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EQUIVALENTS OF NOTOP

MICHAEL C. LASKOWSKI AND DANIELLE S. ULRICH

Abstract. Working within the context of countable, superstable theories, we give many equivalents
of a theory having NOTOP. In particular, NOTOP is equivalent to V-DI, the assertion that any type
V-dominated by an independent triple is isolated over the triple. If 7 has NOTOP, then every model N
is atomic over an independent tree of countable, elementary substructures, and hence is determined up to
back-and-forth equivalence over such a tree. We also verify Shelah’s assertion from Chapter XII of [9] that
NOTOP implies PMOP (without using NDOP).

§1. Introduction. The notion of a complete theory 7' having NOTOP was
introduced by Shelah in [8]. This notion was the capstone of his celebrated “Main
Gap” theorem. There, he proves that a complete theory 7 in a countable language
has fewer than 2" non-isomorphic models of some uncountable cardinal « if and
only if T is superstable, has NDOP and NOTOP, and is shallow. In more detail,
call a complete theory T in a countable language classifiable if it is superstable with
NDOP and NOTOP." In [9], Shelah and Buechler prove that a countable theory
T is classifiable if and only if every model N is constructible and minimal over an
independent tree of countable, elementary submodels. In particular, NV is uniquely
determined up to isomorphism by such a tree. This structure theorem is used heavily
in[l,4].

Historically, the notion of NOTOP was only defined after Shelah proved that
any countable, superstable theory with DOP had 2* non-isomorphic models of
size x for every uncountable cardinal x. Consequently, relatively little effort was
made in studying countable, superstable theories with NOTOP, without additionally
assuming NDOP. Here, we remedy this by proving many equivalents of a (countable
and superstable) theory T having NOTOP. We see that such theories admit a
structure theorem that is only slightly weaker than in the classifiable case.

THEOREM 1.1. If T is countable, superstable, with NOTOP, then every model N is
atomic over an independent tree of countable, elementary submodels.

Thus, N is determined up to back-and-forth equivalence by such a tree.
So, what is NOTOP? Unlike other stability theoretic dividing lines, it is expressed
in terms of a family of models My that can code arbitrary graphs via omitting types.
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2 MICHAEL C. LASKOWSKI AND DANIELLE S. ULRICH

It is noteworthy that the definition makes sense for any complete theory, without
even assuming stability.

DEFINITION 1.2. A theory T has the Omitting Types Order Property (OTOP), if
there is a type p(X.7.Z) such that for every binary relation R on any set X, there is
a model My of T and {a; : i € X} from My such that, for every (i, j) € X2, My
omits p(X,a;.a;) if and only if R(7, j) holds.

T has NOTOP if it does not have OTOP.

Here, within the context of countable, superstable theories, we give many
equivalents of NOTOP that can be described in terms of finite configurations of sets.
Most notably, the property that T satisfies V-DI — short for ‘V-Domination implies
Isolation,” which asserts that tp(c/A4; A4,) is isolated whenever ¢ is V'-dominated by
an independent triple (4o, A1, A) of finite sets, is one such equivalent. Independent
triples and V-domination are defined in Definitions 2.1 and 2.3. Lemma 2.6 lists
several equivalent statements, any one of which is equivalent to V-DI.

THEOREM 1.3. The following are equivalent for a countable, superstable theory T.

T has V-DI;

T has Pe-NDOP and PMOP;*

T has P-NDOP and countable PMOP:;
T has linear NOTOP;?

T has NOTOP.

Al e

In particular, we prove that NOTOP implies PMOP for countable, superstable
theories. This implication had previously been proved under the additional
assumption of NDOP [3, §].

Throughout the article, we assume T is a complete, superstable theory

in a countable language.

As is usual in the study of stable theories, we work within a large, saturated model
¢, and we assume all sets we consider are ‘small’ subsets of ¢, i.e., if A, B C ¢ and
tp(4) = tp(B). then there is an automorphism of ¢ sending 4 to B. As well, all
models M are assumed to be elementary substructures of €. Finally, we work in €7,
a many-sorted expansion of €, see, e.g., the Introduction of [7]. In particular, the
algebraic closure acl(A4) of a set 4 is always computed in €%,

In Section 2 we define '-domination and V-DI. With Lemma 2.6 we prove many
equivalences of V-DI. It is immediate from these characterizations that V-DI implies
countable PMOP, but in Section 3 we show that V-DI implies full PMOP, i.e.,
constructible models exist over independent triples of models of any size. This
requires us to consider P~(n)-stable systems of models for all n > 2.

In Section 4 we develop an idea of Baisalov [2] by defining a family of non-
orthogonality classes of regular types P, in terms of the existence of a stationary,
weight one (not necessarily regular!) type in the class being non-isolated over some

2PMOP. Prime models over pairs, is classical and asserts the existence of a constructible model over
every independent triple of models (see Definition 3.1). Regular types being Pe is defined in Definition
4.2, and T having Pe-NDOP is defined in Definition 4.31.

3See Definition 6.2.
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EQUIVALENTS OF NOTOP 3

finite set containing its canonical base. Following the thesis of [6], we localize the
notion of NDOP to the specific class P, of regular types and show its relation
to V-DI. With Theorem 4.33 we show that V-DI is equivalent to the conjunction of
P.-NDOP and PMOP.

On the flip side, we use ideas from [5] to study dull pairs M < N, where every
¢ € N\ M has tp(¢c/M) L P,. We see that if M < N is a dull pair, then M and N
are back-and-forth equivalent over any finite subset of M.

In Section 6, we show that theories with V-DI admit tree decompositions in the
same sense as for classifiable theories. In both cases, arbitrarily large models N
are atomic over an independent tree of countable, elementary substructures. In the
classifiable case, this is tight, i.e., N is prime and minimal over the tree. Here, we
show that if N, N’ are two models that admit the same tree decomposition, then N
and N’ are back-and-forth equivalent over the tree.

In Section 7, we explore more about the class of regular types Pe. In the w-stable
case, having P.-NDOP is equivalent to the older notion of eni-NDOP, but with
Example 7.2, we see that they can differ in some countable, superstable theories.

Many of the old, standard results we use are relegated to the Appendix. There is
a small amount of new material in the Section A.5 of the Appendix, but mostly it
is a recording of definitions and facts that are presented for the convenience of the
reader.

We are grateful to Saharon Shelah for many insightful conversations about
potential variants of OTOP.

§2. V-domination and V-DI. The notion of V-domination is due to Harrington,
who as early as the 1980s, realized its connection to NOTOP. Our story starts with
an investigation of independent triples of sets.

DEFINITION 2.1.  An independent triple of sets A = (Ay. A1, A,) is any triple of sets
satisfying A9 C A} N A, and 4, j./Az.
0

Given two independent triples Z_: (Ay. A1. A>) and B = (By. B;. B>) of sets, we
say that B extends A, written ACB if A; C B; for each i, By j/AlAz, B B\PA A,
0 011

and B, - Bj hold.
ByA,

It is easily checked that the relation C is transitive. Whereas M| M, need not be
a model for an arbitrary independent triple M, the category of independent triples
with C acts similarly to the category of models with <. In particular, we have the
following.

Fact 2.2.

1. For any independent triples, MCB implies M\ M, Cry BB, (see Defini-
tion A.4).

2. (Upward LS) For any independent triple A, there is an independent triple M 3 A
consisting of a-models (or even, k-saturated for any cardinal ).

3. (Downward LS) For any independent triple M of models, for any infinite cardinal
2. and for any set X C My M, with |X| < 1. there is ALM with X C A1 A, and
|A1A2| < A
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4 MICHAEL C. LASKOWSKI AND DANIELLE S. ULRICH
DEFINITION 2.3. We say that ¢ is V-dominated by A if ¢ A\J:l BB, forevery B J A.
142

Many facts about V'-domination are evident.

Facr 2.4.

1. If ¢ is V-dominated by A. then stp(c/A1A2) \- tp(c/B1By) for every B 1 A.

2. If cis V-dominated by A, then c is V-dominated by every B 1 A.

3. If c is V dominated by B and B 3 A with ¢ A\J; BBy, then c is V-dominated

_ 142

by A.

4. If M is an independent triple of models and if tp(c/MyM>) is £-isolated, then ¢
is V-dominated by M .

ProOF. (1) Choose ¢’ such that stp(c’/4143) = stp(c/A14,). Clearly, ¢’
V-dominated by A as well, so we have both ¢ qu BB, and ¢’ qul B B,. hence
142 142

tp(cB1By) = tp(c’B1 By).
(2) is immediate by the transitivity of C. (3) and (4) are, respectively, Lemmas 2.2
and 2.6 of [3]. !

If the independent triple consists of a-models, we can say more.

FACT 2.5. Suppose M = (Mo, My, M) is an independent triple of a-models. Then
the following are equivalent for a finite tuple c.

1. c¢is V-dominated by M:

2. there is an independent triple BCM of finite sets with tp(c/BiB,) -
tp(c/ M M>):;

3. tp(e/M\ M,) is a-isolated:;

4. tp(c/M1 M>) is £-isolated (see Definition A.6).

Proor. (1) = (2): By superstability, choose a finite Xy C M;M, such that
c ;l(/ M M,. In fact, by either Shelah’s Conclusion XI1.3.5 in [8] or Hart’s Relative
0

Stationarity Lemma, Lemma 1.19 of [3], there is a finite X, Xy C X C M| M,
for which tp(c/X) is based and relatively stationary inside M, M,. Find a finite
ACM with X C A4, 4,. By Fact 2.2(3). cis V-dominated by 4. hence stp(c/A4;45)
tp(c/M M,) by Fact 2.4(1). However, by the relative stationarity, this is strengthened
to tp(c/A142) - tp(e/My M>).

(2) = (3) is trivial, and (3) = (4) is by Conclusion XII.2.11 of [8]. Finally,
(4) = (1) is immediate from Fact 2.4(4). =

We ostentatiously ask when all of these variants of isolation over independent
triples are actually isolated over the triple. There are many equivalent ways of
formalizing this idea.*

LEmMA 2.6. The following are equivalent for any countable, superstable theory.

1. for every independent triple A of sets and for every finite c, if ¢ is V-dominated
by A, then tp(c/A1 4y) is isolated;

4The analogous statement involving £-isolation over arbitrary sets would not be equivalent, as e.g.,
every type over a finite set is always £-isolated.
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EQUIVALENTS OF NOTOP 5

2. for every independent triple M of a-models and for every finite ¢, if c is
V-dominated by ‘M, then tp(c/M 1M>) is isolated;

3. for every independent triple M of countable models and for every finite c, if c is
V-dominated by M , then tp(c/M\ M) is isolated:

4. for every independent triple M of models and for every finite c. if tp(c/ M M) is
L-isolated, then tp(c/MyM>) is isolated.;

5. for every independent triple M of a-models and for every finite c. if tp(c/Mi M)
is £-isolated, then tp(c/M\ M,) is isolated.;

6. for every independent triple M of countable models and for every finite c, if
tp(c/ M M>) is L-isolated, then tp(c/Mi M>) is isolated.

ProoF. As (5) and (2) are equivalent by Fact 2.5, it suffices to show the
equivalence of (1), (2),(3) and (4), (5). (6) separately.

(1) = (3)istrivial. (3) = (2): Suppose cis V'-dominated by a-models N. Choose a
finite BEN with tp(c/B; B,) I tp(c/N1N,). By Fact 2.2(3), choose an independent
triple MCN of countable models with By B, C M M,. By Fact 2.4(3), ¢ is V-
dominated by M| M, hence tp(c/M, M>) isisolated by (3). In particular, tp(c/ B B,)
is isolated, hence tp(c/NN,) is isolated as well.

(2) = (1): Suppose c is V-dominated by A. By Fact 2.2(2), choose a triple M of
a-models with ACM . Then c is V-dominated by M, hence tp(c/M;M>) is isolated.
Asc A\liz M\ M, tp(c/A1 A>) is isolated by the Open Mapping Theorem, Fact A.3.

