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Abstract Saturated models constitute one of the powerful methods of conventional model theory,
with many applications. Here we develop a categorical abstract model theoretic approach to satu-
rated models within the theory of institutions. The most important consequence is that the method
of saturated models becomes thus available to a multitude of logical systems from logic or from
computing science.

In this paper we define the concept of saturated model at an abstract institution-independent
level and develop the fundamental existence and uniqueness theorems. As an application we prove
a general institution-independent version of the Keisler-Shelah isomorphism theorem “any two ele-
mentarily equivalent models have isomorphic ultrapowers” (assuming Generalized Continuum Hy-
pothesis).

1 Introduction
1.1 Institution-independent Model Theory

The theory of “institutions” [21] is a categorical abstract model theory which formalizes the intuitive
notion of logical system, including syntax, semantics, and the satisfaction between them. It provides
the most complete form of abstract model theory, the only one including signature morphisms, model
reducts, and even mappings (morphisms) between logics as primary concepts. Institution have been
recently also extended towards proof theory [36, 15] in the spirit of categorical logic [28].

The concept of institution arose within computing science (algebraic specification) in response
to the population explosion among logics in use there, with the ambition of doing as much as possi-
ble at a level of abstraction independent of commitment to any particular logic [21,38,19]. Besides
its extensive use in specification theory (it has become the most fundamental mathematical struc-
ture in algebraic specification theory), there have been several substantial developments towards an
“institution-independent” (abstract) model theory [42,43,11,13,12,26,25,37,9,24,35]. A monog-
raphy dedicated to this topic is [17] and [14] is a relatively recent survey.

The significance of institution-independent model theory is manifold. First, it provides model
theoretic results and analysis for various logics in a generic and uniform way. Apart of reformulation
of standard concepts and results in a very general setting, thus applicable to many logical systems,
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some of them very different from the conventional logics, institution-independent model theory has
already produced a series of new significant results in conventional model theory [13,26,37,9,24].

Institution-independent model theory provides a new top-down way of doing model theory, mak-
ing explicit the generality and power of concepts by placing them at the right level of abstraction
and thus extracting the essence of the results independently of the largely irrelevant details of the
particular logic in use. This leads to a deeper conceptual understanding guided by a structurally
clean causality. Concepts come naturally as presumed features that “a logic” might exhibit or not,
hypotheses are kept as general as possible and introduced on a by-need basis, results and proofs are
modular and easy to track down despite their sometimes very deep content.

1.2 Summary and Contributions of this Work

Saturated models constitute one of the powerful methods of conventional model theory, with many
applications. For example this can be seen clearly in the classic textbook [6]. In this paper we define
the concept of saturated model in arbitrary institutions and develop the fundamental results for an
institution-independent saturated model theory. This makes available the method of saturated models
to a large variety of logics from computing science and logic.

Our first fundamental result is an existence theorem showing that (under certain conditions for
the institution) each model can be ‘embedded elementarily’ into a saturated model. Another funda-
mental result is a uniqueness theorem for the saturated models which are ‘sufficiently small’. Both
these properties, crucial in the applications, generalize corresponding first order model theory results
of [33] (Lem. 5.1.4 and Thm. 5.1.13 in [6]). In the last section we develop an institution-independent
version of a well known result in conventional concrete model theory showing that under certain
conditions, ultraproducts of models are saturated, which leads to an institution-independent proof
of the famous Keisler-Shelah isomorphism theorem “any two elementarily equivalent models have
isomorphic ultrapowers”. This proof has the merit that it separates clearly the ultrafilter part from
the proper model theoretic part, the latter being shown to be institution-independent. One thus ob-
tains a general version of Keisler-Shelah isomorphism theorem, under the Generalized Continuum
Hypothesis, which can be applied to a variety of logics formalized as institutions.

Our general institution-independent concepts are illustrated by the classical first order model
theory framework but also by the less conventional logics of partial algebra and preordered algebra.
Applications to many other logics are of course expected.

The paper is organized as follows. The first technical section introduces the institution the-
oretic preliminaries and recalls necessary fundamental concepts of institution-independent model
theory such as model amalgamation, elementary diagrams, internal logic, and finitary, small, quasi-
representable signature morphisms. The next section introduces the institution-independent con-
cept of saturated model and proves the existence theorem. The third technical section develops the
uniqueness property of saturated models. The last technical section is devoted to the institution-
independent generalization of Keisler-Shelah isomorphism theorem.

