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Groups of finite Morley rank with a generically
multiply transitive action on an abelian group

Ayse Berkman and Alexandre Borovik

Dedicated to Tuna Altinel in celebration of his freedom

We investigate the configuration where a group of finite Morley rank acts definably
and generically m-transitively on an elementary abelian p-group of Morley rank n,
where p is an odd prime, and m > n. We conclude that m = n, and the action is
equivalent to the natural action of GL, (F) on F" for some algebraically closed
field F. This strengthens one of our earlier results, and partially answers two
problems posed by Borovik and Cherlin in 2008.

1. Introduction

This is the fourth and concluding work in a series of papers, which began with
[Berkman and Borovik 2011; 2012; 2018]. All were aimed at proving the following
theorem, but they handled different stages of the proof, each using a completely
different approach and technique.

Theorem 1.1. Let G be a group of finite Morley rank, V an elementary abelian
p-group of Morley rank n, and p an odd prime. Assume that G acts on 'V faithfully,
definably and generically m-transitively with m > n. Then m = n and there is an
algebraically closed field F such that V >~ F", G ~ GL,,(F), and the action is the
natural action.

In [Berkman and Borovik 2018], the same theorem was proven under the extra
assumption that the action of G on V is generically sharply m-transitive. In this
paper, we prove the generic sharpness of the action of G on V under the hypothesis
of Theorem 1.1. Then Theorem 1.1 follows from the previous result [Berkman and
Borovik 2018, Theorem 1]. We use the technique developed in [Borovik 2020]
for analysis of actions of certain subgroups of G specifically for the needs of the
present project; see Section 3A.

Theorem 1.1 gives partial confirmations to the following two conjectures; note
that the latter is implicit in the former.

MSC2020: 03C60, 20F11.
Keywords: groups of finite Morley rank, generically transitive actions.

1


http://msp.org
http://msp.org/mt
https://doi.org/10.2140/mt.2022.1-1
https://doi.org/10.2140/mt.2022.1.1

2 AYSE BERKMAN AND ALEXANDRE BOROVIK

Conjecture 1.2 [Altinel et al. 2008, Problem 37, p. 536; Borovik and Cherlin
2008, Problem 13]. Let G be a connected group of finite Morley rank acting
faithfully, definably, and generically n-transitively on a connected abelian group V
of Morley rank n. Then V has a structure of an n-dimensional vector space over
an algebraically closed field F of Morley rank 1, and G is GL,(F) in its natural
action on F".

Conjecture 1.3 [Borovik and Cherlin 2008, Problem 12]. Let G be a connected
group of finite Morley rank acting faithfully, definably, and generically t-transitively
on an abelian group V of Morley rank n. Then t < n.

The cases when V is a torsion-free abelian group or an elementary abelian
2-group require completely different approaches and methods and are handled in
our next paper. But even that result will not be the end of the story, since it appears
to be an almost inevitable step in any proof of the following conjecture.

Conjecture 1.4 [Altinel et al. 2008, Problem 36, p. 536; Borovik and Cherlin 2008,
Problem 9]. Let G be a connected group of finite Morley rank acting faithfully,
definably, transitively, and generically (n+2)-transitively on a set Q2 of Morley
rank n. Then the pair (G, Q) is equivalent to the projective linear group PGL,, 41 (F)
acting on the projective space P" (F) for some algebraically closed field F.

Indeed, the group F" x GL,(F) is the stabiliser of a point in the action of
PGL,,+1(F) on P"(F).

Altinel and Wiscons [2018; 2019] have already made important contributions
towards a solution to the above conjecture. The importance of Conjecture 1.4 has
been recently highlighted in [Freitag and Moosa 2021].

General discussion and a survey of results on actions of groups of finite Morley
rank can be found in [Borovik and Deloro 2019]. Terminology and notation follow
[Altinel et al. 2008; Borovik and Nesin 1994; Borovik and Cherlin 2008].

2. Useful facts

In what follows, (G, X) is an infinite permutation group of finite Morley rank.

Definition. Let Y be a definable subset of X. If rk(X \ Y) < rk(X) then Y is called
a strongly generic subset of X. We will simply call it a generic subset. If G acts
transitively on a generic subset of X, then we say G acts generically transitively
on X. If the induced action of G on X" is generically transitive, then we say G
acts generically n-transitively on X.

The following two facts show that connectedness assumptions are superfluous in
our context.

Fact 2.1. If G acts generically m-transitively on a group X, where m > rk(X),
then X is a connected group.
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Proof. If m > 2, this is a special case of [Borovik and Cherlin 2008, Lemma 1.8].
When m = 1, note that the generic orbit, say A € X, is cofinite in X. Since G
fixes X° and A setwise, G also fixes X° N A setwise. The transitivity of G on A
implies A C X°. Hence X = X°, since A is cofinite. O

Fact 2.2 [Altinel and Wiscons 2018, Lemma 4.10]. If G acts n-transitively on X,
and X is of degree 1, then G° also acts n-transitively on X.

For any prime p, recall that a connected solvable p-group of bounded exponent
is called a p-unipotent group, and a divisible abelian p-group is called a p-forus.

As the following two facts show, the structure of Sylow 2-subgroups in groups
of finite Morley rank is well understood.

Fact 2.3 [Altinel et al. 2008, Propositions 1.6.11, 1.6.4, 1.6.2]. Sylow 2-subgroups of
a group of finite Morley rank are conjugate. Moreover, if S is a Sylow 2-subgroup of
a group of finite Morley rank, then S° = U = T, where U is a definable 2-unipotent
group, and T is a 2-torus. In particular, Sylow 2-subgroups in groups of finite
Morley rank are locally finite.

Fact 2.4 [Borovik et al. 2007a; Altinel et al. 2008, Theorem 1V.4.1]. Sylow 2-
subgroups of a connected group of finite Morley rank are either trivial or infinite.

The following is a structure theorem for nilpotent groups of finite Morley rank.

Fact 2.5 [Borovik and Nesin 1994, Theorem 6.8]. Let G be a nilpotent group of
finite Morley rank. Then G is the central product Dx B, where D and B are definable
characteristic subgroups of G, D is divisible, and B has bounded exponent.

We gather below some facts about solvable groups of finite Morley rank which
will be used in our proof of Theorem 1.1.

Fact 2.6. Let M be a connected solvable group of finite Morley rank. Then the
following hold:
(a) The commutator subgroup [M, M] is connected and nilpotent.

(b) The group M can be written as a product M = [M, M]C, where C is a
connected nilpotent subgroup.

(c) If M is of bounded exponent, then M is nilpotent.

Proof. These follow from [Borovik and Nesin 1994, Theorem 6. 8], [Altinel et al.
2008, Corollary 1.8.30], and [Altinel et al. 2008, Lemma 1.5.5], respectively. [J

Next, we list some results about various configurations where groups act on
groups.

Fact 2.7 [Berkman and Borovik 2018, Fact 2.12]. Let V be a connected abelian
group and E an elementary abelian 2-group of order 2™ acting definably and
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faithfully on V. Assume m > n =1k(V) and V contains no involutions. Then m = n
andV =V @ ---®V,, where

(a) every subgroup V; fori =1, ..., n is connected, has Morley rank 1 and is
E-invariant.

Moreover,

(b) each V; fori =1, ..., nisaweight space of E; that is, there exists a nontrivial
homomorphism p; : E — {*1} such that

Vi={veV|vi=ple)-vforalle € E}.

Proof. Statements can be found in [Berkman and Borovik 2018], whose proofs
refer to [Berkman and Borovik 2012, Lemma 7.1]. O

Assume that G acts on a group V such that the only infinite definable invariant
subgroup of V is itself under this action. Then we say G acts on V minimally, or V
is G-minimal.

Fact 2.8 [Berkman and Borovik 2018, Proposition 2.18]. Let V be a connected
abelian group and ¥ = 75 x Sym,, act definably and faithfully on V. Assume
m 2 1k(V) and V contains no involutions. Then ¥ acts on V minimally.

Fact 2.9 (Zilber [Borovik and Nesin 1994, Theorem 9.1]). Let A and V be con-
nected abelian groups of finite Morley rank such that A acts on V definably,
Ca(V)=1andVis A-minimal. Then there exists an algebraically closed field K
and a definable subgroup S < K* such that the action A ~'V is definably equivalent
to the natural action of S on K.

Fact 2.10 [Altinel et al. 2008, Lemma 1.8.2]. Let G be a connected solvable group
acting on an abelian group V. If V is G-minimal, then G’ acts trivially on V.

Recall that if a group has no nontrivial p-elements, we call it a p*-group. A
connected divisible abelian group is called a rorus, and a torus A is called good if
every definable subgroup of A is the definable hull of its torsion elements.

Fact 2.11 [Altiel et al. 2008, Proposition 1.11.7]. If a connected solvable p*-
group A acts faithfully on an abelian p-group V , then A is a good torus.

Fact 2.12 [Altinel et al. 2008, Proposition 1.8.5]. Let p be a prime. Assume V I G
is a definable solvable subgroup that contains no p-unipotent subgroup, and U < G
is a definable connected p-group of bounded exponent. Then [U, V] = 1.

Fact 2.13 [Altnel et al. 2008, Lemma 1.4.5]. A definable group of automorphisms
of an infinite field of finite Morley rank is trivial.
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3. Definable actions on elementary abelian p-groups

In this section, V is a connected elementary abelian p-group of finite Morley rank
and X is a finite group acting on V definably. We use additive notation for the
group operation on V and treat V as a vector space over [F,.

It is convenient to work with the ring R generated by X in End V. It is finite and
its elements are definable endomorphisms; R is traditionally called the enveloping
algebra (over [F) of the action of X on V. We treat V as a right R-module.

If v e V, the set

vR={vr:r € R}

is an R-submodule, which is called the cyclic submodule generated by v. Of course
all cyclic submodules contain less than | R| elements, and therefore, there are finitely
many possibilities for the isomorphism type of each of them.

3A. Coprime actions. In this subsection, we assume that X is a finite p’-group
acting on V. Recall that a torsion group is called a p’-group, if it has no nontrivial
p-elements.

We recall some generalities from representation theory. Applying Maschke’s
theorem to the action of X on R by right multiplication, we see that R is a semisimple
[ ,-algebra and that every finite R-submodule in V' is semisimple, that is, a direct
sum of simple modules.

The following important (but easy) result (which generalises [Borovik 2020,
Theorem 5]) now follows immediately.

Theorem 3.1. Let V be a connected elementary abelian p-group of finite Morley
rank, X a finite p’-group acting on V definably, and R the enveloping algebra
over [, for the action of X on V. Assume that Ay, Ay, ..., Ay, is the complete list
of nontrivial simple submodules for R in V, up to isomorphism. Then

tkV > m.
Proof. Foreachi =1, ..., m, write
Vi = {v € R : all simple submodules of vR are isomorphic to A;}.
It is easy to see that all the V; are definable submodules of V and
V=VieVd - -gV,.

Since V is connected, all the V; are connected. Hence, being a nontrivial, definable,
connected submodule, each V; has Morley rank at least 1. Therefore, rk(V) >m. UJ

Problem 3.2. It would be interesting to remove from Theorem 3.1 the assumption
that X is a p’-group and prove the following:
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If Ay, Ay, ..., Ay are nontrivial simple pairwise nonisomorphic R-modules
appearing as sections W /U for some definable R-modules U < W <V, then

kV > m.

3B. p-Group actions. The following is folklore, and this elegant and short proof
was suggested by the referee.

Fact 3.3. Let V be a connected elementary abelian p-group of finite Morley rank.

(@) If x is a p-element and (x) acts on V definably, then [V, x] is a proper
subgroup of V. In particular, if tk(V) = 1, then the action is trivial.

(b) If P is a p-torus which acts on V definably, then the action is trivial.

Proof. (a) We will work in End V. Let x € End V of order pk . Since (x — I)Pk =
P 1= 0, we get a descending chain of definable subgroups

VeVa-D=2Va—-1D>>...

which reaches 0 in at most p¥ steps. Thus, the chain does not become stationary
before it reaches 0. Therefore, V(x — 1) = [V, x] is a proper subgroup in V.

(b) Since V has finite Morley rank, for any p-element x acting definably on V
the above chain reaches 0 in at most rk(V') steps. Therefore, if p* > rk(V) then
V(x”k —-H=Vx-— l)pk =0. Since P is a p-torus, for any y € P, there exists x € P
such that y = xP" Hence, V(y — 1) = V(x”k — 1) =0, and we are done. U

4. Preliminary results

Throughout this section, we assume G and V are groups of finite Morley rank, V
is a connected elementary abelian p-group of Morley rank n, where p is an odd
prime, and G acts on V definably and faithfully.

Lemma 4.1. Let H a definable connected subgroup of G, and q # p a prime
number. Then H does not contain any definable connected q-groups of bounded
exponent. In particular, if H has an involution, then the connected component of
any of its Sylow 2-subgroups is a 2-torus.

Proof. Combine Facts 2.12, 2.3 and 2.4. [l

4A. Groups of p-unipotent type. Following [Borovik et al. 2007b], we shall call
a group K a group of p-unipotent type, if every definable connected solvable
subgroup in K is a nilpotent p-group of bounded exponent. We still work under
the assumptions of this section.

Proposition 4.2. Let K be a definable subgroup in G which contains no good tori.
Then K is a torsion group of p-unipotent type. In addition, K does not contain
nontrivial definable divisible abelian subgroups.
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Proof. First note that by Fact 3.3, K contains no nontrivial p-tori. Therefore, every
connected definable solvable p*-subgroup in K is trivial by Fact 2.11.

Now it is easy to see that very definable divisible abelian subgroup in K is trivial.
Indeed, if such a subgroup, say A, contains a nontrivial p-element, then it contains
a nontrivial p-torus, which is impossible by the above paragraph. Hence A is a
pL-group and is trivial again by above.

Next, notice that every element in K is of finite order. Indeed, if x € K is of
infinite order, then the connected component d(x)° of the definable closure of (x)
is a divisible abelian group, which contradicts the above paragraph.

By Fact 2.5, M = B D, where B and D are connected, B is of bounded exponent
and D is divisible. However, D = 1 by above, and B is a p-group by Lemma 4.1.
Therefore, every definable connected nilpotent subgroup M in K is a p-group of
bounded exponent.

By Fact 2.6(b), if M is a connected solvable subgroup in K, then M =[M, M]C
where C is a connected nilpotent subgroup.

Finally, we will prove that K is of p-unipotent type. Let M be a definable
connected solvable subgroup of K. Then by above, M = [M, M]C, where C is
a connected nilpotent subgroup. By Fact 2.6(a), [M, M] is also connected and
nilpotent. Hence both subgroups are p-groups of bounded exponent by above;
therefore, so is M. Now the nilpotency of M follows from Fact 2.6(c). (Il

4B. Basis of induction. Connected groups acting faithfully and definably on
abelian groups of Morley rank n < 3 are well understood. To prove these special
cases of our theorem, the following results will be used.

Fact 4.3 [Deloro 2009]. Let G be a connected nonsolvable group acting faithfully
on a connected abelian group V. If tk(V) = 2, then there exists an algebraically
closed field K such that the action G ~ 'V is equivalent to GLy(K) ~ K? or
SL,(K) ~ K2.

Fact 4.4 [Borovik and Deloro 2016; Frécon 2018]. Let G be a connected nonsoly-
able group acting faithfully and minimally on an abelian group V. If tk(V) =3 then
there exists an algebraically closed field K such that V = K> and G is isomorphic
to either PSLy(K) X Z(G) or SL3(K) * Z(G). The action is the adjoint action in
the former case, and the natural action in the latter case.

4C. Throwback to pseudoreflection actions. To exclude the case when G in our
Theorem 1.1 is not connected, we will need a result which uses concepts from one
of our earlier papers [Berkman and Borovik 2012]. A special case of this result,
when G is connected, was stated as [Berkman and Borovik 2012, Corollary 1.3].

Proposition 4.5. Let G be a group of finite Morley rank acting definably and
faithfully on an elementary abelian p-group V of Morley rank n, where p is an
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odd prime. Assume that G contains a definable subgroup G* ~ GL,(F) for an
algebraically closed field F of characteristic p. Assume also that V is definably
isomorphic to the additive group of the F-vector space F" and G* acts on 'V as on
its canonical module. Then G* = G.

Proof. Observe first that rk F"* = n implies rk F = 1. Pseudoreflection subgroups in
the sense of [Berkman and Borovik 2012] are connected definable abelian subgroups
R < G* such that V = [V, R]® Cy(R) and R acts transitively on the nonzero
elements of [V, R]. By Fact 2.9, one can immediately conclude that R >~ F* and
[V, R] >~ FT. Therefore tk R = 1 = rk[V, R] in our case.

It is easy to see that pseudoreflection subgroups in G* = GL,(F) are one-
dimensional (in the sense of the theory of algebraic groups) tori of the form, in a
suitable coordinate system in F",

R ={diag(x,1,...,1) | x € F, x #0},

and all pseudoreflection subgroups in G* are conjugate in G*.

If R is a pseudoreflection subgroup in G¥, consider the subgroup (R®) generated
in G by all G-conjugates of R, which is a normal definable subgroup generated by
pseudoreflection subgroups. In view of [Berkman and Borovik 2012, Theorem 1.2],
G* = (RY) is normal in G.

We will use inductiononn >1. Whenn=1, G'=R~F*and V=[V, R]~ F*.
The subring generated by R in the ring of definable endomorphisms of V is a field
by Schur’s lemma, which we will denote by E. Since G normalises R, G acts as a
group of field automorphisms on E. Hence, by Fact 2.13, G = Cg(R). Thus, G
acts linearly on V ~ F*, and therefore, G = F* = R = G*.

Now assume n > 2. By the Frattini argument, G = G*Ng (R). Write H = Ng(R)
and H* = Ng:(R). It is well known that H* = R x L, where L ~ GL,,_(F)
centralises [V, R] and acts on Cy (R) ~ F"~! as on a canonical module. Obviously,
H leaves [V, R] and Cy(R) invariant. Note that the action of H/R on Cy(R)
is faithful. Indeed, if K /R is the kernel, then K acts faithfully on [V, R] with
a normal subgroup R = F*. This brings us to the base of induction, which was
discussed above. Hence K = R. Thus, H/R contains a definable subgroup

H*/R=(RxL)/R~GL,_(F);
by the inductive assumption, H/R = H*/R, and hence H = H*. Therefore,
G =G'H =G'H* = G". O
5. Proof of Theorem 1.1

We present a complete proof of Theorem 1.1 in this section. Therefore, we work
under the following assumptions.
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We have a group of finite Morley rank G acting definably, faithfully, and generi-
cally m-transitively on a connected elementary abelian p-group V of Morley rank n,
with p an odd prime and m > n.

First note that V is connected by Fact 2.1. Another crucial observation is that G°
also acts definably, faithfully, and generically m-transitively on V by Fact 2.2.
Therefore, in view of Proposition 4.5, it will suffice to prove Theorem 1.1 in the
special case when G = G° is connected.

Therefore, from now on we assume that G is connected.

SA. The core configuration. We will focus now on a group-theoretic configuration
at the heart of Theorem 1.1.

The generic m-transitivity of G on V means that there is a generic subset A
of V™ on which G acts transitively. We fix an element a = (ay, ..., a,) € A, and
write

VO=<a]9"'aam>‘

From now on, we denote by K the pointwise stabilizer, and by H the setwise
stabilizer of {£ay, ..., £a,}in G.
InH=H /K we have m involutions e; fori =1, ..., m defined by their action
ondap,...,dn:
i —daj ifi = j,
{ aj otherwise.

Lemma 5.1. The group E,, = (e, ...,é&y) is an elementary abelian group of

order 2" and H/K ~ %, = E,, X Sym,,, where Sym,, permutes the generators
€l,...,em Of Ep.

Notice that the group X,, is the hyperoctahedral group of degree m, which
prominently features in the theory of algebraic groups as the reflection group of
type BC,,. This fact is not used in this paper, but is likely to pop up in some of our
future work.

Proof. Since G acts generically m-transitively on V, the proof of [Berkman and
Borovik 2018, Lemma 3.1] can be repeated in this context as well, and we obtain
the desired result. O

5B. Essential subgroups and ample subgroups. Let D be the full preimage in H
of the subgroup E,, < H/K. At this point, we temporarily forget about the ambient
group G and generic transitivity and focus on the group H and its subgroups
D and K.

For a subgroup X < H, we write Xp =XND and Xg = XNK.

We shall call a definable subgroup X < H ample if KX = H.
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A definable subgroup X < D is essential if KX = D. Equivalently, a definable
subgroup X < G is essential if

o X leaves invariant the set {%ay, ...+ a,} (which is equivalent to X < H) and,
consequently, the subgroup Vj;

e Xk is the pointwise stabiliser of a in X (and consequently Xg = Cx(Vp)),
and X/Kx >~ E,, acts on V; as on the canonical module Z’;’ for E,, and leaves
invariant the subgroups

Al ={a1), ..., An = {(any).

Notice that X = H is an ample subgroup. Obviously, if X is ample, then Xp is
essential.

The following lemma summarises the application of representation theory of
finite groups in our context.

Lemma 5.2. If X is a finite essential subgroup and X is a p’-group, then Xg = 1.
Also, in that case, m = n.

Proof. Since X is a p’-group, X is also a p’-group because p # 2 and X/ Xg is
a 2-group which covers D/K = E,,.
Let R be the enveloping algebra of X.

Notice that X (hence R) acts on each subgroup Ay, ..., A,, irreducibly. More-
over, each representation is different, because the A; are cyclic groups of order p
and, among the elements ey, ..., e;, only e; inverts A;. By Theorem 3.1, m =n

and V=V, &---®V,, where in the modules V; each simple R-submodule is
isomorphic to A;. But X acts trivially on each A;, hence acts trivially on each V;
and therefore on V. This means Xg = 1. O

Notice that in the next lemma we do not assume that X is finite, and therefore
we continue to accept the possibility that m > n.

Lemma 5.3. If X is an essential subgroup then X is a 2*-group.

Proof. Let S be a Sylow 2-subgroup in X. If X g is not a 2+-group, then Xx NS # 1.
Take a nontrivial element s € Xg N S and elements sy, ..., s, in S whose images
in X/ Xk generate X/ Xg =~ E,,. By Fact 2.3, S is locally finite, so s, 51, ..., Sy
generate a finite 2-subgroup, say Y, in S. Obviously, Xg Y = X, and hence Y is
essential and s = 1 by Lemma 5.2, a contradiction. O

We can now characterise essential subgroups.

Lemma 5.4. Let E be a Sylow 2-subgroup in D. Then KE = D, Ex =1, and
E ~ E,,. In particular, E is an essential subgroup.

Moreover, essential subgroups of D are exactly those definable subgroups which
contain one of the Sylow 2-subgroups of D.
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Proof. Since E is a Sylow 2-subgroup in D, so is KE/K in D/K ~ E,,, thus
D = K E, that is, E is essential. By Lemma 5.3, Ex is a 2--group, so it is trivial.
Since K/Ex ~ E,,, the first statement follows. The second statement is clear. [J

Now we obtain the equality m = n in the general case.
Lemma S.5. m=n.

Proof. Because H contains an elementary abelian 2-subgroup of order 2" by
Lemma 5.4, Fact 2.7 (or Theorem 3.1) gives us m = n. Ol

Lemma 5.6. K contains no good tori.

Proof. Assume the contrary, and let 7 be a maximal good torus in K. By conjugacy
of maximal good tori [Altinel et al. 2008, Proposition IV.1.15], and the Frattini
argument, we have D = K Np(T) and thus Np(T) is an essential subgroup and
contains a Sylow 2-subgroup E of D. Let g be a prime such that T has g-torsion
and Q the maximal elementary abelian g-subgroup in 7. Obviously, E normalises Q
and QF is an essential subgroup. By Lemma 5.2, Q = 1, a contradiction. U

Lemma 5.7. K is a torsion group of p-unipotent type.
Proof. This is an immediate consequence of Lemma 5.6 and Proposition 4.2. [

Lemma 5.8. Let E be a Sylow 2-subgroup in D. Then X = Ny (E) is an ample
subgroup. Moreover, Xg =1 and X >~ %,,.

Proof. By the Frattini argument, DX = H, and thus X is an ample subgroup. Since
Xk <X, E<X,and Xk NE =1Dby Lemma 5.3, we have [Xg, E]=1. If x is
a p/-element in X g, then the subgroup (x) x E is essential and therefore x = 1 by
Lemma 5.2. Hence Xk is a p-group.

Take the weight decomposition of V with respect to E:

V=Vi®&---®&V,, wherei=1,2,...,n.

Note that every element in X leaves every one-dimensional space V; invariant.
Since Xk is a p-group, Fact 3.3 is applicable, and thus we conclude that X g fixes
each V;, and hence V, elementwise. Therefore X x = 1, which, in its turn, implies
X~3,. [l

5C. An almost final configuration: the ample subgroup K°X.

Lemma 5.9. Ifm > 2 then G is not solvable.

Proof. If G is solvable, by Fact 2.8, we know that Fact 2.10 is applicable, so G’ =1
and G is abelian. However, for m > 2, ¥,, is not abelian. O

At the heart of our proof of Theorem 1.1, there is a Core Configuration. We set
it up by writing Q = K° and X = QNpy(E) and listing the properties of X which
we have established so far.
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Core Configuration. e« X is a group of finite Morley rank acting definably
and faithfully on an elementary abelian p-group V with p odd of Morley
rank n > 3.

* (O <1 X is anontrivial connected definable subgroup of p-unipotent type; notice
that Q is not necessarily nilpotent. We also denote it by Q,,.

e ¥ >~ ¥, is a subgroup of X which normalises Q. It will be convenient to
denote it just by X,,.

« Finally, to emphasise the inductive nature of our setting, we may write, if
necessary, X = X,.

In the next Lemma 5.10 we analyse the Core Configuration on its own, without
using any further information about G, and prove that Q = 1.

Lemma 5.10. Under assumptions of the Core Configuration, Q,, = 1 for all n = 3.

Proof. We proceed by induction on n. If n =3, Q3 is nilpotent in view of Facts 4.3
and 4.4, which give us a basis of induction on n > 3. For the inductive step for n > 3,
take the involution e, and consider

CQZ (en) = (é(en)CE (en).

Obviously, this group leaves invariant the eigenspaces V" and V,~. Write 0, =
COQ(e,,). Observe Cx(e,) = X,,_1 X {e,), and we write X,,_1 = Q,_1X,_1.

For the inductive assumption, we have Q,,—; = 1. Then C"Q (ey) = Qn—_1=1and
0, is an abelian p-group. Assume Q, # 1. Then [V, Q,] is a nontrivial proper
connected subgroup of V and is X, -invariant, which contradicts the minimality of
the action of ¥, on V, Fact 2.8. The contradiction shows Q, = 1. ([

We can now return to the main proof.
Proposition 5.11. K°=1.

Proof. If n < 3, we know everything about G from Facts 4.3, 4.4, and Lemma 5.9,
and in these cases, K° = 1. If n > 3, the proposition follows from Lemma 5.10. [J

Corollary 5.12. If X is an ample subgroup, then Xk is a finite group without
involutions and X = Xg X 2.

5D. The final case: K is finite.
Lemma 5.13. K=1 and H=2%X.

Proof. Let Q # 1 be a Sylow g-subgroup of K for a prime g # p. Then by the
Frattini argument, H = K Ny (Q). Write X = Ny (Q). Then X is an ample subgroup.
We can assume without loss of generality that £ < X. Applying Lemma 5.2 to
the essential group Q E, we see that Q = 1. Hence if K # 1 then K is a p-group.
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Consider the ample group K X; because of the minimality of the action of X on V
(Fact 2.8), we have K = 1 by Fact 3.3(a). Hence H = X. O

This completes the proof of Theorem 1.1.
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Worst-case expansions of complete theories

Samuel Braunfeld and Michael C. Laskowski

Given a complete theory 7 and a subset ¥ € X¥, we precisely determine the
worst-case complexity, with respect to further monadic expansions, of an expan-
sion (M,Y) by Y of amodel M of T with universe X. In particular, although
by definition monadically stable/NIP theories are robust under arbitrary monadic
expansions, we show that monadically NFCP (equivalently, mutually algebraic)
theories are the largest class that is robust under anything beyond monadic
expansions. We also exhibit a paradigmatic structure for the failure of each of
monadic NFCP/stable/NIP and prove each of these paradigms definably embeds
into a monadic expansion of a sufficiently saturated model of any theory without
the corresponding property.

1. Introduction

The idea of measuring the complexity of a first order theory by determining the
worst-case complexity of its models under expansions by arbitrarily many unary
(monadic) predicates was introduced by Baldwin and Shelah [1985]. For example,
the theory ACF of algebraically closed fields is maximally complex with respect
to this measure, even though it is classically very simple and has many well-
studied tame monadic expansions. One way to see this complexity is to first name
an infinite linearly independent set by a unary predicate A; then any graph G
with vertex set A is definable in the further expansion by the unary predicate
Bg ={g+h:gheAand(g,h)isanedgein G}. As any structure in a finite
language is definable in a monadic expansion of a graph (e.g., by the construction
in [Hodges 1993, Theorem 5.5.1]), we may for example define models of ZFC in
monadic expansions of models of ACF.

In contrast to ACF, some theories such as Th(Q, <) are monadically NIP, i.e., no
monadic expansion has the independence property. (The definitions of NIP, as well
as stability and NFCP, are recalled in the next section.) If a theory is not monadically
NIP then it can define arbitrary graphs in unary expansions of its models, as ACF
does, and thus is also maximally complex by our measure. Similarly, there exist

Laskowski partially supported by NSF grant DMS-1855789.
MSC2020: 03C45.
Keywords: mutually algebraic, monadic expansions.
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monadically stable theories, such as the theory of an equivalence relation with
infinitely many infinite classes, and monadically NFCP theories (which coincide
with the mutually algebraic theories of [Laskowski 2013]), such as Th(Z, succ).

Our first result shows that the random graph, (Q, <), and the equivalence relation
with infinitely many infinite classes are paradigms of structures that respectively are
not monadically NIP/stable/NFCP, in the sense that we may define these paradigms
on singletons in a monadic expansion of any sufficiently saturated model without
the corresponding property (Theorem 3.2).

For our main result, recall that while monadically NIP and monadically sta-
ble theories are closed under monadic expansions by definition, the monadically
NFCP theories satisfy a stronger closure property: if T is monadically NFCP
and M = T, then any expansion of M by arbitrarily many relations definable in
monadically NFCP structures with the same universe as M remains monadically
NFCP [Laskowski 2013]. Our main result proves that any attempt to extend
these closure statements to larger classes of relations fails spectacularly, producing
expansions of models defining arbitrary graphs.

Before stating the result, we must introduce an extremely simple class of theories.

Definition 1.1. A complete theory T is purely monadic if, for every model M =T
with universe A, every definable (with parameters) ¥ C AK is definable in a monadic
structure (A, Uy,...,Uy).

Theorem 1.2. Suppose a complete theory T is not purely monadic and Y C AR s
not definable in a purely monadic structure, where |A| > |T|.

If either T is not monadically NFCP or Y is not definable in a monadically NFCP
structure, then there is M |= T with universe A such that the expansion (M,Y) is
not monadically NIP.

Otherwise, if T is monadically NFCP and Y is definable in a monadically
NFCP structure, then for every M =T with universe A, the expansion (M,Y) is
monadically NFCP.

The cases ruled out by the hypotheses of this theorem are straightforward, and
are handled by Fact 2.3.

Section 3 is dedicated to the result on paradigmatic failures of monadic properties
mentioned above, while in Section 4 we find a canonical configuration present
in any structure that is monadically NFCP but not purely monadic. In Section 5,
Theorem 1.2 is then proved in cases, by suitably overlaying the available configura-
tions to monadically define arbitrary graphs.

2. Preliminaries

We recall the following standard conditions on a partitioned formula ¢ (X, y), when
we are working in a sufficiently saturated model € of a complete theory T':
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e ¢(x, y) has the finite-cover property (FCP) if, for arbitrarily large n, there are
{(a@; :i <n)in € such that

CE _'EI)_C(/\i<n P(x, Ei)) A /\€<n3)_c(/\i<n,i7é€ P(x, 67i))~

e ¢(x, y) has the order property if, for each n, there are {(a; :i <n) in € such
that, for each k < n,

€ Ak<n [3X(Ni<k (X, i) A Ni<i<n —¢ (X, @1))].

e ¢(x,y) has the independence property if, for each n, there are (a; : i < n)
in € such that

CE /\sg[n] [EI)_C(/\ies ¢(x,ai) A /\ien\s —¢(X, C_li))]-

A complete theory T is NFCP if no partitioned formula ¢ (x, y) has the FCP,
T is stable if no partitioned formula ¢ (¥, y) has the order property, and T is NIP
if no partitioned formula ¢ (x, ¥) has the independence property.

It is well known that for complete theories, NFCP —> stable = NIP, and as
purely monadic theories are NFCP (e.g., by the comment after Fact 4.2), we have
the following implications for a complete theory T':

purely monadic => mon. NFCP = mon. stable = mon. NIP.

We now introduce some definitions for convenience.

Definition 2.1. Given a complete theory T, a cardinal A, a subset ¥ C AK for
some k > 1, and a property P of theories (we will be particularly interested in
monadic NIP), we say (T, Y) is always P if Th(M,Y) has P for all models M
of T with universe A.

Definition 2.2. A subset Y C A is monadically definable if it is definable in some
monadic structure (N, Uy, ..., Uy).

Y € Ak s monadically NFCP definable if it is definable in some monadically
NFCP structure N. Analogously, Y is monadically stable/monadically NIP defin-
able if it is definable in some monadically stable/monadically NIP structure N.

Equivalently, a subset ¥ € A¥ is monadically definable (respectively, monadically
NFCP/stable/NIP definable) if and only if the structure N = (A, Y) in a language
with a single k-ary predicate symbol is purely monadic (respectively, monadically
NFCP/stable/NIP).

Thus, we have the following implications for ¥ C Ak
mon. definable = mon. NFCP def = mon. stable def = mon. NIP def.

The hypotheses of Theorem 1.2 ruled out the cases where T is purely monadic
or Y is monadically definable. The following fact is immediate from unpacking
definitions, but we include it for completeness.
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Fact 2.3. Let T be a complete theory, Y C )Lk, and
P € {purely monadic, monadically NFCP, monadically stable, monadically NIP}.

(1) If T is purely monadic and Y is P definable then (T, Y) is always P.
(2) If T is P and Y C A¥ is monadically definable then (T,Y) is always P.

There are many equivalents to monadic NFCP (e.g., see [Laskowski 2009; 2013;
Braunfeld and Laskowski 2022]), monadic stability (see [Baldwin and Shelah 1985;
Anderson 1990]), and monadic NIP (see [Baldwin and Shelah 1985; Shelah 1986;
Braunfeld and Laskowski 2021]). What we use is encapsulated in the rest of this
section.

Definition 2.4. Let T be a complete theory. T is weakly minimal if for any pair
M < N of models, every nonalgebraic 1-type p € S1(M) has a unique nonalgebraic
extension ¢ € S1(N). T is (forking trivial) if whenever {4, B, C} is pairwise
forking-independent over D, then it is an independent set over D. T is totally
trivial if for all A, B,C, D, if A \I/D B and A J/D C then A4 J/D BC. (This is
obtained from the definition of triviality by removing the hypothesis that B | »C)

Fact 2.5 [Laskowski 2013, Theorem 3.3]. The following are equivalent for a
complete theory T':

(1) T is monadically NFCP.
(2) T is mutually algebraic (see Definition 4.1 below).
() T is weakly minimal and trivial.

Although we will not explicitly use it, “trivial” could be replaced by “totally
trivial” in (3), since they are equivalent assuming weak minimality, for example, by
[Goode 1991, Proposition 5].

We will make use of the following sufficient condition from [Baldwin and Shelah

1985] for monadically defining arbitrary graphs or, equivalently, by Fact 2.7, for
the failure of monadic NIP.

Definition 2.6. A structure M admits coding if there are infinite subsets 4, B, C
of M and a formula ¢ (x, y, z) whose restriction to A x B x C is the graph of
a bijection f : Ax B — C. A theory T (monadically) admits coding if (some
monadic expansion M* of) some model M of T admits coding.

Fact 2.7 [Baldwin and Shelah 1985; Braunfeld and Laskowski 2021]. The following
are equivalent for a complete theory T :

(1) T is monadically NIP.
(2) T does not monadically admit coding.

(3) There is a graph that is not definable in any monadic expansion of any model

of T.
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Fact 2.8 [Baldwin and Shelah 1985; Anderson 1990]. The following are equivalent
for a stable complete theory T

(1) T is monadically stable.
(2) T is monadically NIP.
(3) T does not admit coding.

4) T is totally trivial and forking is transitive on singletons, i.e., for all D,
ifa { pbandb [, cthena { ,c.
Proof. (1) = (2) is clear, (2) = (3) follows from Fact 2.7, and (3) = (4)
is [Baldwin and Shelah 1985, Lemma 4.2.6]. Finally, (4) = (1) is essentially
contained in Theorems 3.2.4 and 4.2.17 of [Baldwin and Shelah 1985], but veri-
fying this involves tracing through several other results. The implication is more
cleanly stated in Theorems 2.17 and 2.21 of [Anderson 1990], noting that what
[Anderson 1990, Definition 2.5] calls forking-triviality is equivalent to the two
conditions in (4) by some basic forking-calculus manipulations. O

Lemma 2.9. If T is monadically stable (equivalently, stable and monadically NIP)
but not monadically NFCP, then T is not weakly minimal.

Proof. Fact 2.8 shows the parenthetical equivalence, and also shows that if 7T is
monadically stable then it is (totally) trivial. So by Fact 2.5, if 7" is not monadically
NFCP then it cannot be weakly minimal. O

3. Finding paradigms of nonmonadically NFCP theories

In this section, we show the following classical structures will always witness the
failure of monadic NIP/stability/NFCP in a suitable monadic expansion.

e The random graph, sometimes called the Rado graph, R = (A, E) is the standard
example of a structure whose theory has the independence property. In particular,
its theory is not monadically NIP.

e Dense linear order (DLO), the theory of (Q, <), is one of the simplest nonstable
theories as < visibly witnesses the order property. Thus, DLO is not monadically
stable, but it is monadically NIP (e.g., see [Simon 2015, Proposition A.2]).

e Let& = (X, E), where X = w X o (so each element of X can be uniquely written
as (a,b) € w?) and E((ay, b1), (az, by)) holds if and only if @y = a,. Thus, £
is the (unique) model of the w-categorical theory of an equivalence relation with
infinitely many classes, with each class infinite. The theory Th(€) is monadically
stable, but it is not monadically NFCP. To see the former, one can check it satisfies
the conditions in Fact 2.8(4). To see the latter, one can add a single unary predicate
whose interpretation contains exactly n elements from the n-th E-class. This
expanded structure is a paradigm of a stable structure with the finite-cover property.
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We next show that these paradigms all definably embed into a monadic expansion
of any model of its class. It is crucial to consider structures defined in M ! rather than
in a cartesian power, as this will allow us to name substructures in unary expansions.

Definition 3.1. We say a structure A definably embeds into another structure M
(possibly in a different language) if A is definable on singletons in M.

Explicitly, let A = (A, R) be any structure in a language with a binary relation,
and let M be an L-structure in some arbitrary language. We say A definably embeds
into M if there are L-definable X € M ! and R’ € X2 and a bijection f : A — X such
that for all @, b € A, A= R(a,b) if and only if M |= R'(f(a), f(b)). (Informally,
(X, R’) is an “isomorphic copy of A”.)

