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ABSTRACT. We introduce a uniform method of proof for the following results.
There are, for each of the following conditions, 280 families of elementarily
equivalent Steiner sytems, satisfying: i) (extending [CGGW10]) each Steiner
triple system is oo-sparse and has a uniform but not perfect path graph; ii)
(extending [CW12] each Steiner k-system (for & = p™) has a uniform path
graph (infinite cycles only) iii) extending [Fuj06a], each is anti-Pasch (anti-
mitre); iv) has an explicit quasi-group structure, v) every model is 2-transitive.
Each family has Np countable models and one model of each uncountable
cardinal.

In this paper we expound some applications of the Hrushovski construction of
strongly minimal sets to the combinatorics of infinite Steiner systems. We refor-
mulate (Section 2) the notion of sparse configurations [CGGW10, Fuj06a] in terms
of the d-function fundamental to the Hrushovski construction and give uniform ac-
counts of the existence of anti-Pasch and anti-mitre Steiner triple systems (STS).
While the examples of strongly minimal pure Steiner systems (M, R) admit no
definable ‘truly binary’ operation with infinite domain [BV21], we construct (Sec-
tion 3) strongly minimal quasigroups which induce g-Steiner systems (line length
q) for ¢ a prime power. We extend (Section 4) the notion of (a,b)-cycle graph
Gr(a,b) of an infinite STS [CW12] to path-graphs of ¢-Steiner systems induced
by quasigroups. Rather than ad hoc examples, we provide a method to construct
first order theories and thus infinite families of countable models exhibiting various
combinatorial properties. In particular, the countable models of these theories are
arranged in a tower, a countable increasing sequence (M; : i < w). The structure
of Gy, (a,b) depends heavily on whether acly, (0) = 0. In various cases Gy, (a, b)
may have only finite cycles, only infinite cycles or a mixture. In Section 5, we con-
struct 2-transitive models, which so have uniform path graphs. For this we must
alter different sets of the parameters for a Hrushovski discussion that we describe
in Notation 0.4. We construct in several ways theories of Steiner systems where
every model is 2-transitive.

A first order theory T is strongly minimal if every definable subset of every
model of T is finite or co-finite. Three prototypical examples are the theories of:
the integers with successor, rational addition, and the complex field. Each model of
T determines a combinatorial geometry (matroid) given by algebraic closure. Zilber
conjectured these examples were canonical; each such geometry was discrete, vector
space like, or field like. Hrushovski refuted this conjecture by an intricate extension
of Fraissé’s construction of countable homogeneous universal models. Building on
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[BP20] we vary his construction to obtain the Steiner systems with the properties
noted.

A linear space is collection of points and lines such that two points determine a
line, a minimal condition to call a structure a geometry. A linear space is a Steiner
k-system if every line (block) has cardinality k. We showed in Section 2 of [BP20]
that linear spaces can be naturally formulated in a one-sorted logic with single
ternary ‘collinearity’ predicate and proved:

Fact 0.1 ([BP20]). For each k, with 3 < k < w, there are 2% strongly minimal
theories T, (depending' on an integer valued function u) of infinite linear spaces in
the one-sorted vocabulary T whose models are Steiner k-systems.

These theories are model complete and satisfy the usual properties of counterex-
amples to Zilber’s trichotomy conjecture. Their acl-geometries are non-trivial, not
locally modular, and the theory cannot interpret a group.

Finite Steiner systems were first defined in the 1840’s and developed by such
mathematicians as Steiner, Bose, Skolem, and Bruck. Much of the history of Steiner
systems interacts with the general study of non-associative algebraic systems such
as quasigroups. A quasigroup is a structure with a single binary operation whose
multiplication table is a Latin Square (each row or column is a permutation of
the universe) [Ste56]. This is the third paper in a series developing the properties
of strongly minimal Steiner systems. Existence is shown in [BP20]. Drawing on
universal algebra and combinatorics, we [Bal21] found that the restriction to prime
power cardinality of the universe that is essential to existence in the finite for
the existence of quasigroups coordinatizing g-Steiner systems is replaced by prime
power block length for strongly minimal Steiner systems.

Theorem 0.2. (Theorem 3.6) For each q and each of the T}, in Theorem 0.1 with
line length k = q = p™ and certain varieties of quasigroups V', there is a strongly
minimal theory of quasigroups T, v that interprets a strongly minimal g-Steiner
system.

The following theorem from [BV21] suggests a finer classification of flat strongly
minimal sets.

Theorem 0.3. ([BV21, Theorem 0.2]) Let T}, be among the family of strongly min-
imal (Steiner systems) theories in [Hru93] ([BP20]). If p is triplable® T, does not
admit a ‘non-trivial’ definable binary function and so does not interpret a quasi-
group. FEven without the triplable hypothesis, there is mo definable commutative
binary function.

These counterexamples with Hrushovski’s ‘flat geometries’ [BP20, Definition 6.2]
have generally been regarded as an undifferentiated class of exotic structures. How-
ever, there are both Steiner systems and quasigroups are among them [BP20, Bal21]
and [BV21] shows that the structural distinctions arise by varying the function p.
In fact, the family of ‘Hrushovski constructions of strongly minimal sets’ depend
on five parameters.

Notation 0.4. A Hrushovski sm-class is determined by a quintuple (o, L*, Lo, €, U).
L* is a collection of finite structures in a vocabulary o, not necessarily closed under

IThe theory of course depends on the line length k; but it is coded by p so we suppress the k.
2u(A/B) > 3if 6(B) > 2
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substructure®. € is a function from a specified collection of finite o-structures to
natural numbers satisfying the conditions imposed on § in Definition 1.2.3. Lg is
a subset of L™ defined using e. From such an ¢, one defines notions of <, primitive
and good pair. Hrushovski gave one technical condition on the function y count-
ing the number of realizations of a good pair that ensured the theory is strongly
minimal rather than w-stable of rank w. We consider the class U as the collection
of functions p satisfying a specific condition provides way to index a rich group of
distinct constructions. As explained in Definition 1.1.3, from Lg, e and p € U, one
defines L, and iﬂ. (For any collection L of finite structures, we write L for the
collection of direct limits of structures in L.) Thus one obtains a strongly minimal
theory T}, and a generic structure G,,.

We rely heavily on [BP20, BV21, Bal21], sketching basic arguments and empha-
sizing how the parameters of the last paragraph are changed to get the specific
result.

For convenience, one usually specifies in L* that the relations are symmetric;
but to reach important cases such as quasigroups and Steiner systems one adds
the relevant axioms to this starting point. And L* is made V3 axiomatizable to
create quasigroups. Working in linear spaces with a ‘geometric’ € in [Pao20] is
vital to obtain Steiner systems. In this paper, to obtain Steiner systems which are
(e.g. anti-Pasch, co-sparse, 2-transitive) we both vary the class U of admissible
p-functions and change the way that the class of finite structures L is determined
by the relevant ¢ playing the role of e.

We acknowledge helpful discussions with Joel Berman, Omer Mermelstein, Gi-
anluca Paolini, and Viktor Verbovskiy.

1. BACKGROUND

We show how modifications of the most basic Hrushovski construction provides
examples in Steiner systems. [BP20, 2.1, 2.2] summarises the role of strongly mini-
mal sets in model theory and the bi-interpretability of a one-sorted (used here) and
two-sorted approach to Steiner system. This paper elaborates the method for uses in
combinatorics. [Bal] provides a somewhat outdated survey of vastly wider study of
modifications of the construction to study e.g. fusions, ‘bad’ fields, Spencer-Shelah
random graphs and higher levels of stability classification. Section 1.1 outlines the
general setting emphasizing the parameters that can be varied to get specific be-
haviors. Remark 1.1.9 reminds us of the original context; Section 1.2 lays out the
notation for studying linear spaces.

1.1. The Hrushovski framework

The basic ideas of the Hrushovski construction are i) to modify the Fraissé con-
struction by replacing substructure by a notion of strong substructure, defined
using a predimension ¢ (Definition 1.2.3) so that independence with respect to the
dimension induced by § is a combinatorial geometry? and ii) to employ an algebriz-
ing function p to bound the number 0-primitive extensions of each finite structure
so that closure in this geometry is algebraic closure.

3They were in [Hru93] but not here.

