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Dense pairs of o-minimal structures
by

Lou van den Dries (Urbana, Ill.)

Abstract. The structure of definable sets and maps in dense elementary pairs of
o-minimal expansions of ordered abelian groups is described. It turns out that a certain
notion of “small definable set” plays a special role in this description.

Introduction. In a classical paper [8] A. Robinson proved the complete-
ness of the theory of real closed fields with a predicate for a proper dense
real closed subfield. Here I generalize this work of Robinson to o-minimal
expansions of ordered abelian groups. My main objective, however, is to
characterize definable sets and definable functions in dense elementary pairs
of such structures. The results obtained in this direction are, to my knowl-
edge, also new in the case considered by Robinson. For an extension of [8]
in another direction, see Macintyre [3]. I now proceed to precise definitions
and statements.

Throughout, T' denotes a complete o-minimal theory that extends the
theory of ordered abelian groups with distinguished positive element 1. Thus
the language L of T extends {<,0,1,+,—} and 7 has definable Skolem
functions. In general, we use the same notations and conventions as in [1].
In particular, “intervals” are always open intervals (a,b) with —oo < a <
b < oo, and we let k,m,n range over N = {0,1,2,...}. Unless indicated
otherwise, “definable” means “definable with parameters”. We let A, B, C,
D (possibly with subscripts or superscripts) denote models of T, and A,
B, C, D their underlying sets, if it is useful to make this distinction. An
elementary pair is a pair (B,.A) where A is an elementary substructure of
B (with A and B both models of T" according to our convention). A dense
elementary pair (or just dense pair for simplicity) is an elementary pair
(B, A) such that A # B and A is dense in B, that is, every interval in
B contains elements of A. We let T2 denote the theory whose models are
exactly the elementary pairs, formulated in the language L? which extends
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L by an extra unary predicate symbol U to denote the (underlying set of
the) elementary substructure. We let 79 be the theory of dense pairs, also
formulated in the language L?.

Given a dense pair (B,.A) we say that a set X C B is A-small if X is
definable in (B, A) and X C f(A") for some function f : B" — B that
is definable in B. For example, let (R,R*) denote the ordered field of real
numbers with a predicate for the subfield R* of algebraic real numbers.
Then every R®-small subset of R is countable. The first section proves the
following key fact, which is related to Macintyre’s “Assumption 4” in [3]:

If (B, A) is a dense pair, then the set B is not A-small.

In Section 2 we give a back-and-forth proof of the completeness of 79,
which on closer analysis leads to the following elimination of quantifiers (in
a suitably extended language).

THEOREM 1. Each L2-formula ¥(yi,...,y,) is equivalent in T to a
boolean combination of formulas of the form

Jzy .. A, (U(xy) & ... & U(xm) & ¢z, 9))
where ¢(x1, ... Ty Y1, - - -5 Yn) 18 an L-formula.

I thank Anand Pillay for pointing out this theorem and its proof. (It
replaces an embedding property and model-completeness result in an earlier
version of this paper, and led to more efficient proofs of several lemmas and
corollaries.)

Certain kinds of definable sets are characterized in more detail in Theo-
rems 2-5 below. In these results (B,.4) denotes a dense pair.

THEOREM 2. Given a set Y C A™ the following are equivalent:

(1) Y is definable in (B, .A);

(2) Y =Zn A" for some set Z C B™ that is definable in B;

(3) Y is definable in the structure (A, (AN (0,b))o<ben) which expands
A by the traces on A of the intervals (0,b) in B.

It follows that the structure (A, (AN(0,b))o<per) (and in fact its theory)
is weakly o-minimal, a result that for 7' = RCF is due to MacPherson,
Marker and Steinhorn [4]. Here and below RCF denotes the theory of ordered
real closed fields.

Turning now our attention to definable functions, an instructive example
is the function f : R — R defined by f(z) = r if z = r + se for (necessarily
unique) algebraic reals r and s, where e is the usual (transcendental) real
number, while f(z) = 0 if = is not of this form. This function is definable in
the dense pair (R,R?), and not continuous at any point; in fact, the graph
of f is dense in the plane R2. This example shows that definable functions
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can be rather wild from the “graphical” point of view. Nevertheless, f is the
identity on R* and is constant off the R®*-small set R?® + eR?.

The next theorem is established in Section 3 and shows that this kind
of behaviour is the general rule. It also shows how definability in (B,.4) is
related to definability in B and in A.

THEOREM 3. (1) If F : B — B is definable in (B, A), then F agrees
off some A-small subset of B with a function F: B — B that is definable
in B.

(2) If S C B is definable in (B, A), then there exists an A-small set
X C B such that S\ X = 5"\ X for some set S’ C B that is definable in B.

(3) If f: A™ — A is definable in (B,.A), then f is piecewise given by
functions that are definable in A: there are functions f1,...,fr : A" — A
definable in A such that for each x € A™ thereisi € {1,...,k} with f(x) =
fZ(SU)

A consequence is that if 7" extends RCF and |A| < | BJ, then the A-small
subsets of B are exactly the subsets of B that are definable in (B,.A4) and
of cardinality < |A|, and all other subsets of B definable in (5,.4) have
cardinality |B|. (Here and below |S| denotes the cardinality of a set S.)

In Section 4 we describe one-variable definable sets and open definable
sets:

THEOREM 4. If X C B is A-small, then there is a partition
—00 =by < by <...<bp <bgpy1 =400

of B such that for each i =0, ...,k either XN(b;, bi11) =0, or XN (b;,biv1)
as well as (b;,bi+1) \ X are dense in (b;,bi+1).
If S C B is definable in (B,.A), then there is a partition

—OO:bo<b1<...<bk<bk+1:+OO

of B such that for each i = 0,...,k either SN(b;,bi+1) =0, or (b, bi+1) C S,
or SN (b, bir1) as well as (b;,bi+1) \ S are dense in (b;,bi11).

