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Abstract

In this paper, the author gives a characterization of resplendent models of the
axioms, formulated by van den Dries, of restricted analytic real fields.

1 Introduction.

In classical model theory, we usually investigate properties of first order theories T, using
their models. The properties that we are interested in are, for example, those concerning
the existence of special types of models of T, such as prime models, saturated models and
compact models, and so on. Of course, such models as listed above do not always exist.
A saturated model of a complete T exists under the assumption of G.C.H., but it does
not exist in general without such assumptions. However, if we replace the definition of
saturation by a weaker version, we can sometimes show its existence without set theoretic
assumptions. Especially, every theory has a recursively saturated model. J.P. Ressayre
shows the following important fact on recursive saturation, which states that resplendence
and recursively saturation coincide for countable structures.

1 Fact. (J.P. Ressayre(1972)(5]) For each countable structure M of finite language,
M is resplendent if and only if M is recursively saturated.

It is not hard to show the existence of a recursively saturated model. From the fact above,
we know that a resplendent model also exists for any countable theory. Resplendence
seems a useful property to be studied. In Ressayer’s proof of the only if part of the fact
above, he finds some consistent sentence p(P) with a new unary predicate P such that if a
structure has a solution of P, then the structure is recursively saturated. There are some
works aiming to get a more concrete ¢(P), when the axioms are specified. For example, P.
D’ Aquino, J.F. Knight and S. Starchenko find a characterization of recursively saturated
model in the theory of real closed field([1]). Moreover, the author and A. Tsuboi found
a characterization of recursively saturation in an o-minimal effectively model complete
theory of real closed fields with a finite number of functions. This can be applied to A. J.
Wilkie’s exponential fields([8]). However, we cannot apply this result to van den Dries’s
restricted analytic field because the restricted analytic field is not a constructive object.
The author considered a constructive fragment of theories for restricted analytic fields
and find a characterization of recursive saturation for models of such theories.
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2 Preliminaries and basic facts.

Let L be a finite language, M an L-structure, T an L-theory(not necessarily complete).
Let L, be the language {+,,0,1, <} of ordered rings, RCOF the theory of real closed
fields, PA the theory of first order arithmetic. Let Th(M) := {¢ : ¢ is an L-sentence,
M E ¢} be a theory of M, Diag, (M) := {¢ : ¢ is an L(M)-sentence, M | ¢} an
elementary diagram of M.

2 Definition. (1). We say that M is resplendent if for any new relational symbol R ¢ L
and any L(M)U {R}-sentence ¢(R) if Diag,,(M)U {¢(R)} is consistent, then there is an
interpretation RM on M such that (M, RM) = ¢(R).

(2).We say that M is recursively saturated if every recursive type(with finite pa-
rameters) is realized in M.

3 Fact. (J.P. Ressayre(1972)[5]) For each countable structure M of finite language,
M is resplendent if and only if M is recursively saturated.

In Ressayer’s proof of the only if part of the fact above, he finds some consistent sentence
¢(P) with a new unary predicate P such that if a structure has a solution of P, then the
structure is recursively saturated. By the meaning of ¢(P) in Ressayer’s proof, we can
construct a model of arithmetic from a solution of ¢(P).

4 Question. If a theory T naturally involves some arithmetic structure, then ¢(P) can
be taken as a natural form under T'.

Next fact is an answer in the case of T = RCOF for this question.

5 Definition. Let K be an orderd filed. We call an ordered subring Z C K an integer
part if it satisflesVz € K,dlne€ Z st. n <z <n+1.

6 Fact. (P. D’ Aquino, J.F. Knight and S. Starchenko (2010)[1]) For a countable
ordered field K, the followings are equivalent:

e K is a recursively saturated model of RCOF};

e K has a non-archimedean integer part whose the non-negative part satisfies PA.

3 Background.

In this section, we introduce the previous investigation(A. Tsuboi and T.(2013)(8]). Firstly,
we show a characterization of recursively saturated model of o-minimal expansion of the
theory RCOF as like Fact 6. Secondly, we will construct recursively saturated models by
using nonstandard analysis.
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3.1 o-minimal analogue

In the proof of Fact 6, we use o-minimality and quantifier elimination of the theory RCOF.