A definable embedding f : (A, R) — (X, R’) is type-respecting if, in addition,
for any tuples a,a’ € A", if qftp 4(@) = qftp 4(@’), then tpy, (f(a)) = tpys (f(@)).
Theorem 3.2. Let T be a complete L-theory.

(1) If T is not monadically NIP, then the random graph R definably embeds into
some monadic expansion M™* of a model M of T.

(2) If T is not monadically stable, then there is a definable, type-respecting
embedding of (Q, <) into some monadic expansion M* of a model M of T.

) If T is monadically stable but not monadically NFCP, then there is a defin-
able, type-respecting embedding of £ into some monadic expansion M™* of a
model M of T.

@) If T is not monadically NFCP, £ definably embeds into some monadic expan-
sion M™* of a model M of T.

Proof. (1) Assume T is not monadically NIP. By either [Baldwin and Shelah 1985]
or [Braunfeld and Laskowski 2021], there is a monadic expansion M * of a model
of T that admits coding, i.e., there are infinite sets A, B, C and a 3-ary L*-formula
¢(x, y, z) coding the graph of a bijection from A x B to C. By adding more unary
predicates, we may assume each of A, B, C are definable in M * and are countably
infinite, and by replacing ¢ by ¢ (x, y, z) AA(x)AB(y) AC(z), the graph of ¢ is pre-
cisely the bijection. Now add a unary predicate D € C so that for every ay #a; € A,
there is a unique b € B such that M* = 3(d1,d> € D)(¢p(ay,b,dy) Ap(az, b, d2)).
Thus, in this expansion, one can think of B as coding (symmetric) edges of A
via this formula. For the whole of D, we get a complete graph on A, but for any
predetermined graph G with universe 4, one can add a single unary predicate £ C D
so that for any a; # a» € A, the following formula holds if and only if @; and a»
are edge-related in G:

dyAz13z2(E(z1) A E(22) Adlar, y,z1) Aplaz, y, 22).

In particular, we get a definable embedding of R into this expansion of M *.
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(2) By passing to a monadic expansion, we may assume 7 itself is unstable. (In
fact, any monadically NIP, nonmonadically stable theory must itself be unstable,
but we don’t need this.) By [Simon 2021], after adding parameters, there is a
formula ¢ (x, y) with the order property, where x and y are both singletons. Thus,
by adding an additional unary predicate for each of the parameters ¢ (with interpre-
tation {c}) there is a monadic expansion M * of a model of 7" with a 0-definable
L*-formula v (x, y) with the order property.

By Ramsey and compactness and by passing to an L*-elementary extension,
we may assume that there are order-indiscernible subsets A = {a; : i € Q} and
B ={b; : j € Q} of M* such that M* = ¥ (a;,b;) if and only if i < j. By
replacing M * by a monadic expansion of itself, we may additionally assume there
are predicates for A and B. But now, the ordering a; <’ a; is definable on A via the
0-definable L*-formula (Vb € B)[y/(a;,b) — ¥ (a;, b)]. Then (A, <) witnesses
that there is a type-respecting, definable embedding of (Q, <) into M *.

(3) By Lemma 2.9, T is not weakly minimal, so the following will suffice.

Fact 3.3. If T is stable but not weakly minimal, then, working in a large, saturated
model € of T, there is a model M < € and singletons a and b such that tp(a/ M b)
is not algebraic, but forks over M.

Proof of fact. As T is not weakly minimal, there are My < N and p € S1(Mp) that
has two nonalgebraic extensions to S;(N). As p is stationary, this implies there
is a nonalgebraic g € S1(/N) that forks over My. Let a be any realization of ¢,
and choose Y to be maximal such that Mo CY € N anda | Mo Y. Astp(a/N)
forks over My, Y # N, so choose any singleton b € N \ Y. By the maximality
of Y,a f v b. To complete the proof, choose a model M DO Y with M \LY ab.
It follows by symmetry and transitivity of nonforking that a f M b. Also, since
tp(a/N) is nonalgebraic, so is tp(a/ Y h). But, as tp(a/ M) does not fork over Y b,
tp(a/ M) is nonalgebraic as well. d

Fix a,b, M as in Fact 3.3 and choose a formula ¢(x, y) € tp(ab/M) (with
parameters from M) that witnesses the forking over M.

Let r = tp(b/M) and choose a Morley sequence B = {b, : n € w} in r. Let
g = stp(a/Mb), and for each n, let q;, be the strong type over M b, conjugate
to g. Recursively construct sets {I, : n € w} where each I, = {ay m : m € w}
is a Morley sequence of realizations of the nonforking extension q,’)"n of gp, to
M U B U J{I : k <n}. It follows by symmetry and transitivity of nonforking that
each I, is independent and fully indiscernible over MB U | J{Iy : k # n}.

Let A={an m:n,m e w}. Now, any permutation o € Sym(B) is L ps-elementary
and, in fact, induces an L js-elementary permutation 6* € Sym(AB). Let L* =
LU{A, B,Cq,...,Cy} and let €* be the natural monadic expansion of € formed by
interpreting A and B as above, and interpreting each C; as {c; }, where {c1,...,cn}
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are the parameters occurring in ¢. (We silently replace ¢(x, y) by the natural
0-definable L*-formula formed by replacing each ¢; by C;.) Finally, define an
L*-definable binary relation E on 42 by

E(a,a’) < (3be B)[¢p(a,b) Ap(a’,b)].

It is easily checked that E is an equivalence relation, whose classes are precisely
{I,, :n € w}. Thus, (A, E) is the image of a type-respecting, definable embedding
of £ into €*.

(4) We prove this by cases. If 7" is not monadically NIP, then R definably embeds
in a unary expansion, and expanding by a further unary predicate naming infin-
itely many infinite cliques with no edges between them definably embeds &, so
assume 7 is monadically NIP. If 7" is also monadically stable, we are done by (3),
so assume 7' is not monadically stable. Then, by (2), there is a type-respecting,
definable embedding of (Q, <) into some monadic expansion M * of a model of T .
Thus, it suffices to prove that £ definably embeds into some monadic expansion
of (Q, <). But this is easy. Let A = Q\Z. Then A is 0-definable in the monadic
expansion (Q, <, A), as is the relation E C A? given by

E(a,d) < Vx(la<x<d vad <x<a]— A(x)).
It is easily checked that (A, E) is isomorphic to £. |

We close this section by stating one “improvement” of Theorem 3.2(4) that will
be used in Section 5. Whereas Theorem 3.2 speaks about a definable embedding
of £ into some monadic expansion of some model of 7', we isolate the following
corollary, which describes a weaker configuration that can be found in arbitrary
models of T in the original language.

Corollary 3.4. Suppose T is a complete L-theory that is monadically NIP, but
not monadically NFCP. Then there is an L-formula ¢(x, y,Z) such that, for every
model N of T and every n > 1, there is d, and disjoint sets By, = {b}' : i < nj},
Ay = {afj 11, J < n} that are without repetition such that:
(1) The sets { Ay, By, - n,m € w} are pairwise disjoint.
(2) Foralln and all i, j, k < n, one of the following holds:

(a) T is stable and N = ¢(b”,a?j ifand only if k =1i.

(b) T is unstable and N = (b(b”,al'-lj) if and only if k <i.

Moreover, we may additionally assume that the set X = N \ Unzl (An U By) is
infinite.

Proof. As in the proof of parts (2) and (3) of Theorem 3.2, we split into cases
depending on whether or not T is stable. If T is unstable, as in the proof of
Theorem 3.2(2), choose an L-formula ¢ (x, y,z) witnessing the order property in
large, sufficiently saturated models of 7'. Now, choose any N such that N = T'. As
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there is some sufficiently saturated N’ > N in which ¢ (x, y, d ) codes the order
property, it follows from elementarity that, for any fixed n, there are d, € Ne©@
and disjoint sets {b; : i < n} and {a; ; : 1, j < n} such that for all k,i,j < n,
N & ¢(by,a; j,dy) if and only if k <.

To get the pairwise disjointness, note that if {b; : i <n} and {a; ; :i,j <n}
work for n, then for any subset s C n, the subsets {b; :i € s} and {a; ; :i, ] € s}
work for n” = |s|. Thus, given any fixed finite set F to avoid, given any n, by
choosing m > n large enough and choosing an appropriate s C m, we can find
disjoint sets {b; : 7 <n} and {a; ; :i, j <n} each of which are disjoint from F.

Using this, we can recursively define sequences d, and pairwise disjoint fam-
ilies By, = {0 :i <n} and 4, = {aﬁj 1, j < n} such that for all k,i,j <n,
N = ¢(bg,ai,;.dy) if and only if kK <i. By passing to an infinite subsequence,
using the remarks above, and reindexing, we can shrink any family { By, A, :n € w}
to one satisfying the “Moreover ...” clause.

If T is stable, then T is not weakly minimal, by Lemma 2.9. Thus, as in the
proof of Theorem 3.2(3), there is a sufficiently saturated elementary extension
N’ > N and a formula ¢ (x, y,Z) that witnesses forking, such that in N’ there are
hii ew}, {a;;:i,j€w}, and d such that forall i, j, k € Z, N/l:qb(bk,ai,j,c?)
ifand only if k =1i.

Using this configuration, the methods used in the unstable case apply here also. [

4. Sets definable in purely monadic and monadically NFCP structures

Fact 2.5 asserts that a theory is monadically NFCP if and only if it is mutually
algebraic, so we recall what is known about sets definable in a mutually algebraic
structure. Throughout this section, fix an infinite cardinal A and think of the set
A ={a:a € A} as being the universe of a structure.

Definition 4.1. Fix any infinite cardinal A and any integer k > 1.

e Asubset Y C AK is mutually algebraic if there is some integer m so that for
every a € A, {a € Y :a € a} has size at most m.

e A subset Y* C A¥*¢ is padded mutually algebraic if, for some permutation
o € Sym(k + £) of the coordinates, there is a mutually algebraic ¥ € A¥ and
Y*=0(Y xAb).

e A model M with universe A is mutually algebraic if, for every n, every
definable (with parameters) D C A" is a boolean combination of definable
(with parameters) padded mutually algebraic sets.

e A complete theory T is mutually algebraic if some (equivalently, all) models
of T are mutually algebraic.

Trivially, every unary subset ¥ C A! is mutually algebraic.
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Fact 4.2 [Laskowski and Terry 2020, Theorem 2.1]. An L-structure M is mutually
algebraic if and only if every atomic L-formula a(xy,...,X,) is equivalent to a
boolean combination of quantifier-free definable (with parameters) padded mutually
algebraic sets.

It follows immediately that any purely monadic structure is mutually algebraic.

In this section, our goal is to obtain a particular configuration, described in
Lemma 4.5, appearing in any mutually algebraic structure whose theory is not purely
monadic. This will be used in the proof of Theorem 1.2, when a nonmonadically
definable Y induces a mutually algebraic structure.

We begin by characterizing which mutually algebraic sets ¥ € AK are monadically
definable. Obviously, every ¥ € A! is monadically definable, so we concentrate
onk >2. Let A ={(a,a,...,a)€ Akae A} denote the set of constant k-tuples.

Lemma 4.3. Fix any infinite cardinal A and any integer k > 2. A mutually algebraic
subset Y C AKX is monadically definable if and only if Y \ Ay is finite.

Proof. First, suppose Y \ Ay is finite. Let F = J(Y \ Ax) ={a1,...,an} T A
andlet Z ={ael:(a,a,...,a)eY}. Let N = (A, Uy,...,U,, U,41) be the
structure in which U; is interpreted as {a;} for each i <n and U4 is interpreted
as Z. Then Y is definable in N, so Y is monadically definable.

Conversely, suppose Y is mutually algebraic and definable in some monadic
N = (A, Uy,...,Uy). Ttis easily seen that N admits elimination of quantifiers.
Collectively, the unary predicates U; color each element a € A into one of 2"
colors. Some of these 2" colors will have infinitely many elements of A, while
other colorings have only finitely many elements. Let F' be the set

{a € A : there are only finitely many b € A such that N = \j_,Uj(a) < Ui(b)}.

Clearly, F is finite. Now, the elements of A \ F are partitioned into finitely many
infinite chunks, each of which is fully indiscernible over its complement. Thus, it
follows that F' = acly (@) and for any a € A, acly (a) = F U {a}. To show Y \ A
finite, it suffices to prove the following.

Claim. Y € FRUA,.

Proof of claim. Choose any @ € Ak \ (F¥ U Ay). Since @ ¢ F¥, choose a coordinate
a* € a with a* ¢ F. Since the k-tuple a is not constant, choose b € a with
b # a*. Now, by way of contradiction, suppose a@ € Y. As Y is mutually algebraic,
a* € acly (b) = F U{b}, which it isn’t. O

Lemma 4.4. Suppose M is a mutually algebraic structure with universe A such
that Th(M) is not purely monadic. Then, for some k > 2, there is some Lpg-
definable, mutually algebraic Y C AKX with Y \ A infinite.
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Proof. Fix such an M and assume that no such L js-definable, mutually algebraic
set existed. By Lemma 4.3 we would have that for every k, every Ljs-definable,
mutually algebraic subset of A¥ is monadically definable. From this, it follows
easily that every L js-definable, padded mutually algebraic set would be monadically
definable, as would every boolean combination of these. As M is mutually algebraic,
it follows that every Ljs-definable set is monadically definable, contradicting
Th(M) not being purely monadic. d

We now obtain our desired configuration.

Lemma 4.5. Suppose M is a mutually algebraic structure with universe A whose
theory is not purely monadic. Then there is some k > 2, some L pr-definable Y C Ak
and an infinite set F = {an :n € w} C Y \ Ay such that

(1) foreachn € w, (ay)1 # (an)2 (the first two coordinates differ), and
2) ap Nay, = < for distinct n,m € w.

In particular, if F = ) F, then for every a € F there is exactly one a € Y with
a C F (and hence (a)1 # (a2)).

Proof. By Lemma 4.4, choose k > 2 and an L js-definable, mutually algebraic
Y C A¥ such that X := Y \ Ay is infinite. By mutual algebraicity, choose an
integer K such that for every a € A, there are at most K k-tuplesa € Y witha € a.
As each element of X is a nonconstant k-tuple, by the pigeonhole principle we
can find an infinite X’ C X and i # j € [k] such that (a); # (a), for each a € X'.
By applying a permutation ¢ € Sym([k]) to ¥, we may assume i = 1 and j = 2,
so after this transformation, (1) holds for any @ € X’. But now, as X’ C Y is
infinite, while every element a € A occurs in only finitely many @ € X, it is easy
to recursively construct F = {a, :n € w} C X'. O

5. Monadically stable and monadically NIP are aptly named

In this section, we prove Theorem 1.2. The positive part, that (7, Y) is always
monadically NFCP whenever both 7" is and ¥ C PLET monadically NFCP definable,
is immediate from the following.

Lemma 5.1. Suppose N1 and N, are structures, both with universe A, in disjoint
languages L1 and Ly. If both N1 and N, are monadically NFCP (= mutually
algebraic) then the expansion N* = (N1, N2) is monadically NFCP as well.

Proof. By replacing each function and constant symbol by its graph, we may assume
both L and L, only have relation symbols. As the languages are disjoint, this
implies that every L;ULj-atomic formula is either L-atomic or Ly-atomic. Thus,
every atomic formula in N * is either equivalent to a boolean combination of either
L -definable or L,-definable padded, mutually algebraic formulas. As the notion
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of a set Y € A¥ being padded mutually algebraic is independent of any structure,
the result follows by applying Fact 4.2. O

The negative directions are more involved. To efficiently handle the various
cases, we first prove two propositions, from which all of the negative results follow
in Theorem 5.4.

For the following proposition, first note that a structure with two cross-cutting
equivalence relations admits coding. We will essentially encode this configuration,
but since we don’t want to assume that either N; or N5 is saturated for our eventual
application, we must work with the finitary approximations to an equivalence
relation with infinitely many infinite classes provided by Corollary 3.4.

Proposition 5.2. Suppose L1 and L, are disjoint languages, A > | L1 U Lz| is a
cardinal, N1 is an Li-structure with universe A, and No is an Lo-structure with
universe A. If both Th(N1) and Th(N3) are not monadically NFCP, then there is a
permutation ¢ € Sym(A) such that the L1ULy-structure (N1, 0(N3)) has a theory
that is not monadically NIP.

Proof. We may assume Th(N;) and Th(N,) are monadically NIP, since we are
finished otherwise. Apply Corollary 3.4 to both N; and N5. This gives an Lq-
formula ¢ (x, y,Z) and, for each n, pairwise disjoint sets A, = {azj 11, j <ny,
By ={B} :i <n} and 7y as there, with exceptional set X = A\ |,>(An U Bp).
Note that as each A, By, is finite, | X| = A. On the L,-side, choose an L,-formula
¥ (x, y, ) such that, for all n > 1, there is 5, € A18@®) and pairwise disjoint sets
C, = {yl.’fj i, j <n}jand Dy = {8} :i <nj as there.
Now choose o € Sym(A) to be any permutation such that for all n > 1,

(1) o(Dp) € X, and
(2) o maps C,, bijectively onto A, via G(yl."j) = 0‘75-

Note that there are many permutations o satisfying these constraints. Choose
one, and let 6 (N3) be the unique L;-structure with universe A so that o is an
L >-isomorphism.

Claim. The L{ULj-theory Th(N1,0(N2)) is not monadically NIP.

Proof of claim. We will produce M *, a monadic expansion of an L1 U L,-elementary
extension M > (N1, 0(N>)) that admits coding, which suffices. To do this, first note
that by compactness, there is an LUL,-elementary extension M > (N1, (N2))
that contains disjoint sets A ={a; ; :i,j € Z}, B=1{b; :i € Z}, D ={d; : j € Z},
and tuples 7 and s such that, for all k,i, j € Z, either (if Th(Np) is unstable)
M = ¢ (b, a; j,7) if and only if k <i, or (if Th(Ny) is stable) M |= ¢ (b, a;,j,T)
if and only if k = i; and dually, either (if Th(N>) is unstable) M | ¥ (dg., a;, j.8)if
and only if k < j, or (if Th(Ny) is stable) M = ¥ (dg, a; j,5) if and only if k = j.
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Now, given M,let L*=L,UL,U {A, B, D} and let M * be the natural monadic
expansion of M described by A, B, D above. To show that M * admits coding, we
need to rectify the ambiguity between the stable and unstable cases. Specifically, we
claim that there is an L*-formula ¢*(x, y, z) such that for all b; € B, the solution
set ¢*(b;, M™*,7) is {a; ; : j € Z}. If Th(Ny) is stable, this is easy: just take
o*(x,y,z) := A(y) Ad(x,y,Zz). However, when Th(Ny) is unstable, we need
some more L*-definability in M *. Specifically, note that in this case, the natural
ordering on B is L*-definable via

bi <bj ifandonlyif Vy[(A(y)A¢(bj.y.T)) = ¢(bi.y.T)].

As the ordering on B is discrete, every element b € B has a unique successor, S(b),
and this operation is L*-definable since < is. Using this, the L*-formula

¢*(x,y.2) ;== B)ANA(Y) Ap(x,y,2) A=¢(S(x), y.7)

is as desired.

Arguing similarly, there is an L*-formula v *(x, y, w) such that for all d; € D,
the solution set *(d;, M*,5s) is {a;,; € A :i € Z}. Putting these together, let
O(u,v,y,z, w) be the L*-formula

Bu) ADW)ANA(Y) ANP*(u, y.2) AY ™ (v, y, ).

Then the solution set of 8(u, v, y,7,s) is precisely the graph of a bijection from
B x D onto A. Thus, M* admits coding, which suffices. O

The proof of the next proposition is in many ways similar. Here our ideal
infinitary configuration consists of an equivalence relation with infinitely many
infinite classes, with each tuple from the configuration in Lemma 4.5 pairing two
classes by intersecting them. But again, instead of our ideal equivalence relation,
we must restrict ourselves to the finitary approximations from Corollary 3.4.

Proposition 5.3. Suppose L1 and L, are disjoint languages, A > | L1 U L] is a
cardinal, N1 is an L1-structure with universe A, and No is an Lo-structure with
universe A. If Th(Ny) is not monadically NFCP, and if Th(N,) is monadically
NFCP but not purely monadic, then there is a permutation o € Sym(A) such that
the L1UL,-structure (N1,0(N2)) has a theory that is not monadically NIP.

Proof. We may assume Th(Np) is monadically NIP, since we are finished otherwise.
Apply Corollary 3.4 to Ny, obtaining an L{-formula ¢ (x, y,Z) and, for each n,
pairwise disjoint sets 4, = {a;’,j i, j <nj, By ={B! :i <nj}and ry as there,
with exceptional set X = A\ |J,,~(4» U By). Note that as each A4, B, is finite,
|X| = A. For the N, side, apply Lemma 4.5, getting an N,-definable Y C A¥
and a distinguished set 7 = {ey : £ € w} C Y as there. Say Y is defined using
parameters {cy,...,cn}. Let Lg =L,U{V,Cy,...,Cy}andlet N2V be the monadic
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expansion of Ny, interpreting V as F = | J F and each C; as {c;}. Note thatin N},
the subsets F; = {(¢); :e € F} and F» = {(e)p :e € F} of F are Lg—deﬁnable
(without parameters), along with the bijection f : F1 — F, given by f(x) = (e)2,
where e is the unique element of F containing x. Fix an enumeration {y; : £ € w}
of F1 C A.

We now choose a permutation 0 € Sym(A) that satisfies:

e For all n > 1 and all distinct i < j < n, there is some (in fact, a unique) £ € @
such that o (yy) = O‘?,j and o (f(yy)) = “7,;'-

Let O’(NZV) be the Lg -structure with universe A so that ¢ is an Lg -isomorphism.
Let M(}/ = (Nl,a(NZV)) be the expansion of Nj to an LluLg—structure. So MOV
has universe A and satisfies:

e Forallm>1landi <j <n, f(a;’j)za]’.’i.

e The relationships given by N; hold for M(}/ .

Let My be the L{UL»>-reduct of M(}/.
Claim. The L1ULj-theory of My is not monadically NIP.

Proof of claim. We show that the L UL;/ -theory of MOV is not monadically NIP,
which suffices. For this, the strategy is similar to the proof of Proposition 5.2. We
will find an L4 UL;/ -elementary extension M of M(}/ and then find a monadic expan-
sion M * of M that admits coding. Specifically, choose an L UL,U{V }-elementary
extension M for which there are sets B = {b; :i € Z} and A = laij i #j€l}
such that:
(1) Foralli < j from Z, f(ai,;) =aj,.
(2) One of the following holds:
(a) Th(Ny) is unstable, and M = ¢ (bg,a; ;,7) if and only if k <i.
(b) Th(Ny) is stable, and M = ¢ (by., aj,j,r)if and only if k =i.
Givensuchan M, let L* = L UL;/ U{A, B}, and let M * be the expansion of M
interpreting A and B as themselves. Exactly as in the proof of Proposition 5.2, find
an L*-formula ¢™*(x, y, z) such that for all b; € B, the solution set ¢* (b;, M™*,¥) is
{aj,j:j €L, j#i}. Finally,let LT = L*U{B~, BT, A*} with B~ ={b; :i € Z=°},
Bt ={b;i:i €Z”%,and A* ={a; ;:i € Z=0, j € Z7°}. Let O(u, v, y, Z) be the
LT -formula

B=(u) A BT () A AT () A" (u, 3. 2) AG™ (v, f(1). D).

Then the formula #(u, v, y,7) is the graph of a bijection from B~ x BT — A*,
which suffices. U

Using Propositions 5.2 and 5.3 we are now able to prove the negative portions
of Theorem 1.2. As the positive portion was proved in Lemma 5.1, this suffices.
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Theorem 5.4. Suppose T is a complete L-theory and Y C A¥ with A > ||L||. Then:

(1) If T is not monadically NFCP and Y is not monadically definable, then (T, Y)
is not always monadically NIP.

(2) If T is not purely monadic and Y is not monadically NFCP definable, then
(T, Y) is not always monadically NIP.

Proof. (1) Choose Ny |= T with universe A, and let N, = (A, Y') be the structure in
the language L, = {Y } with the obvious interpretation. Now, depending on whether
Th(N,) is monadically NFCP or not, apply either Proposition 5.2 or Proposition 5.3
to get a permutation 0 € Sym(A) such that Th(Ny, o(N2)) is not monadically NIP.
Of course, Y need not be preserved here, so apply o~!. That is, let (6~ 1(Ny),Y)
be the LU{Y }-structure so that 0! is an LU{Y }-isomorphism. As o(N) = T,
this structure witnesses that (7', Y) is not always monadically NIP.

(2) Let Ny =(A,Y) and let N, be any model of 7 with universe A. Again, by either
Proposition 5.2 or Proposition 5.3 (depending on Th(N,)), we get a permutation
o € Sym(A) such that (N1,0(N2)) has a nonmonadically NIP theory. But this
structure is precisely (o(N3),Y) and 0(N3) = T, so again (7, Y) is not always
monadically NIP. O
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CM-trivial structures without the canonical base property

Thomas Blossier and Léo Jimenez

Based on Hrushovski, Palacin and Pillay’s example (Selecta Mathematica 19:4
(2013), 865-877), we produce a new structure without the canonical base prop-
erty, which is interpretable in Baudisch’s group. Said structure is, in particular,
CM-trivial, and thus at the lowest possible level of the ample hierarchy.
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1. Introduction

In geometric stability, one is often interested in quantifying the complexity of
forking in a given theory. An important example is one-basedness: a stable theory
is one-based if for any tuples a and b, the canonical base Cb(stp(a/b)) is algebraic
over a. This has very strong structural consequences, for example, on definable
groups, which must be abelian-by-finite.

This is only the first step of a strictly increasing hierarchy of complexity: the
ample hierarchy, introduced by Pillay [2000]. A theory can be n-ample for any n e N,
and is 1-ample if and only if it is not one-based. This was motivated by Hrushovski’s
construction [1993] of a new strongly minimal set that is 1-ample, but not 2-ample,
which was the first such example. Because algebraically closed fields are n-ample
for all n [Pillay 2000, Proposition 3.13] this also provided a counterexample to
Zilber’s trichotomy: a non-one-based strongly minimal set not interpreting an
algebraically closed field.
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Not being 2-ample is also called CM-triviality in the literature, and is defined
as follows: a theory T is CM-trivial if whenever A C B are parameters and c is a
tuple satisfying acl®d(c, A) Nacl®d(B) = acl®d(A), then Cb(stp(c/A)) is algebraic
over Cb(stp(c/B)).

Another way to generalize one-basedness is to introduce internality in the defini-
tion. Recall that if P is a family of types, a stationary type p € S(A) is P-internal
(resp. almost P-internal) if there is a set of parameters C such that for any realization
a = p, there is a tuple e of realizations of types in P, each based over C, such that
a € dcl(e, C) (resp. a € acl(e, C)). Internality is essential to the understanding of
superstable theories of finite rank, via the machinery of analyzability: any type can
be constructed as an iterated fibration, with P-internal fibers at each step, where P
is the family of Lascar rank one types.

A relative version of one-basedness, inspired by the model theory of compact
complex spaces, is the canonical base property, which was implicitly studied
in [Pillay 2001] and [Pillay and Ziegler 2003], and first formally defined in
[Moosa and Pillay 2008]. A superstable theory has the canonical base property
(CBP) if (possibly working over some parameters) for any tuples a and b, if stp(a)
has finite Lascar rank and b = Cb(stp(a/b)), then stp(b/a) is almost P-internal,
where P is the family of Lascar rank one types. One observes that the canonical
base property is obtained by replacing “algebraic” with “almost P-internal” in the
definition of one-basedness.

It was at first conjectured that all superstable structures of finite Lascar rank
had the CBP, until Hrushovski, Palacin and Pillay produced a counterexample
[Hrushovski et al. 2013], which is interpretable in (and interprets) an algebraically
closed field of characteristic zero. More recently, Loesch [2021] has produced new
structures without the CBP, which are conjectured to not be interpretable in the first
one.

Nevertheless, all the known examples interpret an algebraically closed field,
and it is a natural extension of Zilber’s trichotomy to ask if it is always the case.
Moreover, the interaction between the CBP and the ample hierarchy, which are both
based on generalizing one-basedness, is so far unknown. In the present article, we
make progress in both of these directions by producing a CM-trivial structure that
does not have the CBP. Thus, a structure without the CBP can exist at the lowest
possible level of the ample hierarchy, and does not have to interpret an algebraically
closed field.

Our structure is interpretable in Baudisch’s uncountably categorical group [1996],
but our methods are based on his second account of his construction [2009] (itself
inspired by methods developed in [Baudisch et al. 2006; 2007]). Said group
is constructed via a Hrushovski—Fraissé amalgamation (with collapse) of finite-
dimensional 2-nilpotent Lie algebras over a finite field, and was the first example of
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a CM-trivial superstable group. As a matter of fact, Baudisch’s group is obtained
from the amalgamated Lie algebra (which we will call Baudisch’s Lie algebra), and
we will work with the Lie algebra rather than the group.

Our proof consists of a formal transposition of the techniques used by Hrushovski,
Palacin and Pillay in [Hrushovski et al. 2013] to interpret a structure without the
CBP in an algebraically closed field of characteristic zero. In said article, the authors
carefully pick a cover of the complex numbers by their additive group to ensure
that its automorphisms are given by derivations of the field. This in turn gives them
enough flexibility to produce a configuration contradicting the CBP.

Here, we will mimic their proof by first constructing derivations of Baudisch’s
Lie algebra. This is the technical heart of our article, and requires some elementary,
but tedious, bilinear algebra. The rest of the proof is mostly routine, and a direct
transposition of [Hrushovski et al. 2013]: we pick a similar cover, and show that
derivations of Baudisch’s Lie algebra give rise to automorphisms of this structure.
By using a criteria for the CBP first noticed in [Pillay and Ziegler 2003], we can
copy the proof given in [Hrushovski et al. 2013] to prove that our structure does
not have the CBP.

There are still open questions regarding the canonical base property. First, there
is the tantalizing conjecture of Hrushovski, Palacin and Pillay that any structure
interpretable in an algebraically closed field of positive characteristic has the canon-
ical base property. At present, the authors do not see any reason to confirm or
infirm this, except that the known cover constructions do not transpose to this case.
Second, there is the existence of a structure without the CBP, and not interpreting a
group. Geometric stability theory considerations show that such a structure cannot
be R;-categorical, but there is no other known obstruction to its existence. Perhaps
it could be interpretable in Hrushovski’s original strongly minimal set.

The article is organized as follows: In Section 2, we give necessary prelimi-
naries on both 2-nilpotent Lie algebras and Baudisch’s construction. In Section 3,
we construct many derivations on Baudisch’s Lie algebra, using bilinear algebra
considerations, and properties of Baudisch’s construction. Finally, everything
comes together in Section 4, where said derivations are used to produce a cover of
Baudisch’s Lie algebra without the canonical base property.

2. Preliminaries

From now on, we denote by (A) the vector subspace generated by a subset A in a
vector space.

2A. 2-nilpotent graded Lie algebras. Before we start our journey into Baudisch’s
work [1996; 2009], we will remind the reader of a few elementary definitions and
results on 2-nilpotent Lie algebras, which will be central to our construction.
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Definition 2.1. Let K be a field. A K-Lie algebra is a KK-vector space g equipped
with a bilinear map [ -, -] : g X g — g, called the Lie bracket, that is

o alternative, i.e., [x,x] =0 forall x € g,

e anticommutative, i.e., [x, y] = —[y, x] forall x, y € g,

« satisfies the Jacobi identity, i.e., [x, [y, zI] + [z, [x, ¥]] + [y, [z, x]] = O for

all x,y,z€g.

In Baudisch’s construction, one considers graded 2-nilpotent Lie algebras.
Definition 2.2. A 2-nilpotent graded Lie algebra is a Lie algebra g, which is graded
as a vector space, meaning g = g; @ g, and satisfies

* ([g1, 91]) = 92,

* [g, 921 ={0}.

A Lie algebra homomorphism is a KK-linear map preserving the Lie bracket. Just
as for commutative rings, kernels of homomorphisms will be exactly ideals:

Definition 2.3. Let g be a [K-Lie algebra. A vector space h) C g is a subalgebra if it
is preserved by the Lie bracket. It is an ideal if it moreover satisfies [g, h] < b.
Given an ideal fh C g, one can form the quotient Lie algebra g/b.

Remark 2.4. Let g = g; @ g, be a 2-nilpotent graded Lie algebra:

« Any vector subspace g| of g; generates a subgraded algebra g’ = g| ® g}, i.e.,
a 2-nilpotent graded subalgebra g’ such that (g'); = g; Ng’.

* Any vector subspace of g, is an ideal.

In fact, 2-nilpotent graded Lie algebras correspond exactly to quotients of exterior
squares:

Definition 2.5. Let V be a vector space over a field K. The exterior algebra /\ V
of V is defined as the quotient of the tensor algebra 7'(V') by the (two-sided) ideal
generated by {x ® x : x € V}. We denote by x A y the product in /\V, and call it
the wedge product of x and y.

The exterior square A’V is the vector space generated by {x Ay :x,y e V}.

We will frequently state that a family of wedge products is free. When we do, it
is a consequence of the following:

Fact 2.6. Let {a; : i € I} be a basis of V, and fix an ordering < of /. Then
{ai Naj:i < j}is abasis of NV,

From the exterior square, we can construct 2-nilpotent Lie algebras:
Observation 2.7. The vector space V € NV can be equipped with a Lie algebra
structure by setting [x, y]=xAy forallx,yeV,and[x, [y, z]]=0forall y,z€V
and x € V P /\ZV. This Lie algebra is 2-nilpotent graded by construction. It is the
free 2-nilpotent Lie algebra over V, denoted by F>(V).
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A trivial but essential remark, which is used heavily by Baudisch [2009], is the
following:

Remark 2.8. Consider a 2-nilpotent graded Lie algebra g = g; @ g». The identity
from V = g, to g, extends canonically to a Lie algebra morphism ¢ from F>(V)
onto g, which induces an Lie isomorphism between g and F>(V) /Ny, where Ny is
the kernel of ¢. Note that

n n
Ng = {Zkixi Ayt Xxi,yi €V, A € Ksuch that Z)»l-[xi, yvil = 0}
i=1 i=1
Thus, one can identify 2-nilpotent graded Lie algebras with Lie algebras of the
form V & (/\ZV)/ N, where V is a [K-vector space and N a [K-vector subspace
of A’V. When there is no ambiguity, we denote by N (V) the considered ideal N
of Fp(V).
Letg=A® (/\ZA) /N (A) be a 2-nilpotent graded Lie algebra and B be a vector
subspace of A. The subalgebra g’ generated by B is isomorphic to B&® (/\ZB) /N(B),
where N(B) = N(A) N \’B.

From linear maps on the first components of 2-nilpotent graded Lie algebras,
one can obtain Lie algebra morphisms:

Remark 2.9. Let g=U & (/\’U)/N(U) and h = V @& (/\*V) /N (V) be 2-nilpotent
graded Lie algebras.

e Any linear map o : U — F,>(V) extends uniquely to a Lie algebra morphism
o:FKU)— F(V).

e Moreover, if o (N(U)) € N(V), it induces by quotients a unique Lie algebra
morphism o : g — h.

In the rest of the paper, we will consider only graded Lie algebra morphisms, which
are morphisms of the form ¢ : g — b such that o (U) € V or equivalently linear
maps o : U — V such that 6 (N(U)) C N(V).

Derivations play a key role in the study of Lie algebras, and will feature promi-
nently in our construction:

Definition 2.10. Let g be a [K-Lie algebra.

A derivation § : g — g is a K-linear map satisfying the Leibniz law, that is,
8([x, yD =[8(x), y]+[x,8(y)] forall x, y € g.

A partially defined derivation § is a [<-linear map from a subalgebra g’ to g
satisfying the Leibniz law (on elements in g’).

When g is a 2-nilpotent graded and g’ a graded Lie subalgebra, we say that a
partially defined derivation § : ¢’ — g is graded if 5(g}) < gi.
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Note that for any Lie algebra g and g € g, the application §, : x — [x, g] is a
derivation. However, in the case of a graded 2-nilpotent Lie algebra, this derivation
is not graded. One can construct graded derivations just as graded morphisms were
previously constructed:

Remark 2.11. Letg=A & (/\ZA) /N (A) be a 2-nilpotent graded Lie algebra, B
be a vector subspace of A, and g’ be the subalgebra generated by B.

e A linear map f : B — F>(A) induces a unique partially defined derivation
f: F(B) — F>(A) such that f|p = f.

o A partially defined derivation § : g’ — g is uniquely determined by the linear
map §|p : B — g. Moreover, we have §|g(N(B)) C N(A).

o Reciprocally, a linear map f : B — F,(A) such that f(N(B)) C N(A) induces
by quotients a unique partially defined derivation § : g’ — g.

o If f(B) C A, the corresponding partially defined derivation is graded.

When there is no ambiguity, we will use the same notation for the linear map and the
partially defined derivations. In such a setting, we will say that f : B — A is a par-
tially defined derivation if f is a linear map from B to A such that f(N(B)) S N(A)
(where f denotes f in the last inclusion).

2B. Baudisch’s group. Our final structure will be based on Baudisch’s group (or
rather, the Lie algebra associated to it). In this section, entirely due to Baudisch,
we recall how this algebra is constructed, and state results that we will use. This
group was first constructed in [Baudisch 1996], but we found the later article
[Baudisch 2009] easier to use for our purposes. We will freely refer to results and
definitions from said article, and we encourage the reader to have it within reach.

Fix a finite field [, with g > 2. Baudisch [2009] constructs an w-stable 2-nilpotent
graded [F,-Lie algebra M as the Hrushovski—Fraiss€ limit of a class of finite
2-nilpotent graded [F,-Lie algebras. He then constructs a CM-trivial 2-nilpotent
graded [,-Lie algebra of Morley rank 2 as a collapse M, which depends on a
certain function pu.

To see 2-nilpotent graded [,-Lie algebras as first-order structures, we will use
an expansion of the language of [,-vector spaces by a binary function symbol
[-, -] for the Lie bracket, as well as two unary predicates for the degree-one and
degree-two components. We denote by L this language. We reserve the notation A
for the Lie bracket in free 2-nilpotent Lie algebras:

Notation. If A® (/\°A)/N(A) is a 2-nilpotent Lie algebra, we will often work in
the free 2-nilpotent Lie algebra F>(A). When we do, we will always use the wedge
product notation. Thus, an equality of the form ) ; ;[a;, b;] = 0 in the Lie algebra

J
A® (/N A)/N(A) is equivalent to Y, ;a; Abj € N(A) € N A.
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We will say that A @ (/\2A)/N(A) satisfies ), ; a; Abj € N(A), even though
this is not, strictly speaking, a formula in L.

Let us recall how Baudisch’s class of Lie algebras, as well as their predimension
function, are defined.

Definition 2.12 (predimension). For any finite 2-nilpotent graded Lie algebra g =
A® (NA)/N(A), we let

8(g) = Idim(A) — Idim(N (A)),

where 1dim denotes the [F,-linear dimension.

When we are in an ambient 2-nilpotent Lie algebra V & (/\ZV) /N (V), for any
finite vector subspace B of V, we simply denote by §(B) the predimension of the
subalgebra generated by B.

Note that §(B) = 1dim(B) — Idim(N (B)), where N(B) = N(V)N NB.