Hence subsets of B that are definable in (B, .A) and open are finite unions
of intervals in B. Similarly, discrete subsets of B that are definable in (B, .A)
are finite. (“Discrete” means that each point of the set lies in an interval
that contains no other points of the set.)

In combination with recent work by Miller and Speissegger [5] this leads
to

THEOREM 5. Suppose B is an expansion of the ordered field of real num-
bers. If S CR™ is open and definable in (B, A), then S is definable in B.

For some nice consequences of this last theorem, see the end of Section 4.



64 L. van den Dries

Further notations and conventions. Given a language £ and a set E we
let L(FE) be the language obtained from £ by adding a new constant symbol
¢ for each element ¢ € E. Often F is given as a subset of the underlying
set of an L-structure, and then that L-structure will also be regarded as an
L(E)-structure in the obvious way. Given L-structures M and N we write
M C N to indicate that M is a substructure of N.

From now on we assume for convenience that 7" admits QE and is univer-
sally axiomatizable: this extra assumption on 7" does not affect the theorems
as stated above since we can always achieve this situation by passing from T
to a suitable extension by definitions of T'. A consequence of this convention
is that substructures of models of T' are elementary substructures.

Let A and B be models of T with A C B, that is, A is a substructure
of B. Given a set X C B we let A(X) denote the definable closure of AU X
in B. Thus A(X) is the underlying set of a substructure of B, which we
also denote by A(X). The operation that associates with each X C B the
set A(X) is a pregeometry on B by a result of Pillay and Steinhorn [7]. In
particular, we say that X is independent over A if A(X) # A(Y') for each
proper subset Y of X, and that X is a basis of B over A if X is independent
over A and A(X) = B. The cardinality of a basis of B over A is independent
of the choice of basis and is called the rank of B over A, written as rk(B|.A).

For n > 0, x,y € B™ and nonempty S C B", definable in B, we put
d(z,y) :=max{|z; —y;| :i=1,...,n} and d(x, S) := inf{d(z,s) : s € S}.

1. Small sets

LEMMA 1.1. Suppose T extends RCF. Let A < B, let f : B"t' — B be
A-definable in B, and let b € B\ A. Then there exist ay,...,a, € A such
that

ap +arb+ ...+ a,b" & f(A™ x {b}).

Proof. Otherwise there is for each a = (aq, ..., a,) € A" a tuple o €
A™ such that p(a,b) = f(«,b), where p(a, z) = ap+ai1z+. . .+a,z" forz € B.
Since b ¢ A it follows that for @ and « as above we have p(a,z) = f(a, )
for infinitely many x € A. Since T has definable Skolem functions there is
an A-definable map o* : A"t! — A" such that for all @ € A”*! there is an
interval I in A with p(a,z) = f(a*(a),z) for all x € I. For dimension reasons
there exist then a 1-dimensional cell £ in A™*! and a tuple o € A™ such that
a*(a) = a for all @ € E. Again by definability of Skolem functions there are
A-definable functions §*,~v* : E — A such that if a € E, then §*(a) < v*(a)
and p(a,z) = f(a,x) for all z € (5*(a),7*(a)). By cell decomposition we
may reduce to the case that 8* and ~* are continuous. Take some a € F
and some x € ($*(a),v*(a)). Then we have p(a’,y) = p(a,y) (= f(a,y)) for
all a’ € E sufficiently close to a, and all y € A sufficiently close to x. But
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p(a’,y) = p(a,y) gives p(a’ — a,y) = 0, which can hold for at most n values
of y in A if @’ # a. This contradiction finishes the proof of the lemma.

While our main interest is in dense pairs of o-minimal expansions of real
closed fields, the next lemma makes most of our work go through in the
more general setting of this paper at no extra cost. The proof of this lemma
uses the following special case of a theorem by Peterzil and Starchenko [6]:

Let A be an o-minimal expansion of an ordered vector space over an
ordered field F, let g : APTY — A be definable in A and suppose that
for infinitely many scalars A € F there exists a tuple a) € AP such that
g(ax,x) = Az for infinitely many x € A. Then there exists an interval J in
A and binary operations ©,® : J?> — J, definable in A, that make J into a
real closed field whose ordering is the given ordering of J.

LEMMA 1.2. Let (B, A) be a dense pair, let f: B"™1 — B be A-definable
in B, and let b€ B\ A. Then f(A™ x {b}) # B.

Proof. We may as well assume that for each k € N there is a tuple a; €
A™ with f(ag,b) = kb since otherwise we would be done. Then f(ax,z) = kx
for all x € I, where I is some interval in . Since A is dense in B we may
assume that I, is of the form (¢, di) with cx, dy € A. Put vy := (cx +di)/2
and s; = (dx — cx)/2, and note that rp,s; € A. Let g : A2 — A be
given by g(u,v,x) = f(u,v+ ) — f(u,v) for u € A" and v,z € A. Then g
is definable in A and g(ay,ri,z) = kx for —sp < x < si. By the result of
Peterzil and Starchenko quoted above there exist then an interval J in A
and binary operations @, ® : J? — J, definable in A, that make J into a
real closed field whose ordering is the given ordering of J. Since A is dense
in B we may assume by translation that the extension Jp of this interval to
B contains b. It now follows as in the proof of Lemma 1.1 (with the role of
A" taken over by J"*1) that there exist ag, ..., a, € J such that

a0 @ (a1 @b) B ... D (a, @) & F(A™ x {b}).
COROLLARY 1.3. Let (B,.A) be a dense pair. Then each A-small subset
of B s a proper subset of B.