Turning to (4), (5).(6). (4) = (6) is trivial. (6) = (5): Suppose N is an
independent triple of a-models and tp(c/N|N,) is £-isolated. As T is countable,
choose a countable 4 C NN, such that forevery o(x. y). tpw(c/Nl N,) isisolated by
some L(A)-formula w(x). By Fact 2.2(3). choose a triple of countable models M CN
with 4 C M| M,. By (6), tp(c/M,M,) is isolated, hence tp(c/N;N,) is isolated as
well by Fact 2.2(1) and Lemma A.5.

(5) = (4): Say M is an arbitrary triple of models and tp(c/M,M,) is
¢-isolated. By Fact 2.2(2), choose an independent triple of a-models N J M.
By Fact A8, tp(¢/N1N,) is also £-isolated. hence tp(c/NN,) is isolated by (5).
Thus, tp(c/M1M,) is isolated by the Open Mapping Theorem. -

DEFINITION 2.7. A (countable, superstable) theory T has V-DI, read V-domination
implies isolation, if any one of the conditions in Lemma 2.6 hold.

Note that if a (countable, superstable) T is V-DI, then a constructible model exists
over every independent triple of countable models. [Given such an M, by Fact A.7(2)
choose a countable, £-atomic model over M; M,. Since T is V-DI, N is atomic over
M\ M, hence constructible by Fact A.2(2).] In the next section we will improve
this by showing that V-DI implies the existence of a constructible model over any
independent triple of models.

§3. V-DI implies PMOP.

DEeriNITION 3.1. A theory 7 has PMOP, if there is a constructible model over
every independent triple of models.

The main goal of this section is to prove Theorem 3.6, that a countable superstable
theory T with V-DI also has PMOP. Although V-DI was never explicitly described,
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6 MICHAEL C. LASKOWSKI AND DANIELLE S. ULRICH

this result was essentially proved by both Shelah [8] and Hart [3], under the
additional assumption of NDOP. Here, we prove the theorem without assuming
NDOP. Curiously, the proof without NDOP is arguably more straightforward than
either of the previous proofs.

For this, we pass from independent triples of models to certain stable systems of
models. All of this development is due to Shelah and can be found in Chapter XII
of [8].

DEFINITION 3.2. For n > 2, let P (n) denote the partial order defined by subset
on the set P(n) \ {n} with 2" — 1 elements.

e A P~ (n)-stable system of sets B = (B, : s € P (n)) satisfies:
— B; C B, whenever ¢ C s: and
— for each s, Bsﬁ/ U{B::t 2 s}

e Given two P’(n);stable systems B, C. we say BLCC if, for each s € P (n).
By C C; and CSB d% U{C; :t 2 s}
s Cs

e We say a finite tuple a is P~ (n)-dominated by P~(n)-stable system B if
aL\J%UCforalngB.

o A P (n)-stable system of models M = (M, :s € P~(n)) is a P (n)-stable
system of sets such that each M, < € (from which it follows that M, < M
forallt C s.)

Note that an independent triple (My. M, M>) of models is precisely a P~(2)-
stable system of models and the definitions of C given in Definitions 2.1 and 3.2
coincide. As well, Facts 2.2, 2.4, and 2.5 go through in this more general setting.

FAcT 3.3. Suppose M is a P~(n)-stable system of a-models. Then the following are
equivalent for a finite tuple c.
1. cis P (n)-dominated by M
2. there is some P (n)-system BCM of finite sets such that tp(c/|JB)
tp(c/ U M):
3. tp(e/ U M) is a-isolated.;
4. tp(c/\U M) is £-isolated.

The following notion is a simplification of Hart’s ‘A-special P~ (n)-system’ and
Shelah’s sp. stable system in Definition XII 5.1 of [8]. The crucial distinction is
that we only require our “special” nodes to be atomic, as opposed to constructible.
By, e.g., Fact A.2(2). the notions coincide over systems of countable models, but
typically are distinct over uncountable systems.

DEFINITION 3.4. An atomic-special P~ (n)-stable system of models has the
additional property that for all s € P~(n) with {0, 1} C s, M is atomic over | M .

We say T has a-s P~ (n)-DI if there is an atomic model M* over | J M for every
atomic-special P~(n)-stable system of models.

Note that any independent triple M = (M. M. M,) of models is an atomic-
special P~(2)-stable system of models, so V-DI implies a-s P~(2)-DI by the
discussion at the end of Section 2. The following Proposition extends this to higher
dimensional a-s systems.
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EQUIVALENTS OF NOTOP 7
PROPOSITION 3.5. Suppose T has V-DI. Then T has a-s P~(n)-DI for all n > 2.

PrOOF. We prove this by induction on n > 2. That T has a-s P~(2)-DI was
noted above, so fix n > 2 and assume T has a-s P~ (k)-DI for all 2 < k < n. Let
M = (M, :s € P (n+1)) be an atomic-special P~ (n + 1)-stable system. We first
note that, under these hypotheses, the standard method of blowing up M to a
P~(n + 1)-system of Nj-saturated models preserves being atomic-special. To see
that, choose an enumeration (s; : i < 2"*! — 1) of P~(n + 1) such that s; C s, implies
i < j. We recursively construct a sequence (Nj,) of X;-saturated models satisfying

% x M, :t 2 s} and when |s;| > 2, N, is chosen to be X;-prime
" My, U{Ns; zj<i} UM, 21 2 s} |si] : 1-p

over My, |JN,,. It follows from Fact XII 2.6 of [8] that the resulting system
N =(N; :s € P(n+1)) is a stable system, and in fact MCN. To see that N is
atomic-special, we argue by induction on 7, thatif {0, 1} C s;, then N, is atomic over
N ;. Choose i for which {0, 1} C s5; and assume that this holds for all j < i. Let
k = |s;|. Our inductive hypothesis implies the subsystem N, is an atomic-special
P~ (k)-system. Since M was assumed to be atomic-special, M, is atomic over WCS,..
However, since |J M ;= JNc,,. we also have that the set M,, is atomic over
UNcs, by Lemma A.5. As N,, was chosen to be X;-atomic over M, N .. it follows
that Ny, is also Nj-atomic over Nc.yi. Since the subsequence (N, : ¢ C s;) is an a-
s P~ (k)-stable system of N;-saturated models, it follows from Fact 3.3 that N, s 18
P~ (k)-dominated by (N, : t C s;). Thus, Ny, is atomic over N ., since a-s P~ (k)-DI
holds.

Now suppose ¢ is P~ (n + 1)-dominated by M and choose an a-s P~ (n + 1)-staﬁe
system N J M consisting of N;-saturated models. We will show that tp(c/UN)
is isolated, which, since ¢ %N , directly implies tp(c/M) is isolated by the Open
Mapping Theorem.

Next, we unpack N into three pieces. Let Ky = (N, : s € P~ (n)) and let K| =
(Nsugny : 5 € P-(n)). with the third. remaining piece N,. Note that KoCK, as
P~ (n)-systems; | JKCo C | UK, hence JN = |JK; U{N,}; and that K; is an a-s
P~(n)-stable system.

Claim. N, ¢ is P~ (n)-dominated by K;.

PROOE. Since N, is atomic over | Ko, N, is P~ (n)-dominated by Ko. As KoCK;.,
it follows that N, is P~ (n)-dominated by K; as well. Now choose any P~ (n)-stable
system £ 1 ;. It follows that

N, L JE

UK

Form a P~ (n + 1)-stable system E by piecing together K. E. and N,. It is readily
checked that NEE* as P~ (n + 1)-structures, hence ¢ d/ﬁ U F*, so by transitivity

we have ¢N,, Uq)'é J E. proving the Claim. .
1

By the Claim and K being an a-s P~(n)-DI, we have that ¢N, is atomic over
J K. Additionally, by Fact 2.5, there is a finite » C [ J N for which
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8 MICHAEL C. LASKOWSKI AND DANIELLE S. ULRICH

tp(c/b) tp(c/Uﬁ).

Recall that|JN = J Ky U N,. Thus. tp(bc/K ) isisolated. which implies tp(c/K 15)
is isolated as well. As tp(c/b) F tp(c/N ). the same formula isolates tp(c/N ) as well.
At this point, we could simply quote Theorem 3.3 of [3] to conclude the

following theorem. However, our new notion of being atomically special simplifies
the argument somewhat.

THEOREM 3.6. If a countable, superstable theory T has V-DI, then it has PMOP.

ProOF. We argue that for all infinite cardinals ,

For all n > 2, there is_a construcﬂ)le model N over any atomic-
special P~(n)-system M with || M| < &. (%)

To begin, note that this holds for k = Ry by coupling Fact A.2(2) with Proposi-
tion 3.5. Fix an uncountable cardinal x and assume we have the above for all 4 < .
Choose n > 2 and an atomic-special P~ (n)-stable system M = (M, : s € P~ (n))
with | J M| = k. Let u = ¢ f (k). By iterating the analog of Fact 2.2(3), choose an
elementary chain (M" : o < u) of P~(n)-systems such that

1L |UM"| < &:

2. Eagﬁw—_l Ofor all o; and

3. M =U{M :a<u}
We will recursively build a sequence of sequences c,, for each « such that

1. ¢, is an initial segment of ¢y whenever a < f < u:

2. ¢, enumerates a constructible model N, over | J M

3. Cq is also a construction sequence over M (hence also over any Hﬁ, B> a).

. —0 _ . .
To begin, since | | J M | < &, apply (+x*) to get ¢y, enumerating a constructible model
over M . As U M Cyp M. ¢ is also a construction sequence over U ‘M .Fory < U
a non-zero limit, take ¢, to be the concatenation of all ¢,,. a < y.

Say @ < u and ¢, has been found. Let N, = | ¢,. Note that since M" Eﬁaﬂ,
the three pieces (ﬁa . HQH . N,) forma P~ (n + 1)-stable system. We also claim that
it is atomic-special. For this, choose s € P~(n + 1) with {0,1} C s. There are three
cases. First.if s = n = {i : i € n}.thenas N, isconstructible over | J M ", itis atomic
over | JM" aswell. Second. if s C n. s # n. then by M CM we have M® /\;{L& M.

<s

But. as M is atomic-special, every finite e € M has tp(e/ | J M -,) isolated. Thus.

by the Open Mapping Theorem, tp(e /Mgl ) isisolated as well. Third, if n € s, then
similarly, M+ 1 M <, and tp(e/ |J M <) is isolated for all finite e € M, so
<s

again, tp(e/mjl) is isolated by the Open Mapping Theorem.

Thus, by our inductive hypothesis, there is a constructible model N,,; over
—a+1

—a+1_ —a —a+l _ . .
UM ©¢,. However, as M C7py M, ¢, is also constructible over | JM .
Thus, there is a construction sequence ¢, end extending ¢, that enumerates N,.
. _ . —a+1 -— _ .
For any such choice of ¢,,, since M Cry M., we have that ¢, is also a
construction sequence over |_J M, as required. -
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EQUIVALENTS OF NOTOP 9

§4. P. and always isolated types. Following an idea of Baisalov [2], we begin with
a novel definition.

DEFINITION 4.1. An e-type is a stationary, weight one type p(x.d) with d finite
that is non-isolated.

Following the template given in [6], we use this notion to define a family of regular
types. In [2] he called elements of P, w-types.

DEerINITION 4.2. P, is the set of all regular types that are non-orthogonal to an
e-type.

It is evident that the class P, of regular types is closed under automorphisms of
¢ and non-orthogonality. The latter uses that non-orthogonality is an equivalence
relation on the class of all stationary, weight one types. With an eye on the results
in [6]. we show one more closure property of P,.

DErINITION 4.3. Suppose p, g are regular types. We say g lies directly over p if
there are a-models M < N and elements a, b such that tp(a/M) regular and non-
orthogonal to p, tp(b/N) regular and non-orthogonal to ¢, with N dominated by a
over M and g L M. We also say p supports q if ¢ lies directly over p.

LemmA 4.4. If g € P, and q lies directly over some regular type p, then p € P¢ as
well.

