

Corollary 6.3.2. Let T be a stable theory with weak elimination of imaginar-
ies and complete (n — 1)-uniqueness over all finite sets. Let A be some finite
set. Then Property B(n) over A fails if and only if there exists a Morley
n-witness over A. Moreover, the statement stays true if we omit the word
finite.

Proof. We have already seen in Lemma that the existence of an n-
witness over A implies failure of B(n) over A. As a Morley n-witness is an
n-witness we are done with this direction. If on the other hand the theory fails
Property B(n) over A, then by Lemma we can find a Morley sequence
which fails property B(n) over A. Now we can use Lemma to deduce

that there is a Morley n-witness over A. O
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Corollary 6.3.3. Let T be a stable theory with elimination of imaginaries
and complete n — l-uniqueness over all finite sets. Let A be some finite set.
Then n-uniqueness over A fails if and only if there exists a Morley n-witness

over A. Moreover, the statement remains valid if we omit the term “finite”.

Proof. We have seen in the proof in Corollary [6.3.2] that there exists a Morley
n-witness over A if and only if Property B(n) over A fails. Now by elimination
of imaginaries and by Lemma we have that Property B(n) over A fails
if and only if Property Bay(n) over A fails. Now by Corollary we
have that Property Bayt(n) over A fails if and only if n-uniqueness over A
fails. O

6.4 Superstable n-witness

Lemma 6.4.1. Let T be a superstable theory (in fact superrosy is sufficient)

and let ay,...,an, f1,..., fn be an n-witness over A(= acl(A)). Then there
exists some finite Ag C A such that a1, ..., an, f1,..., fn 1S an n-witness over
Ap.

Proof. First of all since our theory is superstable, there is some finite 49 C A
such that ay, ..., ay is an independent sequence over Ay. We can add (finitely
many) parameters from A to Ag such that points 2 and 3 of the definition of
an n-witness is true for ay,...,an, f1,..., fn and Ag. The independence of
the sequence over this new Ay is provided by base monotonicity. The fourth

point stays also true (as we did not change f;). O

Corollary 6.4.2. A superstable theory with total uniqueness over all finite

sets has total uniqueness and amalgamation over all sets.

Proof. If we have total uniqueness over all sets, then total amalgamation over
all sets will be automatic by Lemma Assume that n-uniqueness fails
over some set A with n minimal. Note that we have n > 2 by Proposition[£.3.1]
Then by Corollary we know that there exists a Morley n-witness over
A. Hence by Lemma [6.4.1] we know that there exists an n-witness over some
finite Ag. Now by Lemma we know that Property B(n) over Ay fails.
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Hence by Lemma we know that Bayi(n) over Ay fails. This then gives
failure of n-uniqueness over Ay by Proposition [£.4.7, But this is of course

impossible by total uniqueness over all finite sets. O

6.5 An open question about witnesses

Question 6.5.1. Is it enough, in order to obtain total uniqueness, to check
uniqueness over finite sets? Or more precisely, is the following true: a theory

that has n-uniqueness over all finite sets, has n-uniqueness over any set.

We have seen that this is true in superstable theories (see Corollary [6.4.2)).
But what about strictly stable theories? First we establish a lemma to further

analyse the situation.

Lemma 6.5.2. Let T be stable with elimination of imaginaries. Let A be
an algebraically closed set, ¢p(x1,...,x,) be an L(A)-formula, ay,...,a, a
Morley sequence over A such that = ¢(ay,...,ay). Then for any finite subset
By C A, there is some finite subset Ay D By of A and a Morley sequence
bi,...by, over acl(Ag) such that |= ¢(bi1,...,bn) and by =ac14, a1-

Proof. We prove this by induction on number of variables z;. The case
n =1 is obvious. Now assume we have proved the result for n — 1. So take
ai,...,a, a Morley sequence over some algebraically closed A such that
E ¢(a1,...,ay). Also fix some finite By C A. Now as tp(a,/A,a1,...,an-1)
is non-forking over A, it ¢-types are all definable over acl®d(A) and therefore
definable over A by elimination of imaginaries (see for example Theorem
8.5.1 of [TZ12]). Hence let ¢(x1,...,2y,—1) € L(A) be the definition of the
d(x1,...,Tn_1;xn)-type of the type tp(a,/Aa;i...a,—1). Moreover, let Cy
be set of all parameters of ¢. Now by induction for ¢(z1,...,z,—1) there
exists a Morley sequence by ...b,—1 over acl(Ag) for some finite Ay D ByCy
such that tp(ai/acl(Ap)) = tp(b1/acl(Ap)) and = ¢ (b1, ..., by,—1) holds.
Now take the unique global non-forking extension p of tp(b; /acl(Ap)). If
we show that the global ¢(x1, ..., T, _1;2,)-type ¢© of tp(an/A,a1,. .., an_1)
is contained in p we are finished. This is because by = ¥ (b1, ..., b,) we have
that ¢(b1,...,bn—1,2n) € p and hence any b, = p [ acl(Ag), b1, ..., by—1 will

125



give us the desired Morley sequence by, ..., by, over acl(Ap). To see that this
¢-type is contained in p, it is enough to check that tp(a;/acl(Ag)) U ¢® is
non-forking over Ap. But this is clear since it is definable over acl(Ap), hence

non-forking over acl(Ap) and therefore non-forking over Ay. O

Now we try to show that from a witness over an arbitrary set, we can
construct a witness over a finite set. Let (a1, ..., an, f1,.-., fn, A) be a Morley
n-witness. Note that by a slight modification of the Morley witness, we may

assume that

(a1,...,an_1,fn) =A (al,...di...,an,fi)

for any 1 < i < n (see the Definition 3.12 of |[GKK15| for that (this is the so
called symmetric witness to the failure of n-uniqueness)). We may By the

definition of the witness we may replace our f;’s by the tuples

(a1, .. Q... an, fi).

We now fix ¢(x1,...,2n—1,y) some L(A)-formulas as in Point 3 of the Morley
n-witness such that = ¢(ay,...a;...,an, f;) holds. Then we require that for
all by,...,b, and 1 <7 <n we have

YUty Giv s Yn T i [0bL, o b1 Yn) A A (b2, b Y1) —

VY1, yn)l,
where 9¥(y1,...,yn) has the following properties: = ¢(g1,...,gn), for all
elements ¢y, ..., gn—1 we have that ¥(g1,...,2;,...,gn—1) has either exactly
one or no realisations. Now apply the previous lemma to the Morley se-
quence aq,...,a, over acl(A). Let By be the parameters appearing in the
formula ¢. Hence we find by, ...,b,—1 a Morley sequence over acl(A4p) such

that = Jye(by,...,bp—1,y) where Ay D By is a finite subset of A. Now ex-
tend the Morley sequence by,...,b,—1 by b,. Now it is left to check that
b1, s bny g1y .-y gn, Ao for = o(by, ... bi,..., bn, gi) is a Morley witness. Ev-
erything to be checked is quite straightforward except for the following

remaining question: Does tp(g,/acl(b;Ay) . ..acl(b,—14p)) have more than

126



one realisation (at least after adding a finite number of parameters to Ag)? I

was not able to answer this question.
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Chapter 7

An Algebraic Cover with Total

Amalgamation over ()

We will now eliminate what Hrushovski named generalised imaginaries in
his paper [Hrul2|. In our case we will construct a finite cover such that an
n-witness will lose property 2 of its definition in this cover. This means it
loses its property which corresponds to the failure of Property B(n). For
any witness we will take every such cover and add them all to our theory.
We repeat this w-many times in order to get an algebraic cover which does
have total amalgamation and total uniqueness over (). Although the result is
already known, for that see 4.3 of [Hrul2| and the proof of 4.11 of [Hrul2|
done in [Eva09], the method there used differs from the proof in here. The
method used, does establish that certain finite, internal covers split in order
to show total amalgamation and total uniqueness over (). In [Hrul2| only
canonical-2-amalgamation (2-uniqueness) over () was assumed. Here we will
assume that the theory is stable, i.e. has 2-uniqueness over any (algebraically
closed) set (see Proposition [4.3.1)). However I do not see any obstruction as
to why we could not do this kind of construction in any arbitrary first-order

theory.

Note: All mentioned in the next two sections is either directly taken from

chapter 3 of D. Evans’ [Eva09| or is a slight modification of it.
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7.1 Construction of a finite cover

The following construction is taken from the proof of (|[Hrul2|, 4.3).

We work in a monster model of a complete stable L-theory T'. For our
purposes we can assume that L is relational and T has quantifier elimination.
Suppose (0;(x,y;,2;): 1 <i<m) are L-formulae with the property that
0i(a,b, z) is algebraic with the same amount of realisations for all a,b. If
Yi, zi of 0;(x, yi, z;) and y;, z; of 0;(x,y;, z;) are of the same sort we replace
these formulae by 6’ = 6; vV 0;. (Note that if 6y(z,y, ) is any L-formula
and ag, by are such that 6y(ag, by, z) is algebraic with m realisations, realised
by ¢p, then there is an L-formula 6(z,y, z) such that Vz,y3="z0(z,y, 2),
= 0(ag, bo, co) and = 0(z,y,z) — Oo(z,y, 2).)