4The requirement that the range of this function is well-ordered is essential to get the ex-
change property in the geometry; using rational or real coefficients yields a stable theory and the
dependence relation of forking [BS96].
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A Steiner (¢, k,v)-system is a pair (P, B) such that |P| = v, B is a collection of
k element subsets of P and every t element subset of P is contained in exactly one
block. Since we are primarily interested in infinite structures, we omit the v unless
it is crucial and so, by Steiner k-system I mean Steiner (2, k) system of arbitrary
cardinality. A groupoid (also called a magma) is a structure (A, x) with one binary
function .

Unfortunately, while the extensive literature on Hrushovski constructions con-
tains the same fundamental notions related in a fairly standard way, the notation
is not standard. So we quickly list our terminology.

We give an abstract formulation of the construction of generic model due to
[KL92]. This provides a common framework for the Fraissé and Hrushovski con-
structions which does not require the class L to be closed under substructure and is
essential in Section 3. For the general discussion in this section we work in a finite
relational vocabulary o.

Notation 1.1.1. (1) For any class L of finite structures, L denotes the col-
lection of structures of arbitrary cardinality that are direct limits® of models
in L.

(2) Let o be a finite relational vocabulary. A class (Lo, <) of finite structures,
with a transitive relation < on Lo X Lq is called smooth if B < C implies
B C C and for all B € L there is a collection p®(x) of universal formulas
with |x| = |B| and for any C € Ly with B C C,

B<C CEéb)

for every ¢ € PB and b enumerates B.
We write B is strongly embedded in C if an isomorphic image B’ of C

satisfies B' < C.

(3) A structure A is a (Lo, <)-union if A =, ., Cn where each C,, € Lo and
Cp < Chyq foralln <w. If A is a (Lo, <)-union, B C A, B € Ly, we say
B < A if B< C, for all sufficiently large n.

(4) A structure A is an (Lo, <)-generic if A is a (Lo, <)-union and for any
B < C each in Ly and B < A there is a <-embedding of C into A.

< is read ‘strongly embedded’. The crucial fact is:

Fact 1.1.2 ([KL92)). If (Lo, <) is a smooth class of finite structure with only count-
ably many elements that satisfies <-amalgamation and <-joint embedding there is
a unique countable generic G, - for (Lo, <)

Axiom 1.1.3. Let § be a map from a collection finite o-structures into N. Let L*
be a collection of such structures closed under isomorphism. We write A < B if
for every C with A C C C B, §(C/A) = 0. We require that L* L' s satisfy the
following requirements. First, Lg is the collection of finite B such that:

(1) 6(0) =0

(2) If Be L™ and A C B then 6(A) > 0.

(8) If A, B, and C are disjoint then 6(C/A) > 6(C/AB).

(4) (L*,6) admits canonical amalgamations in the following sense.

5If L is closed under substructure so is L and L is axiomatized by a universal sentence in
Ly, w (Lw,w if the vocabulary is relational.).
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Definition 1.1.4. Canonical Amalgamation For any class (Lo, €), if ANB = C,
C < Aand A,B,C € L*, G is a free (or canonical) amalgamation, G = B $&¢ A
if G € L*, e(A/BC) = ¢(A/C) and e(B/AC) = ¢(B/C) Moreover, e(A ®¢c B) =
€(A) 4+ €(B) — €(C) and any D with C C D C A®¢ B is also free. Thus, B < G.

Disjoint union is the canonical amalgamation for the basic Hrushovski construc-
tion and Definition 1.2.4 gives the appropriate notion satisfying Axiom 1.1.3.5 for
linear spaces. Axiom 1.1.3.2 can be rephrased as: B C C and AN C = () implies
e(A/B) > ¢(A/C); so we can make the following definition.

Definition 1.1.5. Extend e tod: L” x L* — N by for each N € f}*, d(N,A) =
inf{e(B) : A C B C, N}, dn(A/B) = dy (AU B) — dpy(B). We usually write
d(N, A) as dny(A) and omit the subscript N when clear.

What Hrushovski called self-sufficient closure is in the background.

Definition 1.1.6. (1) For N € L" and A € L*, we say A C N is strong in N
and write A < N if d(N/A) > 0.

(2) For any A C B € L%, the intrinisic (self-sufficient) closure of A, denoted
iclg(A) is the smallest superset of A that is strong in B.

Note that in the current situation icl(B) is finite if B is. The following definition
describes the pairs B C C such that eventually tp(C/B) will be an algebraic set
(realized only finitely often).

Definition 1.1.7. Let A,B € L™ with ANB =0 and A # (.

(1) B is a primitive extension of A if A < B and there is no A C By C B such
B is a k-primitive extension if, in addition, e(B/A) = k.
We stress that in this definition, while B may be empty, A cannot be.

(2) We say that the 0-primitive pair A/B is good if there is no B' C B such that
(A/B’) is 0-primitive. (This notion was originally called a minimal simply
algebraic or m.s.a. extension.)

(3) If A is 0-primitive over B and B’ C B is such that we have that A/B' is good,
then we say that B’ is a base for A (or sometimes for AB).

(4) If the pair A/B is good, then we also write (B, A) is a good pair.

Definition 1.1.8. (1) Let U be the collection of functions p assigning to every
isomorphism type B of a good pair C/B in L* a number w(B) = uw(B,C) = e(B).

(2) For any good pair (B,C) with B C M and M € L Xm(B,C) denotes the
number of disjoint copies of C' over B in M. A priori, xa(B,C) may be 0.

(3) Let L,, be the class of structures M in L™ such that if (B,C) is a good pair
XJVI(B7 C) < H’((Ba C))

Up to this point, we have denoted the rank function by € to indicate it is being
treated entirely axiomatically. We switch to § to emphasize that (Hrushovski’s
definition or Paolini’s) may be used but trust to context for the reader to know
which.

Remark 1.1.9 (The basic Hrushovski construction). In the original context [Hru93],
o consists a single ternary relation R and §(A) = |A|—r(A) where r(A) is the num-
ber of triples a from A satisfying R(a). L™ is all finite o-structures and Lg is those
A€ L with® < A and U is as in Definition 1.1.8 with the relevant choice of 4.
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1.2. Linear Spaces

In this section we outline the adaptation of Remark 1.1.9 that generates most of
the examples in this paper. For the remainder of the paper we will deal at various
times with two vocabularies 7, with a single ternary relation symbol, R, and 7/
with a second ternary relation H, which will be the graph of a binary function x

Definition 1.2.1. A 7-structure (M, R) is

(1) a 3-hypergraph if R holds only of distinct triples and in any order.

(2) alinear space if it is a 3-hypergraph in which two points determine a unique
line. That is, each pair of distinct points in contained in unique mazimal
R-clique (line). That is, all triples from the line satisfy R.

(8) A linear space is a k-Steiner system if all lines have the same length k.

Thus our finite structures will in general be partial k-Steiner systems (lines may
not have full length) for some k. We use the words ‘block’ and ‘line’ interchangeably
and often fail to distinguish when the line has full length. When this is important,
we may write clique to denote a subset of a line, i.e., a maximal clique.

Definition 1.2.2. (1) Fort C A, we denote the cardinality of a clique ¢ by ||,
and, for B C A, we denote by |£|p the cardinality of £ N B.
(2) We say that a non-trivial line £ contained in A is based in B C A if
[¢N B| > 2, in this case we write { € L(B).
(8) The nullity of a line £ contained in a structure A € K* is:

na(f) =4 — 2.
Now we define our geometrically based pre-dimension function [Pao20].

Definition 1.2.3. We define the appropriate K* and K.

(1) Every (A, R) € K™ is a finite linear spaces.
(2) For (A,R) € K™ let:

5(A) =141 = Y ma(0).
teL(A)
(8) Moreover (A, R) € Kq if for any A’ C A, §5(A") > 0}.
(4) (Ko,0) satisfies the conditions on € given in Section 1.1

The explicit definition of the free amalgamation in this context is:

Definition 1.2.4. [BP20, Lemma 3.14] Let AN B = C with A,B,C € K. We
define D := A ®¢ B as follows:

(1) the domain of D is AU B;

(2) a pair of points a € A—C and b € B — C are on a non-trivial line ¢' in D if
and only if there is line £ based in C' such that a € £ (in A) and b € £ (in B).
Thus ¢ = ¢ (in D).

