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ABsTRACT. We characterize heirs of so called box types of a polynomially
bounded o-minimal structure M. A box type is an n-type of M which is
uniquely determined by the projections to the coordinate axes. From this,
we deduce various structure theorems for subsets of M¥*, definable in the
expansion .# of M by all convex subsets of the line. Moreover we obtain a
model completeness result for .Z.

1. INTRODUCTION

The notion “heir” of a type p of a first order structure M has been introduced by Lascar
and Poizat (cf. [La-Pol, §3) in order to define Shelah’s forking in stable theories (cf. [Shel]).
An heir of p on some elementary extension N of M is a type g of N such that for every
formula ¢(Z, §) with parameters from M and every g-tuple n C N, if ©(Z,n) € g, then there
is some m C M such that ¢(z,m) € p. Geometrically, an heir g of p is a generic extension
of p on N, since - by definition - ¢ does not introduce more relations among a realization of
q than p already knows. A compactness argumet shows that p always has an heir on N.

For example let T = ACF be the theory of algebraically closed fields. By quantifier
elimination, a type p of M |= ACF is naturally viewed as a prime ideal p of the polynomial
ring M[X] and p is the generic point of the variety V defined by the polynomials from p. In
this case, ¢ is an heir of p if and only if ¢ is the generic point of V' x s N (cf. [La], section
4.5). The same characterization holds for the theory of differentially closed fields.

An important place where heirs appear, is the characterization of definability of a type,
which says that p is definable if and only if p has a unique heir on every elementary extension
of M (cf. [La-Po], Theorem 4.2). Recall that a type p of a structure M is called definable if
for every formula ¢(Z,7), the set of all g-tuples m C M with ¢(Z,m) € p is parametrically
definable in M. Intuitively this says that the membership problem for p is solvable, e.g. if p
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is” a prime ideal as explained above, then definability precisely says that the membership
problem for the ideal p is solvable.

For o-minimal theories, less is known about an algebraic description of heirs of types. Partial
description may be found at several places:

Firstly, heirs are related to the Marker-Steinhorn Theorem (cf. [Ma-St]), which says that
a type p of an o-minimal structure M is definable if and only if it is tame, i.e. M is
Dedekind complete in M (&), where & |= p. In [Tr4] this theorem is re-proved by applying
the definability criterion above. It should also be mentioned here that an n-type p of a real
closed field R is definable if and only if the ordering {f € R[X] | f > 0 € p} of R[X] is a
weakly semialgebraic subset of R[X] in the sense of [Kn]. Due to the definability criterion,
a possible characterization of an heir of a tame type p will take place inside tame types and
we know that there is only one heir of a tame type. This is a dramatic simplification of the
question how to characterize heirs of tame types, but it does not solve it.

A second place which deals implicitly with heirs, is the work of Dolich (cf. [Do]), where
forking of sets is analyzed. It is unclear how this may be used to characterize heirs of types.

Certainly the terms “characterization of heirs” and “algebraic description of heirs” is
vague. What we have in mind is: find invariants of the types which witness heritage, or - in
the case of real closed fields - find constructions, possibly from (real) commutative algebra
which produces all heirs of orderings of a polynomial ring over a real closed field on a given
real closed over-field.

In the case of 1-types of polynomially bounded structures, a complete description of heirs
in terms of invariants is stated in [Tr1]. We will extend these results for certain n-types. Still,
in the case of 1-types of pure real closed, a characterization in terms of real commutative
algebra is missing.

In all environments, where heirs appear above, the results reveal significant structure
theorems about the o-minimal theory under examination.

In this paper we characterize heirs of types over real closed fields - more generally over
polynomially bounded, o-minimal structures M for so called “box types”. A box type of M
is an n-type p of M of dimension n such that p is uniquely determined by the projections
of p to the coordinate axes. Certainly many n-types of an o-minimal structure are not box
types, e.g. a definable type of dimension n is a box type if and only if n = 1. Here are
some examples of box types, which are denoted in the following way: we state a sequence
of 1-types (as Dedekind cuts) and each of these sequences will determine a unique n-type.
We’ll work in pure real closed fields. Let IR,j; denote the field of real algebraic numbers.

a. Let r1,...,7, € IR be algebraically independent over Q. Then

(tp(r1/Raig); .-, tp(10 /Raig))
is a box type.

b.Let R C S be real closed fields and let z1,...,x, € S\ R such that for each i, the set
Vi:={a € R| |a| < x;} is a convex valuation ring of R. If the V; are mutually distinct,
then (tp(x1/R),...,tp(x,/R)) is a box type.

c. Let S := IR((t®)) be the formal power series field over IR with value group IR and let R
be the real closure of Raig(t) in S. Let 2 := tk—k, Then (tp(w/R),tp(z/R),tp(t™ /R) is a
box type.

That these examples are box types, basically follows from valuation theory. Our results

(5.1) and (6.1) explain these examples and also include non-valuational criterions to detect

box types.
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By an heir of a box type (p1,...,pn) We mean a sequence (qi, ..., g,) of 1-types extending
the given one, such that the structure M expanded by the sets pX := {a € M | a < p;} is
existentially closed in (N, ¢f, ..., qL). Then, if (¢, ..., ¢,) is again a box type, this is precisely
the model theoretic notion described at the beginning.

Our main result is theorem (6.4), which is of technical nature. The theorem - in principal
- characterizes the heirs (¢1, ..., ¢,) of a box type (p1, ..., pn) in terms of the location of the
invariance groups and the invariance rings of the ¢; compared with those of the p;; the
invariance group of a 1-type p (or a cut p) of M is the group G(p) :={a € M | a+p = p}
and the invariance ring of p is the convex valuation ring {b € M | b-G(p) C G(p)}. “In
principal” here means that we actually need an assumption on (p1,...,p,) concerning the
location of the invariance groups and rings of the p;; but for every box type (r1,...,7%), there
is a box type (p1, ..., pn) satisfying this assumption such that (M, r¥, ..., rE) is parametrically
interdefinable with (M, pF, ..., pL) (cf. (7.6)).

Theorem (6.4) has various consequences. Firstly, the Robinson test implies a model com-
pleteness result (cf. (7.4)) of model complete, polynomially bounded structures expanded
by finitely many convex subsets. This, for example can be used to show that for each real
closed field R, there is a set D of convex subsets of R such that R in the language of rings
expanded by all sets from D is model complete and such that every convex subset of R is
parameterically definable in the expanded structure (cf. (7.7)).

In order to describe further consequences, let .# denote the expansion of a polynomially
bounded structure M by n convex subsets of M. Then

1. There is an elementary extension N >= M with dim N/M < 6n such that every subset of
MP¥, definable in . is of the form Z N M*, for some Z C N*, definable in N (cf. (8.2)).
Moreover the bound 6n is sharp in general (cf. (8.3)).

2. For every function f : M* — MT™, definable in .#, there is a finite partition X;U...UX,,
of M* into .#-definable sets, such that f|x, is the restriction to X; of an M-definable
function M*¥ — M (cf. (8.5)).

3. If there is an .#-definable subsets of M, which can not be defined in any (M, V) for a
convex valuation ring V' of M, then .# does not have definable Skolem functions (cf.

(8.6)).
4. The curve selection lemma holds in .# (cf. (8.7)).

Finally, theorem (8.8) describes the subsets of M, which are definable in .Z.

These results extend the structure theory of weakly o-minimal structures (cf, [MMS],
[Wel], [We2]), for our expansion .Z .

Finally, application 1 above, without the dimension bound, is already known from [Ba-Po]:
It is shown there, that an o-minimal structure expanded by all trace sets, i.e. sets which are
intersections of M™ with some set definable in an elementary extension of N, has quantifier
elimination in the language which has a predicate for each trace set. It is an open question
if - for example in the case of pure real closed fields - every trace set is already definable in
the structure R expanded by all convex subsets of the line.

2. HEIRS OF CUTS IN POLYNOMIALLY BOUNDED STRUCTURES

In this section we recall notions and results on cuts of o-minimal structures, mainly from
[Trl] and [Tr2]. Basic algebra of cuts in ordered abelian groups and o-minimal expansions
of groups can be found in sections 2 and 3 of [Trl].
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Let X be a totally ordered set. A (Dedekind) cut p of X is a tuple (p’,p%) of subsets
pl, p® of X such that p Upf = X and p» < p%, ie. a < b for all a € p~, b e pf. pl and
p® are called the left and the right options of the cut p, respectively. If Y C X, then Y+
denotes the cut p of X with p® = {x € X | z > Y}. Y1 is called the upper edge of Y.
Similarly the lower edge Y~ of Y is defined. A cut p of X is called principal if p” has a
supremum in X U {£oo}, in other words if and only if p is of the form 400, —oo or of the
form a™,a~ for some a € X. A cut g of an ordered set containing X extends a cut p of X
if ¢ N X = pL.

Let p be a cut of an ordered abelian group K. The convex subgroup

G(p):={ac K |a+p=p}

of K is called the invariance group of p (here a + p := (a + p”,a + p%)). The cut G(p)*
is denoted by p.

If K is an ordered field, then G(p) denotes the invariance group of p with respect to
(K,4,<) and G*(p) denotes the invariance group of |p|(= max{p, —p}) with respect to
(K>°,.,<); thus G*(p) = {a € K | a-p = p}. Moreover, the convex valuation ring

V(p):={a€ K |aG(p) CG(p)}

of K is called the invariance ring of p. Note that the group of positive units of V(p) is
the multiplicative invariance group of p. The maximal ideal of V(p) is denoted by m(p).

By [Tr1], (3.5), if p > p, then there is some ¢ € K such that
G*(p)=cGp)+1(={ca+1]|acG(p)}).

(2.1) DEFINITION. Let K be a divisible ordered abelian group and let p be a cut of K. We
define the signature of p as

—1 if there is a convex subgroup G of K and some a € K with p=a — GT

1 if there is a convex subgroup G of K and some a € K with p =a + G¥
signp :=
0 otherwise.

Since K is divisible we can not have a + Gt = b — H™" for a,b € K and convex subgroups
G,H of K. Hence the signature is well defined. If K is a real closed field, then sign®p
denotes the signature of |p| with respect to (K>°, -, <).

In the sequel we shall work with o-minimal structures and theories. We refer to [PS] and
to section 1 of [vdD-Lew] for an introduction to the subject. In the moment we work with
a complete, o-minimal extension T of the theory of divisible ordered abelian groups in the
language .. If M < N are models of 7" and A C N, then we write M(A) for the definable
closure dcl(MUA) of MUA in N (which itself is an elementary restriction of N if A contains
a nonzero element).

If f: M™ — M is a definable map of a model M of T, then f extends to a map
Sn(M) — S1(M) from the n-types to the 1-types of M, which we denote by f again. By
o-minimality, the set Sy (M) of 1-types of M can be viewed as the disjoint union of M with
the cuts of M.

If p and q are cuts of M, then we say p is equivalent to ¢ and write p ~ ¢, if there is
a definable map f : M — M with f(p) = ¢. By [Ma], Lemma 3.1, the relation ~ is an
equivalence relation between the cuts of M.

(2.2) DEFINITION. A cut p of a model M of T is called dense if p is not principal and M
is dense in M{(«), for some realization « of p.
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In [Tr1], (3.6) other descriptions of density are given. Important for us is: p is dense if and
only if p is not principal and G(p) = {0}. In [Wel], dense cuts are called “non-valuational”.

(2.3) THEOREM. ([Tri1], (3.8))

Let A < M, N be models of T and let p,q be dense cuts of M, N, respectively. Then
(M,p") =4 (N,q") if and only if p | A = q | A. Hence if T has quantifier elimination
and a universal system of axioms, then the L (2)-theory T which expands T and says
that 9 is a set p of a dense cut p, has quantifier elimination. Observe that density of p
can be expressed by a single sentence: we say that G(p) = {0}. O

Recall from [Poi], 12.b, that a coheir of a type p over an arbitrary first order structure
M is a type extending p on some elementary extension of M, which is finitely realizable in
M. From the identification of nonisolated 1-types and cuts of an o-minimal structure M, it
follows easily that ¢ is a coheir of the nonprincipal cut p of M on N = M if and only if q is
the least or the largest extension of p on N.