PrOOF. Let M be an a-model on which p is based and let N = M[a] be a-prime
over M and a realization of p with ¢ / N. As g € P, choose a non-isolated weight
one, stationary r € S(d) with d C N finite with r / q. Let b be any realization of
r|da. Since da is dominated by a over M and tp(b/da) L M, we have that bda
is dominated by a over M, from which it follows that wt(bd/M) = 1. Choose any
finite ¢ C M so that tp(bd/M) is based and stationary on e. Then tp(bd/e) is a
non-isolated weight one, stationary type non-orthogonal to p, hence p € P,. -

Thus, in the terminology of [6], P, = P We now turn to the complementary
notion.

DErFINITION 4.5. A strong type p is always isolated if, for all finite d on which p is
based. tp(a/d) is isolated for any realization of a of p|d.

LEMMA 4.6. For any strong type p, if p L Pe. then p is always isolated.

PrOOF. By induction on wt(p). If wt(p) = 1, but there were some finite d on
which p is based with p|d non-isolated, then let b be any realization of p|d. Then
p|db is stationary, weight one, and non-isolated by the Open Mapping Theorem,
contradicting p L Pe, so the Lemma holds for wt(p) = 1.

Assume the Lemma holds for all strong types of weight at most n. Choose a strong
type p L P, of weight n + 1 and choose a finite set d on which p is based. Choose
an a-model M DO d and let a realize p|M. We will show zp(a/d) is isolated. As
M is an a-model, choose an M-independent set {b; : i < n} such that tp(h; /M) is
regular and a 7& b; for each i. Choose an a-model N* = M[b; : i < n]witha € N*

and within N*, choose N < N* to be a-prime over M U {b; : i < n}. Choose any
finite ¢ C N on which tp(a/N) is based. As e C N, e is dominated by {b; : i < n}
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10 MICHAEL C. LASKOWSKI AND DANIELLE S. ULRICH

over M, hence tp(e/M) L P, and wit(e/M) < n. Choose a finite & O d on which
tp(e/M) is based. By our inductive hypothesis tp(e/h) is isolated. As well, eh C N
and tp(a/N) is based on this set, hence tp(a/eh) is isolated as well. Putting these
together, tp(a/h) is isolated. However, a \Cl]/h, so tp(a/d) is isolated by the Open

Mapping Theorem. —

ProposiTiON 4.7.  Let p be any strong type. Then p L P, if and only if every strong
type q < p is always isolated (see Definition A.10).

Proor. If p L P, then ¢ L P, for every ¢ < p, so left to right follows from
Lemma 4.6. For the converse, assume p f P.. Choose a regular ¢ € P, with ¢ } p.
As g € P, choose a stationary, weight one r [ ¢ that is not always isolated. As
r<1q < p, we finish. -

The following Lemma is likely well-known, but as we do not know of a specific
reference, we include its proof for the convenience of the reader. Recall that FE (b)
denotes the set of all b-definable equivalence relations with finitely many classes.

LemMmA 4.8. (T stable) Suppose p = tp(a/b) is any non-algebraic type and let
q(x) € S(ba) be the stationary non-forking extension for which stp(c/b) = stp(a/b)
for some/every realization ¢ of q. If q is isolated, then there are only finitely many
strong types extending p. In fact, there is some E*(x,y) € FE(b) such that for any
ay, ay realizing p. stp(a/b) = stp(ay/b) iff E*(ay, ap) holds.

ProOF. Let {a;(x,b,a) : i € I'} enumerate the formulas that fork over b and let
{E; : j € J} enumerate FE(b). Note that /\,_; E;(x.a) k- p(x), so by the Finite
Equivalence Relation theorem, ¢ is generated by

{Ej(x.a):i€J}U{~a;(x.b.a):iecl}.

If o(x, b, a) isolates g, there are finite subsets Jy C J and Iy C I} entailing p(x, b, a).
Put E*(x.y) = Njes Ei (x,y). Then E*(x.y) € FE(b). and it suffices to show that
Vx(E*(x,a)F E;(x.a)) for every j € J. To see this, fix any j € J and choose any
ay such that E*(ay, a) holds. As E*(x,a) € FE(b), itisnot a forking formula over b,
hence there is some a; € € such that stp(a;/b) = stp(az,b), E*(ay. a,). and a, \bp a.

From above, ¢(a,.b. a). hence E;(a,. a) holds. But stp(a;/b) = stp(a»/b) implies
Ej(ay.az), so Ej(ay.a), as required. =

Lemma 4.8 immediately gives the following w-stable-like behavior of types
orthogonal to Pe.

LemMA 4.9. Suppose M is any model and p = tp(a/M ) L P.. Then there is some
finite d C M on which p is based and stationary.

Proof. Choose a finite » C M on which p is based. Since p is always isolated,
choose w(x,b) isolating po := tp(a/b). Choose a’ € p(€) with aqb/a’ and let

q = tp(a/ba’). So q is stationary and based on ba’. As ¢ is parallel to p, it is always
isolated, hence there is ¢ (x, b, a’) isolating ¢|ba’. Choose E*(x, y) € FE(b) as in
Lemma 4.8. Now a’ ¢ M, but w (M, b) contains a complete set of representatives of
the E*(x, y)-classes consistent with y (x, b). Choose a* € w (M, b) with E*(a’, a*).
As both «’' and a* realize p. it follows from Lemma 4.8 that stp(a’/b) =
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EQUIVALENTS OF NOTOP 11

stp(a*/b). Choose a strong automorphism ¢ € Aut(€/b) with ¢(a’) = a* and put
g*(x.b,a*) := o(q). Then ¢* is stationary and, since since both @’ and a* are
independent from « over b, it follows that tp(aa’b) = tp(aa*b). That is, a realizes
the stationary type ¢*, so p is based and stationary over ba*. -

Recall that a stationary type p € S(A) is strongly regular if there is a formula
@ (x,a) € p such that for every global type ¢ € S(€) with p(x,a) € ¢, eitherq L p
or ¢ is the unique non-forking extension of p to S(¢€). Call a regular type p € S(M)
naif, forevery p(x,d) € p.thereissomeb € (M. d) \ acl(d). A regular type being
na is a localization of the notion of an na-substructure, as Proposition A.22 in the
Appendix shows that for any pair M < N, M C,, N if and only if every regular
type p € S(M) realized in N is na.

LemMA 4.10. Suppose p € S(M) is regular with p L P. Then p is both strongly
regular and na.

Proor. By Lemma 4.9, choose any finite d C M on which p is based and
stationary. Since p is always isolated, there is a formula 0(x.d) € p isolating the
type p|d. We first argue that p is strongly regular via 0(x, d). To see this, choose
any global type ¢ € S(€) with 0(x,d) € q. As 0(x,d) isolates p|d. ¢ extends the
regular type p|d. Thus, if ¢ £ p,then g L pl|d, so q is the non-forking extension of
pld. which is also the non-forking extension of p to S(€).

To see that p is na, choose any ¢(x,b) € p. By replacing ¢(x,b) by p(x,b) A
0(x.d), we may assume d C b and o (x,b) F 6(x, d). Since p is always isolated, p|b
is isolated, say by & (x, b). Since M is a model, choose e € M realizing d(x, b). Then
e € (M, b), buttp(e/b) = p|b, hence is non-algebraic. =

Recall that a type tp(a/B) is c-isolated if there is a formula ¢(x,b) € tp(a/B)
such that R®(g) = R=(p(x, b)) for every ¢ € S(B) with p(x,b) € q.

PROPOSITION 4.11.  Suppose stp(b/M ) L P, and choose ¢ to both be c-isolated over
Mb and such that be is dominated by b over M. Then tp(c/Mb) is isolated.

ProOFE. Choose 0(x,b,m) € tp(c/Mb) with R*(0(x,b,m)) = R>¥(c/Mb). By
increasing m (but keeping it finite), Lemma 4.9 allows us to assume tp(bc/M)
is based and stationary on m. As tp(bc/M) L P, we conclude that tp(bc/m) is
isolated, say by ¢(x, y, m). It follows that ¢ (x, b, m) isolates tp(c/bm), but we argue
that ¢ (x, b, m) isolates tp(c/Mb).

To see this, choose any ¢’ realizing ¢ (x, b, m). Note that p(x, y.m) F 0(x, y.m).
so it follows that ¢’ M. However, tp(c¢’b/m) = tp(cb/m) is stationary and both

bm
cb and ¢’b are independent with M over m, hence tp(c’bM/m) = tp(cbM/m). As
m C M, this implies tp(c’/Mb) = tp(c/Mb), as required. -
We do not know whether the following result requires that M be countable.

COROLLARY 4.12. For any countable model M and any finite b, if tp(b/M) L P,
then there is a constructible model M (b) O Mb.

Proof. As T and M are countable, it suffices to show that the isolated types over
Mb are dense. Choose any consistent formula w(x, a, b) with a from M. Among
all consistent L(Mb)-formulas that imply w(x, a.b). choose 0(x,a’,.b) - w(x, a.b)
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12 MICHAEL C. LASKOWSKI AND DANIELLE S. ULRICH

of least R>°-rank and then choose an element ¢ € 0(¢, a’, b) that is £-isolated over
Mb. Thus, cb is dominated by b over M and tp(c/Mb) is c-isolated, hence tp(c/Mb)
is isolated by Proposition 4.11. From this density result, a constructible model over
Mb exists. .

4.1. Dull pairs.
DEFINITION 4.13. We call M < N a dull pair if tp(N/M) L P..

The following Proposition gives an easily checkable criterion for whether a given
pair of models is dull. The notion of M C,, N is defined in Definition A.17.

ProroSITION4.14. M = N is a dull pair if and only if every regular type p € S(M)
realized in N is orthogonal to P.

ProOOF. Left to right is immediate. For the converse, assume M < N and
that every regular type p € S(M) realized in N is L P.. By Lemma 4.10, every
such p is na, so by Proposition A.22 in the Appendix, M C,, N. Assume by
way of contradiction that tp(N/M) J P.. Choose a (regular) r € P, such that
tp(N/M) [ r.Since M C,, N.itfollowsfrome.g., Proposition 8.3.5 of [7] that there
ish € N \ M such that tp(b/M) is regular and non-orthogonal to r, contradicting

our assumption. -
LemMma 4.15. Suppose M < N is a dull pair. Then:
1. M C,s N:
2. thereis some a € N \ M withtp(a/M ) strongly regular, and for any such choice
of a.

(a) There is a model M' =< N containing a, and dominated by a over M and
(b) For any such M', M' =< N is a dull pair.

3. if (M, : a < B) is any continuous, increasing chain of substructures of N with
M, = N dull for each o, then | J{M,, : a < f} <X N is a dull pair.

Proor. (1) Choose any regular type p € S(M ) thatisrealized in N. Since p L P,
pisnaby Lemma 4.10, so M C,, N by Proposition A.22 in the Appendix.

(2) Choose any a € N \ M for which tp(a/M) is regular. Then tp(a/M) is
strongly regular by Lemma 4.10. Now fix suchana € N \ M. For (a), the existence
of such an M’ follows by (1) and Fact A.18(3). For (b), fix any such M’ and
choose any regular p € S(M’) that is realized in N. Any such p is strongly regular
by Lemma 4.10. We show p | P, by splitting into cases. If p ¥ M, then since
M C,, N by (1), Fact A.18(2) (the 3-model Lemma) implies there is some regular
g € S(M) non-orthogonal to p that is realized in N. Since M < N is dull, ¢ L P,
hence p 1 P, as well. On the other hand, if p L M, then p lies directly above
tp(a/M), hence p | P, by Lemma 4.4.

(3) Let M* :=J{M, : a < B} and choose any regular type p € M* that is
realized in N. By superstability, choose a* < f such that p is based and stationary
on M,+. Since M+ < N is dull, p|M,~ and hence p are L P,. =

DEFINITION 4.16. Suppose M < N are models. A strongly regular filtration of
N over M is a continuous, elementary chain (M, : o < ) of models satisfying
My= M, Mg= N, and for each a < f, there is some a, € M, such that
tp(ao /M, ) is strongly regular and M, is dominated by a,, over M,
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We say that a strongly regular filtration is prime if, in addition, M, is
constructible over Ma,,.

ProposITION 4.17.  Suppose M < N is dull. Then a strongly regular filtration of N
over M exists. Additionally, if N is countable, then a prime strongly regular filtration
exists.