7 Question. Are there any analogue for o-minimal expantion of RCOF?
To answer the question above, we introduce definitions of o-minimality and weak form of

quantifier elimination.

8 Definition. (o-minimal) We say that a theory T is o-minimal if for any model M
of T and any definable set A C M (with parameters from M), A can be described some
finite union of open intervals and points. v

9 Example. The following theories are o-minimal.
o The theory of real closed field: RCOF.
® Teop =Th(R,+,-,0,1, <,exp).

hd Ta.‘n. = Th’(R) +, 07 1: <, (f%)'t)
Where (f;); is an enumeration of all analytic functions defined on closed box.

Next definition is a weak form of quantifier elimination.

10 Definition. We say that a theory T is model complete if every L-formula ¢(Z) is
equivalent to some existential L-formula (%) modulo T

Vo(Z)I (), T = VI(4(z) < ().
11 Example. RCOF, T.,, and T,,, are model complete.

This definition is not sufficient to prove Fact. 6. We need an effective version of model
completeness. Since RCOF is recursively axiomatized, we can effectively obtain an equiv-
alent existential formula 1(Z)) for above setting. In general, a decidable and model com-
plete theory has same property.

12 Definition. We say that a theory T is effectively model complete if there is a
effective procedure finding an existential L-formula (Z) which equivalent to any given
L-formula ¢(z) modulo T.

A. Macintyre and A. J. Wilkie defined the effectively model completeness for finding a
decidability result of T,

13 Fact. (A. Macintyre and A. J. Wilkie (1996)[4]) 7., is effectively model com-
plete.

Lastly we will define a notion of definably approximation which means a relevance of
an integer part and additional functions, e.g. an exponential function.

14 Definition. Let R be a real closed ordered field with an integer part Z and let @ C R
be the quotient field of Z. Suppose that N (the nonnegative part of Z) satisfies PA.
Finally, let £ : R* — R be a continuous function. We say that E is Z-definably
approximated if there exists a continuous function F: N x Q™ — @ such that
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e F'is definable in the ordered field Q;

e {F(m,Z) : m € N} converges uniformly to E(Z) on closed bounded subsets of Q.
More precisely, for all closed bounded boxes B C Q™ and € > 0, there exists no € N
such that, for all n € N with n > ng and all Z € B, R = |E(Z) — F(n,z)| <e.

Then we can state an answer of the question above.

15 Theorem. (A. Tsuboi(2013)[8]) Let L be a language Loy U {f1,..., fr}, T an o-
minimal and effectively model complete L-theory extended from RCOF'. Let R be a
model of T. R is a recursively saturated if there is an integer part Z C R such that

e the non-negative part of Z satisfies PA, Z # Z and
e each f; is Z-definably approximated.

16 Corollary. Let R be a countable model of Tp. R is recursively saturated if and only
if there is an integer part Z C R such that

e the non-negative part of Z satisfies PA, Z # Z and
e exp(z) is Z-definably approximated.

Since T, is a non-constructive object, we can not consider effective model completeness
of T,,,. For application, we need to consider a constructive sub-theory of Ty,.

3.2 natural construction of recursively saturated real closed fields

In previous arguments, we give a characterization of recursively saturated model of a fixed
theory. We do not consider applications of a given characterization. In this subsection, we
will construct a recursively saturated models by using nonstandard analysis. We can easily
construct a recursively saturated model by adding ideal elements, but our construction,
showed below, is adding elements simultaneously.

17 Question. Is there a "natural” construction of recursively saturated model of RCOF?
Next theorem is an answer of the question above.

18 Definition. Let K be an ordered field and K* an elementary extension of K. We
call following sets finite part and infinitismal part respectively:

o Fx:={z e K*:3q€ K st. |z| <|q|}
o [x:={z€ K*:Vge K*st. |z| <|q|}.

19 Theorem. (A. Tsuboi and T.(2013)(8]) Let K be an ordered field with an integer
part Z satisfying PA. If Fx # K*, the quotient fleld R := Fy/Ix satisfies RCOF.
Moreover, if Z # Z ,then R is recursively saturated.