(2.4) PROPOSITION. Let p be a cut of M |=T.

(i) signp > 0 if and only if for all N = M, if q is the largest extension of p on N, then
the cut ¢ is the largest extension of p on N.

(i) signp <0 if and only if for all N = M, if q is the least extension of p on N, then the
cut § is the largest extension of p on N.

(iii) If q is the least or the largest extension of p on some N = M, then q is the least or the
largest extension of p on N, respectively.

(iv) If signp = 0 and « is a realization of p in some N = M, then the map 2a — x swaps
the least extension of p on N and the largest extension of p on N. Moreover, if H is
the largest convex subgroup of N with H N M = G(p), then o« — HT, a + H™ are the
least and the largest extension of p on N.

(v) If p is omitted in N = M then signq = signp for the unique extension q of p on N.

ProOF. By [Trl], (3.12). The moreover part in (iv) is shown in the proof of [Trl],
(3.12)(iv). O

(2.5) DEFINITION. Let M, N be models of T and let A < M, N be a common elementary
substructure. Let pq,...,p, be mutually distinct cuts of M and let g1, ..., ¢, be mutually
distinct cuts of N. Let Dy,...,D,, be new unary predicates. We say the tuple (q¢1, .., qn)
is an heir of (pi,...,p,) over A if the following condition holds: if p(z1,...,zx) is an £-
formula with parameters from A, ¥(z1, ..., z) is a quantifier free £ (Dy, ..., D,,)-formula with
parameters from A and if

(N,qf, ....qr) = 37 () A ()

(M, pf,....py) | 3T 9(T) A ().
If A= M we say that (qi,...,q,) is an heir of (p1,...,p,). For example if ¢ is an n-type
with projections ¢i, ..., g, and ¢ is an heir of ¢ [ M in the sense of model theory (cf. [Poi],
11.a), then (g, ..., ¢,) is an heir of (p1, ..., p,). The precise relation with the model theoretic
notion of an heir is described in [Tr1],(2.7).

then

(2.6) REMARK. ([Tr1], (2.8)) Let p1,...,pn be pairwise distinct cuts of M = T and let
q1y -, Gn be extensions of p1 | A,...pn | A on N, respectively, with ¢; & {+oon}. Then
(g1, .y Gn) is an heir of (p1,...,pn) over A if and only if the following condition holds:
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if ULy ey Uy V1, ey Uy) 08 an L -formula with parameters from A and a,f € N™ such
that a; < q1 < B1,.;an < gn < Bn and N = ¢(a, (), then there are a,b € M™ such that
a1 <p1 <bi,...,an <pn <by and M | o(a,b).

(2.7) LEMMA. ( [Tr1], (2.10)) If p is a nonprincipal cut of M |= T, then both coheirs of p
on N = M are heirs of p. If in addition dim N/M = 1, then these are the only heirs of p
on N.

(2.8) REMARK. Recall that until now we are working with an o-minimal extension of ordered
abelian groups. Therefore the statements above are also applicable multiplicatively when
T is an o-minimal expansion of a real closed field. For example (2.4)(iv) then says: If
sign"p = 0, « € N = M is a realization of p and H is the largest convex subgroup of
(N>9. <) with HN M = G*(p), then a-H*, a-H~ are the least and the largest extension
of pon N. A more formal explanation can be found in [Tr1], (5.3).

For the rest of this paper we work with an o-minimal, polynomially bounded
theory T in the language ., which has an archimedean prime model.

Recall: “polynomially bounded” means that for each 0-definable map f there is some n € IN
with f(z) < 2™ for sufficiently large x. For example real closed fields are polynomially
bounded.

Moreover, the field of exponents of T is the subfield of IR consisting of all A € IR such
that the function = — z*, defined on the positive elements of the prime model of T, is
definable in T. The elements of the field of exponents of T are called exponents. For
example the field of exponents of the theory of real closed fields is Q.

We shall use facts about convex valuation rings of models of T from [vdD-Lew], which
we collect now. Note: since T is assumed to be polynomially bounded with archimedean
prime model, every convex subring of a model of T is “T-convex”. We don’t use this notion
explicitly and specialize results of [vdD-Lew], section 2 to our situation:

2.9) FacTs. Let M be a model of T and let V' be a convex subring of M with mazimal ideal
m

(

1. For every continuous, M-definable map f : M™ — M we have f(V™) C V.

2. A structure My < M with My C V is maximal such if and only if the composition
My — V. — V/m is an isomorphism if and only if My is tame in M, i.e. every
My-bounded element of M is infinitely close (in the sense of My) to an element of M.
If this is the case, we install the L -structure of My via the isomorphism My — V/m
on V/m and V/m becomes a model of T which does not depend on the choice of M.

3. Let M < N and let W C N be a convex subring, with maximal ideal n, lying over V
(i.e. WNM =V ). Then the canonical morphism V/m — W/un is an elementary map
of models of T. Moreover, the dimension of W/n over V/m does not exceed dim N/M.

4. If My < M is contained in' V and « € V, a > My, then My{a) C V.

Let Zonvex be the language £, expanded by a new unary predicate O  (for the convex
valuation ring) and let Teonyper be the Zeonyer-theory of pairs (M, V), where M =T and V
is a proper convex valuation ring of M.

(2.10) THEOREM. ([vdD-Lew], (3.10), (5.18) and (3.14))
Teonves 15 a complete Leonper-theory. Teopver is weakly o-minimal (i.e. each M-definable
subset of a model (M,V) of Teonvex 45 a finite union of convex subsets of M). If T has
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quantifier elimination and a universal system of axioms, then Tiopver has quantifier elimi-
nation.

In fact, weak o-minimality is also valid in every expansion (M, %) of M = T', by an arbitrary
set € of convex subsets of M. This follows from a result of Baisalov and Poizat (cf. [Ba-Po]),
which was later generalized by Shelah (cf. [She2]):

(2.11) THEOREM. Let M be an o-minimal structure and let .4 be the expansion of M by
all sets Z N M™, where Z runs through the definable subsets of elementary extensions of M.
Then Th(A) is weakly o-minimal with quantifier elimination. O

We shall frequently work in the language £ with the theory T4 (cf. [vdD-Lew], (2.3) and
(2.4)), which is an extension by definitions of T', where we have a function symbol for each
0-definable function M™ — M. Since T has definable Skolem functions the theory T% has
quantifier elimination and a universal system of axioms.

(2.12) THEOREM. ([Tr2], (2.12))

Let M be a model of T, let V' be a convex valuation ring of M with maximal ideal m and let
A be a subset of M. If p is a nonprincipal cut of M, such that p* is A-definable in (M,V),
then there are a,b € dcl(A), b # 0 such that p = a+b-V*t or p = a+ b-m*. Moreover,
V C G(p) or G(p) Cm. O

(2.13) THEOREM. Let p be a cut of a model M of T.
(i) signp =0 < p £ G for every convex subgroup of (M, +,<).
(i1) sign* p =0 & p £ VT for every convex valuation ring V of M.

PROOF. (i) holds by [Tr2], (4.3) and (ii) follows from (2.12). O

(2.14) COROLLARY. Let p be a cut of a model M of T and let « be a realization of p from
some elementary extension of M. Let 3 € M{(«a) be another realization of p.

(i) Ifsignp =0, then 8 —a < m for some m € G(p).

(i) If sign™ p = 0, then g < m for some m € G*(p).

PROOF. (i). Since o and 3 realize p, there is no element m € M, m > G(p) with m < —oa.
Therefore g < p, for the cut ¢ of M realized by 3 — a. By (2.13), p #¢ p, hence p is omitted
in M{(«). Thus ¢ < p, which gives the claim.

Item (ii) holds by the same (multiplicative) arguments. O

(2.15) THEOREM. Let p be a cut of a model M of T and let q be a cul extending p on some

N >~ M.

(i) Ifp=a=Lp for somea € M, then q is an heir of p if and only if ¢ = a+ § and G is an
heir of p.

(ii) If signp = 0, then q is an heir of p if and only if § extends p.

(ii) If p = p and sign™ p = 0, then q is an heir of p if and only if ¢ = G and V(q) lies over
V(p). If this is the case, then also (V(q)%,q) is an heir of (V(p)™*,p).

(w) If p is a dense cut, i.e. signp = 0 and G(p) = {0}, then (V(q¢)*,q,q) is an heir of
(V(p)*,p,p) if and only if G(q) = {0}



8 MARrcuUs TRESSL

(v) Ifsignp =0, G(p) # {0} and sign*p = 0, then (V(q)*,q,q) is an heir of (V(p)*,p,p)
if and only if § extends p and V(q) lies over V (p).

(vi) If signp = 0, G(p) # {0} and sign™p # 0, then (V(q)*,4,q) is an heir of (V(p)*,p,p)
if and only if § extends p, V(q) lies over V(p) and if there is some a € M such that §
is an edge of a-V (q)*>°.

PROOF. (i) is easy and can be found in [Tr1], (3.14)(i). For the remaining statements recall
that all convex subrings of all models of T" are T-convex. We then may apply (2.13) together
with results from [Trl]:

(ii) holds by [Tr1], (3.14)(iii). (iii) holds by [Tr1], (3.14)(iii), applied to the o-minimal
structure induced by M on the multiplicative group of positive elements of M (cf. [Trl],
(5.3)). (iv) holds by [Tr1], (3.6). (v) and (vi) hold by [Tr1], (7.3). O

(2.16) THEOREM. ([Tr2], 2.16)

Let T be model complete and let O, 4, &, Z* and 2 be new unary predicates. Let €, €
{-1,0,1} and let £* be the language L (O, 4, %, Z*, D). Let T§ be the L*-theory which
extends T and which says the following things about a model (M,V,G,Z,Z*, D):

(a) D = p® for some cut p of M, p neither dense nor principal with signp = §.
(b) V =V(p).
(¢c) G = G(p) and sign* Gt =¢.

=0 c a+ =pora-— =p; an
d) Z M GT G* d
Z*={a € M>%| aV =G oram= G}, where m is the maximal ideal of V.

Then T is model complete (and consistent).

(2.17) COROLLARY. ([Tr2], 2.17)
Let T be model complete in the language L. Let O 9, %, Z* and 2 be new unary predicates.

(i) The L (O ,9)-theory T, which extends T and which says that 4 is a convex sub-
group, such that the upper edge of 4 has multiplicative signature 0 and invariance ring
O, is model complete.

(ii) The L(O,9,D)-theory T2 which extends TO and which says that 9 is the set p~

u group
of a cut p of signature 0 and invariance group ¢, is model complete.

(2.18) PROPOSITION. ([Tri1], (6.5) and [Tr1], (6.6))

Let M be a model of T and let G be a convex subgroup of (M,+,<). Let V be a convex
valuation ring of M with V. C V(G). Let € be a set of cuts of M with G C G(p) for all
pEC. Lete,§ € {—1,0,1}.

Then there are an elementary extension N of M with dim N/M = Xy + |€| and a convex
subgroup H of (N,+,<), such that HNM = G, sign* H* = ¢, V(H)™" is an heir of V' and
such that for each p € € there is a cut ¢ of N extending p with signqg = and G(q) = H.

Moreover, if e = 0, then we can choose H so that in addition, V(H) is the convex hull of
V in N. O
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3. BOX TYPES

We first recall from [Tr3], section 1, some properties of a dimension in o-minimal structures
which is a proper coarsening of the ordinary dimension obtained from the definable closure.

(3.1) DEFINITION. Let M be o-minimal and let p be an n-type of M. We say that p is a
box type if p is uniquely determined by those formulas from p which define the open boxes

H?:l(aivbi)a aiabi S MU {:I:OO}

(3.2) PROPOSITION. Let M be o-minimal (not necessarily polynomially bounded). Let p €
Sp(M) and suppose that the projections pi1,...,pn of p onto the coordinate axes are cuts of
M. The following are equivalent:

(i) For each k € {1,...,n} and all realizations ay,...,ax—1 0f D1,...,pr—1 respectively, pi
has a unique extension on M{aq,...,ap—1).

