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Abstract

In this work, we will be interested in the results in model theory which can
be proven inside sheaf models over a frame. We know that these sheaf models
generalize classical models, Kripke models, topological models and Beth models.
The results in model theory with sheaf models are intuitionistic results. We will
explain how to define sheaf models and give an overview over the model theoretic
results obtained so far in the context explained.
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Introduction

The point of investigation is a generalization of intuitionistic models as Kripke, Beth,
topological and algebraic models, for these models see for example [15, 35, 38]. We will
not work inside a topos theoretic model but in sheaf models over a fixed frame or if
necessary in sheaves over a (fixed) topological space. Working in a special topological
space has some advantages which we will see in the following. Topological properties of
the space considered can help proving theorems in model theory, see sections 2 and 5.
Working in sheaf models over a fixed frame (2, we are able to use the rather algebraic
definition of complete §2-set. On the other side, we have clearly the disadvantage that
these sheaf models could be strictly generalized: The sheaf models over topological
spaces are generalized by sheaf models over a frame and the latter are generalized by
the topos theoretic models, i.e., models in a general topos, cf. [28].

This article is to be intended as a survey presenting results obtained so far in models
of sheaves from Chico Miraglia and the author. Most of the results presented here are
due to Chico Miraglia. The author had the honor and pleasure to work and to learn
with Chico in the second half of the 1990’s. In occasion of Chico Miraglia’s 70th
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birthday in september 2016, the author gave a talk about these results at University
of Sao Paulo. We resume all these results in this article. The author hopes that this
article helps for a further understanding of intuitionistic model theory. It seems that
today this branch of mathematical logic has only a few researchers, nevertheless the
author thinks that the research subject is very interesting and helps to understand
intuitionistic logic. We generalize model theory for intuitionistic logic and in a first
approach we do not use topos theory. Also, we consider classical logic in the meta
theory. Chico Miraglia always said to me as I learned with him: ”Only if we have
a clear sight of intuitionistic results in this way we can think to start generalization
of these obtained results, for example, with an intuitionistic meta theory or in topos
theory.” Clearly, whenever possible, we always use in the meta theory constructive
arguments in the sense of Brouwer’s constructive reasoning, cf [3, 19, 38]. In section
4 we are able to prove the generalization of the method of constants for sheaf models
with a constructive meta theory. A very good overview of the origin and philosophy of
Brouwer’s intuitionistic and constructive reasoning is given in [1], which can be accessed
online.

The seminal paper of model theory in sheaves over a frame €2, named as complete
Q2-set by the authors, is to the best of the authors knowledge the 1979 paper of Fourman
and Scott, cf. [16]. We think that this paper gives a kind of new foundation and origin
of the research in model theory using sheaf models over a frame €2. Clearly, before and
after Fourman and Scott, there were research in model theory using sheaf models over
a topological space, see for example the results of [8, 9, 11, 12, 14, 26, 33, 39]. The idea
of Fourman and Scott was to introduce sheaf models using (2-sets, finitely complete
and complete 2-sets, where (2 is a frame. This approach seemed to be very interesting
because we do not use the definitions of presheaves and sheaves known and used so far:
presheaf as a functor and sheaf as functor with the additional property of the existence
of gluings for compatible sections. The value of a formula interpreted in a sheaf model
so far was given by sub-(pre-)sheaf of the interpreting (pre-)sheaf. After Fourman and
Scott’s work, we were be able to see sheaf in a kind of algebraic way and the value
of a formula is given by a characteristic function, and this characteristic function is in
general easier to treat as the sub-(pre-)sheaves. Also we are working a little bit more
general as in sheaves over a topological space! using these complete )-sets.

The paper is divided in the following way. In the next section, we recall some
definitions and basic facts important for understanding the model theoretic results
obtained in the other sections. We define frame, 2-set, complete (2-set, presheaf over
a frame. We recall the notion of characteristic maps, important for interpretation of
the formulas. We give the ideas of sheafification and the interpretation of terms and
formulas. In the third section, we present two model existence theorems, cf. [4, 6] and
the Lo$ theorem for a restricted language L¥, cf. [31] — a language without the universal

! About the history of sheaf theory see [18].
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quantifier. In section three, we sketch the downward Lowenheim Skolem Theorem in
presheaf structures over a certain frame, having countable determined meets and joins,
cf. [30]. Section four, gives a generalizing method of diagrams in the sense of A.
Robinson. We have basically two versions, one in our usual (total) language L and
the other in an extended language L7, c¢f. [5]. In this section, we are able to argue
constructively in the meta theory. The last section treats an intuitionistic version of
the Omitting Types Theorem, there a restriction to the language L* and sheaf models
over topological spaces? is made, cf. [6].

1 Previous Definitions and Results about Sheaf The-
ory

We do not assume the reader is familiar with the basic notions of {2-sets, presheaves
and sheaves over (), where (2 is a frame. We try to give all preliminaries to a good
understanding of the following results. For further information the reader can take
a look in the following books or articles: [4, 16, 28, 29, 30, 38]. In all that follows,
notation and terminology will be that of [4] and [29]. Almost all definitions and results
of this section are due to [29]. We hope to make the article independent, by giving
these definitions and results in the following.

We begin with the following standard notation.

Notation 1.1 We shall adhere to standard notation for lattice operations. Thus, we
write <, A, N, V, \/, for the partial order, binary and arbitrary meets and joins,
respectively. By T and L we indicate the largest (top) and least (bottom) elements of a
lattice.

The following remark is fundamental for the following.

Remark 1.2 a) Recall that a frame? is a complete lattice, 2, such that for all S C Q
and a € Q) :

A V) aAVS = Visans

In a frame €2 we always have implication, i.e., for all p, ¢ € €2, implication and
negation are defined by

p—q = \V{rel:zAp<q} and -p = p— L
Also the adjunction between A and — is easily verified in a frame :
[ad] Vee, xAp<qiff z<p—q.

In the following the symbol 2 will always stand for a frame.

2Sometimes called simply topological sheaves.
3For some more information about frames the reader is asked to consult [22, 34].
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b) If Q, A are frames, a map I Ais a frame morphism if it preserves finite meets
and arbitrary joins. So, we can consider the category of frames.

c) If X is a topological space, its topology, (X)), is a classical example of a frame,
under the inclusion partial order. For {U, V} U {U; : i € I} C Q(X), we have, where
int is the interior operation and (-)¢ is the set theoretic complementation:

Nicr Ui = it (Nie; Uis Vier Ui = Uiy Uis U =V i=int (U U V); U = int U°.

Let A be the topological closure of A C X. Then, for U € Q(X) we have, ~—U = int U.
]

We next introduce the important notion of complete {2-set, which is equivalent to
the notion of sheaf.