More generally, the relative predimension is defined for vector subspaces C C B
of V such that B is finitely generated over C by

8(B/C) = 1dim(B/C) —1dim(N (B)/N(C)).

Observation 2.13 (submodularity). The predimension is submodular: for two
vector subspaces A and B such that A is finitely generated over A N B, we have

S(A+B/B) <8(A/AN B).

Definition 2.14 (strongness). When working in an ambient 2-nilpotent Lie algebra
V& (/\ZV)/N(V), for any vector subspaces B C A of V, we say that B is self-
sufficient or strong in A (denoted by B < A) if for any vector subspace B C C C A,
finitely generated over B, we have 6(C/B) > 0.

Note that because of submodularity, the intersection of two subspaces that are
strong in V is also strong. Thus, given B C V, there is a smallest strong subspace
of V that contains B, namely the intersection all strong subspaces of V containing B.
We call it the self-sufficient closure of B.

We say that A D B is a minimal strong extension of B if B < A and there is no
vector subspace B C C C A such that C < A.

Definition 2.15 (class K). The class K is made of all 2-nilpotent Lie algebras
V@ (A?V)/N(V) such that

* [v, w] # O for any linearly independent v and w in V;
eFyj-v<Viforallvin V.

Note that the second assumption is equivalent to § (A) > 1 for any finite nontrivial
vector subspace of V.
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In the class IC, there are three possibilities for minimal strong extensions:
o Transcendental: In this case, Idim(A) =1dim(B) + 1 and §(A) =46(B + 1).

o Algebraic: In this case, ldim(A) = 1dim(B) + 1 and §(A) = §(B). This forces
the existence of a € A\ B suchthat A= B®(a) and N(A) =N(B)®{(aAb+c)
for b€ B and ¢ € \’B.

o Prealgebraic: This contains all other cases, meaning that ldim(A) > ldim(B)+1
and §(A) = 6(B).

Example 2.16. Let B = (b, b1, b>) be a 3-dimensional [ -vector space, and
consider the Lie graded 2-nilpotent algebra F,(B). We construct an extension of B
of each type, using linearly independent elements ag and a; over B.

o Let Ay = B @ (agp), and consider the Lie algebra F»(Ay). This is a transcen-
dental extension of B.

e Let Ayg = B ® (ao), and consider the Lie algebra F>(Aag)/N(Aayg), with
N (Aag) = (ap A by + by A by). This is an algebraic extension of B.

o Let Apr = B ©® (ap, a1), and consider the Lie algebra F>(Ap)/N (Ap), with
N (Apr) ={aoAbo+ay Aby, ap Aay +by Aby). This is a prealgebraic extension
of B.

A key property is:

Theorem 2.17 [Baudisch 2009, Theorems 8.3 and 8.4]. The subclass Kgn of
finite L-structures in KC has the amalgamation property with respect to strong
embeddings. Therefore, there is a unique up to isomorphism countable L-structure
M=V& (/\ZV)/ N (V) in K, constructed by Hrushovski—Fraissé amalgamation,
that is rich, meaning: if B <V is a finite self-sufficient subspace of V and A > B is
a finite strong extension of B in IC, there is a strong embedding f of A in V over B.

Note that because we imposed, for any A € K, that [a, b] # O for any linearly
independent a, b € A, any algebraic extension in V is algebraic in the model-
theoretic sense. However, this is not the case for prealgebraic extensions, which
are of Morley rank one over their basis. This is why V and M have, respectively,
Morley rank w and w - 2: we can take successive prealgebraic extensions, and reach
any finite Morley rank in V.

We will denote by T the theory of the L-structure M. Note that M is the countable
saturated model of T [Baudisch 2009, Theorem 8.6].

Because we want a finite-rank structure, what is needed is to collapse this
structure, meaning force the prealgebraic extensions to become algebraic. As is
classical in Hrushovski constructions, this is done via a set of codes for prealge-
braic extensions. More precisely, Baudisch [2009] considers a set of good codes,
which is a set (¢y (X, y))aec of L®-formulas with, in particular, the following
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properties (and many others useful for the construction):

X is an n-tuple of variables in the first predicate of L (that is, a tuple of elements
of degree one) and y is an imaginary variable.

o For b € M*®9, either the formula ¢, (V", b) is empty or b is the canonical parameter
of oo (x,b) InT.

e There exist n terms

D;(x, yi,zi) = Z AijkXj A X +Zyij AXj+2i,
Jj<k<n j<n
where y; is a tuple of variables in the first predicate and z; a variable of the second
predicate, which describe up to isomorphisms a prealgebraic extension in the
following sense: if b € dcl®d(B) for a vector subspace B of V (and ¢, (V", b) # &)
there exist ¢;; € B and ¥; € /\23 such that for any a € ¢, (V", b),

- ®i(a,ci, i) e N(V),

- if a is w-generic over B, that is, if a is linearly independent over B and
d8({a, B)/B) =0, then (a, B) is a prealgebraic minimal extension of B, where

N({a, B)) = N(B) ®(®i(a,c;, ¥i): i <n).

Then using a notion of difference sequences for good codes, a subclass K* of K
is defined for any good map p : C — N, so that:

Theorem 2.18 [Baudisch 2009; 1996]. The subclass Ian of finite L-structures in K"
has the amalgamation property with respect to strong embeddings and the theory T"
of the countable rich structure M, =V, ® (/\2 VM) /N (V) of K* is uncountably
categorical of Morley rank 2, with V,, being strongly minimal. Moreover, T" is
CM-trivial.

The bounds for difference sequences [Baudisch 2009, Section 5] is central in the
above construction. In particular there is a characterization of minimal extensions
which do not belong in £* [Baudisch 2009, Corollary 5.3]. In order to extend
derivations, we will need only the following fact that one can deduce directly from
this characterization:

Fact 2.19. Let D be in K, and D < D’ be a minimal extension in K \ ;. Then
the extension D’ is prealgebraic, and there is a good code « € C such that one of
the following holds:
(a) D' = D + (e) for a w-generic realization e over D of ¢, (e, b), where b €
dcl®d(D), and there is at least one realization &’ in D of ¢, (X, b).
(b) There is a vector subspace D € E C D’ and b € dcI®d(E) with at least two

realizations e and ¢’ in D’ of ¢, (X, b), where e is w-generic over E and ¢’ is
w-generic over E + (e).
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3. Constructing derivations

To construct derivations on M, we will proceed by induction, namely, extending
derivations step-by-step. We will consider only partially defined graded derivations
on finite 2-nilpotent Lie algebras, or equivalently, in an ambient 2-nilpotent Lie
algebra V @ (/\2V) /N (V), we consider partially defined derivations f: B — V,
where B is a finite vector subspace of V and f : B — V a linear map such that
f(N(B)) C N(B+ f(B)) (see Remark 2.11).

Definition 3.1. A derivation extension problem is the data of two finite vector
subspaces B < A <V, and a partially defined graded derivation f : B — V,, with
A+ f(B) <V,. Wedenote itby (B < A, f).

For any derivation extension problem (B < A, f), we want to extend the
derivation to A and obtain a partially defined graded derivation f : A — V),
with A+ f(A) < V,.

Let us fix such a derivation extension problem (B < A, f) for now.

First we construct what we will call a free pseudosolution. The Lie algebra
generated by A + f(A) for this free pseudosolution will not be in general in ,;,
and finding a solution realized in M, will be the technical heart of the proof.

Construction 3.2. Consider an abstract vector space U over A + f(B) such that
Idim(U/A + f(B)) =1dim(A/B). Extend the linear map f : B— B+ f(B) toa
linear map f : A — U which sends a (any) basis of A over B onto a basis of U
over A+ f(B). From now on, we set U = A+ f(A).

By Remark 2.11, this map canonically gives us a partially defined derivation
f: F2(A) > Fa(A+ f(A)).

Now we define N(A + f(A)) = N(A+ f(B)) + f(N(A)) and we consider
the 2-nilpotent graded algebra g = (A + f(A)) & (/\2(A + f(A)))/N(A + f(A)).
Then we have to check that N(A+ f(B)) = N(A+ f(A)) ﬂ/\z(A + f(B)) in order
to prove that the Lie subalgebra generated by A+ f(B) in M, is also a subgraded
algebra of g. We will use a particular (and simpler) case of the following lemma
for A’ = B.

Lemma 3.3. Forany B C A’ C A, we have f~! (/\2(A + f(A’))) = N4
Thus, if the family (ey, ..., e;) of vectors in /\2A is free over /\ZA/, then the
family (f(e1), ..., f(e)) is free over N (A + f(A")).

Proof. Consider a basis (ay, ..., a,) of A over B such that A’ = (B, ay,...,a).
Letting e € N> A, we can write

ezz&-,j(ai /\bj)—f—Z,Bk,g(ak/\ag)—l-c

i k<t
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with A; j, Bre € Fy, c € /\ZB and by, ..., b, linearly independent vectors of B.
Then
f@ =Y 2ij(f@a)bj+aiAfb)+ Y Bee(f (@) Aae+acA f(an)+f(c)
i,j k<t
=Y M j(F@)Ab) =Y BealacAf @)+ BrolacA f(ar))
i,j <k k<t

+Y hij@AfB)+f(c).
ij

The last two terms of that sum belong to /\2(A + f(B)). Moreover, the family
{fla)Abj:s<i=<n,1<j<m}U{ar A f(ap): 1 <k <n,s <{ <n}is linearly
independent over A\*(A + f(A)) = /\2(A + f(B)® (f(a1), ..., f(ay))). Thus if
fle) e /\Z(A + f(A)), we must have A; j =0foralli > s and B ¢ =0 forall £ > s,
implying that e € /\?A’.

Thus ! (/\2 (A+ f(A)) C A2 A’, and the other inclusion is immediate. ]

Corollary 3.4. N(A+ f(B)) = NA+ f(A)N /\2(A + f(B)). Thus, the Lie
subalgebra generated by A + f(B) in M, is also a subgraded algebra of g =
(A+f(A))€B(/\2(A+f(A)))/N(A+f(A)), and the linear map f:A— A+ f(A)
induces a partially defined graded derivation f : A @ (/\ZA)/N(A) —g.

Proof. Recall N(A+ f(A)) = NA+ f(B))+ f(N(A)). Lete = e; + f(e2)
with ¢ € N2(A + f(B)), e1 € N(A+ f(B)) and e> € N(A). Then f(es) €
/\2(A + f(B)), and by the previous lemma, e, € A’B. Since N(B)=BNN(A)
and f : B — B+ f(B) is a derivation, we obtain that f(e;) € N(B + f(B)) and
ee N(A+ f(B)).

By definition of N (A + f(A)), we have f(N(A)) C N(A+ f(A)), and then, by
Remark 2.11, the linear map f : A — A+ f(A) induces a partially graded defined
derivation f: A® (/\ZA) /N(A) — g, which extends the partially graded defined
derivation f : B&(/\’B)/N(B) = (B+f(B)®(/\'(B+£(B)))/N(B+f(B)).

We call the above extension the free pseudosolution of the derivation extension
problem (it is unique up to isomorphisms). When there is no ambiguity, we will
call A+ f(A) the free pseudosolution of (B < A, f).

The following lemma will be useful in understanding this derivation:

Lemma 3.5. Let A+ f(A) be the free pseudosolution of a derivation extension
problem (B < A, f) and A’ a vector subspace of A containing B. Then

3(A+ f(A)/A+ f(B)) =8(A"/B).

More precisely, the family (f(e1), ..., f(e)) is a basis of N(A + f(A")) over
N(A + f(B)) for any basis (e, ..., e;) of N(A') over N(B).
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Proof. By construction, we know that N(A + f(A")) C N(A+ f(B)) + f(N(A)).
As in the previous proof, let n = n; + f(n2) be in N(A + f(A’)), decomposed
along this sum, i.e., n; € N(A+ f(B)), n2 € N(A) and f(i2) € N(A+ f(A))).
By Lemma 3.3 we obtain 1, € N(A)[) NA = N(A’). Thus N(A + f(A)) =
N(A+ f(B))+ f(N(A)).

Consider a basis (eq, ..., e;) of N(A") over N(B). The family (e, ..., ¢) is
free over /\>B because N(B) = N(A)N N’B, and by Lemma 3.3, the family
(f(ey),..., f(e)) is free over /\2(A + f(B)). Moreover, f(N(A")) is generated
by (f(e1), ..., f(e)) over f(N(B)) S N(B+ f(B)) (since f: B— B+ f(B)is
a derivation). Thus (f(ey), ..., f(e;)) is a basis of N(A + f(B)) + f(N(A")) =
N(A + f(A")) over N(A + f(B)), and 1dim(N(A + f(A"))/N(A + f(B)) =
Idim(N(A")/N (B)).

Finally, by construction, Idim(A+ f(A")/ A+ f(B)) =1dim(A’/B), and therefore
S(A+ f(A)) =8(A'/B). O

We will consider minimal derivation extension problems (B < A, f), i.e., deriva-
tion extension problems such that A is a minimal strong extension of B.

Corollary 3.6. The free pseudosolution A + f(A) of a (minimal) derivation exten-
sion problem (B < A, f) is a (minimal) strong extension of A + f(B).

Proof. Consider a vector subspace C such that A+ f(B) S C C A+ f(A). By
linearity, C = A + f(A’), where A’ = f~1(C). Note that B € A’ C A. By the
previous lemma, §(C/A + f(B)) =38(A’/B) > 0 since B < A. One deduces that
A+ f(A) is a strong extension of A + f(B).

Suppose now that A is a minimal strong extension of B. If ldim(A/B) = 1,
then 1dim(A + f(A)/B + f(A)) =1 and A + f(A) is minimal over A + f(B).
Otherwise, A is prealgebraic over B and, in particular, §(A/B) = 0. In this case, if
A+ f(BYCCC A+ f(A), wehave §(C/A+ f(B))=68(A'"/B)>0=458(A/B) =
S(A+ f(A)/A+ f(B)), so C is not strong in A+ f(A). [l

Our goal is to use the Lie algebra just constructed to extend a derivation
from B <V, to B <A <V,. Itis not guaranteed that the free pseudosolution will
belong to /C,,. There are multiple cases to consider:

(Case A) The free pseudosolution does not belong to K.
(Case B) The free pseudosolution belongs to /C, but not to /C,,.

(Case C) The free pseudosolution belongs to K. In that case, we will be able to
extend the derivation without further work, by using richness of M,,.
Let us start dealing with Case A. We first notice:
Lemma 3.7. Let A+ f(A) be the free pseudosolution of a derivation extension

problem (B < A, f). For any nonzero vector subspace C of A+ f(A), we have
8(C) > 1.
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Proof. Let C € A+ f(A) be a nonzero vector subspace.
If CN(A+ f(B)) is nonzero, then, by submodularity,

S(C)=8(CN(A+ f(B)+3(C+A+ f(B)/A+ f(B)) =140,

since A+ f(B)e Kand A+ f(B) <A+ f(A).

Otherwise, consider a basis (f(a1) +aj, ..., f(ay) +a;) of C. Since we have
CN(A+ f(B)) ={0}, the family (f(ay), ..., f(as)) is free over A+ f(B), and
the basis ((f(ai)+alf)/\(f(aj)+a;): i<j)of NC C N (A+ f(A)) is free over
(@nd, FBYAFB), anf@): a,a €A, B,B €B).

By construction,
NA+ f(A) Sland, fFBIANFB).anf@):a,a €A, B, B €B)

and thus N(C) = N(A + f(A)) () /\°C = {0}. Then §(C) =s > 0. O

Therefore, the only way for the free pseudosolution of (B < A, f) to not be-
long to K is for F2(A + f(A)) to contain linearly independent vectors vg and v
such that vg A v; € N(A + f(A)) or, equivalently, [vg, vi] =0in A+ f(A) &
(/\Z(A + f(A)))/N(A+ f(A)). This possibility cannot be eliminated in general,
as the following shows:

Example 3.8. Suppose we have vectors by, b; and b, such that f (b)) = f(by) =0
and f(bg) = bg and want to extend f to an element a satisfying [a, bo]+[b1, b2] =0.

Let A+ f(A) be the free pseudosolution of this derivation extension problem. It
has to satisty [ f (a), bo]+[a, bp] =0, which can be factorized as [ f (a) +a, by] =0.
Therefore, the free pseudosolution cannot belong to K.

An obvious workaround, in that case, is to consider the linear map g with
gb) = f(b;) fori =0,1,2, and g(a) = —a, and extend it into a derivation
of (a, bo, b1, by). This is easily checked to quotient into a derivation extending f.

The solution presented in the previous example is the idea behind the general
case:

Lemma 3.9 (Case A). Suppose that the free pseudosolution of a minimal derivation
extension problem (B < A, f) is not in K. Then the linear map f : B — B+ f(B)
can be extended to a linear map g : A — A + f(B) such that g(N(A)) C
N(A + f(B)), which gives a solution of the extension problem.

Proof. By the previous lemma, in such a case, the free pseudosolution A + f(A)
contains linearly independent vectors vy and vy such that vg A vy € N(A + f(A))
(i.e., such that [vg, v1] = 0).

As N(A+ f(A)) is generated by f(N(A)) over N(A+ f(B)), there are e € N(A)
and c € N(A+ f(B)) such that f(e) +¢c = vy Av.

Note first that f(e) +c € (f(a)Ad': a,a € A) + N(A + f(B)).
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We can write vo = f (ag) +a; and v; = f(a;) +aj with ag, a)), a;, a; € A. Since
M, € K, at least one v; is not in A + f(B). We may assume that ap € A\ B.
Note that f(a;) € (A, f(ap)): otherwise,

flao) A f@) ¢ (f@na':a,d €A+ N(A+ f(B)),
which contradicts the equality
vo AV = fag) A f(a@1) + flao) Aay+ag A f(ar) +agAa) = fe)+c.
Thus, there is o € [, and a| € A such that v; = af (ag) + ], and in fact

vo A vy = f(ag) A (@) —aap) +aj Aaj.

Now, complete ag to a basis (ao, ..., a,) of A over B. We can write
e= Z )\i,jai /\aj+Za,- Ab;+d
i<j<n i<n
with A; j € F,, b; € B and d € \*B.
Then

flo= Y xjfa)yraj— > rjifla)Aaj+c

i<j<n j<i<n

with ¢’ € (f(a)Ab:ac A, be B)+ N(A+ f(B)).
But the family {f(a;) Aaj: i #0, j #i} is free over

(flap na':a €AY+ (f(@ Ab:acA,beB)+ N(A+ f(B)).
Hence the equality f(e) +c = vo A vy yields that A;; =0 for all j <i <n and thus

e:Zai/\bi—l-d.

i<n
This yields
[ =Y fla)nbi+c*
i<n
with b; € B and ¢* € A*(A + £(B)).
Note that if (ag, ..., ay) is a family of vectors of A, then the family

{fla)nal:af#0,i=0,...,n}

is free over /\2(A + f(B)). Therefore, the equality f(e) 4 ¢ = vy A v; yields that
by =a; —aaj and b; =0 for all i > 0.

We have e = ag Abg+d, where ap € A\ B, by € B andd € /\2B. Since vy and vy
are linearly independent, we have by = a| — aa(’) # 0. Therefore, e € N(A)\ N(B),
and B & (ag) defines an algebraic extension of B. By minimality of B < A, we
deduce that A = (B, ay).
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Since a} = aay+bo, we have vo Avy = f(ag) Abo+ajAaj = f(ag) Abo+ajAby.
Then the equality f(e)+c = vy A v yields the following equality in /\2(A + f(B)):

ag A f(bo) + f(d) +c = af A b,

Let us consider the linear map g : A — A 4+ f(B) such that g|p = f and
g(ag) = —ay,. We claim that g is a solution to the derivation extension problem
(B=<A,[).

By Remark 2.11, it is enough to show that g(e) € N(A + f(B)). We have

g(e) = glao ANbo+d)
= g(ao) Nbo+ao A g(bo) + g(d)
= —a(/) Abg+ag A f(by)+ f(d)
=—ceNA+ f(B)).
This g is thus the solution we were looking for. ]
Now consider Case B:

Lemma 3.10 (Case B). Suppose the free pseudosolution of a minimal derivation
extension problem (B < A, f) belongs to IC, but does not belong to KC,,. Then the lin-
earmap f :B— B+ f(B) can be extended again to a linearmap g : A — A+ f(B)
such that g(N (A)) € N(A+ f(B)), which gives a solution of the extension problem.

Proof. By Corollary 3.6, A+ f(A) is a minimal strong extension of A+ f(B), and
by Fact 2.19, this can happen for two different reasons:

(a) There is a good code o € C and b € dcl®d(A + f(B)) such that A + f(A) =
(A+ f(B), e) with e w-generic in ¢, (x, b) over A+ f(B). Moreover, there
is ¢ € A+ f(B) which realizes ¢, (X, b) (in this case X is an n-tuple, where
n =1dim(A/B)).

(b) There exist a vector subspace A+ f(B) S E C A+ f(A), agood code « € C,
an imaginary b € dcl®d(E), and realizations e and e’ of ¢, (X, b) such that e
is w-generic over E and &’ is w-generic over (E, ) (in this case X is an m-tuple
with m < 1dim(A/B)).

Let us take care of subcase (a) first. In this case, there are n terms (®;); .,:

D;(x0, ..., Xp—1) = Z AijkXj /\xk+zcij AXj+ Y,

Jj<k<n j<n
where A;jx € Fp, ¢;j € A+ f(B) and ¥; € N\ (A + f(B)), such that
®;(e)e N(A+ f(B)) fori<n

and
N(A+ f(A)=N(A+ f(B)) ®(Di(@))i<n-
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Consider 7 the linear map A + f(A) — A + f(B) such that 7|45 = Id
and r(e) =¢.

Claim 3.11. The linear map 7 induces a Lie algebra morphism from A + f(A)
onto A+ f(B).

Proof. Remember that w extends canonically to a Lie algebra morphism from
F>(A+ f(A)) to F2(A+ f(B)). Then w(®;(e)) = (&), so 1(N(A+ f(A)) =
N(A+ f(B)). By Remark 2.9, 7 induces a Lie algebra morphism from A + f(A)
to A+ f(B). O

Now, consider the linearmap g=mwo f: A— A+ f(B).

Claim 3.12. The linear map g induces a partially defined graded derivation from A
to A+ f(B).

Proof. By Remark 2.11 we have to check that g(N(A)) € N(A+ f(B)), where g
is the canonically partially defined derivation from F,(A) to F»(A + f(B)). Note
that g on F,(A) is equal to the composition of the Lie algebra morphism
on F>(A + f(A)) with the derivation f on F>(A). Indeed, if x, y € A, we obtain

T(faAY)=a(fOAYy+xAfO)=a(f))AT()+mx)AT(f(Y))
=a(fNAy+xAT(f(¥)=8x)AYy+xAg(y)

=gxAy).
Thus,

g(N(A)) =7 (f(N(A)) S (N(A+ f(A)) = N(A+ f(B)). O

Since the partially defined derivation g : A — A + f(B) extends the derivation
flg : B— B+ f(B), the previous claim gives a solution in XC,, to our derivation
extension problem.

We are now going to show that in the specific case of derivation extension
problems, subcase (b) cannot happen.

By way of contradiction, suppose that A + f(B) < A+ f(A) is of type (b). In
this case,

ldim(E + (e, &) /E) =1dim(N (E + (¢, ¢'))/N(E)) = 2m,

and the linear map which sends e onto ¢’ over E induces a Lie algebra isomorphism
over E between E + (e) and E + (¢').
Thus, there are m terms (®;); -:

;i (X0, -5 Xm—1) = Z AijkXj AN X+ Zcij Axj+ Vi,

Jj<k<m j<m
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where A;jx € Fp, ¢;j € E and ¢; € N’E, such that

N(E +(e,') = N(E) ® (®i(e), Pi(€))i<n S N(A+ f(A)).

Recall that
N(A+f(A)=N(A+f(B)+f(N(A) SN (A+f(B)+(f(@Ad': a,d € A).

Since A+ f(B) S E C A+ f(A) and e is a tuple of m linearly independent
vectors in A + f(A) over E, there exist a vector subspace B C Ay C A such that
E = A+ f(Ap) and linearly independent vectors ay, ..., a,,—; € A over Ay such
that e = (f(ao) +vo, ..., f(@m—1) +vm_1), where v; € A+ f(B). If (c/))i<m 15 a
family of vectors in E \ (A + f(B)), the family

(f@p) A fla), an fla): j<k<m,l<m)

is free over /\ZE +{(f@Arv:aecA,ve A+ f(B)). It follows that A;; = 0 and
cij€ A+ f(B) foralli and ;.

The difference between the equations ®;(e) and ®;(e’) gives us m linearly
independent equations in N (A + f(A)) over N(A+ f(B)):

> cijAlej—e) e N(A+ f(A)).

j<m

Soé (A+f(B)+ (ej —e;. < m)/A+f(B)) =0, contradicting the minimality of
the extension A+ f(A) over A+ f(B) (since m<n= ldim(A+f(A))/A+f(B))).
Therefore, subcase (b) cannot happen. O

Finally, in Case C, we conclude by using richness of M,,:

Proposition 3.13. Every minimal derivation extension problem (B < A, f) has a
solution: i.e., there is a partially defined derivation g : A — A + g(A) extending f
such that A+ g(A) <V,.

Proof. For any such extension problem, if the free pseudosolution A + f(A) is
in IC,, (Case C), then by richness of M,,, there is a strong embedding & of A+ f(A)
in V,, over A+ f(B), and we can take g = h o f. Otherwise, we can extend f by
a partially defined derivation g : A — A + f(B) (Lemmas 3.9 and 3.10). (I

Let us show how we can use this to construct derivations on M,, by reducing
every configuration to a minimal derivation extension problem. Given a partially
defined derivation f on B and a strong extension A of B, there is no reason
a priori for A+ f(B) to be strong in V,,, and we cannot directly apply the previous
proposition in order to extend the derivation. In that case, we will extend in several
steps to the self-sufficient closure of A + f(B):
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Lemma 3.14. Let B < V), be a finite strong subspace and f : B— B+ f(B) a
partially defined graded derivation with B+ f(B) < V.

If B < A <V, is a minimal strong extension of B in V,, such that A+ f(B) is
not self-sufficient in V,,, then

« 8(A/B)=1, and

e the partially deﬁned derivation f can be extended to a partially defined graded
derivation on A, where A is the self-sufficient closure of A+ f(B) in Vi

Proof. Since B< A <V, and B+ f(B) < V,, by submodularity of §, we have
B<AN(B+ f(B)) <A.

By minimality of B < A, there are two cases, either AN (B + f(B)) = A or
AN(B+ f(B)) = B. In the first case, A € B+ f(B), and since B C A, we get
A+ f(B) =B+ f(B) <V,, acontradiction.

Thus, AN (B + f(B)) = B. Again, by submodularity,

0<8(A+ f(B)/B+ f(B)) <8(A/B)<1.
Since A + f(B) is not self-sufficient in V),, we have necessarily
S(A+ f(B)/B+ f(B)) =8(A/B)=1.

Because B < B + f(B), we decompose it into a tower of minimal extensions
B=By<---<B,=B+ f(B). Since B C B; C B+ f(B), we have that
B+ f(B) =B+ f(B) <V, and we can extend f to By using Proposition 3.13.
Then B, 4+ f(B1) = B1 + f(B1), and iteratively, we extend f to B+ f(B). Let A
be the self-sufficient closure of A + f(B). Because A + f(B) is not self-sufficient
in V, and §(A+ f(B)/B + f(B)) = 1, we obtain §(A/B + f(B)) =0.

There is a sequence of minimal extensions B+ f(B)=Co<---<C, = A. More-
over, as 8(A/A+ f(B)) =0, all these extensions are either prealgebraic or algebraic.
In particular, we can iteratively extend f to each of them using Proposition 3.13,
since 6(C;4+1/C;) = 0 imposes at each step that C; 1 + f(C;) < V. U

Theorem 3.15. Let B <V, be finite and f : B — B + f(B) be a partially defined
graded derivation, with B+ f(B) < V,,. Let a € V,,. There exists a finite B < A
with a € A and a graded extension f : A — A+ f(A) to A with A <V, and
A+ f(A) <V,

Proof. Let A’ be the self-sufficient closure of (B, a). There is a sequence B <
Ay <--- <A, = A’ of minimal extensions. Moreover, we know that §(A’/B) <1,
so at most one of these extensions is transcendental.

We extend iteratively f to A;. While A}, | + f(A}) < V), we apply Proposition
3.13. If it is the case for all i < n, we obtain an extension f to A=A’ D (B, a).
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Otherwise, there is i < n such that f is extended to A} and A; ,, + f(A]) is
not self-sufficient in V,,. By Lemma 3.14, §(A] ,,/A] ) = 1 and we can extend f
to Aj,+1, Where A; 4+ is the self-sufficient closure of A;O g+ f (A;O).

Now define A; = A} 4+ A4 for i > io + 1. Since §(A’/B) < 1, we have
8(A},,/A}) =0 forall i > .

This implies that A; < V), for all i > iy. Indeed, if A; C D for some D, then

8(D/A;) =8(D) —8(Ajp11+ A))
> 8(D) —8(Ajp+1) —8(A)) +8(Ajp+1 NA})  (submodularity)
=8(D/Aig41) — 8(A}/Ajps1 N A
> —8(Aj/Air1NA) as Ajy1 <V,
>0,

where the last line is a consequence of the fact that A! is a strong extension of A;O 41
with §(A;/A; ) =0,and A} ,| CAj+1NA; C AL
This implies that §(A;+1/A;) =0 for all i > iy, as

8(Aip1/A) =8(Ai+ AL, /A)
<8(Aj,/AiNA},) (submodularity)
<0,

where we obtain the last line by similarly considering the strong extension A} < A} |
and A] C A;NA; | CA}, . Wegetd(A;;1/A;) =0 by strongness.

Again by Lemma 3.14, for i > iy, we have iteratively A; 1 + f(A;) <V,, and
we can extend f to A;4+; by Proposition 3.13. Thus, we obtain an extension f to

A=A, DA D(B,a). O

By a direct induction, any finite partially defined graded derivation can be ex-
tended to M ,:

Corollary 3.16. Any partially defined graded derivation f : B — B + f(B) with

B < B+ f(B) <V, and B finite can be extended to a graded derivation f on M,
(e, f(Vy) S V).

4. A cover without the CBP

We are now ready to define a cover of the sort V), in M, that will not have the canon-
ical base property. It will closely mirror the example constructed in [Hrushovski
et al. 2013].

Let us first recall a few definitions, valid in any superstable theory.

Definition 4.1. Let P be a family of partial types. A stationary type p € S(A) is
P-internal (resp. almost P-internal) if there is a set of parameters C such that for
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any realization a = p independent from C over A, there is a tuple e of realizations
of types in P, each based over C, such that a € dcl(e, C) (resp a € acl(e, C)).

Fact 4.2. If all partial types in P are over some parameters A and p € S(A), the
parameters C can be picked as a Morley sequence ay, ..., a, in p, called a funda-
mental system of solutions. See the proof of [Pillay 1996, Chapter 7, Lemma 4.2]
for the P-internal case. It immediately adapts to the almost internal case.

More generally, a stationary type p € S(A) is said to be P-analyzable if there is
akE=qanda=a,, a,—1,...,a; such that tp(a;/A) is almost P-internal, and for
all n > i > 1 we have that tp(a; 41/ Aa;) is stationary, P-internal and a; € dcl(a; 1+ A).

Definition 4.3. A theory has the canonical base property (CBP) if (possibly working
over some parameters) for any tuples a and b, if tp(a) has finite Lascar rank
and b = Cb(stp(a/b)), then stp(b/a) is almost P-internal, where P is the family
of Lascar rank one types that are not locally modular.

In this last section, we construct a structure without the CBP that is interpretable
in M, with its 2-nilpotent graded Lie algebra structure. As a consequence, this
structure will be CM-trivial:

Definition 4.4. A stable theory T is CM-trivial if whenever A C B are parameters
and c is a tuple satisfying acl®d(c, A) Nacl®d(B) = acl®*d(A), then Cb(stp(c/A)) is
algebraic over Cb(stp(c/B)).

In particular, our structure will not interpret a field, by a result of Pillay [2000].
Let us now define it.

Let Q be a sort, given by M, and let P = V,,. The second sort S is given
(as a set) by V;%' We equip Q = M, with all its L-structure, i.e., its structure of
2-nilpotent graded Lie algebra. Moreover, we equip S with

e the projection 7w : § — P with w((a, u)) =a;

o the group action (P, +) x S — S given by b * (a, u) = (a, u + b);

« the group law + : 2 — S given by the addition on V,,;

« for any &-definable set W in Vlf" given by Z?:l[xi, y;] = 0, a relation Ty

on § given by

Y Ixioyil=0 and Y (i, yil+[xi, v) =0
i=1 i=1

for (x;, u;) and (y;, v;) in S.

We denote this two-sorted structure N. Note that the relations Ty are, formally,
defined exactly like tangent bundles in an algebraically closed field.

Before proving that N does not have the canonical base property, allow us to
explain why it is CM-trivial. First, the Lie algebra M, is CM-trivial, as proven by
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Baudisch [1996] in his construction, and thus so is M,iq. Moreover, our structure N
is simply a reduct of M,iq (in fact, of (M, Vlf)). By a result of Niibling [2005],
any reduct of a finite Morley rank CM-trivial theory is also CM-trivial.

The CBP refers to (almost) internality to the family of strongly minimal types
that are not locally modular. Thus we need to identify this family in N. Note that by
construction, this structure is 2-analyzable in P =V, which is strongly minimal and
not locally modular. Thus N is 8|-categorical, and P is, up to nonorthogonality, the
only strongly minimal set that is not locally modular, and we will identify (almost)
internality to strongly minimal types that are not locally modular and (almost)
internality to P. To prove that N does not have the CBP, the key observation is:

Lemma 4.5. For any graded derivation f of M, (i.e., f(V,) € V,), the map
of:N—>N, (a,u)eS— (a,u+f(a), beQ—b
is an automorphism of N, fixing Q pointwise by definition.

Proof. Let f be a graded derivation and o be the associated map. It is obviously a
bijective map, so we only have to prove that it preserves the functions and relations
of N. As it is the identity on Q, it preserves its relations and functions. Preservation
of the projection, group law and group action are immediate.

In order to show that the definable sets Ty are preserved, consider a tuple

((ar, u1), ..., (an, un), (b1, vp), ..., (by, vyp))
in T,,, with W given by > /_,[x;, yi] = 0. We have

Y (i f @), bil+lai, vi+ f b)) =Y (wi, bil+[ai, viD+ Y f([ai, bi))
i=1 i=1 i=1

n

=Y ([ui. bil+[a;. vi]) +f(Z[ai, bi])
i=1

i=1

- Z([ui, bil+Iai, vi])

i=1

=0
and thus
(((ll, ul +f(6ll)), ceey (an, Mn +f(an))’ (bla Un + f(bl))’ AR ] (bn, Un +f(bn)))
isin Ty. |

Our previous work allowed us to construct many derivations on M,,, which will
thus give rise to automorphisms of N fixing Q. The key consequence of this is:

Corollary 4.6. For any (a, u) € S, the type tp(a, u) is not almost P-internal.
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Proof. First note that the structure N is a countable saturated model of its theory
because M), is a countable saturated model of 7},.

Thus, almost P-internality of a type over & should be witnessed in N since we
are only considering type-definable sets over finite sets of parameters.

Namely, if tp(a, u) was almost P-internal, there would exist, in N, a sequence
(b1, v1), ..., (by, vy) of realizations of tp(a, u), independent over (a, u), and a
tuple ¢ € P such that (a, u) € acl((by, v1), ..., (by, v,), ¢) (we are using Fact 4.2
here). Let us suppose so, and try to derive a contradiction.

A consequence of independence is that a, by, ..., b, are independent, as points
in M. Thus we have (a, b1, ..., b,) <V, and they do not satisfy any Lie algebra
equations, meaning N ({a, b1, ..., b,)) = {0}. Thus, if e is any nonzero point of V,,,
independent froma, by, ..., b,, we have (a, by, ..., b,, e) <V, and the linear map

fila,by,...,b,) > {a,by,...,by,e), a—>e, b —0

gives a partially defined graded derivation. Applying Corollary 3.16, we extend f to
a graded derivation of M,,, which yields an automorphism oy of N, fixing Q point-
wise. Moreover, this automorphism fixes (b;, v;) foralli, and o ¢ ((a, u)) = (a, u+e).

As we can find such an automorphism for any e € V, independent froma, by, ..., by,
the orbit of (a, u) under automorphisms fixing (by, vy), ..., (b,, v,), ¢ is infinite,
which is a contradiction. |

To prove that our structure does not have the CBP, we will use what is called the
“group version” of the CBP, observed by Pillay and Ziegler in [2003]:

Proposition 4.7 [Hrushovski et al. 2013, Fact 1.3]. Assume T has the CBP. Let G
be a definable group, let a € G, and assume that p = stp(a/A) has finite stabilizer.
Then p is almost internal to the family of strongly minimal types that are not locally
modular.

We can now prove:
Theorem 4.8. The structure N does not have the CBP.

Proof. Using Proposition 4.7, we need to find a tuple ((ay, uy), ..., (a,, u,)) € S"*
such that stp((ay, u1), ..., (a,, u,)) has finite stabilizer for the group law of S.
Indeed, such a type is never P-internal, by Corollary 4.6.

To do so, we will, mutatis mutandis, use the proof of [Hrushovski et al. 2013,
Theorem 3.7]. For the convenience of the reader, we repeat the proof of Hrushovski,
Palacin and Pillay here.

Fix (a, u), (b, v), (c,r), (d, s), generic points of Ty, where W is the definable
set given by {(x, y, z, w) € P*: [x, z]+ [y, w] = 0}. Let

q =stp((a, u), (b, v), (¢, r), d, s)).
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Concretely, this means that we have the equalities
la,cl+[b,d]1=0 and [u,cl+I[a,r]+[v,d]+[b,s]=0.

We will prove that Stab(q) is trivial. First, we show that Stab(stp(a, b, c, d)) is
trivial in (V,, +)*. Suppose that ey, e;, e3, e4 € Stab(stp(a, b, ¢, d)) are indepen-
dent from a, b, ¢, d. Then we have

[a+er,c+es]+[b+er,d+es] =0,
which simplifies into
la, e3] +[e1, c] + [e1, e3] + [b, es] + [e2, d] + [e2, e4] =0,

which contradicts the independence assumption, unless ¢;, =0 fori =1,...,4.
Thus Stab(eq, e, e3, e4)) is trivial.

Hence any element in the stabilizer of g is of the form (0, x), (0, y), (0, w), (0, z).
Pick such a tuple, independent from (a, u), (b, v), (c,r), (d,s). Then we have

[u+x,cl+la,r+wl+[v+y,dl+[b,s+2]=0,
giving us
[x,cl+[a, wl+1y,d]+1b,z] =0.

If x, y, z, w were elements of V,, independent over a, b, ¢, d, we could
directly conclude that x = y = z = w = 0. However, this is not the case, as in the
structure N, only the tuples (0, x), (0, y), (0, z), (0, w) exist. We will now find
elements x”, y”, z”, w” € V), satisfying the same equation and independence.

Let (0, x), (0, y"), (0, w"), (0, z’) be another tuple in the stabilizer of ¢, this time
independent from both (a, u), (b, v), (¢, r), (d, s) and (0, x), (0, y), (0, w), (0, 2).
We similarly obtain

x', c]+[a, w+[y,d]+[b,7]1=0.