We single out a type of good pair that provides the line-length invariant for the
Steiner systems.

Notation 1.2.5 (Line length). We write a for the isomorphism type of the good
pair ({b1,b2},a) with R(by,ba,a). Note (Lemma 5.18 of [BP20]) lines in models of
T,, have length k if and only if p(a) = k — 2.
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If one restricts the counting functions to U (Definition 1.1.8), Steiner triple sys-
tems are excluded. Since they are a key topic, the U is slightly altered from Defi-
nition 1.1.8 to admit them.

Definition 1.2.6 (U'). Let U™ be the collection of functions  assigning to every
isomorphism type B8 of a good pair C'/B in Ko a number u(8) = u(B,C) = 6(B).
(1) a number p(B) = p(B,C) > 6(B), if |C = B| = 2;
(i) a number u(B) = 1, if 8 = c.

We will omit the superscript ls, when it is clear we working with linear spaces.

2. OMITTING CONFIGURATIONS IN STEINER TRIPLE SYSTEMS

There is a long history of studying finite Steiner triple systems that omit specific
configurations, e.g. Pasch. We derive such results for infinite Steiner triple systems
by variants on our general construction. We begin by examining the connection
between the Pasch configuration [Fujo6b] and the group configuration from model
theory. The notion of an co-sparse system uniformizes these anti-x constructions
[CGGW10]. We first find specific amalgamation constructions that give the strongly
minimal Steiner systems omitting certain configurations by varying the class U of
acceptable bounds on algebraicity. We next obtain co-sparseness, by enforcing the
uniformity with §, and finally with more drastic restrictions on the class K.

2.1. Anti-Pasch and Anti Mitre

FIGURE 1. Pasch configuration

Diagram 2.1 is known in the study of Steiner triple systems as the Pasch configu-
ration. This same diagram, interpreting the lines as representing algebraic closure,
is known to model theorists as the group configuration: here the acl-dimension of
the set of 6 points is 3; any triple of non-collinear points are independent; each
point has acl-dimension 1, and each line has acl-dimension 2. Hrushovski’s proof,
described for the Steiner system case in [BP20, Corollary 6.3], that no 7}, interprets
an infinite group originated the model theoretic argument that the group configu-
ration in the algebraic closure geometry implies the existence of a definable infinite
group. We give a more direct argument for:
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Fact 2.1.1. The strongly minimal quasigroups whose existence is proven in Sec-
tion 3 have no infinite definable associative subquasigroup.

Proof. Let G be a definable infinite subquasigroup of G,, with associative multi-
plication that is generated by three algebraically independent elements, say D, G, H
as in Figure 2.1. Now DG = FE so, by associativity, F(DG) = FE = X. Similarly,
H = FD implies (FD)G = HG = X so the lines HG and FE intersect in X. In
any 7T, the algebraic closure dimension of a closed subset A is d(A) = §(A). So if
A is the six points of the configuration we should have §(A4) > d(A) = 3. But the
actual calculation® gives 6(A4) = 2. So the Pasch configuration is omitted. my;;

In particular, a strongly minimal quasigroup constructed in this way can never
be a group. Nevertheless, in general there will be many realizations of a Pasch
configuration P in a strongly minimal Steiner triple system, since §(P) = 2 > 0.
Indeed any pair of points extends to a Pasch configuration in the generic model.
Fact 2.1.1 shows in general it cannot extend to an infinite subquasigroup. But
we prove more; by specializing the construction, we can guarantee there is no
occurrence of the Pasch-configuration. That is, the quasigroup is anti-Paschian.

We extend the considerable investigation (e.g. [Fuj06a]) of finite anti-Pasch
quasigroups by providing infinite examples. We need the following notion.

Definition 2.1.2 (R-closure). Let (M,R) be a T-structure. We define the R-
closure, clg(X), for X C M. Define inductively X = Xy and for each n, ¢ € X, 11
if a,b € X, and R(a,b,c). Now clr(X) = X, where N (possibly w) is where the
inductively defined sequence X, terminates. A set X is R independent if no element
is in the R-closure of the others.

Lemma 2.1.3. The subclass of KOP of those finite structures with 3-element lines
that omit the Pasch configuration satisfies amalgamation.

Proof. We can reformulate the problem by setting p as the isomorphism type of the
good pair (A/B) in Figure 2.1, taking {F, H} as the base B and A = {X, D, E, G}
as a good extension. We use the standard K for linear space. But we modify a
€ U by setting u(A/B) = 0. We must show K, has amalgamation.

Fixing notation as in the proof of amalgamation in [BP20, 5.11], consider struc-
tures with (E//D) a good pair, D C F and all in Kj; we want to amalgamate F'
and F over D. Note that every non-trivial line that intersects E — D is contained
in E and has two elements in £ — D. This holds, as if the line intersects F — D
then it has 4 points by Definition 1.2.4. But, if it intersects D in 2 points F is
not primitive over D. Thus F' is R-closed in G. The key property of the Pasch
configuration is that each point not in the base is on a 3-element line that intersects
the base. This implies that if there is an embedding of the Pasch configuration P
in G, the image of the base FH is contained in D. (Otherwise there would be a
line from F — D to E — D.) But since the Pasch configuration is R-generated by
the base along with any other point, we have A C F if ANF # () and A C E if
not. Either violates the hypothesis that F' and E omit the Pasch configuration. m

Applying Lemma 2.1.3 any model of T}, satisfies:

Corollary 2.1.4. There is a strongly minimal anti-Pasch Steiner triple system.

SHrushovski isolates geoemtries supporting this calculation as ‘flat’.
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Similar arguments construct anti-mitre and anti-mia configurations. The mitre
configuration is shown in Figure 2.1. Letting abc be the bottom line, ¢'b’a’ the
middle, and x the vertex, the diagram represents the left self-distributive law:

x(ab) = (za)(xb).

Namely the self distributive law implies naming a’ as zc and ¢’ as za the lines
ac’,bb', ca’ intersect at x. This (5, 7)-configuration [Fuj06b] is called a mitre’; The
only other (5,7)-configuration, (mia), is obtained by adding a point between the
two points on the base of the Pasch configuration and creating a new line. By con-
structing oco-sparse configurations below we simultaneously omit the Pasch, mitre,
and mia configurations.

FIGURE 2. Mitre and mia configurations

Lemma 2.1.5. The subclass Kéw of K consisting of those finite structures with 3-
element lines that omit the mitre (or those omitting the mia) configuration satisfies
amalgamation.

Proof. We use the first paragraph of the proof of Lemma 2.1.3. The argument there
that the base is contained in D, here yields only that two points of the base are in
FE —D. Say a € F and b,c € E — D. We violate F' closure unless the point F' — F
is ¢/. Now if the pivot z is in E — D, we violate the R-closure of F. But if z € F
and a’ or V' isin F', a’xa or b'zb violates that F is primitive over D. While if either
isin E— D, a't'c’ violates R-closure of F'. The proof of the mia case offers nothing
new. ]

Thus we construct structures which have no instances of associativity or self-
distributivity anywhere and every left multiplication by an element not on a line
fails to preserve lines.

’

In the diagram, z is the top point. Label the middle line a,b, ¢ and the bottom line ¢, ¥, a’.
Diagram taken from [CFMP17].
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2.2. Sparse Configurations in 3-Steiner systems

In, for example [CGGW10, page 116], an (n,n + 2) configuration in a Steiner
triple system (STS) is a substructure (A, R) of n + 2 points with n lines. That is,
d(A) = 2. They say a system is co-sparse if there are no (n,n + 2) configurations
with n > 4. We reformulate ‘sparse’ in terms of §.

Definition 2.2.1. A Steiner triple system (M, R) is co-sparse if there is no A C M
with |A] > 6 and 6(A) = 2.

Note that the Pasch, mitre, and mia configurations are all forbidden in an co-
sparse STS. [CGGW10] construct by a four page inductive construction of finite
approximations, 2%° non-isomorphic countable co-sparse systems. we modify the
construction in [BP20] by restricting Ko to get oo-sparse STS of every infinite
cardinality.

Definition 2.2.2. Let K" be the subclass of K* (linear spaces) such that for every
B C A:
(#)|B|>1 — §(B)>1& |B|>3—4d(B)>2.
and, as in [BP20] take U as UP, those pu € U which can be achieved in K.