Definition 1.3 a) A Q-set, A, consists of a non-empty set |A| (its domain), together
with a map,
[ = 4 A x A— Q, the equality of A, verifying, for all a, b, ¢ € |A|
eal]: fombl, = b=aly; lea2:lo=bl, Al =c, < lo=c,.
Whenever A is clear from context, we drop its mention from the notation. The elements

of A are called sections of A. For x € |A|, FEx : =[x =u1], isthe extent or
domain of z. It is straightforward that for all x, y € |A|,

/] [e=3l, < FrA By

We say that A is separated or extensional if for all x, y € |A|,

[ext] Ex =Fy =[r=y], = z=y.

b) Forp € Q, A(p) = {z € |A| : Ex = p} is the set of sections of extent p. In
particular, A(T) is the set of global sections of A.
c) Let A be an Q-set; a subset S C |A| is compatible if for all s,s'€ S, Es N Es' =
[s=5]. If S is a compatible set of sections in A, a gluing of S is a section t € |A|
such that

[glu 1] : Bt =\/, .4 Es; [glu 2] : Forall s € S, Es=[s=t].
It can be shown that if A is separated, gluings are unique (whenever they exist).
d) An Q-set D is complete or a sheaf if all compatible sets of sections of D have a
unique gluing in D.
e) (Morphisms) If A, B are Q-sets, a morphism, A S, B, consists of a map, [ : |A]
— | B|, such that for all x, y € |A]

fmor 1] : B, fa = Eya; mor2): [r=yl, < [fr= ol
Q-sets, separated 2-sets and sheaves over €, with the notion of morphism defined above
are categories, written Q2-set, eQ2-set and Sh(Q), respectively.
f) Whenever clear from context, we omit the mention of the Q2-set from the notation.

Example 1.4 [t is easy to see that given a topological space X and considering C(X;R) :=
{f| f: X — R is continuous } is a complete separated Q2(X)-set. n
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As a special case of Lemma 25.21, cf. [29] we have the next

Lema 1.5 For morphism in 2-set, A EEIN B, with A separated, the following are
equivalent:
(1) f is an injection of |A| into |B|; (2) For allz, y € |A|, [vr=vyl, =[fex=fylg. =

The next definition gives the notion of presheaf introduced by Fourman and Scott,
cf. [16].

Definition 1.6 a) A presheaf over €2, A, is a set, |A| (its domain), together with
two maps
| |A] x Q@ — |A| (restriction) and E : |A| — Q (extent),
satisfying the following axioms, for all x € |A| and p, ¢ € Q :
[psh 1] : E(a:’p) = Ex A p; [psh 2] : Ty = [psh 3] : z|
b) A presheaf A is separated if for all x, y € |A| and D C Q
VpeD, 71, = Y|, and Ex =FEy =\/ D = x=y.

(Ag) <x’p)|q'

c) If A, B are presheaves over (), a presheaf morphism, A EIN B, is a (set-theoretic)
map, [ : |Al — |B|, such that for all x € |A| and p € Q,

[pmor 1] : Epf(x) = Eax; [pmor 2] : f(x’p) = f(x)|p
d) (Restriction of a presheaf) If A is a presheaf over Q and p € Q, the restriction of
A to p, A|p, is the presheaf whose domain is Uqu A(q) and whose restriction map is

that induced by A. Thus, the elements of |A|p| are the sections of A of extent < p.
Write pSh(QQ) for the category of presheaves over Q.

In case of topological presheaves A, we can introduce the stalk of A in a given point
y, which is important in theorem 5.2. For this, see also the localization of a (2-set, cf.
2.5. We explain in the next definition how to do this.

Definition 1.7 Let Y be a topological space, A a topological presheaf over Y, i.e., a
presheaf over Q(Y) and y € Y a point.

a) We say that v, is the set of open neighborhoods of y inY, v, :={u € QYY) :y €
b) Let AY = {a€|A|l:ye Fa} = {ac|Al: Eac v} bethe set of sections of
A whose extent (or domain) is a neighborhood of y.

c¢) Define a binary relation 0, in AY by a 0,0 iff y € Ja=0],.

d) The equivalence class of a € AY by 0, is indicated by a, and called germ of a in y.
Ford = (ay,...,a,) € (AY)", write @, := (Q1y, - - -, Any), the sequence of corresponding
germs.

e) The set of equivalence classes of AY by 8, is the stalk of A in the point y, written
At

“The stalk A, is therefore the direct limit of A(p), p € v,
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Clearly, every presheaf can be associated a €2-set, which is described in the next
remark.

Remark 1.8 If A is a presheaf over Q and z, y € |A|, define
[x=yl, =V {pPANEzAEy: z|, :y‘p}.

Then, [- = -], is an equality on |A|, with which it becomes an Q-set, the 2-set asso-
ciated to the presheaf A. Whenever A is clear from context, we omit its mention
from the notation. [

The relations between restriction, extent and the equality associated with a presheaf
over () are described in the next result:

Proposition 1.9 Let A be a presheaf over Q, let x, y € |A| and let p, ¢ € Q.
a) (i) Er=[x=zx];

(@) [z, =y,] =pran [z =y];

1) )z = y] =Y|[w = o]

(iv) A is an separated as a presheaf iff A is separated as an )-set.
b) Let P, Q be presheaves over 2 and let f : |P| — |Q] be a map and consider the
following conditions:

(1) f is a presheaf morphism; (17) f is a Q-set morphism.

Then, (i) = (ii) and these conditions are equivalent if ) is extensional.
c) Let P, Q) be extensional presheaves over Q. For a presheaf morphism, f : P — @,
the following are equivalent:

(1) f is an injection of |P| into |Q)|; (it) For allz, y € |P|, [xr=vy], =
[fz = fylp-
Proof: Immediate from proof of Theorem 26.8, [29]. =

Every ()-set can be transformed without loss of information into a separated ()-set,
which is the content of the next remark.

Remark 1.10 a) The process of extensionalization, i.e., making a presheaf separated,
of a presheaf of first-order structures is described in Theorem 23.21, [29]. The method
is the analogue using equivalence relation for inducing a partial order in a preorder.

b) The assumption that presheaves and (2-sets be separated, simplifies many argu-
ments. From the point of view of Model Theory of first-order structures in the category
pSh(€?), nothing is lost by considering only separated presheaves. Therefore, we may
assume that all £2-sets and presheaves over {2 are separated. [

The next definition introduce the product of {2-sets, which is essential for the inter-
pretation of our formulas in the following. It is the same as in [29].