(i) p is a box type.

(iii) There is a unique n-type of M with projections p1, ..., pn, namely p.

PROOF. Item (i) says that for some (hence for each) realization & of p, the realization rank
of @ over M, as defined in [Tr3], section 1, is equal to n. Now the proposition is [Tr3],
(1.15). O

(3.3) REMARKS.
(i) It follows that the property of ai, ...,y stated in (3.2) also holds for any permutation
of a1, ..., ay, since this is certainly true for item (iii) of (3.2).
(i) In view of (3.2)(iii), we shall say “(p1,...,pn) is a box type” whenever pi, ..., pp are cuts
of M, which determine a box type p € S,(M).
If this is the case and f : M™ — M is M-definable, then we write f(p1,...,pn) for

the 1-type f(p).

(3.4) COROLLARY. Let p1,...,Pn,q1,-.-,qr be cuts of M |= T such that (qi,...,qk,pi) S a
boz type (1 < i <n) and let aq, ...,y be realizations of qi, ..., qi, respectively. Let pl be the
unique extension of p; on M{oq,...;ax) (1 < i <n). Then (p},...,p)) is a box type if and
only if (q1y .oy Qs D15 -, Pn) 1S @ bozx type.

PRrOOF. Easily from (3.2)(i)<(ii). O

(3.5) PROPOSITION. Let M be a model of T and let p,q be cuts of M such that p is not
principal or q is not dense. Let M’ = M such that p is omitted in M’ and q is realized in
M'. Let p’ be the unique extension of p on M’ and let f : M' — M’ be M'-definable.

If f(p') extends q, then there is some a € M such that f(a) realizes q.

PrOOF. By the monotonicity theorem for o-minimal structures we may assume that f is
constant or strictly monotonic in some M’-definable open interval I containing p’. Since p’
is omitted in M’ we may assume that I has endpoints in M U {£oo}. If f is constant in I,
say = f3, then f(a) = 8 | ¢ for every a € I and we are done. Hence we may assume that f
is strictly monotonic in I and f(p') is a cut of M’.



10 Marcus TRESSL

Case 1. p is principal, say p = 4+ocoy,.

Then p’ = +00; and f(p') can not be £oo’,: otherwise, as f(p') extends ¢, ¢ = oo
which contradicts our assumptions: p is omitted and ¢ is realized in M’.

Thus by o-minimality the limit lim;_  f(¢) exists in M’, call it 5. By assumption, ¢ is
not dense, in other words there is some ¢ € M, ¢ > 0 such that ¢ + ¢ = ¢. Since f(p’)
extends ¢, it follows that every element in (8 — ¢, 8+ ¢) C M’ is a realization of ¢. Since
lim; . f(t) = B, f(x) is a realization of ¢ for all sufficiently large elements in M’. Since M
is cofinal in M’, there is some a € M with f(a) = q.

Case 2. p is not principal.

Then C :={a €l |a<p}and D :={a € 1| p < a} both are convex sets with
infinitely many points. Take a realization 8 € M’ of ¢, say 8 < f(p’). Since f is strictly
monotonic in I = C U D and C, D are infinite, f(p’) is the unique cut of M’ between f(C)
and f(D). Hence there must be some a € I with 8 < f(a) < f(p’). Since p is omitted in
M, there is some a € M between o and p’. Then f(a) lies between f(a) and f(p’), thus
B < f(a) < f(p'). Since G realizes ¢ and f(p') extends ¢, f(a) also realizes q. O

Observe that the assumption “p is not principal or ¢ is not dense” in (3.5) is necessary: if
p = +oops and q is a dense cut of M, realized by 3, take M’ = M{8) and f(x) := §+ %;
then p’ = 400, and f(p') = B extends ¢, but as G(¢) = {0} there is no a € M such that

f(a) Eq.

(3.6) COROLLARY. Let (p1, ..., Pn,q1, -, qx) be a box type of M =T and let f : M™x M* —
M, g: M™ — M be M-definable such that f(p1,...,Dnsq1, - qk) = g(P1, .., Pn). Suppose
none of the q; is principal or g(p1,...,pn) is not dense. Then there are aq,...,ar, € M with

f(P1s ey Pry a1y ey ar) = g(P1y ooy P )-

ProOOF. The corollary obviously follows inductively from the case k = 1. Let & be a
realization of (p1, ..., pn) and let 3 be a realization of ¢;. We apply (3.5) with M’ = M (&),
p:=qi, q:= f(p1,.,Pn,q1) and the M’'-definable map f(&,z). Since (p1,...,Pn,q1) IS &
box type, p is omitted in M’. Moreover, p is not principal or ¢ is not dense by assumption.
Since f(p1, ..y Pn,q1) = 9(P1, .-, Pn), ¢ is realized in M’ by g(@). Finally, f(&,p’) extends g
by definition of the data, where p’ denotes the unique extension of p on M’.

Thus by (3.5), there is some a € M such that f(@,a) realizes ¢ = f(p1,...,0n,q1), as
desired. (]

4. THE BOX TYPE ASSOCIATED TO A CUT

(4.1) DEFINITION. If M is a real closed field and p is a cut of M, we define the p-box to be

(p,V(p)™) if signp # 0 and sign®p = 0
p if signp = 0 and sign*p # 0
box(p) i= 4 (P+P) if signp gu’ p
ox(p) (p,p,V(p)T) ifsignp =0 and sign®*p =0
P otherwise.
Observe that box(p) = p if p is principal and box(p) = (p,0T) if p is dense.
Recall that we are working with a polynomially bounded theory T" which has an archimedean
prime model.
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(4.2) PROPOSITION. Ifp is a cut of M =T, then box(p) is a box type.

PROOF. If signp # 0 or sign™ p # 0, then we know this from (2.13). Hence we may assume
that signp = 0 and sign* p = 0, thus by (2.13) we have p % p and p £ V(p)™T.

Let -y be a realization of p. Since p % p, p has a unique extension r on M () and by (2.4)(v),
this extension has signature 0 again. Since p % V(p)T, V(p)T has a unique extension on
M (~), namely W, where W is the convex hull of V(p) in M (7). By (2.4)(i), we know that
7 is the largest extension of p on M(vy). By (2.4)(i), applied multiplicatively to p and , it
follows W = V(r). From signr = 0 and (2.13)(ii) we get that (r,V(r)") is a box type. By
(3.4), (p,p,V(p)") is a box type. 0

(4.3) PROPOSITION. Let M < N be models of T, let p be a cut of M and let q be an extension
of pon N. Let M < My < N such that no member of box(p) is realized in M.
If q is an heir of p then q is an heir of q [ M.

PROOF. We may assume that p is not principal. If p is dense, then box(p) = (p,0"). By
assumption, 07 is omitted in M, in other words M is archimedean in M. Since p is omitted
in M7, the unique extension g [ M; of p on M; is again dense ((2.4)(i)). By (2.15)(ii), ¢ is
an heir of ¢ [ M.

Thus we may assume that p is neither principal nor dense. Then p is not principal. Since
p is omitted in M; and g1 := ¢ [ M; is an heir of p, G(¢1) is the convex hull of G(p) in M;
and we get G(q1) € G(q). A similar argument shows that V(q) lies over V(gq). If signp =0
then signg; = 0 and ¢ is an heir of ¢; by (2.15)(ii). Hence we may assume signp # 0 and
by (2.15)(i) we may also assume that p = p, ¢ = §. If sign™ p = 0, then sign*§; = 0 and ¢
is an heir of ¢; by (2.15)(iii). If sign® p is not 0, say p = ¢-V(p)*, then ¢; = ¢-V(q1)" and
G=c-V(q)", thus g is an heir of ¢;. O

5. BOX TYPES GENERATED BY DIFFERENT INVARIANCE RINGS

(5.1) THEOREM. Let M be a model of T an let (p1,....,pn), (g1, ..., qr) be box types of M. If
V(g;) # V(pi) for alli,j, then (p1,...,0n,q1;---, Q) i a box type.

PROOF. The substantial part of the theorem is the case n = k = 1:

Claim. The theorem holds if n = k = 1.

To see this we write p = p1,q = q1. Suppose p ~ ¢ and w.l.o.g. V(q) # M. Then (M, p)
defines V(q) # V(p). If p is principal or dense, then, as ¢ is realized in M («a), o = p, ¢ is
principal or dense, too and V(q) = M = V(p), a contradiction. Thus we may assume that
P, ¢ both are neither dense nor definable and V(p) # M. By (2.12), signp = 0 or sign™ p = 0.
We write V := V(q).

Let « be a realization of p, let W be the convex hull of V' in M{«) and let p; be the largest
extension of p on M («).

Subclaim. If signp = 0, then W is definable in (M {a), G(p1)).

PRrROOF. Firstly by (2.13), p; is the unique extension of p on M(a) and V(p;), W is the
unique convex valuation ring of M{a) lying over V(p), V', respectively. Moreover, by (2.4),
signp; # 0 and sign® p; = sign™ p.

Case 1. sign*p # 0.
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We do the case G(p) = a-V(p) for some a € M, the case G(p) = a-m(p) is similar. Since
p is not dense, V(p) is proper and p is not principal. By (2.16) applied to our situation,
the theory of (M, V(p), G( ), Z*,pl) is model complete in the language £ (O, ¥, Z*, 9),
where Z* = {b € M>° | b-V(p) = G(p)}. Then, if ¢ is a new constant symbol, also the
theory of (M, V(p),G(p), pL a) in the language £ (0,9, 2, c) is model complete (observe
that b € Z* < b > 0 and 2, % € V(p)). Let x(z,,v) be a quantifier free formula in the
language .Z(0,%, 2, c) and let b € M? such that V is defined by () := Ju x(x,u,b). By
(215)(vi) (V(p)* 1. 1) is an e of (V(p)*,p.p). in other words (M. V(). G(p), ") is
existentially closed in (M {a), ( 1), G(p1),pl). Therefore the set Wy defined by the formula
o(z) in (M{a),V(p1),G(p1), pl) intersects M in W. Since W is the unique convex valuation
ring of M{a), lying over V, W is the convex hull of Wy. Thus W is definable in (M (a), p¥).
Since signp; # 0, W is definable in (M {«), G(p1)).

Case 2. sign*p = 0.

Similar to case 1, we sketch it: By (2.17), the theory of (M, V (p), G(p),p) is model com-
plete. Hence there is a quantifier free formula x(z,@,?) in the language Z(0",G, D) and
b € M? such hat W is defined by 3u x(z,%,b). Similar to case 1, (2.15)(v) implies that
(M, V(p),G(p),p*) is existentially closed in (M (a), V(p1), G(p1),p¥). Asin case 1, it follows
that W is definable in (M (a), G(p1)). This finishes the proof of the subclaim.

Now, if signp = 0, then using the subclaim we replace M by M{a), V by W and p by p1,
and we obtain a cut p with signp # 0 such that (M,p”) defines a proper convex valuation
ring V' # V(p). Then we may also replace p by p. Hence we have a proper convex valuation
ring V, definable in (M, G) for a convex subgroup G such that V # V(G). By (2.12), V is
not definable in (M, V(G)). Since V is definable in (M, @), G has multiplicative signature
0, thus GT £ V(G)*. Let a be a realization of G, let W be the convex hull of V in M ()
and let H be the convex hull of G in M{a). Then V(H) is the unique convex valuation
ring of M{a) lying over V(G) and W # V(H). By (2.12) again, W is not definable in
(M(a), V(H)).

On the other hand the theory of (M, V(G), G) is model complete by (2.17)(i), hence there
is a quantifier free formula x(z,u,v) in the language £(0",G) and @ € M" such hat V
is defined by Ju x(z,u,a). By (2.15)(iii), (V(H)*,H™") is an heir of (V(G)*,GT), hence
(M,V(G),G) is existentially closed in (M{«),V(H),H) and as in the proof of case 1 of the
subclaim, we get that W is definable in (M{«a),V(H)), a contradiction. This finishes the
proof of the claim, i.e. the theorem holds if n = k = 1.