Proor. Given M < N, construct a maximal continuous chain of submodels
(M, :a<y) of N such that My = M, each M, <N is dull, and M, is
dominated over M, by some a, € N for which tp(a,/M,) is strongly regular.
By Lemma 4.15(3), y cannot be a limit ordinal, so say y = 8 + 1. We argue that
Mg = N . 1If this were not the case, then as Mg < N is dull, by Lemma 4.1 5(2) there
is some ag € N and M, contradicting the maximality of the chain.

In the case where N is countable, we argue similarly, but at stage «. if we are given
M, and a, € N \ M, with tp(a,/M,) strongly regular, we use Corollary 4.12 to
choose a constructible model M, (a,) over Mya, to serve as M, 1. =

Proposition 4.17 begets the following Corollaries.

COROLLARY 4.18.

1. Suppose M < N is dull and K is any model satisfying M < K < N. Then both
M < K and K < N are dull.
2. Suppose M < K is dull and K < N is dull. Then M < N is dull.

Proor. (1) Given M < K < N with M < N dull, it is trivial that M < K
is dull, hence has a strongly regular filtration (M, : o < f8) with My = K. By
Lemma 4.15(2,3), depending on whether or not f is a limit ordinal, K < N as
well.

(2) Now suppose M =< K and K < N are dull. By Proposition 4.17 on each part,
there is a filtration of K over M and a filtration of N over K. The concatenation
of these filtrations gives a filtration (M, : o < ) of N over M. Note that for every
a < B.tplan/M,) L Pe, either because M < K is dull (when M, < K) or because
K < Nisdull(when K < M, ). Toseethat M < N isdull,chooseanye € N \ M for
which ¢ = tp(e/M) is regular. As e € My = N. there is a least « such that e \L M,,

bute \4// M, 1. Then ¢ is non-orthogonal to tp(a, /M, ), the latter being regular and
1P by our sentences above. Thus M =< N is dull by Proposition 4.14. -

We now embark on a series of Lemmas that will lead us to Proposition 4.24 and
Theorem 4.25. The structure of this argument is similar to what appears in Section
1 of [5]. but there we were assuming the theory was w-stable. Indeed, these Lemmas
would have much easier proofs under the assumption of (Rg, 2)-existence, but here
we are not even assuming this.

LemmA 4.19. Suppose N is countable and M < N is dull. Let J C N \ M be any
M-independent set of finite sets. Then a constructible model over MJ exists.

PrOOF. Enumerate J = {a; : i € w} and, for each n € w, let J, = {a; : i < n}.
For each n € w, choose M, to be constructible over MJ,. Without loss, we may
assume M, < M, for each n. We claim that M* = | J{M, : n € w} is atomic
over MJ. To see this, choose any e C M*. Choose n € w so that e C M,. As
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Jn \ALZ (J \ J,) we have MJ, Cry MJ, hence tp(e/MJ) is isolated by Lemma A.5.

Thus, M* is atomic over MJ. But as M * is countable, it is also constructible over
MJ by Fact A.2(2). -

LeMMmA 4.20. Suppose N is countable and M < N is dull. If J C N\ M is any
maximal M-independent set, then N is constructible over MJ .

PrOOE. By Lemma 4.19 there is some constructible model M* over MJ, which
we may assume is contained in N. Thus, N contains an atomic model over MJ.
By Zorn’s Lemma, let Ny < N be any maximal atomic model over MJ contained
in N. By Fact A.2(2) it suffices to show that Ny = N. Assume by way of contradiction
that Ny < N is proper. Choose any e € N \ Ny such that ¢ = tp(e/Ny) is regular.
By Corollary 4.18(1), Ny < N isdull, hence ¢ L P.. On one hand.if ¢ £ M, then as
M C,, N by Lemma 4.15(1), the 3-model lemma gives d € N with d 41\; Np. but this
contradicts the maximality of J. So assume ¢ | M. We will obtain a contradiction
by showing that Nye is atomic over MJ. For this, it suffices to show that tp(de/MJ )
is isolated for any finite d C Ny. So choose any finite d C Ny. Choose a finite d*,
d C d* C Nyonwhich ¢ is based and stationary. By superstablity, choose any finite
J* C J for which d* Ajf* J. Note that d*J* is finite and d*J* \]ﬂ; (J \ J*). Choose
any finite @* C M such that d*J* L M. It follows by transitivity of non-forking
that

d*J* | M(J\J*).

As d*J*a* C Ny, tple/d*J*a*) = q|d*J*a*, and since ¢ 1. M (hence ¢ | a*) it
follows from Fact A.11(2) that

tp(e/d*J* a*) +tple/d* MJ).

However, since tp(e/Ny) is always isolated. tp(e/d*J *a*) isisolated, so tp(e/d* MJ )
is isolated as well. Since d* C Ny, tp(d*/MJ) is also isolated. Thus, tp(ed*/MJ)
and hence tp(ed/MJ) is isolated as well. This contradicts the maximality of Ny.

LemMmA 4.21. Suppose N is countable and p € S(N) is regular and 1. P.. Then for
any finite set A C N, N =24 N(c), where ¢ is any realization of p and N(c) is any
constructible model over Nc.

Proor. Note that by Corollary 4.12, a constructible model N (¢) exists. Choose
any finite A C N, and by increasing A4 if necessary, we may assume p is based and
stationary on A. As p is always isolated, there is an infinite Morley sequence J/ C N
in p|A. Partition J = Jy U J; into two infinite pieces and choose B C N maximal
such that B /Tb:) Ji.

Claim 1. B is the universe of an elementary submodel M < N.

PrOOF. If not, choose « least for which R*®(p(x,b)) = a for some consistent
L(B)-formula ¢(x,b) that is not realized in B. Since N is a model, choose
e € o(N,b). We argue that qu/Jl, which contradicts the maximality of B.

Assume by way of contradiction that this non-forking failed. Then there would
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be some finite b* C B such that eA}c(/b* J1, and we may assume b* O b. Choose
0

a forking formula d(x.a.b*. ho.hy) € tp(e/AJob*J;). where a € A, hy C Jy and
iy C Ji. By replacing & by 6 A ¢, we may assume 3(x. a.b*. ho. 1) F o(x.b). yet
R>(S(x,a,b*, ho, h1)) < .. We will obtain a contradiction by ‘dropping /#; down
into Jy.” thereby contradicting the minimality of .

By superstability again, by enlarging sy C Jy we may additionally assume that
b* Aq;{o Jo. hence also

b* L JoJ1,
Ahy
by transitivity of non-forking. As J = Jy U J; is indiscernible over A and Jj is
—
infinite, we can find some 4, C Jy such that

stp(%/Aﬁo) = stp(hy/Ahy).

Thus, as both #; and El) are independent from b* over Ahy. tp(b*a%%) =
—

tp(b*ahoh;). It follows that R*(d(x.b*.a.ho.hy)) <a and is a consistent
L(B)-formula that is not realized in B. This contradicts our choice of ¢ (x,b). -

Claim 2. J; is a maximal M-independent subset of N \ M.
Proofr. Choose any ¢ € N with e \JA; Ji. Since M j; J1, Me is independent from
0
J1 over AJy, hence ¢ C M by the maximality of M. -

It follows from Claim 2 that M < N is dull. To see this, choose ¢ C N with
tp(e/M) regular. Since J; is Morley sequence in p|M, the fact that e 7{(2 Jy implies
that tp(e/M) [ p, hence tp(e/M) L P.. Thus M =< N is dull by Proposition 4.14.
From this, it follows from Lemma 4.20 that N is constructible over MJ;.

Claim 3. N (c) is constructible over MJc.

ProOF. We know N is constructible over MJ; and since ¢ 4}\; Jy, wehave MJ, Crp

MJc, thus by Lemma A.5, the universe of N is a construction sequence over MJ|c.
As N(c) is constructible over Ne, it follows that the concatenation of these two
sequences is a construction sequence of N (c¢) over MJic. B

Finally, since both J; and J; ¢ are infinite Morley sequences in p| M, any bijection
fo:J1 — Jic extends to an elementary map f : MJ; — MJ c with f [, = id. By
the uniqueness of constructible models, it follows that / can be extended to an
isomorphism f* : N — N(c) fixing M (and hence A) pointwise.

DEFINITION 4.22. Given two structures M, N and finite tuples of the same length
a e M* b e N wesay tps(a) = tpe(b) if the structures (M. a) and (N, b) are
back and forth equivalent.

We say M <., N if. M C N and tp37(a) = tp3y (a) for all finite a € M <.

It is evident that the relation <, is transitive. Moreover, when M C N are
countable, then for @ € M*, b € N*, tpSs(a) = tpSr(b) if and only if there is an
isomorphism f : M — N with (@) = b.

We record the following easy Lemma.
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LeMMA 4.23. Suppose {M,, : n € w} are countable with M,, <o, My+1 for every
ne€wandlet M* =\ J{M, :m € w}. Then M, <o, M* for everyn € w.

Proor. Note that since My <o, My Whenever £ < £/ < o. tpfy, (b) = tp37,, (b)
for every b C M,. It suffices to show that My <., M*. For this, we claim that

F = {(E,Z) :a C My,b C M*, and tp",&’o(ﬁ) = tp‘jj[ (b) whenever b C My}

is a back-and-forth system. _

Since (a.a) € F for any @ C My. F is nonempty. Next. choose (@.b) € F and
choose ¢ € M. Choose ¢ such that b C M,. As tp3; (@) = tpy, (b). choose an
isomorphism f : My — M, with f(a) =b. Put d := f(c). Then (Ec,_gd) e F.
Finally, choose (@.b) € F and choose d € M*. Choose £ such that bd C M,.

As tpfy) (@) = tpy, (b). choose an isomorphism g : M, — M, with g(b) = a. Then
taking ¢ := g(d) yields (@c.bd) € F.

Given that F is a back and forth system, showing My <., M* is easy.
Choose a € Mok. Since (a@,a) € F and both My and M* are countable, there is
an isomorphism £ : My — M* with h|z = id, as required. -

PrOPOSITION 4.24. Suppose N is countable and M < N is dull. Then for any finite
set AC M, M =, N. Inparticular, M and N are isomorphic.

Proor. By Proposition 4.17, choose a prime, strongly regular filtration (M, :
o < B) of N over M. As M, is constructible over Mya, with tp(a,/M,) L Pe. it
follows from Lemma 4.21 that M, <o, Ma+1 foreach a < . Additionally, for any
countable limit ordinal y < ., My <. M, for all o < y. That is, (Mg :a < B)
is a = -chain of countable models with with My = M and Mgz = N. Thus,
M <. N, which suffices. =

THEOREM 4.25. Suppose (only) that T is countable and superstable. Suppose
M <N is dull with M, N of arbitrary size. Then for any finite set A C M,
(M, a)uca Zcow (N.a)aca. In particular, M and N are back and forth equivalent.

Proor. We prove this by a forcing argument. [One could also proceed by a
Downward Lowenheim—Skolem argument: briefly, if the conclusion of the theorem
fails, then this is witnessed by a winning strategy in a certain game, and one can take
a countable elementary substructure of the pair (M, N, ...) where we add structure
for the winning strategy in the game. This would contradict Proposition 4.24.].

Fix any finite A C M and choose an enumeration @ of 4. We show that for all
ordinals o, (M. @) =, (N, @), i.e., are a-equivalent. To see this, pass to any forcing
extension V[G] of V in which M and N are countable. It is easily checked that
M = N remains dull in V[G]. Thus, by Proposition 4.24, there is an isomorphism
f : M — N fixing 4 pointwise. The existence of / implies that (M, a) =, (N, @) in
V[G] for all ordinals . By absoluteness it follows that this holds in V as well.

We close the section by showing that that dull pairs can be amalgamated, with no
new non-orthogonality classes of regular types being realized.

LEMMA 4.26. Suppose M =< N; and M < N, are both dull pairs with N, Rl/[/Nz.
Then there is N* for which Ny < N*, Ny X N* and M < N* are all dull pairs.
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Moreover, forany e € N* \ M with p .= tp(e/M) regular, either there some is h € N
or there is some h € N, with tp(h/M ) regular and [ p.