MODEL THEORY IN SHEAVES 385

Definition 1.11 If A;, i € I, are Q-sets, their product, [[,.; A, is the Q-set given by:
() MLies Asl = {{@i) € [l [Ail - V0, 5 € I, Bz = Eaj};

(i) [(z:) =)l = Nier [z =il

Note the distinction between |[[ Ai|l and ] |Ail; the restriction to |[] Ai| of the
canonical projections of [] |Ai| onto its coordinates yield Q-set morphisms from || A;
to A;, written ;. The same construction works in the categories pSh(€2) and Sh(€2).

We will use the following

Notation 1.12 [f A is a Q-set, n > 1 is an integer and @ = {aq, ..., a,), € ={(c1,...,Cpn)
€ |A|", define

x BEd = A, Fa;; x[d=¢c] = A [ai=al;

x If A is a presheaf and p € €, d’|p = (a1|p, e ,an|p), where il 1s the restriction
of A. ]

The notion of density and dense elements in (2-sets is used in the model theoretic
results, see the sections 3 and 4.

Definition 1.13 Let A be a )-set.

a) A subset D C |Al is dense in A if for alla € |A|, Ea = \/,cp [a=d].

b) The density of A, d(A), is the least cardinal k such that A has a dense subset of
cardinal k. We say that A is separable if d(A) < N,.

c) Forp, q € ), we say that q is dense in p iff ¢ <p < -—q. In case q is dense
in T (i.e., = q = T), we say that q is dense in §).

The notion of density seems to be the reasonable analogue of set-theoretic cardinality
in the sheaf-theoretic context, as illustrated by the Lowenheim-Skolem results in [30],
see also section 3. If A is a presheaf, then D is dense in A iff every section of A locally
coincides with one in D, or, more precisely, for all a € |A|, there is {(d;,p;) € D x 2 :
i € I} such that Fa = \/,.; p; and Vi € I, a,, = d;

of A (see definition 1.6 and [29]). We have the next Lemma whose proof can be found
in [29], more precisely Lemma 25.33 and Theorem 37.8 in [29]:

b where | is the restriction map
7

Lema 1.14 Let A, B be Q-sets and let D be a dense set of sections in A.

a) The relation of being dense is transitive.

b) If f, g : A — B are Q-set morphisms, then f|D =9p = f=g.

c) A morphism f : A — B is epic iff f(A) is dense in B.

d) Foralld € |Al", Fda = \/{la=d] e Q:de D"}. ]
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In [29], chapter 37, and in [4], chapter 1, there is an extensive account of characte-
ristic maps that are useful, among other things, to define the interpretation of formulas
in a first-order structure in €2-set. We shall here collect the basics on this topic, refer-
ring the reader to [4, 29] for details and proofs. The vector notation in 1.12 will be of
constant use.

Definition 1.15 (Characteristic Maps) Let A be a Q-set and let n > 0 be an integer.
A n-characteristic map on A is a map h : |Al" — Q, such that for all Z, § € |A]":
[ch 1] : h(Z¥) < EZ; [ch 2] : [Z=7] A h(Z) < h(Y).

Write R, A for the set of n-characteristic maps on A. If h € R, A, its extent is defined

by
Eh = \V{h(@) € Q:Ze|A"}.

We have the following important remark from [29]:

Remark 1.16 Let A be a Q-set and h € R, A.
a) Condition [ch 2| is equivalent to [ch 2] : [# = ¢] A h(Z) = :
b) R, A has a natural partial order, given by h < k iff V & € |A]", h(Z) < k(D).
With this partial order
x In R, A, L is the constant |-valued function, while T is the map ¥ —— EZ
x R, A is a frame, with meets and joins computed pointwise, while implication and
negation are given by

[h = k|(¥) = EZ A (h(¥) = k(X)) and [-h|(¥) = EZ A -h(D),
where — and — in the right-hand side of these equations are the operations in 2. =

Further properties of n-characteristic maps are contained in the Proposition 1.17
below, and are consequences of Theorem 37.8 and Proposition 37.12, in [29]:

Proposition 1.17 Let A be a Q-set, let D be a dense set of sections in A and let h €

KA.
a) For allZ € |Al", h(Z) = Vaepn [@ =
D) Tk € Sud, then hy, = K, =

c) If A is a presheaf over ), then for all @ € |A|" and p € Q we have h <5|p> =p

A h(@). In particular,
1 61) = ) - 10

d) Let D™ 200 bea map such that for &, 7 € D", ko(Z) < EXZ and ko(Z) N [Z = 7]
< ko(y). Then, there is a unique k € R, A such that k|D” = k.

e) If B is a sheaf over Q2 and fo : D — |B| is map such that for all x, y € D, E fo(x)
= Ex and [z =vy] < [foxr = foy], there is a unique Q-set morphism, f : A — B,
satisfying f|D = fo. [
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Using Scott’s idea of a singleton (see [16]), every -set A has a completion (or
sheafification); for a proof of the following result see theorems 27.9, 37.8 and Corollary
37.9 in [29].

Theorem 1.18 If A is a Q-set, there is a sheaf cA over Q and a morphism, A —
cA, such that

a) For every a, b € |A]l, [a=10] = [ca = cb].

b) The image of c is dense in cA.

c) If B is a sheaf over Q) and f : A — B is a morphism, there is a unique morphism,
cf : cA —> B, such that the following diagram commutes:

A —C o A
f\ / f
B
d) Let n > 1 be an integer. Fach characteristic map h € R,A, has a unique extension
to a characteristic map, h® € R,cA, and for all ¥ € |cA|",

(*) he(Z) = Vaa;w[[f = cd] .4 A h(@),
where ca = (cay, ..., cay). In particular, for all @ € |A|™, h(cd) = h(d). n

When dealing with first-order languages one frequently encounters operations that
are not unary. In general, the completion of a finite product of {2-sets is not the product
of the completion of the coordinates.The situation for presheaves is smoother, for in
this case the completion functor is finitely complete®. If A is a Q-set and n > 2 is an
integer, recall (1.11) that (ay,...,a,) € |A]" is in A™ iff all a; have the same extent. If
A is a presheaf over 2 and D C |A| is dense in A, the set DI = {d_iEJ . de D"},
is a dense subset of A™ (see Proposition 26.22 in [29]).°

In the following, we will start with model theory in sheaves, and therefore we have
to make use of a first order language L, which we introduce in the next remark. For
the method of constants, c¢f. 4 we modify — without loss of generality, cf. [4, 6] — our
notion of the constant symbols.

Remark 1.19 We consider the following first-order language with equality, L, where

®We say that a Q-set A is finitely complete iff every finite S C; |A| compatible has a gluing, cf. 1.3
(c).
6Tf A is not a presheaf, there is no canonical way to lift a dense subset of A to a dense subset of A™
(in general, D™ is not a subset of A™). We need restriction!
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e rel(n, L) is the set of n-ary relation symbols in L,

e op(m, L) is the set of m-ary function symbols in L, and

e (' is the set of constant symbols, or if necessary when a frame € is fized, C' is a
presheaf” (of constant symbols) over 2.