Proof. This reduces to showing that if ¢ : B — B is definable in
B, then g(A™) # B. Given such a function g there exists a function f :
B™tP — B that is A-definable in B and a point (by,...,b,) € BP such that
g(x) = f(x,b1,...,by) for all x € B™. By increasing A if necessary we may
reduce to the case that B = A(b) for some b € B\ A. Write each b; as
b; = h;(b) for some function h; : B — B that is A-definable in B. Replacing
f by the function

(@,y) = (2. ha(y),... . hp(y)) : B" — B

and (by,...,b,) by b we reduce to the case treated in the previous lemma.
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REMARK 1.4. It is clear from the definitions that for any dense pair
(B,.A) the union of finitely many .A-small subsets of B is again an .A-small
subset of B.

LEMMA 1.5. If the dense pair (B, A) is k-saturated where k is an infinite
cardinal and k > |T'|, then rk(B|A) > k.

Proof. Let (B,.A) be as in the hypothesis of the lemma. Let E be a
basis of B over A, and suppose that |E| < k. Let I'(v) be the set of all
L?(E)-formulas of the form

Vyr - Vyn(Uy) & ... & U(yn)) = Hyr, - Yns €1, -5 €p) 7 0)

where t(y1,...,Yn,21,.-.,%p) is an L-term. By Corollary 1.3 and Remark
1.4 every finite subset of I'(v) is realized in (B, .A). By saturation there exists
b € B that realizes the type I'(v) in (B,.A). Thus b ¢ A(E), contradicting
B=A(E).

2. Quantifier elimination

2.1. Let (B, A) C (D,C) = T?, that is, the elementary pair (B,.A) is a
substructure of the elementary pair (D,C). Then BN C = A and we have a
diagram of (necessarily elementary) inclusions between models of T":

B——D

|

A——=C

In this situation we say that B and C are free over A (in D) if every set
Y C B that is independent over A is also independent over C. Familiar
results about pregeometries imply that then:

(i) C and B are free over A (symmetry);
(ii) if Z C C, then (B, A) C (B(Z), A(Z)) C (D,C) and B(Z) and C are
free over A(Z).

We mention here the following fact, although we do not use it further
on.

FACT 2.2. Each elementary pair (B, A) &= T? can be embedded into a
dense pair.

Proof. Let a,b € B with a < b. It suffices to show that (B,.4) can be
embedded into a model (B’, A’) of T? such that a < z < b for some z € A’.
Take an elementary extension B{(x) generated over B by an element x ¢ B
such that a < z < b. Then BN A(x) = A, hence (B(x), A(z)) is an extension
of (B, A) with the desired property.
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LEMMA 2.3. Let (B, A) < (B*, A*) be an elementary extension of models
of T?. Then in the diagram of (elementary) inclusions

B——B*

]

A—— A
the structures B and A* are free over A.

Proof. Let by,...,b, € B be independent over A. We have to show that

bi,...,b, remain independent over A*. If they did not, then after permuting
b1,...,b, if necessary, we may assume that b,, is dependent on by,...,b,_1
over A*, so there are an L-formula ¢(uy, ..., Um,v1,...,0,), and an m-tuple

a* from A* such that
B* = ¢(a*,by,...,b,) & Fv,d(a™, by, ... by_1,vp).
Since (B, A) = (B*, A*) it follows that for some m-tuple a from A we have
B = ¢(a,bi,...,bn) & Nv,d(a, by, ... bu_1,vn),
which contradicts the assumption that b1, ...,b, are independent over A.
LEMMA 2.4. If (B, A) is a dense pair, then B\ A is dense in B.

Proof. It is easy to reduce this to showing that, given any ¢ > 0 in A
where (B, .A) is a dense pair, there exists 6 € B\ A with 0 < § < e. Take
any b € B\ A. Then b — ¢ < a < b for some a € A, hence 0 < b—a < €, so
0 := b — a has the required property.

We can now prove completeness as well as Theorem 1:

THEOREM 2.5. The theory T? is complete. Each L?-formula ¥(yi,. ..,
Yn) is equivalent in TY to a boolean combination of formulas of the form

Fzy . e (U(xy) & ... & U () & O(21, - ooy Ty Y1y - -+, Yn))
where ¢(x1, ..., Tmy Y1, - - -, Yn) 18 an L-formula.

Proof. Let (B, A) and (D,C) be s-saturated models of T¢ where x >
|T|. Let I'" be the set of all isomorphisms i : (B, A") = (D’,C’) between
substructures (B’,A") of (B, A) and (D’,C’) of (D,C) such that |B'| < &,
|D'| < k, B' and A are free over A’, and D’ and C are free over C’. The
completeness of T9 will follow if we can show that (B,.A) and (D,C) are
elementarily equivalent, and this in turn follows from

CLAIM. The collection I' has the back-and-forth property.

Proof. Leti: (B, A") = (D’,C’) belong to I'. Consider first an element
a € A\ A’. Then we take an element ¢ € C'\ C’ such that the cuts realized by
a in B’ and by ¢ in D’ correspond via i. Then i extends to an isomorphism
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j o (B{a),A{a)) = (D'{c),C’(c)) with j(a) = ¢, and clearly j € I'. Now
consider more generally an element b € B\ B'.

CASE 1: b € B'(A). Then take elements aq,...,a; € A such that b €
B'{ay,...,a). Applying the above construction several times we obtain el-
ements ci,...,c, € C such that ¢ extends to an isomorphism

(B'(a1,...,ax), Ala1,...,ar)) = (D'{c1,...,cx),C{c1,. .., ck))
in I'; which includes b in its domain.

CASE 2: b ¢ B'(A). Then (B'(b), A") C (B,.A), and B'(b) and A are free
over A’, as is easily checked. By Lemma 1.5 we have D'(C) = C(D') # D,
and thus by Lemma 2.4 and saturation there exists an element d € D\ D'(C)
such that the cuts realized by b in B’ and by d in D’ correspond via i. Thus
i extends to an isomorphism j : (B'(b), A') = (D'(d),C’) with j(b) = d, and
clearly j belongs to I.