2 Institution-independent Model Theoretic Preliminaries
2.1 Categories

We assume the reader is familiar with basic notions and standard notations from category theory;
e.g., see [30] for an introduction to this subject. Here we recall very briefly some of them. By way of
notation, |C| denotes the class of objects of a category C, C(A, B) the set of arrows with domain A
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and codomain B, and composition is denoted by “;” and in diagrammatic order. The category of sets



(as objects) and functions (as arrows) is denoted by Set, and CAT is the category of all categories.!

The opposite of a category C (obtained by reversing the arrows of C) is denoted C°P.

Given a functor i : C' — C, for any object A € |C|, the comma category A/U has arrows
f: A — U(B) as objects (sometimes denoted as (f, B)) and h € C'(B, B’) with f;U(h) = f' as
arrows (f, B) — (f', B’).

A—T supm

J{mh)
f/
U(B’)

When C = C’ and U is the identity functor the category A/U is denoted by A/C.

A J-(co)limit in a category C is a (co)limit of a functor J — C. When J are directed partial
orders, respectively total orders, the J-colimits are called directed colimits, respectively inductive
colimits.

A functor L: J' — J is called final if for each object j € |J| the comma category j/L is
non-empty and connected. Consequently, a subcategory J' C J is final when the corresponding
inclusion functor is final. Let us recall the following important result.

Theorem 1 [30] For each final functor L: J' — J and each functor D: J — C, there exists a
colimit pi: D = Colim(D) and a canonical isomorphism h: Colim(L; D) — Colim(D) when
a colimit 1 : L; D = Colim(L; D) exists.

A class of arrows S C C in a category C is stable under pushouts if for any pushout square in C

u’ € S whenever u € S.

Given a class D C C of arrows, which is closed under isomorphisms, an object B is a D-quotient
representation of A is there exists an arrow (A——=B) € D. A D-quotient of A is an isomorphism
class of D-quotient representations of A. C is D-co-well-powered when for each object A, the D-
quotients of A form a set.

A standard categorical approach to finiteness is provided by the concept of finitely presented
object.

Definition 1 An object A in a category C is finitely presented [1] if and only if the hom-functor
C(A,—): C — Set preserves directed colimits.

For example a set is finitely presented (as object of Set) if and only if it is finite.

Definition 2 In any category C, for any ordinal \, a A-chain is a commutative A\-diagram ( A; gA]‘ Ji<i<x
such that for each limit ordinal ¢ < A, (f;.¢)i<¢ is the colimit of (f; ;)i<j<c-

For any class of arrows D C C, a (A, D)-chain is any A-chain (f; ;)i<;<x such that f; ;11 € D
foreach i < .

We say that an arrow h is a (\, D)-chain if there exists a (A, D)-chain (f; ;j)i<j<x such that
h = fo,x. In that case we may denote f; ; by h; ;, forany ¢ < j < A

I Strictly speaking, this is only a hyper-category living in a higher set-theoretic universe.



2.2 Institutions

An institution T = (Sig”, Sen” , Mod”, =7) consists of

1. a category Sig”?, whose objects are called signatures,

2. afunctor Sen” : Si g% — Set, giving for each signature a set whose elements are called sentences
over that signature,

3. a functor Mod” : (Sig?)°P — CAT giving for each signature X a category whose objects are
called X'-models, and whose arrows are called X'-(model) morphisms, and

4. arelation =% C [Mod® (X)| x Sen” (X)) for each & € |Sig?|, called Y-satisfaction,

such that for each morphism : X — X' in SigZ, the satisfaction condition
M’ =%, Sen® () (p) iff Mod?()(M') % p

holds for each M’ € |[Mod®(X")| and p € Sen”(X). We denote the reduct functor Mod” () by
-l and the sentence translation Sen” () by (). When M = M|, we say that M is a gp-reduct
of M', and that M’ is a p-expansion of M. When there is no danger of ambiguity, we may skip the
superscripts from the notations of the entities of the institution; for example SigZ may be simply
denoted Sig.

General assumption: We assume that all our institutions are such that satisfaction is invariant under
model isomorphism, i.e. if X-models M, M’ are isomorphic, denoted M = M’, then M =5 p iff
M’ =5 p for all X-sentences p.

Example 1 Let FOL be the institution of first order logic with equality in its many sorted form.
Its signatures are triples (S, F, P) consisting of

— aset of sort symbols 5,

— afamily F = {F,,_s | w € S*, s € S} of sets of function symbols indexed by arities (for the
arguments) and sorts (for the results), and

— afamily P = {P,, | w € S*} of sets of relation (predicate) symbols indexed by arities.