Proor. As T is countable and superstable, choose an £-contructible model N*
over Ni N,. We first show that no new non-orthogonality classes of regular types over
M are realized in N*. To see this, choose e € N* \ M with p := tp(e/M) regular.
Since N, j/[./Nz and since wt(e/M) = 1, e forks with either N; or N, over M. By

symmetry, assume the former. Then p [/ tp(N;/M), and since M < N; dull implies
M C,, Ny byLemma 4.15(1), it follows from Fact A.18(1) that thereis 7 € N; such
that tp(h/M ) is regular and } p.

In particular, since every regular type tp(h/M) L P, for every h € Ny and every
h € N;, the regular type p is also 1 P.. Thus, by Proposition 4.14, M < N*
is a dull pair. That Ny < N* and N, < N* are dull as well follows from
Corollary 4.18(1). -

4.2. P.-NDOP. We begin with some general comments about DOP witnesses.
In [6], this was extensively studied for regular types. The following definition appears
as Definition 3.1 of [6]. Among superstable theories 7, the definition of DOP given
here is equivalent to Shelah’s original definition via Lemma X 2.2 of [§].

DEFINITION 4.27. A regular type r has a DOP witness if there is an independent
triple (Mo, M. M) of a-models and an a-prime model M3 over MM, such that
the canonical base Ch(r) C M3, withr L. M andr L M,.

A theory T has DOP, the Dimensional Order Property, if some regular type has a
DOP witness. T has NDOP if it does not have DOP.

Clearly, if a regular type r has a DOP witness, then by Fact A.16, every stationary,
weight one type p(x,d) non-orthogonal to r is also orthogonal to both M; and
M,. So, going forward, we consider ‘having a DOP witness’ to be a property of
the non-orthogonality class of a regular type. In applications, the dependence on
a-models make the definition a bit awkward to use. The following two Lemmas use
V-domination to get more malleable conditions.

Lemma 4.28. Let A= (Ag. A1, Ay) be any independent triple, let A* be
V-dominated by A and let p(x) be any stationary, weight one type whose non-
orthogonality class does not have a DOP witness. If p Y A*, then p } Ay or p } A>.

ProoOF. By way of contradiction, suppose p } A*, but p L 4; and p L A,. We
will obtain a contradiction by constructing a DOP witness for some regular type r
non-orthogonal to p. Suppose p is based and stationary on the finite set d. Choose
any e such that p f stp(e/A4*) (where stp(e/4*) need not be regular). Choose a
finite » C A* such that e 4;,4*. By Fact 2.4.(3) choose a finite BCA such that b

is V-dominated by B. Now let M be any independent triple of a-models such that
BCM and d Bqé M M;. Note that for £ = 1,2, p L A, implies p | B,. However,
152

from BCM and d qu M| M, it follows that d ﬁ; M. hence p L M, as well.
152 _ i 2
Since b was V-dominated by B and since BEM, we have that tp(b/ M| M,) is
a-isolated. Thus, we can find an a-prime model M3 over M| M, with b C Mj3. As

p L b. p ) Ms, hence there is a regular type r € S(M3) non-orthogonal to p. Then
(Mo, My, M>, M3) and r form a DOP witness, giving our contradiction. -
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DEFINITION 4.29. A stationary type p(x.d) over a finite set has a finitary DOP
witness if there is an independent triple 4 = (a, b, ¢) of finite sets satisfying:

1. d is V-dominated by 4;
2. p(x.d) L band p(x.d) Lc.

LemMA 4.30. Suppose p(x.d) is a stationary, weight one type whose non-
orthogonality class has a DOP witness. Then p(x.d) has a finitary DOP witness.

Proor. Choose a regular type r J p(x.d) and choose a quadruple
(My. My, M>, M3) of a-models exemplifying that » has a DOP witness, and fix
a finite ¢ C M3 on which r is based and stationary. First, as a special case, assume
d C M;. Then, as tp(d/M M) is a-isolated, d is V-dominated by M via Fact 2.5.
Choose a finite # € M| M, on which tp(d/M;M>) is based and by Fact 2.2(3),
choose a finite ACM with h C A1 4,. As d Aﬁz M M5, it follows from Fact 2.4(3)

that d is V-dominated by A. Since p(x, d) is weight one, non-orthogonal to r, and
as r L M, with b C M, it follows that p(x.d) L b. Dually, p(x.d) L ¢, so Aisa
finitary DOP witness for p(x, d).

Now for the general case, since M3 is an a-model, choose d’ C M3 with stp(d Je) =
stp(d’/e) and let p’(x, d’) be the conjugate type to p(x, d ) over e. Since r is based and
stationary on e, we have that p’(x, d’) is stationary, weight one, and non-orthogonal
to . As d’ C Mj, apply the special case above to get 4 = (a.b.c) for p’(x.d’).
Then, take any automorphism ¢ of € fixing acl(e) pointwise, with g(d’) = d. Then
o(4) = (a(a).o(b).o(c)) is a finitary DOP witness for p(x, d). =

DerINITION 4.31. A countable, superstable theory 7 has P.-DOP if some
(regular) r € P, has a DOP witness. We say T has P.-NDOP if it does not have
P.-DOP.

ProroSITION 4.32. If T has V-DI, then T has Pe-NDOP.

PrOOE. By way of contradiction, assume some r € P, has a DOP witness, and
that V-DI holds. Choose a stationary, weight one p(x.d) f r with d finite and
p(x.d) non-isolated. By Lemma 4.30, find a finitary DOP witness 4 = (a. b.c)
for p(x.d). Let p'(x.dbc) € S(dbc) be the non-forking extension of p(x,d) and
let e realize p’(x.dbc). Since d is V-dominated by A with p(x.d) orthogonal
to b and ¢, Lemma A.12 implies that de is also V-dominated by 4. Thus, by
V-DI, tp(de/bc) is isolated, hence tp(e/dbc) = p'(x,dbc) is isolated as well. As
p'(x, dbc) is a nonforking extension of p(x, d), this contradicts the Open Mapping
Theorem. .

We close this section by summarizing our results so far, the equivalence of the
first three conditions of Theorem 1.3.

THEOREM 4.33.  The following are equivalent for a countable, superstable theory T.
1. V-DI,

2. Pe-NDOP and PMOP;

3. P.-NDOP and countable PMOP.

Proor. (1) = (2) is Theorem 3.6 and Proposition 4.32, and (2) = (3) is trivial.
So assume 7 has P.-NDOP and countable PMOP. Choose any independent triple
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N = (Ny. Ni. N») of a-models and assume ¢ is ¥-dominated by N. We will show that
tp(c/N1N,) is isolated. For this, first note that tp(c/N; N;) is a-isolated by Fact 2.4.
Choose an a-prime model N* over NN, containing c.

Construct, as a nested union of an w-chain of finite sets, a countable M* < N*
such that, letting M; := M* N N; for i € {0, 1,2} we have

1. M* 4./ N N>;

2. M; C,,,,N for each i; o
3. M = (My. M, M) is a (countable) independent triple of models and MCN;
4. ¢ C M*.
[To get the non-forking conditions, note that by superstablity, for every finite d
from N*, thereis a finite X; C NN, for which d qu NN, whenever X; C 414, C
142

NIN_Z.] Given such an M*, letting M = (Mo, My, M>), we have M * is V-dominated
by M by Fact 2.4(3). By countable PMOP, choose M’ < M*, constructible over
M M.

Claim 1. For any a € M*\ M, if tp(a/M’) is regular, then tp(a/M’) 1L M,
and L M.

PrOOF. Suppose p = tp(a/M’) is regular. By symmetry, it suffices to show
p £ M,. For this, note that since M * is V'-dominated by M, M * is dominated by M,
over Mi. [Why? Choose any Y with M, \L Y. It follows that M T (My, M, Y, M),
hence M* 4./ Y by V-domination. Thus M * 4./ M, Y by transitivity.]

M M,

Now, by way of contradiction, suppose p X My. Since My C,, M*, the
3-model Lemma (Fact A.18(2)) applied to My < M’ < M* gives some h € M*
with A &L/ M*, hence h &p M, contradicting the domination described above. -

1 1

Claim 2. M’ < M* is a dull pair, and tp(c¢/M’) is orthogonal to P, M1, and M>.

PrOOF. Choose any a € M*\ M’ with p = tp(a/M’) regular. Since M’ is
V-dominated by M and T has P.-NDOP, it follows from Lemma 4.28 and Claim 1
that p L P.. Thus, M’ < M* is a dull pair by Proposition 4.14. It follows by
Lemma 4.15(1) that M’ C,,, M*.

Concerning the orthogonality, first suppose there were some ¢ € P. with
g f tp(c/M"). Since M’ C,, M*, it follows from Fact A.18(1) that there is some
a € M*\ M’ with tp(a/M’) € P, contradicting M’ < M* a dull pair. Similarly,
suppose tp(c/M') J M. Then there would be some regular type ¢ [ tp(c/M’)
with ¢ / M. Since M; C,, M*, there again would be « € M* \ M’ with tp(a/M")
regular and / ¢, hence / M, contradicting Claim 1. Showing tp(c/M’) L M, is
symmetric. —

As tp(c/M’) L P, choose a finite b C M’ over which tp(c/M’) is based and
stationary. By Claim 2 and Lemma A.14(1), M, M, is essentially finite with respect
to tp(c/b) (see Definition A.13) hence there is some finite e C M) M, for which

tp(c/be) - tp(c/bM M,).

By Proposition 4.7, tp(c/be) is isolated, hence tp(c/bM|M,) is isolated as well.
However, sinceb C M, tp(b/ M) M) is also isolated, hence so are tp(bc/M, M) and
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tp(c/M\ M,). Finally, MCN, so MM, Cry NiN,. hence tp(c/Ny N;) is isolated by
Lemma A.5.

§5. Tree decompositions. The material in this section closely resembles Section 5
of [5], but here we are not assuming that 7" is w-stable. However, from our work
above, we see that under the assumption of V-DI (or any of its equivalents given
in Theorem 4.33) enough of the consequences of w-stability hold to make the
arguments in [5] go through. Some of the earlier results of this section only require
weaker hypotheses, such as PMOP.

DEFINITION 5.1. A tree (I, <) is a non-empty, downward closed subset of Ord<®,
ordered by initial segment. An independent tree of models is a sequence M = (M, :
n € I) of models, indexed by a tree (. <), that satisfies M, \L/ UM, : u jon} for

ally # (). To ease notation, for any subtree J C I, we write MJ for | J{M), :n € J}.

Any independent tree of models is a stable system, hence analogues of Facts 2.2
and 2.4 apply to this case. Our first Lemma is an easy inductive construction.

LEMMA 5.2. Suppose T is countable, superstable, with PMOP. Then there is a
constructible model over every independent tree M = (M, 1 € I).

PrOOF. Choose any well ordering I = (7, : @ < &) such that 5, <1775 implies
a<p.
This implies that for all & < J, I, = {7y : f < a} is a subtree of (1, <), thus

H<a = U{My < Ol} Cry UM</; = {My < ﬁ} Cry My,

for all @ < < 4. It follows that any construction sequence ¢ over M, is also a
construction sequence over M .z and over M.
We recursively find a sequence (¢, : a < &) of sequences satisfying:

1. ¢, enumerates a constructible model N, over | J M _,: and
2. ¢4 is an initial segment of ¢y foralla < g < 6.

If we succeed. then ¢; will be a construction sequence over M;. Put ¢ := () and,
for all non-zero limit ordinals y, take ¢, to be the concatenation of (¢, : @ < p).
Assuming ¢, has been chosen with a < J, note that M, is a ‘leaf” of the subtree
Mga. As well,

My L Na.