Clearly, we need the interpretation of our language introduced in 1.19. We use
characteristic functions to interprete relation symbols and the equality of the 2-set
related to the presheaf for interpreting logical equality. By the discussion above we can
use almost always presheaves over a frame €2 instead of sheaves, cf. 1.18.

Definition 1.20 Let €2 be a frame, L a first-order language, with equality and a pres-
heaf of constant symbols, C. An interpretation of L in pSh(Q) consists of a presheaf
A over Q, together with the following data
[rel] : For every relation symbol R € rel(n,L), distinct from =, a characteristic
function
[=] : The equality symbol is interpreted by the equality of A;
[fun] : For every function symbol w € op(n, L), a presheaf morphism

wh A" — A, d o~ wA(a);
[Con] : A presheaf morphism® from C to A, 4 : C — A, ¢+ .
A presheaf A over (), together with an interpretation of L in A is a L-structure in
pSh(f2) or a presheaf of L-structures over €.

Remark that there exist many sheaves without global sections, consider for example
the recovering space 8" := (R", m, R"/Z"), where 7 is the canonical projection, of a n-
torus; for more examples we refer the reader to [4, 29]. So the admittance of a presheaf
of constant symbols is in this sense very useful. We define free and bound variables,
terms of L, formulas of L and (free) substitution of a term in a formula as in the classical
case. We must define the extension of a term and a formula, because by considering
partial existence of constant symbols, terms and formulas can exist locally. See the
next definition.

Definition 1.21 Let L be a first order language with a presheaf of constants C' over
Q, 7 be a term of L and ¢ be a formula of L. Then we define

"Initially in the theory of sheaf models, a set C of constant symbols is used and every symbol is
interpreted as global section. But if we want to generalize the method of constants, see section 4, we
have to consider the partial existence of the constants, to create the diagram of a theory. In [4] we
explain that we do not loss generality considering a presheaf of constants. So in the following we can
use simply a set C' of constant symbols, or if necessary a presheaf over a frame of constant symbols.

8In the case, considering a set C' of constant symbols, this set C' can be seen as a presheaf C' over
the frame €2 with only global sections. The interpretation of a symbol ¢ € C' is then given by a global
section ¢ € A(T). See also [16].



MODEL THEORY IN SHEAVES 389

{ Er == N\ {Ecc : ¢ occurs in 7}

Ep = N\ A{Ecc : ¢ occurs in ¢},
the extent of 7 and p, respectively.
Letp € Q, then Tl and <p|p indicate the term and the formula obtained by substituting

every occurrence of a symbol c € C' in T or ¢, respectively, by the symbol €| it 18 easy
to see, that Tl 18 a term and gplp 1s a formula of L, with the same complexity as the

originals. We call them restriction of 7 to p and restriction of ¢ to p, respectively.
It is also clear, that in case of T and @ without constant symbols, the restrictions are
identical to the original formulas.

The next Lemma will give some simple but helpful properties.

Lema 1.22 Let 7(x1,...,%m), T1,...,Tm be terms of L, w € op(m, L), R € rel(m, L)
and , 1 formulas of L. Let C' be the presheaf of constants of L and p € ). Then
a) E<p|p =AA{p A Ec:cel|C| andc occurs in p}.

b) If there are no occurrences of elements of |C| in ¢ and in 7, then ET = Ep = T.
¢) ER(T1,...,Tm) = Bw(Ty,...,Tm) = NI2, ET;.

d) E(p &) = Ep N E, where & represents a binary connective of L.

e) E~p = EYvp = EJup = Ep.

) If o = @(x1,...,2,) and x is the result obtained by substituting T; for x; in ¢,

1 <i<m,then Ex = Ep N \[_, ET;. m

We have to talk about L-terms and their interpretation in a given presheaf A over

Q.

Definition 1.23 Let A be a presheaf of L-structures. FEvery term 7(vi,...,v,) in L
induces a morphism of presheaves

T4 ATE — A,
called the interpretation of 7 in A, defined, for d € |A|ET|", by induction on com-

plexity as follows:
1. If 7 is a variable v;, then ET = T and 7 is the i-th projection, that is, v (@) = a;.

%

2. If T is a constant c € |C|, then for every p € Q, c*(p) = cA|(pAEC).
3. If 1 (V),...,7m(V) are terms in L, w € op(m, L) and 7(¥) := w(m(V),..., 7 (V)),
then

(@) = wA (@), ..., (a)).

With these definitions in hands, we are able to define the interpretation of any first
order formula ¢ by complexity in an arbitrary presheaf over 2. We will do this in the
next definition.
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Definition 1.24 Let A be a presheaf of L-structures over Q). By induction on com-
plexity, we associate to each formula o(vy,...,v,) in L, a characteristic function
[o(, ..o o |A — 9,
called the interpretation of ¢ in A, defined for ay, ..., a, € |A| as follows:
1. [atom] : If 1 (V), ..., Tm (V) are terms and R € rel(m, L), then

[(7) = @)@y = [\(@),) = 72(3,)] . where p = Ery A Ery;
[R(mi,...,7)(@)] 4 := [[R(Tf‘(d|q), e (T£(6|q))]]A, where ¢ = N\[*, ET;.
2. [co ] :If o, are formulas with p = Eo and ¢ = Ep N\ E, then

[=¢@]as =pAET A=le(@))]

(0 © V)@ =arEdn ([w@)], © [x@] ), where © € {AV, =}
3. 3 : [Bae(z,@)] 4 = Viga Lot a)]4-
4. V) - Vop(e,@)l, = B AEGA N (Bt = [o(ta)],,).

Next, we define the intuitionistic forcing relation, which we will use in the following
sections.

Definition 1.25 Let A be a presheaf of L-structures over €.

a) Let o(vy,...,v,) be a L-formula and ay,...,a, € |A|. We say that A forces ¢ at
ai,...,a, and write A l= play, ..., a,] iff [e(ai,...,a,)]4 = E¢ A Ea.

b) Let o be a L-sentence. We say that A is a model of o, written A |k o, in case

o], = Eo.
c) Let ¥ be a set of L-sentences, A(vy,...,v,) a set of L-formulas in the variables
Vi, ..Uy and ay, ..., a, € |A|l. Then the expressions

AlFEY and Al Aay,...,a,)
mean that A Ik o and A I& @lay, ..., a,], for allo € ¥ and ¢ € A, respectively.

For a better understanding, we recall in the next definition the Godel translation,
which will be used in section 4.