Condition # implies there are no 4 element lines in a member of K" so p(a) =1
and the generic model will be a Steiner triple system.

Theorem 2.2.3. The system (K ', <) has <-amalgamation. And so for any p €
U, K;P has <-amalgamation.

Proof. Let C' <,p A and C' <;,, B. Linear space amalgamation (Definition 1.2.4)
cannot introduce any relation between A — C and B — C, as this would produce a
4-element line. But then it is clear that # is preserved in the amalgam. We use
the first clause of # to avoid B with §(B) = 1. Now the proof from [BP20] applies
to give amalgamation for K, if p € UP. w23

Theorem 2.2.4. There are continuum many p such that
(1) T, is strongly minimal (so Ny -categorical);
(2) Every model of T}, is an co-sparse Steiner triple system;
(3) T, has countably many countable models.

Proof. As in [BP20], for any p satisfying Definition 2.2.2, the associated T, is a
Steiner triple system. But by omitting A with §(A4) = 2 and |A| > 6, the structure
is co-sparse. W94

Lemma 4.4 shows that the associated (a, b)-graphs are not perfect.

3. CONSTRUCTING STRONGLY MINIMAL QUASIGROUPS

While Fact 0.1 shows there are strongly minimal k-Steiner systems for every
k, [GW75, Bal21] imply that there can be quasigroups only when k is a prime
power. Our strongly minimal k-Steiner systems (M, R) can admit a definable bi-
nary function [BV21] only under very strong additional hypotheses (Theorem 0.3).
Nevertheless, there are strongly minimal quasigroups which induce k-Steiner sys-
tems when k is a prime power. For this result we need the generality of Fact 1.1.2,
as we will axiomatize L™ (K™ here) with V3-sentences. We sketch a different proof
than that detailed in [Bal21] of the existence of strongly minimal quasigroups.
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The coordinatizing result rests primarily on work of [GW75, Ste56, S61] and
others who achieved a ‘coordinatization’ of such Steiner systems by quasigroups.
The contribution here is that although, for & > 3, this coordinatization is not a
bi-interpretation, the Steiner system never interprets a quasigroup, we can in fact
demand for k = ¢ = p" the existence of a Steiner k-system that is interpreted in a
strongly minimal quasigroup. The key to this is the relationship of so-called (2, k)
varieties [Pad72, GWT75] to a two-transitive finite structure and thus eventually to
the reconstruction of a finite field. Following [GW80] we call the quasigroups which
arise when k is a prime power ¢, block algebras.

A variety is a collection of algebras (structures in a vocabulary with only func-
tion/constant symbols and no relation symbols) that is defined by a family of equa-
tions. The essential characteristic of the equational theories below is that each
defining equation involves only two variables. In particular, none of the varieties
are associative.

Definition 3.1. [Smi07] A quasigroup (Q,*) is a groupoid> (A,x) such that for
a,b € Q, there exist unique elements x,y € @ such that both

axr =b,ya = b.

The general notion is a universal Horn class, not a variety. But an (r, k) variety
of groupoids is a quasigroup [Qua92].

Definition 3.2. [Pad72] The variety V is an (r,k) variety if every r-generated
subalgebra of any A € V is isomorphic to the free V-algebra on r elements and has
cardinality k

Fact 3.3. [GWT75] Given a (near)-field® (F,+,-,—,0,1) of cardinality q and a prim-
itive element a € F, define a multiplication * on F by x xy = y+ (x — y)a. An
algebra (A, x) satisfying the 2-variable identities of (F,x) is in a (2,q)-variety of
block algebras over (F, ).

This is one of 5 equivalent characterizations of such a variety in [Pad72]. Obvi-
ously, the collection of r-generated subalgebras A € V form an Steiner (r, k)-system;
we need a third: the automorphism group of any r generated algebra is strictly (i.e.
sharply) r-transitive.

Fix two vocabularies 7 = {R} and 7’ with two ternary relations symbols R, H.
For each (2, q)-variety V' quasigroups, we construct a strongly minimal theory of
quasigroups (in V') that induce g-Steiner systems. We use H as the graph of the
quasigroup operation in V', %, to make our amalgamation class contain only finite
structures (as in [BC19]). We define the base class of finite structures as follows.

Definition 3.4. [K*] Fiz a prime power q and a (2, q)-variety V of quasigroups
(e.g. a block algebra from Fact 3.3). Let Fy denote the free algebra in V on 2
generators. Let K* = K7, be the collection of finite (H, R)-structures A such that

(1) (A, R) is a linear space;
(2) (Val, az, a3)(5|b1, e bq_g)[R(al, az, 0,3) — /\igq—f} R(al, az, bz),

8Tn the background literature on quasigroups, a groupotd is simply a set with a binary operation.
So, I use this notation although it is no longer common.

9A near-field is an algebraic structure satisfying the axioms for a division ring, except that it
has only one of the two distributive laws.
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(3)
(Val,ag,ag,bl, .. .bqu)[(R(al,a%ag) A\ /\ R(al,ag,bi)) — \/ b1 = bj]

1<q—3 4,5 <q2

(4) If A'IR is a mazimal clique (line) with respect to R (necessarily |A'| = q),
A'TH is the graph of the free algebra Fy € V.

Note that the definition of linear space implies that any triple satisfying R in
A’ € K,y extends to a line in A’ of exactly length ¢. Since V' is axiomatized by

2-variable equations, if A’ € K ;iv, A’ H is the graph of an algebra in V.

Definition 3.5. (1) For a t-structure (A, R) 0,(A) is defined as for linear
spaces in Definition 1.2.3. Now for each A’ € K* = K3, let A = A'|R
and 6. (A") = 6,(A) and induce <’ from §'.

(2) Ky ={A € K]\ :6,/(4) >0}
(8) A ' mapping KS:V into Z is in U if it satisfies u(A/B) = 6.(B)g Let
D e (K}, <') if and only if xp(A/B) < u(A/B).

Note that B/A is a good pair, just when B’/A’ is a good pair. Since both the
restriction §(A) > 0 and the bound imposed by p are universally axiomatized it is
easy to check that (K ;/y, <’) is smooth. However it is AE-axiomatized because
of clause 3.4.2. Thus the main difficulty in proving the following is establishing
amalgamation.

In [Bal21], we give a different construction which involves a p which counts good
pairs in 7 and g’ which counts good pairs in 7. We write p/ here to emphasize that
1’ counts good pairs of 7’ structures and for compatibility with the earlier notation.

Theorem 3.6. For each ¢ = p™ and each pu € U and each (2,q) variety of quasi-
groups V there is a strongly minimal theory of quasigroups T, v that interprets a
strongly minimal g-Steiner system.

Proof. We now show the amalgamation for (K;:V, <), as in Lemma 5.11 and

Lemma 5.15 of [BP20]. Counsider a triple D, E, F in K:V as in Lemma 2.1.3. That
is, D C F and FE is O-primitive over D’. Since E is primitive over D, although
there may be a line contained in the disjoint amalgam G with two points in each
of D and F — D, each line that contains 2 points in F — D can contain at most one
from D. If a line contains three points from D, since D satisfies Definition 3.4.2
it is contained in D. Thus, there is no issue with defining the relation H on the
disjoint amalgamation. If x4’ requires some identification for some (B, C), just as in
[BP20], it is because the (relational) 7’-structure BC is DE and (Note the ‘further’
in [BP20, Lemma 5.10].) there is a copy of C over B in F.

The blocks of the Steiner system are the 2-generated x-subalgebras. Now the
strong minimality of the generic follows exactly as in Lemmas 5.21 and 5.23 of
[BP20] and we have proved Theorem 3.6. |

4. STRONGLY MINIMAL BLOCK ALGEBRAS, TOWERS, AND PATH GRAPHS

The notion of an (a,b)-cycle graph is widely studied for finite Steiner triple sys-
tems. [CW12, CGGW10] consider the notion for infinite Steiner t¢riple systems and
prove the existence of infinite perfect and uniform Steiner triple systems.
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We generalize this notion to consider infinite q-Steiner systems that are induced
from strongly minimal (2, q)-quasigroups with g a prime power [BV21, Bal21]. They
could be given either as quasigroups (only symbol *) or built from (2, ¢)-varieties in
7/ = (%, R) asin Section 3. In either case we write * for the quasigroup multiplication
operation in the infinite models, H for the graph of *, and R(a,b,c) for collinearity,
each of a, b, ¢ is in the g-element quasigroup generated by the other two, which is a
definable relation in (@, ). We use the * operation to inductively construct a path
on points.