Signature morphisms map the three components in a compatible way. This means that a signature
morphism ¢ : (S, F, P) — (S, F’, P’) consists of

— afunction @*t: § — §’,

— a family of functions ¢°? = {@gP  : Fiys — F)

St (w)— st (3) | w e S*,S € S}, and
— a family of functions ¢! = {©*! . P, — Pé)st(w) | we S* se St

w—s

Models M for a signature (S, F, P) are first order structures interpreting each sort symbol s as
a set M, each function symbol o as a function M, from the product of the interpretations of the
argument sorts to the interpretation of the result sort, and each relation symbol 7 as a subset M,
of the product of the interpretations of the argument sorts. In order to avoid the existence of empty
interpretations of the sorts, which may complicate unnecessarily our presentation, we assume that
each signature has at least one constant (i.e. function symbol with empty arity) for each sort. A
model homomorphism h: M — M’ is an indexed family of functions {hs: My — M!},cs such
that

- h is an F-algebra homomorphism M — M/, i.e., hy(M,(m)) = M. (h,(m)) for each o €
F,_sand eachm € M,,, and
- hy(m) € M if m € M, (ie. hy (M) C M) for each relation m € P, and each m € M,,.

where h,,: M,, — M is the canonical component-wise extension of h, i.e. hy(m1,...,my,) =
(hsy(m1), ..., hs, (my)) forw = s1...8, and m; € M,. A model homomorphism is closed when
My = hgy' (ML) for each relation symbol 7 € P,,.



For each signature morphism ¢, the reduct M, of a model M’ is defined by (M'[,), = M, ;(r)
for each sort, function, or relation symbol z from the domain signature of (.

Sentences are the usual first order sentences built from equational and relational atoms by it-
erative application of Boolean connectives and quantifiers. Sentence translations along signature
morphisms just rename the sorts, function, and relation symbols according to the respective signa-
ture morphisms. They can be formally defined by induction on the structure of the sentences. While
the induction step is straightforward for the case of the Boolean connectives it needs a bit of attention
for the case of the quantifiers. For any signature morphism ¢: (S, F, P) — (S’, F', P’),

Sen" O () ((VX)p) = (VX?)Sen™ % (&) (p)

for each finite set X of variables for (S, F, P). The variables need to be disjoint from the constants
of the signature, also we have to ensure that SenFOL thus defined is functorial indeed and that there
is no overloading of variables (which in certain situations would cause a failure of the Satisfaction
Condition). These may be formally achieved by considering that a variable for (S, F, P) is a triple
of the form (z, s, (S, F, P)) where x is the name of the variable and s € S is the sort of the
variable and that two different variables in X have different names. Then we let (S, F' + X, P) be
the extension of (S, F, P) such that (F' + X ),,_.s = F\—s when w is non-empty and (F + X)_,; =
F_.U{(x,s,(S,F,P)) | (x,s,(S,F,P)) € X}andwelety': (S,F+X,P)— (S, F'+X? P')
be the canonical extension of ¢ that maps each variable (z, s, (S, F, P)) to (z, ¢(s), (S', F', P")).

The satisfaction of sentences by models is the usual Tarskian satisfaction defined inductively on
the structure of the sentences.

An universal Horn sentence in FOL for a first order signature (S, F, P) is a sentence of the
form (VX)(H = C), where H is a finite conjunction of (relational or equational) atoms and C' is
a (relational of equational) atom, and H = C' is the implication of C' by H. The ‘sub-institution’
HCL, Horn clause logic, of FOL has the same signature category and model functor as FOL but
only universal Horn sentences as sentences.

An algebraic signature (S, F) is just a FOL signature without relation symbols. The ‘sub-
institution’ of HCL which restricts the signatures only to the algebraic ones and the sentences to
universally quantified equations is called equational logic and is denoted by EQL.

Example 2 Here we consider the institution PA of partial algebra as employed by the specification
language CASL [3].

A partial algebraic signature is a tuple (S, TF, PF'), where TF is a family of sets of total function
symbols and PF' is a family of sets of partial function symbols such that TF,, ., N PF,,_.s = ) for
each arity w and each sort s. In order to avoid empty carriers, like in the case of FOL, we assume
there exists at least one total constant for each sort. Signature morphisms map the three components
in a compatible way.

A partial algebra is just like an ordinary algebra (i.e. a FOL model without relations) but inter-
preting the function symbols of PF’ as partial rather than total functions. A partial algebra homomor-
phism h: A — B is a family of (total) functions {hs: As — Bs}scs indexed by the set of sorts .S
of the signature such that hs(Ay(a)) = By (hy(a)) for each function symbol o € TF,,_,, U PF,_,4
and each string of arguments a € A,, for which A, (a) is defined.