Definition 1.26 Let L be a first-order language with equality, as above. The Godel
translation of a L-formula, p, written @9, is defined by induction on complexity as
follows:

o If v is atomic, then @9 is == p;

o IfO € {N, =}, then (¢ O )9 = @9 O p?. Moreover, (—¢)d = - ¢9;

o (p V) == (p? V)

o (Jzp)d =—-—dx I, (Vry)? =Vr @I,

Also in section 4 we can prove a generalization of the diagram lemma extending our
language by adding a family of new connectives, which were considered first by Caicedo
and Sette in the paper [9]. We introduce a new family {0, },cq for a fixed frame (2, in
the next remark.
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Remark 1.27 We fix some frame Q and introduce a new language L° adding the
symbols O,, q € Q, as unary connectives, to L.
x For every p € Q, if ¢ is a formula, then O,p is a formula in L".
Clearly, the notion of LY-term is the same as for L. The notions of L°-structure A
in pSh(Q) and the interpretation of L®-term in A, are the same as earlier. We easily
show that

A is a L”-structure in pSh(Q2) iff A is a L-structure in pSh(2).
Concluding, we have to add the following conditions for the extent and the value of a
LP-formula:
« If (v1,...,v,) s a L-formula with E@ = q and p € Q, we set E(Oyp) = Ep = q;
« If (v, ... ,v,) is a L7-formula with ¢ = Ep and a € |A|", then

N Ooe@l, = Eap, A (e@,)] < p).
x We remark that for a dense element d € D, the formula Oyp(d) behaves in some
sense classically, see also section 4, theorem 4.10. [

We argue that these preliminaries are sufficient for the presentation of our model
theoretic results in (pre-)sheaves of L-structures over a frame ). The reader interested
in the subject is recalled to take a look in [4, 16, 29] or every other bibliography treating
first order sheaf models. In the next section we begin with the important question of
completeness for these sheaf models which we answer positively.

2 Model Existence and Los Theorem

In this section, the question of completeness and the existence of models in (pre-
)sheaves over a frame ) are treated. In [38], there is done an approach to construct a
model in Q-sets for the first order language L. There, only global sections are consi-
dered for the proof of completeness. We can do a little better and prove the following
completeness theorem in pre-sheaves of L-structures.

The proof can be seen in [4]. The idea of the proof is simple, we construct a
term model seen as )-set and adapt the ideas of the original algebraic proof using the
Lindenbaum-Tarski algebra, cf. [36]. More explicitly, we consider the set of L-terms
and L-formulas and introduce the usual equivalence relation in terms indentifying two
terms iff they are equal in the theory; two formulas are identified iff they are logically
equivalent in the theory. Then, we are able to construct the Lindenbaum-Tarski algebra
A(%) of the theory T which we show to be a frame. For example, see the construction
in [36] for the proof of completeness of the intuitionistic first order logic. The set of
the names of the L-terms is now easily shown to be a separated A(%T)-set with equality
defined as equivalence class of the equality in the Lindenbaum-Tarski algebra. The
interpretation of the formulas is also defined simply as equivalence class of the formula.
So, we are done and have our desired term model which proves the next theorem.



392 A. B. M. BRUNNER

Theorem 2.1 (Brunner & Miraglia, 2000, [4]) Let L be a first order language with
equality, p a L-formula and T an intuitionistic theory in L . Are equivalent
(1) Tk p; and
(13) For all frame Q and every L-structure A in pSh(QQ), TIF ¢, i.e.,
AFT = Alrop. =

If we consider a fragment of the language L, L* consisting of the formulas (intuitio-
nistically equivalent to those) constructed from the atomic ones using the propositional
connectives and the existential quantifier ( a language without the universal quanti-
fier) and denote by VL* the fragment of L composed of the formulas (intuitionistically
equivalent to those) of the type VZp(Z; ¥), where ¢ is in L*, then we have a different
model existence theorem, given in 2.2. Observe that in particular, a sentence in VL! is
(intuitionistically equivalent to) the universal closure of a formula in L.

The next theorem is only valid for VL!-formulas, and the proof is more complicated
as the proof of 2.1. All the details can be joined in [4, 5]. Roughly speaking, we will
construct for the set ¥ of L-sentences, the space X (X, L) consisting of all prime theories
extending X. We topologize this space by the base Vi := {V,| ¢ is a L-sentence }°
where V,, ;== {P € X(X,L)| ¢ € P}. We are able to show that the space X (X, L) with
this topology is a spectral space'. The analogue of the Boolean Prime Ideal Theorem
is proved and so we are able to prove the completeness theorem 2.2 using the Henkin
idea of witnessing the existential formulas of L by new constants. The construction
of the complete (2-set or sheaf is made in the same way of theorem 2.1 adapting ideas
from Rasiowa and Sikorski explained above.

Theorem 2.2 (Brunner & Miraglia, 2004, [4, 5]) Let L be a first order language
with equality and let ¥ C VL' be a consistent set of sentences. Then, there exist an
expansion L' of L by constants, a spectral space Z and a L'-structure A in Sh(Z) such
that

(1) A is a model of 3;

(2) The set {c* € A(T) : c € M} is dense in A;

(3) For every formula o(x1,...,x,) in L and ay, ..., a, € |A|,

[oars- . a)la = Ve (s Ta5 = A1, 0 (e,

where N is the set of constants in L'\ L. n

As immediate consequence we have the completeness theorem for the language VL
and with the existence of a spectral space Z a model as a sheaf over this spectral space
Z. Clearly, correctness theorem is straightforward to prove, and so we did not comment
anything so far.

9This topology is a Zariski style topology.
10A spectral space is compact TO and sober, with a base of compact opens. Furthermore, it is a
Baire space. In section 5 we will use this fact to obtain stalks omitting a certain type.
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Corollary 2.3 Let L be a first order language with equality, > a set of sentences in
VLF and ¢ a sentence of L. The following are equivalent :
(1) by I_I P
(2) For every spectral space Z and every L-structure A in Sh(Z),
AlFY = Al o ]

The next principle, the maximum principle, is first shown for intuitionistic logic, by
Chico Miraglia in [31]. The notable difference between classical and intuitionistic logic,
is the fact that an existential formula has a witness, which is only dense. This result
has been expected for intuitionistic logic and in section 4 we have a similar result for
the diagram, where density appears. Clearly, for showing that an existential formula
has a witness, gluing is important and necessary, so the result only holds in sheaves
over a frame. A proof can be accompanied in [30, 31]. We omit the details.