Next we prove the theorem in the case £k = 1. We write ¢ = ¢; and do an induction on n,
where n = 1 holds by the claim. For the induction step, take a realization « of p;. Since
(p1,--,Pn) is a box type, p; has a unique extension p, on M{a) (2 < i < n). By (24),
applied to p; and then multiplicatively to p;, V(p}) lies over V(p;) for all ¢ > 2. From the
case n = 1 we know that ¢ is not realized in M (a), hence ¢ has a unique extension ¢’ on
M{a), too. Again V(q') lies over V(q). It follows that V(¢') # V(ph), ...,V (p,). By (3.4),
(P, ..., pl,) is a box type and we may apply the induction hypothesis. Hence (p5, ..., p},,q')
is a box type and by (3.4) again, (p1,...,pn, q) is a box type, too.

This shows the theorem in the case £ = 1. If £k > 1, then inductively we know that
(P1y s Prs @1y -+, Qk—1) 18 & box type. Take a realization & of (¢1, ..., qx—1) and let N := M{(a).
Let pi, ..., p},, g, be the unique extensions of p1, ..., pn, & on N respectively. By (2.4), applied
to pi, gr and then multiplicatively to p; and g, V(p}) lies over V(p;) and V(g;,) lies over
V(gx). Hence we may apply the case k = 1 and we get that (pf,...,p),,q}) is a box type. By
(3.4), (p1, - Pn> a1, -, qx) is a box type. O
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(5.2) COROLLARY. Let M be a model of T an let p1, ..., pn be cuts of M with V(p;) # V(p;)
(1<i#j<n). Then (p1,...,pn) is a box type.

PRrROOF. By induction on n from (5.1). O

(5.3) COROLLARY. Let M be a model of T an let (p1,...,pn) be a box type of M. Let
f:M™ — M be M-definable and let q := f(p1,...,pn). Suppose V(pg+1), .-, V(pn) # V(q).
Then there is an M-definable map g : M* — M with q = g(p1, ..., pr)-

PRrROOF. It is enough to show that ¢ is realized in N := M{a) for some realization &
of (p1,...,pr). Since (p1,...,pn) is a box type the cuts pgi1,...,pn, have unique extensions
Pht1s -+ P, on N, respectively. By (2.4), applied to p; and then multiplicatively to p;, V (p})
lies over V(p;) (¢ > k). If ¢ is omitted in NN, then also ¢ has a unique extension ¢’ on N
and again, V'(¢’) lies over V(). Thus by assumption V(q') # V(pi1 1), .-, V(py,)- By (3.4),
(Phg1> - Py) is @ box type and by (5.1), also (pj 1, -, P, ¢') is a box type. By (3.4), again,
(p1,..-Pn, q) is a box type which contradicts the existence of f. O

(5.4) LEMMA. Let p,p1,...,pn be n+1 cuts of M =T and let N = M such that none of the
p; is realized in N. Let q; be the unique extension of p; to N. Then for every heir q of p on

N7 (q7q1u uq’n) s an heir Of (p7p17 7pn)

PROOF. Let p be an (n + 1)-type containing p(zg) U p1(z1) U ... U py(xy,). Since ¢ is an
heir of p, a standard compactness argument shows that there is an heir ¢ of p on N which
contains g(xg). Since g; is the unique extension of p;, p;(z;) C p implies ¢;(x;) C g. Hence
(¢,q1, -, qn) is an heir of (p,p1, ..., Pn)- O

(5.5) PROPOSITION. Let M be a model of T an let pr, ..., p be cuts of M with V(p;) # V(p;)
(1 <i#j<k) Forevery N> M and all heirs g; of p; on N (1 <i<k), (q1,-..,qx) s an
heir Of (plv "'7pk)'

ProOF. Firstly, by (5.2), (p1, ..., pr) is a box type. We prove the proposition by induction
on k. There is nothing to do if £k = 1. Assume we have proved the proposition for k£ cuts;
Let po, p1, ..., pr € S1(M) with mutually distinct invariance rings, and let ¢; be an heir of p;
on N (0 <i<k). By (2.6), we have to show the following:

If @, 3 € N¥, 4,6 € N and ¢(u,v,w, 2) is a formula in the language .2 (M) with (2k + 2)
free variables, such that

'Y<QO <6; a; < g; <ﬁi (1 SZSk) and NV ):¢(7757&7B)a

then there are a,b € M*, ¢,d € M such that
c<po<d, a; <p;<b; (1<i<k)and M = ¢(c,d,a,b).

We shall assume that 6 and ~ are realizations of py. The other cases are easier and can be
treated in a similar way. Let p} be the restriction of ¢; to M (). Since (po,p1,...,pr) is a
box type, p; is the unique extension of p; on M (~) for all ¢ > 1. Since qq is an heir of po, pf
is the largest extension of p on M(y). In each case we know that V(p}) lies over V(p;), in
particular V(p;) # V(p}) (0 <i # j < k). By (5.2), (py, D}, - Py) i again a box type and
by (4.3), ¢; is an heir of p} for all ¢ > 1.

Since pj, is the largest extension of py on M({y) and § > ¢o is a realization of pg, §
also realizes p(,. Since (py,pl,...,p)) is a box type, p} is omitted in M(y,d) for all ¢ > 1.
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Consequently for each ¢ > 1, the invariance ring of the unique extension p! of p; on M (v, d)
lies over V(p}), in particular V(p;) # V(p}) (1 <i # j < k). Moreover, by (5.2), every
cut of M (7) realized in M (v, ) has invariance ring V(p(). By (4.3), applied to p}, ¢; and
M (v, 6), ¢; is an heir of p/ for all i > 1. By the induction hypothesis applied to (p7, ..., p}),
(q1, -, qx) is an heir of (p/,...,p}). Hence there are p, 7 € M (v, 5)* such that

y<py <8 pi<pl < (1<i<k)and N E ¢(v,4,p,7).

Since p; is omitted in M (v, §) and pg is an heir of py we may apply (5.4), thus (pg, p7, .-, Pj.)
is an heir of (pg, p1, ..., prn). Hence there are a,b € MF, ¢, d € M as claimed. O

(5.6) COROLLARY. Let Lionves, be the language £ together with | new unary relation
symbols O '1,...,0 and let Teopyer, be the Leopves,i-theory T together with the statement
that O 1, ...,O0; are proper, convex valuation rings such that O ¢ ; ; O,.

Then Teonvez, 15 complete. If T' is model complete, then Teonver, @5 model complete. If
T has quantifier elimination and a universal system of axioms, then Teonyes,i has quantifier
elimination.

ProoF. The completeness of T,onpeq, follows from the quantifier elimination of Ti{m el
since this theory has the prime structure (&, (2, ..., &2)), where & is the prime model of
———

I-times
T% . Model completeness of T, conves,i follows from (5.5) and the Robinson test for model
completeness, provided T is already model complete.

Now assume T has quantifier elimination and a universal system of axioms. Let .Z =
(M, V4, ..., V}) and A = (M, W, ..., W;) be models of Teonyer, and let o7 = (A, By, ..., B;) be
a common substructure of .Z and 4. We prove that .# and .4 are elementary equivalent
over A. This gives quantifier elimination of Teopyes,i- Since T has quantifier elimination
and a universal system of axioms, we know that A < M, N. Let V41 := M,W;;1 := N
and By := A. If B; # By for all ¢ <[, then & is a model of Tionyer,; and by model
completeness of this theory we are done.

Otherwise, let ¢ € {1,...,1} be minimal with B; = B;4; and choose m € M, n € N with
Vi<m € Vi and W; < n € W;y1. Then the cut of m over A is the same as the cut of n
over A and there is a unique #-isomorphism ¢ : A(m) — A(n) over A mapping m to n.
We claim that ¢ maps A(m)NV; to A(n) N W for every j € {1,...,1 + 1}. To see this it is
enough to show that A(m) N V; is the convex hull of B; in A(m) if j < i and A(m) NV is
the largest convex valuation ring of A(m) lying over B, if j > 4; applying this fact also to
A(n) N W; proves p(A(m) NV;) = A{n) N Wj.

If Bj # B;, then - as m |= B # B;r - Bj+ is omitted in A(m) and we are done. So
we may assume that B; = B;, hence ¢ < j. Since dimg A(m) = 1, there are exactly two
valuation rings of A(m) lying over B;. By choice of m, one is A{m) N'V; and the other one
is A(m) N Viy1. Hence if j = ¢, then A(m) NV is the convex hull of B; and if j > 4, then
A(m) N'V; is the largest convex valuation ring of A(m) lying over B; as claimed.

This shows that ¢ respects the Z.onyes i-structure induced from .#, .4 on A(m), A(n),
respectively. We now identify A(m) with A(n) via ¢ and repeat the argument above until
we have reached a common substructure . of .# and .#", which is a model of Tionyeqr.i,
too. By model completeness we know that .# and 4" are elementary equivalent over .7, in
particular .Z and .4 are elementary equivalent over A. O

6. HEIRS OF BOX TYPES
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(6.1) PROPOSITION. Let M be a model of T and let p1, ..., Py 1y ey Gm,T1, -, T be cuts of
M. Suppose

(i) (q1,.,Gm) and (p1,...,pn) are box types.

(i) signr; # 0, sign™7; #0 and V(r;) # V(r;) (1 <i#j <1).
(#1) sign g; # 0 and sign® ¢; =0 (1 <i <m).

(iv) signp; =0 (1 <i<n).

Then (T1, .oy Ty G1y ey @y D1y oy Pn) 1S @ boz type.

PRrROOF. Of course we may assume that r; = V(r;)" and ¢; = ¢;. By (5.2), (r1,...,7) is a
box type.

Claim 1: (rq,...,7,q1) is a box type.

We prove this by induction on [. Note that by (2.13)(ii), if G is a convex subgroup of
(M, +,<) and sign* GT = 0, then GT is not equivalent to V* if V is a convex valuation
ring of M. In particular we know claim 1 for [ = 1. Suppose we know that (r1,...,7-1,q1)
is a box type. Let ag,...,q;_1 be realizations of r1,...,7;_1. Then ¢; and r; are omitted
in M{ay,...,a;—1). Hence the unique extension ¢’ of ¢; on M{aj,...,a;—1) has again mul-
tiplicative signature 0. Therefore ¢’ is not equivalent to the unique extension r’ of r; on
Moy, ...;cp—1). By (3.4), this shows that (rq,...,7;, 1) is a box type.

Claim 2: (r1,...,77,q1, ..., Gm) is a box type.

We prove this by induction on m. The case m = 1 has been done in case 1. Suppose we
know that (71, ..., 71, q1, ---, gm—1) is a box type. Let 31, ..., Bm—1 be realizations of q1, ..., ¢m—1
respectively. Then ¢, and each r; is omitted in M {0, ..., Bjn—1). In particular the unique
extension ¢ of ¢,,, on M ([, ..., Bm—1) has multiplicative signature 0. If 7, ..., 7] denote the
unique extensions of 71, ...,7; on M(f1, ..., Bm—1) respectively, then (7], ...,7}) is a box type.
By case 1 we know that (r},...,7,¢') is a box type and by (3.4), this gives claim 2.

Claim 3: Suppose G4, ..., G, are convex subgroups of (M, +, <) such that (G, ..., GZ‘) is a
box type. If p is a cut of M with signp = 0, then (G7, ..., G;r,p) is a box type.

We prove this by induction on k. If & = 1, this holds true by (2.13)(i). Suppose we
know that (Gf, ...,G:ﬁl,p) is a box type. Let aq,...,ar_1 be realizations of Gf, ...,G;ll
respectively. Then p and Gﬁ are omitted in M{a;, ..., ax_1), hence the unique extension p’
of pon M{(ay, ..., a_1) has again signature 0. Thus H* and p’ are not equivalent, where H
denotes the convex hull of Gy in M{(«;,...,ax—_1). By (3.4), this proves claim 3.