Suppose p(z) is a complete stationary type over (). Fix 6; (for 1 <i < m)
as above. Let M =T and M* be a sufficiently saturated elementary extension
of M (as we work in a stable theory we may assume that both are set-size
monster models). Let a* € M* realise p|M, the definable extension of p to
M.

Define

Ci=0(a",M)={(b,c")|c" € M*,be M and M* |= 0;(a*,b,c")}.

Note that by the algebraicity, this only depends on the choice of a* and not
on the choice of M*. We make the disjoint union M U J;~, C; U {a*} into a
structure M+ = C(M, a*) by giving it the induced structure from (M*, a*).
We define Tt to be the following theory Th(M™).

More formally we let L™ D L be a language with new sorts NC; for i with
1 <4 < 'm, function symbols 7; from NC; to some L-sorts, a new constant
symbol *, and for each L-formula R a new relation symbol NR. To make
M™ into an L*-structure we give M its L-structure, take NC;(M*) = C;
define m;((b, ¢*)) = b, interpret the new constant symbol as a*, and for a new
n-ary relation symbol NR and ey, ...,e, € M T we define that the following
holds;

Mt = NR(ey,...,en) & M* = R(eq,...,en).
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We do think about NR as a union of relation Jgcg NRy,s. Where S is
constructed inductively as follows. Sg contains the sort of R say Si,...,S5,.
If we have (S7,...,5),) € i, and S} = S; has the same sort as y;, 2; (of 0;)
then replace S; by NC; and add this new tuple to S;. We then repeat this
process until S does not grow anymore. Note that this S will be finite.

It is clear that if a*,a™ = p|M then C(M,a*) and C(M,a*") are iso-
morphic over M (assume M™* is sufficiently homogeneous, and use an auto-
morphism over M which takes a* to a**). By construction, the map = is

finite-to-one.
Lemma 7.1.1. With the above notation, T is a finite cover of T.

Proof. We check that the equivalent conditions of hold. First note
that for any saturated model M ™ of T, the reduct of M to its L-sorts is a
saturated model of T'. The functions m; are finite-to-one and have the new
sorts NCj as its preimage.

Now fix a saturated model M T of T, name its L-part M. It is left to
prove that every L-automorphism of M extends to an LT-automorphism of
M. For that we view Mt as an L-structure M™; first we have deal with
the new constant and sort a* and NC;. We do think about them as if they
were part of the old sorts (so they are of the same sorts as x,y; and z; of
0i(x,vi, z) are). We interpret each L-formula v by interpreting it as the
corresponding (Jg N Ry 5.

By definition of T the quantifier-free diagram of M is consistent with
T, and therefore we can consider M+ as a substructure of the monster model
of T'. Furthermore, we have that a;;, = a* in T. Now because of that we
can extend any automorphism of M to one of the monster model of T" and fix
ay;+- This stabilises the set of M T and further preserves the LT-structure.

Hence it can be considered an LT-automorphism of M. O

7.2 The finite cover eliminates a witness

Definition 7.2.1. If T, p and 6; for 1 < i < m are as above, we denote by
T, 0,:1<i<m the LT-theory of C(M,a*), where M is an w-saturated model of
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T and a* = p|M. We will also refer to this as a definable finite cover of the
theory T.

In the last section we proved that we can construct a certain finite cover.
The following proposition combines the above construction and the n-witness
of failure of amalgamation. Hence here our proof starts to differ from [Hrul2|
and |[Eva09.

Proposition 7.2.2. Let T'(=T°Y) be a stable theory. Let A be some alge-
braically closed set, let aq,...,a, be an independent sequence over A and let

d be any element of the set

n—1
(acl(al co.ap—1A)N dcl( U acl(aj...a;... anA)))
j=1
n—1
- dcl( U acl(ay ...a; an_l))
j=1

Then there exists a finite cover (Ta)" of T such that

n—1
d e del™)” ( U acl(TA)+(a1 NP an_l)).
j=1

By del ™" gnd acl ™™ we mean the evaluation of acl and dcl in the theory
(Ta)".

Proof. We will work in T4%. By Lemma we can fix an n-witness
a1,y Qn, f1,..., fn over O with d = f,. Let ¢;(x1,... 2 ...,2n_1;2) for
all © with 1 <4 <n — 1 be the formulae satisfying condition 3 of the witness
definition. Now extend T' to the finite cover T}, 4..1<i<n—1 as defined in @
with p = tp(a,). We may assume that a,, = a* by Remark where a* is
the new generic constant of the finite cover.

Then because T |= ¢;(aq,...a;...,an; fi), we have that f; is in the finite

set 7 1(a1,...@;...,a,_1). This then gives that
+ ~
fiG&ClM (al,...ai...,an_l,A).
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Now there is a formula ¥ (y1, ..., Yn—1;yn) such that T = ¥ (f1,..., fa—1; fn)
and T = 37 yy(f1,. .., fa—1;y). Note NRy ne,. N, .5 denotes the new
relation symbol (coming from ¢) of sorts (NC, ..., NCy_1,5"). Hence if S’

is the sort of f,, we have that

NRy ney..NCy_1,5' (f1s s fne13Y)

isolates f, and therefore shows that f, € dclT+( fi:1<j<n-—1). This
shows that

n—1
de dclM+(U aclM+(a1 R PR an,l)).
i=1
Hence T}, 4,:1<i<n—1 is the finite cover we are looking for. O

7.3 Eliminate all witnesses

The next theorem will be proved by adding every possible finite cover (as

described above in this chapter) and then repeat this process w-many times.

Theorem 7.3.1. Let T be stable. There exists an algebraic cover T* of

T;gleq(@) which has total amalgamation and uniqueness over ().

Proof. First a brief description of the proof. Add any possible finite cover
constructed in the first section of this chapter to our theory. Then use
the Proposition to note that B(n) over () is true for any independent
sequence of old sort. Then repeat this process w-many times to eliminate
any malicious behaviour (in terms of failure of B(n)) in any of these new
algebraic covers.

We start the real proof. We may assume that T = T;’queq(@). For that first
note that we only need to prove total uniqueness over () by Proposition
Denote the language of T' by Lg. Fix a set-size monster-model M of T'. We
will construct a chain (M; : i € w) of algebraic covers of M with language
L; such that M; = (qu)acleq(m, My = M and M; is a monster model. Note
that it will be enough to prove that M; is an algebraic cover of M;_1 as then

by induction it follows that M; is an algebraic cover of M. Note that the
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requirement M; = (M; q>acleq(@) can be made true as it holds for My and we

)

inductively by Lemma [3.3.1] and Lemma [3:3:3]
We construct all finite covers (Mi)p $il<i<m LOr some type p in S, (0)

can just go over to (M:1)_ .cq and preserve that it is an algebraic cover
J g acl®d(0) p &

and ¢;(z,y,2) € L; some formulae such that there is a k; € N such that
for any b,a € M; we have M! = 37%¢(b,a,z). Then join all these covers
(Mi)p,(j)i:lgigm together to a new structure M; 1, by making the languages
disjoint over L, i.e. use [[,, of Definition Let T;11 be the theory of
M;+1. This structure is a monster model as it is saturated by Lemma (3.4.1
By Proposition we have that for any M; the following holds (*): for any
independent sequence a; : 1 <i < n in M; (which is from S M{(Q)) and any d

in the set
n—1
(aclMi(al v pq) NdelMi ( U aclMi(ay ... aj ... an)))
j=1
n—1
— dClMZ ( U aclMi(al e dj N an_l)),
j=1
we have

n—1
d e da (| ad™ i (ar .. dy .. ano1)).
j=1

Take M* = J;cy M; and T™ its theory. M* is an algebraic cover of M. It
has elimination of imaginaries (in fact M* = (M*)°?), as any imaginary of
M* is already an imaginary of some M; and hence an element of M; ;. We
claim that 7™ has complete amalgamation for every n. It will be enough to
prove it for the model M™ since it is saturated by Lemma (3.4.1

By Corollary it is left to check that Property B(n) over () holds for
every n to finish the proof. So take d in

n—1
(aclM*(al ceilp—1) N dclM*(U aclM*(al cj. an))>
j=1

for ai,...,a, be some independent sequence in M*. Now we have that these
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ai,...,a, are part of some M;. We can then find some M; (with ¢ > j) such
that d is in

(aclMi(al ceilp—1) N dclMi(U aclMi(al cQy . an))>

j#n
but then as already noted we have
n—1
d € delMi+1 ( U aclMi“(al NP .an_l)). O
j=1

Corollary 7.3.2. Let T be a stable theory with a separable forking. Then
T;gcq(w) has an algebraic cover which has total amalgamation and uniqueness

over every set.