Theorem 2.4 (Maximum Principle, Miraglia, 1990, [31]) Let Jxp(z;%) be a L-
formula and A an L-structure in Sh(Q). Then Va € |A|", 3b € |A| such that

[p(b;@)] 4 < [Bro(z;a)], < —=[p(b;@)] 4 m

For proving of Lo$§” Theorem we need this Maximum Principle and use a kind of
quotient /0p-set, where F'is a filter in 2 and 6 is the congruence generated by F'. We
assume the reader is familiar with the following constructions, some of them use ideas
from universal algebra, for details look [2, 7, 17], the other are basically straightforward
constructions, which can be consulted in [31].

Remark 2.5 (Localization of an Q-set) Let Q be a frame, FF C Q a filter and Op
the congruence generated by the filter I, i.e.:
Vp,q €Q, prq iff (perq €F
Then we have the following:
(a) The quotient Q1/0r defined in the known way, cf. [7].
(b) Let now A be a (separated) Q-set, then we construct naturally the following
Q/@F—set AF
|Ap| := |A|/0F = {[a]r| a € |A|}, where we have [a]F := {b € |A|| (FaV Eb —
l[a=1b],) € F}, and
l[alr = [b]Fla, == [a="0]4/0F, for[alr, [b]r € Ar
We say that Ar is the localization of A in the filter F'. We denote the set of
the global sections in Ap by Af(= Ap(T)) ={[a]r € Ar| Fa € F}.
(c¢) For presheaves we can do localization in a similar way, we define restriction:
Pl x Q/F — 1Al ey = [yl
11

[plr
and we have the localization presheaf.

"1 This method cannot be generalized for sheaves, i.e., the localization Ar can be no sheaf anymore.
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(d) For an example of localization of a presheaf, consider the recovering space
(E;m; X)), with m : E — X a local homeomorphism. Fix a point x € X and consi-
der the neighborhood filter F' of x. Then the Ap = A, = n~(z) is the classical stalk of
Aatx, cf 1.7

(e) Localization can be seen as a functor, sometimes said to be the localization in
F, cf. [31].

(f) Having a presheaf A of L-structures over Q, by localization, we can make Ap a
presheaf of L-structures over Q/0p in a natural way commuting the equivalence classes.
We omit the details and appoint the reader to [31]. "

We have a generalization of Lo§ Theorem cf. 2.6, for presheaves satisfying the
maximum principle 2.4'2. The proof of 2.6 is made by induction in the L-formulas,
being the atomic case easy and the connective case almost immediate (using calculus
in frames and the fact that F' is a prime filter in the frame €2). The maximum principle
2.4 is used in the step for the existential quantifier in the direction from right to the
left. The direction from left to right follows by the induction hypothesis and the filter
properties. The universal quantifier is not going through. We are able to show the
direction from left to right, but we are not able to show the direction from right to left.
So we can formulate the Lo§ Theorem only for the language LF.

Theorem 2.6 (Los Theorem, Miraglia, 1990, [31]) Let A be an L-structure in
pSh(Q) satisfying the mazimum principle, U C Q an ultrafilter and o(T) a L*-formula.
Let ay, ..., a, € |A| be sections in A such that Ed € U, then

A B e(ldu) iff [p(@)], €U m

We have so the following open question: Exists a Lo$ theorem in pSh(€2) satisfying
the maximum principle for the whole language L, i.e. including the universal quantifier?

3 Downward Lowenheim Skolem Theorem

We know that classically there are two versions of the Lowenhein Skolem theorems, the
downward version and the upward version. Intuitionistically, we can show the downward
theorem and this downward Lowenheim Skolem Theorem is proved in frames which have
countable caracter, cf. 3.1, considering our (pre-)sheaf models introduced earlier. We
remind the reader that the proof can be studied in [30]. For the results, the following
definition about some kind of frames is essential.

Definition 3.1 Let Q be a frame. Then

12(Clearly the generalization is valid also for sheaves!
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(a) We say that Q) has countable determined meets, cdm, iff for all {p;}ic; C Q
there is a countable J C I such that N\;c;pi = N\jcsp-

(b) We say that Q has countable determined joins, cdj, iff for all {p;}icr C Q) there
is a countable J C I such that \/;c; pi =\ e, pj-

(c) We say that ) has countable caracter, cc, iff it has cdm and cdj.

(d) We say that 2 has countable chain condition, ccc, iff for all {p;}icr € Q\{L},
if pi Npj = L fori# j, then I is countable.

It is possible to connect for a topological space conditions of the space X and
conditions of the frame of open sets (X) in the following way:

Remark 3.2 Let X be a topological space and QU(X) the frame of the open sets of X.
Then

(1) Q(X) has ccc iff the space X has ccc,

(i1) Q(X) has cdm iff the space X is hereditarily separable, and

(11i) QX)) has cdj iff the space X is hereditarily Lindeldf. n

The proof of the next fundamental theorem is made basically in three steps. In the
first step we will construct by induction in n a chain {D,},en of countable subsets of
the support |A| — considering restriction, values of the function symbols in the structure
A and values of the quantified formulas in A, using the fact that €2 has cc. For details
see [30]. In the second step, we prove some properties of this chain {D, },en: the set
D = {J,en Dy is countable with card(D,) < max{card(S);card(L)}, for each n. We
take now D* the subsheaf with support D and name it B. By construction, we have
then trivially that D is dense in B, and also that B is separable with subset S C |B].
In the third and last step of the proof, we show that B is an elementary substructure'?
of A by induction in the complexity of the L-formulas. For the quantifier steps, we use
the properties of the sets D,, constructed in the first step. So we have the following

Theorem 3.3 (Downward Lowenheim-Skolem, Miraglia 1988, [30]) Let () be a
frame with cc, L a countable first order language with equality and A a L-structure in

pSh(R2). For all countable S C |A|, there is a separable elementary substructure B of
A such that S C |B]. =

The following corollary is easy to handle. For the sheaf case, we get an elementary
substructure B that is a presheaf containg D. By sheafification we get the sheaf ¢B
which of course is a separable substructure of A, cf. 1.18.

Corollary 3.4 (Downward Léwenheim-Skolem Theorem in Sh(€2), [30]) Let 2
be a frame with cc, L countable and A a L-structure in Sh(S2). For all separable S C | A|
there exists a separable B in A such that B is a L-structure in Sh(2), S C B and B
is an elementary substructure of A. [

13For the definition of elementary substructure see section 4 definiton 4.1(5).
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4 Method of Constants

In this section, we generalize results considering positive diagram, diagram and elemen-
tary diagram, in an intuitionistic context. Clearly, we work with (intuitionistic) sheaf
models introduced earlier. Classically, the notion of diagram was first introduced to
the best of the authors knowledge by A. Robinson. We start with a model A and add
to our language L new constant symbols a, for each a € |A|. In the new language L4,
we form the diagram of this model, which contains all valid atomic and negated atomic
sentences in A. The classical theorem of diagram postulates that knowing the diagram,
we know (up to isomorphism) the model A. There are some variations of this theorem
for the positive and elementary diagrams, cf. [10, 21]. We are able to generalize all of
them.