Similarly, we can construct a recursively saturated model of T.,,. Let Q* be an
wi-saturated elementary extension of Q. Let (Q*, Q) = (Q*, Q) where Q # Q. Then
R & Fy/lg = Fg/lg. Let ¢z(z) be a defining formula of Z in Q.(by J.Robinson) Let

-1
Z = ¢z(Q) and Z* := ¢z(Q*). Fix n* € Z* — Z and define e(z) := Y ;_, Ea:k Define
exp* : Fo/lp — Fo/Iq by exp*(z + Ig) := e(x) + Ig. Then (R,exp) = (Fy/Ig, exp*) =
(Fg/lg,exp*) holds. In (Fgp/Ig,exp*), exp® is approximated in its integer part & Z.

20 Example. (Fy/Ig,exp*) is a recursively saturated model of T,

4 Results.

We will review a definition of the restricted analytic field.

21 Definition. Let L, = L, U{ f;}; where f; is a function symbol, R,, = (R, +,-,0,1, <
,(fi):) where (f;); is an enumeration of all analytic functions defined on closed box, and
Tan = Th(R,,).

22 Theorem. T,, is model complete and o-minimal.

For application of our theoreml15, we need a good fragment of T,,. Let F be a class of
restricted analytic functions. Then Lg,|F is L, U F and T,,|F is restriction of T, to
Loy |F. 1t is easy to show that every complete subtheory of o-minimal theory is o-minimal,
i.e. Tyn|F is o-minimal(for any F). For a subtheory of T,,, A. Gabriélov finds a condition
of F whether T,,|F is model complete.

23 Theorem. (A. Gabrielov(1996)[3]) Let F' be a class of restricted analytic func-
tions closed under derivation. Then T,,|F is model complete.

This proof is not prefer an effective version because it is a geometric. Since a proof of
J.Denef and L.van den Dries (1988)(2] is algorithmic, we based on it. This proof of the
model completeness of Ty, depends on following two basic facts for analytic functions.

e Wierstrass’s preparation theorem,
e van den Dries’s preparation theorem

In the first subsection, we will give an outline of effective proofs. We will give a coding of
restricted analytic functions and statements of an effective form of facts above. Moreover,
we give a condition of a set F' such that T,,|F is eventually effective model complete. In
the second subsection, we will give a characterization of recursively saturated model of
Ton|F' for some F' and a construction of recursively saturated model of it.

4.1 effective proof of basic facts

We fix notations.

e O, : aring of n-ary analytic functions on neighborhood of 0;

39
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e R[Y]: a polynomial ring of a new variable Y with coefficients from a ring R;
o We use multi-index notations: if 7 = (i1, ..., ), then Z* = z2% . xr;

e For a function f(Z) = 3_; a;7* € O, and a tuple of positive reals ¢,

- _._Z 1 1
1f]]e := dYilaet| if it convergences
oo otherwise

e |Z| < |&| means A|z;| < el
We will define a coding of restricted analytic functions to prove effective results.

24 Definition. (coding of real) Let (a™)" be a recursive sequence of rational numbers.
We say that a real o € R is coded by (a™)" if Vn,|a — a™| < 27"

25 Definition. (coding of restricted analytic function) Let (af)? be a recursive multi-
indexed sequence of rational numbers and &b, M are positive rational numbers. We
say that a restricted analytic function f(Z) = Y ;%' € O, is coded by a code C =
((a#)7;&,b; M) if || fllse < M, og is coded by (af)", b > 1 and dom(f) = {Z : |Z| < |e|}.

For a code C = ((a})?; €,b; M), let a, (C)&(C),b(C) and M(C) denote components af, €,b
and M of C respectively.

26 Example. Let 7, be n decimal digits of 7 and M a sufficiently large poditivr number.
i+1 .

Then the restricted sine function sin(7z)|[—1, 1] can be coded by ((% i )E 1,2, M).

Remark: Let f € O, and g1,...,9n € O, be coded by C, Dy,..., D, respectively. If

M(D;) < &(C),(i < n), then f(g1,...,gn) can be coded by some G = Ceom(C, Dy, ..., Dy).

To state the Wierstarss’s preparation, we define the regularity of an analytic function.