Proof. Use Theorem [7.3.1] and Theorem to conclude that the theory
has an algebraic cover with total uniqueness over every set. Now total

amalgamation follows from Proposition [.2.3] O

Remark 7.3.3. Let T be rosy with 2-uniqueness over the empty set. Then
the above construction should work as well in there. If this theory does not
have 2-uniqueness we still should be able to use it in order to construct an

algebraic cover with Property B(n) over the empty set.
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Chapter 8

w-categorical Algebraic Cover

with Total Amalgamation

In the last chapter we constructed an algebraic cover with total amalgamation
(and uniqueness) over (). Denote this cover as T9¢7 as for generalised imagi-
naries sorts (see [Hrul2]). We have seen in Chapter [6] that this construction
does not necessarily guarantee that total amalgamation (and uniqueness) over
arbitrary set holds. In fact, by looking at the cover of (Z/47)“, i.e. Exam-
ple we can see that this is not true. The problem here is that realisations
of the global non-forking (over ) types will not produce an element a with
2a = ¢ with ¢ non generic and failure of 3-uniqueness persists. But at least
2-uniqueness of stable theories suggests that this should be true: It is easy to
see that (77°9) , is essentially the same as (T%4)?. So the natural question is if
we can, by altering the construction of the algebraic cover in the last chapter,
have some T9¢7 such that (79¢7) , and (T7'4)?“? are the same. In this chapter
we will produce an algebraic cover of an w-categorical stable theory such that
(T9¢7) , and (T'4)?“? have the same higher amalgamation properties. To see
what we need to do, we take a look at Proposition In that Proposition
we can see, that the construction of our finite cover was dependent on the
type po and the formulae ¢;. We will get rid of the dependency on py and

make our construction only dependent on the formula ¢.
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8.1 Construction of a cover

The construction in this section is very similar to that of the last chapter.

We fix a stable L-theory T'(= T°). We further fix a saturated M T
of size [M| > |T|*. This is in fact a set size monster model. Further, fix a
formula ¢(z,y, z) such that for some fixed m € N we have that for any b, c
the formula ¢(b, ¢, z) has either m realisations or is not satisfiable at all. For

any b which has the same sort as the variable x in ¢, we define
Cy={q € Sy(M)|3F™"2¢(b,y, 2) € q,q non-forking over b}.

Further let )
Cu = UbeMCb'

Now fix one realisation a,, for each p € C); such that they form an independent
set over M. We further fix the set A consisting of the pairs (b, a,) where a,
is the generic (over M) element and b the corresponding parameter where

the type p came from. Then we define

Ca=A{(bya,c)| (bya) € A,c = p(b,a,z)}.

We are ready to define an extension M™ of M. Extend L to L™ with
a new sort NA, a function symbol 7 from NA to an L-sort, a new sort
NC and a function symbol p from NC to NA. Further for every L-formula
Y(x1,...,x,) and a tuple of sorts S € Sy, (we define Sy, in the next paragraph)
a new relation symbol N Ry, s.

We define Sy, inductively as follows. Let the variables of ¢ be S1,...,5,.
We set Sy = {(S1,...,5,)} in the beginning. If S; is of the same sort as z,y
(or x,y, 2z) of ¢(x,y, z), then S; will be replaced by the new sort NA (or NC).
Add this new tuple to S. Repeat until Sy, does not grow any more.

Make M™* a Lt model with M its L-part by setting NA(M™) = A,
m(b,a) = b, NC(M*) =Ca, p(b,a,c) = (b,a), and the NRy s on M* will
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be interpreted as ¢ would be in the monster model of T, i.e. for
e1,...,en € (M) N (SL,...,5)

let MT = NRy s(ei,...,e,) if and only if € = 4(eq,...,e,) where € is the
monster of 7. We name the corresponding theory 7.

If we are given a model M and the set A, then C' is uniquely determined
by them. We write Mt = C(M, A), if it is constructed out of M and A.
Further the interesting part of our construction depends only on the formula
¢(z,y,2). To indicate that the construction was done using ¢, we denote T
by TJ and M as M;

Let A, M be fixed set-wise by some automorphism f of the monster of 7.
Then its values on A are determined by the values of the automorphism on
M. Obviously this will also fix the set C' set-wise.

Lemma 8.1.1. We can extend every automorphism fy € Aut(M), to some

automorphism of the monster of T' which fixes A set-wise.

Proof. We take some automorphism fy of M. We enumerate the set A.
Without loss let (by,aq) with @ < k) be the enumeration. We inductively
construct elementary maps f, with o < k (starting with f) such that the
domain of f, is M U{ag | B < a} and the image of f, is part of M U A.

Moreover we require that for any ordinals o/ < o < kappa we have

faIlMU{ag | B<d'} = fo.

So let all fz such that 8 < a be constructed, where a is some ordi-
nal less or equal to k. If o is a limit ordinal, then set f, = U5<a fs. So
take o with @ = 4 1. We can extend fz to some automorphism of the
monster model say f. By invariance under automorphisms now we have
that f(A) is also an independent set over M. Let f((bg,ag)) = (V',a).
By invariance under automorphisms ag L », M implies a’ Ly M. Moreover
we have ag L m(ay:v < ) and hence f(ag) L mf(ay:vy <) by invari-
ance under automorphism. Hence by transitivity of forking there is some
pe S(MU fzg({ay | ¥ < B})) which is non forking over over the set b’ and
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contains Jz¢(V',y, z) with a’ = p. Hence by construction of A there is some
(t',a") € Awith (V,a") =p1ug,(fa, lv<py) (5 a'). This means that there is an

automorphism f/, mapping (b',d’) to (b',a”) and fixing

MU fs({ay [v < B}).

Now we set f, to be the restriction of the automorphism f o f/ to

M UA{ag | B < a}. O

8.2 Verifying the finiteness of the cover

In general stable theories it will not be true that this construction is a finite
cover. The problem is that the set C} will not be finite and therefore 7 will
not be a finite-to-one function. So to analyse the situation in the general
context could be to leave the first order context. Another solution would be
to work with this non-saturated structure. If we want to have a finite cover
in general, one has to make a choice in (. Then of course we need some
additional assumptions to have something similar to Lemma Maybe
additional symmetry assumptions of the formula ¢ (coming from a more
sophisticated Morley witness) could be the solution. But this is all left to
future work, and instead we make additional assumptions:

From now on we assume that T is countable, w-categorical and
stable for the rest of this chapter.

Hence by Proposition we have that Cj is finite for every b. The
reader may keep in mind that this is the only time where w-categoricity is
used, hence we may take any theory such that all Cj, are (boundedly) finite.

This then gives us that m and therefore m o p are finite-to-one maps.

Remark 8.2.1. Because the maps are bounded finite-to-one the following
trivially holds in 7T": For any element (b,a,c) in the NC-sort, we have
(b,a,c) € acl” (w0 p((b, a, ).

Lemma 8.2.2. T" is a finite cover of T.
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Proof. We do similar things as in Lemma[7.1.1] We check that the equivalent
conditions of Lemma hold. First note that for any saturated model
M™ of T, the reduct of Mt to its L-sorts is a saturated model of 7. The
function m and p o 7w are both finite-to-one and have the new sorts as their
preimage. Now fix a saturated model M ™ of T, name its L-part M. It is left
to prove that every L-automorphism of M extends to an LT-automorphism
of M.

For that we view Mt = C(M, A) as an L-structure M™: first we view
the new sorts VA and NC, as part of the old sorts, i.e. the sort of x,y and
the sort of z,y, z of ¢(z,y, z). We interpret each L-formula 1 by interpreting
as the corresponding |Jg NRy s. By definition of 7T the quantifier-free
diagram of M™ is consistent with 7', and therefore we can consider M as a
substructure of the monster of T'. Furthermore, we have that Ay =) A in
T. Now because of that we can extend any automorphism of M to one of
the monster of T" and fix A, point-wise (see Lemma . This stabilises
the set of M T then and further preserves the LT-structure and is hence an

automorphism of M. m

8.3 The finite cover eliminates witnesses

In similar fashion as in Proposition [7.2.2] we will combine now the finite cover

above and the Morley n-witness.

Theorem 8.3.1. Let T be a stable and w-categorical L-theory. Let b be some
finite tuple, let (a; : i < n) be an independent sequence of p € S(b) and let

the element d be in the following set,

n—1
(acl(al .. .ap—1b) Ndcl( U acl(ay...a;... anb))>
j=1

n—1

— dcl( U acl(ay ...a;...an—1b)).
j=1
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Then we can find a finite cover T of T such that

n—1
dedd” (| Jacd™ (a1...d;j...an1h)).
j=1

Proof. Use Lemma[6.3.1] to find a Morley witness a,...,an, f1,..., fn Over
b such that d = f,,. For our purposes we may assume that a, is generic
over M, i.e. a, realises some non-forking extension of p with parameter set
M. For the ¢(x1,...,2n—2;%n—1,y1;y), which are given by condition 3 of
the Morley witness, construct a finite cover C'(M, A) of a model M which
contains ay,...,a,—1. We can construct the cover such that (b,a,) € A as
we already assumed that a,, is generic.