Proof of the proposition. We prove that (r1,...,77,G1, .., Gm, D1, -, Pn) 1S & box type by in-
duction on n. If n = 1, then we know this from claim 2 and claim 3. Suppose we know that
(P15 ey TLy Q1 ooy Qs P1s -y Pn—1) 1S @ box type. Let ay, ..., a,—1 be realizations of py, ..., pn—1,
respectively. By assumption, p,, has a unique extension p’ on M {aq, ..., @, —1), which is again
of signature 0. Let r{,...,7], ¢}, ..., ¢}, denote the unique extensions of r1,...,77,¢1, ..., ¢m on
M(ai,...,a,—1) respectively. Then (r,...,77,4¢},...,q,,) is a box type and by claim 3 we
know that (r],...,7], ¢4, -, G}, P") is a box type. By (3.4) again, this proves the proposition.

([

(6.2) DEFINITION. If py,...;pp,7 € S1(M) and f : M™ — M is an M-definable map, we
say f(p1,...,pn) < r if and only if f(q) < r for each ¢ € S,,(M) with projections p1, ..., pn.
We say f(p1,...,pn) =71 if f(p1,...,pn) <rand f(p1,....,0n) > 7.

(6.3) REMARK. Let X denote the set of all n-types q € Sy, (M) with projections priq = p; &
M (1 <i<n). Then f(q) <r for all ¢ € X if and only if for each a € M, a > r there is
some open box B = [[(c;,d;) with ¢; < p; < d; (1 <i<n) such that f(b) <a (b€ B).
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Thus f(p1,-..,pn) = 7 if and only if the sets (convex hully f(B)), where B runs through
the open boxzes containing (p1, ..., pn), form a basis for the neighborhood of r in the topology

of S1(M).

PROOF. X is the intersection of all (B), where B runs through the open boxes B = [[(¢;, d;)
with ¢; < p; < d; (1 <i <mn). By compactness we get the assertion. O

(6.4) THEOREM. (Heirs of boz types)

Let M < N be models of T. Let Vi, ..., Vi be mutually distinct, proper, convez valuation rings
of M, and let W1, ..., W; be convex valuation rings of N lying over Vi, ..., V], respectively.
Let Gy, ...,Gy, be convez subgroups of (M, +,<) and let Hy, ..., H,, be convezx subgroups of
(N, +,<) with G; = M N H; (1 <i<m). Furthermore, let p1,...,pn be cuts of M and let
qQ,---, qn be extensions of p1,...,pn on N, respectively. The casesn =0 orm =0 orl =0
are not excluded. Suppose the following conditions hold:

(i) signp; =0 (1 <i<n) andsign® G} =0 (1 <i<m).
(i3) (p1,...,pn) and (GT,...,G) are box types.
(iii) For each p;, which is not dense there is an M-definable map f : M™ — M with
fOV VI GY L GE) = b and f(Wi, . W HE L HE) < G
Observe that this condition is void if n = 0.
(iv) For alli € {1,...,m} we have V(G;) C V(H;).
(v) Forallie{l,..,m},je{l,..,1}, if V; =V(G,), then W; C V(H;).
Then (M, V1, ... Vi,G1, ..., G, P, ... pE) is existentially closed
in (N,Wr, ... Wi, Hy, oo, Hp gF 0 gh).

PrROOF. By (5.5), we know that (M, Vi,...,V]) is existentially closed in (N, W7i,...,W)).
We first prove by induction on m, starting with m = 0, that (M, V1,...,V;, Gy, ...,Gy,) is
existentially closed in (N, Wh,...,W;, Hy,..., Hy,). We write G = Gpy1, H = Hppyr. If
V(G) is not one of the V;’s, we add V(G) to the sequence (V1,...,V;) and V(H) to the
sequence (Wi, ...,W;). This certainly preserves our assumptions. Hence we may assume
that V; = V(G). By assumption we have W; C V(H).
Claim A. If 7 € N is a realization of G and K := M{(7), then
(a) ( K,WinK,...W,NnK,HiNK,...,H, N K) is existentially closed in

(N, Wl, ceuy Wl, Hl, ceuy Hm) and
(b) (M, V1, ..., Vi,G, ..., G, G) is existentially closed in

(K, WiNK,...W,NK,H,NK,... Hy, N K, HNK).

PROOF. Since (Vit,...,V,",GT,...,G},,GT) is a box type, (W;NK)7 is the unique extension
of V;* for all i € {1,..,1} and (H; N K)* is the unique extension of G on K for all
ie{l,..,m}.

(a). Since sign* Gt = 0 and 7 = G* we get sign*(H; N K)* = 0 for all i < m and none
of the V(G;)" is realized in K = M(7). It follows that all items (i)-(v) also hold true for
WinK,...WwnNnK.HNK,.. H,NK and Wy,...W;, Hy, ..., H,,. Hence we may use the
induction hypothesis and get (a).

(b). H* is an heir of GT by (2.15)(iii) and our assumption (iv). Hence also (H N K)™ is an
heir of G*. Since (Vit, ..., V;*,GT, ..., G, GT) is a box type, item (b) of the claim holds by
(5.4).

In order to prove the assertion we use (2.6):
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Let 4,6 € N, &, € N', 5,6 € N™ and let ¢(u,,z,y,%,7) be an .£(M)-formula such
that
N':‘P(@aﬁa%fsa’_%fs%
i <WH<pB (1<i<l),
7j<H;r<5j (1<j<m)and
y< HY < 4.
We have to find ¢,d € M, a,b € M, &,d € M™ such that
M = o(a,b,c,d, e d),
ai<v7;+<bi (1§’L§l),
cj<Gj<dj (1 <j<m)and
c< Gt <d.

If neither v nor § are realizations of GT, then we may remove the condition v < H* < §
from the list and replace ¢ by p Au < mAm' < v with m,m’ € M, v <m < Gt <
m/ < §. From the induction hypothesis we get a,b € M!, ¢,d € M™ and ¢,d € M with
M = p(a,b,c,d,é,d) Ac <mAm' <d,
ai<Vi+<bi (1<i<l)and
Cj<G;r<dj (1§j§m)
These elements have the required properties for the initial problem, too.

Hence we may assume that v or § realize Gt. If § but not 7 realizes G*, then we may
remove the condition v < H™ from the list and we may replace ¢ by © A u < m for some
m € G, v < m. From part (a) of claim A applied to 7 = §, with K = M(J) we know
that (K, W1 N K,...,W,NK,HNK,...,. Hy, N K) is existentially closed in (N, W1, ..., W,
Hy,...,Hp,). Hence we may assume that a,B €K', 5,0 € K™. Now we may use part (b) of
claim A to find the required elements in M.

Thus we may assume that v is a realization of G*. Then 3* := % > V(H)t > W,". Let

¥ be the £ (M (v))-formula
@(ﬂa v, VY z, y)
Then we have B ~
Nizw(@7/87ﬂ*7r?’6)7
Oli<Wi+<Bi (1§Z§l),
’yj<H;r<6j (1 <j<m)and
Wt < B
Let V{,..,V/,GY,...,G}, be the convex hulls of Vi,...,V;,G1,...,G,, in M(y) respectively.
By part (a) of the claim there are 3’ € M(y), &, 3 € M{v), 5,8’ € M{y)™ such that
af<VIT<p(1<i<l),
7§<G;+<§§ (1 <j<m)and
Vl/-i- < 6/-
If we take ¢’ := -3, the definition of v says
M<’Y> ): @(&/’ /BI7 P)/’ 5/’ ’_Y/’ g/)'

Since HT is an heir of G we know from (2.4)(iv) (applied multiplicatively) that HNM (v) =
v-V/. Consequently V/" < 3" implies v < HN M (y)* <~-p' =4

Thus we have reduced the problem, where N = M({(y) with some realization v of G*.
Now part (b) of claim A says that (M,Vi,..,V|,Gq,...,Gni1) is existentially closed in
(N, W1, ....,W;, Hy, ..., Hy,y1). This finishes the proof of the theorem in the case n = 0.
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The strategy of the proof of the theorem is similar to the proof just given. In order to
simplify notation in the sequel, we write G,,+; = V; and Hp,; = W; (1 <4 <1). We prove
the assertion of the theorem by induction on n, where the case n = 0 has been done above;
therefore we assume the assertion for n > 0. We write p = pn11,q¢ = @nt1-

Claim B. If 7 € N is a realization of p and K := M(7), then

(a) (K, HiNK,..H, NK,¢d-NK, .. ¢t N K) is existentially closed in
(N,Hy, .., Hpy1,gF .. gE) and

(b) (M, G4, ... G, P, ..., pE, pP) is existentially closed in
(K, HiNK,...H, yNK,¢g-NK,..,.¢- N K, ¢" N K).

PROOF. Since (G, ..., G:rnH,pl, ey Pn, D) is & box type, ¢; | K is the unique extension of p;
on K. Moreover, as signp = 0, no edge of a convex subgroup of M is realized in K.

(a). It follows that sign(q; [ K) = 0 for all i < n, and items (i), (ii), (iv) and (v) also hold
true for AN K, ... Hpnu NK, 1 | K,...,qn | K and Hy, ..., Hpy 1, q1, -, Q-

If i € {1,..,n} and f; : M™*t! — M is an M-definable map with fi(Gf,...,G;_H) = Py,
then f;((H1 N K)™T,...,(Hpny N K)T) is the unique extension of p; on M (7); hence equal to
¢; | K, and item (iii) also holds true for Hy NK,.... Hp iy N K, ¢1 | K, ...,q, | K.

This shows that we may use the induction hypothesis to get (a).

(b). By definition (6.2), our assumption (iii) implies that ¢ is an extension of p. Since
signp = 0 we know from (2.15)(ii) that ¢ is an heir of p. Hence also ¢ [ K is an heir of p.
Since (G7, ..., G:;H,pl, .y Pn, D) is a box type, item (b) of the claim holds by (5.4).

Now claim B is proved and we use (2.6) again for the proof of the theorem. Let 7,5 € N,

a,fe N™H 5,6 € N and let (i, v, ,y,Z,y) be an .Z(M)-formula such that
N ': (p(da/éa’y,(sv’?vg)a
v < g <05 (1 <j<n)and
v <g<d.
As in the proof of the case n = 0 we may reduce to the case v = p (where we use claim B
instead of claim A). Then we have
G i=0—7v>4q.
Let G, ...,G,,; be the convex hulls of G1, ..., Gy in M(y) respectively and let py,...,p},
be the unique extensions of p1, ..., p, on M{v) respectively.
Claim C: Let r be the unique extension of p on M(y). Then there are 3" € M(y), &, B €
M(y)™*" and 4/,6" € M(y)™ such that B
M<’Y> ): SD(&/’ ﬁl7 Y + 5//7 ’?/7 6/)u
ol <GT < B (1<i<mA+l),
v; <pj<d; (1<j<n)and
r<pg’.

Suppose we have proved the claim. Since ¢ is an heir of p we know that ¢ | M(y) =~y +r
is the largest extension of r on M (v) (cf. (2.4)(iv)). Consequently r < " implies v < ¢ |
M({y) < v+ p”. Therefore we have reduced the situation, where N = M(y) with some
realization 7 of p and part (b) of claim B gives the assertion. It remains to prove claim C.

Case 1: p is dense, hence r = 0%, Let ¢(u,v,Z,7) be the Z(M(vy))-formula

Jyy>0Ane(u,v,v,y+7T,7).

Since N = ¥(a, B,7,0), part (a) of claim B and the induction hypothesis say that there are
a',B € M{y)m*tl and 4',6" € M ()™ with
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M(y) =y, f,7',d),
o <G < B (1<i<m+1)and
v <p; <8 (1<j<n).

Now (&', 3',7',8") expresses that there is some 37 € M (v) as required in the claim.