27 Definition. (regularity) We say that a restricted analytic function f(z1,...,2,) €
O,, is regular of order p with respect to z, if f(0,0,...,z,) = ¢- 2 + o(zP) where

c #0.

28 Fact. (Wierstarss’s preparation) Let ® € O, be regular of order p with respect
to z,. There exists unique unit @ € O, and unique R € O,_1[z,) regular of order p with
respect to x, such that R = Q).

29 Lemma. (Effective Wierstarss’s preparation) There exist recursive functions
Cwo(C,n), Cwr(C,n) which map from pairs of a code and a natural number to codes
such that the followings holds: for any given ® € O, which is regular of order p with
respect to , and coded by C, Q € O, and R € O,_;[z,] are obtained by the Wierstarss’s
preparation; then for any sufficiently large n € N, @, R are coded byCwq(C, n), Cwr(C,n)
respectively.

Unfortunately, there is no effective procedure finding sufficiently large n. This problem
deduce to check VX, R(X) = ®(X)Q(X). Next, we will state the van den Dries’s prepa-

ration and an effective form of this.



30 Fact. (van den Dries’s preparation) Let X = (X1,...,X,), Y = (Y1,...,Ym),m >
0 and ®(X,Y) € Onim. There exist d € N, q;(X) € O, and units u3;(X,Y) € Opim
(Ji| < d) such that:

X,Y) = ai(X)Y'uy(X,Y).

li|<d

31 Lemma. (Effective van den Dries’s preparation) Let X = (X;,...X,), Y =
(Y1,...,Ym),m > 0. There exist recursive functions C,a(C,d,n,%), Coy(C,d,n,i) such
that the followings holds: for any given ®(X,Y) € Op4m be coded by C, for any suf-
ficiently large d € N, there exists n € N such that ®(X,Y) = 3 ;4 az(X)Y'uz(X,Y),
where a;(X), u;(X,Y) are coded by C,4(C,d,n,1), Cor(C,d,n, i) respectively and each u;
is a unit.

There is a problem how to find d, n effectively. This problem deduce to check VXY, ®(X,Y)
2 fii<a @(X)Y*u;(X,Y). Then we will give a condition of a set F' such that T, |F is even-
tually effective model complete and a definition of eventually effective model complete.

32 Definition. We say that a set S of codes closed if it is closed under Ceopn, Coa, Cou,
Cwq, Cwr and contains codes of bounded polynomial functions. Let Fs = {f € U,O, : f
is coded by some element of S}.

33 Definition. We say that an L-theory T is eventually effectively nearly model
complete if there is an effective procedure, for any given formula L-formula ¢(z), finding
recursive enumeration of boolean combinations of existential L-formulas {4, (z)}new such
that T |= ¢(z) = Ym(z) for any m and T = é(z) A<, Ym(z) for any sufficiently
large n.

We obtain a weak form of the effective model completeness for some fragment of Ty,,.

34 Theorem. (T. 2013) Let S bear.e. closed set of codes, L = Ly,|Fs. Then T,,|Fs =
Th(Ran|Fs) is eventually effectively nearly model complete.

4.2 main results

Similarly to a proof of Theorem 15, we will show the main theorem.

35 Theorem. (revisited A. Tsuboi(2013) : modified by T.) Let L be a language
Lor U {fi}ien, T an o-minimal and eventually effectively nearly model complete L-theory
extended from RCOF'. Let R be a model of T. Then R is a recursively saturated if there
is an integer part Z C R such that:

e the non-negative part of Z satisfies PA, Z # 7Z and

e each f; is Z-definably approximated by a Yi,-formula where ky does not depend on
i.

We fix L, T, R and Z as in Theorem 35, and prove a series of lemmas before proving
the theorem. Let N be the non-negative part of Z, @) the quotient field of Z in R. Choose
ko such that every f;(Z)(i € w) is Z-definably approximated by a ¥,-formula. To prove
Theorem 35, we need following lemmas proved in [8].

41
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36 Lemma. ([8]) Every L-term (i.e., every term constructed from +,- and the f;’s) is
Z-definably approximated by ¥,-formulas.