Therefore we have f; € aclT+(a1, e.Gj...,apn—1,b): to see this let S be
the old sort of a;. Then as NRy g g na nc is interpreted as ¢ in T', we
have that (a1,...Gi...,an—1;an,0; fi) E NRy 5. s nanc and also that the

following formula is algebraic

NRys. snanc(at,...Q;... ¢y 1;0n,b;y).
Now there is a formula ¥ (y1, ..., Yn—1;¥yn) in L such that we have
T ': w(flv v 7fn—1; fn) and T' ): 3:1y¢(f17 v 7fn—1§y)-
Hence if S’ is the sort of f,, we have that
NCync..Nes (fis- s fa-13Y)
showing that f, € del”” (fj : 7 # n). We have already shown that
T+ ~
fi € acl (al...ai...an,lb).

Hence this gives use what we required, namely that

fa€dd™ (Jac™ (a1...a; ... an_1b)). 0
J
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8.4 Eliminate all witnesses

Similar to Theorem the next theorem will be proved by adding every
possible finite cover (of the covers described above in this chapter) and then

iterating this process w-many times.

Theorem 8.4.1. Let T be a stable and w-categorical theory. There exists an
algebraic cover T which has total amalgamation and total uniqueness over

all finite sets.

Proof. Denote the language of T'(= T°Y) by L. Fix a set-size monster-model
M of T. We will construct an increasing chain (in terms of “C”) of L;-
structures (M; : i € w) of algebraic covers (with countable language) with
M = My. We may assume that M; = M;? by Lemma m

So let M; be constructed. Construct all algebraic covers (MZ) o for all
formulas ¢(z,y, z) € L; for which there exists some k € N such that for any
b,a € M; we have

M; = 3z6(b,a, z) — T 2¢(b, a, 2).

~

Then join all these covers (M;)4 together to a new structure M; 1, by making
the languages disjoint over L, i.e. use the [[,, operator of Definition
Let T;11 be the theory of M;, 1.

By Proposition it is clear that for any M; the following holds (*):
for any finite set of parameters B, for any independent sequence (a; : i < n)

of realisations of a type p € S(B) and any d in the set

n—1
(aclMi(al c.ap1B)N dclMi ( U aclMi(al Sy anB))>
j=1
n—1
— dClM’(U aclMi (a1 NN dj PN an_lB)),
j=1
we have that this d is in the following set
n—1
delMit1 ( U aClMi“(al o dyj . .an—1B)).
j=1
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We define M* = |J,cn M; and let T* be its theory. This M* is an algebraic
cover of M. Note that it has already elimination of imaginaries, as any
imaginary of M* is already an imaginary of some M;(= M;®). We claim that
T™* has total amalgamation and total uniqueness over all finite set. It will be
enough to prove it for the model M* since it is saturated by Lemma [3.4.1

To finish the proof note that by Corollary it is enough to check that
for every Morley sequence ay, ..., a, over any finite set B Property B,, holds.
So let ay,...,a, be some independent sequence (over B) in M™* such that
the following set is non-empty;

n—1

aclM” (ay...an—1B)N del™” ( U aclM*(al cGj. anB)).
j=1

We fix some element d of this set. Now we have that these a;...a,, B are
part of some M;. We can then find some M; (with ¢ > j) such that d is in
n—1

acl™i(ay ...ap_1B) Ndcl™i ( U aclMi(ay ... aj .. .anB)).
j=1

But then as already noted in Theorem [8:3.1] we have

n—1
d e daMi (| J ac™i(ay ... 45 ... an_1B)). O
j=1

Corollary 8.4.2. Let T be a superstable (in fact w-stable) and w-categorical
theory. There exists an algebraic cover T which has total amalgamation over

all sets and total uniqueness over all sets.

Proof. Take the algebraic cover of Theorem [8:4.1] to get total uniqueness over
all finite sets. Then apply Corollary to finish the proof. O

Of course we should ask whether the last result extends to general super-

stable or even strictly stable theories.

Question 8.4.3. Does every (super)stable theory have an algebraic cover with

total amalgamation and total uniqueness over all (finite) sets?
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Outside the stable context, formulating a good question becomes more
difficult. We remember for example Corollary [5.1.2] From there we see that
we cannot find a non-stable theory, which has a separable independence
notion and 2-uniqueness over the empty set. This is due to the fact that
an algebraic cover is stable if and only if the old theory is stable. Hence in
this situation in which we lack 2-uniqueness, we cannot hope to apply our
techniques in order to construct an algebraic cover with 3-uniqueness, at

least, not without seriously modifying our construction.
We could still ask positively;
Question 8.4.4. For any theory T" with k-uniqueness over the empty set, does

there exist an algebraic cover of T such that it has n-uniqueness over the

empty set for all n > k7
We could ask this in terms k-uniqueness over parameters.

Question 8.4.5. For any theory T with k-uniqueness over some set A, does
there exist an algebraic cover of T such that it has n-uniqueness over A for
all n > k7

Maybe it is not true for the very first of such k, but instead from some
point on. Also we could also try to answer these questions above, instead
of the case of n-uniqueness, for the Property B(n). See also Remark
for this. On the other hand if one is a pessimist by nature, then one would
probably ask for a malicious structure.
Question 8.4.6. Does there exist a structure which fails k-uniqueness (over
the empty set) and such that any algebraic cover of this structure fails

k-uniqueness as well?
Or an infinite version of this question:

Question 8.4.7. Does there exist some structure which fails l-uniqueness (over
empty set) for infinite many I’s and such that any algebraic cover of it still

fails [-uniqueness (over empty set) infinitely many times?
And then finally something more similar to Question [5.3.2]

Question 8.4.8. Does there exist some structure which has k-uniqueness (over

empty set) for infinite many £’s and also fails [-uniqueness (over empty set) for
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infinite many [’s and such that any algebraic cover of it still fails l-uniqueness

over empty set) infinitely many times?
pty

144



Bibliography

[Ad109a]

[Ad109b]

|AZ91]

IBB74|

[BL71]

[Bal8s]

Hans Adler. “A geometric introduction to forking and thorn-
forking”. In: J. Math. Log. 9.1 (2009), pp. 1-20. 1SSN: 0219-0613.
DOI: [10.1142/S0219061309000811. URL: http://dx.doi.org/
10.1142/50219061309000811.

Hans Adler. “Thorn-forking as local forking”. In: J. Math.
Log. 9.1 (2009), pp. 21-38. 1ssN: 0219-0613. DOI: 10 . 1142/
50219061309000823. URL: http://dx.doi.org/10. 1142/
50219061309000823.

Gisela Ahlbrandt and Martin Ziegler. “What’s so special about
(Z/AZ)*? In: Arch. Math. Logic 31.2 (1991), pp. 115-132. ISSN:
0933-5846. DOI: 10.1007/BF01387764. URL: http://dx.doi!
org/10.1007/BF01387764.

J. T. Baldwin and Andreas Blass. “An axiomatic approach to
rank in model theory”. In: Ann. Math. Logic 7 (1974), pp. 295—
324. 18SN: 0168-0072. DOI: 10.1016/0003-4843(74)90018-7.
URL: http://dx.doi.org/10.1016/0003-4843(74)90018-7.

J. T. Baldwin and A. H. Lachlan. “On strongly minimal sets”. In:
J. Symbolic Logic 36 (1971), pp. 79-96. 1SsN: 0022-4812. DOTI: 10.
2307/2271517. URL: http://dx.doi.org/10.2307/2271517.

John T. Baldwin. Fundamentals of stability theory. Perspec-
tives in Mathematical Logic. Springer-Verlag, Berlin, 1988,
pp. xiv+447. 1SBN: 3-540-15298-9. DOI: |10.1007/978-3-662-

145


https://doi.org/10.1142/S0219061309000811
http://dx.doi.org/10.1142/S0219061309000811
http://dx.doi.org/10.1142/S0219061309000811
https://doi.org/10.1142/S0219061309000823
https://doi.org/10.1142/S0219061309000823
http://dx.doi.org/10.1142/S0219061309000823
http://dx.doi.org/10.1142/S0219061309000823
https://doi.org/10.1007/BF01387764
http://dx.doi.org/10.1007/BF01387764
http://dx.doi.org/10.1007/BF01387764
https://doi.org/10.1016/0003-4843(74)90018-7
http://dx.doi.org/10.1016/0003-4843(74)90018-7
https://doi.org/10.2307/2271517
https://doi.org/10.2307/2271517
http://dx.doi.org/10.2307/2271517
https://doi.org/10.1007/978-3-662-07330-8
https://doi.org/10.1007/978-3-662-07330-8

[Bau75s]

[BHM15]

[BC14)

[BTW04]

|Casl1]

[CFO4]

[CH99]

07330-8. URL: http://dx.doi.org/10.1007/978-3-662-
07330-8|

Walter Baur. “RNg-categorical modules”. In: J. Symbolic Logic 40
(1975), pp. 213-220. 18sN: 0022-4812. DOI: 10.2307/2271901.
URL: http://dx.doi.org/10.2307/2271901.

Martin Bays, Martin Hils, and Rahim Moosa. “Model Theory of
Compact Complex Manifolds with an Automorphism”. In: ArXiv
e-prints (Feb. 2015). arXiv: 1502.06521 [math.L0].