Case 2: p is not dense.
Let f: M™*t!t — M be an M-definable map with

f(GT,..,G} L) =pand f(H,...H ) <q

Since 3* > g, (6.3) says that there are (m + [)-tuples &*, 3%, such that o < H;" < 8f (1 <

ml
i <m+1) and such that f < 8* on [] (of, 5F). Let @*"0* be a new tuple of variables of

1=

1
length 4" and let ¥ (a,?,y, T, ¥, a*, v*) be the £ (M (~))-formula

m+1

P(@,0,7,y+7.%9) A Yo [\ uf <w <of = f(@) <yl
=1

Then we have

N }:1/)(&7676*”?757&*’6*)7
i af < H < B, (1<i<m+1)and
v < g5 <95 (L<j<mn).

Therefore, by part (a) of claim B and the induction hypothesis, there are 5" € M(y),

o,

B ar*, 3 € M{y)y™*tt 5 6" € M(y)™ such that

M<’y> ): w(d/76/7ﬁ//7’7’75/76{**’6**),
of ot <G < B3 (1<i<m+1)and
v <p; <& (1<j<n).

Now ¢ says

M) @, f,y,v+8",7,0)
and f(G'],....G i) < B

But f(G”f, ...,G’:;H_l) is an extension of f(G7,...,G; ) = p, hence equal to the unique

m+l

extension 7 of p on M (v) and this proves the claim. O

(6.5) REMARKS.

1.

I want to point out again, that in (6.4) the cases n =0, m =0 orl = 0 are a priori
not excluded and that we do not demand, that the G;’s or the V;’s are definable in
(M, pr, ..., pL). Furthermore, the cuts q; may be principal and the groups H; may have
multiplicative signature # 0.
Under assumptions (i) and (i) in (6.4) and if there are M-definable functions f; with
LV V}ﬁ GT,...,G}) = pi for every nondense p;, then it easy to see that every heir
of

pi=W LV G LG p ),
in the sense of definition (2.5), must fulfill all requirements of (6.4). Hence Theorem
(6.4) gives a complete characterization of the heirs of p in the sense of definition (2.5).
The determination of the complete types that are heirs of p is not answered by (6.4),
Every expansion of M =T by a finite set € of convexr subsets of M is parametrically
interdefinable with an expansion of the form (M,Vi,...Vi,G1,...;Gm,p¥,...,DE) such
that (V{7 .., VT, GT, ... ,G} . p1, ..., pn) satisfies (i), (ii) of (6.4) and such that there are
functions f; with f;(Vit,..., Vﬁ, GT,..,GL) = p; for every nondense p;. This is proved
in (7.6) below, where the functions f; may also be choosen to be 0-definable.
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We formulate (6.4) in a special case.

(6.6) COROLLARY. Let M < N be models of T. Let V1,...,V; be mutually distinct, proper,

convez valuation rings of M, and let W1, ...,W; be convex valuation rings of N lying over

Vi, ..., Vi respectively. Let G, ..., G, be convex subgroups of (M, +,<) and let Hy, ..., H,, be

convex subgroups of (N, +, <) with G; = M N H; (1 <i<m). Furthermore, let p1,...,p, be

cuts of M and let qq, ..., q, be extensions of p1, ..., pn respectively. The casesn =0 orm =0

or 1l =0 are not excluded. Suppose the following conditions hold:

(i) signp; =0 (1 <i<n) andsign* G =0 (1 <i<m).

(i) (p1,-.,pn) and (G, ...,G}) are box types.

(iii) For each p;, which is not dense there is an M-definable map f : M™ — M with
f(V1+7 ceey Vi+a Gii_a ey G:;L) - ]31

(iv) H;r is a coheir ofG;r and qy, is a coheir of p, (1< j<m, 1<k <n).

Then (M, Vi, ... Vi,G1, .o, G, DE ... DE) s existentially closed in
(Nv Wla [RED) VVl7H13 [RED) Hmv Qfa ceey qerLl)

PROOF. We have to show conditions (iii), (iv) and (v) of (6.4). So let p; be not dense and
let f: M™ — M be M-definable with f(V;",...,V,",G{,...,G}}) = p;. Since signp; =0
and ¢; is a coheir of p; we know from (2.4) that §; is the largest extension of p; on N.
Consequently f(Wi",..,W;" Hf ..., HI) < §;, as follows immediately from (6.3). Hence
(iii) of (6.4) holds. Similar for (v) of (6.4): if V(G;) =V}, then W; C V(H;), since V(H;) is
the largest extension of V(G;). Finally (iv) of (6.4) holds, since H;" is an heir of Gf. O

7. MODEL COMPLETENESS OF EXHAUSTIVE EXPANSIONS

By applying Theorem (6.4) and the Robinson test we are looking for model completeness

results for certain convex expansions of a polynomially bounded structure M. These expan-

sions should be

(a) exhaustive, in the sense that every expansion of M by finitely many convex subsets of
M, is interdefinable (with parameters) with one such expansion, and

(b) as simple as possible in terms of new symbols that are needed in order to obtain model
completeness.

In particular we only want to introduce names for subsets of M if possible. This concerns
mainly condition (iii) in (6.4). We shall first generalize the following consequence of the
valuation property (cf. [vdD-Sp], 9.2).

(7.1) PROPOSITION. ([Tr2], (4.2))
Let G C M ET be a convex subgroup and let f : M — M be M-definable. Then there are
an ezponent X and a,b € M with f(G7) =a+b-(G*)*. O

(7.2) PROPOSITION. Let Gy, ...,Gy, Hy, ..., Hy be convex subgroups of (M,+,<), such that
(GT,....,GH HY, ,H;') is a bozx type and let p be a cut of M with V (p) # V(H1), ..., V(Hy).
If there is an M-definable map f : M™ x M* — M with p = f(Gf,...,Gf{,Hf,...,H,j),
then there are a,b € M and exponents A1, ..., A, such that

p=a+b(GHM .. (GH)*.
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PROOF. The expression a+b(G7)*-.(G;})  here denotes the result of applying the function
a+b-x) .. .x) to the box type (G, ..., G;). Observe that (GF)* -...-(G})*» is the upper
edge of a convex subgroup of (M, 4, <) if at least one of the )\; is non zero; the set of positive
elements of this group is {ai‘1 @ | Ay ey > 0,0 > 0= a; € Gy, Ay <0=a; > G}

For the proof we may reindex the G;, H; if necessary such that V(G;) = V(p) for all
i €{1,...,n}. We write V for this valuation ring. By (5.3), we know that there is an M-
definable map f : M" — M with p = f(GT,...,G}). By (6.1), signp # 0 and p = a+bU+
for some a,b € M and U = G(p). We prove the proposition by induction on n, starting
from n = 1, where we may use (7.1). Since signp # 0 we may assume that p = UT with
U = G(p). Since V =V(Gy) = ... = V(G,) and (G7,...,G}}) is a box type, there is at
most one ¢ with sign™ G;r # 0 and we may assume that sign®* G; = 0. By the induction
hypothesis we may also assume that (G ,...,G;"_;,U") is a box type.

Let « be a realization of G} and let N := M(«a). Let G and U’ be the convex hulls of Gj,
U, respectively in N (1 <14 < n). By (3.4), (G'",...,G/T |) is a box type. Since UT and G
with i < n are omitted in N, f(G{,...,G}) = UT implies that f(G|",...,G/t |, a) = U'"
and by the induction hypothesis there are exponents Aj,...,A\,—_1, not all equal to 0 and
B,y € N with Ut = g+ ~-(G[H)M ... (Gt ) 1. Since U’ is a convex subgroup of
(N, 4+, <) we may assume that 5 = 0. If v € M, then we are done. Hence we may assume
that v realizes a cut ¢ of M and from the case n = 1 we get a,b € M and an exponent

An # 0 such that ¢ = a + b-(G;})*. It follows

(4 U = [+ b(GEP G e (G

If a = 0 we are done. Hence we may assume that a # 0. Let G be the convex subgroup of
(M, +, <) with GT = (G)*1-..(G_))*=1. Then G}t # G* and by (5.1), V(G) =V again.
Let 3 be a realization of GT. In order to prove the proposition we show that (a + ba*")-3
realizes -G+ or b-(G;H)*-G7 - then by (), UT = a-G* or Ut = b-(G;F)*»-G™*, which gives
the assertion.

Claim 1. If there is some ¢ € M with |a|-GT < ¢ < |b]-(G;}}) -G ¥, then (a+ba*)-3 realizes
the same cut of M as ba’ 3.

PROOF. Since ba’" 3 realizes the edge of a convex subgroup of (M,+,<), c is in this
group. Thus ba*»3 — ¢ and ba’"3 + ¢ also realize this edge. Since |a|-GT < ¢ we have
ba* 3 — ¢ < (a + ba*)-3 < ba’ 3 + ¢, which implies claim 1.

Claim 2. If there is some ¢ € M with |a|-GT > ¢ > |b]-(G})*-G*. Then (a + ba’»)-3
realizes the same cut of M as af.

PROOF. As in the proof of claim 1 with interchanged roles of a3 and ba*" 3.

By claim 1 and 2 it remains to show
Claim 3. |a|-GT # [b]-(G})*-GT.

PROOF. Since sign* G;} = 0 and o | G}, the upper edge of V = V(G,,) is omitted in
N = M{a). Let W be the convex hull of V in N. Suppose |a|-GT = |b]-(G}) = -G*.
Then |a|-3 and |b]-a*» -3 realize the same cut of M, namely |a|-GT. Since G} % G, the
upper edge of the convex hull G’ of G in N is the unique extension of G* on N; hence
V(G") lies over V(G) =V and V(G') = W. Moreover, |a|-3 and |b|-a*» -3 realize |a|-G'*,
hence o/\"% € V(G')* = W* and there are ¢,d € V*, with 0 < ¢ < a’\"% < d. But this

la]
%'(GZ)M’ in contradiction

to 2 e V>0 and V=V (G,) = V(M-(GI)A"). This proves claim 3 and the proposition. (]

lal

means that % is not in the multiplicative invariance group of
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(7.3) DEFINITION. An exhaustive extension of T is a theory T™* in a language .Z* such
that
(i) Z* is the language £ together with new unary predicates

04,....0.,G1,....,Gm, D1, ..., D, for some [,m,n > 0.

(ii) T* is an Z*-theory extending T which is formed in the following way. There is a
partition N1 UNy of {1,...,n} (N1 or Ny may be empty), for each i € Ny an (I + m)-
tuple \; = (A\;(1),..., A;(I + m)) of exponents, and a map o : {1,...,m} — {1,...,1},
such that T* says the following about a model (M, V4, ..., Vi, G1,...,Gu, D1, ..., Dy) :

1. Vi,...,V; are mutually distinct, proper, convex valuation rings of M, G, ..., G,, are
convex subgroups of (M, +, <) and Dy, ..., D,, are left options of cuts of M.
sign D =0 (1 <i < n) and sign* G =0 (1 <i <m).

(DY, ...,D}) and (G7, ..., Gt are box types.

Dy is a dense cut (i € Na).

For each ¢ € Ny, D;r is not dense and

Al e

(Vﬁ)ki(l)-...-(vﬁ)ki(l)~(Gf)Ai(l“)-...-(Gj;)’\i(”m) - DT,

K2
6. For all i € {1,...,m}, we have V,; = V(G),).
(iii) T* is consistent.
The structure (M, Vi, ..., Vi, G1, ..., G, ¥, ..., pE) is called an exhaustive expansion of

M. In order not to overload the symbols we shall also say that (M, Vi, .., V;*,GT,....,G},
D1, ..., Pn) is an exhaustive expansion of M.

Observe that indeed 1.-6. are axiomatizable in .Z*. According to (3.2)(i)<(ii), the property
of a tuple (p1, ..., pn) of cuts being a box type in condition 3 can be formulated by the infinite
scheme of sentences which says that for every k < n and for every definable function f in k
variables, with parameters, there is an open box B around (ps, ..., pr) and some z such that

flB <2 <prt1 or pp1 < 2 < flp.

(7.4) THEOREM. If T is model complete, then each exhaustive extension of T is model
complete, too.