L
My
where N, is the constructible model over ‘M _,, enumerated by ¢,. From above, ¢,
is also a construction sequence over M ., M,. By PMOP, there is a constructible
model N, over M, N, from which it follows there is an enumeration ¢, | of Ny
in which ¢, is an initial segment. -

To obtain our atomicity results, we use the notion of essential finiteness that was
first named in [5]. For a given strong type p, call a set 4 essentially finite with respect
to p if there is some finite A9 C A for which p|DAy b p|DA. The basic properties of
this notion are stated in Lemma A.14 in the Appendix.
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LemMa 5.3. (T stable) Suppose (M, :n € I) is any independent tree of models
indexed by a finite tree (I, Q). Then the set Unel M, is essentially finite with respect
to any strong type p that is orthogonal to every M, .

ProoF. We argue by induction on |I|. For |I| =1, this is immediate by
Lemma A.14(1) (taking 4 = My and B =0). So assume (M, :#n €I) is any
independent tree of models with |/| = n + 1 and we have proved the Lemma when
|I| = n. Fix any strong type p that is orthogonal to every M. Choose any leaf € 1
and let J C I be the subtree with universe I \ {#}. By the inductive hypothesis, M
is essentially finite with respect to p, so the result follows by Lemma A.14(2), taking
A=Mj;and B=M,. =

LEMMA 5.4. Suppose (M, : n € I) is any independent tree of models indexed by any
tree (I, <) and let N be any model that contains and is atomic over M;. Let p € S(N)
be any regular type L P, and 1. M, for every n € I. Then Nc is an atomic set over
M7 for every realization ¢ of p.

PrROOF. As notation. for K C I. we let Mg denote | J,.x M,. By Lemma 4.9
there is a finite dy C N over which tp(c/N) is based and stationary. It suffices to
show that tp(dc/Mj) is isolated for any finite d with dy C d C N, so choose such
a d. Choose a finite e C M; with a formula ¢(x, ¢) isolating tp(d/M;). Choose a
finite, downward closed subtree J C I containing e. As tp(c/d) is stationary and
L M, for every n € J, Lemma 5.3 implies that M} is essentially finite with respect
to tp(c/d), so there is a finite e*, e C e* C M, for which tp(c/de*) & tp(c/dM;).
Astp(c/N) L P, by Lemma 4.6, tp(c/de*) is isolated. Thus, tp(c/dMj) is isolated
as well. Since tp(d/M;) is isolated, so is tp(cd/M;). But now, since M; Cry M,
we conclude that tp(cd/M;) is isolated as well. —

We define three species of decompositions. These definitions, and the notation
contained therein, will be used for the remainder of this section. Note that in a weak
decomposition, we do not require the types tp(a,/M,) to have weight one, but the
other species of decompositions place stronger constraints on these types.

DEFINITION 5.5. Fix a model M. A weak decomposition ® = ((My.a,) :n € I)
inside M consists of an independent tree 9 = {M, :n € I} of countable, na-
substructures M, C,, M indexed by (I, <), and a distinguished finite tuple a, € M,
(but a(y is meaningless) satisfying the following conditions for each # € I:

1. the set C, := {a, : v € Succ;(n)} is independent over M,
2. for each v € Succ; (). we have:

(a) Ify # (). then tp(a,/M,) L M, :

(b) M, is dominated by a, over M,.

o A regular decomposition inside M is a weak decomposition inside M such that
tp(a,/M,) is a regular type for every # € I and a, € C,.
o A P.-decomposition inside M has each tp(a,/M,) € P,.

For a given M. let Kp, C K., C K, denote the sets of [P, regular, weak]
decompositions ? inside M. For each of these notions, there are two ways in which
a decomposition ? can be maximal. Thankfully, both notions are equivalent.
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index tree, but leaving the nodes unchanged. That is say

0= (My.ay:neld) <0 =(My.a :nel),

We define a natural partial order <* on each of Kp,, K. K,k by increasing the

if and only if the index tree (J. <) is a downward closed subtree of (I, <) and
(M,.a,) = (M,.a))forally € J.

LEmMMA 5.6. Fix any model M and any [weak.regularP.] decomposition
0= (M,.a, :n €I) inside M. Then:
1. 0 is <*-maximal inside M if and only if C, is maximal for every n € I and
2. every [weak, regular, Pe] decomposition 0 inside M can be <*-extended to a
maximal [weak, regular, P,] decomposition inside M.

Proor. (1) If o’ is a proper <*-extension of ?, then it is obvious that some
C, gets extended. For the converse, suppose there is some # € I for which C,
can be extended. Choose a <-least such # and choose a* € M so that C, U {a*}
satisfies the constraints. Let /T =1 U {n"} be the one-point extension of (I, )
whose extra note is a leaf, with » <<»*. Since M, C,, M, we can use Fact A.18(3)
to choose M+ C,u M with M,ya* C M,+ and M,+ dominated by a* over M,.
The verification that (M, : n € I") remains an independent tree of models follows
from the domination and the fact that tp(a*/M,) L M,-. Thend™ =0 ~ (M,+.a*)
properly <*-extends 0.

(2) It is evident that decompositions inside M of any species are closed under
<*-chains, so (2) follows by (1) and Zorn’s Lemma. =

DEFINITION 5.7. A [weak, regular, P,] decomposition of M is a maximal [weak,
regular, P,] decomposition (in either of these senses).

LEMMA 5.8 (T V-DI). Let M be any model. letd = (M, a, : 1 € I) be any [weak,
regular, P, decomposition inside M, and let N be atomic over My. If p € P, is any
regular type with p Y N, then p Y M, for somen € 1.

Proor. Recall that V-DI implies PMOP and P,-NDOP by Theorem 3.6 and
Proposition 4.32. We first prove the Lemma for all finite index trees (1, <) by
induction on |7|. To begin. if |I| =1, then we must have N = M, and there
is nothing to prove. Assume the Lemma holds for all trees of size n and let
0= (M,.a, :n € I) be a decomposition inside M indexed by (1, <) of size n + 1.
Let N be atomic over |J,., M, and let p € P, be non-orthogonal to N. Choose
aleafy € I and let J = I\ {n}. If (1. <) were a linear order, then again N = M,
and there is nothing to prove. If (1, <) is not a linear order, then by Lemma 5.2,
choose any N; < N to be constructible over M. By Lemma 4.28, either p Y M, or
p £ Ny. In the first case we are done, and in the second we finish by the inductive
hypothesis since |J| = n. Thus, we have proved the Lemma whenever the indexing
tree / is finite.

For the general case, fix a decomposition @ = (M,,.a, : # € I) inside M. let N be
atomic over M;. Fix any p € P, with p £ N. Choose g € S(N), ¢ £ p and choose
a finite set d C N on which ¢ is based. As N is atomic over M;, we can find a finite
subtree J C I such that tp(d/M;) is isolated. As M is countable, use Fact A.2(2)
to choose a constructible model N’ < N over M; withd C N'.Asd C N',p J N’,
and J is finite, it follows from above that p Y M, for some#n € J. o
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THEOREM 5.9 (V-DI). Let M be any model and let ® = (M, a, : 1 € I) be any
[weak, regular,P.] decomposition of M. Then N < M is a dull pair for any N < M
containing M.

Proor. Chooseany N < M with M; C N.ByLemma 5.2, choose a constructible
model Ny < N over M;. We first show that Ny < M is a dull pair. If this were
not the case, then by Theorem 4.14, there would be some a € M \ Ny with
p =tpla/Ny) € Pe. By Lemma 4.28, p Y M, for some n € I. Choose a <-least
such # € I. Since M;, C,, M, the 3-model Lemma gives us some 2 € M such that
tp(h/M,) is regular and £ p with i le No. It follows that tp(h/M,) € P, and. by the

n
minimality of 7, we have that tp(h/M,) L M, (provided 7 # ()). Regardless of the
species of 0 [weak.regular,P,] this contradicts the maximality of 0. Thus, Ny < M
is dull. That N < M is dull now follows from Corollary 4.18(1). -

The following Corollaries follow easily.

COROLLARY 5.10 (V-DI). Suppose M be any model and let © = (M, a, :n € I)
be any [weak, regular, P.] decomposition of M. Then M and N are back-and-forth
equivalent for every N = M containing M.

Proor. Immediate from Theorems 5.9 and 4.25. =

COROLLARY 5.11 (V-DI). Suppose M and N are models. and the samed = (M, a,,
n € I) is a [weak, regular, Pe] decomposition of both M and N. Then M =, N.

Proor. By Lemma 5.2 there is a constructible model M’ < M over M;. By
replacing N by a conjugate over M;, we may additionally assume that M’ < N.
Two applications of Corollary 5.10 yield M =, M’ = N. -

Theorem 5.9 and Corollaries 5.10 and 5.11 encapsulate what can be said for
P.-decompositions of M as they do not touch any of the always isolated types.
However, for weak and regular decompositions of M, we can say considerably
more.

THEOREM 5.12 (V-DI). Let M be any model and let ® = (M,. a, : 1 € I) be any
[weak regular] decomposition of M. Then M is atomic over M.

ProOOF. We first prove this when M is countable. By Lemma 5.2, we know there
i1s a constructible, hence atomic, model Ny < M over M; so choose N < M to
be maximal atomic over M;. We argue that N = M. If this were not the case,
choose some e € M \ N such that p = tp(e/N) is regular. By Theorem 5.9, N < M
is dull, hence p | P.. Additionally, we have the following.

Claim. p 1 M, forally € I.

PrOOF. Suppose this were not the case. Choose # € I <J-minimal such that
p £ M,. Thus, either # = () or p L M,. By the 3-model Lemma, Fact A.18(2).
there is an element # € M such that tp(es/M,) is regular and non-orthogonal to
p (hence orthogonal to M, if n # (). but i 1\&4/ N,. This element / contradicts the

n

maximality of C,,. =

By the Claim and p L P, Lemma 5.4 implies Nc¢ is atomic over M;. As well, since
M and hence N is countable with tp(b/N) € P, a constructible model N’ < M over
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Nc exists by Corollary 4.12. It follows that N’ is atomic over M/, contradicting the
maximality of N.

For the general case, suppose M is uncountable. Choose a forcing extension V[G]
of Vin which M is countable. (Alternatively, one could also proceed by a Downward
Lowenheim—Skolem argument, but specifying a sufficiently large countable fragment
of L, ., would be involved.) As a counterexample to the maximality of @ would be
given by a finite tuple, it follows that ? is a decomposition of M in V[G]. Thus, by
the argument above in V[G], M is atomic over M. That is, every finite tuple from
M isolated by a formula over M;. The same formulas witness that M is atomic over
M; in'V as well.

COROLLARY 5.13 (V-DI). Suppose M and N are two models that share the same
maximal [weak, regular]-decomposition ® = (M. a, :n € I). Then M and N are
back-and-forth equivalent over M.

PrOOF. As both M, N are atomic over M; by Theorem 5.12, the set
F = {partial, elementary /' : M — N :dom(f) =aM;. [y, =id}

is a back-and-forth system over M. o

§6. Equivalents of NOTOP. In Chapter XII of [8], Shelah defines a theory having
OTOP.

DEerINITION 6.1. Let T be a countable, superstable theory. We say T has OTOP if
there is a type p(X.,¥.Z) with Ig(7) = 1g(Z) such that, for all infinite cardinals A and
all binary relations R C /2, there is a model My = T and {@, : a € A} such that
M, realizes the type p(X.d,.ap) if and only if R(«, f8) holds.

We say T has NOTOP if it fails to have OTOP.

Seeing this definition, one could imagine a weakening that is reminiscent of the
distinction between a formula ¢ (X, 7) being unstable (i.e., has the order property)
and (X, ¥) having the Independence Property.

DEerFINITION 6.2. Let T be a countable, superstable theory. We say T has linear
OTOP if there is a type p(X.7.Z) with 1g(3) = Ig(Z) such that, for all infinite
cardinals 4, there is a model M, = T and {a, : o € 1} such that M, realizes the
type p(X.@q.ap) if and only if & < f.

We say T has linear NOTOP if it fails to have linear OTOP.

It is somewhat curious that among superstable theories, OTOP and linear OTOP
coincide, since for a first order formula ¢(x, y) (as opposed to a type) whether it
codes an order is equivalent to ¢(x, y) being unstable, whereas its coding arbitrary
binary relations is equivalent to ¢(x, y) having the Independence Property.

Here, with Theorem 6.4 below, we prove the two notions are equivalent by
demonstrating that each is equivalent to V-DI. We begin with one Lemma that
is of independent interest.