Itay Ben-Yaacov and Artem Chernikov. “An independence theo-
rem for NTPy theories”. In: J. Symb. Log. 79.1 (2014), pp. 135—
153. 1ssN: 0022-4812. poOI: 10.1017/3js1.2013.22. URL: http:
//dx.doi.org/10.1017/3js1.2013.22.

Itay Ben-Yaacov, Ivan Tomasi¢, and Frank O. Wagner. “Con-
structing an almost hyperdefinable group”. In: J. Math. Log.
4.2 (2004), pp. 181-212. 1ssN: 0219-0613. DOI: 10 . 1142 /
S5021906130400036X. URL: http://dx.doi.org/10. 1142/
S5021906130400036X.

Enrique Casanovas. Simple theories and hyperimaginaries.
Vol. 39. Lecture Notes in Logic. Association for Symbolic
Logic, Chicago, IL; Cambridge University Press, Cambridge,
2011, pp. xiv+169. 1SBN: 978-0-521-11955-9. pDOI: 10 . 1017/
CB09781139003728. URL: http://dx .doi.org/10. 1017/
CB09781139003728.

Enrique Casanovas and Rafel Farré. “Weak forms of elimination
of imaginaries”. In: MLQ Math. Log. Q. 50.2 (2004), pp. 126-140.
1SSN: 0942-5616. DOI: 10.1002/malq.200310083. URL: http:
//dx.doi.org/10.1002/malq. 200310083

Zoé Chatzidakis and Ehud Hrushovski. “Model theory of differ-
ence fields”. In: Trans. Amer. Math. Soc. 351.8 (1999), pp. 2997
3071. 18sN: 0002-9947. DOI: 10.1090/50002-9947-99-02498-8.
URL: http://dx.doi.org/10.1090/50002-9947-99-02498-8.

146


https://doi.org/10.1007/978-3-662-07330-8
https://doi.org/10.1007/978-3-662-07330-8
http://dx.doi.org/10.1007/978-3-662-07330-8
http://dx.doi.org/10.1007/978-3-662-07330-8
https://doi.org/10.2307/2271901
http://dx.doi.org/10.2307/2271901
http://arxiv.org/abs/1502.06521
https://doi.org/10.1017/jsl.2013.22
http://dx.doi.org/10.1017/jsl.2013.22
http://dx.doi.org/10.1017/jsl.2013.22
https://doi.org/10.1142/S021906130400036X
https://doi.org/10.1142/S021906130400036X
http://dx.doi.org/10.1142/S021906130400036X
http://dx.doi.org/10.1142/S021906130400036X
https://doi.org/10.1017/CBO9781139003728
https://doi.org/10.1017/CBO9781139003728
http://dx.doi.org/10.1017/CBO9781139003728
http://dx.doi.org/10.1017/CBO9781139003728
https://doi.org/10.1002/malq.200310083
http://dx.doi.org/10.1002/malq.200310083
http://dx.doi.org/10.1002/malq.200310083
https://doi.org/10.1090/S0002-9947-99-02498-8
http://dx.doi.org/10.1090/S0002-9947-99-02498-8

[CPYS]

[Chel4]

[CK12]

|CKS16]

[EO07]

[Ele05]

[Eva97al

[Eva97b)

Zoé Chatzidakis and Anhand Pillay. “Generic structures and
simple theories”. In: Ann. Pure Appl. Logic 95.1-3 (1998), pp. 71—
92. 1SSN: 0168-0072. DOI: 10.1016/S0168-0072(98) 00021 -9.
URL: http://dx.doi.org/10.1016/50168-0072(98)00021-9.

Artem Chernikov. “Theories without the tree property of the
second kind”. In: Ann. Pure Appl. Logic 165.2 (2014), pp. 695—
723. 18SN: 0168-0072. DOI: 10.1016/j.apal.2013.10.002. URL:
http://dx.doi.org/10.1016/5.apal.2013.10.002.

Artem Chernikov and Itay Kaplan. “Forking and dividing in
NTP, theories”. In: J. Symbolic Logic 77.1 (2012), pp. 1-20.
ISSN: 0022-4812. DOI: 10.2178/js1/1327068688. URL: http:
//dx.doi.org/10.2178/js1/1327068688.

Artem Chernikov, Itay Kaplan, and Saharon Shelah. “On non-
forking spectra”. In: J. Eur. Math. Soc. (JEMS) 18.12 (2016),
pp- 2821-2848. 1SSN: 1435-9855. DOI: [10.4171/JEMS/654. URL:
http://dx.doi.org/10.4171/JEMS/654.

Clifton Ealy and Alf Onshuus. “Characterizing rosy theories”.
In: J. Symbolic Logic 72.3 (2007), pp. 919-940. 1sSN: 0022-4812.
DOI: [10.2178/3js1/1191333848. URL: http://dx.doi.org/10!
2178/3s1/1191333848.

Pantelis E Eleftheriou. “Pregeometries and Imaginaries”. In:
preprint (2005). URL: http://www.math.uni-konstanz.de/
“eleftheriou/research/preg.pdfl

David M. Evans. “Finite covers with finite kernels”. In: Ann.
Pure Appl. Logic 88.2-3 (1997). Joint AILA-KGS Model Theory
Meeting (Florence, 1995), pp. 109-147. 1sSN: 0168-0072. DOTI:
10.1016/50168-0072(97)00018-3. URL: http://dx.doi.org/
10.1016/50168-0072(97)00018-3.

David M. Evans, ed. Model theory of groups and automor-
phism groups. Vol. 244. London Mathematical Society Lecture
Note Series. Papers from the RESMOD Summer School held

147


https://doi.org/10.1016/S0168-0072(98)00021-9
http://dx.doi.org/10.1016/S0168-0072(98)00021-9
https://doi.org/10.1016/j.apal.2013.10.002
http://dx.doi.org/10.1016/j.apal.2013.10.002
https://doi.org/10.2178/jsl/1327068688
http://dx.doi.org/10.2178/jsl/1327068688
http://dx.doi.org/10.2178/jsl/1327068688
https://doi.org/10.4171/JEMS/654
http://dx.doi.org/10.4171/JEMS/654
https://doi.org/10.2178/jsl/1191333848
http://dx.doi.org/10.2178/jsl/1191333848
http://dx.doi.org/10.2178/jsl/1191333848
http://www.math.uni-konstanz.de/~eleftheriou/research/preg.pdf
http://www.math.uni-konstanz.de/~eleftheriou/research/preg.pdf
https://doi.org/10.1016/S0168-0072(97)00018-3
http://dx.doi.org/10.1016/S0168-0072(97)00018-3
http://dx.doi.org/10.1016/S0168-0072(97)00018-3

[Eva09]

[EHO3|

[Fel71]

|Fis72]

[Gag05]

|GKK13a

[GKK13b|

in Blaubeuren, July 31-August 5, 1995. Cambridge University
Press, Cambridge, 1997, pp. xvi+212. 1SBN: 0-521-58955-X. DOTI:
10.1017/CB09780511629174. URL: http://dx.doi.org/10.
1017/CB09780511629174.

David M. Evans. “Higher amalgamation properties and splitting
finite covers”. In: preprint (2009).

David M. Evans and Ehud Hrushovski. “On the automorphism
groups of finite covers”. In: Ann. Pure Appl. Logic 62.2 (1993).
Stability in model theory, III (Trento, 1991), pp. 83-112. 1SSN:
0168-0072. DOI: 110.1016/0168-0072(93)90168-D. URL: http:
//dx.doi.org/10.1016/0168-0072(93)90168-D.

Ulrich Felgner. “Comparison of the axioms of local and universal
choice”. In: Fund. Math. 71.1 (1971), 43-62. (errata insert). ISSN:
0016-2736. URL: http://eudml.org/doc/214318.

Edward R Fisher. “Powers of saturated modules |abstract|”. In:
J. Symbolic Logic 37.04 (1972), pp. 7T77-777.

Jerry Gagelman. “Stability in geometric theories”. In: Ann. Pure
Appl. Logic 132.2-3 (2005), pp. 313-326. 1ssN: 0168-0072. DOI:
10.1016/j.apal.2004.10.016. URL: http://dx.doi.org/10.
1016/3 . apal.2004.10.016.

John Goodrick, Byunghan Kim, and Alexei Kolesnikov. “Amal-
gamation functors and boundary properties in simple theories”.
In: Israel J. Math. 193.1 (2013), pp. 169-207. 1ssN: 0021-2172.
DOI: 10.1007/s11856-012-0087-z. URL: http://dx.doi.org/
10.1007/s11856-012-0087-z.

John Goodrick, Byunghan Kim, and Alexei Kolesnikov. “Homol-
ogy groups of types in model theory and the computation of
Hy(p)”. In: J. Symbolic Logic 78.4 (2013), pp. 1086-1114. 1SSN:
0022-4812. URL: http://projecteuclid . org/euclid. jsl/
1388953995.