ProOOF. Let T* denote the theory in question and let

M* .= (M, V17 ceey W, Gl, ceey Gm7p17 7pn)

N* = (N, Wl, ceey VVh Hl, ceey Hnu qi1y .-y qn)
be models of T* with M* C N*. Then properties (i)-(iii) of (6.4) are fulfilled for the
extension M* C N*. Since V(G;) = V,; and V(H;) = W,; by the axioms of T* we also
know (iv) and (v) of (6.4). By (6.4), M* is existentially closed in N*. Hence Robinson’s
test gives us model completeness of T™*. O

(7.5) COROLLARY. Let # = (M,qi,...,qi) be exhaustive and let h € {1, ..., k}.

(i) (M,q,...,qn) is exhaustive, too.

(i) Let N := M{apy1,..., ) with realizations o; of ¢; (h < i < k). Then each q; with
i < h has a unique extension r; on N, (N,ry,...,ry) is exhaustive and an elementary
extension of (M, q1,...,qn)-

PRrOOF. (i) follows directly from definition (7.3).
(ii). By (6.1), (q1,...,qr) is a box type, hence each ¢; with ¢ < h has a unique extension r;
on N and by (2.4), r; has the same signature and the same multiplicative signature as g;.
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Moreover, by (3.4), (1, ..., ) is a box type, too. This shows that 1-3 of (7.3) also hold true
for (N,rqy,...,ry) and the partition of rq,...,7, into upper edges of valuation rings, groups
and cuts as inherited from (M,qi,...,qn). In order to prove (ii) we may use (7.4) and it
is enough to show that conditions 4-6 of (7.3) inherited from (M, qu,...,qn) also hold for
(N7 1, ...,’I“h).

Condition 6 holds for (N,rq,...,7) and the map o inherited from (M, ¢, ..., qn), since in
the case r; = #;, sign®r; = 0 we have ¢; = §;, sign®*q; = 0, hence V(g;)" is among the
q1, ..., qi—1 and therefore omitted in N.

Condition 4 holds for (N, ry,...,73), since r; is dense if and only if g; is dense: this follows
from (2.4), since M is archimedean in N and ¢; is omitted in N.

Condition 5 of (7.3) holds for (N,ry,...,7,) and the same vectors of exponents valid for
(M,q1,...,qn): Let i € {1,...,h} such that signg; = 0. By definition (7.3), also signg; =
... =signgg = 0. Then by (6.1), no cut of M with signature # 0 is realized in N. Hence if
A is a vector of exponents of length p such that qi\(l)o...oqg‘(p) = ¢;, then 7’1\(1) ~...~r;‘(p) is the
unique extension of ¢; on IV, which is equal to 7; as r; is the unique extension of ¢; on N.[J

(7.6) PROPOSITION. Let M be a model of T and let qy,...,q; be nonprincipal cuts of M.
Then there is an exhaustive expansion T* of Th(M) and an expansion M* of M, such that
M* = T* and such that M* and (M,qt,...,qF) are interdefinable with parameters from M.
The expansion M™ is formed in the following way:

Let (Vi,...,V}) be an enumeration of {V(q;) | V(q;) # M}. Let (G7,...,Gt) be an enu-
meration of a mazimal boz type in {§; | sign* ¢; = 0} and let (ry,...,ry) be an enumeration
of a mazximal box type in {q; | signg; = 0}. Let

I={ie{1,...,n} | sign*#; =0} and J:={i € {1,...,n} | r; not dense and sign™#; # 0}.

Then for each i € I there are b; € M,b; > 0 and an m-tuple p; = (pi(1),..., i (m)) of
exponents with (G )W ... (GH)*(m) = b7 and for each i € J there are b; € M,b; > 0
and g; € {£1} such that b;-7; = (V(r;)T)%. Define fori € {1,...,n}: p; :=b;-r;.

Then we take M* = (M, V1, .., Vi,G1, ... G, D1, ooy Pn) and T* = Th(M*).

Proor. If ¢ € I, then by choice of the G; there is an M-definable map f with #;, =
f(GT,...,G}). Hence the existence of u; and b; is justified by (7.2). We have to show
that M* is an exhaustive expansion of M. Let Ny = {i € {1,..,n} | p; is not dense},
Ny ={1,...,n}\ Ny and let o : {1,...,m} — {1,...,1} be defined by V,; = V(G;). For each
i € N1 we define an (I + m)-tuple \; = (A;(1), ..., \i(l +m)) of exponents as follows:

o If i € I, then we take (A\;(1),..., \i({ +m)) = (0,...,0, ; (1), ..., pi(m)).

o If i € J, then we take \;(j) = ¢, for the index j € {1,...,1} with V(r;) =V} and X\;i(s) =0

for each other s € {1,...,l + m}.

Since b;-7; = bﬁz = p;, the choice of the b; implies that all conditions of definition (7.3) are
satisfied for M*. Hence M* is exhaustive and the definition of 7* (and £*) is the natural
one, which turns M* into a model of T*.

It is straightforward to check that each ¢l is definable in M* with parameters from M,
hence M* has the required properties. (I

(7.7) COROLLARY. Let T' be model complete and let M =T.

(a) Let V be the set of all cuts V1, where V is a proper convex valuation ring V of M.
(b) Let G be a set of cuts GT, where G is a convex subgroup of (M, +, <) with sign* Gt =0,
such that G is maximal with the property that any finite sequence in G is a box type.
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(c) Let By be a set of cuts of signature 0, such that Eq is maximal with the property that
any finite sequence in Eg is a box type.

(d) For each p € Eq there is a finite tuple § of cuts from VUG and some b, € M so that
by-p = f(q) with some function f(Z) = [[z} and some exponents \;.

Let E:={b,-p | p € Ey}.

LetD:=VUGUE. Then

(i) (M, (pL | p € D)) is model complete in the language which extends £ and has a unary
predicate for every p* (p € D), and

(ii) every convex subset of M is definable in (M, (p~ | p € D)) with parameters.

PROOF. By (7.6). O

(7.8) REMARK. I do not know if the structure .# := (M, (p’ | p a nonprincipal cut of M))
is model complete in general and I conjecture that it is not. Clearly (7.7) implies that . is
model complete if we add a constant for each element of M.

8. STRUCTURE THEOREMS FOR EXHAUSTIVE EXPANSIONS

(8.1) THEOREM. Let M := (M, Vi, ..., Vi,G1, ..., G, p¥, ... pL) be an exhaustive expansion
of some T-model M in the language £*. Let oy = V.5, Bi = G, vi | pi and let

M’ = M{3,7).

Let H; be convex subgroups of M', such that Hj' is a coheir of G;‘ and let q; be a coheir of
pion M (1<j<m, 1<4i<mn). Let W; be the convex hull of V; in M’ and let

M= (M Wy, Wi Hy,y ooy Ho g g,

Then for each r € IN and all sets X C M", 0-definable in A we have:

(i) If X is defined by the £*-formula o(Z) = Ju [¥(4, T) Ax(T, T)], where x is an L -formula
and ¥ is a quantifier free L*-formula, then the set X' C M'™ defined by o(Z) in A’
has the property X' " M"™ = X.

(ii) With N := M'{a) = M{a, 3,7), there is an {a,3,7}-definable set Y C N" such that
X=YNnM".

PrOOF. We may assume that 7 = T% has quantifier elimination and a universal system of
axioms in the language .Z.

(i). By (6.6), .# is existentially closed in .#’. Since ¢(Z) is an existential formula this
implies X’ N M*F = X.

(if). By (7.4), X is defined by an existential Z*-formula ¢(z). Take X’ as in (i). By
(2.4)(iv), we have sign”* Hj # 0 and signgq; # 0. Thus Hy, ..., H,, and ¢f, ..., ¢& are definable
in (M', Wy, ...,W;) with parameters from {3,7}. By (5.6), Th(M', W1, ..., W;) has quantifier
elimination in the language .Z(0 1, ..., 0';), hence X’ is a boolean combination of sets of the
form

Y :={be M" | ¢b)A f(b) € O}
where ¢(Z) is a quantifier free .Z-formula with parameters from {3,5} and f : M'" —s M’
is {3,7}-definable. Since q; is a realization of W,;" we get Y/ = Z N M'", where

Z:={BeN"|o(B)Nf(B) <ai}.
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This shows that X’ is the trace of the {@,3,7}-definable subset Z of N”. Consequently
X=X'NM=ZnM"NnM"=ZnNnM". [l

(8.2) COROLLARY. Let M =T and let Dy, ..., D, be left options of cuts of M. Then there
is an elementary extension N of M with dimy; N < 3n, such that for all k € IN and each
X C MF, definable in (M, Dy, ..., D,,) with parameters from M, there is an N-definable set
Y C N* with X =Y N MF.

ProOOF. By (7.6), the sets D; are definable in some exhaustive expansion
(M, Vi, ., Vi, Gy ooy, Gy DY o DE)
of M, with some m,l,n’ < n. Now we may apply (8.1). O

(8.3) REMARK. The bound 3n in (8.2) is sharp. To see this, take convex valuation rings
Vis .S Vi G M ofaT-model M and cuts py,...,p, of M with signp; = sign™p; = 0
and V(p;) = V; (1 < i < n). This situation can be produced by using (2.18). By (4.2),
each (pl7ﬁzav(pl)+) is a box type. By (51)7 (V(pl)—‘ra -"aV(pn)+aﬁ1a "'aﬁnapla apn) is a
box type, too. Hence if N is an elementary extension of M of dimension < 3n over M, then
the set V(p1) X ... x V(pn) x G(p1) X ... x G(pn) x p¥ x ... x pL can not be the trace of an
N-definable subset of N3".

(8.4) PROPOSITION. Let Oq,...,0; be new unary predicates and let ¢y, ...,c; be new con-
stants. Let Leonvew,l = L(0'1,...,071) and let Teonpes,i be the Lionves,i-theory as in (5.6).
Let T* be the Leonves,i(C)-theory which extends Teonves, and which says in addition that
O1 <01 €03 < ¢y € ... €0 <. Ifp@y) is an Leonves,(C)-formula, then
there are Leonver,i-formulas Y1 (T, ), ..., Ym(Z,u) and y-tuples of 0-definable L -functions
fi(@,a), ..., fm(Z, @), such that
T+ vz 3li € {1,...,m} ¥i(z,0)] A J\IVZ 9i(Z,0) = @, fi(z,0))].
i=1

Hence “T* has definable Skolem functions, which are ¢-definable in T on finitely many
T*-definable pieces”.

PROOF. We may assume that T = T% is model complete and universally axiomatized. Then
T* is model complete and axiomatized by a set of universal Z*-axioms. In this situation
we may apply Herbrand’s Theorem (cf. [Sho]) which implies that every universal and model
complete theory in a language has definable Skolem functions, which are given by terms in
that language on finitely many definable pieces. O

(8.5) THEOREM. (Functions, definable in exhaustive structures)

Let A be an exhaustive expansion of a T-model M in the language L*. If f - M™ — MF is
0-definable in A , then there are £*-formulas 11 (Z), ..., Ym (ZT) and 0-definable £ -functions
91(Z)y ..oy gm(Z), such that

T* b Ve 3l € {1,.,m} vi(@)] A \IVZ (@) = f(2) = g:i(2)].

i=1
PROOF. Let 4 = (M, Vi,...,Vi,p¥,...,pE) with convex valuation rings V; and cuts p; with
signp; = 0 or p; = P; and sign® p; = 0. We prove the assertion by induction on r. Again we
may assume that 7' = T% and ¥ = ¥ .
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r=0. Thus A4 = (M, V1,....; Vi) = Teonves,1, Which is a complete theory. Firstly for every
model A of Teopves, and every A C A7, the definable closure of A in .4 is the definable
closure P of Ain N := .4 | Z: otherwise take b € N\ P from the definable closure of A in
N, N = A and elements ¢, ..., € A with /" EO 1 <1 €09<cp€...€0;<q
and dim P(b, ¢y, ...,¢;) =1+ 1; then by (8.4), b € P{cy, ..., ¢;), which is impossible.