This proof of the completeness of T¢ provides the extra information that
ifi € I and (by,...,by) is a tuple from the domain of i, then (by,...,bx)
realizes the same type in (B, A) as (i(b1),...,i(bn)) in (D,C). We shall use
this fact below in the proof of the second part of the theorem where we
fix the tuple of free variables y = (y1,...,%n). Call an L2-formula (y)
special if it is of the form Jz(U(x) & ¢(x,y)) as described in the theorem,
where © = (z1,...,2,) and U(x) abbreviates U(z1) & ... & U(x,,). Let
b= (b1,...,b,) € B" and d = (dy,...,d,) € D" satisfy the same special
formulas in (B, .A) and (D, C) respectively. It suffices to show that then b and
d realize the same types in (B,.A) and (D, C) respectively. Let rk(A(b)|.A) =
r. By permuting coordinates we may assume that by, ..., b, are independent
over A. Then also rk(C(d)|C') = r and ds, . .., d, are independent over C. (For
example, suppose di,...,d, were dependent over C. Then r > 0 and, say,
d, = f(e,dy,...,dr—1) for some ¢ € C™ and some function f: D™*t" — D
which is O-definable in D. Then the hypothesis on b and d implies that
also b, = f(a,by,...,b.—1) for some a € A™, where, abusing notation, f
now denotes the corresponding function B™*™" — B defined in B. But this
contradicts the independence of by, ..., b, over A.)

Take a tuple a = (ay,...,a,) € A™ such that rk(A'(b), A’) = r where
A’ is the definable closure of {a1, ..., a,} in A. Note that then (A’ (b), A") C
(B, A) and that A’(b) and A are free over A'. If ¢1(z,vy),...,¢r(z,y) are
L-formulas such that B = ¢;(a,b) for j =1, ..., k, then by the hypothesis on
b and d we have (D,C) = /\?ZI(U(aﬁ) & ¢i(x,d)). Hence by saturation there
is a tuple ¢ = (eq, ..., ¢m) € C™ such that (a,b) and (¢, d) realize the same
types in B and D respectively. One easily checks that then rk(C'(d),C') =r
where C’ is the definable closure of {c1,...,¢,} in C. Hence (C'(b),C’) C
(D,C) and C'(d) and C are free over C’. Thus we obtain an isomorphism
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i: (A),A) = (C'b),C") in I' with i(a,b) = (¢,d). Therefore b and d
realize the same types in (B,.A4) and (D, .A) respectively.

COROLLARY 2.6. Let (B, A) be a dense pair and suppose Y C B™ is
Ap-definable in (B, A) where Ay C A. Then Y N A™ is Ag-definable in A.

Proof. By the theorem this reduces to the case of Y defined in (B, .A)
by a formula 3z(U(z) & ¢(z,y)) where ¢(z,y) is an L(Ap)-formula. Then
Y N A" is defined in A by the L(Ap)-formula 3x¢(z,y).

The next corollaries record some consequences of the proof of Theorem
2.5.

COROLLARY 2.7. Let (B, A) and (B, A") be dense pairs such that (B', A")
C (B, A) and B’ and A are free over A" in B. Then (B, A’) < (B, A).

Proof. Take some cardinal x > max(|B’|,|T|) and some k-saturated
elementary extension (D,C) of (B, A’). Then B’ and C are free over A’
by Lemma 2.3. By that same lemma we may assume, by passing to an
elementary extension of (B,.A) if necessary, that (B,.A) is k-saturated. By
the proof of 2.5 any tuple in (B, A’) realizes the same type in (B,.4) as in
(D,C). Since (B', A’") =< (D,C) this gives (B, A") < (B, A).

COROLLARY 2.8. Let (B, A) = T? have extensions (B1,.A1) = T and
(Ba, A2) = TY such that B and A; are free over A, and B and Ay are free

over A in Bs. See the inclusion diagram:

Bi<——B——DB8;

1]

Al<—A—— A,

Then (Bi1, A1) =p (Ba, As), that is, (B1, A1) and (Ba, A2) satisfy the same
sentences with parameters from B. More generally, if ay € (A1)"™ and ag €
(A2)™ realize the same types over B in By and By respectively, then they
even realize the same types over B in (B1, A1) and (Ba, As) respectively.

Proof. By passing to suitable elementary extensions we may assume
that (B, Ax) is k-saturated with ~ > max(|B|,|T|), k = 1,2. Note that
B{ay) and Ay are free over A(ax) (k = 1,2). The hypothesis on a; and as
implies that there exists an isomorphism i : (B(a1), A{a1)) = (B(az), A{az))
that is the identity on B with i(a1) = as. Then Theorem 2.5 and its proof
tell us that a; and as realize the same types over B in (By,.4;) and (Bs, As)
respectively.

COROLLARY 2.9. Let (B, A1) and (Ba, As) be dense pairs and let Ay
and Ay have a common (elementary) substructure A. Suppose by € By \ Ay
and by € By \ Ay realize the same cut in A. Then they realize the same types
over A in (B1, A1) and (Ba, As) respectively.
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Proof. By passing to a suitable elementary extension we may assume
that (Bg, Ax) is k-saturated with £ > max(|A|,|T]), k = 1,2. Consider the
diagram

By Aby) —> A(by) — B
T
1 A A Ay

where i : A(b1) — A(bs) is the isomorphism over A that sends by to bs.
Except for ¢ the arrows in this diagram are inclusions. In the leftmost rect-
angle, A(by) and A; are free over A, while in the rightmost rectangle, A(bs)
and A, are free over A. Hence by Theorem 2.5 and its proof b; and by realize
the same types over A in (By, A1) and (Bs, As) respectively.