QUESTION 4.0.1. We use our special situation heavily below. What can be said
about the path graphs of arbitrary q-Steiner systems induced by quasigroups?

4.1. Path Graphs

Finite Steiner systems @) are often studied via the cycle graph over various ab;
the pairs (c, d) from @Q — ab are colored red or blue depending on whether a or b lies
on the line cd. Then a path is generated by choosing a point d off ab and starting
with ad and inductively choosing the line of a different color through the third point
on the current line. We extend this idea to g-Steiner systems. It is immediate that
3-paths do not intersect; so for strongly minimal 3-Steiner systems the definitions
reduce to those in [CW12]. However, such disjointness is no longer immediate when
q > 3 leading to the more complicated description of paths in Definitions 4.1.3 and
4.1.4. In order to carry out the analysis'®, we exclude from the graph, not just ab
but the larger finite set icl(a,b), the smallest subset containing a,b that is strong
in M.

Definition 4.1.1. Consider a Steiner system (M,*, R) determined by a q-block
algebra (M, =) (Definition 8.2). For any a,b € M, we will write Gp(a,b) for the
graph determined by the pair a,b € M.
(1) The domain of Gpr(a,b) is M —icl(ab).
(2) For x,y ¢ acl(a,b), there is an edge colored a (resp., b) joining x to y if
and only if R(a,x,y) (resp., R(b,z,y)).

Remark 4.1.2. There is an edge coloured'! a (resp., b) joining x to y if and only
ifaxxz =1y (resp., bxxz =vy).

We have partitioned the lines (R-cliques) that intersect {a, b} into a and b lines.
Two lines with distinct colors can intersect in at most one point.

We introduce certain paths and then in Section 4.3 fans in the graph that under
appropriate hypotheses cover (most of) the domain of the graph.

Definition 4.1.3. Let M | T, v with u € U (Definition 1.2.6). Consider a
q-block algebra (M, ) with associated path graph Gpr(a,b).

(1) For any a,b, we write ab to denote the line of length q generated by {a,b}.
(2) For dy ¢ ab we define a sequence, denoted Pupq generated by dy € M —
acl(ab) over {a,b} as follows.
The path P,uq is the sequence d = dy, ...d,, such that a * da;y1 = dajyo
and b d2i+2 = d2i+3 f07“ 0 < ) < m.

10T his guarantees that the generator dg satisfies d(dp/icl(ab)) > 0.
HNote that if ¢ = 3, this is the same as collinearity and we return to the framework of [CW12].
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(3) The envelope, PS4, of the path, Pypa, with d = dy ...dp,,is the union of
the lines*? d;,d; 41 for 1 <i < m. Note that if i is odd (even), a (b) is on
diydiy.

Note that for e is on an a-edge, a * e is on the same line (and similarly for b).
Thus, the lines of the Steiner system are cliques of the path graph. But, if e with
e # a and e ¢ acl(ab) is on an a-edge multiplying e by b begins the generation of
a distinct path, Pyge in the graph. We will show such a path is either an infinite
chain or ‘cycles’ by generating a 0-primitive extension of ab.

Definition 4.1.4. (1) There are two possibilities when this process is iterated
forward m times.

(a) An (a,b)-chain of length m is a path Pypa with d = dody, .. .d,, such
that a * d2i+1 = d2i+2 and b x d27;+2 = d2i+3 fO’f‘ 0 < 7 <m
and: for j > i+ 1 the lines didit1, djdj11 do not intersect. Thus
0(Papa) = 6(P5q). Note that m counts the number of lines in the
path. We write o, for the isomorphism type of an m-chain. Note
that, as in the 3-Steiner system case, the length of an m-chain must
be divisible by 4.

(b) At some stage the new line generated by a,da;+1 or b, da;to intersects
one of the earlier lines in the envelope of the path. In this case, we stop
the construction with the new line. The result is an m-pseudo-cycle,
an envelope Pupa, such that for exactly one pair (i,7) with 0 < i < m
and j > i+ 1 the lines d;d;11, djd;j41 intersect.

We write s for an isomorphism type of an s-pseudo-cycle Pupq and
P¢ 4 for the isomorphism type of its
(c¢) If the process continues infinitely we call the result an infinite chain.
(2) Note that the construction of path through dy could equally well begin with
the first line a b-line. In this case, we introduce a finicky notation. The
Pyoa, path through do starts with a b-line.

Recall the construction stops as soon as there is a loop but may be infinite. In
the pseudo-cycle case PS4 contains a minimal pseudo-cycle, which is O-primitive
over ab. Thus, each triple a,b and d ¢ icl(ab), determine a unique maximal path
P.pq beginning with an a-edge; it may be a pseudocycle (perhaps starting with a
different d’) or an infinite chain. While formally we have defined pseudo-cycles to
emphasize the return need be back to the initial point, we will often write cycle for
short.

Within the algebraic closure of ab analysis by the graph structure is more compli-
cated. As, since any two points determine a line implies there are ¢ € acl(ab) such
that d(c/ab) remains 0 even when c is an intersection point of many lines. Thus, in
Section 4.2 we study inside acl(ab) the graph over icl(ab) and in Section 4.3 work
over acl(ab).

4.2. Inside acl(ab): Many Finite paths

This subsection analyzes the structure of Gas(a,b) when M is a prime model
that is algebraic over the empty set and for arbitrary M the stucture of acly(ab) —
icly(ab). Section 4.3 describes the properties of (a,b)-path graph off acl(ab).

12\We may sometimes write P,pq when Papg — {a, b} is more precise; this is the usual ambiguity
in describing good pairs C/B; technically B and C' are disjoint.
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We now use the model theoretic machinery about strongly minimal sets.

Remark 4.2.1 (Towers). Two prototypical properties of a strongly minimal theory
T are: a) the existence of a unique generic type over the model whose restriction
to any set has infinitely many solutions and, as a result, if 7" has at least two non-
isomorphic countable models, b) the arrangement of the countable models into a
tower. Let (M;: 0 < j < w+ 1) be the tower (elementary chain) of countable
models of T}, v, with My the prime model'3; then M, is isomorphic to the generic
structure G, v [BP20, Lemma 5.29]. One might think each M, is prime with an acl-
basis of cardinality n. We show in Lemma 4.2.3) for any strongly minimal Steiner
system M =T, v with p € U, acl(h) # 0 if and only acl(() is infinite. However,
in Section 5 we provide choices of T}, yv where M has dimension 2 and so M,, has
dimension n + 2.

The cycles (using only partial lines of length three) played an important role in
[BP20]. We constructed the 2% distinct theories 7), in [BP20, Lemma 4.11], by
showing (in the vocabulary 7 = { R}) there were a countable family of 4n-cycles (ac-
tually back to the same element) that are mutually non-embeddible and 0-primitive
over 2-element sets. Varying the argument slightly shows as s increases the v, (Defi-
nition 4.1.3.(1b)) induce infinitely many mutually non-imbeddible primitives in K,
over a two element set that is strongly embedded. We also noted in [BP20, Lemma
4.11] that there are infinitely many mutually non-embeddible primitives in K, over
the empty set and similarly over a 1-element set.

U' allows 1 that forbid the realization of specific good pairs B/(). In [BP20], we
showed the algebraic closure of the empty set was infinite if the generic contained
a copy of the Fano plane, — the unique 7-element projective plane, F. So setting
F as the collection of u € U with p(F/0) > 0 guarantees acly (@) is infinite for any
M = T,,. We retain the name F but make it a much larger subset of 4.

Notation 4.2.2. Let F be the set of i’ € U such that u(C/0) > 0 for some good
pair C/0.

Lemma 4.2.3. If i/ € F and M =T, v then aclm(0) is infinite.