The sentences have three kinds of atoms: definedness def(t), strong equality ¢ = ¢/, and existence
equality ¢ = ¢'. The definedness def (t) of a term ¢ holds in a partial algebra A when the interpretation
Ay of t is defined. The strong equality ¢ = ' holds when both terms are undefined or both of them
are defined and are equal. The existence equality ¢ = ¢’ holds when both terms are defined and are
equal.? The sentences are formed from these atoms by Boolean connectives and quantifications over
total variables (i.e variables that are always defined).

2 Notice that def (t) is equivalent to ¢ = ¢ and that ¢ = ¢’ is equivalent to (t = ) V (~def(t) A —def(')).



Example 3 Preordered algebras are used for formal specification and verifications of algorithms
[18], for automatic generation of case analysis [18], and in general about reasoning about transitions
between states of systems. They constitute an unlabeled form of rewriting logic of [32]. Let POA
denote the institution of preordered algebras.

The signatures are just ordinary algebraic signatures. The POA models are preordered algebras
which are interpretations of the signatures into the category of preorders Pre rather than the category
of sets Set. This means that each sort gets interpreted as a preorder, and each function symbol as a
monotonic function. A preordered algebra homomorphism is just a family of monotonic functions
which is an algebra homomorphism.

The sentences have two kinds of atoms: (ordinary) equations and preorder atoms. A preorder
atom ¢t < ¢’ is satisfied by a preordered model M when the interpretations of the terms are in the
preorder relation of the carrier, i.e. M; < M. The sentences are formed from these atoms by
Boolean connectives and quantifications over variables.

Other examples of institutions in use in computing science include higher-order [5], polymor-
phic [39], various modal logics such as temporal [20], process [20], behavioral [4], coalgebraic [7],
object-oriented [22], and multi-algebraic (non-determinism) [29] logics.

For any signature X' in an institution Z:

— For each set E of Y-sentences, let E* = {M € Mod(X) | M [=x e foreach e € E}, and
— For each class M of X-models, let M* = {e € Sen(X) | M |=x e foreach M € M}.

For an individual sentence or model z, by x* we mean {x}*.
If E and E’ are sets of sentences of the same signature, then £/ C E** is denoted by F |= E'.
Two sentences, p and py of the same signature are semantically equivalent, denoted |=| when
p1 |E p2 and py = p1. Two models, M7 and My of the same signature are elementarily equivalent,
denoted M; = Ms, when they satisfy the same sentences, i.e. {M;}* = {My}*.

Definition 3 [16] In any institution a X-sentence p is finitary if and only if it can be written as ¢(pp)
where p: Xy — X is a signature morphism such that 3/ is a finitely presented signature and pg is
a Yy-sentence.

An institution has finitary sentences when all its sentences are finitary.

The above concept is a categorical expression of the fact that sentences contain only a finite number
of symbols. FOL, PA, POA are all examples of institutions with finitary sentences. For example
in FOL, a signature (S, F, P) is finitely presented if and only if S, F, and P are finite. (Here F’
“finite’ means that {(w, s) | Fiy—s # 0} is finite and each F,_., is also finite, and analogously for
P.) Consequently, it is obvious that FOL has finitary sentences.

2.3 Model amalgamation, Elementary diagrams, Internal logic

The rest of this preliminary section is devoted to a brief overview of some of the fundamental con-
cepts and methods in institution-independent model theory.

2.3.1 Model amalgamation

Exactness properties for institutions formalize the possibility of amalgamating models of different
signatures when they are consistent on some kind of ‘intersection’ of the signatures (formalized as a
pushout square). An institution Z is exact if and only if the model functor Mod” : (Sig?)°P — CAT
preserves finite limits. The institution is semi-exact if and only if Mod? preserves pullbacks.
Semi-exactness is everywhere. Virtually all institutions formalizing conventional or non-conventional
logics are at least semi-exact. In general the institutions of many-sorted logics are exact, while those



of unsorted (or one-sorted) logics are only semi-exact [19]. However, in applications the important
amalgamation property is the semi-exactness rather than the full exactness. Moreover, in practice
often the weak? version of exactness suffices [10,44,34].

The following amalgamation property is a direct consequence of semi-exactness. The commut-

ing square of signature morphisms

Zi>21

Xy ——= 3V
02

is an amalgamation square if and only if for each X;-model M; and a Ys5-model M5 such that
M1y, = Ms],,, there exists an unique X’-model M’, denoted M; ®,,, ., Mo, such that M'[g, =
M,y and M'[g, = M. When there is no danger of confusion we denote M ®, ,, Mz by the
simpler notation M; ® Ms. We can notice easily that in a semi-exact institution each pushout square
of signature morphisms is an amalgamation square.