For Theorem 2 we also need the following:

LEMMA 2.10. Let Z C B™ be definable in B. Then Z is a finite union
of sets of the form {z € B™ : f(b,z) =0, g(b,z) > 0} where b € B™ and
fyg: B™™™ — B are continuous and 0-definable in B.

Proof. Write Z = Z] where b € B™ and Z' C B™*" is 0-definable in
B. By decomposing Z’ into 0-definable cells we may reduce to the case of
Z'" being a 0-definable cell (with respect to B). Then the functions f,g :
B™*t" — B given by f(z) = d(z,cl(Z’)) and g(x) = d(z,cl(Z') \ Z’) are
continuous and 0-definable in B. (By convention we let d(x,() := 1.) As a
cell Z' is locally closed, and thus cl(Z’) \ Z’ is closed. Hence Z' = {z €
B™tn: f(z) =0, g(x) > 0}. Thus Z = {z € B": f(b,z) =0, g(b,z) > 0}.

2.11. Proof of Theorem 2. We are given (B, A) =T and a set Y C A",

(1)=-(2). We assume here that Y is definable in (B,.4) and have to show
that Y = Z N A™ for some set Z C B™ that is definable in B. Let ¢(y) be
an L?(B)-formula defining Y in (B, A), y = (y1,---,Yn). We have to show
there is an L(B)-formula v (y) such that (B,A) = U(y) — (¢(y) < ¥(y)).
By a standard model-theoretic argument this will be the case if for any two
elementary extensions (B1,.41) and (Bz, As) of (B,.A) and any two n-tuples
a; € (A;)" and ay € (A2)™ that realize the same types over B (in their
ambient models B; and Bs respectively) we have

(B1, A1) = ¢(a1) & (B2, Az) = ¢(az).
But this is immediate from 2.8.

(2)=(3). We assume Y = Z N A™ with Z C B™ definable in B. We have
to show that Y is definable in (A, (A N (0,b))o<pen). By Lemma 2.10 we
may reduce to the case of either Z = {z € B" : f(b,z) =0} or Z = {z €
B" : f(b,z) > 0} where f: B™™"™ — B is continuous and 0-definable in 3,
and b= (b1,...,by,) € B™. Assume Z = {z € B": f(b,z) = 0}. (The other
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case is handled similarly.) Then by continuity of f and density of A in B we
have the following equivalence for elements y € A™:

y € Y & for each € > 0 in A there is a = (ay,...,a,) € A™ such that
a; <bi,...,am < by and for all ' = (a},...,a,,) € A™,
if a; <aj <bi,...,am < al, <by, then |f(d,y)] <e.

Clearly, the set of all y € A™ that satisfy the right-hand condition is
definable in the structure (A, (A N (0,b)o<per), and thus Y is definable in
this structure.

(3)=(1) is obvious.

3. Definable closure and definable functions. In this section we
prove Theorem 3, for which we need results on “definable closure”.

LEMMA 3.1. Let (B, A) = T9. Then the set A is definably closed in
(B, A).

Proof. Let b € B\ A. We will show that b is not A-definable in (5, A).
Take some k-saturated elementary extension (B*, A*) of (B,.A) with x >
max(|B|, |T|). Then there exists b* € B* \ A* such that b* # b, and b* and
b realize the same cut in A. Corollary 2.9 implies that then b* and b realize
the same type over A in (B*, A*). Thus b is not A-definable in (B*, A*), and
therefore not A-definable in (B,.A).

LEMMA 3.2. Let (B, A) = T9, and Ay < A. Then Ay is definably closed
in (B, A).

Proof. Let a € B be in the definable closure of Ay in (B,.4). By the
previous lemma we have a € A. Then 2.6 implies that a € Ay.

PROPOSITION 3.3. Let (B, A) C (B*, A*) = TY and suppose that B and
A* are free over A. Then the set B is definably closed in (B*, A*).

Proof. The previous lemma shows this is true if A = B. Suppose that
A # B. Then (A*(B),A*) = (B*, A*), so the definable closure of B in
(B*, A*) is contained in (the underlying set of) A*(B) = B(A*). Let b* be
an element of this definable closure. Take £ € N minimal such that there
exists a* = (a},...,a}) € (A*)* with b* € B(a*), and fix such a tuple a*. It
suffices to show that k = 0. Suppose k > 0. The minimality of k implies that
ai,...,a; are independent over B. Let f : (B*)® — B* be B-definable in B*
such that f(a*) = b*. Take a finite partition I of (B*)* into B-definable
cells such that if E € IT is open, then either f|FE is strictly increasing in
its kth variable, or f|E is independent of its kth variable, or f|F is strictly
decreasing in its kth variable. (The existence of such a partition is a routine
exercise in cell decomposition which we leave to the reader.) Note that a*
necessarily belongs to an open cell E € II. Passing to a suitable elementary
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extension if necessary we may assume that (B*, A*) is k-saturated with
x> max(|B|, |T).

CASE 1: The function f|E does not depend on the last variable. Then
b* = f(a*) = g(a,...,a}_,) for some function g : (B*)*~! — B* that is
B-definable in B*, contradicting the minimality of k.

CASE 2: The function f|FE is strictly increasing in the last variable. Put
A= Alaj,...,a;_,) and B' := B(a},...,aj_,). By saturation we can take
an element ay # aj, in A* that realizes the same cut in B’ as aj,. Corollary
2.8 implies that then aj and aj realize the same type over B’ in (B*, A*),
in particular (aj,...,a5_;,ax) € E and b* = f(a},...,a;_,,ax) (using the
fact that b* is B-definable in (B*,.A*)). This last equality contradicts the
hypothesis of Case 2.

CASE 3: The function f|F is strictly decreasing in the last variable. We
proceed as in Case 2.

We can now prove Theorem 3, which we reformulate here as three sepa-
rate corollaries.