Proof. Tt is easy to see that any C that is O-primitive over () must contain two
intersecting lines so three non-collinear points exist. Noting that the only use in
Lemma 5.27 of [BP20] of the assumption that the Fano plane is imbedded in M
is to guarantee that there are three non-collinear point in a subset of M that is
0-primitive over (), we get an infinite algebraic closure here. The construction of an
infinite tower of O-primitive extensions uses only that pu € U". [

In Section 5.1, we give several examples of strongly minimal quasigroups where
the dimension of the prime model is 2.

Lemma 4.2.4. If p € U, for any a,b € M |= T, with acly, # (0) there are
infinitely many disjoint (over the finite icly(ab)) finite cycles in Gy (a,b), where N
is a copy of the prime model of T,, with N 2 {a,b}.

Proof. Such an N exists by Lemma 4.2.3. Fix D as icly(a,b). For each i there is

a pseudocycle C; that is a primitive extension over icl(ab) based on ab with length
4i. The structure with domain D U C; is denoted A;. Since u(C;/ab) > d(ab) = 2,

13The prime model of T is the unique model that can be elementarily embedded in each model.
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there is an embedding of A; into the saturated (also generic) model M,,. But
N < M, and is algebraically closed so the image of C; is in N. Now, since the C;
are O-primitive over icly(ab), the A; are disjoint over D.

]

QUESTION 4.2.5. Can the prime model contain an infinite chain? Is there any
decomposition by chains of the prime model? Compare these questions with the
alternative decomposition of the prime model by taking the union of tree decompo-
sition by normal subsets in [BV21].

4.3. Over acl(ab) all paths are infinite

We study those paths in Gj(a,b) that are generated by dy ¢ acly(a,b). We
justify in Lemma 4.3.2 the following notation:

Notation 4.3.1. For dy ¢ acluv(a,b), Pubd, (Pgpg,) denotes the (envelope of) the
longest path generated by beginning with ady. This path may be infinite.

Lemma 4.3.2. Suppose dg & acl(a,b).
(1) d(do/ab) = 1; the path generated by dy is infinite.
(2) Distinct a-edges in the path Pypa cannot intersect; but each a-edge intersects
q — 1 b-edges.
(8) If Pupa is an infinite path then for every X C PS4, d(X/ab) = 1.
(4) If Papa an infinite path there is exactly one e on PS4 that is on an a-line
and Pyge is an infinite path (Recall Definition 4.1.4.2).

Proof. 1) It dg € M — acl(a,b), d(dy/ab) = 1; otherwise dy € acl(ab). If P,pq is
finite, it is because some C' C P,q is a pseudocycle. But the §(C/ab) = 0 and
dp € acl(ab).

2) If ady; is a line in P,pq then for any element x € ady;, a * € ady;. But for
each of the ¢ — 1 non-trivial star terms, t(x,y), b * (t(a,dp) generates a new line.

3) Suppose (without loss) that dy € X C PS4 and d(X/acl(ab)) = 0. Then
dp € acl(ab). Two paths generated by distinct d; ¢ acl(ab) can intersect in one
point; d(Pupa, U Papa;) = 1. But if there are two points of intersection dy € acl(ab).

4) For any such e there is a line determined by b,b * e. But this line generates
an infinite path only if d(e/ab) = 1. Now apply 2). ]

With these results in hand we see that actually a, b, dy generate a fan of lines.

Definition 4.3.3. The fan generated by abdy is defined by induction.

(1) F(?bdo consists of all points on envelopes of paths generated by a line ae
where e is on a b edge of Pypa, or by a line be with e on an a-edge of Py, ; ;

(2) Fszol consists of all points on envelopes of paths generated by lines ae where
e is on a b edge of Py, or by a line be with e on an a-edge of Py, ;

(3) The fan Fapa, = U< Faba, -

Note that Fupe = Fipaf if e and f are both on the same line in M — acl(a, b)
through a (or through b).

As in Lemma 4.3.2, we see immediately that if two fans intersect in a single point
their union is a larger (not definable) subset of rank 1:

Lemma 4.3.4. Two fans can intersect in at most one point.
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Theorem 4.3.5. If M is countable and dim(M/N) = 1, then for any a,b € M,
M is a union of fans over N. Inductively, the conclusion applies to any M’ = M.

Proof. Let (e; : i < w) enumerate N—M. Fix any a,b € N, choose ey =dy € M—N
and let Fy be the fan Fpq,. Now for each n, let d,, 1 be e; for the least j such that
ej € NUF,. Clearly | J, ., Fn UN = M. Since the dimension N/M is 1, there will
be algebraic relations among the fans. However, any two can intersect in at most
one point and by construction there graph edges (a or b lines) that are not in one
of the listed fans. However, many instance of R are not in the graph. ]

4.4. No Perfect Path graphs

Cameron and Webb [CW12] extend to infinite structures the notion of a perfect
Steiner triple system as one in which each cycle graph G(a,b) is a single cycle.
They find 28° countable such Steiner triple systems. In line with Definition 4.1.1,
we can extend this definition to any g-block algebra. However, we show none of the
g-Steiner systems constructed here are perfect. Clearly there can be no uncountable
perfect Steiner k system in any reasonable sense since whatever replaces cycle will
be countable. We will take the weakest plausible notion, which includes a single
path or a fan; we show no such complex covers M — acl(ab), when M |= T~ . In
Theorem 4.3.5, we covered M — N by at most |M — N| fans, but not finitely many.

Definition 4.4.1 (Perfect). If (M, *, R) =T,/ v for some p € U and (2, q)-variety
V, we say (M,*, R) is a perfect g-Steiner system if for some finitely generated
R-closed set (Definition 2.1.2) X = M — acl(ab).

Since every line in a Steiner system associated with a g-Steiner system is two-
generated as a quasigroup, we can think of R-closure as finding the generated
sub-quasigroup. Omer Mermelstein suggested the key idea for the proof for the
following result. We write T}, for the theory here since this argument works for any
of the variants.

Lemma 4.4.2. If M is a model of T), with p € U, A < M, and |M — A| is infinite,
then M has infinite R-dimension.

Proof. We first show that if C is O-primitive over A and a ¢ C U A, A*, the R-
closure of Aa, does not intersect C'. Note by induction that every finite E C (A*—A)
satisfies 6(E/A) = 0. Now, fix an enumeration A* such that e; € clg({e; :1 < j} =
E;. Suppose for contradiction A* N C' # () and choose the least k with e, € C'NA*.
But then e, witnesses an edge between C' and Ej41; this implies 6((E;UC)/A) < 0,
contrary to hypothesis.

There are infinitely many incomparable 0-primitives C; over A ([BP20, Lemma
4.11]; choose successively, a seed a; in C;j. Applying the first paragraph, we see the
clr(Aa;) are mutually disjoint. By constructing (A4;, A%) by the procedure of the
last paragraph, we witness infinite R-dimension. [

Since a perfect Steiner system is the R-closure of finitely many elements, we have
immediately from Lemma 4.4.2:

Corollary 4.4.3. If (M,+,R) = Ty v for some p € U and (2,q)-variety V,
(M, *, R) is not a Steiner perfect system.

QUESTION 4.4.4. In [BV21], we show the definable closure of a strongly minimal
system (M, R) is essentially unary if T, is triplable (Footnote 2). Models of T,/ v
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have * as a non-trivial binary function. But, assuming p’ is triplable, are there any
binary functions that are not polynomials in x?

5. VARYING THE CONSTRUCTION FOR COMBINATORIAL MOTIVES

In Section 4, we studied theories T}/ vy of quasigroups built by a Hrushovski style
construction as in Section 3 where p/ € U and for any M |= T, v, acly(0) # 0. In
this section, we make major modifications to the construction to consider subsets
where algebraic closure has few pseudo-cycles and to find 2-transitive structures.

In Section 4.3 we found examples where all cycles were infinite when we took
the domain of the path graph as M — acl(ab). But in Section 4.2 with domain
My — icl(ab) we always had finite cycles and the existence of infinite cycles in
the prime model is an open problem. In this section we restrict to the domain,
M —iclab. We first (Section 5.1) modify the construction to be able to specify
which, if any, finite cycles occur. In Section 5.2 we introduce the notion of a
uniform (The isomorphism type of G (a,b) does not depend on the choice of a, b.)
g-Steiner system (generalizing [CW12, CGGW10]). Then by different methods in
Sections 5.3 and 5.4 construct families of 2-transitive and hence uniform g-Steiner
systems.