148


https://doi.org/10.1017/CBO9780511629174
http://dx.doi.org/10.1017/CBO9780511629174
http://dx.doi.org/10.1017/CBO9780511629174
https://doi.org/10.1016/0168-0072(93)90168-D
http://dx.doi.org/10.1016/0168-0072(93)90168-D
http://dx.doi.org/10.1016/0168-0072(93)90168-D
http://eudml.org/doc/214318
https://doi.org/10.1016/j.apal.2004.10.016
http://dx.doi.org/10.1016/j.apal.2004.10.016
http://dx.doi.org/10.1016/j.apal.2004.10.016
https://doi.org/10.1007/s11856-012-0087-z
http://dx.doi.org/10.1007/s11856-012-0087-z
http://dx.doi.org/10.1007/s11856-012-0087-z
http://projecteuclid.org/euclid.jsl/1388953995
http://projecteuclid.org/euclid.jsl/1388953995

[GKK14a)]

[GKK14b]

[GKK15]

[GK10]

[Har00]

[Hod93)

[Hrug9)

John Goodrick, Byunghan Kim, and Alexei Kolesnikov. “Amalga-
mation functors and homology groups in model theory”. In: Pro-
ceedings of the ICM 2014 Volume II (2014), pp. 41-58. URL: http:
//www.icm2014.org/download/Proceedings_Volume_II.pdf.

John Goodrick, Byunghan Kim, and Alexei Kolesnikov. “Homol-
ogy groups of types in stable theories and the Hurewicz corre-
spondence”. In: ArXiv e-prints (Dec. 2014). arXiv: [1412.3864
[math.L0].

John Goodrick, Byunghan Kim, and Alexei Kolesnikov. “Type-
amalgamation properties and polygroupoids in stable theories”.
In: J. Math. Log. 15.1 (2015), pp. 1550004, 45. 1SSN: 0219-0613.
DOI: 110.1142/5021906131550004X. URL: http://dx.doi.org/
10.1142/5021906131550004X.

John Goodrick and Alexei Kolesnikov. “Groupoids, covers, and
3-uniqueness in stable theories”. In: J. Symbolic Logic 75.3 (2010),
pp- 905-929. 1SSN: 0022-4812. DOI: 10.2178/js1/1278682207.
URL: http://dx.doi.org/10.2178/js1/1278682207.

Bradd Hart. “Stability theory and its variants”. In: Model the-
ory, algebra, and geometry. Vol. 39. Math. Sci. Res. Inst. Publ.
Cambridge Univ. Press, Cambridge, 2000, pp. 131-149. I1SBN:
0521780683. URL: http://library.msri.org/books/Book39/
files/hart.pdf.

Wilfrid Hodges. Model theory. Vol. 42. Encyclopedia of Mathe-
matics and its Applications. Cambridge University Press, Cam-
bridge, 1993, pp. xiv+772. ISBN: 0-521-30442-3. DOI: [10.1017/
CB09780511551574. URL: http://dx .doi.org/10. 1017/
CB09780511551574.

Ehud Hrushovski. “Totally categorical structures”. In: Trans.
Amer. Math. Soc. 313.1 (1989), pp. 131-159. 1SSN: 0002-9947.
DOI: 10.2307/2001069. URL: http://dx.doi.org/10.2307/
2001069.

149


http://www.icm2014.org/download/Proceedings_Volume_II.pdf
http://www.icm2014.org/download/Proceedings_Volume_II.pdf
http://arxiv.org/abs/1412.3864
http://arxiv.org/abs/1412.3864
https://doi.org/10.1142/S021906131550004X
http://dx.doi.org/10.1142/S021906131550004X
http://dx.doi.org/10.1142/S021906131550004X
https://doi.org/10.2178/jsl/1278682207
http://dx.doi.org/10.2178/jsl/1278682207
http://library.msri.org/books/Book39/files/hart.pdf
http://library.msri.org/books/Book39/files/hart.pdf
https://doi.org/10.1017/CBO9780511551574
https://doi.org/10.1017/CBO9780511551574
http://dx.doi.org/10.1017/CBO9780511551574
http://dx.doi.org/10.1017/CBO9780511551574
https://doi.org/10.2307/2001069
http://dx.doi.org/10.2307/2001069
http://dx.doi.org/10.2307/2001069

[Hru9g]

[Hrul2]

[Kim14]

|[Kim16|

[KKL15]

[KKTO8]

[KP97]

[Kol05]

Ehud Hrushovski. Simplicity and the Lascar group. Tech. rep.
Institute of Mathematics, Hebrew University, Jerusalem, Is-
rael, 1998. URL: http://citeseerx.ist.psu.edu/viewdoc/
summary?doi=10.1.1.41.8167.

Ehud Hrushovski. “Groupoids, imaginaries and internal covers”.
In: Turkish J. Math. 36.2 (2012), pp. 173-198. 1ssN: 1300-0098.

Byunghan Kim. Simplicity theory. Vol. 53. Oxford Logic Guides.
Oxford University Press, Oxford, 2014, pp. x+224. 1SBN: 978-0-
19-856738-7.

Byunghan Kim. “On the n-uniqueness of types in rosy theories”.
In: Arch. Math. Logic 55.5-6 (2016), pp. 677-686. 1SSN: 0933-5846.
DOI: 10.1007/s00153-016-0487-6. URL: http://dx.doi.org/
10.1007/s00153-016-0487-6.

Byunghan Kim, SunYoung Kim, and Junguk Lee. “Non-
commutative groupoids obtained from the failure of 3-uniqueness
in stable theories”. In: ArXiv e-prints (Apr. 2015). arXiv: 1504 .
07731 [math.LO]l

Byunghan Kim, Alexei S. Kolesnikov, and Akito Tsuboi. “Gen-
eralized amalgamation and n-simplicity”. In: Ann. Pure Appl.
Logic 155.2 (2008), pp. 97-114. 1ssN: 0168-0072. DOI: [10.1016/
j.apal.2008.03.005. URL: http://dx.doi.org/10.1016/j!
apal.2008.03.005.

Byunghan Kim and Anand Pillay. “Simple theories”. In: Ann.
Pure Appl. Logic 88.2-3 (1997). Joint AILA-KGS Model Theory
Meeting (Florence, 1995), pp. 149-164. 1ssN: 0168-0072. DOTI:
10.1016/50168-0072(97)00019-5. URL: http://dx.doi.org/
10.1016/50168-0072(97)00019-5.

Alexei S. Kolesnikov. “n-simple theories”. In: Ann. Pure Appl.
Logic 131.1-3 (2005), pp. 227-261. 1SsN: 0168-0072. DpOI: 10 |
1016/ j .apal.2004.06.001. URL: http://dx.doi.org/10.
1016/j.apal.2004.06.001.

150


http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.41.8167
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.41.8167
https://doi.org/10.1007/s00153-016-0487-6
http://dx.doi.org/10.1007/s00153-016-0487-6
http://dx.doi.org/10.1007/s00153-016-0487-6
http://arxiv.org/abs/1504.07731
http://arxiv.org/abs/1504.07731
https://doi.org/10.1016/j.apal.2008.03.005
https://doi.org/10.1016/j.apal.2008.03.005
http://dx.doi.org/10.1016/j.apal.2008.03.005
http://dx.doi.org/10.1016/j.apal.2008.03.005
https://doi.org/10.1016/S0168-0072(97)00019-5
http://dx.doi.org/10.1016/S0168-0072(97)00019-5
http://dx.doi.org/10.1016/S0168-0072(97)00019-5
https://doi.org/10.1016/j.apal.2004.06.001
https://doi.org/10.1016/j.apal.2004.06.001
http://dx.doi.org/10.1016/j.apal.2004.06.001
http://dx.doi.org/10.1016/j.apal.2004.06.001

[Krulb|

[KP92]

[Lac76]

[Las9l1|

[Mac97|

[Mac00]

[Mar66]

[Mon01]

Alex Kruckman. “Disjoint n-amalgamation and pseudofinite
countably categorical theories”. In: ArXiv e-prints (Oct. 2015).
arXiv:|1510.03539 [math.L0].

T. G. Kucera and M. Prest. “Imaginary modules”. In: J. Symbolic
Logic 57.2 (1992), pp. 698-723. 1SSN: 0022-4812. DOIL: [10.2307/
2275302, URL: http://dx.doi.org/10.2307/2275302.

A. H. Lachlan. “Dimension and totally transcendental theories
of rank 2”. In: (1976), 153-183. Lecture Notes in Math., Vol.
537. DOI: 110.1007/BFb0096900. URL: http://dx.doi.org/10!
1007 /BFb0096900

Daniel Lascar. “Autour de la propriété du petit indice”. In: Proc.
London Math. Soc. (3) 62.1 (1991), pp. 25-53. 1SSN: 0024-6115.
DOI:10.1112/plms/s3-62.1.25. URL: http://dx.doi.org/10!
1112/plms/s3-62.1.25,

Saunders Mac Lane. “The PNAS way back then”. In: Proceedings
of the National Academy of Sciences 94.12 (1997), pp. 5983-5985.
DOI: [10.1073/pnas.94.12.5983. URL: https://dx.doi.org/
10.1073/pnas.94.12.5983.