Pick x”, y”, w”, 7" € P such that x” % (0, x) = (0, x) (i.e., x” = x’ — x in the
full structure), and similarly for y, w and z. Again we have

[x//’ C] + [a’ w//] + [y//’ d] + [b, Z//] — O

A quick forking computation yields that x”, y”, w”, z” are independent from
a,b,c,din Q =M, This yields x” = y” = w” =z” =0, and thus (x, y, w, z) =
',y w', 2). As (0, x), (0, y), (0,w), (0,2) and (0, x"), (0, y"), (0, w), (0,2
are independent over the empty set, this implies that Stab(g) is trivial. ([l

Remark 4.9. It is unclear how many different, up to interpretability, new theories
without the CBP this construction yields. Indeed, for any ¢ > 2 and good map g,
we obtain a structure N = N, ,. There are countably many choices for ¢, and
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uncountably many for ., once ¢ is fixed. It remains to be seen if any N, , can be
interpreted in another.
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An important dividing line in the class of unstable theories is being NSOP;, which is
more general than being simple. In NSOP; theories forking independence may not be as
well behaved as in stable or simple theories, so it is replaced by another independence
notion, called Kim-independence. We generalise Kim-independence over models in NSOP,
theories to positive logic — a proper generalisation of full first-order logic where negation
is not built in, but can be added as desired. For example, an important application is that we
can add hyperimaginary sorts to a positive theory to get another positive theory, preserving
NSOP; and various other properties. We prove that, in a thick positive NSOP; theory,
Kim-independence over existentially closed models has all the nice properties that it is
known to have in an NSOP; theory in full first-order logic. We also provide a Kim—Pillay
style theorem, characterising which thick positive theories are NSOP; by the existence of a
certain independence relation. Furthermore, this independence relation must then be the
same as Kim-independence. Thickness is the mild assumption that being an indiscernible
sequence is type-definable.

In full first-order logic Kim-independence is defined in terms of Morley sequences in
global invariant types. These may not exist in thick positive theories. We solve this by
working with Morley sequences in global Lascar-invariant types, which do exist in thick
positive theories. We also simplify certain tree constructions that were used in the study of
Kim-independence in full first-order logic. In particular, we only work with trees of finite
height.
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1. Introduction

The study of (ternary) independence relations in model theory goes back to Shelah’s
notion of forking independence, which is an abstract generalisation of classical
independence notions such as linear independence in vector spaces and algebraic
independence in algebraically closed fields. Forking independence was initially
used to study stable theories, in which it enjoys particularly nice properties. It
was later discovered that forking independence can be useful in studying the
broader class of simple theories, as it retains most of its features in that class
[Kim 1998; Kim and Pillay 1997]. Moreover, the fundamental properties of fork-
ing independence in simple theories, such as transitivity, symmetry, and local
character, fail in all nonsimple theories, which suggested that forking independence
might not be so useful in studying any broader class of theories. On the other
hand, some natural examples of nonsimple theories admitting useful notions of
independence have been known, including the theories of infinite-dimensional
vector spaces with a generic bilinear form [Granger 1999], w-free PAC fields
[Chatzidakis 2002; 2008], and random parametrised equivalence relations. Inspired
by some ideas of Kim [2009], and building on [Chernikov and Ramsey 2016],
Kaplan and Ramsey [2020] defined the notion of Kim-independence (denoted
by | %), and they have proved that in NSOP; theories — a class containing all sim-
ple theories and, among many others, the three nonsimple theories mentioned above
[Chernikov and Ramsey 2016, Section 6] — it satisfies over models all the main
properties of forking independence in simple theories except base-monotonicity.

The goal of this paper is to generalise the theory of Kim-independence in NSOP;
theories to the class of thick positive theories. Positive model theory, introduced in
[Ben-Yaacov 2003a; Ben Yaacov and Poizat 2007] (with some ideas in a similar
direction present also in [Hrushovski 1998] and [Pillay 2000]), provides a framework
generalising that of full first-order logic and allows the study of a wider range of
objects using model-theoretic techniques. An important class of such objects, which
motivated the work undertaken in [Ben-Yaacov 2003a], is that of the hyperimaginary
extensions 7" of theories T in full first-order logic. In the context of NSOP;
theories, elimination of hyperimaginaries has been assumed in [Kim 2021] in order
to carry out a construction of weak canonical bases. It was asked there (in the
discussion following Definition 4.1) whether 774 satisfies the existence axiom
for forking independence provided that T does. We observe that this is indeed
true (Theorem 10.20), which might be helpful in eliminating the assumption of
elimination of hyperimaginaries in [Kim 2021] by working with Kim-independence
in 7heq,

Haykazyan and Kirby [2021] studied the theory ECEF of existentially closed
exponential fields, and working with an arbitrary JEP-refinement (which, intuitively,
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corresponds to a completion of an incomplete theory in full first-order logic), they
have found an invariant ternary relation satisfying over models the following prop-
erties: strong finite character, existence, monotonicity, symmetry, and independence
theorem. They have also proved that, for any positive theory, the existence of such
a relation implies NSOP;, so in particular the JEP-refinements of ECEF are NSOP; .
As in the full first-order setting, a natural question whether every positive NSOP|
theory admits a ternary relation satisfying these properties arises.

Another class of examples of nonsimple NSOP; theories in positive logic comes
from a recent work [d’Elbée et al. 2021], where d’Elbée, Kaplan and Neuhauser
show that for any integral domain R all JEP-refinements of the theory Fg.modute Of
fields with a generic R-submodule are NSOP; but not simple. In particular, this
applies to the theory of algebraically closed fields of characteristic zero with a
generic additive subgroup.

We work under the mild assumption that the theory is thick. This means that being
an indiscernible sequence is type-definable. Theories in full first-order logic, and
their hyperimaginary extensions, are always thick. The theories ECEF and Fg_module
mentioned above are also thick.

Main results. The main results of our paper state that in every thick NSOP; theory,
Kim-independence satisfies: symmetry (Theorem 6.5), the (strong) independence
theorem (Theorems 7.7 and 7.15), transitivity (Theorem 8.4) and local character
(Corollary 9.7), as well as invariance under automorphisms, existence, extension,
monotonicity and (strong) finite character. Moreover, we prove a Kim-Pillay
style theorem: in any thick positive theory 7', if there exists a ternary relation |
satisfying all the above properties, then 7 is NSOP; and | = | X (Theorem 9.1).

Challenges. In contrast to the full first-order setting, in a positive theory, a type
over an existentially closed model may fail to have an invariant global extension.
This is a fundamental obstacle to generalising Kim-independence to the positive
setting, as the original definition of it relies on existence of invariant extensions in
the full first-order setting. We show, however, that in a thick theory any type over
an existentially closed model M extends to a global M-Lascar-invariant type. We
define Kim-independence in an arbitrary thick positive theory replacing the use of
invariant types by Lascar-invariant types.

One of the difficulties in adapting the results of [Kaplan and Ramsey 2020;
2021] to the positive setting is that the tree-modelling property [Kim et al. 2014,
Theorem 4.3], on which most of the constructions there rely, is not available in
the positive setting. This forced us in particular to work only with trees of finite
height, which turns out to be enough due to compactness and a careful choice of
the global types with which we work. Consequently, we substitute the notion of
a tree Morley sequence used in [Kaplan and Ramsey 2020] with a weaker notion
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of a parallel-Morley sequence. In particular, we do not have a counterpart of the
chain condition [Kaplan and Ramsey 2020, Corollary 5.15] for parallel-Morley
sequences, which causes some additional technical difficulties in our proof of the
strong independence theorem.

Our proofs yield in particular alternative proofs of the results in full first-order
logic on Kim-independence not using any combinatorial tools other than the Ramsey
theorem: while we do use the Erd6s—Rado theorem to extract indiscernible se-
quences, in the full first-order setting this can be always replaced by the standard
use of the Ramsey theorem; the technique of extracting strongly indiscernible
trees from s-indiscernible trees from [Kaplan and Ramsey 2020] relying on the
Erdés—Rado theorem is not used by us.

Overview. In Section 2 we review some basic terminology and facts about positive
logic and NSOP; theories, and we make some observations which are used through-
out the paper. In Section 3 we define a notion of a Morley sequence in a global
Lascar-invariant type, and we prove some basic properties of these. In Section 4 we
define Kim-dividing in an arbitrary thick NSOP, theory, we give several characterisa-
tions of Kim-dividing and we establish some basic properties of Kim-independence.
In Section 5 we develop some tools which we later use in certain tree constructions:
the EM-modelling property, which is a weak version of the modelling property
used in [Kaplan and Ramsey 2020], parallel-Morley sequences, which serve as our
substitute for the notion of a tree Morley sequence from [Kaplan and Ramsey 2020],
and g-spread-outness, which is a variant of the spread-outness used in [Kaplan and
Ramsey 2020]. Sections 6, 7 and 8 contain the proofs of the main properties of
Kim-independence in thick positive theories: symmetry, independence theorem and
transitivity, and Section 9 is dedicated to proving a Kim-Pillay-style characterisation
of the NSOP; property among thick positive theories by existence of an abstract
independence relation satisfying certain properties, and the characterisation of Kim-
independence in NSOP| theories as the only relation satisfying them. In Section 10
we describe in detail some examples of thick NSOP; theories: Poizat’s example
of a thick non-semi-Hausdorff theory, (JEP refinements of) the positive theory of
existentially closed exponential fields studied in [Haykazyan and Kirby 2021], and
the hyperimaginary extensions of NSOP; theories.

2. Preliminaries

In this section we recall the basics of positive logic that we need in this paper. For
a more extensive treatment we refer to [Ben-Yaacov 2003a; Poizat and Yeshkeyev
2018].

Throughout the paper variables will be of arbitrary (possibly infinite) length,
unless stated otherwise.
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Definition 2.1. Fix a signature L. A positive existential formula in L is one that is
obtained from combining atomic formulas using A, Vv, T, L and 3. An h-inductive
sentence is a sentence of the form Vx(¢(x) — ¥ (x)), where ¢(x) and ¥ (x) are
positive existential formulas. A positive theory is a set of h-inductive sentences.

Note that every positive existential formula ¢ (x) is equivalent to one of the form
dyy(x, y), where ¥ (x, y) is positive quantifier-free. Positive existential sentences
and their negations can be used as axioms in a positive theory, since Vx¢(x)
and Vx—¢(x) are equivalent to Vx(T — ¢(x)) and Vx(¢(x) — L) respectively.

As in full first-order logic, we will assume that £ contains a symbol = interpreted
in every L-structure as equality.

Remark 2.2. We can study full first-order logic as a special case of positive logic.
This is done through a process called Morleyisation. For this we add a relation
symbol R, (x) to our language for every formula ¢ (x) in full first-order logic. Then
we have our theory (inductively) express that R, (x) and ¢(x) are equivalent. This
way every formula in full first-order logic is (equivalent to) a relation symbol, and
thus in particular to a positive existential formula.

Many definitions later in this section simplify in this case to familiar concepts.
Every homomorphism will be an elementary embedding, and thus in particular an
immersion. So every model will be an e.c. model. A theory has JEP if and only if
it is complete, and the JEP-refinements correspond to completions.

Since we will only be considering full first-order logic as a special case of positive
logic, we will make the following convention.

Convention 2.3. Whenever we say “formula” or “theory” we will mean “positive
existential formula” and “positive theory” respectively, unless explicitly stated
otherwise. This also means that every formula and theory we consider will be
implicitly assumed to be positive (existential).

In full first-order logic we consider elementary embeddings because they preserve
and reflect truth of full first-order formulas. Since we do not have negation in
positive logic, there is a difference between preserving and reflecting truth of
positive existential formulas.

Definition 2.4. A function f : M — N between L-structures is called a homomor-
phism if for every ¢ (x) and every a € M we have

Mg = NEo(f(a).

We call f an immersion if additionally the converse implication holds for all ¢(x)
and alla € M.
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In positive model theory we study the existentially closed models.

Definition 2.5. We call a model M of T an existentially closed model or an e.c.
model if the following equivalent conditions hold:

(i) Every homomorphism f: M — N with N =T is an immersion.

(i) For every a € M and ¢(x) such that there is a homomorphism f : M — N
with N =T and N = ¢(f(a)), we have that M = ¢(a).

(iii) For every a € M and ¢(x) such that M [~ ¢(a) there is Y (x) with T =
—Ix(p(x) AY(x)) and M | ¥ (a).
Fact 2.6. Let T be some theory.

(1) Unions: The union of a chain of (e.c.) models is an (e.c.) model.

(i) Amalgamation: If one of My < M — M, is an immersion then there are
M| — N < M, making the relevant square commute. In particular, every e.c.
model is an amalgamation base.

(iii) Existential completion: For every M |=T there is a homomorphism f :M — N,
where N is an e.c. model of T.

(iv) Compactness: Let X (x) be a set of positive existential formulas and suppose
that for every finite Yo(x) C X(x) there is M =T with a € M such that
M = Xo(a). Then there is an e.c. model N of T with a € N such that
N E Z(a).

In the statement of compactness, Fact 2.6(iv), we have explicitly mentioned
positive existential formulas because it is crucial that we cannot use all formulas
from full first-order logic in X (x). This is actually one of the big obstacles in this
paper. We provide two examples to indicate how full compactness can fail.

Example 2.7. Consider the theory 7" with a symbol for inequality and @ many
disjoint unary predicates P,(x). Then e.c. models of T are precisely those which
consist of w-many disjoint infinite sets, one for each predicate. If we had full
compactness then the set

X(x)={—P,(x):n < w}
would have a realisation in some e.c. model, which is impossible.

Example 2.8. It could happen that there is a definable set that is infinite and bounded.
This does not contradict compactness: it just means that inequality is not positively
definable on that set. Such situations might arise when adding hyperimaginaries as
real elements, which can be done in positive logic (see Section 10C).
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Definition 2.9. We say that a theory T has the joint embedding property or JEP if
the following equivalent conditions hold:

(i) For any two models M| and M, there are homomorphisms M| — N < M;.
() fTE—-@ev—-YythenT =E—por T =—y.

For a theory T we call an extension T’ of T a JEP-refinement of T if it has JEP
and every e.c. model of 7’ is also an e.c. model of 7.

As suggested in Remark 2.2, having JEP is like requiring the theory to be
complete. We can always find a JEP-refinement (a “completion”) by taking the set
of h-inductive sentences that are true in some e.c. model.

Fix a sufficiently large cardinal k. We will say a set is small if it is of cardinality
smaller than k.

Convention 2.10. We will assume our theory 7 has JEP so we can work in a
monster model 9N (sometimes also called a universal domain), that is, a model
which is:

« Existentially closed: 907 is an e.c. model.

e Very homogeneous: Any partial immersion f : 971 — 901 with small domain
and codomain extends to an automorphism on all of 9.

o Very saturated: Any finitely satisfiable small set of formulas over 9 is satisfi-
able in 1.

We will assume all parameter sets considered to be small, except when we consider
the monster model as a parameter set. We will use lowercase Latin letters a, b, . ..
for (possibly small infinite) tuples inside the monster model and uppercase Latin
letters A, B, ... for (small) parameter sets inside the monster model. We will use
letters M and N when these sets are e.c. models.

As is common, we use the notation |= ¢(a) to abbreviate I = ¢(a).

The above also means that the right notion of a type in positive model theory
is that of a positive existential type. That is, we write tp(a/B) for the set of all
positive existential formulas over B satisfied by a. So we have tp(a/B) = tp(a’/B)
if and only if there is an automorphism f : 9t — 90 fixing B such that f(a) =a’.
We also write a =p a’ in this case. By a type (over A) in T we will always mean
a maximal consistent with T set of positive existential formulas (over A). By a
partial type (over A) in T we will mean any consistent set of positive existential
formulas (over A).

There are some subtle differences in possible definitions of saturatedness; see
for example [Poizat and Yeshkeyev 2018, Section 2.4]. We are only interested in
e.c. models, so for us it will mean the following. Constructing models of a certain
level of saturation is then standard.
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Definition 2.11. Let M be an e.c. model of some theory 7. We say that M is
k-saturated if for every A C M with |A| < k we have that a set X (x) of formulas
over A is satisfiable in M if and only if it is finitely satisfiable in M.

Fact 2.12. For any k > |A|+ |T| there is a k*-saturated N D A with |N| < 2~.

The following definitions are taken from [Ben-Yaacov 2003a; 2003c]. We added
the notion of being Boolean.

Definition 2.13. Let T be a theory and work in a monster model. We call T

e Boolean if every formula in full first-order logic is equivalent to a positive
existential formula, modulo T';

o Hausdorff if for any two distinct types p(x) and ¢ (x) there are ¢(x) & p(x)
and ¥ (x) € g(x) such that = Vx(¢(x) V ¥ (x));

o semi-Hausdorff if equality of types is type-definable, so there is a partial type
Q(x, y) such that tp(a) = tp(b) if and only if = Q2 (a, b);

e thick if being an indiscernible sequence is type-definable, so there is a partial
type ®((x;);<w) such that (a;); -, is indiscernible if and only if = O ((¢;);i<w)-

Remark 2.14. The reason for the name Hausdorff is that this corresponds to the
type spaces being Hausdorff, where formulas correspond to closed sets. The name
thick is based on the notion of thick formulas, which were originally defined in the
setting of full first-order logic (see also [Ben-Yaacov 2003c]).

The name Boolean comes from the fact that the Lindenbaum-Tarski algebra
of positive existential formulas forms a Boolean algebra, and this is in fact an
equivalent assertion. In [Haykazyan 2019] these theories are called “positively
model complete”, but we think this name is more descriptive.

Through Morleyisation, Boolean theories are essentially the same as theories in
full first-order logic, and so we will treat them as the same. The list of properties
in Definition 2.13 is really a hierarchy, so Boolean implies Hausdorff implies
semi-Hausdorff implies thick.

Definition 2.15. Let a and @’ be two tuples, and let B be any parameter set. We
write dg(a, a’) < n if there are a = ag, ay, ..., a, = a’ such that ¢; and a; 1 are
on a B-indiscernible sequence for all 0 <i < n.

Fact 2.16 [Ben-Yaacov 2003c, Proposition 1.5]. A theory is thick if and only if the
property “dg(x, x") <n” is type-definable over B for all B and n < w.

The following appears as [Pillay 2000, Lemma 3.1] and [Ben-Yaacov 2003b,
Lemma 1.2].

Lemma 2.17. Let A be any parameter set, k any cardinal, and let A = 2 yiri+1a1+cy+.
Then for any sequence (a;);<) of k-tuples there is an A-indiscernible sequence
(bi)i<w such that for alln < w there are iy <--- <i, <Awithby ---b,=sa;, ---a;,.

n
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Definition 2.18. In the notation of Lemma 2.17 we say that (b;); -, is based on the
sequence (a;); < (over A).

Often the parameter set A will be clear from the context (it will be the set that
the new sequence is indiscernible over), so we may leave out the “over A”.

Definition 2.19. We write 1, := J(«)+ for any cardinal k¥ and A7 := A7|.

Lemma 2.20. Let M be a \p-saturated e.c. model of a thick theory. Then a =y b
implies dy(a, b) < 2.

Proof. By thickness, dy(x, y) < 1 is M-type-definable. Let ¢(x, y) be a finite
conjunction of formulas in dys(x, y) < 1. It is enough to show that ¢ (x, a) A@(x, b)
is satisfiable, because then the partial type “dp(x,a) <1 and dy(x,b) < 17 is
finitely satisfiable.

Since ¢ is just a formula, we may as well assume a and b to be finite. Let m denote
the (finite) part of M that appears in ¢. By Ar-saturatedness of M there is a sequence
(@j)i<iy in M suchthata;(a;);<i=ma(a;)<; foralli <A7. Using Lemma 2.17 we
then find m-indiscernible (a}); -, based on (a;);<x,. So = ¢(a, a}), and thus there
are ip < i1 < A7 such that M |= ¢(a;,, a;,). By construction we have a;, a;, =, aa;,,
so = ¢(aj,, a). Since a =y b and a;, € M we also have = ¢(a;,, b). O

Lemma 2.21. Let T be a thick theory. Let B 2 A and k any cardinal, and set
A = A|T|+|B|+«- Then for any A-indiscernible sequence (a;); <. of k-tuples, there is
B-indiscernible (a;}); < based on (a;); <), such that d4((a;)i<y., (@})i<x) < 1.

Proof. By Lemma 2.17 there is B-indiscernible (b;); ., based on (a;);<,. Extend
this to B-indiscernible (b;); -;. Define

Y((x))i<n) =tp((Di)i<i/B)U“da((xi)i<n, (@i)i<x) <17,

and let Zo(x;,, ..., x; ) € X ((x;)i<x) be finite, only mentioning parameters in B and
a5 ...,a,. Let ji <---<j, <Abesuchthataj ---a; =pbi---b,=pb;,---bj,.
It follows from the proof of Lemma 2.17 that we may choose j; to be arbitrarily large
below A, so we may assume j; > i,. Then aj, ---a;, realises ¥y. By compactness
we find the required (a}); - as a realisation of X. O

The definition of dividing in positive theories is the same as in full first-order
logic [Pillay 2000; Ben-Yaacov 2003b]. Following [Pillay 2000] we have to adjust
forking to allow infinite disjunctions because compactness can no longer guarantee
disjunctions to be finite.

Definition 2.22. We say that a partial type X (x, b) divides over C if there is a C-

indiscernible sequence (b;); <., With by =¢ b such that | J; _, X (x, b;) is inconsistent.
We say X (x, b) forks over C if there is a (possibly infinite) set of formulas @ (x)

with parameters, each of which divides over C, such that X (x, b) implies \/ ® (x).
We write a J/‘é b(ora J/é b) if tp(a/Cb) does not divide (fork) over C.
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Remark 2.23. We have that tp(a/Cb) divides over C if and only if there is a formula
¢(x, b) € tp(a/Cb) that divides over C. This follows directly from compactness.
Note that for forking this is no longer necessarily true, because the disjunction may
be infinite so we cannot apply compactness.

For a type p over a set B and a subset A C B, the restriction of p to A is a type
over A which we denote by p|4. We recall the notions of an heir and a coheir,
which also make sense in positive logic.

Definition 2.24. Let M C B, and let p =tp(a/B) be a type over B. We say that p
is a coheir of p|y, and write a | %, B, if p is finitely satisfiable in M. We say
that p is an heir of p|y if for every formula ¢(x, y), with parameters in M, and
every b € B such that ¢(x, b) € p there is some b’ € M such that ¢(x, ") € p. In
this case we write a J/ﬁl B.

Remark 2.25. As in full first-order logic, we have A | % B if and only if B J/?w A.

In Proposition 3.13 we compare the above notions of independence further.

We recall that 2= is the set of all finite sequences of zeroes and ones. For
n,v € 2=“ we write n < v if v continues the sequence n. We write n"v for
concatenation, so for example 10 is the sequence 1 with a 0 concatenated to it.

Definition 2.26. Let T be a theory, and let ¢ (x, y) be a formula. We say that ¢ (x, y)
has SOP; if there are ¥ (y1, y2) and (a;),e2<~ such that:

(i) For every o € 2% the set {¢(x, as|,) : n < w} is consistent.

(i1) ¥ (y1, y2) implies that ¢(x, y;) A ¢(x, y2) is inconsistent, that is,

T =Vy1y2=[¥(y1, y2) AJx(p(x, y1) Aex, y2))].
(iii) For every n, v € 2=“ such that n”0 < v we have = ¥ (a,~1, a,).
We say that T is NSOP; if no formula has SOP;.

Remark 2.27. The idea of introducing the inconsistency witness ¥ (y1, y2) is due
to Haykazyan and Kirby [2021]. In full first-order logic we can just take 1 (y1, y2)
to be —=3x (¢ (x, y1) A p(x, y2)), so we see that the definitions coincide there. The
point of having v is that the inconsistency in (iii) is again definable by a single
formula for all relevant  and v. This enables us to apply compactness to make the
tree (a,)ye2<o as big as we wish.

The following lemma, or rather its contrapositive, is what will actually be useful
to us. If, in an NSOP; theory, we have two sequences that are “parallel to each other”
in a certain way then we can transfer consistency for a formula along one sequence
to the other. We will therefore give it the name “parallel sequences lemma”.
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Lemma 2.28 (parallel sequences lemma). Suppose that ¢(x, y) is a formula, and
(¢i) = (ci0, Ci.1)ier is an infinite indiscernible sequence satisfying

(1) cio=c_, ciiforalliel;

(i1) {@(x; cio0) 1 i € 1} is consistent;
(ii1) {@(x;c;1) 1 i € I} is inconsistent.
Then T has SOP;.

Proof. This is the same as [Kaplan and Ramsey 2020, Lemma 2.3] and that proof
mostly goes through. We sketch a few small changes that are needed. Obviously
we already start with an indiscernible sequence and by compactness we can freely
change the order type of I preserving properties (i)—(iii). Then in the claim in that
proof we need to make the array (a; 0, ;1) sufficiently long. This can easily be
done by elongating the original indiscernible sequence (c;). Then we can find an
indiscernible sequence based on (a;) = (a;,0, a;.1). Note that properties (1)—(3) in
that claim are preserved by this operation. The reason for all this is because we need
to start with an indiscernible sequence in [Kaplan and Ramsey 2020, Lemma 2.2]
as well. Then the rest of that proof goes through. Finally, inconsistency of
{o(x, c1.1), x(x,dy.o)} should be witnessed by some formula (similarly for [Kaplan
and Ramsey 2020, Lemma 2.2]), but the existence of such a witness easily follows
from the construction of x. O

3. Global Lascar-invariant types

The definition of Lascar strong types from the first-order setting easily generalises
to (thick) positive logic; see [Pillay 2000, Definition 3.13, Lemma 3.15] and [Ben-
Yaacov 2003b, Lemma 1.38].!

Definition 3.1. We say a and b have the same Lascar strong type over A, and write
a =3 b, if the following equivalent conditions hold:

(i) da(a, b) <n for some n < w.
(i) For each bounded A-invariant equivalence relation E (x, y) we have E(a, b).

(iii) There are Ar-saturated e.c. models My, ..., M,, each containing A, and
a=aop, ...,a, =bsuchthata; =y, , a;y forall 0 <i <n.

We write Lstp(a/A) for the =L-equivalence class of a.

Lemma 3.2. The conditions in Definition 3.1 are equivalent in a thick theory.

1Simplicity is assumed in [Ben-Yaacov 2003b, Lemma 1.38] but not used in the equivalence of
the properties we mention. It is used for what is (iii) there.
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Proof. The equivalence of (i) and (ii) is proved in both [Pillay 2000, Lemma 3.15]
and [Ben-Yaacov 2003b, Lemma 1.38]. So we prove (i) <= (iii).

(i) = (iii): Leta=ay, . .., a, =b such that a; and a; ;| are on an A-indiscernible se-
quence. Let0<i <n, let (a}) j<w be an A-indiscernible sequence with ajya; =a;a; 1,
and let M D A be some Ar-saturated model. By Lemma 2.17 and an automorphism
there is M;y1 =4 M such that (a}) j<w 18 M; i-indiscernible. So in particular
a; =m,,, ai+1, as required.

(iii) = (1): By Lemma 2.20 a; =y, a;+; implies that dy, (a;, a;+1) < 2 and as
A C M; we are done. |

Definition 3.1(iii) allows for the following definition.

Definition 3.3. Let Aut;(91/A) be the group generated by
U{Aut(im/M) : M is a Ap-saturated model and A C M}.

We call its elements Lascar strong automorphisms. It is clear that in a thick theory
a EIAS b precisely when there is f € Auty(91/A) such that f(a) = b.

Remark 3.4. If T is semi-Hausdorff we may replace “Ar-saturated model” by “e.c.
model” in Definition 3.1 and Lemma 3.2; see [Ben-Yaacov 2003c, Proposition 3.13].

Convention 3.5. Recall that a global type is a type over the monster model 1.
Building on Convention 2.10 about the monster model, we will use lowercase Greek
letters «, B, . .. for realisations of global types (in a bigger monster).

Definition 3.6. A global type ¢ is called A-Ls-invariant, short for A-Lascar-
invariant, if for a realisation « |= g we have that b =4° b’ implies ab =1* ab’.

Note that this definition does not depend on the choice of «. If o’ is any other
realisation of g, then @ =gn «’. So there is an automorphism f of the bigger
monster over 9 with f(a) = . So if b =5* b’ then ab =4° ab’ and therefore
f(a)f () EI;S(A) f (@) f(b), which is just a’b EIAS a'b’, since f fixes 9.

Remark 3.7. Let g be any global type in a thick theory, let « |= ¢, and let A be any
(small) parameter set. Then there is a € 9t with a EIA‘S «. To see this, let M O A be
a Ar-saturated model, and take any a = g|y.

Lemma 3.8. Suppose that q is a global A-Ls-invariant type in a thick theory. Then:
(1) For any f € Aut(Mt/A) the type f(q) is A-Ls-invariant.
(ii) Forany B 2 A, q is also B-Ls-invariant.

Proof. Point (i) is straightforward. We prove (ii). Let o |=¢ and b =’ b’. Then there
are Ar-saturated models My, ..., M,, all containing B, and b = by, ..., b, = b’
such that b; =p,,, biy1 for all 0 < i < n. Letting 0 <i < n, it is enough to
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oy abiy1. We have b; M1 = b1 M; 1, so by A-Ls-invariance,
ab; M; 1 =5 ab; 1 M; 1, which implies the desired result. O
Lemma 3.9. Let T be thick, and let p =tp(a/B) be a coheir over M C B. Then
there is a global M -Ls-invariant type extending p.

Proof. Define

show ab; =y,

I'(x)=px)U U{dM(xc, xc)<1l:c,c e Mwithdy(c, ) <1}

We claim that I"(x) is consistent. For finite po(x) € p(x) there is d € M such that
d = po. Then for any ¢ and ¢’ with dy(c, ¢’) < 1 we have that dy;(dc, dc’) < 1
because d is in M. Any maximal extension of I"(x) will be a desired global M-Ls-
invariant type. U

Definition 3.10. For A C B we say that Lstp(c/B) extends Lstp(c’/A) if ¢ Eks c.

Corollary 3.11. In a thick theory we have that Lstp(a/M) extends to a global
M -Ls-invariant type for any a and M.

Proof. By Lemma 3.9 we have that p = tp(a/M) extends to some global M-Ls-
invariant type ¢. For « |=¢q let o’ EIX/IS a. Then there is f € Aut(Mt/M) such that
f(a’) =a. So by Lemma 3.8(i), f(g) is global M-Ls-invariant and is exactly what
we need. [l

Definition 3.12. For a type p = tp(a/Cb) write a \|/"CLS b if there is a global
C-Ls-invariant extension of p.

Proposition 3.13. In any thick theory T we have
alsb = aJ/iCLSb = a\Lgb = aJ/‘éb.

Proof. This is standard, but we write out the arguments to check they hold with
the slightly changed definitions for positive logic. The first implication is precisely
Lemma 3.9, while the last implication is direct from the definition of dividing and
forking.

We prove the middle implication. Assume a \J/iCLS b and suppose for a contradic-
tion that p(x) =tp(a/Cb) forks over C. Let ®(x) be a set of formulas that all divide
over C such that p(x) implies \/ ®(x). Let g be a global C-Ls-invariant extension
of p, and let o = ¢g. Then there must be ¢(x,d) € ®(x) such that &= ¢(«, d).
Let (d;)i<e be C-indiscernible with dy = d. For all i < » we have d =g d; and
thus ad EI&S ad;. So in particular @ = {¢(x, d;) : i < w}, which contradicts that
¢(x, d) divides over C. O

In the remainder of this section we will develop tensoring of global Ls-invariant
types. This comes down to verifying that the usual constructions for global invariant
types (see, e.g., [Simon 2015, Section 2.2.1]) work when we carefully replace types
by Lascar strong types everywhere.
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Lemma 3.14. Suppose that T is thick, q is a global A-Ls-invariant type and
p = Lstp(a*/A). Then, for B = q, the set

R, ,(A) ={(a,b) e M:a =5 a* and b =5, B}
is (the set of realisations of ) a Lascar strong type over A.

Proof. Clearly this does not depend on the choice of a* or 8. The set is nonempty,
as for any b =12 . B we have (a*, b) € R, 4(A).

Let (a, b), (@', b') € R, 4(A). Then a =L a* =L¥ o/, so by A-Ls-invariance
ab = ap =L a’p =L a’b’. Conversely, suppose (a, b) € R, ;,(A) and ab =L a'b'.
Then o’ E];\S a EIZS a*. Furthermore, by A-Ls-invariance Sab E];\S Ba’'b’, so applying
an automorphism to b E];Cl B we get b’ E];‘su, B and thus (a’, ') € R}, 4, (A). O

Theorem 3.15. Suppose T is thick with global A-Ls-invariant types q and r. Then
there is a unique global A-Ls-invariant type q @ r such that forany a =q, B =r
and (o', B") = q ®r, the following are equivalent for all B 2 A and all a and b:

() ab =% o'p.

s —Ls _Ls
(i) a =F a and b =},

In particular, this implies that also o' |=q and B’ =r.

Proof. Throughout, let « =g and B =r. For B © A, denote by gp the Lascar
strong type Lstp(c/ B). By Lemma 3.8(ii) and Lemma 3.14, we have a well-defined
Lascar strong type Ry, ,(B).

Claim. For A C B C C we have Ry ,(C) C Ry, (B).

Proof of claim. Let (a, b) € Ry ,(C). Then a EIES o and b Elésa B. Hence a EIES o
and b =5 B, so (a, b) € Ry, »(B). O

For M © A a Ar-saturated model R;,, (M) corresponds to the usual syntactic
type over M. So viewing Ry, ,(M) as a set of formulas over M, we get, by the
claim, that the following is a well-defined global type:

qgRr = U{RqM,,(M) : M is a Ap-saturated model and A C M}.

First we verify that ¢ ® r satisfies the universal property we claimed. So let
@,8)Eqg®rand B2 A. Let M O B be a Ap-saturated model and pick
a'b’ EIMS o'B’. Then by construction (a’, b’) € Ry, (M) and so by the claim
(a’,b") € Ry, »(B). Soforany a and b we have ab z]és o' B’ if and only if ab 51;95 a'b’
if and only if (a, b) € Ry, -(B) if and only if a z]és o and b z]ésa

Uniqueness follows because any global type satisfying this universal property

must restrict to R, ,(M) = (g ® r)|y for all Ar-saturated M 2 A.
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Finally we prove A-Ls- invariance Letd = —LS d’, and pick a and b in 91 such
that ab = _Add, a'B.Soa= _Add, a' and thus, by A Ls-invariance of ¢,

ad = d'd =5 o'd' = ad'.

Then A-Ls-invariance of r gives us f'ad =4* f'ad’. From the un1versa1 property
we get b E]Aiid/a B, so abd =% abd’. Because, by assumption, ab = _Add, a'Bl, we
conclude that o’8’d E';‘s o’ B’d’ and we are done. O

Lemma 3.16. For any global A-Ls-invariant types p, q, r in a thick theory we have:

(i) Associativity: (p ®@q)Qr=pQ(q®r).
(if) Monotonicity: For any q'(xo) = q(x0, x1)|x, € q(x0, x1) and any r'(yo) =

r(%0, Y ly, S 7 (¥0, y1), we have ' @ r' Cq®r.

Proof. (i) Let (o, B, ¥) E(p®q)Q®r and (', B, ') E pR(q®r). We will prove
that aBy =5 o/ 'y’ for all B D A. Letabc =5 afy. Then b =% Band c =L, -
—Ls

So we have bc =Ls * B'y’. Since also a =j° o we thus conclude that abc = —Lg a'B'y

(i1) Let («, B) = ((xo, @1), (Bo, B1)) Eq®r, and let ab = =Ls 5 aff, where B DAis
arbitrary. Then in particular ag = =Ls 5 oo and by = —L* ,80 Soifwelet (o, B') =q’ @71
then o By = —B S apby = —L“ a'pl. So (a0, Bo) E 4’ ® r’ and we are done. O

Definition 3.17. For a global A-Ls-invariant type, we define ¢®? for an ordinal
8 > 1 by induction as follows:

° q®1 :q,
. q®5+1 — q®3 ®q,
o ¢® = Uy<8 g®” when § is a limit.

A Morley sequence in g (over A) is a sequence (a;); <5 such that (a;); <5 EIAS (aj)i<s,
where (o;);<s = ¢%°.

Note that we define Morley sequences in terms of Lascar strong types here.
So saying that (a;); <, is a Morley sequence in g over A is generally a stronger
statement than just saying (a;); <. = g®%|4. Of course, if A is a A7-saturated model
in a thick theory then the two coincide.

Lemma 3.18. Suppose that q is a global A-Ls-invariant type, and let (a;); 5 = g®°
Then for any strictly increasing sequence (in)y<y in 8 we have that (¢, )y<y = q®".

Proof. From the construction of ¢®? it is clear that for y < § and («;)i<s = ¢®°
we have (o)<, = q%7.

We prove the lemma by induction to y. The base case and the limit step are
easy, so we prove the successor step. So suppose that («;, )<y = q®”. We will
prove that (oz,-n)nqa[y EIES a.ya, forall B 2 A. Let as, E]és o<i, Then in

particular (a;, ), <y EI;; (i, )<y and a;, EIés(a, «;,. By the induction hypothesis

';7)n<y
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and the universal property this means (ai,)n<yai, EIES a -, a,, which concludes the
successor step. U

By Lemma 3.18, (a;)i<s = ¢%°|4 if and only if (a;,, ..., a;,) = q®"|a for
alli; < .- <i, <§. From this perspective it makes sense to make the following
convention, even though we technically have not defined ¢g®’ for arbitrary linear
orders /.

Convention 3.19. Let / be any linear order, and let ¢ be a global A-Ls-invariant
type. Then by (a;)ic; = g%’ |4 we mean that for any i; < --- < i, in I we have

@iy, .-, ai,) Eq®"|a.

Proposition 3.20. For any Morley sequence (a;); s in a global A-Ls-invariant
type q the following hold:

(1) Foralli <6, a; EI;‘Z«_ o, where o = q.
(1) (a;)i<s is A-indiscernible.

Proof. We first prove (i). Let («;)i<s = q‘g"S and i <. Then a_;a; EI/;S oo, As
ai; = q® ®q, the universal property yields a; =% a;, as required.

For (ii), consider any i} < --- <i, <§. By Lemma 3.18, o, - - - 0j, = o1 - - - @y,
so in particular o, - - - o, E]/;S oy -0y, As (a;)i<s =4 (a;)i<s, we conclude that
Qi -+ Qi, =441 ay. ([

4. Kim-dividing

The idea of Kim-dividing is to restrict dividing witnesses to nonforking Morley
sequences. Proving the existence of such sequences over arbitrary sets turns out to
be difficult, and is in fact an open problem for NSOP; theories in full first-order
logic; see [Dobrowolski et al. 2022, Remark 2.6, Question 6.6]. In [Kaplan and
Ramsey 2020] this is solved by using Morley sequences in some global invariant
type. In full first-order logic any type over a model extends to a global invariant type.
In positive logic we need to assume the theory to be semi-Hausdorff to find global
invariant extensions [Ben-Yaacov 2003c, Lemma 3.11], because they may not exist
otherwise (see Section 10A). In the more general setting of thick positive theories
we can always find global Ls-invariant extensions and the notion of a Morley
sequence makes sense in such a global Ls-invariant type; see Section 3. Since we
can generally only extend types over e.c. models to global Ls-invariant types, we
will consider Kim-dividing only over e.c. models (compare Question 10.21).