COROLLARY 3.4. Let the function F': B — B be definable in the dense
pair (B, A). Then F agrees off some A-small subset of B with a function
F : B — B that is definable in B.

Proof. Let (B*, A*) be a k-saturated elementary extension of (B,.4)
with & > max(|B|,|T'|). Let b* € B* and note that b* lies outside X* for all
A-small sets X C B if and only if b* ¢ B(A*). Here X* denotes the subset
of B* defined in (B*, A*) by any L?(B)-formula that defines X in (B, .4). By
familiar model-theoretic arguments it suffices to show that if b* € B*\B(A*),
then F'(b*) € B(b*). But for such b* the models B(b*) and A* are free over A
in B*. Thus by the last proposition the underlying set of B(b*) is definably
closed in (B*, A*), which implies F(b*) € B(b*), as desired.

Applying this result to the characteristic function of a set S C B we
obtain

COROLLARY 3.5. If S C B is definable in the dense pair (B, A), then
S\ X =5\ X for some A-small set X C B and some S" C B that is
definable in B.

COROLLARY 3.6. Let (B, A) = T9, and let f : A" — A be definable
in (B, A). Then f is given piecewise by functions definable in A: there are
functions f1,..., fr : A™ — A definable in A such that for each a € A™ we
have f(a) = fi(a) for some i€ {1,...,k}.

Proof. By a familiar compactness argument it suffices to show that,
given an elementary extension (B*, A*) of (B,.A) and a point a* € (4*)",
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we have f(a*) € A(a*). It follows from 2.1 and Lemma 2.3 that B{a*) and
A* are free over A(a*). Hence by Proposition 3.3 the underlying set of B{a*)
is definably closed in (B*, A*). Thus f(a*) € B(a*). Since also f(a*) € A*
and B(a*) N A* = A(a*) we may conclude that f(a*) € A(a*).

4. Definable sets in one variable, and open definable sets. In this
section we fix a dense pair (B,.A4). We will prove Theorems 4 and 5 after
some preparations.

LEMMA 4.1. No interval in B is A-small.

Proof. Let I be an interval in B, and f : B"™ — B definable in B.
We have to show that I ¢ f(A™). Let (B*, A*) be a k-saturated elementary
extension of (B,.4) with k > max(|B|,|T|), and let I* and f* be the obvious
extensions of I and f to (B*, A*). Then f*((A*)™) C A*(B). By Lemmas
1.5 and 2.4 there is an element in I* that does not lie in .A*(B), and thus
not in f*((A*)™). Hence I contains an element that lies outside f(A™).

LEMMA 4.2. Let S C B™ be definable in B, and let the map g =
(g1,.-.,9x) : B™ — B¥ be definable in B. Then there is a set S' C S,
definable in B, such that

AmMNSng 1AM =AmNn g

REMARK. This lemma goes through (with the same proof) for (B, .A) =
T2, and does not need the stronger assumption (B,.A) = T9.

Proof (of Lemma 4.2). The case of S = () is trivial, so we assume from
now on that S # ), and we proceed by induction on the triple (m,d, k) € N3
where d := dim(S) and N? is ordered lexicographically. The desired result is
obvious if m = 0, or d = 0 (that is, S is finite), or k£ = 0. So we assume that
m > 0,d >0 and k > 0, and that the desired result holds for lower values
of (m,d, k) (inductive hypothesis). The case k > 1 reduces to the case k = 1
(with same m and d) by means of

A"NSNg HAR) = (A" nSngrt(AF)N...n(A™ N SNgt(AY)).

Thus we assume below that k& = 1.

Suppose that d < m. Decomposing S into cells we may then reduce to
the case of S being a cell; thus there are i1,...,igwith1 < i1 < ... <ig<m
such that the projection map A : (z1,...,2m) — (z4,...,,) : B™ — B¢
maps S homeomorphically onto an open cell A(S) in B%. Take a map u :
B¢ — B™ that is definable in B and inverse to A|S, that is, u(\(z)) = x for
x € S. By the inductive hypothesis there is a set S” C A\(S), definable in B,
such that

ALANS) N~ (A™) N (go p) " (A) = A4N S
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Then u(S”) C S and AN SNg1(A) = A™ N p(S"), and we are done.
Thus for the rest of the proof we assume d = m.

Take a function G : B™*™™ — B that is A-definable in B, and a point
b = (by,...,b,) € B™ such that g(x) = G(z,b) for all z € B™. We also
arrange that by, ..., b, are independent over 4. We now proceed by a further
induction on n. If n = 0 then g = G is A-definable, and the desired result
holds with S’ = S. In the remainder of the proof we assume that n > 0.
We take a finite partition IT of B™™™ into cells, all A-definable in B, such
that if £ € II is open, then either G|F is strictly increasing in its last (i.e.
(m + n)th) variable, or G|E is independent of its last variable, or G|E is
strictly decreasing in its last variable. For E € IT, let E' C B™ be the image
of E under the projection map (z1,...,Zmin) — (T1,...,2y) : B™T" —
B™ and let S :={x €S : (2,b) € E}, so that Sg C E’. Let F € II.

CLAIM. There ezists a set Sy C Sg that is definable in B such that
AN SpNng t(A) = A™ N SE.

The validity of this claim for every E € II implies the desired result
about S and g, because S is the union of the sets Sg. If dim(Sg) < m,
then the claim follows by the inductive assumption. So let dim(Sg) = m.
Taking into account that then E’ is an A-definable open cell in B™ and that
bi,...,b, are independent over A it follows that F is an open cell.