Dugald Macpherson. “Notes on o-minimality and variations”. In:
Model theory, algebra, and geometry. Vol. 39. Math. Sci. Res. Inst.
Publ. Cambridge Univ. Press, Cambridge, 2000, pp. 97-130. URL:
http://library.msri.org/books/Book39/files/mac.pdf.

William Marsh. “On wi-categorical but not w-categorical the-
ories”. PhD thesis. DARTMOUTH COLLEGE Hanover, New
Hampshire, 1966.

Michael Monastyrsky. “Some Trends in Modern Mathematics
and the Fields Medal”. In: Notes of the Canadian Mathemat-
ical Society 33.2 (2001), pp. 3-5. URL: https://www.fields.
utoronto.ca/aboutus/FieldsMedal_Monastyrsky.pdf.

151


http://arxiv.org/abs/1510.03539
https://doi.org/10.2307/2275302
https://doi.org/10.2307/2275302
http://dx.doi.org/10.2307/2275302
https://doi.org/10.1007/BFb0096900
http://dx.doi.org/10.1007/BFb0096900
http://dx.doi.org/10.1007/BFb0096900
https://doi.org/10.1112/plms/s3-62.1.25
http://dx.doi.org/10.1112/plms/s3-62.1.25
http://dx.doi.org/10.1112/plms/s3-62.1.25
https://doi.org/10.1073/pnas.94.12.5983
https://dx.doi.org/10.1073/pnas.94.12.5983
https://dx.doi.org/10.1073/pnas.94.12.5983
http://library.msri.org/books/Book39/files/mac.pdf
https://www.fields.utoronto.ca/aboutus/FieldsMedal_Monastyrsky.pdf
https://www.fields.utoronto.ca/aboutus/FieldsMedal_Monastyrsky.pdf

[Moo05]

[Mor65]

[Ons02]

[Pall6]

[Pas12]

[PS11]

[PKMO6]

[Poi00]

Rahim N. Moosa. “The model theory of compact complex spaces”.
In: Logic Colloquium ’01. Vol. 20. Lect. Notes Log. Assoc. Symbol.
Logic, Urbana, IL, 2005, pp. 317-349. URL: https://www.math|

uwaterloo.ca/ rmoosa/ccs-survey-published.ps.

Michael Morley. “Categoricity in power”. In: Trans. Amer. Math.
Soc. 114 (1965), pp. 514-538. 1ssN: 0002-9947. DOI: 10.2307/
1994188, URL: http://dx.doi.org/10.2307/1994188.

Alf Angel Onshuus. Thorn-forking in rosy theories. Thesis
(Ph.D.)—University of California, Berkeley. ProQuest LLC, Ann
Arbor, MI, 2002, p. 79. 1SBN: 978-0496-30201-7.

Daniel Palacin. “Generalized amalgamation and homogeneity”.
In: ArXiv e-prints (Mar. 2016). arXiv: |1603.09694 [math.LO].

Elisabetta Pastori. “A note on two of Hrushovski’s constructions”.
In: J. Appl. Log. 10.1 (2012), pp. 85-91. 1sSN: 1570-8683. DOI:
10.1016/3j.jal.2011.11.004. URL: http://dx.doi.org/10.
1016/j.jal.2011.11.004.

Elisabetta Pastori and Pablo Spiga. “Failure of n-uniqueness:
a family of examples”. In: MLQ Math. Log. Q. 57.2 (2011),
pp. 133-148. 1sSN: 0942-5616. DOI: [10.1002/malq. 200910127
URL: http://dx.doi.org/10.1002/malq.200910127.

Tristram de Piro, Byunghan Kim, and Jessica Millar. “Construct-
ing the hyperdefinable group from the group configuration”. In:
J. Math. Log. 6.2 (2006), pp. 121-139. 18SN: 0219-0613. DOTI:
10.1142/50219061306000530. URL: http://dx.doi.org/10.
1142/50219061306000530.

Bruno Poizat. A course in model theory. Universitext. An intro-
duction to contemporary mathematical logic, Translated from
the French by Moses Klein and revised by the author. Springer-
Verlag, New York, 2000, pp. xxxii+443. 1SBN: 0-387-98655-3. DOTI:
10.1007/978-1-4419-8622-1. URL: http://dx.doi.org/10.
1007/978-1-4419-8622-1.

152


https://www.math.uwaterloo.ca/~rmoosa/ccs-survey-published.ps
https://www.math.uwaterloo.ca/~rmoosa/ccs-survey-published.ps
https://doi.org/10.2307/1994188
https://doi.org/10.2307/1994188
http://dx.doi.org/10.2307/1994188
http://arxiv.org/abs/1603.09694
https://doi.org/10.1016/j.jal.2011.11.004
http://dx.doi.org/10.1016/j.jal.2011.11.004
http://dx.doi.org/10.1016/j.jal.2011.11.004
https://doi.org/10.1002/malq.200910127
http://dx.doi.org/10.1002/malq.200910127
https://doi.org/10.1142/S0219061306000530
http://dx.doi.org/10.1142/S0219061306000530
http://dx.doi.org/10.1142/S0219061306000530
https://doi.org/10.1007/978-1-4419-8622-1
http://dx.doi.org/10.1007/978-1-4419-8622-1
http://dx.doi.org/10.1007/978-1-4419-8622-1

[Press)|

[Pre03|

[She69]

[SheT78|

[She83|

[She90]

[She96]

Mike Prest. Model theory and modules. Vol. 130. London Math-
ematical Society Lecture Note Series. Cambridge University
Press, Cambridge, 1988, pp. xviii+380. 1SBN: 0-521-34833-1. DOI:
10.1017/CB09780511600562. URL: http://dx.doi.org/10.
1017/CB09780511600562

Mike Prest. Model theory and modules. Vol. 3. Handb. Algebr.
Elsevier /North-Holland, Amsterdam, 2003, pp. 227-253. DOTI:
10.1016/51570-7954(03)80062-1. URL: http://dx.doi.org/
10.1016/S1570-7954(03)80062-1.

S. Shelah. “Stable theories”. In: Israel J. Math. 7 (1969), pp. 187—
202. 1ssN: 0021-2172. por: (10. 1007 /BF02787611. URL: http:
//dx.doi.org/10.1007/BF02787611.

Saharon Shelah. Classification theory and the number of noniso-
morphic models. Vol. 92. Studies in Logic and the Foundations of
Mathematics. North-Holland Publishing Co., Amsterdam-New
York, 1978, pp. xvi+544. 1SBN: 0-7204-0757-5.

Saharon Shelah. “Classification theory for nonelementary classes.
I. The number of uncountable models of ¢ € L, ,,. Part B”. In:
Israel J. Math. 46.4 (1983), pp. 241-273. 1sSN: 0021-2172. DOLI:
10.1007/BF02762887. URL: http://dx.doi.org/10.1007/
BF02762887.

Saharon Shelah. Classification theory and the number of non-
isomorphic models. Second. Vol. 92. Studies in Logic and the
Foundations of Mathematics. North-Holland Publishing Co.,
Amsterdam, 1990, pp. xxxiv+705. 1SBN: 0-444-70260-1.

Saharon Shelah. “Toward classifying unstable theories”. In: Ann.
Pure Appl. Logic 80.3 (1996), pp. 229-255. 1SsN: 0168-0072. DOL:
10.1016/0168-0072(95) 00066-6. URL: http://dx.doi.org/
10.1016/0168-0072(95) 00066-6.

153


https://doi.org/10.1017/CBO9780511600562
http://dx.doi.org/10.1017/CBO9780511600562
http://dx.doi.org/10.1017/CBO9780511600562
https://doi.org/10.1016/S1570-7954(03)80062-1
http://dx.doi.org/10.1016/S1570-7954(03)80062-1
http://dx.doi.org/10.1016/S1570-7954(03)80062-1
https://doi.org/10.1007/BF02787611
http://dx.doi.org/10.1007/BF02787611
http://dx.doi.org/10.1007/BF02787611
https://doi.org/10.1007/BF02762887
http://dx.doi.org/10.1007/BF02762887
http://dx.doi.org/10.1007/BF02762887
https://doi.org/10.1016/0168-0072(95)00066-6
http://dx.doi.org/10.1016/0168-0072(95)00066-6
http://dx.doi.org/10.1016/0168-0072(95)00066-6

[Sim15]

[TZ12]

[Wae30]

[Wae3l|

[Whi35]

[Zan12|

[Zie84]

|Zi193]

Pierre Simon. A guide to NIP theories. Vol. 44. Lecture Notes in
Logic. Association for Symbolic Logic, Chicago, IL; Cambridge
Scientific Publishers, Cambridge, 2015, pp. vii+156. ISBN: 978-
1-107-05775-3. DOI: 10.1017/CB09781107415133. URL: http:
//dx.doi.org/10.1017/CB09781107415133.