37 Lemma. ([8] modified by T.) Let ¢(Z) be a boolean combination of existential L-
formulas. Then we can effectively find an L-formula ¢(Z) and an L,-formula ¢'(Z) such
that

o RE=VI(p(Z) & wol(Z));
e RE=po(b) <= Q= (b), forallbe Q.

The formula ¢’ obtained in Lemma 37 is a Y, s-formula.

38 Lemma. ({8] modified by T.) Let ¢(Z) and ¥(Z) be boolean combinations of ex-
istential L-formulas such that R |= VZ(¢ — ). Let ¢’ and ¢’ be the formulas obtained
in Lemma 37. Then Q | Vz(¢’' — ¢').

39 Lemma. ([8]) For any @ € R, dcl(a) is a bounded subset of R.

Proof. (Proof of Theorem35) Let (z,a) = {yi(z,a) : i € w} be a (non-algebraic)
recursive type with a € R. We can assume that ¢;.1(z,a) — ¢;(z,a) holds in R.
Since other cases can be treated similarly, we assume that @ € R ~\ dcl() and that
elements in @ are mutually non-algebraic. For each y;(z,a) € &, let 6;(uo, uy, 7o, 01) =
ﬁi(uo,ul, V00, -+ V0,k—15 Vlk,y ---» Ul,k:—l) be the formula

Vx@j(uo <z <u A /\’U()j <y; <vy; gO,(I,g)),
i<k
where k is the length of a. Notice that Jupui(uy < u; A /\j<,c vo; < a; < v A
6;(uo, u1,7o,T1)) is satisfiable in R. (We can use the cell decomposition theorem to see
this.) We can assume that 6; is an boolean combination of existential formulas by the
eventually effective nearly model completeness assumption.

By the o-minimality, there exist minimum b, and maximum b; (in the lexicographic
ordering) such that Jugui(uo < us A A, bo; < a; < byj A 6i(uo,us, bo,b1)) holds in R.
Therefore, by, b; € dcl(@) U {£oo}. Using Lemma 39, choose a sufficiently large integer
n* such that del(@) < n*. We can choose &,2 € Q with 3, , |co; — c15] < 1/n* such
that bgj <cy <a; <cy < b]j (] < k') Then Euoul(uo < u A ei(UO,Ul,Eo,El)) holds in
R regardless of the choice of i € w.

For each 6;, choose a formula 6] having the property described in Lemma 37. Namely,
choose §; such that

1. R = VYuou19(0; ¢ 6;9);

2. R F 0i,0(q0;qlaf7 §) g Q ': 92(‘]0,(11,?, 5), for any QO,(h,f,g € Q

In the present situation, Jugu;(ug < uy A 6;0(ug, u1,C,¢)) holds in R. Since ug,u; can
be chosen from @, Juou;(up < uy A 6;(ug,u1,%,¢1)) holds in Q. Then, by Lemma 38,
{6i(uo,u1,%,C1) : © € w} is a recursive Lg,45-type in Q. So, by the Ty, 4s-recursive
saturation of ), there exists (d,dz2) € @Q? such that Q = A, 0i(do,d1, 5, ¢1). Hence,
¥(z,a) is realized in R by any e between dy and d;. ad



40 Example. Let F};, be a closed r.e. set contains a code of sin(nz)|[—1,1]. Let Ty =
Taansin'

41 Corollary. Let R be a model of T;,. R is a recursively saturated if there is an integer
part Z C R such that :

e the non negative part of Z satisfies PA, Z # Z and

o cach f € F,, is Z-definably approximated by a 3j,-formula where ky; does not
depend on f.

Finally, we will construct a recursive saturated model of Ty;, by using nonstandard analy-
sis. Let Q,Q*, Q,Q*, Z, Z*,n* be in a construction of Example 20. For any f € Fsin?coded
by ((af)?; € b; M), define f*: Fo/lg — Fu/Ig by f*(x + 1q) == 3 j<n- (limy af)z* + Iq.
Then (R, Fein) = (Fo/lo, {f*: f € Fan}) = (Fo/Ig,{f*: [ € Fsin}). In (Fo/lg, {f":
f € Fun}), f* is approximated in its integer part = Z.

42 Example. (Fo/Io,{f*: f € Fun}) is a recursively saturated model of Ty,
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