LemMmA 6.3. Suppose T is superstable, k any uncountable regular cardinal, and
(@o : a < k) is any sequence of finite tuples. Then there is a stationary S C k and a
Sfinite F C | {aq : a} such that {a, : o € S} is independent over F.
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ProOF. Let So={a€k:a is a limit ordinal}. For each « € Sp. find
some f(a) <a such that tp(@,/4,) does not fork over Apg,). where
Ao == U{@, : y < a}. By Fodor’s Lemma there is some /* < x and a stationary
St C Sp such that, taking B = Ap=, o \lg/ A, for all & € S;. Furthermore, for each

a € S, there is a finite F C B for which a,, \Il; B. As |B| < k, there is a stationary
S> C S; and some finite F* C B for which a, PL;B holds for all o € S>. Then
{dy : @ € Sy} is independent over F*. a

THEOREM 6.4. The following are equivalent for a countable, superstable theory T:

T has V-DI,

T has Pe-NDOP and PMOP:;

T has P-NDOP and countable PMOP;;
T has linear NOTOP;

T has NOTOP.

A S

ProoF. The equivalence of (1)—(3) is by Theorem 4.33, and (4) = (5) is
trivial.

(5) = (1) is proved on pages 122-124 of [3]. Hart’s condition (*) is precisely V-DI
in our notation. Another proof of this is given in Section XI1.4 of [8].

So. it remains to prove (1) = (4). The key idea in this argument is that the
existence of a tree decomposition for a purported model witnessing linear OTOP
gives too many symmetries of the structure. We use these symmetries to show that,
for k large enough, if a model M* realizes p(X, @,.ap) whenever o < f < k. then
it must also realize p(X.dp. do) for some carefully chosen o < f§ < k.

Choose a sufficiently large regular cardinal &, a sequence (@, : o < k), and a
model M* containing (@, : @ < ) for which M* realizes p(X.d,.as) whenever
a < f. We will find some f < o for which p(X.a,.ap) is realized as well. For
this, by passing to a large subsequence, Lemma 6.3 allows us to assume that
{a, : a € k}isindependent over a finite set F. Now choose a countable M O Sna M*
containing F. As k > 2%0 and passing to a further subsequence, we may additionally
assume that tp(a,/My) = tp(ag/M). By removing at most countably many
elements, we may assume that {a, : @ € k} is independent over M (- Next, for each
o € k, using Fact A.18(3), choose a countable Moy Sha M that is dominated
by @, over M. Thus, 0y = (M 4. dq : @ < k) ~ My is a weak decomposition
inside M*. By Lemma 5.6(2), there is a <*-extension 0 = (M,.a,:n € J) of
0o that is a weak decomposition of M*. Thus, by Theorem 5.12, M* is atomic
over Mj. . B

For any a < f8. choose a realization d , g of p(X.da.dp) in M*. Astp(d,p/M;)
is isolated, choose e,y 2 aq.ap from M; and a formula o0(x, e, p) isolating
tp(dap/M;). Thus, in particular, 6(X. e, ) is consistent, and every realization of it
realizes p(X.dq. dp).

As notation, for each y, let M;(y) = U{M, : n > (y)} \ M(y. Each pair o < f8
induces a partition of M} into three (disjoint) pieces, namely M, (), M;(f), and
the complement, M; \ (M;(a) U M;(B)). This partition induces a partition of
€ p = TapSaplaep- Crucially, note that for all oo < f§ the tuples {74 5. Sa. 5. 70} are
independent over M.

Downloaded from https://www.cambridge.org/core. IP address: 13.201.136.108, on 04 Oct 2025 at 18:08:11, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/js1.2025.10135


https://www.cambridge.org/core/terms
https://doi.org/10.1017/jsl.2025.10135
https://www.cambridge.org/core

26 MICHAEL C. LASKOWSKI AND DANIELLE S. ULRICH

By Erdds—Rado, there is a large subsequence I C k such that, for all o < f
from I:

o the L-formula 0(X.¥) for which 0(X. ¢, g) isolates tp(d,y, p/My) is constant;

o the partition of e, g =7 54 plq p is independent of o < f5:

o there are unique types r*,s*.1* € S(My) with tp(Fe /M) = 1", tp(Sap/
M(>) = s*, and tp(?a,ﬁ/MQ) =t*.

Let Iy C I have the maximum and minimum elements of I removed (if they exist).
Thus, for every y € Iy, M;(y) contains a realization of r* (in particular, 7, 4 for any
pcl,B>y) and dually M,(y) contains a realization of s*.

Now choose < a from Iy. From above, choose § € M;(f) realizing s*,
Fe M;(a) and let 7 =74,. Put é := F§i. Then, as {F.§.7} are independent over
M. we have tp(é/M ) = tp(ega/My). Tt follows that M* |= 3x6(X.é) and,
moreover, any such realization of (X, é) realizes p(X. do.ap). -

§7. Some context for P,. Many of the results presented here generalize results of
Shelah and the first author [5] under the stronger assumption of w-stability. Recall
that a regular type p is eventually non-isolated, eni, if there is a finite set b on which it
is based and stationary, and a model M D b that omits the restriction p|b. As in the
discussion following Definition 4.27, we say that a theory 7" has eni-NDOP if no non-
orthogonality class of weight one types containing an eni type has a DOP witness.
In [5], it is proved that for Tw-stable, NOTOP is equivalent to eni-NDOP. Noting
that because an w-stable has constructible models over every subset, the following
Corollary is immediate from Theorem 6.4, since both properties are equivalent to
NOTOP.

COROLLARY 7.1. If T is w-stable, then P-NDOP is equivalent to eni-NDOP.

However, outside of w-stable theories, the following example shows that the
notions are distinct.

ExamPLE 7.2. A small, superstable theory T with P,-DOP, but eni-NDOP.

Let L={U+.,0,U,}nce U{P.E|,E2}U{V,7,g. Vy}ncw and fix a cardinal
x > 2% We will describe a saturated L-structure M of size k., and T = Th(M)
will be as claimed.

The two unary predicates U (M) and V' (M) partition the universe of M. One sort,
(UM),+.0, U,)neo is a (k-dimensional) Fp-vector space with a nested sequence
of subspaces U, (M), where Uy(M) = U(M) and each U, (M) has co-dimension
onein U,(M). As M is saturated, (), c,, U,(M ) has dimension «.

The unary predicate P(M) € (1, c,, Us(M) consists of a linearly independent set
(of size ) such that its linear span (P (M )) has co-dimension & in (), ., Uy.

So far, P(M) has no structure, i.e., is totally indiscernible. However, the binary
relations E;, E, are interpreted as cross-cutting equivalence relations, each with
infinitely many classes, on P(M), with E;(M) C P(M) x P(M) for each i. As
notation, let E*(x, y) := E1(x, y) A E»(x, y). As M is saturated, E*(M,a) C P(M)
has size x for every a € P(M). One should think of (P(M), E|. E;. E*) as coding
the ‘standard DOP checkerboard.’
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Continuing, V(M) has size k, and n: V(M) — P(M) is a surjection. The
function g : U x V' — V is a group action that acts regularly on 7' (a) for every
a€P(M).

Finally, for each n € w, V), is interpreted so that V,,.; C V, for each n, and
for every a € P(M), the set {u € U(M) : g(u,v) € V,(M) N (a)} is a coset of
U,(M).

Itis readily checked that T = Th(M ) is small and superstable. We describe the five
species of regular types occurringin S (M ). Let po be the complete type asserting that
P(x)holds, but —=E;(x,a) A ~E>(x.a) foreverya € P(M).Fori = 1,2.let p;(x, a)
assert that E;(x, a) holds, but E;_;(x, b) fails for every b € P(M). Let p*(x,a) be
generated by E*(x,a) A x # a. and let g(x) be the complete type asserting that
x€NU,(M)\ (P(M)). As dcl(c) N U(M) # () for any finite tuple ¢, every non-
algebraic type is non-orthogonal to one of these types. As it is akin to the DOP
checkerboard, p*(x,a) has a DOP witness, and it can be checked that the only
regular types with a DOP witness are those non-orthogonal to p*(x, a).

We argue that p*(x,a) € P.. Choose any b € P(M) with E*(b.a) Ab # a and
choose any ¢ € 7 '(b) N[ V,. The type w(x, a) := tp(c/a) is visibly non-isolated.
and since bc is dominated by b over a, w(x, a) has weight one. As b € dcl(c) realizes
p*(x.a). w(x.a) L p*(x.a) so p*(x.a) € P.. Thus, T has P.-DOP.

The type w(x, a) is not regular, and it can be shown that the non-orthogonality
class of p*(x, a) does not contain any eni (regular) type. Thus, T has eni-NDOP.

We conclude by observing two extreme cases of P.

COROLLARY 7.3. Assume T is countable and superstable, but Po = (). Then T is
w-stable and w-categorical.

PrOOF. Let M be any countable model of 7. If P, = (), then by Lemma 4.9, every
p € S(M) is based and stationary over a finite set. As M is countable, this implies
S (M) is countable, hence T is w-stable. To get that T is w-categorical, we argue
that every countable model is saturated. Since T is w-stable, a countable, saturated
model N exists. Let M be any countable model of 7. Since N is countably universal,
we may assume M =< N. Since P, = (), it is also dull. Thus, by Proposition 4.24, M
is isomorphic to N, so M is saturated as well. -

COROLLARY 7.4. Assume T is countable and superstable, but every regular type is
in Pe. Then T has NOTOP if and only if T is classifiable.

Proor. Right to left is immediate. By our assumption on 7, P.-NDOP is
equivalent to NDOP, so left to right follows from Theorem 6.4. -

REMARK 7.5. We close by observing that the countability of the language is crucial
in the equivalents of Theorem 6.4. Indeed, the notion of V-DI is preserved under
the addition or deletion of constant symbols, but NOTOP is not. In particular,
the theory in Example 7.2 has OTOP, since the language is countable and T has
P.-DOP. However, if one expands by adding constants for an a-model (equivalently,
replacing the theory T by the elementary diagram of M) then the expanded theory
cannot code arbitrary relations, hence has NOTOP.
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§A. Appendix.

A.1. Isolation, construction sequences, and TV-substructures. The initial defini-
tions are well known.

DEFINITION A.1. An n-type p(x) € S,(4) is isolated if w(x.a) - p(x) for some
w(x,a € p.

A model N is atomic over Bif B C N and tp(a/B) is isolated for every finite tuple
a from N.

A construction sequence over Bis a sequence ¢ = (a, : o < &) with, foreacha < 6.
tp(aa/BA,) isolated, where A, = | J{ap : f < a}.

A model N is constructible over B if there is a construction sequence ¢ over B and
the universe of N = BU | Jc.

The following facts are also well known.

Fact A.2. Let T be any complete theory.

1. If N is constructible over B, then N is atomic over B.
2. If N is atomic over B and is countable, then any enumeration of N of order type
w is a construction sequence over B.

3. If BC M and ¢ is a construction sequence over B, then there is ¢ C M with

tp(c/B) = tp(c'/B).

In many places, we use the Open Mapping Theorem, which holds for an arbitrary
stable theory.

Fact A.3 (Open Mapping Theorem). If A C B and c :ll/ B, thentp(c/B) isolated
implies tp(c/A) isolated.

DerNITION A.4. For any sets A, B, we say A4 is a Tarski-Vaught subset of B,
written 4 Cry B,°.if A C B and, for every A-definable formula ¢(x, a), if there is
some b € B with ¢(b, a), then there is some a* € A with p(a*, a).

Obviously, for any model M, M Crp B, whenever M C B. Aswell, if 4 j; B, then

the fact that M4 Cry MAB is a restatement_of tﬁe Finite Satisfiability T@rem.
More generally, for arbitrary stable systems MEN of models we have (J M Cry
U N (see Lemma XII 2.3(2) of [8]). Tarski—Vaught subsets play well with isolation.

LeEmMA A.5. Suppose A Cry B and tp(c/A) is isolated. Then tp(c/B) is isolated
by the same formula and, moreover, Ac Cry Be. Consequently, if (Co : a0 < ) is any
construction sequence over A, then it is a construction sequence over B via the same
formulas.