CASE 1: The function G|E is independent of the last variable. Thus there
exists a function G’ : B™*"~1 — B that is A-definable in B and such that

G (1, ,Tman-1) = G(T1,- s Tman_1, Tmin)

for all points (z1,...,Zm+4n-1,Tm+n) € E. Then we apply the inductive
assumption on n to Sg in the role of S, the function ¢’ : B™ — B given
by ¢'(x) = G'(z,b1,...,bmin—1) in the role of g, and the function G’ in the
role of G. The claim follows since g(x) = ¢’(x) for x € Sg.

CASE 2: The function G|E is strictly increasing in the last variable. In
that case A™ N Sg N g~ (A) = 0. To see this, take an A-definable function
H : B™™ — B such that if 2 = (z1,...,2mn) € E and G(z) = t,
then H(x1,...,Zmin_1,t) = Tp. Suppose a € A™ N Sg N g~ 1(A). Then
G(a,b) = d’ € A, so that we have H(a,by,...,byp_1,a’) = by, and thus
b, € A(by,...,b,_1), contradicting the independence of by, ..., b, over A.

CASE 3: The function G|FE is strictly decreasing in the last variable.
Then we proceed as in Case 2.

LEMMA 4.3. Let X C B be A-small. Then X is a finite union of sets of
the form f(A™ N E) (for various m) where E is an open cell in B™ (in the
sense of B) and f: E — B is continuous and definable in B.
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Proof. By definition the set X is definable in (B,.A) and X C f(A™) for
some function f : B"™ — B that is definable in B. Hence X = f(X') for some
set X’ C A™ that is definable in (5, .A). By Theorem 2 we have X' = SNA™
for some set S C B™ definable in B, so that X = f(A™N.S). We now proceed
by induction on m. The case m = 0 is trivial since then either X = ) or
X = {r} for some r € B. Let m > 0 and assume the desired result holds for
A-small sets f(A"™NS) with f and S as above for lower values of m. Take a
finite partition IT of S into cells (in the sense of B) such that for each E € IT
the restriction f|F : E — B is continuous. Thus X is the union of the sets
f(A™NE) for E € II. The open cells E € II contribute some of the sets
f(A™ N E) described in the lemma. Suppose now that E € II is not open,
say dim(E) = d < m. Then there are i1,...,iq with 1 <i; < ... <iz<m
such that the projection map A : (x1,...,2m) — (74,,...,2;,) : B™ — B4
maps E homeomorphically onto an open cell E/ := A\(E) in B% Take a
map u : BY — B™ that is definable in B and inverse to A|E, that is,
u(A(z)) = o for x € E. Then f(A™NE) = (fou) (AN E Nu=t(A™)).
By the previous lemma AY N E' N pu~1(A™) = AYN S’ for some set S’ C E’
that is definable in B. Thus by the inductive hypothesis the A-small set
F(A™ N E) = (fopu)(A4NS’) is of the form required by the lemma.

4.4. Proof of Theorem /. Let X C B be A-small and write X as a finite
union of sets f(A™NE) as in Lemma 4.3. Since f is continuous the set f(E)
is definably connected (in the sense of B). Thus, neglecting the trivial case
when f(FE) is a single point, f(F) is an interval I in B augmented possibly
with one or two endpoints. Since A" NFE is dense in E, the set f(A™NE)NI
is dense in I, and by Lemma 4.1 its complement in [ is also dense in I. Thus
f(A™N E) does have the structure described in Theorem 4 for A-small sets.
Using Lemma 4.1 again it follows that X itself has this structure.

Next, let S C B be definable in (B,.A). By part (2) of Theorem 3 we
have S = (8" \ X) UY for some set S” C B definable in B, and .A-small
sets X and Y. Thus there exists a partition —oo = by < b1 < ... < by <
br+1 = +oo of B such that for each i = 0,..., k either S’ N (b;,b;41) = 0,
or (bi,bi+1) g S/. If S, N (bi,bi—l-l) == @, then SN (bi,bi+1) =YnN (bi,bi+1)
is A-small, and thus has the structure described in Theorem 4 for A-small
sets. If (b;,b,41) € 57, then SN (b, bi+1) = (bi, biy1)\ Z for some A-small set
Z, and we appeal once again to the structure of such sets. (Note that in this
argument the initial partition —oo =by < b; < ... < by < bg41 = +00 may
have to be refined before we are in the situation described by Theorem 4
for S.)

COROLLARY 4.5. Let S C B™'™ be definable in (B, A). Then there
exists a positive integer M such that whenever x € B™ and S, is finite,
then |Sy| < M.
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Proof. By induction on n it suffices to prove this for n = 1. For that
case we appeal to a compactness argument and the fact that finiteness of
S, is equivalent to the definable condition of S, being discrete in 5.

COROLLARY 4.6. Let f: B — B be continuous at all but finitely many
points of B, and definable in (B, A). Then f is definable in B.

Proof. By part (1) of Theorem 3 there is a function f : B — B definable
in B and an A-small set X C B such that f and f agree outside X. Let

—OO:bo<b1<...<bk<bk+1:+OO

be such that for each i € {0,...,k} the restrictions of f and f to (b;,bit1)
are continuous, and either X N (b;,b;11) = 0 or both X N (b;,b;11) and
(bi,bis1) \ X are dense in (b;,bi+1). It follows easily that f and f agree on
each interval (b;,b;1+1), and hence f is definable in B.

The following is an o-minimal analogue of Hrushovski’s Lemma 1 in [2,
§3].

LEMMA 4.7. Let R be an o-minimal expansion of an ordered abelian
group with underlying set R. Let R be an Ro-saturated expansion of R such
that all functions f : R — R that are definable in R are definable in R.
Then for all n, all sets S C R™ definable in R are definable in R.

Proof. We proceed by induction on n. The hypothesis guarantees that
the conclusion holds for n = 1, and thus R is o-minimal. Assume inductively
that the conclusion holds for a certain value of n, n > 0. The task of showing
that all sets S C R""! definable in R are definable in R reduces (by cell

decomposition and the inductive hypothesis) to verifying the following claim.
CLAIM. Let f: R™ — R be definable in R. Then f is definable in R.