Definition 4.1. Let X (x, b) be a partial type in a thick theory, possibly with param-
eters in M, and let g be a global M-Ls-invariant extension of tp(b/M). We say that
X (x, b) g-divides over M if for any (equivalently, some) Morley sequence (;); <
in g (over M) the set | J.__ = (x, b;) is inconsistent.

i<w
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By compactness g-dividing does not depend on the length of the Morley sequence,
as long as it is infinite.

Proposition 4.2. Let T be thick, let g be a global M-Ls-invariant extension
of tp(b/ M) and write p(x, y) =tp(ab/M). Then the following are equivalent:

(1) The type p(x, b) does not q-divide.

(ii) For any f € Aut(MM/M) the type p(x, b) does not f(q)-divide.

(iii) For any (equivalently, some) (b;); <o = q®°|m the set |
tent.

i< D(x, b) is consis-

(iv) There is an Ma-indiscernible sequence (b;); -, = ¢®®|y with by = b.

Proof. (i) <= (ii) <= (iii): This follows because consistency of | J,_,, p(x, b;)
only depends on tp((b;); </ M), together with the fact that given a Morley sequence
(bi)i<w In g we have that (f(;))i <, 1s a Morley sequence in f(g).

(1) = (iv): Let (b;); ;. be a Morley sequence in ¢ for big enough . Let a* realise
U, <x p(x, bi), and let (b)); -, be Ma*-indiscernible, based on (b;); <. So there
is i < A such that a*by =y a*b; =y ab. Let (b!);~., with b = b be such that
a(b)i<w =m a*(b))i<w. Then (b)), ., is Ma-indiscernible. Furthermore, since
(bi)i <, was already M-indiscernible, we have (b)); < =m (0})i<w =m (bi)i<w» O
(b;/)i<a) |: q®w|M-

(iv) = (iii): For such an Ma-indiscernible sequence (b;); <, we have, for all i < w,
ab = aby =y ab;. So a realises | J;_, p(x, b;). O

Proposition 4.3. Let T be thick, let ¥ (x, b) be a partial type with parameters in M,
and let q be a global M-Ls-invariant extension of tp(b/M). If X(x, b) does not
q-divide over M then there is a complete p(x, b) 2 ¥ (x, b) that does not q-divide
over M.

Proof. Let (b;); <5 = q¢®*|y with bg = b. Then there is some a = Ui<k Y(x, b;).
Then, assuming we chose A large enough, there is some ip < A such that for infinitely
many i < A we have ab; =y ab;,. Set p(x, y) =tp(ab;,/M). Then p(x, b;,) does
not g-divide, while also X(x, b;;) € p(x, b;,). By invariance p(x, b) does not
q-divide. U

The following lemma is the core of the connection between Kim-dividing and
NSOP; theories. It tells us that g-dividing does not depend on the global Lascar-
invariant type g. More discussion on the origins of this lemma can be found in
[Kaplan and Ramsey 2020]. Briefly put, Kim [1998, Proposition 2.1] proved that
in simple theories a formula divides with respect to every Morley sequence if and
only if it divides with respect to some Morley sequence. The lemma below is an
analogue of that for NSOP; theories.
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Proposition 4.4 (Kim’s lemma). If T is thick NSOPy, then q-dividing does not
depend on q. That is, if ¢ and r are global M -invariant types extending tp(b/ M)
then a partial type X (x, b) g-divides if and only if it r-divides.

Proof. This is essentially the proof of [Kaplan and Ramsey 2020, Proposition 3.15],
adapted to the thick positive logic setting. By Proposition 4.2(ii) we may assume
that ¢ and r extend Lstp(b/M). Suppose that X (x, b) does not g-divide, while it
r-divides. We will prove that T has SOP;. Let D)icw = (bi,0, bi.1)i<w be a Morley
sequence in ¢ ® r. By Lemma 3.16(ii) and induction, (b; )<, and (b;,1)i<. are
Morley sequences in g and r respectively.

Since X (x, b) r-divides, the set Ui<w ¥ (x, bj 1) is inconsistent. So by com-
pactness there is an M-formula ¢ (x, y) € ¥ (x, y) such that {¢(x, b; 1) : i < w} is
inconsistent. Because X (x, b) does not g-divide we have that {¢(x, b; o) :i < w}
is consistent.

We wish to apply the parallel sequences lemma (Lemma 2.28) to ¢(x, y) and
(b;)i <w», where P carries the opposite order of w. So we are left to prove that
bi o =\b., b; 1 foralli < w. We do so by proving that bi,o(la_i)i<j<n =y bi (b_i)i<j<,,
foralli <n <w. Let (B))i<w = (¢ ®r)®”. By Lemma 3.16(i) we have (¢ ®r)®" =
(@OnN® ' ®(q®r® "1 So we have B, = (@ ®(q®r)® ! and
because b, =5 B, we have (Ej)i<j_<n Elﬁgq (,B_j),-<j<_n. Asbig=5 b=t by,
we get, by M-Ls-invariance, that b; o(8)i<j<n EIMS bi1(B})i<j<n-. Putting the two
together yields the required result. U

Definition 4.5. We say X (x, b) Kim-divides (over M) if it g-divides for some
global M-Ls-invariant g that extends tp(b/M). We write a J/IIE[ b when tp(a/Mb)
does not Kim-divide over M and call this Kim-independence.

Remark 4.6. By Lemma 3.9 we can extend any type over an e.c. model M in a
thick theory to a global M-Ls-invariant type. So assuming NSOP;, we have by
Proposition 4.4 that tp(a/M b) Kim-divides if and only if it g-divides for any global
M -invariant extension g of tp(b/M).

In some constructions it will be necessary to stay within the same Lascar strong
type. For this we introduce the technical tool of g-Ls-dividing.

Definition 4.7. Let T be thick, and let ¢ be a global M-Ls-invariant extension
of Lstp(b/M). We say that Lstp(a/Mb) does not q-Ls-divide (over M) if there is
a Morley sequence (b;); <, in g with by = b that is M a-indiscernible.

Remark 4.8. The length of the Morley sequence does not matter in Definition 4.7,
as long as it is infinite. However, the argument here takes a little more care than for
g-dividing.

One direction is clear: if there is an Ma-indiscernible Morley sequence (b;); s
in g for some § > w, then we can just take an initial segment. For the other direction
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we let N D M be Ar-saturated and (b;); <o, = ¢®“|n. Then (b;); -, is a Morley
sequence in ¢g. Applying a Lascar strong automorphism we find a’bg EI];; ab such
that (b;); <, is Ma’-indiscernible. Let n be such that dy; (a’bg, ab) < n. Consider

the set of formulas
g% |5 (0)i<s) U “(xy;)is is M-indiscernible” U dy (xyo, ab) < n.

This set is finitely satisfiable, and hence it has a realisation. So we find an Ma"-
indiscernible Morley sequence (b)), <5 in g with a”b;, Eljj ab. The result follows

by applying a Lascar strong automorphism.

Lemma 4.9. Let T be thick, and let q be a global M-Ls-invariant extension
of Lstp(b/M). A type p = tp(a/Mb) does not q-divide if and only if there is a
realisation a’ |= p such that Lstp(a’/ Mb) does not q-Ls-divide.

Proof. The right-to-left direction is clear by Proposition 4.2(iv). For the other direc-
tion we let (b)), ., be a Morley sequence in g with b, = b. By Proposition 4.2(iv)
there is (b;); < = q®?|y that is Ma-indiscernible with by = b. Pick a’ such that
a'(bl)i<w =m a(b;)i <, and we are done. O

Corollary 4.10. Let T be thick, and let q be a global M-Ls-invariant extension
of Lstp(b/M). Suppose that there is M € N C b such that N is Ar-saturated. Then
tp(a/Mb) does not g-divide if and only if Lstp(a/Mb) does not g-Ls-divide.

Proof. By Lemma 4.9 we only need to prove the left-to-right direction. So sup-
pose that tp(a/Mb) does not g-divide. Then there is a’ with a’ =, a such that
Lstp(a’/Mb) does not g-Ls-divide. In particular, we have that a’b =y ab, so
a'b EIMS ab. It follows that Lstp(a/Mb) does not g-Ls-divide. U

Proposition 4.11. In a thick NSOP; theory Kim-independence always satisfies the
following properties:

(1) Strong finite character: If a \,j//ﬁ b, then there is a formula ¢(x,b, m) in
tp(a/Mb) such that for any a’ = @(x, b, m) we have a’ \,J//fl b.

(i) Existence over models: a \]/1"(/[ M.

e K K
(iii) Monotonicity: aa" |} bb'=>a | ;,b.
Proof. All follow directly from the definitions, using compactness for (i). ([l

Remark 4.12. Let T be a thick theory. Then Kim-dividing implies dividing because
any Morley sequence in some ¢ is in particular an indiscernible sequence. So by
Proposition 3.13,

allb = a\L;/L[sb = a\ij;/[b = a\L‘If/Ib = a\LIIf/Ib.

Proposition 4.13. Let T be a thick theory and M an e.c. model of T, and let a, b, ¢
be tuples. Let also q(x, y) be a global M-Ls-invariant extension of Lstp(bc/M)
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and write r(x) = q|. If Lstp(a/Mb) does not r-Ls-divide then there is c*b =53 cb
such that Lstp(a/Mbc*) does not q-Ls-divide.

Proof. Let (b;, ¢i)i<) be a Morley sequence over M in g for some big enough .
Since (b; ),< » 18 a Morley sequence over M in r and Lstp(a/Mb) does not r-divide
there is @’ with a’by =1 1 ab such that (b;); <, is Ma’-indiscernible.

Let f e Autf(i)ﬁ/M) be such that f(a’bg) =ab and put (b, c) = (f(b;), f(ci)).
Then b6 =b, (b )i<x 1S Ma-indiscernible and (bl, ,)1<A is a Morley sequence
over M in q.

Let M’ O Ma be Ar-saturated and use Lemma 2.21 to find M’-indiscernible
(b}, c}')i<; based on (b}, ¢}); <) and such that dp (b}, c/')i<x, (b}, c})i<x) < 1. In
particular, (b, ¢);<; is a Morley sequence over M in q. Let i < A be such
that b =y b}. Then b =% bl =13 b, =b. So there is g € Aut;(9/Ma) such
that g(b)) = b. Set c* = g(c ) SO bc* = s L bycy =5 bjcy =55 boco =55 be. Finally,
since (g(b}), g(c!))i<y is a Morley sequence over M in g starting w1th bc* that is
M a-indiscernible, we conclude that Lstp(a/Mbc*) does not g-Ls-divide. U

Corollary 4.14 (extension). In a thick NSOP, theory we have that if a \LII‘(/I b then

+o o —Ls K /
for any c there is ¢’ =y, ¢ such thata |, bc'.

Proof. We first prove a weaker version where we conclude ¢’ =y, ¢ instead of

r —Ls
C =up C.

Let g(x, y) be an M-Ls-invariant extension of Lstp(bc/M) and write r(x) = g/,
where x matches b. Sincea | 1[\(/1]7 there is a’b =y ab such that Lstp(a’/ M b) does not
r-Ls-divide. By Proposition 4.13 we thus find bc* E]‘A’/[S be such that Lstp(a’/ Mbc*)
does not g-Ls-divide. Letting ¢’ be such that abc’ =y a’bc*, then ¢’ satisfies
a \J/11\</1 bc’ and furthermore we have bc’ =y bc* =y be.

Now we use the weaker version to prove the full version. Let N © Mb be some
Ar-saturated model. By the above we can find N’ =y, N such that a \Lﬁ N'. Then
using the above again we find ¢’ =y ¢ such that a \Lﬁ N’¢’. Since Mb C N’ we
thus get ¢’ =7, c and a | X bc’, as required. O

5. EM-modelling and parallel-Morley sequences

In this section we will introduce some tools which will be useful later in certain
tree constructions.

Definition 5.1 [Kim et al. 2014, Defintion 2.1]. The Shelah language
Ly ={<, A, <texs (Pa)a<w)

consists of binary relation symbols < and <, a binary function symbol A,
and unary relation symbols P,. We will consider a tree w=* (with k < w) as
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an Lg-structure, where < is interpreted as the containment relation, <jex as the
lexicographic order, A as the meet function and P, as the «-th level of the tree.

Definition 5.2 [Kim et al. 2014, Definition 3.7]. Let I be an arbitrary index structure
and C an arbitrary set of parameters. The EM-type of a tuple A = (a;);c; over C is
the partial type in variables (x;);c;, consisting of all the formulas of the form ¢(x;)
over C (wl_lere i is a tuple in 1) satisfying the fo}lowing property: |= ¢(a;) holds
whenever j is a tuple in I with qftp,(j) = qftp;(i). We let EM;(A/C) denote this
partial type.

In particular, we write EM(A/C) (respectively, EM_(A/C)) for EM;(A/C),
where [ is considered as an Lg-structure (respectively, a {<}-structure).

Definition 5.3. Let I be an index structure, and let A = (a;);c; and B = (b;);cs be
I-indexed tuples of compatible parameters. We will say that A is EM;-based on B
over Cif EM;(A/C) 2 EM;(B/C).

Corollary 5.4. If A is any set of parameters, then for any compatible sequence
(a;)i<w there is an A-indiscernible sequence (b;); .., which is EM_-based on
(a;)i <o Over A.

Proof. By compactness there is a sequence (a;); <y, +1q1 Which is EM-based
on (a;)i<, over A. Then by Lemma 2.17 there is an A-indiscernible sequence
(b;)i <w Which is EM_-based on (at{)i<)~\Tl+\A|+\a0\ over A, hence EM_-based on
(a;)i<q Over A. O

In what follows we consider w=F as an L;-structure (see Definition 5.1). We

will only work with trees of width w, as we will only need those, but everything
naturally works for arbitrary (infinite) widths.

Definition 5.5. We call a tree (ay),c,,< s-indiscernible over C if for any 7, v C w=k

such that 7 =4 v we have that a; =c a;.

Lemma 5.6. Suppose n = (o, ..., Mn—1) =gt ¥V = (Vo, ..., Vu_1) are tuples of
elements of w=* for some k < w. Then there exists a sequence I of n-tuples of

elements of w=F such that ij ~ I and v ~ I are qf-indiscernible sequences in w=*.

Proof. Letl < w be such that n,v C {T} U {E e w\{2) 1 £(0) < l}. For every
0 <m < w choose a tuple x™ C {F}U {5 € wfk\{g} ml <&0) < (m+ 1)1} such
that x™ =qr ) =4 v (for example, for every n’ < n put x7(0) = 1,/(0) + ml and
X, (1) = nu (i) for every 0 < i < k). Finally, put I = (x")o<m<w- O

Corollary 5.7. If T is thick then s-indiscernibility is type-definable, i.e., for every
k < w and a tuple of variables y there is a partial type 7t ((xy),cp=t, y) over &
such that for all D with |D| = |y|, ((ay)yecn=+> D) E 7 if and only if (ap)peq=x is
s-indiscernible over D.
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More specifically, we can take 7w ((xy),ecn=t, y) t0 be the partial type that ex-
presses that for any (no, ..., Mn—1) =¢t (Vo, ..., Vu—1) the Lascar distance of
(Xngs -+ Xy,_y) and (Xyg, ..., X,,_,) over y is at most 2.

Proof. Let be as above. Consider arbitrary (a,),e,=< and D. If ((a;) eq=t, D) =7
then (ay),cq=+ 1s indiscernible over D, as being at Lascar distance at most 2 over D
implies equality of types over D.

Conversely, if ((a;),en=t, D) is s-indiscernible over D and

7_] = (r}Ov R ] 77”—1) qu]_) = (VO, R ] Vn—l)’

then with / = (X")o<m<e given by Lemma 5.6 we have that a; ~ (a5m)o<m<w
and a; ~ (azm)o<m<e are both indiscernible sequences over D, so a; and a; are at
Lascar distance at most 2 over D. O

We now adapt the proof of [Kim et al. 2014, Theorem 4.3] to obtain the EM;-
modelling property for positive logic.

Proposition 5.8. Suppose T is thick and consider an arbitrary set of parameters D
and k < w. Then for any tree A = (ay),c=t of compatible tuples there is an
s-indiscernible over D tree C = (¢y)peq=t which is EMg-based on A over D.

Proof. We proceed by induction on k. The case k =0 is trivial. Suppose the assertion
holds for some k and consider any A = (a;),e,=++1. For any i < w consider an
w=*-indexed tree A; := (@i~p)pew=t- Using the inductive hypothesis we choose
inductively for each i < w a tree B; = (b;),en=+ Which is s-indiscernible over
DagB_;A-; and EM;-based on A; over DagB_;A-;. Let B = (by),c,=++1, Where
by =az and b; ¢ = bé for every i < w and & € w=.

Claim. B; is s-indiscernible over DbgB; for every i < w.

Proof of claim. Fix i < w. We will show by induction on j that B; is s-indiscernible
over Dby BBy --- Bj_1A>j for every j > i, which is enough by Corollary 5.7.
For j =i+1 this follows directly from the choice of B;. Now suppose the assertion
holds for some j > i. By Corollary 5.7 there is a type 7w((xy)yeqs<k, y) Over
D' :=DbgB_;Biy1---Bj_1A., where ¥ = (y;)cp=t» €xpressing that (x;), e,z
is s-indiscernible over D'y. Then B;A; = m. Note that the type m(B;, y) is
invariant under all permutations of y, and therefore if ¢ (yy,, ..., yy,_,) € T(B;, y)
then @ (yvy, ..., yv,_,) € tp(A;/D'B;) for all vy, ..., v, € o=k In particular,
7(Bi, y) €EM;(A;/D’'B;). Thus, by the choice of B;, we have that 7(B;, y) €
EM;(B;/D'B;), so in particular B; B j E=m. Hence B; is indiscernible over D'B =
DbyB_;Biy---BjA- 1, as required. |

Claim. B is EM;-based on A over D.
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Proof of claim. Consider any i <w and the trees E = (e;) jep=t+! and F = ( f})) jew=k+!
given by

bj~, for j<i, bj~, for j<i,

and fj~, = {

€g=f@=a@, ej/\nzi

aj~, for j>i, aj~, for j>i.

We will prove that 7y :=EM; (E /D) C EM(F /D) =: 1, which clearly is sufficient
to prove the claim. Let X = (x;), .=+ be a tuple of variables compatible with
the a,’s. We naturally view 7o and 71 as partial types in the variable x. Consider
any formula

O(Xgs v s Xy Xyyys -+ X)) € 0

over D with
no,....mEeKi={i~E:£E€w=*} and i, ..., 0 € 0STN\K;.
We will be done if we show
Eo(fags -5 fop)-
Write n, =i ~& forr=0,1,...,1. Foranyé(’),...,gl/ewfkwith

qftp; (&, - --. &) =dftp; (%o, .. .. &),

we have
aftp, (o, - .., nr) =qftp, (i ~&o, ..., i ~ &, nig1, .-y M)
= qftpLJ(i m 567 ey i m sl/’ T]l+17 ey nl/)v
S0, as ¢ € mp, we get that = (p(e,-m%, ey CinEl s e ey, ). This shows that
(p(yé(p R yéla e?71+1’ L] enl/) € EMS(Ai/a®A<iB>i)9
where A; is naturally indexed by w=%, so, by the choice of B;, we get that
= (p(bgo, e, bé{, Chpprr e s Cnp)
Because
(bé'ov ceey bé:[v e)’}prlv ey 6171/) = (.f.l"\%'()’ ] f\l.’\’;:[v fer]s L) fT]//) = (fT]()v ety fm/)v
this means that = @(fy,, ..., fy,). as required. (I

By Corollary 5.4 we find a sequence (C;); <, = ((C;)nEwsk)i<w which is EM_-
based on (B;); <, over Dby and indiscernible over Dbg. Let C = (cy),cqsk+1 be
given by ¢y = by and ¢ ¢ = cg for any £ € =¥ and i < w. By the first claim
on page 76 and Corollary 5.7 we get that C; is s-indiscernible over C; Dcy for
every i < w, which, together with Dcg-indiscernibility of (C;); <, easily gives
that C is s-indiscernible over D (as in [Kim et al. 2014]). It is left to prove:

Claim. C is EM-based on B (and hence on A) over D.
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Proof of claim. Consider any formula ¢(x; ¢, ..., Xi~g, X3) € EM(B/D)
with iy,...,i; € w and &, ..., & € w=F. Then for every ji,..., ji € o with

aftpy G, - - -+ Jo) = qftp (i1, - - ., is), we have that
aftp, (1 ~ &1, oo i~ &, D) =qftp, (i1 ~ &1, oo 1~ &1L D),
s0 = @b~ - bj~g, by). This means that

(p(xilf\g]a cee -xi[f\éla b@) € EM<((Bl)l<w/b®D)a

and therefore, by the choice of C, we have that = ¢(cj ¢, ..., ¢i;~g, c»), and
thus @ (x;,~¢,, ..., Xi,~g, Xz) € EM(C/D), as required. O

Definition 5.9. Let / be a linearly ordered set. For a global M-Ls-invariant type ¢,
we will call a sequence (a;);c; a parallel-Morley sequence in q over M if there is
some (b;)jer = g®! |y such that the pair (a;, b;) starts an Ma- ;b ,-indiscernible
sequence for every i € 1. We will say that (a;);c; is a parallel-Morley sequence
in tp(a/M) if it is a parallel-Morley sequence in some global M -Ls-invariant type
q 2tpla/M).

In the semi-Hausdorff case we can replace the condition “(a;, b;) starts an
Ma. ;b ;-indiscernible sequence” by “a; =p,_,b., bi”. The reason for which we
need the stronger condition in thick theories is that equality of types is not necessarily
type-definable there, so some of the compactness arguments below would not work
with the weaker condition.

Note that a parallel-Morley sequence is not required to be indiscernible. The rea-
son for the name “parallel-Morley sequence” is because such a sequence is parallel
to a Morley sequence, in the sense of the parallel sequences lemma (Lemma 2.28).
We make this precise in Corollary 5.11, for which we first slightly reformulate the
parallel sequences lemma.

Lemma 5.10. Let T be thick and suppose ¢(x, y) is a formula and (c; 0, ¢i1)ier IS
an infinite sequence of pairs with (c; 1);e; indiscernible, such that

(1) foreveryi € I, the pair (c;i 0, ci,1) starts a c=; oc~; 1-indiscernible sequence;
(i) {e@(x; cio) : i € I} is consistent;
(iii) {@(x; ci1) 1 i € I} is inconsistent.
Then T has SOP;.

Proof. We may assume the tuples ¢; o and ¢; 1 to be finite. As (c; 1);es is indiscernible
and {@(x, c;1) : i € I} is inconsistent, there is some ¥ (y1, ..., yx) that implies
—Ix(@(x, y1) A--- Ap(x, y¢)) such that for any i < --- < iy € I we have
¥(ci 1, ..., Ci,1). Call this ¥-inconsistent. By compactness there is a sequence
of pairs (¢';)j s, = (clf’o, C§,1)i<kr such that (Cz/',o’ cl’.’l) starts a ¢’-;-indiscernible
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Figure 1. An example of #;’s from Definition 5.12.

sequence for every i <Az, {@(x, ¢; o) i <Ar}isconsistent and {¢(x, cl’.’l) i <At}
is ¥-inconsistent. Then an indiscernible sequence based on (E/i)i<kT will satisfy
the assumptions of Lemma 2.28, so T has SOP;. (Il

By Kim’s lemma (Proposition 4.4) and Lemma 5.10 we easily get the following.

Corollary 5.11. Suppose T is thick NSOP;| with an e.c. model M, ¥ (x,b) is a
partial type, I is an infinite linearly ordered set, and (b;);c; a parallel-Morley
sequence in tp(b/M). If | J{Z(x, b;) : i € I} is consistent then (x, b) does not
Kim-divide over M. If (b;);c; is indiscernible over M, then the converse also holds.

Definition 5.12. Let M be an e.c. model and g a global M-Ls-invariant type.

(i) We say that a tree (cp)peqn=t 1 g-spread-out over M if for any n; € o',
n € w?, ..., Nk € @ such that

M >lex 12 >lex - >lex Ik and (VI <I' <k)(qyy Ay € '™,

we have that (¢, ..., ¢;,) is a Morley sequence in g over M.

(i) We say that (c;)yeq= is weakly q-spread-out over M if (cy,, ..., cy) = g% u
for n;’s as in (i).

Clearly g-spread-outness implies weak g-spread-outness. We will freely use the
above definition for trees of parameters indexed by trees naturally isomorphic to
trees of the form /=K', e.g., subtrees of w=* consisting of all nodes extending a
fixed node.

The point of the conditions on the 7;’s in Definition 5.12 is that this is quantifier-
free definable by an L -formula. This is useful for preservation when EM;-basing

trees on one another, as we do in the following lemma.

Lemma 5.13. Let k be a natural number, M an e.c. model and q a global M -Ls-
invariant type.

D) If ((Cinp)pew=—1)i<w is a Morley sequence in a global M-Ls-invariant type
r(x,z) 2 q(x) over M, where x corresponds to the elements c; and where
(Co~n)news=k-1 IS q-spread-out over M then also (cp),cn=+ IS q-spread-out
over M for any choice of root cg.
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Morley sequence in r(x, z

parallel-Morley in ¢

Fq 0 | 1

Figure 2. Lemma 5.13(i), left, and Lemma 5.13(iii), right.

(i) If (cy)pew=x is weakly q-spread-out over M and

(c;))nea)fk ':EM? ((cn)nea)fk /M) P
then also (c;})newgk is weakly q-spread-out over M.

(i) If (cy)yew=x is weakly q-spread-out over M and s-indiscernible over M, then
for a; = co-i we have that (a;); <k is a parallel-Morley sequence in g over M.

Proof. (i) Let g € 0¥, ..., 1 € ' be such that
M >lex - >lex e and (VI <l <)y Am € o),

We will prove that (cy,, ..., ¢, ) is a Morley sequence in g. For each ¢ > 2, let
B¢ € w' be such that , > B,. For every £ > 2, we have by assumption that
m Ane =mli = B2, and hence By = B =: B (and 7y >1ex B a8 N1 >1ex 72). In

particular, (cy,, ..., ¢y,) is contained in (CﬁAn)neng, which has the same Lascar
strong type over M as (Co~p)yepst-1- S0, a8 (Co~p)yep=t-1 18 g-spread-out by
assumption, (cy,, ..., ¢y,) 18 a Morley sequence in g. As ((Ci~y)pep=t-1)i<w 18 @

Morley sequence in r, we have that (¢;, ~,),ep=t-1, Which contains ¢, , has the
same Lascar strong type over M (cg~y)pen=k-1, Which contains Mcy, - - - ¢;,, as some
realisation of . Since g(x) = r|, we see that ¢,, has the same Lascar strong type
over Mcy,, ..., ¢y, as some realisation of g. So we conclude that (c,,, ..., ¢;,) is
indeed a Morley sequence in g.

(i1) This holds because the condition on (y, ..., n;) in the definition of weak
g-spread-outness is expressible by a quantifier-free L;-formula.

(iii) Put a; := co-i-1y for i < k. Then (a))i<«k = g®*|y by weak g-spread-
outness, and (a;, a;) starts an M,_.. -indiscernible sequence for each i < k by
s-indiscernibility. U
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6. Symmetry

Lemma 6.1 (chain condition). Let T be a thick NSOP, theory, and let M be an
e.c. model. Let (b;); <« be a Morley sequence in some global M -Ls-invariant q(x).
If (b;)i<« is Ma-indiscernible then a J/f/[ (bi)i <ic-

Proof. We will prove that a \LAK/I bj, ---bj, foralli; <--- <i; <«. This is indeed
enough by finite character. By Ma-indiscernibility of (b;); -, we may assume
{it,...,ix}=1{0, ..., k—1}

We have (b;); <o ELA’/[S (Bi)i<w for some (B;)i<w = q®“. Define the tuple y; =
(Bik, Bik+1s - - - » Bikek—1) forall i < w. Then () <o = (¢®*)®* by associativity of
tensoring (Lemma 3.16). We let ¢; = (b, bik+1, - - - » bix+k—1) for all i < w. Then
(¢)i<w EI];; (Vi)i<w- SO (¢i)i<w 1s a Morley sequence in q®k over M and (¢;); < 18
M a-indiscernible. So tp(a/Mcy) = tp(a/Mbg - - - by—1) does not q®k—divide, and
thus a J/ﬁ bg - - - bx—1, as required. ]

Definition 6.2. Suppose M is an e.c. model, g a global type extending Lstp(a/M)
and A a cardinal. We will say that the extension g D Lstp(a/M) satisfies (x), if for
every ¢ with |c| < A there is a global M-Ls-invariant type r(x, y) 2 Lstp(ac/M)
extending ¢ (x) (in particular, g is M-Ls-invariant).

Lemma 6.3. For any e.c. model M, tuple a and cardinal A there is g 2 Lstp(a/M)
satisfying (x),.

Proof. Let M, a and A be as in the statement. Choose a small tuple d such that
for any ¢ with |c¢| < A there is some d’ C d with Lstp(ad’'/M) = Lstp(ac/M)
(this is possible as the number of Lascar types of tuples of fixed length over M is
bounded by Lemma 2.20). Now take a global M-Ls-invariant extension r(x, y) of
Lstp(ad /M), where x corresponds to a. Then g :=r|, is an extension of Lstp(a/M)
satisfying ();. O

Remark 6.4. If ¢ O Lstp(a/M) is finitely satisfiable in M then it satisfies (x); for
any cardinal A [Mennuni 2020, Lemma 3.4]. However, finitely satisfiable extensions
may not exist in thick theories.

Theorem 6.5 (symmetry). In a thick NSOP theory, a | X b impliesb | X a.

Proof. We may assume that b enumerates a Ar-saturated model containing M. If this
is not the case, let N © Mb be a Ap-saturated model. By extension, Corollary 4.14,
we find N’ =y, N such that a J/IIEI N’. Now we replace b by N’ and we continue
the proof.

Set A = |ab|. By Lemma 6.3 we can choose a global extension g 2 Lstp(a/M)
satisfying (x),. Let p(y,a) = tp(b/Ma). We will show that there is a parallel-
Morley sequence (a;); <., in g over M such that |J; _ p(y, a;) is consistent, which
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is enough by Corollary 5.11. All the properties we wish (a;); <., to have are type-
definable. It is thus enough to find such a sequence of length k for every k < w.

So fix any k < w. By backward induction on k' =k + 1, k, ..., 1 we will define
trees (cp)pes, » where S = {§ € W<kt k- g £}. We will write S}, for Si
without the root, so S}, = S — {Ok/_l}. For each k’ the tree (cn)nes, will satisfy
the following conditions:

k+1

(Al cyey =55 ab forall ven € Sp with v € 0! and n € @=F

(A2)r (cp)pes,nw=t 1s g-spread-out over M.
(A3)r We have ¢y J/AKl (cn),,eg; (the root is independent from the rest).

For k' = k + 1 we let ¢t be a global M-Ls-invariant extension of Lstp(b/M).
Since a \Lﬁ b we have that tp(a/Mb) does not t-divide. By Corollary 4.10 and our
assumption on b, this means that Lstp(a/Mb) does not ¢t-Ls-divide. So we find an
M a-indiscernible Morley sequence (gt ~q)a<e 1 ¢ With cpert = b. By Lemma 6.1,
we have that a | 1151 (Cok ~g)a<w- SO we pick cox = a and directly satisfy (A3)y.
Condition (A2)y is vacuous and (A1l)y follows directly from Ma-indiscernibility
of (cot~g)a<e and the fact that ce+1 = b.

For the inductive step, suppose we have constructed (c;)yes,, - By (Al)p there is a
tuple d such that ¢y -1 (c;) e s, :Iﬁ ad. So, by (x);, there is a global M-Ls-invariant
type r(x 7) 2 q(x) extendmg Lstp(cow - (Cn)neS* /M). By (A3)r we have that
Cor'-1 J/ (cy)ne s, - Sosince b C (¢y) e s, and using our assumption on b we have by
Corollary 4.10 that Lstp(cor-1/M(cy)pe s, ) does not r|,-Ls- d1v1de By extension for
Ls-dividing, Proposition 4.13, we find ¢ such that c(c;)) e s, =L W Cov'— .(c,,),,es* and
Lstp(c/M (cy)pes,) does not r-Ls-divide. So there is an Mc- 1nd1scern1ble Morley
sequence ((dy,i)nes, )i<w 0 r such that (d;,0)pes, = (¢y)pes, - We set cpr—r = ¢
and coer2,;,, = dow-1,, ;- Again, using Lemma 6.1 we directly get (A3)y—;.

Now (A2)y—; follows from Lemma 5.13(1). We verify (Al)y—;. Everything
above the root consists of copies (via a Lascar strong automorphism over M)
of (¢y)pes, » s0 we only need to check that cy—c), EII;,; ab forallv e Sp_ N tl. By
indiscernibility we may assume v € Sy N w**!. Then (Al)p_; follows from (A1)
and the fact that cyv» (Cn)neS,f, EIMS Cot'-1 (cn)neS,f,

Thus the inductive step, and hence the construction of the tree (c;),cqrtt =
(cy)nes,» is completed.

Consider the following condition:

k+1

(A1"); ¢,c, =p ab for all vy with v € ©*+! and n € w=F

This condition is clearly implied by (A1), as itis seen by the EM-type of (¢;) e g<t+1
over M. Let (¢! )new<k+l be an s-indiscernible tree that is EM;-based on (¢y),eq =1
over M, and we get that (¢ ) newsk+i satisfies (A1), and (| pncwsk 1s weakly g-
spread-out over M by Lemma 5.13(ii).



KIM-INDEPENDENCE IN POSITIVE LOGIC 83

Puta; = c()k +1:- Then (ay, ..., ag) is a parallel-Morley sequence in g over M by
Lemma 5.13(iii), and by (A1’); we have that Uliiik p(y, a;) is consistent because

it is realised by cé)k +1- This completes the proof. (I

Lemma 6.6. Let T be a thick theory. Suppose that ¢(x, y) has SOP|, witnessed by
Y (y1, y2). Then there is an e.c. model M and by, by, c1, ¢ such that c; J/lfw co,
c1 LG, b1 c2 LY, b2 and bicy = bycr and |= (b, 1) Ap(ba, c2) AP (e, c2).

Proof. The proof is mostly the same as that of [Haykazyan and Kirby 2021,
Proposition A.7] but we have to adjust a few things throughout to get equality
of Lascar strong types rather than just equality of types. As in that proof, we
will use a Skolemisation technique for positive logic [Haykazyan and Kirby 2021,
Lemma A.6]. In such a Skolemised theory the positively definable closure of any
set is an e.c. model and the reduct of an e.c. model (to the original language)
is an e.c. model (of the original theory). It is not directly clear whether this
Skolemisation construction preserves thickness, but that is not a problem. Ultimately
we are interested in Lascar strong types in our original theory. So even though we
technically work in a Skolemised theory the (type-definable) predicate d(x, y) <1
should be taken as in our original theory.

Let k be any cardinal. By compactness we find parameters (a,),c2<« such that

(i) for every o € 2° the set {¢(x, as|;) : 1 < k} is consistent,
(ii) for every n, v € 2= such that n~0 < v, we have = ¥ (a,~1, a,).

For a big enough cardinal A, we construct by induction a sequence (7;, v;); <, With
ni, v; € 2<% such that

(1) ni Injand n; Qvj foralli < j <A,

2 m & i Avi)) ~0, v = Av;)) ~ 1, and (ay,, a,,) starts an a,_,a,_;-
indiscernible sequence for every i < A.

Assume (7, v;) j<; has been constructed and set n = Uj<i n;j. Assuming we
chose « large enough, then, by applying Lemma 2.17 to (a;~0«~1)a>0, it follows
that there are 0 < a < B < « such that (a,~ge~1, @,~os~1) starts an {n;, v; : j <i}-
indiscernible sequence. We set v; =701 and n; = n~0f"1.

By (i) and (1), there is b, realising {¢(x, ay,) :i < A}. Now let (e;, d;)i<w+2 be
indiscernible over b, based on (ay,, a,,);<;..

Let M be the positively definable closure of {e;, d; :i < w}. As discussed, we may
assume M to be an e.c. model. Set ¢y =d,, and ¢y = e,+1. Then ¢ J-/'{le,-,di:i<w} )
and ¢, J/?gi’d’_:kw} b, by indiscernibility. So c; J/th/l o, C \J/”M by and = ¢(by, 7).
By construction cjcy =dyep+1 = v, Ay, for some iy < i < A and thus =¥ (cq, ¢2)
by (ii), (1), and (2).

To find b; we first claim that dys(ey, d,,) < 1. By compactness it suffices to
prove that d4 (e, d,,) < 1 for all finite A € M. By how we constructed M it then
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suffices to prove that (e, d,,) starts an indiscernible sequence over {e;, d; : i < n}
for all n < w. To prove this last statement we let iy < --- < i,+1 < A be such that

eodo - - - endnewdy =y, Q- - - Ay, Ay, Gy, Gy, -

By how we constructed (1;, v;); <) we have (a"in+1 , auin“) starts an indiscernible
sequence over {ay, ay, - - ay, ay, }. So the claim follows after applying the auto-
morphism.

Now we leave the Skolemised theory and work in the original theory, in which
d(x, y) <1 corresponds to actually having Lascar distance one. We have that
€2 = eui1 =43 e =13 d,, = ¢y, so there is f € Aut;(9/M) such that f(c2) = c).
Let by = f(by). Then c2b; Eljj c1b1, and thus also = ¢ (b1, ¢1) and ¢y J/l;w by, as

required. u

i

Theorem 6.7. Let T be a thick theory. The following are equivalent:
(1) T is NSOP;.

(i1) Symmetry: a \Lf/[ b implies b J/f/[ a.

e . iLs . . K

(iii) Weak symmetry: a | '\ *° b impliesb |, a.

Proof. Theorem 6.5 is precisely (i) = (ii). For (ii) = (iii) we just note that a \L;&Sb
implies a J/f/[ b. Finally, for (iii)) = (i) we proceed as in [Kaplan and Ramsey
2020, Proposition 3.22] replacing their reference to [Chernikov and Ramsey 2016]
by Lemma 6.6 and being careful about using global Ls-invariant types instead of
just global invariant types.

We prove the contrapositive, so assume that 7 has SOP;. Then, by Lemma 6.6,
there is an e.c. model M and by, by, ¢, ¢ such that ¢ J/”M 2, C] J/“M by,
o) J/’;VI by and bic; =} byc,. Furthermore, for p(x, c1) = tp(bici/M), we have
that p(x, c1) U p(x, ¢2) is inconsistent. In particular, we have that Lstp(c;/Mc»)
extends to a global M-Ls-invariant g. Then as ¢ EIMS ¢, there is a Morley sequence
(di)i<w in g with dod) = cpc. We thus have that | J{p(x, d;) : i < w} is inconsistent.
So by j/ﬁ ¢>. Since also ¢ J/”M b, and therefore c; J/”‘S by, we see that weak

M
symmetry fails and this concludes our proof. U

7. Independence theorem

We recall the following facts. The first is the same as [Kaplan and Ramsey 2020,
Lemma 7.4] and the second is the same as the claim in [Dobrowolski et al. 2022,
Lemma 5.3]. Their proofs work in our setting as well.

Fact 7.1. The following hold in any thick NSOP| theory.
: d K K
(i) Ifa L9, bcandb |}, cthenab | |, c.