Katrin Tent and Martin Ziegler. A course in model theory. Vol. 40.
Lecture Notes in Logic. Association for Symbolic Logic, La Jolla,
CA; Cambridge University Press, Cambridge, 2012, pp. x+248.
ISBN: 978-0-521-76324-0. DOI:[10.1017/CB09781139015417. URL:
http://dx.doi.org/10.1017/CB09781139015417.

Bartel Leendert van der Waerden. Moderne Algebra. Julius
Springer, Berlin, 1930. DOI: [10.1007/978-3-662-41906 - 9.
URL: https://doi.org/10.1007/978-3-662-41906-9.

Bartel Leendert van der Waerden. Moderne Algebra. Julius
Springer, Berlin, 1931. DOI: [10.1007/978-3-662-42016 - 4.
URL: https://doi.org/10.1007/978-3-662-42016-4.

Hassler Whitney. “On the Abstract Properties of Linear De-
pendence”. In: Amer. J. Math. 57.3 (1935), pp. 509-533. 1SSN:
0002-9327. DOT: [10.2307/2371182, URL: http://dx.doi.org/
10.2307/2371182.

Tim Zander. “Hyperimaginére, Amalgamation in Theorien mit
einer Unabhéngigkeitsrelation und Gruppoide in stabilen Theo-

rien”. Diplomarbeit. Albert-Ludwigs-Universitét Freiburg, 2012.

Martin Ziegler. “Model theory of modules”. In: Ann. Pure Appl.
Logic 26.2 (1984), pp. 149-213. 1sSN: 0168-0072. DOI: 10.1016/
0168-0072(84)90014-9. URL: http://dx.doi.org/10.1016/
0168-0072(84)90014-9.

Boris Zilber. Uncountably categorical theories. Vol. 117. Transla~
tions of Mathematical Monographs. Translated from the Russian
by D. Louvish. American Mathematical Society, Providence, RI,
1993, pp. vi+122. 1SBN: 0-8218-4586-1.

154


https://doi.org/10.1017/CBO9781107415133
http://dx.doi.org/10.1017/CBO9781107415133
http://dx.doi.org/10.1017/CBO9781107415133
https://doi.org/10.1017/CBO9781139015417
http://dx.doi.org/10.1017/CBO9781139015417
https://doi.org/10.1007/978-3-662-41906-9
https://doi.org/10.1007/978-3-662-41906-9
https://doi.org/10.1007/978-3-662-42016-4
https://doi.org/10.1007/978-3-662-42016-4
https://doi.org/10.2307/2371182
http://dx.doi.org/10.2307/2371182
http://dx.doi.org/10.2307/2371182
https://doi.org/10.1016/0168-0072(84)90014-9
https://doi.org/10.1016/0168-0072(84)90014-9
http://dx.doi.org/10.1016/0168-0072(84)90014-9
http://dx.doi.org/10.1016/0168-0072(84)90014-9

Index

s
<S’ T>’
7, B3]
n-cover, [31]
(n — 1,n + k)-existence,
(z/42)*,
B(n), I@
for real parameters,
BAut(”)y
for real parameters,
C(M,a*),
C(M, A),
L*,
M | So,[16
MY,
M50,
T | So,
TSo,
T
Tp.0,:1<i<m, [130]
[ST*,
[n]",
acl®d,
dcl®d,
=c, [17]
£, 20
k-stable,

155

amalgamation,
complete, [56]
amalgamation problem,
existence, [50]
uniqueness, [50]
complete,
witness, [[20]
Morley,

A(9),
acl®d,
algebraic cover,

almost strongly minimal theory, [83]

amalgamation



n-, @
complete n-, (6]
over real parameters,
problem, [56]
solution to an-,

total, [56]
Anti-Reflexive,
a(s),

a‘(s),
al,

Base Monotonicity, 22|

BAut (n)a

for real parameters,
BGC,
B(n), @

for real parameters, [68]

in Aut(¢t/@),

C,[3

.

¢t

canonical
S-functor over A,
base, [26]
parameter, [I9]
problem, [58|
solution,

CCM, [115]

Ceq,

closed functor, 55|

C(M,a*),

code, [I9]

coheir, [79]

compact complex manifold, [TT5]
compatible sets,
complete

n-amalgamation, [56]

156

n-uniqueness, [50]
cover

n-, I?’;II

algebraic, [3T]

definable finite,

finite,

split, 9]

dcl®d,
definable finite cover, [[31]

dividing,

e.i.,[19

elimination
geometric ~ of imaginaries, [19]
of finite imaginaries,
of imaginaries, [I9]
uniform ~ of imaginaries,
weak ~ of imaginaries, [I9]
embedded, [30]
fully,

stably, [30]
Existence,

existence
(n— 1,n+k)—,
n-, 66|

fei,
finite cover, [31]
Finite Character, [20]
finite cover,
Finite Equiv. Relation Theorem, [27]
forking,
formula
basic, [113
dividing, [25]
forking, [25]



only depend. realisations in x,
1 00)
pp-, [[1]
split in , [T09]
fully embedded, [30]
functor

closed, [55]
independent,

gei, [19]

Generalised Independence Theorem,
591

geom. elimination of imaginaries, [I9]

global type,

GNU, see recursion

GNU’s Not Unix, see recursion

imaginaries
elimination of, [I9]
elimination of finite,
geometric elimination of, [I9]
uniform elimination of ,
weak elimination of,
imaginary, [I§]
Indep. Theorem over Models,
independence relation
Indep. Theorem over Models, [24]
non-forking, 24]
independence relation, [20]
Weak Boundedness,
independent
functor,
set, [23]

independent sequence, [23]
induced structure,

r-stable, [I7]

L*, [129, 136

157

Local Character,

MY,
many-sorted
Ryll-Nardzewski Theorem,
theory, [15]
Monotonicity and Transitivity, 20]
Monotonicity and Transitivity,
monster model, [T6]
of set-size,
Morley n-
witness, [[21]
Morley sequence,
Mo,
M T So,

(n — 1,n + k)-existence,
new sorts, [30]

[n]*,

non-forking, 24]

7, 53]
old sorts, [30]

only dependent realisations in z, [L06

P (i),
P (n),
pp-formula,
pregeometric theory, @
(8, T),
Property
B(n), I@
for real parameters,
in Aut(€t/¢),
Baut (n),

for real parameters, [68]

recursion, see GNU, GNU’s Not Unix
reduct,



relative (k, n)-uniqueness, pregeometric, [83]

Right Monotonicity, 22] rosy, [23]
rosy theory, simple, [24]
Ryll-Nardzewski Theorem, [I§] stable, 17 25]
k-, [I7]
separable super-
forking, rosy, [24]
independence notion, [81] simple
sequence stable, 2]
independent, [23] total
Morley, [23] amalgamation, [56]
sets uniqueness, [56]
compatible, [8§ T a<ic @
. p,Gitlstsmo
simple theory, transition maps, [53]
solution to an amalg. problem, [56] TS0
sorts TS,
new, m type
old, dividing,
special model, [I6] forking, 5]
specialising chain, global
split cover, 9] stationary, 25
split in «, [1L09
stable theory, [[7] uniform elimination of imag.,
stable theory, uniqueness
k-, 17 n-, B8]
stably embedded, complete n-,
stationary type, [Z5] over real parameters, [57]
B3 relative (k, n)-,
super- total, [56]
rosy, [24] Weak Boundedness,
simple, [24] weak elimination of imaginaries, [I9]
stable, Weak Existence,
Symmetry, 20] wei, [I9]
witness

tetrahedron-like,
theory

n-, 20

Morl, -
almost strongly minimal, B3] orley n-, [I21]
many-sorted, (Z/47)*,

158



	Introduction
	Summary
	Related research
	Future work

	Notation and Preliminaries
	Many-sorted language
	Monster model
	Imaginaries
	Independence relation
	Rosy theories
	Simple theories
	Stable theories
	Category theory

	Algebraic and Finite Covers
	Definition
	Relating algebraic covers with finite covers
	Imaginaries and covers
	A cover is a mild extension
	WEI in omega-categorical theories

	Known results on Amalgamation
	Definition of amalgamation
	Relation between existence and uniqueness
	Amalgamation in stable and simple theories
	Property Bn
	Total amalgamation and Property Bn
	Amalgamation of Morley sequences
	Amalgamation over models

	Amalgamation over Parameters
	Separable independence notion
	The standard example of non-3-uniqueness
	A double cover of a definable set
	General properties of the cover T2phi
	Amalgamation properties of T2phi
	T2phi of an abelian group
	More examples
	Amalgamation over models in T2phi

	Witnesses of Failure
	Localise failure of Bn
	Definition of a Morley n-Witness
	The existence of Morley witnesses
	Superstable n-witness
	An open question about witnesses

	An Algebraic Cover with Total Amalgamation over 0
	Construction of a finite cover
	The finite cover eliminates a witness
	Eliminate all witnesses

	omega-categorical Algebraic Cover with Total Amalgamation
	Construction of a cover
	Verifying the finiteness of the cover
	The finite cover eliminates witnesses
	Eliminate all witnesses

	Bibliography
	Index