We use two model theoretic methods to solve some problems suggested from the
study of cycle graphs in [CW12]. These methods modify the theory T, v either by
changing p or, more drastically, restricting the class K of finite structures. And
then we combine the two in Section 5.4.

5.1. All paths are infinite

In this section, we find T},~ yy whose models have no finite cycles. It is then easy
to allow certain specified lengths. The key point here is to vary the class 4" from
Definition 1.2.6 maintaining the amalgamation so the resulting generic model is
strongly minimal but preventing finite cycles. As before we work in a vocabulary
{H, R}, where R is collinearity in a linear space and in the generic model H is
the graph of a quasigroup operation *. We introduce a set B of y/ obtained by
modifying ¢/ € U’ to p” by changing the value only on the isomorphism types good
pairs C/{a,b} which are pseudo-cycles. As BN U™ = (), apparent contradictions
between here and Section 4 are resolved.

Definition 5.1.1. Recall from Definition 3.4 that vy, denotes an isomorphism type
of a pseudo-cycle over a two element set. Let B denote the set of u” obtained by
for every n, redefining each ' € U, to p" by setting p'’'(yn) = 0 for each n.

We define a class K :u',v whose generic has only infinite cycles. Thus there are
no finite cycles in any model of T}, v .

Lemma 5.1.2. If u” € B, the class of T = {*, R}-structures K;il,v from Defi-
nition 3.4 has the <-amalgamation property. If p € B, every model of T, v has
only infinite cycles.

Proof. We must check that we can complete the amalgamation while insisting that
for each n, 7, is omitted. For this we must slightly vary the proof of Lemma 5.10 in
[BP20], whose notation we follow. Let F, E € Kp,. Now, let G = E ®p F', where
(D, E) is a good pair (with |[E — D| > 1) and ((a,b),C)) is a good pair witnessing
v (So Cy is a pseudo-cycle.). The difficulty is that the good pair (Cj/B) does not
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satisfy the requirement p(Cy/B) = 0,/(B). We gave a separate argument to show
no =, blocks amalgamation; the result then follows without change. There are no
realizations of the good pair 4 in any of D, FE, F'; we must show it is not realized in
G. The crux is that, by definition of ((a,b), C%), for any k.4, each ¢; € Cj is on a
separate triple in R with each of a and b. Now if (a,b) C F (compare Case B.1 of
[BP20]), each C; must be contained in F' or else there is a clique (ac;c;+1), modulo
renaming, with two elements in F' and one in £ — F' contradicting the primitivity
of E over D. If one of a,b, say a is in E — F then for each i, C; C E or the
line between a and ¢; is based in D (Definition 3.11 of [BP20]) and that is clearly
impossible, since it contradicts that E is primitive over D; so each C; C E. But
now, since F doesn’t realize v, b must be in F' — D and C; N (E — D) # 0; we
get the same contradiction. So C; € D. But now @ € E — D is on a line based
on C; C D, contradicting the primitivity of E over D. Thus for any M =T, v,
a,b € M and dy & icl(ab), P,pg, is infinite. So we finish. [

A simple variant on the argument for Corollary 5.3 of [BP20] (Replace ‘for every
n’ in Definition 5.1.1 by ‘for n € X¢’.) shows we can omit arbitrary sets of ~,:

Theorem 5.1.3. For any X C w of numbers divisible by 4 and p € U, we can
construct still another variant u~X of p such that models of T,x v realize an n-
pseudo-cycle if and only if n € X.

One cannot simply modify U to say all points have trivial algebraic closure and
carry out the amalgamation argument. Omer Mermelstein provided the follow-
ing counterexample, showing some restriction, such as to the ~,, is necessary for
Lemma 5.1.2. We provide an amalgamation diagram where the good pair C'/B
does not appear in any of the components but is in the amalgam. Nevertheless, we
give several examples in later sections where aclyy, (0) = 0.

Example 5.1.4. Let B consist of five points a, by, ... bs and C consist of four points
c1,...ca, where R(c;, b;,ciq1) for ¢ = 1,...,3, R(a,bs,bs), and R(cyg,c1,bq). Then
C' is O-primitive over B. But now if we let Dy = {a,ca,cs}, D1 = {b1,¢1,bs} and
Dy = {by, c3,b3} we have Dy < D; and Dy < Ds, but BC appears in the amalgam.

5.2. Uniform G(a,b)

[CW12] call a Steiner system uniform if all the cycle graphs Gps(a,b) are iso-
morphic. [CGGW10] construct 2% countable uniform sparse infinite Steiner triple
systems. We obtain 2% families of countable uniform infinite Steiner systems for
each prime power ¢; we have not considered the extension of ‘sparse’ to g-Steiner
systems.

We adapt the notions of uniform [CW12] to accommodate g-Steiner systems.
Recall (Definition 4.1.1) that the domain of Gps(a,b) is M — icl(a,b). We will
consider cases where acl(a,b) is both finite and infinite.

Definition 5.2.1 (Uniform). We say a model (M, *, R) of T,y is uniform, if for
any (a,b), (a’,b"), Gp(a,b) =~ Gy (a,b).
Here is a sufficient condition for uniformity.
Lemma 5.2.2. (1) If (M, %, R) is a model of a theory T generated by a Hrushovski
class (Definition 0.4) of linear spaces such that every two element set A sat-

isfies A < M, the automorphism group of (M,*, R) acts 2-transitively on
(M, R).
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(2) Clearly, if the automorphism group of (M, *, R) acts 2-transitively on (M, *, R),
(M, *, R) is uniform.

Proof. Since all pairs (a,b) are isomorphic and each is embedded strongly in the
generic G, the result is immediate for G. But this transitivity extends to all models
since if one model of a complete theory has a single 2-type, all models do. And, each
model of a strongly minimal theory is finitely homogeneous (e.g. [BL71, Theorem
5]). |

5.3. 2-transitive M, 3-Steiner systems, Changing K

In Section 5.1 we showed that, by modifying the set of possible u, we could ensure
that there were no finite pseudo-cycles. The Steiner system in Section 5.1 was far
from uniform as there were many 2-types, e.g. pairs with non-isomorphic algebraic
closures. (We only restricted those primitive extensions that were pseudo-cycles.)

We have dealt with two variants of the Hrushovski construction. We constructed
generics in both 7 and 7/, with the same basic construction. But in the more general
context of Definition 0.4 we can restrict K before beginning the construction and
realize the hypothesis of the general statement of Lemma 5.2.2.1.

In Section 5.2 of [Hru93], Hrushovski proves there are 2% strongly minimal 7-
structures with pairwise non-isomorphic associated combinatorial geometries. He
achieves this by ensuring that algebraic dependence of a triple a, b, ¢ is equivalent to
R(a,b,c). Mermelstein pointed out to me that these structures are in fact Steiner
triple systems. We will see that they are 2-transitive and every cycle is infinite.
Example 5.3.1 is considerably more restrictive than the linear space examples; it
not only forces that two points determine a line but also that every full line has 3
points. In Theorem 5.4.2 we show less drastic surgery on the [BP20] construction
still allows us to find uniform G(A, B)-graphs when ¢ > 3.

Example 5.3.1. [Hru93, Example 5.2] We denote the theories described in this
example by Ty ,,. The dimension function d is the usual: 65 (A) = |A|—|R)|, where
|R| is the number of 3-element subsets of A satisfying R and strong submodel is
defined in usual way. The novelty is in use of the d-condition to define K (I){ . Namely,
the collection of finite structures C' such that every subset B of C' € K gl with power
at most 3 is strong in C:

(x) Kl ={A: BCAN|B|<3— B<A}.

Since the amalgamation of Hrushovski’s basic example added no edges, this
subclass also has amalgamation by the same amalgam. For each i, K ,, is to K é{
as K, is to K (Definition 1.2.3).

Now to define a linear space say that a line is a triple satisfying R. Two points
determine a line as R(a,b,c) A R(a,b,c) A =R(a,b,d) makes §({a,b,c,d}) = 2 <
0({b, c,d}). Since any non-trivial O-primitive over a two element set contains 3 non-
collinear points, (*) implies the algebraic closure of two points is the third point on
the line they determine. Thus there are two quantifier-free configuration of three
points: dependent, independent. Since, by (), both configurations are strong in
the generic, they determine as in Lemma 5.2.2 the two possible 3-types. Similarly

property (%) of this Hrushovski example makes it a Steiner triple system™®.