(ii) If a \Lﬁ banda \L,‘K,, c then there is ¢’ with ac’ =y ac such that a J/ﬁ bc'.
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For the following lemma we borrow a trick from [Dobrowolski et al. 2022,
Lemma 5.4].

Lemma 7.2. Let T be thick NSOPy, and let a =55 d’, a \Lf/[ b and a’ \LII‘(/[ c. Then

T r —Ls v K /
there is ¢’ such that ac’ =y a’c and a |, bc'.

Proof. Let ¢* be such that ac* E';; a'c,so0a \Lﬁc*. Let N’ © M be Ap-saturated, and
let g be a global M-Ls-invariant extension of Lstp(N'/M). Let N realise q|aapers
so we have N \J/;%S abc*. By Fact 7.1(i), we then have Na J/f/l b and Na J/f/l c*.
So by fact Fact 7.1(ii), we find ¢’ with Nac’ =y Nac* and Na \LII‘Z bc'. We thus

have ac’ =% ac* =52 d'c, as required. O

Definition 7.3. We write b J/*M ¢ to mean that Lstp(b/Mc) extends to a global
M -Ls-invariant type tp(N/9) for some 3, (A7 + |Mbc|)-saturated model N O M.
Extending Lstp(b/Mc) here means that there is some 8 € N with EIMSC b.

The point of the enormous cardinal J,, (A7 + |Mbc|) is that we will want to find
a Ap-saturated model M’ containing M and a copy of b in N, and then again some
Ar-saturated M” D M’ inside N. By Fact 2.12 we can choose these Ar-saturated
models small enough so that this process can be repeated any finite number of
times.

We easily see that | * is invariant under automorphisms and, assuming thickness,
thatb | 3, M for all M.

Lemma 7.4. We have that | * satisfies the following extension properties.

(i) Left extension: If b | %, ¢ and |d| < Do, (hr + |Mbc|), then there is d' =53, d
such that bd" |}, c.

(ii) Right extension: If b |} c and|d| < o, (A7 +|Mbc)|), then there is d’ E'MSC d
such thatb | 3, cd'.

Proof. In both cases we assume b \LL c. So let g = tp(N/9N) be a global M-Ls-
invariant extension of Lstp(b/Mc) for some 3, (A7 + |Mbc|)-saturated N O M.

We first prove left extension. Let N’ EI};j . N be in 9. By moving things by a
Lascar strong automorphism over M ¢ we may assume b € N'. By Fact 2.12 there
is Mb € M’ € N’ where M’ is Ar-saturated and of cardinality < 2*7+M?l Let 4’
realise tp(d/M’) in N'. Therefore, d’ =%, d while g also extends Lstp(bd'/Mc),
so indeed bd" |}, c.

Now we prove right extension. Let 8 € N be such that g =} b. Pick b’ € M
such that b’ =L « B- Then clearly b" | 7 cd. We finish the proof by picking d’
such that bd' =45 b'd. O

Proposition 7.5 (weak independence theorem). Let T be thick NSOP;. Suppose
thata =" d', a J/ﬁ b, a J/fl candb | c. Then there is a” with a” =% a and
a" =% a such that a” J//I‘f] be.
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Proof. We may assume that b and ¢ both enumerate a Ap-saturated model con-
taining M. If this is not the case, let N D Mb be Ar-saturated and such that
IN| <3, (A7 +|Mbc|). By left extension from Lemma 7 4 we then find N’ :I];,;b N
with N’ L}, ¢ By Corollary 4.14 we find ag with ag =y, a and ag \LM N’. Now
we can replace a by ag and b by N’ and continue the proof The case for c is
analogous.

By Lemma 7.2 there is ¢’ such thatac’ =5 a’canda | f/[bc’ . Apply left extension
from Lemma 7.4 to b |}, ¢ and ¢’ to find ¢” =% ¢ with bc’ Ly ¢” Let b* be
such that b*c” =%* be’ and apply right extension from Lemma 7.4 to bc’ Ly’
and b* to find b” :sz/;c” b* with bc’ | * b"c”. In particular, b"c” =7 bc’, and
Lstp(bc’/MD"¢") extends to a global M-Ls-invariant type ¢g. So there is a Morley
sequence (b;¢;);i <w in g wWith (bg, co) = (", ¢'") and (b1, ¢1) = (b, ¢’). Asa J/flbc’
we can find a* with a*b”¢” =y abc’ such that (b;c;); <., is Ma*-indiscernible. By
construction we had ¢” E'I;;b ¢, so there is a Lascar strong automorphism o over M b
such that o (¢””) = ¢. Setting a” = o (a*), we check that this is indeed the a” we are
looking for.

By the chain condition (Lemma 6.1), a* \Lf/[ (bi¢i)i <w» SO we have a* \l—/IAiI bc”,
and a” J/ﬁ bc then follows by invariance. By Ma*-indiscernibility we have

a’b =y a*b =y a*b” =3 ab. We assumed b to enumerate a Ar-saturated model,

so indeed a’ E]/;,;b a. By construction of ¢’ we have a”c =y a*c” =y ac’ =y d'c.
We assumed ¢ to enumerate a Ar-saturated model, so indeed a’ =I,;,;C a’, which
concludes the proof. O

Fact 7.6. In a thick theory, if N 2 M is QM1 saturated and q and r are
global M-Ls-invariant types with q|y =r|n, then g =r.

Proof. By Fact 2.12 there is M € M’ C N where M’ is a Ar-saturated model and
M) < MI+21)+  Let ¢(x, b) be any formula with parameters b. Let b’ € N
realise tp(b/M’). Then b EIMS b'. By M-Ls-invariance and g|y = r|y, we have

px,b)eq <<= ¢kx,beq <<= ek, b)er < opkber,
which concludes the proof. U

Theorem 7.7 (independence theorem). Let T be a thick NSOP; theory. Suppose
that a =55 a', a \LM b, a J/f/[ c and b \Lf/l c. Then there is a" with a" =53, a,
a" =43 a' and a" \LMbc

Proof. We may assume that b and ¢ both enumerate a Ar-saturated model con-
taining M. If this is not the case, let N © Mb be Ar-saturated. By extension
(Corollary 4.14) and symmetry, then find N’ ELA‘;b N with N" | 1"(/1 c. Applying
extension again we find ag with ag Eljjb a and ay \LIAfI N’. Now we can replace a
by ap and b by N’ and continue the proof. The case for ¢ is analogous.
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Let Ng 2 M be (2/M+*1)*_saturated, and let « be a big enough cardinal (de-
pending only on |Nopbc|). Pick some global M-Ls-invariant type ¢ (y, z) extending
Lstp(bc/M) such that g also extends to a global M-Ls-invariant type tp(N /97) for
some saturated enough N 2 M (depending only on «). So there is B realising g/,
with B EIMS b. Let (bic;)i<« be a Morley sequence in ¢ with by = b, and let
by E]ﬁ(bl_c[_)m B. Then we have b;c; J/*M b ic.; forall i <« and b, \L*M bici)i<k-

We will inductively construct a sequence (bl/-)l'i,( with b(’) = b such that at step i,

(i) cb) =55 cb,

(iii) b< :I;; b<;.

The base case is already fixed: b), = b. So suppose we have constructed b;i. By
induction hypothesis (iii) we can find b*b< :I];; bit1b<i. Sob* |}, bL;. Letc* be
such that ¢*b* =15 ¢b, so ¢* \LK b*. Therefore, also using (i) from the induction
hypothesis, we can apply the weak independence theorem (Proposition 7.5) to

find ¢’ such that ¢’ J/Mb’ b, =8 ¢ and ¢! le c. We now pick b;_, to be

such that cb] —st, ¢'b*. Then indeed ¢ | X w b = We also have

b b,y =5 b b* =} boibiq.
Finally,

_Ls /g% *p% __Ls
cb =5 c'b =08 c*b* =b5 eb.

This concludes the successor step. For the limit stage we assume we have con-
structed b_;. We then have ¢ \Lf/[ b’_; by finite character. We also have b/ij EIMS b<;
for all j <i. So we have b’<i =uy b.;. We assumed b to enumerate a Ap-saturated
model containing M, so because b6 = b = by we do in fact have b’_ ; EIMS b.i. We
then construct b} in an analogous way to the successor step.

We let (c); <. be such that by (b;c})i < EIMS b (bici)i<i. So by M-Ls-invariance
of g|, we have Bb, (bic))i<c EIE,‘; Bb (bici)i <, and thus by how we chose b, we

/ —

have b, M(b,c,)w B.

Because g C tp(N/90) for some saturated enough N, we can find

By (Bi, vi)i<k =LS b, C(bla l)l<l(
in N, where By = q. Here we used that b, c =55 bc. Set

9" ((yir z)i<ic, ¥, 2) =tp((Bis Vi)i<c By /).

Then ¢’ is global M-Ls-invariant because tp(N /90) is global M-Ls-invariant. By
Fact 7.6 and our choice of x, we get that some global M-Ls-invariant type g’|y,z;y-
occurs for k many i (modulo identifying the variables for different i’s). We now
focus on a subsequence of length w such that (after relabelling) ¢’|,,-,,. does not
depend on i, and we forget about k. We also relabel b/, to b'.
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Claim 1. In summary:

(i) We constructed a Morley sequence (bc}); . in q, where q is a global M-Ls-
invariant extension of Lstp(bc/M).

(ii) Foreveryi < w, we have bc ELS b'c EIMS be.

(iii) Let B =qly. Then b’ = _M(b’c’),<w B

(iv) ¢(v,2) € ¢ (i, 2)i<ws ¥, 2) and q’ is global M-Ls-invariant and extends
Lstp((b;, ¢})i<ob'c/M).

(V) There is some sufficiently saturated N such that g" C tp(N/9) and tp(N /9N)
is M-Ls-invariant.

(vi) The type q'ly,z, y; does not depend on i, modulo identifying variables for differ-
enti’s.

Claim 2. For every k < w, there are

n_n //

gohogihy -+ gk—1hk—18k,  8oho&1hY -+ 8k—1hi—y and hogyhy - gl_ihi_ 8¢
such that
() (@h)i<k = (@' 1y0.) % Im»
(i) (hﬁ/g,{ﬁrl)kk = (@ 120.0) % w1,
(ii1) (g,-hi, ) starts an Mg>lh>,g>lh’ --indiscernible sequence for every i < k,

(iv) (higiv1, hig!,,) starts an Mh-;g-;1h” ;8" -indiscernible sequence for
everyi < k.

We first prove that the theorem follows from Claim 2. We set po(x,y) =
tp(ab/M) and pq(x, z) = tp(a’c/M). We will prove that po(x, b) U py(x, ¢) does
not Kim-divide over M. This is enough, because by Proposition 4.3 we can then
extend it to a complete type that does not Kim-divide over M. Since we assumed b
and ¢ to enumerate Ar-saturated models containing M, any realisation a” of that
complete type is then what we needed to construct.

By compactness, we can find M-indiscernible (g;h;g:h;g/'h!)icz such that
(gh)iez @'y, )% |u and (h]'8]".)icz [ (q'|z.y)®7 |- Furthermore, we can
make it so that for every i € Z we have that

n_n
glh _Mg>th>tg>, >i gl i and hlgl""l _Mh>tg>l+lh>,g>,+| hl gl+1

We have ¢y ., 2 tp(b'c;,/M), by Claim 1(iv). So, by parts (iii) and (v) of Claim 1,
we have that b’ Ly ¢;- Then by Proposition 7.5 we have that po(x, g{) U p1(x, hg)
does not Kim-divide. Then because (h'g/, )i>n = (q'12.)%%|m forall n € Z, we
getthat | ;7 po(x, g/, )Upi1(x, h) is consistent. By the parallel sequences lemma
(Lemma 2.28) we thus have that | J;.; po(x, gi+1) U p1(x, h;) is consistent. This is
the same set as |_J; ez Po(x, g)Up1(x, h;). So again by the parallel sequences lemma
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we get that |, po(x, g))Upi(x, h}) is consistent. By parts (ii) and (iii) of Claim 1,
we have that ¢'|,, . extends Lstp(bc/M). So we conclude that py(x, b) U pi(x, ¢)
does not Kim-divide over M, as required.

We are left to verify Claim 2. We fix k and by backwards induction on k' =
2k, 2k—1, ..., 1 we will define trees (d,e;),es, Where Sy = (£ € 0=%+1:0¢~1 <¢}
such that for each k' the tree (dpey)nes, satisfies the following condition:

(P)w For every n € ®=**~! and i < w such that n ~i € Sy’ we have that

Bjvi)j<oBY-
Recall that ¢" = tp((B; ;) j<wBY /9M). So in particular

_Ls
(dyninjenning) j<wdn-ieni =My yires i)

il <i

(dp~jen~j)j<wdnen ELMS (Bjyj)j<wBy forall ne o=k N Sp.

For k' = 2k we let (dye;)es,, just be (bic});<,b'c. Suppose now that we have
constructed (dyey)yes, - We have (dy—1_;eq-1,)i<wdg-1€g - =2 (Biv)i<wBY,
by (P)r. So by Claim 1(v) there is a global M-Ls-invariant r 2 ¢’ such that r
also extends Lstp((d;ey)es, /M). Here we match (dov-1;ep—1 ;)i <wor—1€q1-1
with the variables in ¢’. Let ((dy,iey.i)nes, )i<w be a Morley sequence in r with
(dy.0€y,0)nes, = (dyey)yes, - We set

dow'—2 g€ 2 g = A1 j€oe -1, ; forall i <wand§ € W=
We directly get (P)y—; for n € Sp — {Ok/_z} by virtue of ((dy,iep.i)nes, )i<w being
a Morley sequence. By Claim 1(iv), we have that (dy 2, ;e 2, ;)i<w 15 @ Morley
sequence in g. So we can find dy 2y -2 such that

Ls
(doy 2, g2, )i<oldo2eq—2 =31 (BiVi)i<wBY,

and that concludes the construction of (d,e;)yes,_, -
Similarly as in the proof of Lemma 5.13, we will now show by induction onn <k

that the following holds.

(Q)n Let nok—om € w?*=2m
N2k—2m <V2k—2m+1 forall 0 <m < n, Mg >1ex N2k—2 >lex * = >lex N2k—2n and
or a <m" < m < n we have that nyx_2, 2k—2m! € W TN en
for all 0 < m’ < have that n AT € w?k=2m=1 Th
) L
(dV2k72m+leV2k72m+ld772k72m en2k72m)m5n 1S a Morley Sequence m q |yOZOyZ‘

2k—2m+1

and vog_om+1 E@ for 0 <m < n. Suppose that

For n = 0 this follows immediately from (P); and Claim 1(vi). So suppose
(Q),, holds for some n < k, and let nax_2m € @**~2" and Vok—2m+1 € w2k=2m+1
for 0 <m <n+ 1 be as in the statement of (Q),+1. For any m < n we have that
M2k—2m N Mok—2n—2 = N2k—2n—2|2k—2n—3. Therefore we can write n—2,—2 =§ ~ i
for some & € w?*72"3 and i < w. We then have ny;_o, > & ~ i’ for some i’ < i
for all m < n. So it follows from (P);, Claim 1(vi) and the induction hypothesis
that (dvy .1 €vs 241 D0k 20 i Im=n+1 18 @ Morley sequence in g’ yozgy:-
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Figure 3. Choice of the g;h;g!hg!'h!.

By exactly the same argument we also have the following condition. It differs
from (Q), in that the levels have been shifted by one (therefore we only consider it
for n < k).

Q) Letnog_om_1 € @721 and vor_om € 02" for 0 <m <n. Suppose that

N2k—2m—1<Vak—2m forall 0 <m <n, Nog—1 >1ex Mk—3 >lex * * * >lex M2k—2n—1

and for all 0 < m’ < m < n we have that §o_sm—1 A Nok—2m/—1 € W*¥ 2172,
: o,

Then (dvy_,, eVZk—ZdeIZk—2m—le’IZk—Zm—l)mSn is a Morley sequence in g |y0zOyz-

Now let (d;,e;])new2k+l be an s-indiscernible over M tree which is EM,-based
on (dyep) 2+ over M. We put g; = d(’)z(k_,.)Jrl for i <k, and for i < k we put
hi = e(l)2(k—i)’ g = d(/)z(k—i)—lf\l,\o’ h; = 662(1(—1')—1/\1’ g,{/_;.l = d(/)Z(k—i—l),\l and hj =
e(’)z(k,i,l)ﬂlﬁo; see Figure 3. Then conditions (i) and (ii) from Claim 2 follow from
(Q)x and (Q')x_1, while conditions (iii) and (iv) follow from s-indiscernibility. [J

Now that we have proved the independence theorem, we first note some useful

immediate consequences in Corollary 7.10. After that, the rest of this section will be
devoted to proving a stronger version of the independence theorem, Theorem 7.15.

Definition 7.8. Let / be a linear order. We say that (a;);c; isa | ]’f/[—independent
sequence if a; Lﬁ a-; for every i € I. We say that (a;);cs is J/]"(/[—Morley if it is
J/ﬁ—independent and M -indiscernible.

Lemma 7.9. Let T be thick NSOP; with an e.c. model M, and let a, b, ¢ be any

tuples of parameters and x a tuple of variables. Then there exists a (partial) type
Y (x,y) over Mab such that for any x and y we have that

EX(x,y) < (=mpo)Axa LN yb).

In particular, taking y = &, we get that the condition xa \l—/lllil b is type-definable
over Mab in the variable x.
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Proof. Let q(y, z) be a global M-Ls-invariant type extending tp(cb/M). Then, by
Kim’s lemma, for any y =, ¢ and any x, the condition xa | /\K4 yb is equivalent to

30izi)i<o(d®” 1M ((izii<w) and yozo=yb and (¥izi)i<w is Max-indiscernible),
which is clearly a type-definable over Mab condition by thickness. ]

In particular, we get that being an | Ilf/[—independent sequence in a fixed type
over M is type-definable over M in thick NSOP; theories. That is, for a linear
order I, we can use the type

U Z (x<l ’ xl)7

iel
where X is as in Lemma 7.9. Then, by symmetry, Theorem 6.5, this (partial) type
expresses exactly what we wanted.

Corollary 7.10. Suppose T is thick NSOP| with an e.c. model M.

1) If a \J/[If/l b and a =5 b then there exists an infinite M-indiscernible sequence
starting with (a, b).
(i) If a =% b then a and b are at Lascar distance at most 2 over M. In particular,

Lascar equivalence over e.c. models is type-definable.

(iii) Generalised independence theorem: Let (a;); -, be an J/ﬁ—independent se-
quence. Suppose b; Eﬁ,; b and b; J/f/l a;j for every i < k. Then there exists b’
such that b'a; EIMS bia; for everyi < k and b’ J/ﬁ (a;)i <.

Proof. (i) We can inductively find a sequence (c;); <, such that coc; = ab, ¢; Eljj b,
Ci \LII‘; c<; and ¢c;c; =y ab for all i < j < w: indeed, if we have constructed c<;
then by the independence theorem we can choose c;4 such that ¢; 1 E'ij i,
CiCit] = M *ab and ¢4 \[/M

By compactness we can ﬁnd a sequence (c;)idm +ima With c;c} =py ab for
all i < j < Ai7|4/mq)- Choose an M-indiscernible sequence (d;); ., based on
(Cg)i<)L|T\+\MaI over M. Then dod, =y ab, so we conclude that the pair (a, b) starts
an M-indiscernible sequence.

(i1) By extension (Corollary 4.14) we can choose ¢ = =Ls 3 a with ¢ \[/ Y ab. By (i)
we get that (a, ¢) and (b, ¢) both start M-indiscernible sequences

(ii1) We choose 1nduct1vely a sequence (b ) j<« such that b’ a; :IMS bia; for every

i < jand b’ 1 X v (@i)i<j, so that we can put b’ :=b,. The successor step follows
directly by the independence theorem, and the limit step follows by type-definability
of Lascar equivalence over M, Lemma 7.9 and compactness. U

Definition 7.11. We will say that a tree (c;) ,eq=+ 18 spread-out over M if (¢oy~i)i<w
is a Morley sequence in some global M-Ls-invariant type for every n € o=F"1!.
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There are two differences between being spread-out over M and being g-spread-
out over M (see Definition 5.12 for the latter). In the latter the global M-Ls-invariant
type involved has to be ¢, while the former just requires some global M-Ls-invariant
type. The second difference is in the sequence in the tree that is required to be a
Morley sequence. In the former we consider a sequence of subtrees above some
fixed node, all at the same level. In the latter we consider a sequence of nodes in
the tree, one in every level (except for the root), as pictured in Figure 1.

The following lemma follows from the independence theorem exactly as in
[Kaplan and Ramsey 2020, Lemma 6.2/Remark 6.3], so we omit the proof.

Fact 7.12. Suppose that T is thick NSOPy, M is an e.c. model, a \Lﬁ b, (bn)newsk
(with k < w) is a spread-out over M tree such that b, \Lﬁ b, and b, EIA‘/; b for every
n € =k, Then, writing p(x, b) = tp(a/MDb), there exists a' |= Un€w§k p(x, by)

witha' | X (by)pep=t and a’ =} a.

Lemma 7.13. Suppose that T is thick NSOP, M is an e.c. model, b EIMS b,
b J/llf/[ b' and I is a linear order with two distinct elements 0 and 1. Then there is a
\LIAfI—Morley parallel-Morley in tp(b/ M) sequence (b;);c; with by =b and by ='.

Proof. By extension (Corollary 4.14) there is a Ar-saturated model N © Mb with
N | 1151 b’. Then there is a Ar-saturated model N’ © Mbb' with N’ Eﬁ; N. Hence,
again by extension, we can find N” EIMSb, N’ with N \Lzﬁ N". So replacing b and b’
by N and N” we may assume without loss of generality that b and b’ are Ap-
saturated models containing M. Put A = || and (using Lemma 6.3) choose a global
M-Ls-invariant extension g of Lstp(b’/ M) satisfying (x);..

We claim that it is enough to show that for any 1 < k < w there is a | 1"(/[—
independent parallel-Morley sequence (a;);<x in g over M with a; EIA‘; b’ and
ajaj =y bb' for all i < j < k: indeed, if we show this, then, as all these conditions
are type-definable by Lemma 7.9 and Corollary 7.10(ii), we can find by compactness
a J/K -independent over M parallel-Morley sequence (@i)i < in g over M with
ajaj =y bb' for each i < j, and then taking an M-indiscernible sequence indexed
by I which is based on (a;); <7, Over M and moving it by an automorphism to
guarantee that bpb; = bb’ (note this may change ¢) will do the job.

So fix any 1 < k < w and put p = tp(b'/Mb). By backward induction on
kK'=k+1,k, ..., 1 wewill define trees (c,)yes, Where Sy 1= {£ € =K : 0¥ ! <&}
such that for each & the tree (¢;)) e s, 18 spread-out over M and satisfies the following
conditions:

(Al)y cye, =p bb' for any v, n € Sp with v <n and ¢, =55 b’ for any n € Sy
(A2)r (cp)yes, is g-spread-out over M.

(A3 ¢y J/ﬁ ¢y for every n € Sp.
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For k' = k + 1 putting cx = b’ works. Now suppose we are done for some
k' < k+1. By Fact 7.12 we can find ¢’ = U,c5, P(x, ¢;) With ¢’ =37 b and
el J/111(/1 (cp)pes,- By (Al)y there is a tuple d such ¢y (Cn)neslj, EIMS b'd. Now,
by (x), there is some global M-Ls-invariant type r(x, z) 2 g(x) which extends
Lstp(b'd /M) = Lstp(cgyi-1 (Cn)neS,j//M)- Also, as ¢’ \LII‘(/I (cy)yes, and ¢;’s are Ap-
saturated models (as b’ is), we get by Corollary 4.10 that Lstp(¢’/M (cp)nes,) does
not r (x, z)-Ls-divide over M. Hence, there is an M ¢’-indiscernible Morley sequence
I :=((cy,i)nesy)i<w In7(x, 7) over M with ¢, o = ¢, for each n € S-. By the chain
condition (Lemma 6.1) we have that ¢’ J/f/] 1. Thus, putting o2, := Cor-1,¢ ;
for all i < w, ¢ € @**17¥ and ¢y, := ¢/, we immediately get that the tree
(cp)nes,_, satisfies (A3)g—1. (Al)p—y follows from (Al)y, the choice of ¢ and
M ' indiscernibility of 1. (A2),_; follows from (A2); and Lemma 5.13(i). This
completes the inductive construction.

Letting (C;])nea)ik be an s-indiscernible over M tree which is EM;-based on
(ep)pew=k over M b, we get that (C;])TIEwSk satisfies (A1), and (A3); (by Lemma 7.9
and Corollary 7.10(ii)) and is weakly g-spread-out over M by Lemma 5.13(ii).
Put gq; := cf)k_,. for i < k. Then by Lemma 5.13(iii) we have that (a;); < is
parallel-Morley in g over M. Also, a;a; =y bb' for all i < j < k by (Al);, and
(a;)i<k 18 J/ﬁ—independent over M by (A3);. This completes the proof. O

Lemma 7.14 (chain condition for | ¥-Morley sequences). Suppose T is thick
NSOP; with an e.c. model M, (d;)ic; is an infinite J/AK/I-Morley sequence and
a J/II‘(/I d;, for some iy € 1. Then there exists a*d;, E]ﬁ ad;, such that (d;);cy is
indiscernible over Ma* and a* \Lf,l (d)icr-

Proof. By compactness, there exists a J/ﬁ—Morley sequence (d;'); <, such that
(di)iel ~ (di//)i<k is M—indiscernible, where A = )M|T|+|Mad0|+|1\- As dio EIMS d(/)/,
a J/fldio and (d'); <y is | X-independent over M, we get by Corollary 7.10(iii) that
there exists a’ with a’d] EIMS ad;, for every i < X and a’ J/IIEI d])i<x. Let (d)ier
be an Ma’'-indiscernible sequence based on (d/'); <) over Maa'(d;);e;. Therefore
(by finite character and invariance of | X), a’ J/f/l d)ier, d))ier z]ﬁ (di)icr
(as (di)ier —~ (d))ier is indiscernible over M), and a/dl./o EIMS ad;,. Hence, letting f
be a Lascar strong automorphism over M sending (d;);cs to (d;)ie; and putting
a* = f(a') we get that a* \Lﬁ (d))ier and (d;);c; is Ma*-indiscernible. Also

a*di, =43 a'd =% ad,,, as required. O
Theorem 7.15 (strong independence theorem). Suppose T is thick NSOP; with
an e.c. model M, agy \Lf/l b, aj J/f/l c, b \Lﬁ ¢, and ag E]};j ay1. Then there exists

—L _L K K K
an a such that a =g, ao, a =y, ar, a |, be, b | acandc |, ab.

Proof. By a similar trick as at the start of the proof of Theorem 7.7 we may assume
that b and ¢ enumerate Ar-saturated models containing M.
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By the independence theorem there is a» with a; =%, ao, ax =55, a) and
a J/f/[ bc. By extension (Corollary 4.14) there is b’ EIE/‘; . b such that b \Lﬁ b'c, and
thus b'c J/1[\(4 b by symmetry. By extension again, there is ¢’ EIA‘;b cwithd'c | 111(/1 bc'.
Asb'c E}WS be =% be’, we get by Lemma 7.13 that there is a \LZI\(/I-Morley parallel-
Morley in tp(bc/M) sequence I = (b;, ¢;)iez With bgco = bc’ and bic; = b'c. As
a» J/11\</1 bc, we get by Lemma 7.14 that there is some a such that abc’ =5$ o axbe, 1
is Ma-indiscernible and a J/f/[

Then, by monotonicity, a | X  be. We also have ab = =Ls o a2b = aob and by

indiscernibility, ac =5 ac’ =% a,c =55 ajc. Since b and ¢ were assumed to

enumerate Ar-saturated models we get a =%, ap and a =% a;. Also, (b;)i<o is
an Mac-indiscernible parallel-Morley sequence in tp(b/M) with by = b, which
gives b Lﬁ ac by Corollary 5.11. Similarly, as (c;);>1 is an Mab-indiscernible

parallel-Morley sequence in tp(c/M) with ¢; = ¢, we get that ¢ \LII‘(/I ab. ([

8. Transitivity

Lemma 8.1. I[f M C N are e.c. models of a thick NSOP theory, a \LAK/[ N, and  is
a small cardinal, then there is a parallel-Morley in tp(a/N) sequence (a;);c, with
ag = a such that a; J/ﬁ Na; foreveryi < L.

Proof. Put .. = |Na| + R¢ and (using Lemma 6.3) choose a global N-Ls-invariant
extension g of Lstp(a/N) satisfying (x);.

By Lemma 7.9, compactness, finite character of Kim-independence, and an
automorphism, it is enough to find for any given k < w a parallel-Morley sequence
(a;)i <x in g over N such that a; \Lﬁ Na_; forevery i <k.

So fix any k < . By backward induction on k' =k+1, k, ..., 1 we will construct
trees (¢;)yes, » where Sy :={§ € o<k oK1 g &}, such that for each k' the tree
(cp)nes, satisfies the following conditions:

(A1) For any n € Sy we have ¢, \LII‘(/I Nc., and ¢, —%VS a.

(A2)r (cp)yes, is g-spread-out over N.

For k' = k + 1 we let cx = a. For the inductive step, suppose we are done
for some k. By (Al)r we have cyv- IJ;, a, so by (%), there is a global N-Ls-
invariant type r(x, y) 2 ¢g(x) extending Lstp(cy-1, (¢;)pe s, /N) where x corre-
sponds to cw-1. Choose a Morley sequence I := ((¢y,i)yes, )i<w I (X, y) over N
with ¢, o = ¢, for each 1 € Sp. By extension (Corollary 4.14) there is ¢’ E]LVS a with
c J/f/l NI.Putcyrs = co-1,,; foralli <o, ¢ e =K1K Jand cgrr 1=
Then (A2)—1 follows by Lemma 5.13(1), whereas (Al)y—; with n € S,f,_l follows
by invariance of Kim-independence, and (Al)_; with n = 0K =2 follows by the
choice of cyw—» = ¢’. Thus the inductive step, and hence the construction of the tree
(cp)pewsk = (cp)yes,» 1s completed.
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Letting (C;;)nea)sk be an s-indiscernible over N tree that is EM;-based on (c;)) e <t
over Na, we get that (C;Y),]Ewsk satisfies (A1); by Lemma 7.9 and Corollary 7.10(ii),
and is weakly g-spread-out over N by Lemma 5.13(ii). Thus, by Lemma 5.13(iii),
putting a; = cék,,« for i < k we get a parallel-Morley sequence (a;); <x in g over N
satisfying the requirements. ]
Lemma 8.2. Suppose T is thick NSOP, and M C N are e.c. models of T. If

a J/AK/[ N and ¢ \LﬁN then there is ¢’ =% ¢ such that ac' \LAK/[N and a \Lﬁc’.

Proof. By Lemma 7.9 there is a type I'(x; N, a) that is equivalent to the condition
ax \LZI‘; N. By Lemma 8.1 there is a parallel-Morley in tp(a/N) sequence (a;); <,
with ag = a such that g; Lﬁ Na_; for every i < Ar. Replacing (a;);<;, with an
N-indiscernible sequence based on it over N and moving by an automorphism (to
keep ap = a), we may assume (a;);<,, is N-indiscernible.

Claim. |

Proof of claim. By induction on n < o we will find ¢, EILVS ¢ such that ¢, J/ﬁ Na.,
and ¢, = J;_, I'(x; N, a;), which is enough by compactness, N-indiscernibility
of (a;)i<y, and Corollary 7.10(Gii). For n = 0 put ¢cp = ¢. Assume we have
found ¢, and find by extension (Corollary 4.14) some ¢’ EIMS ¢ such that ¢’ J/II‘{/I ay,.
By Theorem 7.15, there exists ¢,4+; with ¢,11a<, EINS Cnl<p, Cpt1Qy EIMS cay,
Cntl J/]If/l Na_,y1 and a, ¢,y \LII‘(/I Na_,. In particular, ¢, E%VS Cn E%VS ¢ and
Cn+1 ':Ui<n+l ['(x; N, a;). U

Let ¢” be given by the claim, and let (a;); ., be an N¢”-indiscernible sequence
based on (4;);<y, over Nc"a. Then a Eks a (as a; =% a for every i < Ap),
so there is a Lascar strong automorphism f over N sending a, to a = ag. Put
¢ := f(c"). Then (f(a;))i<w is an N¢'-indiscernible parallel-Morley sequence in
tp(a/N) starting with a, so ¢’ \L]’\(/ a by Corollary 5.11. Also, ¢/ =T (x; N, a), so
ac’ | f/[ N by the choice of I', and we are done. ]

Lemma 8.3. Suppose T is thick NSOP| with e.c. models M C N and a \Lﬁ N.
Then there is a \Lﬁ-Morley parallel-Morley in tp(a/M) sequence (a;); <, With
a = ay.

1 —Ls

I'(x; N, a;) has a realisation c” such that ¢ =5’ c.

<A

Proof. By extension (Corollary 4.14) we may assume that a is a Ar-saturated
model extending M. By Lemma 6.3 there is a global M-Ls-invariant extension
q(x) D tp(a/M) satisfying the property (x); with A = |a| + 8p. We claim that
it is enough to find for any given k < w a parallel-Morley sequence (a;); < in ¢
over M such that g; J/II\(, a-; and a; =y a for every i < k: indeed, if we prove this,
then, since the condition (a; =y a) A (a; J/ZKV a;) is type-definable by Lemma 7.9,
we can find by compactness such a sequence of length |74 n4. Then taking
an N-indiscernible sequence based on (a;); <z, v, OVer N and moving it by an
automorphism we obtain a desired sequence.
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So fix any k < w. By backward induction on k' =k + 1, k, ..., 1 we will define
trees (cy)yes, » where Sy :={§ € o<k 0K g £}, such that for each k' the tree
(cp)nes, satisfies the following conditions:

(Al)y For any n € S we have ¢, J/II\(, Con and ¢, EI;VS a.

(A2)r (cy)yes, 1s g-spread-out over M.
(A3 (cpyesy LA N.

For k' = k + 1, we let cx = a. For the inductive step, suppose we are done
for some k’. By (x); and (A1), there is a global M-invariant type r(x, y) extend-
ing Lstp(cgu-1, (cp)ye s?, /M) and g(x). As ¢,’s are Ar-saturated models, we get,
by (A3), and Corollary 4.10, that Lstp(N /(cy)es,,) does not r-Ls-divide over M.
Thus there is an N-indiscernible Morley sequence I = ((¢y,i)nes, )i<w In 7(x, y)
over M with ¢, o = ¢, for each n € S and I J/fl N. By Lemma 8.2 there is
a=a such/ that a’ J/g ITanda'l J/ﬁ N.Putcy ;= co1,; foralli <o,
¢ e w=kH1=K and cov—2 = a’. Then we get (A2)r—; by Lemma 5.13(i), we get
(Al)p_ using that @’ | X 1, and (A3)p_; holds as @'l | § N. Thus the inductive
step, and hence the construction of the tree (c;),ce=t = (¢y)pes,, is completed.

Letting (C;)nea)ﬁk be an s-indiscernible over N tree which is EM;-based on
(cp)pewst Over Na, we get that (C;)nEwgk is weakly g-spread-out over M by
Lemma 5.13(ii) and satisfies (Al); by Lemma 7.9 and Corollary 7.10(ii). Thus
putting a; = cék,,- for i < k we get by Lemma 5.13(iii) a parallel-Morley sequence
(a;)i <k in g over M satisfying the requirements. U
Theorem 8.4 (transitivity). Suppose T is thick NSOP; with models M C N. If
a \Lfl N and a J/f/ c, then a J/AK/[ Nc.

Proof. By Lemma 8.3 there is a | g—Morley parallel-Morley in tp(a/M) se-
quence I = (a;)i<,» With ag = a. Because a \LIIS, ¢, we get by Lemma 7.14 an
N c-indiscernible sequence I’ = (alf),-<w =pnq I. As I’ is also parallel-Morley in
tp(a/M) and a) = a, we get by Corollary 5.11 that Nc¢ \Lf/[ a, so, by symmetry,
we are done. U

9. Kim-Pillay style theorem

Theorem 9.1. Let T be a thick positive theory. Then T is NSOP if and only if there
is an automorphism invariant ternary relation | on small subsets of the monster
model, only allowing e.c. models in the base, satisfying the following properties:

FINITE CHARACTER If a J/M by for all finite by C b, then a J/M b.
EXISTENCE a |, M for any model M.
MONOTONICITY aa’ |, bb' impliesa | ,, b.
SYMMETRY a |, bimpliesb | , a.
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LoCAL CHARACTER Let a be a finite tuple and k > |T | be regular. Then
for every continuous chain (M;);, with |M;| < k
for all i, there is i < k such thata |, M, where

M=,_, M.
INDEPENDENCE THEOREM If a |, b, a’" |, candb | , cwitha EII;; a’, then
there is a” such that a”’b EIA‘/‘; ab, a’c EI];; a'c and
a” L, be
EXTENSION If a |, D, then for any c there is a’' =y a such that
a L, be

TRANSITIVITY Ifa |, Nanda | ,bwithM C N, thena | , Nb.
Furthermore, in this case, | = | X.

The properties in Theorem 9.1 are not as strong as they could be. For example, we
actually proved the strong independence theorem for | X; see Theorem 7.15. The
slightly simpler formulation of the properties in Theorem 9.1 is easier to verify for
an arbitrary independence relation | . Then it follows immediately from | = | X
that such an independence relation | also satisfies the stronger formulations.

Remark 9.2. In the existing Kim—Pillay style theorems for full first-order logic,
[Kaplan and Ramsey 2020, Theorem 9.1; 2021, Theorem 6.11] and [Chernikov
et al. 2020, Theorem 5.1], there are still various properties that mention syntax.
Our Theorem 9.1 is completely syntax-free. One syntax-dependent property is
mentioned in all of the above theorems, and is called STRONG FINITE CHARACTER:
if a Ly b then there is ¢(x, b, m) € tp(a/Mb) such that for any a’ = ¢(x, b, m)
we havea’ [ b.

We could replace FINITE CHARACTER and LOCAL CHARACTER in Theorem 9.1
by STRONG FINITE CHARACTER. Obviously STRONG FINITE CHARACTER
implies FINITE CHARACTER and modulo the other properties it also implies LOCAL
CHARACTER by Lemmas 9.5 and 9.6.

Remark 9.3. To conclude that a theory is NSOP; it is enough to find an indepen-
dence relation with the properties STRONG FINITE CHARACTER, EXISTENCE,
MONOTONICITY, SYMMETRY and INDEPENDENCE THEOREM; see [Haykazyan
and Kirby 2021, Theorem 6.4]. However, that does not guarantee that the in-
dependence relation is also Kim-independence; see [Kaplan and Ramsey 2020,
Remark 9.39] for an example (already in full first-order logic). We also point out that
[Haykazyan and Kirby 2021, Theorem 6.4] says nothing about the properties that
Kim-independence generally has in NSOP| theories. Finally, our proof is also differ-
ent because we do not rely on the syntactic property STRONG FINITE CHARACTER.

Remark 9.4. We point out a minor difference between Theorem 7.7 and INDE-

PENDENCE THEOREM in Theorem 9.1. In the former we get a” Elﬁb a, which is
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generally stronger than the a”’b =% ab in the latter (and similar for c). Again, the
reason is that the latter is easier to verify. Definitely in semi-Hausdorff theories,
because then a”b EIA'/‘; ab is equivalent to a”’b =y, ab, so we do not have to worry
about Lascar strong types. For a concrete example of this, see Fact 10.3(i). The
only place where INDEPENDENCE THEOREM is used, namely, to get consistency

along a certain sequence, we only need this weaker version.