PROOF. Suppose ¢(x, a) isolates tp(c/A). If it were not the case that p(x, a)
isolates tp(c/B), then there would be some §(x, a, b) with b from B such that

n(b.a) = 3AxIx'[e(x.a) Np(x’",a) Nd(x.a,b) AN=5(x',a,b)].
However, if there were any a* from A4 such that #(a*,a), this would contradict

@(x, a) isolating tp(c/A).

3In [8]. Shelah denotes this same notion by C;.
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For the moreover clause, assume &(x, a’, ¢) has a solution in B with a’ from A.
Then

O(x.a.a’) = 3z(p(x.a) Nd(x.a’.z))

also has a solution in B, hence in 4. By the isolation, any realization of 0(x, a, a’)
also realizes 0 (x, a’. ¢). The third sentence follows by induction on the length of the
construction sequence. =

A.2. {-isolation and /¢-construction sequences. ¢-isolation is a weakening of
isolation.

DEFINITION A.6. A type tp(c/A) is £-isolated over A if, for every ¢(x, y), there is
a formula y(x, a) € tp(c/4) with w(x, a) - tp,,(c/4).

A model N is £-atomic over B if B C N and tp(a/B) is £-isolated for every finite
tuple a from N.

An £-construction sequence over B is a sequence ¢ = (a, : @ < J) with, for each
a < 0. tp(aa/BA,)L-isolated, where 4, = | J{ap : f < a}.

A model N is £-constructible over B if there is an £-construction sequence ¢ over
B and the universe of N = BU .

The advantage is that in a countable, superstable theory 7, the £-isolated types
are dense over any base set 4.

Fact A.7. Let T be any countable, superstable theory.

1. For any base set A, {p € S(A) : p is £-isolated} is dense.

2. For any set A an £-constructible model over A exists.

ProoF. (1) holds by e.g.. Lemma 4.2.18(4) of [8]. and (2) follows by iterating (1)
over larger and larger approximations to a model. -

The analog of Lemma A.5 holds as well, essentially by the same proof as there.

Fact A8. If A Cry B and tp(c/A) is L-isolated, then tp(c/B) is also £-isolated,
with the same witnessing formulas.

A.3. Orthogonality and domination. Throughout this section, all that is needed is
for T to be stable. The following notions are all due to Shelah.

DEFINITION A.9. Suppose p € S(A4) and g € S(B). Then p and q are orthogonal,
p Lg, if, for every ED AUB, a \IJ:_./b for every a,b realizing any non-forking

extensions of p, ¢, respectively.
If p € S(D). wesay pisorthogonalto theset B, p 1. B.if p | qforeveryq € S(B).
If p € S(D) and Dy C D, we say p is almost orthogonal to Dy if ¢ JD/ e for every e

such thate - D.
Dy

In many texts, being almost orthogonal is written in terms of domination.

DeriNITION A.10. We say that for D D Dy, ¢D is dominated by D over Dy if ¢ 45 e
for every e satisfying e E)J/D. Thus, ¢D is dominated by D over Dy if and only if
0

tp(c/D) is almost orthogonal to Dy. For arbitrary strong types p. ¢, we write p < ¢
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if, for some/every a-model M on which both p, g are based and stationary, for
some/every b realizing ¢, there is a realizing p with ab dominated by b over M.

We note the following two facts.

Fact A.11. Suppose tp(e/D) is stationary, Dy C D, and D E)L/ Y:
0

1. if eD is dominated by D over Dy, then tp(e/D) + tp(e/DY): and
2. iftp(e/D) L Dy, thentp(e/D) t-tp(e/DY) and tp(e/D) L DyY.

ProoF. (1) Choose any ¢’ such that tp(e’/D) = tp(e/D). Then e’ D is dominated
by D over Dy as well, so we have e 45 Y and ¢’ q; Y. Thus, tp(e/DY) = tp(e’/DY)

since tp(e/D) is stationary. (2) The first clause follows from (1) and the second is
Claim X 1.1 of [8]. -

For lack of a better place, we will require the following technical lemma, whose
proof is similar to the proof of (¢) = (d) of Lemma X 2.2 of [8].

LemMA A.12. Suppose D is V-dominated by A = (Ao, A1, A>) and tp(e/DA; A3)
is stationary and orthogonal to both Ay and Ay. Then De is also V-dominated by A.

Proor. Choose any B J A and we will prove in three steps that
tp(e/D A1 A;) - tp(e/ DA A2 By) - tp(e/ DB A2) - tp(e/ DBy By). (%)
which implies e 4./ B B,. Coupling this with D 4./ By B, from the V'-domination

of D over A glves De \L/ B B;. as required. Along the way, we also prove that
A4
tp(e/D) is orthogonal to both A1 By and A4, By.

To obtain the first implication of (*), ACB and DV -dominated by A4 give By \L/ A
and D 4/ Aj. from which it follows that DA, 4, q/ By. Thus, applying Fact A. 11( )

with Do Ay gives tp(e/DA;A;) - tp(e/DAzAzBo) and also tp(e/DAlAzBo)
A1 By. Also, note that our assumptions are symmetric between 4; and A,, so arguing
symmetrically gives tp(e/DA; A2By) L A>By as well.

For the second implication, again from ACB and DV -dominated by A, we have
B 4/ A, and D 4/ By B;. By transitivity of non-forking we have B q/ DA,.

A1 By

hence also B 4/ DA1A2 So. applying Fact A.11(2) with Dy = 41 B, g1ves the

1 0
second implication of (*).
Finally, since B, \l/ Bjand D \l/ B1 B>, we obtain DB A» \l/ B,. As we proved

ByAs
tp(e/DB1Ay) L A, By above, applymg Fact A.11(2) with Dy = AzBo gives the third
implication of (*), completing the proof of the Lemma. .

The following notion and subsequent lemma appear as Defintion 1.4 and
Lemma 1.5 of [5].

DEFINITION A.13. A set A is essentially finite with respect to a strong type p if, for
all finite sets D on which p is based and stationary, there is a finite 49 C A such that
p|DAo F p|DA.
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Lemma A.14. Fix a strong type p. If either of the following conditions hold:

1. p L A and B is a (possibly empty) A-independent set of finite sets: or
2. if A is essentially finite with respect top, p L B, and A A\L/B B;
N

then A U B is essentially finite with respect to p.

A.4. Regular and weight one types.

DEFINITION A.15. Suppose p € S(A4) is stationary and non-algebraic. We say p
is regular if p is orthogonal to every forking extension ¢ D p.

The type p has weight one if, for every B O A and every a realizing the non-forking
extension p|B, whenever b \)J; ¢, we have either a \g bora \f c.

The following facts are well known (see, e.g., [7]).

Fact A.16. Let T be any stable theory.

1. Every (stationary) regular p € S(A) has weight one.

2. Non-orthogonality is an equivalence relation on the set of stationary, weight one
types.

3. If p L q are both weight one, then:
(a) for any stationary typer, p L rif and only if ¢ [ r; and
(b) for every set B, p J. B if and only if ¢ J B.

A.5. On na-substructures and na-types. One of the tools that led to the strong
structure theorems proved for classifiable theories was the notion of an na-
substructure, which is due to Hrushovski.

DrermNiTION A.17. We say M is an na-substructure of N, written M C,, N, if
M = N and, for every finite ¥ C M and every F-definable formula ¢ (x), if there is
some ¢ € p(N)\ M, then thereis ¢/ € p(M) \ acl(F).

The salient features of this notion is that for any model N and any countable
subset 4 C N, there is a countable M C,, N containing 4. This is proved by the
same method as the Downward Lowenheim—Skolem theorem.

The following three Facts explain the utility of this notion. Fact A.18(1.2)
appear as Propositions 8.3.5 and 8.3.6 of [7], respectively, and Fact A.18(3) is
Proposition 5.1 of [9].

Fact A.18.

1. Whenever M C,, N, if p is any regular type non-orthogonal to tp(N/M), then
some regular type q € S(M ) non-orthogonal to p is realizedin N \ M .

2. (3-model Lemma) Suppose M < M' < N with M C,, N. For every regular
type p = tp(e/M") with e from N, there is h € N such that tp(h/M) is regular,
non-orthogonal to p, and h \/ﬂ; M.

3. Suppose M C,, N and A is any set such that M C A C N. Then there is a model
M* Cpy N with A C M*, |M*| = |A|. and M* dominated by A over M.

For our purposes, we need to localize this notion of ‘being na’ to individual
regular types. We begin with two very general lemmas.
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LeEmMA A.19. Suppose M < N, ¢ from M and b € N\ M. If tp(b/c) is isolated
by 6(x. c). then there is b* € (M. c) \ acl(c).

Proor. Sinced (b, ¢) holdswithb & M, 6(x, ¢)isnon-algebraic. As M < N there
isb* € M realizing 5(x, ¢). We argue that any such b* ¢ acl(c). Suppose b* € acl(c).
Choose an algebraic a(x, ¢) € tp(b*/c). Since tp(h*/c) is isolated by 5(x, ¢), this
would imply that Vx[6(x, ¢) — a(x, ¢)], but this is contradicted by b. -

The following is a slight strengthening on the fact that in a superstable theory,
a realization of a regular type can be found inside any pair of models. Indeed, the
proof below is simply a minor variant of Proposition 8.3.2 in [7].

LEMMA A.20. Suppose M =< N, d from M, and o(N,d) \ M is non-empty. Then
there is some e € acl(p(N,d) U M) with tp(e/M) regular.

Proor. Let D := acl(p(N.d) U M). As in the proof of Proposition 8.3.2 of
[7]. by Lemma 8.1.12(iii) there, since D ¢ M, choose a regular type p that
is non-orthogonal to tp(D/M) with R*(p) = a >0 such that tp(D/M) is
foreign to R™® < a. Choose @ C D such that tp(a/M) } p. Note that tp(a/M)
is orthogonal to all forking extensions of p. There are now two cases. If
p is trivial, then by Lemma 8.3.1 of [7], there is a’ € acl(aM) C D such
that tp(a’/M) is regular, so we are done. On the other hand, if p is non-
trivial, look at the proof of Lemma 8.2.20 in [7]. The first two moves are
to apply Lemma 7.1.17 to obtain a; € acl(aM) that is p-simple of positive
p-weight, and then to apply Proposition 8.2.17 to find a» € dcl(Ma;) such that
tp(ay/M) contains a formula € as in the statement of 8.2.20. Note that a, € D.
Thus, by shrinking 6 slightly (but staying within tp(a»/M)) we may assume that
0(N) C D. Now, continuing with the proof of 8.2.20, find ¢ € 6(N) C D as there.
The verification that tp(c/M) is regular follows as in the proof of Proposition
8.3.2. -

DEFINITION A.21. For M any model, a type p € S(M) is na if, for every
o(x.d) € p.,thereisb € (M, d) \ acl(d).

PROPOSITION A.22. For M < N, M C,, N if and only if every regular p € S(M)
realized in N is na.

PrROOE. Left to right is obvious. For the converse, assume M is not an na-
substructure. Choose o (x, d) realizedin N \ M withd C M, butp(M,d) C acl(d).
By Lemma A.20, choose ¢ € acl(¢(N,d) U M) such that g := tp(e/M) is regular.
We show that ¢ is not na. For this, choose @ from ¢(N. d) for which e € acl(Ma).
Say w(x.a.d’) € tp(e/Ma) has exactly n solutions and d’ C M. Put

O(y.d,d") = 3Ix[No(xi.d) ANw(y.X.d") AT zyp (2, %, d"))].

We claim that the formula 6(y. d, d’) witnesses that ¢ is not na. Clearly, (y.d.d’) €
tp(e/d.d’). so it suffices to show that 6(M.,d.d’) C acl(dd’). To verify this, choose
b' € 0(M.d,d") and choose @’ from M witnessing this. Then @’ C (M. d). hence
a C acl(dd’) by our choice of ¢(x.d). But b’ € acl(a’d’) via w(z.a'.d’). so b’ €
acl(dd’), as required. -
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