14This example will not permit lines with longer length by modifying . As, there can be no
4-clique, ¢, since with the Hrushovki definition §(¢) = 0 while ¢ of two points is 2.
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Here we write cycle since we are dealing with a Steiner-triple cycle and no path
can be a proper pseudo-cycle as opposed to a cycle.

Fact 5.3.2. For any p and any (M,R) = T, (M,R) is a strongly minimal
uniform Steiner triple system. In fact, the algebraic closure of any pair is the third
point on the line through a,b and so each cycle is infinite.

Proof. As noted in the description of Example 5.3.1, in (M, R) the algebraic closure
of a pair is the line through them. Since there are only two 3-types of tuples
extending (a,b), any two d; that are not on the line ab are isomorphic over a,b
and thus the cycles they generate are isomorphic. The last claim is immediate
since all points not on the line are automorphic over ab. Since any potential finite
pseudo-cycle over a,b is in acl(ab) = {a,b,c}, where R(a,b,c), there are no finite
pseudo-cycles. [

5.4. 2-transitive ¢-Steiner systems; Changing K, and U

We turn to a different method!® obtain uniformity results for Steiner ¢-systems
for any prime power ¢ > 3 and to restrict the number of finite cycles. We combine
a variant of the Hrushovki’s Example 5.3.1 with varying p to control a second
fundamental invariant: number of cycles.

Definition 5.4.1. We write K(Q) for the class of linear spaces such that
(%) |B| < 2 implies B < A

for every finite linear space A € Kg containing B. We write Ki,, for the class
determined by xx and B and for any variety of quasigroups T with strongly minimal
theory Tﬁ,/’v associated by Theorem 3.6.

As in Example 5.3.1, (**) and Lemma 5.2.2 imply every two element set is strong,
so each model is 2-transitive. There are two differences from Example 5.3.1: i) the
strong substructure notion is with respect to the ¢ in [BP20] and so we can vary
the line length; ii) we don’t kill the entire (non-trivial) algebraic closure of each
2-element set but explicitly forbid only the finite cycles. We note below that we
can allow finitely many cycles over each pair (a,b).

Theorem 5.4.2. If u € B (Definition 5.1.1), Ki has amalgamation, the generic
(and hence every countable model) is uniform and has no finite paths.

Proof. The amalgamation follows mutatis mutandis from Lemma 5.1.2. Note that
(x+) implies every two element set is strong, so each model is 2-transitive. This
holds in every model by Lemma 5.2.2; hence Gps(a,b) is uniform. Finite paths are
blocked, since p € B. ]

As we modified Lemma 5.1.3, we modify the proof of Theorem 5.4.2 to get:

Theorem 5.4.3. If i € B then for any variety V and for any model (M, x, R) of
TZ, v and any (a,b), both acly(0) = 0 and (M, *, R) is uniform.

Further, for any finite set X of pairs, (n;,m;) with n; divisible by 4, we can
construct a theory T such that if (M,*, R) &= Tx and (a,b) € M, Gp,(a,b) has
m; cycles of length n;.

15T his approach of restricting primitives over very small sets to establish various amounts of
transitivity of the non-Desguaresian plane appears in [Hru93, Bal95].
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QUESTION 5.4.4. Can we have all cycles in the prime model finite by insisting
exactly one isomorphism type of a pseudocycle is consistent, say, a 4-pseudocycle?

QUESTION 5.4.5. In [Bal94] (using the methods of this section) a rank 2 ;-
categorical non-desarguesian projective planes is coordinatized by a ternary ring
that is not linear. The non-linearity means that while the quasi-groups for both
addition and multiplication are definable, they cannot be composed to give the
ternary t(x,y,z) = xy + z that arises in a division ring. That is, the plane is
at the lowest level in the Lenz-Barlotti hierarchy. Could similar but less radical
surgery yield Ni-categorical non-desarguesian projective planes that are higher in
that hierarchy?

REFERENCES

[Bal] John T. Baldwin. A field guide to Hrushovski constructions. Report: http://www.
math.uic.edu/~jbaldwin/pub/hrutrav.pdf.

[Bal94] John T. Baldwin. An almost strongly minimal non-Desarguesian projective plane.
Transactions of the American Mathematical Society, 342:695-711, 1994.

[Bal95] John T. Baldwin. Some projective planes of Lenz Barlotti class I. Proceedings of the
A.M.S., 123:251-256, 1995.

[Bal21] John T. Baldwin. Strongly minimal Steiner Systems II: Coordinatizaton and Strongly
Minimal Quasigroups. Math arXiv:2106.13704, 2021.

[BL71] John T. Baldwin and A.H. Lachlan. On strongly minimal sets. Journal of Symbolic
Logic, 36:79-96, 1971.

[BP20] John T. Baldwin and G. Paolini. Strongly Minimal Steiner Systems I. Journal of
Symbolic Logic, pages 1-15, 2020. published online oct 22, 2020 arXiv:1903.03541.

[BS96] John T. Baldwin and Niandong Shi. Stable generic structures. Annals of Pure and
Applied Logic, 79:1-35, 1996.

[BV21] John T. Baldwin and V. Verbovskiy. Towards a finer classification of strongly minimal
sets. preprint: Math Arxiv:2106.15567, 2021.

[BC19] Silvia Barbina and Enrique Casanovas. Model theory of Steiner triple systems. Journal

of Mathematical Logic, 20, 2019. https://doi.org/10.1142/80219061320500105.

[CFMP17] Andrea Caggegi, Giovanni Falcone, and Marco Marco Pavone. On the additivity of
block designs. Journal of Algebraic Combinatoric, 45:271-294, 2017. https://link.
springer.com/article/10.1007/s10801-016-0707-5.

[CW12] P. J. Cameron and B. S. Webb. Perfect countably infinite Steiner triple systems.
Australas. J. Combin., 54:273-278, 2012.

[CGGW10] K. M. Chicot, M. J. Grannell, T. S. Griggs, and B. S. Webb. On sparse countably
infinite Steiner triple systems. J. Combin. Des., 18(2):115-122, 2010.

[Fujo6al] Yuichiro Fujiwara. Infinite classes of anti-mitre and 5-sparse Steiner triple systems.
J. Combin. Des., 14(3):237-250, 2006.

[Fujo6b] Yuichiro Fujiwara. Sparseness of triple systems: A survey. http://www.kurims.
kyoto-u.ac. jp/~kyodo/kokyuroku/contents/pdf/1465-20.pdf, 2006.

[GWT5] Bernhard Ganter and Heinrich Werner. Equational classes of Steiner systems. Algebra
Universalis, 5:125-140, 1975.

[GW80] Bernhard Ganter and Heinrich Werner. Co-ordinatizing Steiner systems. In C.C. Lind-
ner and A. Rosa, editors, Topics on Steiner Systems, pages 3—24. North Holland,

1980.

[Hru93] E. Hrushovski. A new strongly minimal set. Annals of Pure and Applied Logic, 62:147—
166, 1993.

[KL92] D.W. Kueker and C. Laskowski. On generic structures. Notre Dame Journal of Formal
Logic, 33:175-183, 1992.

[Pad72] R. Padmanabhan. Characterization of a class of groupoids. Algebra Universalis,
1:374-382, 1971/72.

[Pao20] Gianluca Paolini. New w-stable planes. Reports on Mathematical Logic, 55:87-111,

2020.



STEINER SYSTEMS III: PATH GRAPHS AND SPARSE CONFIGURATIONS 23

[Qua92] Robert W. Quackenbush. Quasigroups, universal algebra and combinatorics. In
Jonathan D. H. Smith and Anna B. Romanowska, editors, Universal Algebra and
Quasigroup Theory, pages 159-171. Helderman Verlag, Berlin, 1992.

[Smi07] Jonathan D. H. Smith. Four lectures on quasigroup representations. Quasigroups and
Related Systems, 15:109-140, 2007.

[Steb6] Sherman K. Stein. Foundations of quasigroups. Proc. Nat. Acad. Sci., 42:545-546,
1956.

[SGI} S. Swierczkowski. Algebras which are independently generated by every n elements.

Fund. Math., 49:93-104, 1960/1961.