Lemma 9.5. Let | satisfy STRONG FINITE CHARACTER, EXISTENCE, MONO-
TONICITY and SYMMETRY. Thena | |, b impliesa |, b.

Proof. Exactly as in [Chernikov and Ramsey 2016, Proposition 5.8]. O
Lemma 9.6. Let | be as in Lemma 9.5. Then it satisfies LOCAL CHARACTER.

Proof. By Lemma 9.5, the proof from [Kaplan et al. 2019, Theorem 3.2] applies.
Our formulation of local character then follows. ([

Corollary 9.7 (local character). In a thick NSOP| theory Kim-independence satis-
fies LOCAL CHARACTER.

Remark 9.8. In [Kaplan et al. 2019] there are also different formulations of LOCAL
CHARACTER, for example in terms of club sets of [M]/7!. Since their arguments
apply directly, these formulations also hold for Kim-independence in any thick
NSOP; theory.

The next definition is based on the notion of isi-dividing from [Kamsma 2020].

Definition 9.9. We say that a type p(x, b) =tp(a/Cb) long divides over C if there
is ; such that for every A > u there is a sequence (b;); <) with b; =¢ b for all i < A
such that for some ¥ < A and every I € A with |/| > k we have that Uie[ p(x, b))
is inconsistent. We write a \ng b if tp(a/Cb) does not long divide over C.

There is a close connection between long dividing and dividing. Even though we
do not need this connection in our proofs, it is still interesting to explore it. Dividing
implies long dividing. Given an indiscernible sequence that witnesses dividing
of a type p, we can use compactness to make it as long as we wish. So we find
arbitrarily long sequences where p is inconsistent along any infinite subsequence,
so p long divides. The converse is not so clear to us.

Question 9.10. Does long dividing imply dividing?

At least if we assume the existence of a proper class of Ramsey cardinals then
the answer is positive. To see this, suppose that p long divides, and let A be a big
enough Ramsey cardinal. Then there is some sequence (b;); ., witnessing that p
long divides. Since we assumed A to be Ramsey there is a cofinal / C X such
that (b;);es is indiscernible. By the definition of long dividing, | J;, p(x, b;) is
then inconsistent and so we conclude that p divides.
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Lemma 9.11. We have that a J/’LS b implies a J/lg b.

Proof. Let p(x, y) =tp(ab/C), and let A be any regular cardinal bigger than the num-
ber of Lascar strong types over C (compatible with b). Let (b;); <) be any sequence
in tp(b/C). By choice of A there must be / C X such that b; = —LS bjforalli,jel
and |I| = A. Pick some ip € I, and let a’ be such that a'b;, =¢ ab By assumption

J/’LS b,soa J/’LS bi,. Let ¢ 2 tp(a’/ Cb;,) be a global C-Ls-invariant extension,
and let o |=¢g. Then ab; =%S ab;, foralli eI, so | J{p(x, b;):i € I}is consistent. [J

Definition 9.12. Let | be some independence relation, and let (¢;); <, be some
sequence. Suppose furthermore that there is a continuous chain (M;); -, of e.c.
models, with M C M, such that a_; € M; and q; J/M M; for all i < k. Then we
call (M;); -, an J/M-independence chain (for (a;); < )-

Remark 9.13. Let | be an independence relation satisfying EXISTENCE and
EXTENSION, let a be any tuple, and let M be any model. Then as usual we can induc-
tively build arbitrarily long sequences (a;); <, together with an | , -independence
chain (M;); -, such that a =, a; for all i < «.

The following is adapted from one half of the original Kim—Pillay theorem, and
occurs in [Kamsma 2020, Theorem 1.1]. We just have to check that the use of
base-monotonicity can be replaced with our more carefully formulated form of
local character.

ags . d .
Proposition 9.14. Let | be as in Theorem 9.1. Thena |, b impliesa |, b.
Note that we will actually not need INDEPENDENCE THEOREM here.

Proof. It follows directly from the definition of long dividing that | '4 has mono-
tonicity on the left side. So by FINITE CHARACTER and SYMMETRY we may
assume «a to be finite.

By Remark 9.13 we find a sequence (b;);, with an | M-independence chain
(M;); < such that b =y b; for all i < k. Picking the right ¥ > (|T| + |M|)™", there
must be I C « with order type (|T|+ |M|)* such that Uies P(x, b;) is consistent,
where p(x, y) =tp(ab/M). Let a’ be a realisation of this set. By MONOTONICITY
and downward Lowenheim—Skolem, we may assume that (M;);c; is a continuous
chain with |M;| < |T|+ |M]| for all i € I. Then by LOCAL CHARACTER there
is ig € I such thata J/M M;, where M; ={J,;.; M;. By MONOTONICITY we have
a \LM b;, and by construction we also have bi, L ,; Miy- So by SYMMETRY and
TRANSITIVITY we obtain a’ | o bi,. The result now follows since a’'b;, =y ab. [

We note that in the above proof it is relevant that we work with long dividing
instead of dividing. This is because the application of LOCAL CHARACTER only
really makes sense if the chain consists of e.c. models, as we only allow e.c. models
in the base. At the same time we need those e.c. models to form an independence
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chain for the rest of the proof to work. If we would try to follow the same proof just
for dividing then we would have to work with indiscernible sequences. Finding an
indiscernible | -independent sequence is not an issue. This can be done as usual:
we first build a very long | -independent sequence and then base an indiscernible
sequence on it. This preserves being | -independent due to FINITE CHARACTER,
but it does not carry over the independence chain. In long dividing this is not an
issue, because we work directly with the very long sequence we constructed. So
any “decorations”, such as the independence chain, are then at our disposal.

The following lemma and its proof are a weaker version of the chain condition for
| X-Morley sequences (Lemma 7.14) that works for long enough | X-independent
sequences.

Lemma 9.15. Let T be a thick NSOP| theory. Suppose that a J/f/[ b. Let (b;); <«
be an J/]I‘f]-independent sequence, where k is a regular cardinal larger than the
number of Lascar strong types over M (compatible with b) and where b =y, b;
foralli < k. Then there is I C k with |I| = « such that | J;; p(x, b;) does not
Kim-divide (and is thus consistent), where p(x,y) =tp(ab/M).

Proof. By the choice of « there is I C k with |I| =« such that b; ELMS bjforalli, jel.

We conclude by the generalised independence theorem (Corollary 7.10(Gii)). U
Proof of Theorem 9.1. We already proved that | X has all the listed properties if T
is NSOP;. So now we assume that we have an abstract independence relation |
satisfying the listed properties and we prove that | = | X and that T is NSOP;.

The directiona |, ,b=a | f/lb holds. This proof is based on the proof of the same
direction in [Kaplan and Ramsey 2020, Theorem 9.1]. Let p(x, b) =tp(a/Mb), and
let g be any global M-Ls-invariant extension of tp(b/M). Then a Morley sequence
(bi)i<wing isa | , -Morley sequence by Lemma 9.11 and Proposition 9.14. By
the standard INDEPENDENCE THEOREM argument we thus find that | J,_, p(x, b;)
is consistent, and thus a \Lf/[ b.

The theory T is NSOP;. We prove weak symmetry as in Theorem 6.7. So suppose
a \J/?bs b. Then combining Lemma 9.11 and Proposition 9.14 again we geta |, b.
So by SYMMETRY we have b |, a and then b J/]Ifl a follows from the above.

The direction a J/fl b= a | ,, b holds. This proof is based on the proof of the
same direction in [Chernikov et al. 2020, Theorem 5.1]. By Remark 9.13 we obtain
a long enough sequence (b;);, with an | M—independence chain (M;); -, and
bi =y b for alli < k. By the above (M;); -, is also an \J/fl—independence chain. So
by Lemma 9.15 there is I € « with order type « such that | _J;, p(x, b;) is consistent,
where p(x, b) =tp(a/MDb). Let a’ be a realisation of this set. By deleting an end
segment, MONOTONICITY and downward Lowenheim—Skolem we may assume
that (M;);cs is a continuous chain with |M;| < |T|+|M]| for alli € I and I has order
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type (|T|+|M|)". By LOCAL CHARACTER there is io € I such that a’ J/M M;y,
where M; = Ule] M;, and therefore a’ J/M b;,. We also have b;, \LM ios and
thus by SYMMETRY and TRANSITIVITY we get a |, bi,andhencea |, b. O

10. Examples

In this section we present some examples of thick NSOP; theories. First, we
recall Poizat’s example of a thick non-semi-Hausdorff theory (which is bounded
hence NSOP;). Next, we look at (the JEP refinements of) the positive theory of
existentially closed exponential fields, which was shown to be NSOP; in [Haykazyan
and Kirby 2021] by constructing a suitable independence relation. We deduce from
the known results that this theory is Hausdorff (hence thick), and then we show
that Kim-independence coincides in it with the independence relation studied in
[Haykazyan and Kirby 2021]. Finally, we show that NSOP; is preserved under
taking hyperimaginary extensions; in particular, the hyperimaginary extension of
an arbitrary NSOP; theory in full first-order logic is a Hausdorff NSOP; theory.

Let us also briefly mention the class of nonsimple NSOP; thick theories found
recently in [d’Elbée et al. 2021]. For any integral domain R, the authors consider
in the language of rings enriched by a predicate P and constants for elements of R
the theory Fr-module: the theory of fields together with the quantifier-free diagram
of R and where P defines an R-submodule. By [d’Elbée et al. 2021, Theorem 4.2,
Theorem 4.8], for any integral domain R, the theory Fg_module 1S nonsimple and
NSOP; in the sense of positive logic. Also, by [d’Elbée et al. 2021, Remark 4.9] it
is thick and Kim-independence in the sense of our paper coincides there with weak
independence, as defined in [d’Elbée et al. 2021, Definition 4.4]. In the particular
case R = Z this shows that the theory of algebraically closed fields of characteristic
zero with a generic additive subgroup, which is known to be noncompanionable
by [d’Elbée 2021a, Remark 1.20], is nonsimple and NSOP; in positive logic (see
also [d’Elbée 2021b, Remark 5.35]).

10A. A thick, non-semi-Hausdorff theory. The following is an example of a thick
non-semi-Hausdorff theory from [Poizat 2010, Section 4]. Consider a language L =
{P,, R, :n <w}U{r} where P,’s and R,’s are unary relation symbols and r a binary
relation symbol. Let M = {a,, b, : n < w} be an L-structure with ag, by, a;, az, . ..
pairwise distinct, in which P, is interpreted as {a,, b,}, R, as the complement
of P,, and r as the symmetric antireflexive relation {(a,, b,,), (bn, a,) : n < w}.
Let T be the h-inductive theory of the structure M. Then the models of T are
bounded (in fact any e.c. extension of M adds at most two new points), so T’
is thick (and also NSOP;). However, T is not semi-Hausdorff. In fact, it was
observed by Rosario Mennuni that the unique nonalgebraic maximal type over M
does not have any global M-invariant extensions. This shows that, in the definition
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of Kim-independence in thick theories, it is necessary to work with Ls-invariant
types rather than just invariant types. This is also an example where having the
same type over an e.c. model does not guarantee having the same Lascar strong
type (over that model).

10B. Existentially closed exponential fields. In [Haykazyan and Kirby 2021] the
class of existentially closed exponential fields is studied using positive logic. They
prove that this is NSOP; by providing a nice enough independence relation. We
verify that this independence relation is indeed Kim-independence.

Definition 10.1. An exponential field or E-field is a field of characteristic zero
with a group homomorphism E from the additive group to the multiplicative group.
We call such a field an EA-field if it is also an algebraically closed field. We
can axiomatise EA-fields by a positive theory and call this theory Tga-feld- The
existentially closed exponential fields are then the e.c. models of Tga-field-

Our definition is slightly different from [Haykazyan and Kirby 2021] where they
consider the class of e.c. models of just the theory of E-fields. However, these
classes of e.c. models coincide; see [Haykazyan and Kirby 2021, Proposition 3.3]
and the discussion after it.

There are also many different JEP-refinements; see [Haykazyan and Kirby 2021,
Corollary 4.6]. To work in a monster model we need to fix one such JEP-refinement.
This is not an issue, since everything we discuss here works in any JEP-refinement.

Definition 10.2 [Haykazyan and Kirby 2021, Definition 5.1]. For any set A write
(A)EA for the smallest EA-subfield containing A. We define an independence
notion | by

ALcB = (AC)PA LIS (BORA,

where | ACF is the usual independence relation in algebraically closed fields.

Note that the independence relation | actually makes sense over arbitrary sets.
It would be interesting to compare this once Kim-independence over arbitrary sets
has been developed in positive logic (see Question 10.21 below). For now we will
restrict ourselves to working over e.c. models.

Fact 10.3. We recall the following facts about Tga field-

(1) The independence relation | satisfies STRONG FINITE CHARACTER, EXIS-
TENCE, MONOTONICITY, SYMMETRY, INDEPENDENCE THEOREM.

(ii) Any span F| < F — F, of embeddings of EA-fields can be amalgamated in
such a way that, after embedding the result into the monster model, Fy | . F>.

(ili) For EA-fields F and F», if qftp(Fy) = qftp(F>) then tp(F) = tp(F>).
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Proof. (1) This is [Haykazyan and Kirby 2021, Theorem 6.5]. They do not mention
Lascar strong types in their formulation of INDEPENDENCE THEOREM. However,
as we will see in Proposition 10.4, the theory is Hausdorff, so the types over e.c.
models are Lascar strong types.

(i1) This is [Haykazyan and Kirby 2021, Theorem 4.3]. The fact that F; | . F, is
not mentioned there, but it is direct from their proof.

(iii) This follows directly from (ii). U
To apply our theorem, Theorem 9.1, we need to verify a few more things.
Proposition 10.4. The theory Tga field is Hausdorff.

Proof. Let T; be the set of all h-inductive sentences that are true in all e.c. models
of Tga-field- By [Poizat and Yeshkeyev 2018, Theorem 8], being Hausdorff is equiv-
alent to the models of T} being amalgamation bases. By Fact 10.3(ii), the models
of Tga field are already amalgamation bases, so the models of T are in particular
also amalgamation bases. So we conclude that Tga _fielq is indeed Hausdorff. O

Note that Hausdorff is the best we can get, because [Haykazyan and Kirby 2021,
Corollary 3.8] tells us that Tga_felq cannot be Boolean. They prove this by showing
that in every e.c. model F of Tgafielg We have for all a € F that

ael <= FEVx(E(x)=1— E(ax)=1),
so if the theory were Boolean this would contradict compactness.

Proposition 10.5. The independence relation | in Tga-field satisfies EXTENSION
and TRANSITIVITY.

Proof. We first prove TRANSITIVITY. Let A | , Cand A | . D with B < C. So

we have (AB)EA @}CI;QA (BC)EA, which is just

(AB)*A | {ka (O)F.

We also have (AC)EA \L?CC];A (CD)EA, and therefore, by monotonicity of ACF-
independence,

(AB)PA LG (CD)A

Then by transitivity of ACF-independence the result follows.

Now we prove EXTENSION. Leta | b andletd be arbitrary. From the definition,
we geta | . Cb. We apply Fact 10.3(ii) to (Cab)** 2 (Cb)** C (Cbd)"*, and we
can embed the amalgamation in the monster in such a way that (Cbhd)F* remains the
same. So we get some EA-field F with qftp(F /(Cb)FA) = gftp((Cab)FA/(Ch)EA)
and F \L(Cb)EA (Cbd)FA, which simplifies to F J/Cb Cbd. By Fact 10.3(iii) and
restricting ourselves to the copy a’ € F of a we thus have tp(a’/Cb) = tp(a/Cb).
Sowegeta’ | .Cbanda’ | ., Cbd,anda" | .bd follows from TRANSITIVITY
and MONOTONICITY. O
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Corollary 10.6. The independence relation | in Tga-field is the same as Kim-
independence over e.c. models.

Proof. This is a direct application of Theorem 9.1, using Remark 9.2 to replace
LocAL CHARACTER by STRONG FINITE CHARACTER. U

10C. Hyperimaginaries. One of the main motivations for studying positive logic
in [Ben-Yaacov 2003a] was to be able to add hyperimaginaries in the same way we
usually add imaginaries. It is well known that by doing so we leave the framework of
full first-order logic, for example because we might get a bounded infinite definable
set. However, we do stay within the framework of positive logic. We show that
adding hyperimaginaries as real elements does not essentially change anything. So
working with hyperimaginaries in positive logic requires no special treatment.

The construction in this section is based on [Ben-Yaacov 2003a, Example 2.16],
but we work things out in far greater detail. This then allows us to prove that certain
properties are invariant under adding hyperimaginaries.

We fix the following things throughout the rest of this section. First, we fix
a positive theory T in a signature £ with monster model 91. For simplicity we
assume L is single sorted (extending this to the multisorted setting is straightforward).
Let £ be a set of partial types (over &) E(x, y), where x and y are (possibly infinite
but small) tuples of variables, such that each E defines an equivalence relation in 91.

Definition 10.7. We define the hyperimaginary language L¢ as a multisorted
extension of L. The sort of £ will be called the real sort and is denoted by Siear.
Then for each E € £ we add a sort Sg, called a hyperimaginary sort. For a variable y
of sort Sg we denote by y, a tuple of variables of the real sort, matching the length
of the representatives of the E-equivalence classes.

For all Ey,...,E, € £ we add a relation symbol R,(x, yi, ..., y,) of sort
Srlzzlﬂ x Sg, X -+ x Sg, for each L-formula ¢(x, y1,,, ..., Yn,r)-
In the above definition, not all variables in ¢(x, y1., ..., yu.r) need to actually

appear in the formula. In particular, it is not problem for the y; . to be infinite tuples.
Similarly, when we write something like 3y,¢(y,), then we really only quantify
over the variables that actually appear in ¢.

Definition 10.8. We extend 91 to an L¢-structure ¢ as follows. The real sort Sreqr
is just M, and for each E € £ the sort Sg is IM*/E, where « is the length of the
tuples of free variables in E. From now on we will use the shorthand notation 9t/ E

and not mention «. For E1, ..., E, € £ and ¢(x, y1,, ..., Yur) We interpret the
relation symbol R, as follows. We let Mmé = Ry(a,cy, ..., c,) if and only if there
are representatives by, ..., b, of ¢, ..., ¢, such that M = ¢(a, by, ..., by).

For a real tuple b and some E € £ we will write [b] for the corresponding
hyperimaginary in 9t/ E. To prevent cluttering of notation, we will actually also
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use the notation [b] for a tuple of hyperimaginaries. This notation leaves implicit
which sort(s) [b] belongs to, but that should not be a problem in what follows.

Definition 10.9. We define the L¢-theory T¢ as the set of all h-inductive L¢-
sentences true in IE.

In this construction, 9t¢ will be a monster model of T¢ (Theorem 10.15).
Being Hausdorff/semi-Hausdorff/thick is preserved under adding hyperimaginaries
(Theorem 10.17). We have that T is NSOP; if and only if 7¢ is NSOP; (Theorem
10.18). So in particular this means that if we start with an NSOP; theory T in
full first-order logic, viewed as a positive theory, then 7¢ is a Hausdorff (and thus
thick) NSOP; theory, and all our results apply. Finally, we also have that T satisfies
the existence axiom for forking if and only if 7¢ satisfies the existence axiom for
forking (Theorem 10.20).

We set up our construction in such a way that we can add any set £ of hyper-
imaginaries. If we wish to study 9", where we have added all hyperimaginaries,
we would have to add a proper class of hyperimaginaries. We can formalise this by
taking £ to be the set of all equivalence relations E(x, y) where |x| < |T'|. Then, by
[Ben-Yaacov 2003c, Corollary 3.3], every possible hyperimaginary is interdefinable
with a set of hyperimaginaries in £. So we can take 9t"4 and 7" to be 9 and T¢.

Lemma 10.10. Ler ¢(x, y) be an Le-formula, where x is a tuple of real variables
and y is a tuple of hyperimaginary variables. Then there is a set of L-formulas
Xy (x, yr) such that M = Xy (a, b) if and only if ME = ¢(a, [b]).

Proof. We first assume that ¢(x, y) is of the form

Fwz (¥ (v, w) A ey, 2) A Nier Ry (v, w, 3, 2)).

Here w is a tuple of real variables and z a tuple of hyperimaginary variables. The
formula ¥ (x, w) is an L£-formula and ¢(y, z) is a conjunction of equalities of
hyperimaginaries.

We define the partial type I'y, as follows. For each i € I we introduce tuples
of real variables y; and z; matching y, and z, respectively. We let E.(y,, z,) be
the union of partial types in £ expressing €([y,], [z/]), and we close E. under
conjunctions. Then we set

Ly (x, yro w, 2, (Vi)ier, (Zidier)
= {0 w) A€l 2 ANierxi G w, viz) e € e M
UJE Gy i e 1) )
UUJE ) ienn. )

Here E, and E; are the equivalence relations corresponding to the hyperimaginary
variables y and z respectively.
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Let Xy (x, y,) express the following:

3wz, (Yi)ier (Zi)ierUp(x, yrs w, 2r, (Vidiers (Zidier)-
Now suppose that @ and b are such that 91 = X, (a, b). Then we find realisations
such that
METy(a, b, c,d, (bi)ier, (di)icr)-

Then (2) and (3) tell us that [b] = [b;] and [d] = [d;] for all i € I, while (1)
guarantees that Mme = @(a, [b]). This proves the forward direction and the converse
is straightforward by just taking representatives of the hyperimaginaries that are
involved.

We assumed ¢ to be of a particular form. Since every formula can be written as a
disjunction of regular formulas (i.e., formulas built using conjunction and existential
quantification), we are only left an induction step for disjunction. So let ¢;(x, y)
and ¢ (x, y) with 3y, (x, y,) and X, (x, y,) be given. We define Xy, v, (x, y-) as

(V1 VY € By, ¥ € By}
One easily checks that MM = Xy, vy, (a, b) precisely when I = Xy, (a, b) or
M = Xy, (a, b) or both, and the result follows. O

Lemma 10.11. Let I'(x, y) be a set of Le-formulas, where x is a tuple of real
variables and y is a tuple of hyperimaginary variables. Then there is a set of
L-formulas X (x, y,) such that M = Xr(a, b) if and only if ME =T (a, [b]).
Proof. Define

Trx,y) = S, .
pel’
where ¥, is as in Lemma 10.10. O

Lemma 10.12. If tp(a[b]) = tp(a’[b’]) then there is b” such that tp(ab) = tp(a’b”)
and [b'] = [b"].

Proof. Define
Y(x,y) =tp(ab)UE(b, y).

It is enough to prove that X (a’, y) is finitely satisfiable. Let ¢ (x, y) € tp-(ab). Then
ME = Ry(a, [b]), so ME = Ry(d’, [b']). So there is b” € M with M = EB', b")
and 9 = ¢(a’, b"), as required. O

Lemma 10.13. For every tuple of hyperimaginary variables y there is a partial
Le-type B(y,, v) such that ME = B (a, [a']) if and only if [a] = [a'].

Proof. We define
E(yr,y) ={R:(yr,y): € € E},

where E is the equivalence relation corresponding to y. The right-to-left direction
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is clear. For the forward direction we suppose that ME = E(a, [a']). Consider the
partial type
T(y)) = E(a, y:) UE(y,, d).

For any ¢(a, y,) € E(a, y,) we have M¢ = R, (a, [a']). So there must be a* € M
such that [a*] = [a’] and 9 = ¢(a, a*). Therefore, M = ¢e(a, a*) A E(a*, a’). We
thus see that I is finitely satisfiable, so there is a realisation a”. We conclude that
[a] =[a"]=[d']. U
Lemma 10.14. Any automorphism f : 0 — 9N uniquely extends to an automor-
phism € :ME — ME by setting f([b]) =[f(b)].

Proof. Tt is straightforward to check that f¢ is well defined and bijective. We
need to show that f¢ preserves and reflects truth of the new relation symbols
in Lg¢ (preservation of equality is just saying that f¢ is well defined). Suppose that
ME = Ry (a, [b]). By definition there is b’ such that [0'] = [b] and I |= ¢(a, D).
Then M = ¢(f(a), f(b')) and hence M = R, (f(a),[f(b)]), which is just
Mme = Ry(f €(a), fE([b])). The converse follows in a similar way.

Finally we check uniqueness of f¢. Suppose that g : I¢ — 9¢ also extends f.
For [b] € ¢ we have ME = E (b, [b]) by Lemma 10.13. Soif g is an automorphism
we must have I = E(g(b), g([b])), which means that g([b]) = [g(b)] = [ f (b)],
as required. (I

Theorem 10.15. The structure 9N is a monster model of T¢.

Proof. We prove that 90t€ is e.c. and is just as saturated and homogeneous as 9. So
let « be such that 91 is «-saturated and x-homogeneous. Note that this means that «
is definitely bigger than the length of any tuple representing a hyperimaginary.

Existentially closed: We will use Definition 2.5(iii). Suppose that me = o(a, [b]).
Then M (= X, (a, b), where X, is from Lemma 10.11. Therefore, there exists
Y (x, yr) € Xy(x, y-) such that MM = ¥ (a, b). Because M is e.c. we find x (x, y,)
with 7 = —3xy, (W (x, y) A x (x, y)) and I = x (a, b). Thus M¢ = Ry (a, [D]).
We will conclude by proving that ME = —Axy(p(x, ¥) ARy (x,y)). Suppose for
a contradiction that there are a’ and b’ such that ¢ = ¢(a’, [b']) A R, (', [P']).
Then there is b” with [b'] = [b"] and M = x(a’, b"). So M = ¢(a’, [b"]) and
thus M = Xy, (a’, b”). We then get that M =y (a’, b”) A x(a’, b"), which cannot
happen.

Saturation: Let I'(x, y, c, [d]) be a finitely satisfiable partial L¢-type with |c[d]| < k.
Let Xr(x, y, c, d) be the set of L-formulas from Lemma 10.11. By the construction
there we have
Yr(x,y,c,d)= U Yy(x,y,c,d),
pel’
where X, is as in Lemma 10.10. So finite satisfiability of I'(x, y, ¢, [d]) implies
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finite satisfiability of X (x, y, ¢, d). Wethus finda, b e M with M = X (a, b, ¢, d)
and hence MM = I'(a, [b], ¢, [d)).

Homogeneity: If tp(a[b]) = tp(a’[b']), then by Lemma 10.12 there is »” such
that [b”] = [b'] and tp(ab) = tp(a’d”). Let f : MM — 9 be an automorphism
with f(ab) = a’b”. Then, by Lemma 10.14, we find f¢ : 9 — M€ with
FE@lb]) = f@If(b)] =a'[b"] =a'[b'], as required. O

Lemma 10.16. A sequence (a;[b;])ic; is indiscernible if and only if there are
representatives b; of [b;] such that (aibl/. )ie1 s indiscernible.

Proof. We first prove the left-to-right direction. By compactness we may assume /

to be long enough. We can find indiscernible (a;b});c; based on (a;b;);e;. Let
*

p((xiyir)ier) =tp((a;b})ier) and define the type
I'=p((aiyir)ier) U{E i, [bi]) 11 €1},

Then a realisation of I" is precisely what we need, so we prove that I" is finitely satisfi-
able. That s, fori; <--- <i, € I, we will produce a realisation of I" restricted to the
variables y;, ,, ..., y;, r and parameters a;,, ..., a;,, [b;, ], ..., [b;,]. By construc-
tion there are j; < --- < j, € I such that tp(al.*lb;"l- . -a;:b;';) =tp(a; bj,---a;bj,).
As tp(a;, [b;,]- - - a;,[b;,]) =tp(a;[b;]---aj,[b;,]), by Lemma 10.12 we can find
b ---b; withtp(a;,b; ---a;,b; ) =tp(a;bj,---aj;,b;,) while also [b] ] = [b;] for

alll <k <n. So blfl- . -b;n is the desired realisation of I restricted to y;, ,, ..., Yi,.r
and a,-l, ey a,-n, [bi]], ey [b,‘n].
For the right-to-left direction, we note that, for any i} < --- < i, € [ and

J1 <---< j,€l,wehave

Sip(ar, by, 1-aiy b, ) S tP(a b - - - @i, by ) = tp(a;, b - - - a;, b’ ).

So tp(a;,[bi,]- - - a;,[bi,]) S tp(aj[b;]---aj,[bj]), and the claim follows by max-

imality of types. O
Theorem 10.17. The following properties of T are preserved when adding hyper-
imaginaries:

o Hausdorff,

o semi-Hausdorff,

o thick.
That is, if T has the property then T¢ has it as well.

Proof. Hausdorff: Let a[b] # a’[b']. Then there exists ¢ € tp(a[b]) such that
¢ €tp(d’'[b']). So there is a negation ¢ € tp(a’[b']) of . By Lemma 10.11 we
have that ¥, and X, are consistent while £, U X, is inconsistent.
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Fix some type g of T such that ¥, C g. We will produce formulas «, and g,
such that ¥, U {a,} is inconsistent, B, ¢ g and T |=Vxy, (g (x, y,) V By (x, y,)).
Let p 2 X, be a type of T. Then because T is Hausdorff there are formulas
Xp and 6, such that x, & p and 6, € g, while T = Vxy, (x,(x, y,) V 0,(x, y,)).
Then X, U{x, : p 2 X,} is inconsistent, and therefore there are py, ..., p, such
that 3, U{xp, A--- A Xp,} is inconsistent. We can now take o, to be x,, A-- A xp,
and B, tobe 0, vV --- VO, .

Now Xy U{B, : ¢ 2 Xy} is inconsistent. So there are g, ..., gx such that
Xy U{Bgi A+ - -ABy, } is inconsistent. We set B =By, A---ABy, anda =0y, V---Vay,.
We then also have that X, U {«} is inconsistent and 7' = Vxy, (a(x, y,) V B(x, y,)).

Now consider the formulas R, (x, y) and Rg(x, y). By construction we have
T¢ = Vxy(Ry(x,y) V Rg(x,y)). We claim that R, ¢ tp(a[b]). Suppose for a
contradiction that 9¢ = R, (a, [b]). Then there is b* with [b*] = [b] such that
M = ala, b*). Since ¢ € tp(a[b]) = tp(a[b*]), we also have M = X, (a, b"),
contradicting that ¥, U {«} is inconsistent. So indeed R, & tp(a[b]). Analogously
we get that Rg ¢ tp(a’[b']), which concludes the proof that T¢ is Hausdorff.

Semi-Hausdorff: Suppose that equality of L-types is type-definable by a partial
L-type 2. Then for a tuple x of real variables and a tuple y of hyperimaginary
variables, we consider the partial L¢-type Q€ (xy, x’y’) that expresses the following:

3y, ¥ (E(r, ) A B, Y) AQ(xy,, x'y)).

We claim that Q€ expresses equality of Le¢-types.
If M = QE (a[b], a’[b']) then we find ¢ and ¢’ such that

ME = E(c, [b) A B, [b']) AQ(ac, d'c).

By Lemma 10.13, [¢] = [b] and [¢] = [§']. Therefore, ¢ € tp(a[b]) = tp(a[c)) if
and only if X, C tp(ac) = tp(a’c’) if and only if ¢ € tp(a’[c']) = tp(a’[b']). So
tp(a[b]) = tp(a’[D']), as required.

Conversely, if tp(a[b]) = tp(a’[b']) then by Lemma 10.12 we find »” such that
[6"]=[b"] and tp(ab) = tp(a’b”). Hence, = E (b, [b])) AED", [b']) AQ(ab, a’'b").

Thick: Let ® express indiscernibility of a sequence of real tuples. Then
EI(yi,r)i<a) (®((xiyi,r)i<a)) A /\i<a) & (yi,r» yi))

expresses indiscernibility of (x;y;); <, in T¢. Here we use that a sequence in M is
indiscernible if and only if there is an indiscernible sequence of real representatives;
see Lemma 10.16. ]

Theorem 10.18. The theory T is NSOP; if and only if T¢ is NSOP;.
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The technique in the proof of Theorem 10.18 can also be applied to other
combinatorial properties, such as the order property, TP, TP;, IP, etc. Of course,
to do this, one first needs to write down a proper definition of these properties for
positive logic, such as Definition 2.26 for SOP; or [Haykazyan and Kirby 2021,
Definition 6.1] for TP;.

Proof. One direction is trivial: if 7 has a formula with SOP;, then so has T¢.

We prove the other direction: supposing that T¢ has a formula with SOP;, we
will show that T already has a formula with SOP;. So let ¢(x, y; w, z) be an
Le-formula with SOP;. Here x and w are tuples of real variables, and y and z are
tuples of hyperimaginary variables. Let (a,[b;] : n € 2=“) and ¥ (w1, z1; w2, 22)
be witnesses of SOPy. Let Xy, (x, y,; w, z,) and Xy (wy, 21,3 w2, 22,,) be as in
Lemma 10.10. Then

Yy (wi, z1,r w2, 22,,) U Xy (X, yry wis 21,,) U By (X, yry W25 22,7)

is inconsistent. Hence there are finite ¢’ € X, and ¥" € X, that are inconsistent
with each other. That is,

T = —3xy,wizi,wozo,r (¥ (Wi, 20, w2, 22,) A Q' (X, Y, w1, 21,
AQ'(x, yr, w2, 22,0)). ()

As usual, any variables not actually appearing in the formulas should be ignored
in the existential quantifier. We claim that ¢’ has SOP;, which is witnessed by
(ayby :n €2=“) and ¥'. We check the items in Definition 2.26.

(i) Let o0 € 2“. Then {¢(x,y, as|,, [bs|,]) : n < w} is consistent. So there are
¢ and [d] such that = ¢(c, [d], a,),, [bs|,]) for all n < w. That is, we have
¥y(c,d, aq),, bs|,) for all n < w. In particular, {¢'(x, yr, as |, bo,) 1 n < w}
is consistent.

(i) By construction; see (4).

(iii) Let n,v € 0=“ such that 70 < v. Then = ¥ (ay~1, [by~1], av, [b,]), so
= Xy (ay-1, by~1, ay, by) and in particular = Iﬁ’(annl, by~1,ay, by). O

Definition 10.19. We say that a theory satisfies the existence axiom for forking
if tp(a/B) does not fork over B for any a and B.

Theorem 10.20. The theory T satisfies the existence axiom for forking if and only
if T¢ satisfies the existence axiom for forking.

Proof. One direction is immediate: anything witnessing forking in 7 will also be
in T¢. We prove the other direction. So assume there is tp(a[b]/ C[D]) that forks
over C[D]. That is, it implies a (possibly infinite) disjunction \/;c; @; (xy, e'[ f])
with @; (xy, e[ f]) dividing over C[D] for each i € I. For each i € I we let
(ez.[ f j’ 1)jes be a long enough C[D]-indiscernible sequence with ej[ fi] = e'[ f']
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such that {¢g; (xy, e j[ f 1) : j € J} is inconsistent. By Lemrna 10.12 we may assume
that ¢’ f’ =e¢' fi forevery j € J. We claim that Xy (X, Yrs e', f') (see Lemma 10.10)
d1v1des over CD for all i € I. Note that X, may contain parameters from CD.

To prove the claim let k£ be such that {¢; (xy, f ') : j € Jo} is inconsistent for
all Jy C J with |Jo| =k. So U/EJO Yy (X, yr, e j, f ) is inconsistent for all such Jy.
Let (e, fn),Kw be a C D-indiscernible sequence based on (e f ) jeJ over CD. Then
there are j; <---< jir€J suchthate| fi - - - ex fx =cp 51 J’l . ejkf’ and therefore
U, =0 Zgi (X, Yr, €n, fn) is inconsistent. We conclude that X, (x, y,, €', f* ) divides
over CD, as claimed.

By the claim there is ¥; (x, y,, €', f*) that is implied by =, (x, y,, €', %) such
that v, (x, yr, €', f) divides over CD, for all i € I. Let p = tp(a[b]C[D]). Then
2, (x, yr, C, D) implies Ve Z, (x, vy, €', f7). We thus have that £, (x, y, C, D)
implies V;¢; ¥i (x, y,, e, fi). So ¥,(x, y,, C, D) forks over CD. |

In the discussion following Definition 4.1 in [Kim 2021] it is stated that one
may produce results for Kim-independence for the hyperimaginary extension M"°4
of a first-order structure M parallel with those for first-order structures, provided
that M"°4 satisfies the existence axiom for forking (which, by the above theorem,
is equivalent to the assumption that 7" satisfies this axiom). More generally, one
can ask if our results on Kim-independence over models in thick NSOP; theories
can be extended to arbitrary base sets assuming the existence axiom for forking:

Question 10.21. Suppose 7 is a thick positive NSOP; theory satisfying the ex-
istence axiom for forking. Can | X be extended to an automorphism-invariant
ternary relation between arbitrary small sets which satisfies the properties listed
in Theorem 9.1?

Acknowledgements

Dobrowolski was supported by DFG project BA 6785/2-1. He also acknowledges
the financial support of his visit to UEA by EPSRC grant EP/S017313/1. Kamsma
was supported by a studentship from the UEA.

We are grateful to Jonathan Kirby for suggesting this project to us and for many
helpful conversations and comments. We also thank Rosario Mennuni for helpful
discussions, in particular for pointing out the example described in Section 10A
to us. Finally, we thank the referee for their remarks, which helped improve the
presentation of this paper.

References

[Ben-Yaacov 2003a] 1. Ben-Yaacov, “Positive model theory and compact abstract theories”, J. Math.
Log. 3:1 (2003), 85-118. MR Zbl


http://dx.doi.org/10.1142/S0219061303000212
http://msp.org/idx/mr/1978944
http://msp.org/idx/zbl/1028.03034

112 JAN DOBROWOLSKI AND MARK KAMSMA

[Ben-Yaacov 2003b] I. Ben-Yaacov, “Simplicity in compact abstract theories”, J. Math. Log. 3:2
(2003), 163-191. MR Zbl

[Ben-Yaacov 2003c] 1. Ben-Yaacov, “Thickness, and a categoric view of type-space functors”, Fund.
Math. 179:3 (2003), 199-224. MR Zbl

[Ben Yaacov and Poizat 2007] 1. Ben Yaacov and B. Poizat, “Fondements de la logique positive”,
J. Symbolic Logic 72:4 (2007), 1141-1162. MR Zbl

[Chatzidakis 2002] Z. Chatzidakis, “Properties of forking in w-free pseudo-algebraically closed
fields”, J. Symbolic Logic 67:3 (2002), 957-996. MR Zbl

[Chatzidakis 2008] Z. Chatzidakis, “Independence in (unbounded) PAC fields, and imaginaries”,
lecture notes, Around classification theory (Leeds), 2008, available at https://www.math.ens.psl.eu/
~zchatzid/papiers/Leeds08.pdf.

[Chernikov and Ramsey 2016] A. Chernikov and N. Ramsey, “On model-theoretic tree properties”,
J. Math. Log. 16:2 (2016), 1650009, 41. MR Zbl

[Chernikov et al. 2020] A. Chernikov, B. Kim, and N. Ramsey, “Transitivity, lowness, and ranks in
NSOP; theories”, preprint, 2020. arXiv 2006.10486

[d’Elbée 2021a] C. d’Elbée, “Forking, imaginaries, and other features of ACFG”, J. Symb. Log. 86:2
(2021), 669-700. MR Zbl

[d’Elbée 2021b] C. d’Elbée, “Generic expansions by a reduct”, J. Math. Log. 21:3 (2021), art. id.
2150016. MR Zbl

[d’Elbée et al. 2021] C. d’Elbée, 1. Kaplan, and L. Neuhauser, “Existentially closed models of fields
with a distinguished submodule”, preprint, 2021. arXiv 2110.02361

[Dobrowolski et al. 2022] J. Dobrowolski, B. Kim, and N. Ramsey, “Independence over arbitrary sets
in NSOP; theories”, Ann. Pure Appl. Logic 173:2 (2022), art. id. 1030580. MR Zbl

[Granger 1999] N. Granger, Stability, simplicity, and the model theory of bilinear forms, Ph.D. thesis,
University of Manchester, 1999.