In our context of sheaf models, we are doing basically the same as classically, we
add to our language names of the sections a € |A|, where A is a sheaf of L-structures.
Because of the fact that in sheaves (and presheaves) we have always partial sections
— sometimes there are no global sections at all ! — we have to modify the original
definition of the set of constant symbols and we admit partial constant symbols. More
clearly, we admit a (pre-)sheaf C' over some given frame (2 of constant symbols, cf. 1.19.
Then we can form our new language, L4 — adding the names for a € |A| — and prove
the diagram theorems, cf. 4.4, 4.5, 4.7 and 4.10. We start with the following definition,
recalling the various notions of L-morphisms.

Definition 4.1 Let L be a first-order language with equality, as above. Let A, B be
L-structures in pSh(2) and let f : A — B be a presheaf morphism. For ay,..., a,
€ |A|, set
F@) = (f(a | Ea),. .., flan | EQ) = (f(ar) [ EdQ,..., f(a,) ] Ea).1t
(1) f is a L-morphism iff for everyn > 1 and a4, ..., a, € |A|
W) VR erel(n, L), [R@], <[R(F@]p:
b)Vweopn L), (fow)(@lEd) = wP(f(a));
c)Veel|C|, flch) =cP.
(2) f is a weak L-monomorphism iff f is a L-morphism and for all n > 1, all
R € rel(n, L) (equality included) and each @ € |A|™,
—[R@], = ~— [RUF@)].
(3) f is a L-monomorphism!'® iff f is a L-morphism and for all n > 1, all
R e rel(n, L) (= included) and each a € |A|*, [R(a)], = [R(f(@))]p-
(4) f is a weak elementary L-monomorphism iff [ is a L-morphism and for
every L-formula o(vy,...,v,) and @ € |A|",

[P @], = [¥!(f(@)]p-

MNote that Ef(a) = Ea.
15 Alternatively we call an L-monomorphism also an L-embedding or if f is the inclusion, L-
substructure.



MODEL THEORY IN SHEAVES 397

(5) f is an elementary L-monomorphism!'® iff for every L-formula p(vy, ..., v,)
and @ € |A|™,

In the next definiton, we introduce our new language L 4. For simplicity, we use the
classical notation.

Definition 4.2 A presheaf of L-structures, A, becomes a presheaf of L 4-structures by
the morphism'™ a v a, i.e., for every a € |A|, the interpretation of a in A is a. We
write _

A = (A, a)ae‘m
to indicate the expansion of A to a presheaf of L s-structures. N
More generally, if B is a presheaf of L-structures and f : A — B a morphism, B
= (B, fa).e|a| indicates the expansion of B to a presheaf of L s-structures, interpreting

a by fa.

The definitions of the (positive) diagram are the same as in the classical theory.

Definition 4.3 Let A be a L-structure in pSh(£2).

a) The positive diagram of A, AY, is the set of all atomic La-sentences forced by
A 18

b) The diagram of A, Ay, is the set of all atomic and negated atomic L a-sentences
forced by A.

For the proof of the next result we refer the reader to [6]. Obviously, the result is a
generalization of the classical result in context of sheaf models over a frame.

Theorem 4.4 (Brunner & Miraglia 2000, [6]) Let A and B be L-structures in
pSh(Q) and let f : |A| — |B| be a function preserving estents, i.e., Efa = Fa,
for each a € |A|. The following are equivalent:

(1) f is a L-morphism.

(2) For every atomic formula p(vy,...,v,) and @ € |A]", [p(@)], < [p(f(@))]z-

(3) B = (B,fa)ae‘m I AZ .

Let us formulate and prove the intuitionistic theorem about diagrams. The result
claims the existence of a weak L-monomorphism; treating with intuitionistic logic, the
notion “weak” could be expected and is the best possible, as example 4.12. of [6] shows
— using ultrasheaves, cf. [13, 14].

16 Alternatively we call an elementary L-monomorphism also an elementary L-embedding or if
f is the inclusion, elementary L-substructure.

17This is a (pre-)sheaf morphism!

18See 1.25.
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Theorem 4.5 (Brunner & Miraglia 2000, [6]) Let A and B be L-structures in
pSh(Q) and let f : |A| — |B| be a function preserving estents, i.e., Efa = Fa,
for each a € |A|. The following are equivalent:

(1) There is a weak L-monomorphism f : A — B.

(2) There is an expansion B of B to a La-structure such that BIF Ay,

Proof: The following proof is from [6].
(1) = (2). Suppose that f: A — B is a weak L-monomorphism. By 4.4, B IF A% If
AlF =p(ay,...,q,), with ¢ atomic in L, then

) Yn

Ep NEQ = [~(@)], = B |, A = [0(@ 5]

Since f is a weak L-monomorphism, we obtain

2 [p(@)] 4 = == [e(f(@)]s,
and so = [p(@)] 4 = = [e(f(@))] 5. The preceding equalities yield

Eo N Bf(@) = Bp hEd = Bf(d,,) A~ [e(7@ ;0] = (@),
and so B IF —elay, ..., a,], as needed.

(2) = (1). Let B be a L4-structure, such that B IF A4. Define f : |A|—> |B| by f(a)

= aP.

It is straightforward that f is a morphism of presheaves, while lemma 4.4 shows that
f is a L-morphism. If ¢(vy,...,v,) is an atomic formula in L and @ € |A|", then the
double negation of (2) in the statement of 4.4 gives

= le@], < ——le(f(@)]s

Without loss of generality, assume Fa < Fy and set ¢ := d‘ (@ By lemma 4.4, we
have E¢= Ed A —[e(@)], and —¢(c,...,c,) € Aa, and SO B IF=ele, ..., ¢,)

ie., EC= Ef(@) = [-¢(f(©)]g- The definition of ¢ and the fact that [-]5 is a
characteristic map yield
[=e(f@)]p = Ea A —e(@]s A [-e(f(@)]p = Ea A —le@@], A —le(f(@)]s
The above equations imply
(%) Ea N -le(@)], = EaA=[e@]y A —le(f(@)]p
Taking the meet with == [o(f(@))] 5 in both of the s1des of (x), entails
Ea A =[e(@)], A == [e(f(@)]p = L,
and so Ed A == [p(f(@)]z < = p(@)] 4. Since [o(f(@))]z < Ed, we obtain
~=le(f(@)]p < == le(@)],4,
as desired. -
We define the elementary diagram and the Godel theory — using Godel translation,

cf. 1.26.