From this, since f is 0-definable in .# and T.onyes, is complete, a standard compactness
argument shows that there are finitely many .Zonveq,i-formulas ¢;(z) and 0-definable .Z-
functions g1(Z), ..., gm (Z) as desired.

r—1—r. Let 8 be a realization of p,, let V/ be the convex hulls of V; in M{(f), let p}
be a coheir of p; on M(A) and let .#' := (M(8),V{,... V., p,",...p."). By (6.6), 4 is
existentially closed in .#’. Let ¥(Z,7) be an existential .#Z*-formula, which defines the
graph of f. Then

VZ, g1, 92 9T, 51) AT, 92) — T = Y2

is a universal .Z*-sentence valid in ., thus valid in .#’. Consequently the formula ¥(Z, §)
defines over .#’ the graph of a map fo : Z — M{B)¥, where Z = {6 € M(B)" | 4" |=
3y 9(5,%)}. Again since ¥ is an existential formula, we have M™ C Z and fo|pn = f. We
extend fy to M(B)" by fo(6) =01if 6 ¢ Z. Since p'TL is S-definable in

(M<B>7V1/v Vvlap IR 7p;€1)

we can apply the induction hypothesis. Hence there are .Z*-formulas ¢1(Z, 2), ..., ©m (T, 2)
and maps g1, ..., gm : M" Tt — MF, definable in M without parameters such that

M =T € {1, mbei(E, ) A\ VE 0i(®,8) = fol®) = gi(Z, B).
1<i<m
The set defined by ;(Z, 3) in M(5)™ is a trace of an {&, ¥, 3}-definable subset of M (&, 7, 3),
where ; = V;T and v; = pi (i < r). Hence the intersection of this set with M™ is O-definable
in .4 by some .Z*-formula ;(Z).
Let N € N and let Cfy,...,C¢y (1 <i <m, a€ M") be the connected components of

1/1

{be M| gi(a, z) is differentiable at b and aggi(d, b) = 0}.
z

Let s;j : M™ — M be O-definable such that for all a € M™ with Cf; # () we have

i5(a) € CF;. Let gi5() := gi(%, 5i5(%)) and ¥, ;(Z) := ¢i(2) A f(2 2) = g:,(2).

et a € M” Then there is some i such that .# = ;(a), which is equivalent to .#" |=

(d,ﬁ). We fix such an index i. Since g;(a,3) = fo(a) = f(a) = b € M* there are
€ M with ¢ < 8 < d, such that g;(@,z) = bon (c,d). In particular 2 g;(a, z) vanishes in

d) Take j € {1,..., N} with (c,d) C Cf;. Then g;(a, 2) is constant on Cf;, which shows

91.4(@) = gi(a, s;,;(@ )) b= f(a), thuse//ﬂ:%/)u( )- .

(8.6) COROLLARY. If an expansion A of M = T by convex sets defines a cut, which is
not equivalent to the upper edge of a convex valuation ring, then 4 does not have definable
Skolem functions.

PrROOF. By (7.6), we may assume that .# is an exhaustive expansion of M. Suppose .#
defines a cut p with signp = 0 or sign® p = 0, say signp = 0. Suppose there is some f with
f(a) < p < a+f(a) for each a > p. From (8.5) and weak o-minimality, we know that there is
an M-definable map f with the same property on the right hand side of p. But this f must
fulfill f(p) = p in contradiction to signp = 0. The case sign™ p = 0 is treated similarly. O
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(8.7) THEOREM. (Curve selection lemma)

Let M =T and let A be an expansion of M by convex subsets of M. If Y C M" is definable
in A with parameters from M and yo € M" is an accumulation point of Y, then there is a
continuous map f: (0,1 — Y \ {vo}, definable in M with parameters from M, such that

lim f(t) =yo.

PROOF. By (7.6), we may assume that .# = (M,Vi,...,V;,G1,...,Gp,p¥,....;pL) is an
exhaustive expansion of M in the language .#*. Moreover we may assume that 7" = T
and yo = 0.

Claim. The theorem holds if no p; is dense.

To see this let J(7) be an existential £*-formula, with parameters from M, which defines
Y. Take M’ = M{(3,7) and

%/ = (MI7 Wla ceey VVl7H17 "'7Hm7qf7 aq'r%)

as in (8.1) and let Y’ be the set defined by ¢ in M'". Since M is archimedean in M’,
0 is an accumulation point of Y’, too. By (8.4), applied to (M', Wy,...,W;) and weak o-
minimality, there is an M-definable map g = (g1, ...,g») : MT™™" — M7 such that for
all @ € (0,1] € M’ we have g(a,3,7) € Y’ \ 0 and such that iiir})g(cnﬁ_ﬂ) = 0. Let u be
a positive infinitely small element and let N := M'(u). Let C; be the convex hull of W;
in N, let E; be the convex hull of H; in N and let s; be an extension of ¢; on N. Then
the cut s; is the unique extension of ¢; on N and since no p; is dense, (7.4) implies that
N = (N,Ch,...,C,Eq, ..., Epy, 814 ..., S) 1S an elementary extension of 4.
Let .45 be the restriction of A" to Ny := M{u):

M{(B,7, )

/

Again since no p; is dense, we know that .4 is an elementary extension of .#. Moreover, it is
straightforward to check that the requirements of (6.6) are still true for the extension .45 C
A, hence A is existentially closed in .4". By o-minimality and since M is archimedean in
M, there are continuous M-definable maps sy, ..., s, : M — M with s;(0) = 0, such that
l9:(11, B,7)| < si(p). By weak o-minimality of .2’ we have 4" |= 9(g(u, 3,7))Ag(p, 3,7) # 0.
Since 4 is existentially closed in .4 and 1 is an existential formula, there is an M-definable
map h: M — M™t" such that

Ao N\ 19l h(m)] < si(i) A 9(g(us h(1))) A g1, h(1)) # 0.

1<i<lr

Let fi(z) := gi(z, h(x)) and f := (f1,..., fr). By weak o-minimality of .# and since .#Z < A,
there is some € € M, ¢ > 0, such that |f;(z)| < s;(x), # | 9(f(x)) and f(z) # 0 for all
€ (0,¢). Since all s; are continuous with s;(0) = 0, the function f has the desired properties
on the interval (0,¢). This finishes the proof of the claim.
For the general case we may assume that (pi1,...,pn,) IS an enumeration of the dense
types among the pi,...,p,. Let p be an infinitesimal element over M and let v be an

\\g/|
k

M’ = M{3, = M(u)
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infinitesimal element over M (p1). The structures M (u), M (v) and M (p,v) can be expanded
in a unique way to £*-structures which have .# as a substructure and interpret the O;
as convex valuation rings, the ¥; as convex subgroups and the &; as left options of cuts.
We denote these structures by .#,,, .4, and .#,,, in the sequel. If i € {1,...,ng}, then the
invariance group of the unique extension p;, of p; on M(u) is the set of M-infinitesimal
elements of M (u). Similar for the unique extensions p;, and p; ., on M(v), M{u,v),
respectively. Consequently if W, W, and W, ,, denote the convex hulls of M in M (p), M(v)
and M {u,v) respectively, then W, = V(p; ), W, = V(pi) and W, , = V(pi ) for each
i€ {l,...,no}. It is straightforward to check that (.#,, W,),(#,,W,) and (A}, W)
are exhaustive expansions of M (u), M (v) and M{u,v) respectively. Moreover, by (7.4), we
have (4, W,,), (AM,,W,) < (M1, W,.,,). Now in the list of cuts of signature 0, named in
the exhaustive expansion (.#),, W,,), there is no dense cut anymore. By the claim, there is
an M-definable map g : M? — M, such that

(A, W) = Tim g(z, p) = 0 AV € (0,1) I(g(@, w) A g(a, ) 7 0.

Thus (A, W) = gy, 1) =0A 9(g(v, 1)) Ag(v, 1) # 0. Now we proceed as in the proof
of the claim: Since M (v) is archimedean in M (u, V) there are continuous M-definable maps
81y .y Sp : M — M with s;(0) = 0, such that |g;(v, )| < s;(v). There is an M-definable
map h: M — M, such that

(M. W) E N o h()] < si(v) A 9(g(v, (1)) A g(v, h(v)) # 0.

1<i<r

Since ¥ is an Z*-formula we also know that ., satisfies this sentence. Let f;(x) :=
gi(z,h(x)) and f := (f1,..., fr). Since .4 is existentially closed in .#, the map f has the
desired properties. O

We conclude with a description of cuts, definable in exhaustive expansions. Recall that
by (7.6), every expansion of a T-model M by a finite set of convex subsets of the line is
interdefinable with some exhaustive expansion of M.

(8.8) THEOREM. Let M = (M, Vi, ...V}, G1, ..., G, 0¥, ..., pE) be an ezhaustive ezpansion

of a T-model M and let v be a nonprincipal cut of M such that v* is definable in .4 with

parameters.

(a)signr = 0 if and only if there is an M-definable map f : M™ — M such that r =
f(p1s 00

(b) signr # 0 and sign* 7 = 0 if and only if there are a,b € M and exponents A1, ..., Ay such
that r = a + b- (G ... (G ).

(c) signr # 0 and sign*# # 0 if and only if for some i € {1,...,1} there are a,b € M such
thata+b-V;\ =r 07’a—|—b-m$i =7

PrOOF. The implications < in (a) and (b) hold by (6.1). The implication < in (c) is
obvious. In order to prove the converse implications in (a), (b) and (¢) we do an induction
on k := 1 +m+n. We may assume that 7' = T% is universally axiomatized with quantifier
elimination.

k=1 Hence .# = (M,Vy,...,V;). Suppose " is definable in .# with parameters. Since
Teonvesr, has quantifier elimination by (5.6) and T' = T , ¥ is a boolean combination of sets
of the form {f € V;} or {f > 0}, where f : M — M is M-definable. By weak o-minimality,
this is only possible if 7 is an edge of one of these sets. But then r” is already definable in
(M,V;) for some i € {1, ...,1} and we get the theorem from (2.12).
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k—k+1,k>1 Let k+1=1+m+n > 1. Suppose one of the conditions (a)-(c) does not
hold. Then (7.2) together with (6.1) implies that (V;©,...,V,",GT,....G}5. p1, .oy D7) s &
box type. By model completeness of exhaustive expansions (cf. (7.4)) there is an existential
L(O1,...01,G1, ..., Gm, D1, ..., Dyy)-formula 1) (z) with parameters from M, such that r’ is
defined by ¢ (x) in .#Z. We write

(q1y Q1 q) = (Vﬁ, e Vl+, Glﬁ s G D1 ).

Let a be a realization of ¢ and let N := M{a). Let ¢f, ..., ¢}, 7’ be the unique extensions of
1, -, Qr, 7 on N, respectively and let ¢’ be a coheir of g on N. Let A := (N, ¢if, ..., L, ¢'L).
Since .# is exhaustive, (6.6) says that .# is existentially closed in .4". Since 1 is an
existential formula, the set defined by 1/ in .4 intersects N in r’. Hence the upper edge of
this set is r/, i.e. 7'* is definable in 4.

Since k > [ and .# is exhaustive, either kK > [+ m and signg=0or k <+ m and ¢ = g,
sign*§=10. By (2.4), k> 1l+mandsign¢ #0or k <l+m and ¢’ = ¢, sign* ¢’ # 0. Thus
k> 1+m and ¢'* is definable in (N,G(¢')) or k < I+ m and ¢'L is definable in (N, V(¢')).
Let A5 := (N, ¢iF, ..., ¢}F). Since A is exhaustive, we have k > [ +m and G(¢') is definable
in Ay or k <1+ m and V(¢') is definable in .44; the argument is the same as at the end of
the proof of (7.5). In each case it follows that ¢’ is definable in A := (N, ¢if, ..., ¢}F') with
parameters.

Since 7' is definable in .4 it follows that r'" is definable in .4( with parameters. By
(7.5), A is exhaustive and from the induction hypothesis we get that (¢}, ..., g}, ) is not a
box type. This contradicts (3.4) and our assumption that (q1, ..., gk, 7, q) is a box type. O

(8.9) COROLLARY. If p,q are nonprincipal cuts of a T-model M and g% is definable in
(M, p"), then g ~p, g ~p orq~V(p)t.

PROOF. By (7.6) and (8.8). O
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