This is the case for n = 1 by hypothesis, so we may assume n > 1. For
cach a € R the function f, : # — f(a,z) : R"! — R is definable in R,
and hence in R, so there exists a function F : RNt("=1 _ R 0-definable
in R, and an element ¢ € RN such that f(a,z) = F(c,) for all x € R"~ 1.
Of course, F' and ¢ depend here on a. Since R is Ng-saturated there are
finitely many functions F; : RNO+(=1 _ R i = 1,... k, all 0-definable
in R such that for each a € R there is i € {1,...,k} and ¢ € RN with
f(a,x) = Fy(c,x) for all z € R"~!. Using dummy variables we can easily
combine these functions F\, . .., F}, into a single function F : RN+t("=1) R,
definable in R, such that for each a € R there is ¢ € RV with f(a,z) =
F(e,z) for all z € R"~!. By definability of Skolem functions there is then a
map ¢ = (ci,...,cy) : R — RN, definable in 7%, such that for all a € R we
have f(a,z) = F(c(a),x) for all x € R"~1. By hypothesis each function ¢;
is definable in R. Thus f is definable in R.
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4.8. Proof of Theorem 5. We consider here (B,.A) as an expansion of
the field of real numbers. We have to show that each open subset of R”
that is definable in (B, A) is already definable in B. For each L?(R)-formula
¢(y) with y = (y1,...,yn) that defines an open subset of R™ in (B, .A)
we introduce a new n-ary relation symbol Oy4. Let L be the language L
augmented by these new relation symbols Og. Let B be the L- expansion of
B in which each new n-ary relation symbol Oy is interpreted as the subset
of R™ defined in (B,.A) by ¢(y). By Theorem 4 the open subsets of R that
are definable in (B,.A) are exactly the finite unions of open intervals. It
then follows by a result in [5] about expansions of the real field that B is o-
minimal, and that a subset of R” is definable in Bif and only if it is a boolean
combination of open subsets of R™ each of which is definable in (B, .4); thus
ecach L-formula Y(y) with y = (y1,...,yn) is equivalent in B to a boolean
combination of formulas Oy (y) with n-ary O as above. (The structure Bis
the open core of (B,.A) in the sense of [5].) Take an Ny-saturated elementary
extension (B*, A*) of (B,.A). We shall apply Lemma 4.7 to R := B*, with
underlying set R := B*, and its L- expansion R obtained by interpreting
each n-ary Oy as above to be the subset of R™ defined by the formula ¢(y)

n (B*, A*). Clearly, R is an Ng-saturated elementary extension of B, and

thus also o-minimal. By 4.6 each function R — R definable in R is definable
in R. Thus, by 4.7,

(%) R and R have the same definable subsets of R" for all n.

Let now S C R™ be open and definable in (B,.4). We have to show
that S is definable in B. Let S be defined in (B,.A) by the L?(R)-formula
¢(y) with y = (y1,...,Yn), and let S* be the subset of R" = (B*)" de-
fined by this same formula in (B*, A*). By (%) there is an L-formula ¢'(x,y)
with z = (x1,...,2,) and an element b* € (B*)™ such that ¢(y) and
¢'(b*,y) are equivalent in (B*, A*). Because (B,.A) is an elementary sub-
structure of (B*, A*) it follows that there exists b € R™ such that ¢(y)
and ¢'(b,y) are equivalent in (B,.4). Thus S is defined in B by the formula

¢'(b,y).
In the terminology of [5] we have identified the “open core” of (B, .A)

and shown it to be o-minimal. This has some attractive consequences which
we list in the following corollary.

COROLLARY 4.9. Suppose B expands the ordered field of real numbers.
Let S CR™ be definable in (B, A). Then:

(1) The closure and interior of S are definable in B.

(2) S is definable in B if and only if S is a boolean combination of closed
subsets of R™ each of which is definable in (B, A).
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(3) There is a finite partition IT of R™ into cells (in the sense of B)
such that for each C € II either CNS =0, or C C S, or both CN S and
C\ S are dense in C.

While (1) and (2) are immediate consequences of the theorem, (3) is
proved in [5], where also further refinements are given. Note that (3) extends
the second part of Theorem 4 to arbitrary definable sets in the case when B
expands the ordered field of reals.

References

[1] L.van den Driesand A. Lewenberg, T-convezity and tame extensions, J. Sym-
bolic Logic 60 (1995), 74-102.

[2] E.Hrushovski, Strongly minimal expansions of algebraically closed fields, Israel J.
Math. 79 (1992), 129-151.

[3] A. Macintyre, Dense embeddings I: a theorem of Robinson in a general setting,
in: Model Theory and Algebra. A Memorial Tribute to Abraham Robinson; D. H.
Saracino and V. B. Weispfenning (eds.), Lecture Notes in Math. 498, Springer, Berlin,
1975, 200-219.

[4] H.D. MacPherson, D. Marker and C. Steinhorn, Weakly o-minimal theories
and real closed fields, preprint.

[5] C.Miller and P. Speissegger, Expansions of the real line by open sets: o-minimal-
ity and open cores, preprint.

[6] Y.Peterziland S. Starchenko, A trichotomy theorem for o-minimal structures,
Proc. London Math. Soc., to appear.

[7] A.Pillay and C. Steinhorn, Definable sets in ordered structures. I, Trans. Amer.
Math. Soc. 295 (1986), 565-592.

[8] A.Robinson, Solution of a problem of Tarski, Fund. Math. 47 (1959), 79-204.

Department of Mathematics
University of Illinois

Urbana, Illinois 61801

U.S.A.

E-mail: vddries@math.uiuc.edu

Received 24 July 1997;
in revised form 30 December 1997