Definition 4.6 Let A be a L-structure in pSh(€2).
a) The theory of A or the elementary diagram of A is the set
TH(A) = {o : 0 is a La-sentence and A IF o}.
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b) The Godel tlLeory of A or the elementary Godel diagraril of A is the set
THI(A) = Ay U {09 : 0 is a sentence of Ly and A I+ o9},
where a9 is the Godel translation.

With the above definition in mind, we prove our first version of intuitionistic ele-
mentary diagram. Details can be joined in [4, 6].

Theorem 4.7 (Brunner & Miraglia 2000, [6]) Let A and B be L-structures in
pSh(Q). The following conditions are equivalent:

(1) There exists a weak elementary L-monomorphism f : A — B.

(2) There is an expansion B of B to a Ly-structure such that B I+ ThI(A). n

For Boolean-valued structures, we have the following result showing that theorem 4.7
is indeed the generalization of Robinson’s classical theorems for (elementary) diagrams.
The proof of the next corollary is immediate from the preceding results.

Corollary 4.8 Let*B be a complete Boolean algebra and A, B L-structures in pSh(28).1
a) The following conditions are equivalent:

(1) There is a L-embedding from A into B;

(2) There is an expansion B from B to a La-structure such that BIF Ay,
b) The following conditions are equivalent:

(1) There is an elementary L-embedding from A into B;

(2) There is an expansion B from B to a L-structure such that B IF Th(A). n

We can do a little different, considering the new connective O,,p € €2, cf. 1.27, and
we introduce the following definition, remembering A. Robinson. In the next theorem
4.10, we can prove that the new connective about dense elements makes in some sense
the logic classical, and we prove diagram theorems in a classical sense. For the proof
we refer to [6].

Definition 4.9 Let A be a L-structure in pSh(Q) and let D be the set of dense ele-
ments in §2.
a) The Robinson diagram of A is the following collection of L3-sentences:

AR = Ay U {04 :de D, ¢ isatomic in L, and AlF Oap}-
b) The Robinson theory of A or elementary Robinson diagram of A, is the
following collection of L -sentences:

THR(A) ;= {Ougp : d € D, ¢ is a sentence in Ly and A I+ Ogp}.

Y Note that the structures A and B are so called Boolean valued structures.
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Theorem 4.10 (Brunner & Miraglia 2000, [6]) Let A and B be L-structures in
pSh(Q) and D be the set of dense elements in Q.
a) The following conditions are equivalent:
(1) There is a L-embedding, f : A — B.
(2) There is an expansion B of B to a La-structure such that B I+ A%,
b) The following conditions are equivalent:
(1) There is an elementary L-embedding, f : A — B.
(2) There is an expansion B of B to a Ly-structure such that B I+ ThT(A). n

5 Omitting Types Theorem

In this section, we formulate an intuitionistic version of the Omitting Types Theorem
in the context of topological sheaves. For the proof, it is essential that spectral spaces
have Baire’s property.2’ This property will guarantee that the stalks omitting a certain
type are dense. We have to restrict our language to the earlier mentioned language L*
— this is the language without the universal quantifier. We also use our spectral space
constructed earlier in section 2 and theorem 2.2 for the proof. For more details, we
refer the reader to [4, 5].
The next definition is the same as in classical logic.

Definition 5.1 Let L be a first order language with equality, ¥ a consistent set of
sentences in L and T' = T'(z1,...,x,) a set of formulas in L in (at most) the free
variables x4, ..., T,.

a) A formula ¢(z1,...,x,) is consistent with X ¢ff ¥ U {Jp}*' is consistent.

b) If the formulas of ' are consistent with 3, we say that 3 locally omits T' if for
every formula ¢(xy,...,x,) of L, which is consistent with 3, there is v € I' such that
YU {3(e A =)} is consistent.

¢) For a L-structure A in pSh(S2), A omits T iff for every @ € |A|", Ed =\
[=y(@)] 4

For our restricted language Lf we can prove the following result.

Theorem 5.2 (Brunner & Miraglia 2004, [5]) Let L be a countable language with
equality and X a consistent set of VL*-sentences. Let T'(xy,...,3,) be a set of L*-
formulas, which are consistent with . If X locally omits T', then there is a spectral
space Z and a separable L structure A in Sh(Z) such that

a) A is a model of ¥ in Sh(Z) omitting I';

b) The set O ={z € Z : A,** s a classical model of ¥ omitting T'} is dense in Z. m

20For the proof of this fact see for example [4, 31]
213 denotes the existential closure of the formula (.
22 A, is the stalk of A in the point z. See definition 1.7
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The reader may have noticed that the above theorem 5.2 is clearly an intuitionistic
version. But we were not able to work in the whole language L and not with structures
of sheaves over an arbitrary frame. We have to use the notion of topological sheaf,
because properties of the topological spectral space Z are needed to obtain the omitting
structures of the type. We argue nevertheless that a more general intuitionistic version is
possible, considering the whole language and frames with some kind of Baire’s property.

Remark 5.3 (a) There is a version of Model completeness for Boolean-valued Struc-
tures, made by Macintyre in the 70’s, cf. [26].

(b) Fraissés Theorem* using back and forth was done by Caicedo and Sette in the
language L® and in the context of topological sheaves, [9]. They created and used the
new connective Oy, p € €.

(¢) In 1976, H. Volger published a work [39], generalizing the Feferman-Vaught theorem
for Boolean-valued structures. Is there an intuitionistic version?

Further Remark and Work 5.4 (i) Finally, we remark that all stated results are
intuitionistic results. We were working in sheaves over a frame, whenever possible. So
we obtain the results without considering in most cases points at all. Sometimes it was
necessary to exclude the universal quantifier from the language. The last theorem 5.2,
theorem 2.2 and theorem 2.6 are valid only in the langauge L* and some of them used
points of the given topological space.

(i1) In [34] the authors stated that points in topology are not necessary in almost all
important cases. So it seems that all theorems using topological sheaves can be proved
in sheaves over an arbitrary frame, this is in pointless topology.

(i1i) Clearly, there is a lot of work to do in the model theory of sheaves. We give
only a few questions:

1. Prove a Completeness Theorem for the language L°. Perhaps, a Pavelka-style theo-
rem can be stated and proved.

2. Prove Lo$ Theorem for the whole language L, or for the language L°.

3. Prove an intuitionistic Feferman-Vaught Theorem for L® or an intuitionistic Feferman-
Vaught Theorem for L.

4. Prove an intuitionistic Omitting Types Theorem for the whole language L conside-
ring sheaves over a frame.

5. Define types in models of sheaves A € Sh(Q). Formulate and prove an intuitionistic
Omitting Types Theorem. Use language L, or L°.

6. Make a categorial approach for model theory, in topos.

23This theorem can be generalized in the context of sheaves of arbitrary frames — the proof made by
Caicedo and Sette is working. For details see [4].
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