[Haykazyan 2019] L. Haykazyan, “Spaces of types in positive model theory”, J. Symb. Log. 84:2
(2019), 833-848. MR Zbl

[Haykazyan and Kirby 2021] L. Haykazyan and J. Kirby, “Existentially closed exponential fields”,
Israel J. Math. 241:1 (2021), 89-117. MR Zbl

[Hrushovski 1998] E. Hrushovski, “Simplicity and the Lascar group”, preprint, 1998, available at
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.41.8167.

[Kamsma 2020] M. Kamsma, “The Kim-Pillay theorem for abstract elementary categories”, J. Symb.
Log. 85:4 (2020), 1717-1741. MR Zbl

[Kaplan and Ramsey 2020] I. Kaplan and N. Ramsey, “On Kim-independence”, J. Eur. Math. Soc.
22:5(2020), 1423-1474. MR Zbl

[Kaplan and Ramsey 2021] I. Kaplan and N. Ramsey, “Transitivity of Kim-independence”, Adv.
Math. 379 (2021), art. id. 107573. MR Zbl

[Kaplan et al. 2019] I. Kaplan, N. Ramsey, and S. Shelah, “Local character of Kim-independence”,
Proc. Amer. Math. Soc. 147:4 (2019), 1719-1732. MR Zbl

[Kim 1998] B. Kim, “Forking in simple unstable theories”, J. London Math. Soc. (2) 57:2 (1998),
257-267. MR Zbl

[Kim 2009] B. Kim, “NTP; theories”, lecture slides, Stability theoretic methods in unstable theories
(BIRS), 2009, available at https://www.birs.ca/workshops/2009/09w5113/files/Kim.pdf.

[Kim 2021] B. Kim, “Weak canonical bases in NSOP; theories”, J. Symb. Log. 86:3 (2021), 1259—
1281. MR Zbl


http://dx.doi.org/10.1142/S0219061303000297
http://msp.org/idx/mr/2030083
http://msp.org/idx/zbl/1039.03032
http://dx.doi.org/10.4064/fm179-3-2
http://msp.org/idx/mr/2029322
http://msp.org/idx/zbl/1044.03023
http://dx.doi.org/10.2178/jsl/1203350777
http://msp.org/idx/mr/2371196
http://msp.org/idx/zbl/1139.03022
http://dx.doi.org/10.2178/jsl/1190150143
http://dx.doi.org/10.2178/jsl/1190150143
http://msp.org/idx/mr/1925952
http://msp.org/idx/zbl/1032.03033
https://www.math.ens.psl.eu/~zchatzid/papiers/Leeds08.pdf
http://dx.doi.org/10.1142/S0219061316500094
http://msp.org/idx/mr/3580894
http://msp.org/idx/zbl/1402.03043
http://msp.org/idx/arx/2006.10486
http://dx.doi.org/10.1017/jsl.2021.34
http://msp.org/idx/mr/4328023
http://msp.org/idx/zbl/07415220
http://dx.doi.org/10.1142/S0219061321500161
http://msp.org/idx/mr/4330524
http://msp.org/idx/zbl/07419666
http://msp.org/idx/arx/2110.02361
http://dx.doi.org/10.1016/j.apal.2021.103058
http://dx.doi.org/10.1016/j.apal.2021.103058
http://msp.org/idx/mr/4335120
http://msp.org/idx/zbl/07458792
http://dx.doi.org/10.1017/jsl.2018.84
http://msp.org/idx/mr/3961624
http://msp.org/idx/zbl/1468.03035
http://dx.doi.org/10.1007/s11856-021-2089-1
http://msp.org/idx/mr/4242146
http://msp.org/idx/zbl/1466.12006
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.41.8167
http://dx.doi.org/10.1017/jsl.2020.75
http://msp.org/idx/mr/4243760
http://msp.org/idx/zbl/07333600
http://dx.doi.org/10.4171/jems/948
http://msp.org/idx/mr/4081726
http://msp.org/idx/zbl/1467.03010
http://dx.doi.org/10.1016/j.aim.2021.107573
http://msp.org/idx/mr/4198642
http://msp.org/idx/zbl/07300468
http://dx.doi.org/10.1090/proc/14305
http://msp.org/idx/mr/3910436
http://msp.org/idx/zbl/07020582
http://dx.doi.org/10.1112/S0024610798005985
http://msp.org/idx/mr/1644264
http://msp.org/idx/zbl/0922.03048
https://www.birs.ca/workshops/2009/09w5113/files/Kim.pdf
http://dx.doi.org/10.1017/jsl.2021.45
http://msp.org/idx/mr/4347576
http://msp.org/idx/zbl/07442027

KIM-INDEPENDENCE IN POSITIVE LOGIC 113

[Kim and Pillay 1997] B. Kim and A. Pillay, “Simple theories”, Ann. Pure Appl. Logic 88:2-3 (1997),
149-164. MR Zbl

[Kim et al. 2014] B. Kim, H.-J. Kim, and L. Scow, “Tree indiscernibilities, revisited”, Arch. Math.
Logic 53:1-2 (2014), 211-232. MR Zbl

[Mennuni 2020] R. Mennuni, “Product of invariant types modulo domination-equivalence”, Arch.
Math. Logic 59:1-2 (2020), 1-29. MR Zbl

[Pillay 2000] A. Pillay, “Forking in the category of existentially closed structures”, pp. 23—42 in
Connections between model theory and algebraic and analytic geometry, edited by A. Macintyre,
Quad. Mat. 6, Dept. Math., Seconda Univ. Napoli, Caserta, 2000. MR Zbl

[Poizat 2010] B. Poizat, “Quelques effets pervers de la positivité”, Ann. Pure Appl. Logic 161:6
(2010), 812-816.

[Poizat and Yeshkeyev 2018] B. Poizat and A. Yeshkeyev, “Positive Jonsson theories”, Log. Univers.
12:1-2 (2018), 101-127. MR Zbl

[Simon 2015] P. Simon, A guide to NIP theories, Lecture Notes in Logic 44, Cambridge Univ. Press,
2015. MR Zbl

Received 11 Oct 2021. Revised 21 Apr 2022.

JAN DOBROWOLSKI:

dobrowol @math.uni.wroc.pl
Institute for Mathematical Logic and Basic Research, University of Miinster, Germany

and

Instytut Matematyczny, Uniwersytetu Wroctawskiego, Poland

Current address: Department of Mathematics, University of Manchester, United Kingdom
MARK KAMSMA:

m.kamsma@uea.ac.uk
School of Mathematics, University of East Anglia, Norwich, United Kingdom

:'msp


http://dx.doi.org/10.1016/S0168-0072(97)00019-5
http://msp.org/idx/mr/1600895
http://msp.org/idx/zbl/0897.03036
http://dx.doi.org/10.1007/s00153-013-0363-6
http://msp.org/idx/mr/3151406
http://msp.org/idx/zbl/1297.03023
http://dx.doi.org/10.1007/s00153-019-00676-9
http://msp.org/idx/mr/4050032
http://msp.org/idx/zbl/1480.03018
http://msp.org/idx/mr/1930681
http://msp.org/idx/zbl/0986.03031
http://dx.doi.org/10.1016/j.apal.2009.06.012
http://dx.doi.org/10.1007/s11787-018-0185-8
http://msp.org/idx/mr/3802776
http://msp.org/idx/zbl/1456.03060
http://dx.doi.org/10.1017/CBO9781107415133
http://msp.org/idx/mr/3560428
http://msp.org/idx/zbl/1332.03001
mailto:dobrowol@math.uni.wroc.pl
mailto:m.kamsma@uea.ac.uk
http://msp.org




Model Theory
Vol. 1, No. 1, 2022

https://doi.org/10.2140/mt.2022.1.115

Henselianity in NIP [ ,-algebras
Will Johnson

We prove an assortment of results on (commutative and unital) NIP rings, espe-
cially [F,-algebras. Let R be a NIP ring. Then every prime ideal or radical ideal
of R is externally definable, and every localization S~! R is NIP. Suppose R is
additionally an [ ,-algebra. Then R is a finite product of henselian local rings.
Suppose in addition that R is integral. Then R is a henselian local domain,
whose prime ideals are linearly ordered by inclusion. Suppose in addition that the
residue field R/m is infinite. Then the Artin—Schreier map R — R is surjective
(generalizing the theorem of Kaplan, Scanlon, and Wagner for fields).

1. Introduction

The class of NIP theories has played a major role in contemporary model theory. See
[Simon 2015] for an introduction to NIP. In recent years, much work has been done
on the problem of classifying NIP fields and NIP rings. A conjectural classification
of NIP fields has emerged through work of Anscombe, Halevi, Hasson, and Jahnke
[Halevi et al. 2019; Anscombe and Jahnke 2019], and partial results towards this
conjectural classification have been obtained by the author in the setting of finite
dp-rank [Johnson 2015; 2020; 2021b].
NIP fields are closely connected to NIP valuation rings. Conjecturally:

» Every NIP valuation ring is henselian.

» Every infinite NIP field is elementarily equivalent to Frac(R) for some NIP
nontrivial valuation ring R.

These conjectures form the basis for the proposed classification of NIP fields
[Anscombe and Jahnke 2019], and are known to hold assuming finite dp-rank
[Johnson 2020]. Additionally, the henselianity conjecture is known in positive
characteristic: if R is a NIP valuation ring and Frac(R) has positive characteristic,
then R is henselian [Johnson 2021a, Theorem 2.8].

More generally, one would like to understand (commutative) NIP rings, especially
NIP integral domains. A first step in this direction is the recent work of d’Elbée
and Halevi [2021] on dp-minimal integral domains. Among other things, they show
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that if R is a dp-minimal integral domain, then R is a local ring, the prime ideals
of R are a chain, the localization of R at any nonmaximal prime is a valuation ring,
and R is a valuation ring whenever its residue field is infinite.

In the present paper, we consider a NIP integral domain R such that Frac(R) has
positive characteristic. By analogy with [d’Elbée and Halevi 2021], we show that R
is a local ring whose primes ideals are linearly ordered by inclusion. Generalizing
the earlier henselianity theorem for valuation rings, we show that R is a henselian
local ring. These results may help to extend the work of d’Elbée and Halevi to
“positive characteristic” NIP integral domains.

Main results. All rings are assumed to be commutative and unital. In Section 2
we consider a general NIP ring R. Our main results are the following:

o Any localization S~'R is interpretable in the Shelah expansion RS", and is
therefore NIP (Theorem 2.11).

o Any radical ideal in R is externally definable (Theorem 2.14).

In Section 3, we restrict to the case where R is an [ ,-algebra, and obtain significantly
stronger results:

e R is a finite product of henselian local rings (Theorem 3.21).

o If R is an integral domain, then R is a henselian local domain (Theorem 3.22),
and the prime ideals of R are linearly ordered by inclusion (Theorem 3.15).

« If R is a local integral domain with maximal ideal m and R /m is infinite, then
the Artin—Schreier map R — R is surjective (Theorem 3.4).

The henselianity results generalize [Johnson 2021a, Theorem 2.8], which han-
dled the case where R is a valuation ring. The surjectivity of the Artin—Schreier
map generalizes a theorem of Kaplan, Scanlon, and Wagner [Kaplan et al. 2011,
Theorem 4.4], which handled the case where R is a field.

2. General NIP rings

2A. Finite width. The width of a poset (P, <) is the maximum size of an antichain
in P. We write Spec R for the poset of prime ideals in R, ordered by inclusion.
This is an abuse of notation, since we are forgetting the usual scheme and topology
structure on Spec R, and then adding the poset structure.
Fact 2.1. Let R be a NIP ring. Then Spec R has finite width. Moreover, there is a
uniform finite bound on the width of Spec R’ for R" = R.

Fact 2.1 is proved by d’Elbée and Halevi [2021, Proposition 2.1, Remark 2.2],
who attribute it to Pierre Simon.

Fact 2.1 has a number of useful corollaries, which we shall use in later sections.
First of all, Dilworth’s theorem gives the following corollary:



HENSELIANITY IN NIP F,-ALGEBRAS 117

Corollary 2.2. If R is a NIP ring, then Spec R is a finite union of chains.
Another trivial corollary of Fact 2.1 is the following:
Corollary 2.3. If R is a NIP ring, then R has finitely many maximal ideals and
finitely many minimal prime ideals.
Also, using Beth’s implicit definability, we see the following:
Corollary 2.4. If R is a NIP ring, then the maximal ideals of R are definable.

For completeness, we give the proof. The proof uses the following form of Beth’s
theorem:

Fact 2.5. Let M be an Lg-structure. Let L be a language extending Ly and let T
be an L-theory. Suppose there is a cardinal k such that for any M’ = M there are
at most k-many expansions of M’ to a model of T. Then every such expansion is an
expansion by definitions.

Proof of Corollary 2.4. Let Lg be the language of rings and L be LoU{P}, where P
is a unary predicate symbol. Let T be the statement saying that P is a maximal
ideal, i.e.,
Vx,y: P(x)AP(y) > P(x+Yy),
P(0),
Vx,y:Px)— P(x-y),
—P(1),
Vx:=P(x)—3dy: P(xy—1).
If R’ > R, then an expansion of R’ to a model of T is the same thing as a maximal

ideal of R’. The number of such maximal ideals is uniformly bounded by Fact 2.1,
and so Fact 2.5 shows that each such maximal ideal is definable. O

(Of course, there are other, more direct, algebraic proofs of Corollary 2.4.)
Recall that the Jacobson radical of a ring is the intersection of its maximal ideals.

Corollary 2.6. Let R be a NIP integral domain. Then the Jacobson radical of R is
nonzero.

Proof. In a domain, the intersection of two nonzero ideals is nonzero. (I

Corollary 2.7. Let R be a NIP integral domain that is not a field. Let K = Frac(R).
There is a nontrivial, nondiscrete Hausdorff field topology on K characterized by
either of the following:

o The family of sets {aR : a € K™} is a neighborhood basis of 0.

o The set of nonzero ideals of R is a neighborhood basis of 0.
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Proof. Everything follows formally by [Prestel and Ziegler 1978, Example 1.2],
except that we only get a ring topology. It remains to see that the map x — 1/x is
continuous. It suffices to consider continuity around x = 1. Let / be a nonzero ideal
in R. We claim there is a nonzero ideal I’ such thatif x € 1 + ', then 1/x € 1 + 1.
Indeed, take I’ = I N J, where J is the Jacobson radical. Suppose x € 1 + (I N J).
Then x — 1 is in every maximal ideal, implying that x is in no maximal ideals,
sox € R*. Also, x € 141 implies that 1 —x € I, and then x‘l(l —x) €1, because x
isa unit. But x ' (1 —x) =x~' — 1, and so x ! € 1 + I as desired. U

Lemma 2.8. If R and S are NIP rings and R = S, then R and S have the same

number of maximal ideals.

Proof. 1t suffices to show that S has as many maximal ideals as R. By Corollaries 2.3
and 2.4 we can write the maximal ideals of R as ¢ (R, ay), ..., ¢,(R, a,) for some
formulas ¢; and parameters a; from R. Let ¥ (yy, ..., y,) be the formula asserting

the sets ¢1(R, y1), ..., ¢, (R, y,) are pairwise distinct maximal ideals.

The formula v is satisfied by the tuple (ay, ..., a,) in R, so it is satisfied by
some tuple in S, giving n distinct maximal ideals in S. (]

2B. Localizations. If M is a structure, then MS" denotes the Shelah expansion
of M. If M is NIP, then the definable sets in M5! are exactly the externally definable
sets in M, and MS? is NIP [Simon 2015, Proposition 3.23, Corollary 3.24].

Say that a collection of sets C is “uniformly definable” in a structure M if
C C{X, :a €Y} for some definable family of sets {X,}qey-

Remark 2.9. Let M be a structure. Suppose D = | J;, D; is a directed union, and
the D; are uniformly definable in M. Then D is externally definable.

This is well known in certain circles, but here is the proof for completeness:
Proof. Take some L (M )-formula ¢ (x, y) such that D; =¢ (M, b;) for some b; € M”.
Let X (y) be the partial type

{p(a,y):ae D}U{—¢(a,y):ae M*\ D}.

Then X (y) is finitely satisfiable, because for any a;, ...,a, € D and ey, ..., e, €
M*\ D we can find some i such that D; D {ay, ..., a,}, because the union is
directed. Then D; C D, so D; N{ey, ..., e,} = @. Thus b; satisfies the relevant

finite fragment of X (y). By compactness there is a realization b of X(y) in an
elementary extension N > M. Then ¢ (M, b) = D, by definition of X(y), so D is
externally definable. O

Lemma 2.10. Let R be a NIP ring. Let S be a multiplicative subset. Then there is
an externally definable multiplicative subset S such that the localization S™'R is
isomorphic (as an R-algebra)to S™'R.
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Proof. For any x € R, let F, denote the set of y € R such that y | x. Let § = Uyes Fx-
Note that if A is aring and f : R — A is a homomorphism, then the following are
equivalent:

» f(s) is invertible for every s € S.

e f(x) is invertible for x, y, s with xy =s and s € S.
e f(x) is invertible for x, s with x € Fy and s € S.
 f(x) is invertible for x € §.

Therefore S~'R and S~!R represent the same functor, and are isomorphic.

It remains to see that S is externally definable. This follows by Remark 2.9
because the sets F are uniformly definable, and the union [ J s Fx 1s a directed
union. Indeed, if x, y € S, then xy € § and F,y, 2 F, U F). O

Theorem 2.11. Let R be a NIP ring. Let S be a multiplicative subset. Then the
localization S™' R and the homomorphism R — S™'R are interpretable in RS".

Proof. By Lemma 2.10, we may replace S with an externally definable set S, and
then the result is clear. ]

Corollary 2.12. Let R be a NIP ring. Let S be a multiplicative subset. Then the
localization S™'R is also NIP,

Proof. The localization S™! R is interpretable in the NIP structure RS, U

Corollary 2.12 generalizes part of [d’Elbée and Halevi 2021, Proposition 2.8(2)],
dropping the assumptions that S is externally definable and R is integral.

Proposition 2.13. Let R be a NIP ring. Let p be a prime ideal in R. Then p is
externally definable.

Proof. By Theorem 2.11, we can interpret R — Ry in RS, The maximal ideal
of Ry is definable in Ry, as the set of nonunits. It pulls back to p in R. Therefore p
is definable in RS, hence externally definable in R. U

Proposition 2.13 generalizes a theorem of d’Elbée and Halevi, who proved that
(certain) prime ideals in dp-minimal domains are externally definable [d’Elbée and
Halevi 2021, Lemma 3.3].

Theorem 2.14. Let R be a NIP ring. Let I be a radical ideal in R. Then I is
externally definable.

Proof. By Corollary 2.2, we can cover the set Spec R of prime ideals in R with
finitely many chains Cy, ..., C,. The ideal I is an intersection of prime ideals.
Let p; be the intersection of the prime ideals p € C; with p D I. An intersection of a
chain of prime ideals is prime, so p; is prime. Then [ is a finite intersection ()/_, p;.
Each p; is externally definable by Proposition 2.13. U
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Corollary 2.15. Let R be a NIP ring. Let I be a radical ideal. The quotient R/ I
is NIP.

Proof. The quotient R/I is interpretable in the NIP structure RSP, U

2C. Automatic connectedness. 1f G is a definable or type-definable group, then G
is the smallest type-definable group of bounded index in G. In a NIP context, G%
always exists, and is type-definable over whatever parameters define G [Hrushovski
et al. 2008, Proposition 6.1]

Proposition 2.16. Let R be a NIP ring. Suppose that R/m is infinite for every
maximal ideal m of R.

(1) IfI is a definable ideal of R, then I = 1.

(2) If R is a domain and K = Frac(R) and if I is a definable R-submodule of K ,
then I = 1%,

In particular, in either case, I has no definable proper subgroups of finite index.

Proof. We may assume R is a monster model, i.e., k-saturated for some big
cardinal «. “Small” will mean “cardinality less than «”, and “large” will mean “not
small.”

Let my, ..., m, be the maximal ideals of R. By Corollary 2.3 there are only
finitely many, and by Corollary 2.4 they are all definable. The quotients R/m; are
infinite, hence large. Therefore every simple R-module is large. Every nontrivial
R-module has a simple subquotient, so every nontrivial R-module is large.

Now suppose [ is a definable ideal. If a € R, then the map / — [ sending x
to ax must map 1% into 79, Indeed, if welet J = {x € I : ax € I?°)}, then J is a
type-definable subgroup of I of bounded index, so J 2 1%, Thus we see that for
any a € R, we have aI% C 1%, In other words, /% is an ideal. The quotient 7 /1%
is an R-module. By definition of G%, the quotient 7/1% is small. We saw that
nontrivial R-modules are large, so /7% must be trivial, implying I = I%. This
proves (1), and (2) is similar. U

3. NIP [,-algebras

3A. A variant of the Kaplan—Scanlon—-Wagner theorem. In [Kaplan et al. 2011,
Theorem 4.4], Kaplan, Scanlon, and Wagner show that if K is an infinite NIP field
of characteristic p > 0, then the Artin—Schreier map x — x? — x is a surjection
from K onto K. The same idea can be applied to certain local rings, as we will see
in Theorem 3.4 below.

Before proving the theorem, we need some (well-known) lemmas on additive
polynomials. Fix a field K of characteristic p. If ¢ € K, define

ge(x) =xP — P lx.
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The polynomial g.(x) defines an additive homomorphism from K to K. If V is
a finite-dimensional [ ,-linear subspace of K (i.e., a finite subgroup of (K, +)),
define
v =[] -a. (1)
acV

We will see shortly that fy is an additive homomorphism.

Lemma 3.1. If c € K is nonzero, then g.(x) = Je,.c(x). In particular, fr,..(x) is
an additive homomorphism.

Proof. Note that g.(c) = 0. Therefore, ker g. contains the subgroup generated by c,
which is [, - ¢. Since g, is monic of degree p, and |[, - c| = p, we must have

g =[] @—a)= fr,..(x). O

acl,-c

Lemma 3.2. Suppose V| C V, are finite-dimensional subspaces of K such that
dim V, = dim V| 4+ 1. Suppose fv, is an additive homomorphism on K. Then
there is ¢ € fy,(V2) such that fy, = g. o fv,, and in particular fv, is an additive
homomorphism on K.

Proof. Take a € V,\ V; and let ¢ = fy,(a). Let h = g. o fy,. Then h is an additive
homomorphism on K, and it suffices to show that 4 = fy,. Note that if x € Vj,
then h(x) = g.(fv,(x)) = g.(0) = 0, since fy, vanishes on V;. Additionally,
h(a) = g.(fv,(a)) = g.(c) = 0. Thus the kernel of /& contains V| as well as a. It
therefore contains the group they generate, whichis Vi +F,-a =V,. If d =dim V1,
then |Vi| = p? and |V,| = p?*!. The polynomial fy, is a monic polynomial of
degree p“, and g. is a monic polynomial of degree p. Therefore the composition /
is a monic polynomial of degree p?*!. We have just seen that 4 vanishes on the
set V5 of size p*!, so h(x) must be [Tuev, (x —u) = fr,(x). O

Lemma 3.3. If V is a finite-dimensional subspace of K, then fy is an additive
homomorphism with kernel V.

Proof. The fact that fy is an additive homomorphism follows by induction on
dim V using Lemma 3.2. The fact that ker fy = V is immediate from the definition
of fV . O

We now can prove our desired theorem on NIP local domains in positive charac-
teristic:

Theorem 3.4. Let p > 0 be a prime. Let R be a NIP [ ,-algebra with the following
properties: R is a local ring, R is an integral domain with maximal ideal m, and the
quotient field k = R/wm is infinite. Then x — x? — x is a surjection from R onto R.

Proof. Let K = Frac(R). Note that if V is a finite-dimensional [ ,-subspace of R,
then fy(x) € R[x], and if ¢ € R, then g.(x) € R[x].



122 WILL JOHNSON

Claim 3.5. It suffices to find ¢ € R™ such that g.(x) is a surjection from R to R.

Proof of claim. Note that ¢ Pgq(cx) = ¢ P(cPx? — ¢P7lex) = xP — x. The
maps x — cx and x — ¢~ Px are bijections on R, so if g, is surjective then so
is g1(x) =xP —x. U

For any ¢ € R, the polynomial g.(x) defines an additive map R — R, whose
image g.(R) is an additive subgroup of R. Let G ={g.(R) : c € R}. By the Baldwin—
Saxl theorem for NIP groups, there is some integer n such thatif Gy, ..., G, € G,
then there is some i such that

Gi2GIN---NGi-1NGjy1N---NGy.

Fix such an n > 2.

The residue field k is infinite, and therefore we can find [ ,-linearly independent
af, ..., 0, €k. Take a; € R lifting «; € k. Note «; # 0, so a; ¢ m, and thus a; € R*.
Also note that the elements {ay, ..., a,_1} are F,-linearly independent in K.

Let[n]={1,...,n}. If SC[n]and i € [n], we write SUi and S\ i as abbrevi-
ations for SU{i} and S\ {i}. Even worse, we sometimes abbreviate {i} as i.

For § C[n], let Vg be the [ ,-linear span of {a; :i € §}. Then Vi has dimension |S].
Let

fs() = fr;0) = [[x—a).
aeVyg
This is a monic polynomial in R[x]. By Lemma 3.3 fs(x) induces an additive
homomorphism K — K, and therefore an additive homomorphism R — R.

Note that f; (x) = fv,(x) = fF,.q;(x) = 84, (x) by Lemma 3.1. By Claim 3.5, it
suffices to show that f; is a surjection from R to R, for at least one i.

If S C[n]andi € [n]\ S, then Vs ; has dimension one more than Vg. By
Lemma 3.2, there is some cg; € fs(Vsu;) such that g.; ;o fs = fsui. Let gg; :=gcs ;.
Then

gs.iofs= fsui.

Now Csi € fS(VSUi)7 but fs(x) (S R[x] and VSUi C R. Therefore csi € R, and
8s.i(x) € R[x].

Claim 3.6. If S C [n] and i, j are distinct elements of [n]\ S, then cé’;l

-1
- CISJ’ i ¢m.
Proof of claim. Otherwise, the two polynomials g ;(x) and gg ;(x) have the same
reduction modulo m. From the identities fsu; = gs,i o fs and fsu; = gs,j o fs, it
follows that fsu; = fsu; (mod m). Let VS’ be the [ ,-linear span of {¢; :i € S}, or
equivalently, the image of Vg under R — R/m. By inspection, the reduction of fg
modulo m is [, vy (x —u). Since Vi, # V¢, It it follows immediately that fg;
and fsy; cannot have the same reduction modulo m, a contradiction. U
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Each of the groups gpu\;,i(R) is in the family G. By choice of n, one of the
factors in the intersection ();_; gpp\i,i (R) is irrelevant. Without loss of generality,
it is the first factor:

n
g1 (R) 2 ﬂ gn\i,i (R). (2
i=2
We claim that fj(x) defines a surjection from R to R. As fi(x) = g4, (x), this
suffices, by Claim 3.5.

Take some b; € R. It suffices to show that b; € f;(R). Take some by € K2
such that f1(bgy) = b;. It suffices to show that by € R. For S C [n], define
bs = fs(by) € K*2. (When S = {1} this recovers b;, and when S = @ this
recovers by, so the notation is consistent.) Note that

8s,i(bs) = gs,i(fs(bz)) = fsui(bz) = bsui. 3)
Claim 3.7. If 1 € S C [n], then bs € R.

Proof of claim. Take a minimal counterexample S. If S = {1}, then bg = b; € R.
Otherwise, take i € §\ 1 and let So = S\ i. By choice of S, we have bs, € R. Then
bg = gSo,i(bS0)~ But ggo,i(x) € R[x],so bs € R. O

In particular, bs € R for S = [n], as well as S = [n] \{ for i > 1. Then
bin) = gianii (brani) € &inni,i (R)

for 1 <i <n. By (2), bjs) € g 1,1(R). Take v € R such that gp,\1,1(v) = byy).
Then giu1,1(v) = by = grun1.1(Drap1), and so

v — b1 € kergrpni, 1 =Fp - et E R.
Therefore bp,j\1 € R. So we see that
by € R forall 1 <i<n. 4
Claim 3.8. by € R.

Proof of claim. Suppose otherwise. Take S maximal such that bg ¢ R. By Claim 3.7
and (4), S is neither [n] nor [n]\ i for 1 <i <n. Therefore [n]\ S contains at least
two elements i, j. By choice of S, we have bsy; € R and bsy; € R. By (3),

bSUi :gS,i(bS)Ibg—Cg,i bS and bSUj :gSJ(bS):bg_Cg,j bS~
Therefore
p—1 p—1
(CS,,' —Cs,j )bs = bSUj —bsui € R.

By Claim 3.6, cg;l - cg’;l € R\m = R*, and so bs € R, a contradiction. O
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This completes the proof. We see that by € R, and so by = f1(by) € f1(R).
As by was an arbitrary element of R, it follows that f; gives a surjection from R
to R. But fi(x) = g4, (x), and a; € R* (since its residue mod m is the nonzero
element «1), and so we are done by Claim 3.5. O

3B. Linearly ordering the primes.

Lemma 3.9. Let R be an [ ,-algebra that is integral and has exactly two maximal
ideals mj and m;. Suppose that R/my and R/my, are infinite. Then R isn’t NIP.

The proof uses an identical strategy to [Johnson 2021a, Lemma 2.6].

Proof. Suppose R is NIP. By Corollary 2.4, m; and m, are definable. Let K =
Frac(R). Regard the localizations Ry, and Ry, as definable subrings of K. Note that
R, MRy, = R, by commutative algebra. (If x e K\ R, thenlet/ ={a € R:ax € R};
this is a proper ideal in R, so it is contained in some m;, and then / € m; means
precisely that x ¢ Ry,.)

Claim 3.10. If x € R, then the Artin—Schreier roots of x are in R.

Proof of claim. The rings Ry, and Ry, satisfy the conditions of Theorem 3.4.
(The residue field of Ry, is isomorphic to R/m;, hence infinite.) Therefore, there
are y € Ry, and z € Ry, such that y? —y = x =z” —z. Then y — z is in the kernel
of the Artin—Schreier map, whichis F,, so y € z+F, C Ry,. As y € Ry,, this
implies y € Ry, N Ry, = R. Thus, at least one Artin—Schreier root (y) is in R. The
other Artin—Schreier roots of x are the elements of y +[F,, which are all in R. []

Let J/ =m;Nmy. This is the Jacobson radical of R. By Proposition 2.16, J = Jo,
and there are no definable subgroups of finite index. Consider the sets

A={x,i,j)e RxF,xF,:x—iemy, x—jem},
C={(x?—x,i—j):(x,i,j) €A}
Then (A, +) and (I", 4+) are definable groups.
Claim 3.11. I" is the graph of a group homomorphism  from (J, +) onto (F,, +).

Proof of claim. First, we show that I" C J x [F,. Suppose that (x, i, j) € A. Then
x =i (modmy), so x? —x =i —i =0 (mod my), and x” —x € m;. Similarly,
xP —x € my, and therefore x” —x € J. Thus (x? —x,i — j) € J x [F),.

Next we show that I" projects onto J. Take y € J. By Claim 3.10 there is x € R
with x?» —x = y. Then x? —x =y =0 (mod m;), so x” —x =i (mod m;) for
some i € [,,. Similarly, x” —x = j (mod my) for some j € F,. Then (x,i, j) € A
and (x? —x,i—j)=(y,i—j)eTl.

Next we show that the projection I' — J is one-to-one. Otherwise, I' — J has
nontrivial kernel, so there is (x, i, j) € A with x”? —x =0buti — j # 0. The fact
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that x” —x = 0 implies x € [, and so x =i (mod m;) implies x = i. Similarly,
x = j. But then i — j = 0, a contradiction.

So now we see that ' — J is one-to-one and onto, implying that I" is the graph
of some group homomorphism ¥ from J to F,. It remains to show that v is
onto. Equivalently, we must show that I' projects onto [,. Let i € [F,, be given.
By the Chinese remainder theorem, there is x € R such that x =i (mod m;) and
x =0 (mod my). Then (x,i,0) € A,so (x? —x,i—0) e I". The element (x” —x, i)
projects onto i. Equivalently, ¥ (x? —x) =i. U

Therefore there is a definable surjective group homomorphism v : J — [F,.
The kernel kerys is a definable subgroup of J of index p. This contradicts
Proposition 2.16. O

Lemma 3.12. Let R be a NIP integral [ ,-algebra. Let p1 and p, be prime ideals
such that R/p; and R/p, are infinite. Then p| and p;, are comparable.

Proof. Suppose otherwise. Let S = R\ (p; Up>). Then S is a multiplicative subset
of R. Let R' = S™!'R. Then R’ is NIP by Corollary 2.12. The ring R’ has exactly
two maximal ideals m; and m,, where m; = p; R’. The map R/p;, — R'/m; is
injective, so R’/m; is infinite, for i = 1, 2. This contradicts Lemma 3.9. ]

Lemma 3.13. Let R be an [ ,-algebra that is integral and has exactly two maximal
ideals my and my. Then R isn’t NIP.

Proof. Assume otherwise. Going to an elementary extension, we may assume
that R is very saturated (Lemma 2.8). By the Chinese remainder theorem, there is
some a € R such that a =0 (mod m;) but a =1 (mod m,).

Let X (x) be the partial type saying that x € m;, x ¢ my, and x does not divide a”"
for any n.

Claim 3.14. X (x) is finitely satisfiable.

Proof of claim. Let n be given. We claim there is an x such that x € my, x ¢ my,
and x does not divide @’ for i < n. Take x = ¢"*!. Then x = 0"+ =0 (mod m,),
sox €m;. Butx = 1"t = 1 (mod my), so x ¢ my. Finally, suppose x = a™t!
divides a' for some i < n. Then there is u € R with ua"t! = a'. Since R is a
domain, we can cancel a factor of @’ from both sides, and see ua”"*!~! = 1. This
implies that a is a unit, contradicting the fact that a € m;. ]

By saturation, there is a’ € R satisfying ¥ (x). The principal ideal (a’) does not
intersect the multiplicative set S := a", by definition of = (x). Let p; be maximal
among ideals containing (a’) and avoiding S. Then p; is a prime ideal. (In general,
any ideal that is maximal among ideals avoiding a multiplicative set is prime.)

Now p; € my, because a’ € p; but @’ ¢ m,. But p; must be contained in some
maximal ideal, and so p; € m;. The inclusion is strict, because a € m; but a ¢ p;.
Thus p; C m; and p; € my. In particular, p; is not a maximal ideal.



126 WILL JOHNSON

Similarly, there is a nonmaximal prime ideal p, with po C m, and py € m;. Then
p1 and p; are incomparable. Otherwise, say, p; € pr C mp, and so p; S my, a
contradiction. For i = 1, 2, the fact that p; is a nonmaximal prime ideal implies
that R/p; is a nonfield integral domain, and therefore infinite. This contradicts
Lemma 3.12. ([

Theorem 3.15. Let R be a NIP integral [ ,-algebra. Then the prime ideals of R are
linearly ordered by inclusion.

Proof. The same proof as Lemma 3.12, using Lemma 3.13 instead of Lemma 3.9. [J
Corollary 3.16. Let R be a NIP [ -algebra. Let py, p2, and q be prime ideals.
If pi D qfori=1,2, then p| is comparable to p,.

Proof. Otherwise, p; and p; induce incomparable primes in the NIP domain R/q. [

3C. Henselianity.

Definition 3.17. A forest is a poset (P, <) with the property that if x € P, then the
set {y € P :y > x} is linearly ordered.

Definition 3.18. A ring R is good if Spec R is a forest of finite width.
Lemma 3.19. (1) If R is a NIP [ ,-algebra, then R is good.
(2) If R is good, then any quotient R/ is good.
(3) If R is good, then R is a finite product of local rings.
Proof. (1) Fact 2.1 and Corollary 3.16.
(2) This is clear, since Spec R/ is a subposet of Spec R.

(3) We now break our usual convention, and regard Spec R as a scheme, or at least
a topological space. By scheme theory, it suffices to write Spec R as a finite disjoint
union of clopen sets U; such that each U; contains a unique closed point. Let
my, ..., m, be the maximal ideals of R. There are finitely many because Spec R
has finite width. Note that every prime ideal p € R satisfies p € m; for a unique i.
(There is at least one i by Zorn’s lemma, and at most one i because Spec R is a
forest.) Let U; be the set of primes below m;. Then Spec R is a disjoint union of
the U;. It remains to show that each U; is clopen. It suffices to show that each U; is
closed. Take i = 1. Let py, ..., p,, be the minimal primes contained in m;. (There
are finitely many, because of finite width.) Let V; be the set of primes containing p ;.
Then V; is a closed subset of Spec R — it is the closed subset cut out by the ideal p;.

Moreover, V; C Uy, because Spec R is a forest. The sets Vi, ..., V, cover U,
because every prime contains a minimal prime. Then Uj is a finite union of closed
sets (J/~, Vi, and so U, is closed. O

Proposition 3.20. Let R be a NIP local F,-algebra. Then R is a henselian local
ring.
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Proof. By [Stacks 2005—, Lemma 04GG, condition (9)], it is sufficient to prove
the following: any finite R-algebra is a product of local rings. Let S be a finite
R-algebra. Let ay, ..., a, be elements of S which generate S as an R-module.
Each ¢; is integral over R [Dummit and Foote 2004, Proposition 15.23], so there
is a monic polynomial P;(x) € R[x] such that P;(a) = 0 in S. Then there is a
surjective homomorphism

R[xl, ...,xn]/(Pl(x]), ...,P,-(x,-)) — S.

The ring on the left is interpretable in R —it is a finite-rank free R-module with
basis the monomials [[/_, x;" for 7 € []{_,{0, 1, ..., deg P; — 1}. Therefore, the
left-hand side is a NIP ring. By Lemma 3.19, it is good, S is good, and S is a finite
product of local rings. O

Theorem 3.21. Let R be a NIP [ ,-algebra. Then R is a finite product of henselian
local rings.

Proof. By Lemma 3.19, R is good, and R is a finite product of local rings.
These local rings are easily seen to be interpretable in R, so they are also NIP.
By Proposition 3.20, they are henselian local rings. ]

Theorem 3.22. Let R be a NIP, integral T ,-algebra. Then R is a henselian local
domain.

Proof. R is alocal ring by Theorem 3.15. So it is henselian by Proposition 3.20. [

Recall that a field K is large (also called ample) if every smooth irreducible
K -curve with at least one K -point contains infinitely many K -points [Pop 2014].
By [Pop 2010, Theorem 1.1], if R is a henselian local domain that is not a field,
then Frac(R) is large. Therefore we get the following corollary:

Corollary 3.23. Let R be a NIP integral domain, and K = Frac(R). Suppose
R # K and K has positive characteristic. Then K is large.

Large stable fields are classified [Johnson et al. 2020]. If we could extend this
classification to large NIP fields, then Corollary 3.23 would tell us something very
strong about NIP integral domains of positive characteristic.
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