More generally, for .J small category, an institution is .J-exact when Mod” maps J-colimits of
signatures to corresponding limits of categories of models. In particular, an institution is directed/inductive-
exact when Mod maps directed/inductive colimits of signatures to corresponding limits of categories
of models.

2.3.2 The method of diagrams

The method of diagrams is one of the most important conventional model theoretic methods. At the
level of institution-independent model theory, cf. [12] this is reflected as a categorical property which
formalizes the idea that the class of model morphisms from a model M can be represented (by a
natural isomorphism) as a class of models of a theory in a signature extending the original signature
with syntactic entities determined by M. Elementary diagrams can be seen as a coherence property
between the semantic structure and the syntactic structure of an institution. By following the basic
principle that a structure is rather defined by its homomorphisms (arrows) than by its objects, the
semantical structure of an institution is given by its model homomorphisms. On the other hand the
syntactical structure of an institution is essentially determined by its atomic sentences.

According to [12], an institution Z has elementary diagrams when for each signature X' and each
XY-model M, there exists a signature X5, and a signature morphism ¢x(M): X — X, functorial
in X and M, and a set Ej; of X),-sentences such that Mod(X', Fjs) and the comma category
M /Mod(X') are naturally isomorphic, i.e. the following diagram commutes by the isomorphism
1y, thatis natural in X' and M.

i3, M

Mod(Xs, Epr) —— (M /Mod(X))

Mm)\ l forgetful

Mod(%)

The “functoriality” of + means that for each signature morphism : X — X’ and each X-model
homomorphism h: M — M'[,, there exists a signature morphism ¢, (h) : Xy — X, such that
Eum = tp(h)(Enr) and such that

v (M
22()21\/[

SD\L le(h)

3
o1y M

3 In the sense of ‘weak’ universal properties [30] not requiring uniqueness.



commutes and ¢y, (h); tyr (B') =ty (R A [,) and 15, (1ar) = 1x,,.
The “naturality” of ¢ means that for each signature morphism ¢: X — X’ and each X-model
homomorphism h: M — M'[, the following diagram commutes:

Mod(Ear, Ear) 2 M/Mod(5)
Modww))T Th/Modw—h;()rw
Mod(Z,,,, Ely/) —= M’ /Mod(X")

T gt

The signature morphism ¢x; (M) : X — Xy is called the elementary extension of X via M and the
set F/yy of Xpr-sentences is called the elementary diagram of the model M. Note that ig’lM(l M) is
the initial model of (X5, F'js), which we denote as M.

Example 4 For any (S, F, P)-model M, let (Far)—s = F_s U Mg, otherwise let (Fif)w—s =
Fy— s, and let M)y be the (S, Fys, P)-expansion of M such that M,,, = m for each m € M. Then
FEys is the set of all (relational or equational) atoms satisfied by M.

However, depending on the chosen concept of model homomorphism one may get other elemen-
tary diagrams for FOL. For example, when one restricts model homomorphisms to injective ones,
E) consists of all atoms and negations of atomic equations satisfied by Mj;, when one restricts
them to the closed ones if M, = h~! (N,) for each m € P), E'y; consists of all atoms and negations
of atomic relations satisfied by Mj,, and when one restricts them to closed injective model homo-
morphisms, Fj; consists of all atoms and all negations of atoms satisfied by Mj,. Let us recall
that an (S, F, P)-homomorphism h: M — N is an elementary embedding when N = p implies
M [ p for each (S, F, P)-sentence p. When model homomorphisms are restricted to elementary
embeddings, then Eyy = Mjy,.

Example 5 The institution PA of partial algebras has elementary diagrams such that given a partial
algebra A, the elementary extension ¢(A) of its signature via A adds its elements as total constants
and the elementary diagram E4 of A consists of all existence equations satisfied by A 4, where A 4
is the ¢(A)-expansion of A interpreting each of its elements by itself.

Example 6 POA has elementary diagrams such that given a preorder algebra M, the elementary
extension ¢(M) of its signature via M adds its elements as constants and the elementary diagram
E)s of M consists of all equations and preorder atoms satisfied by My, where My, is the ¢(M)-
expansion of M interpreting each of its elements by itself.

In similar ways, many other institutions either from conventional logic or from computing sci-
ence, have elementary diagrams [12,17]. The institution-independent concept of elementary dia-
grams presented above has been successfully used in a rather crucial way for developing several
results in institution-independent model theory, including (quasi-)variety theorems and existence
of free models for theories [12,17], Robinson consistency and Craig interpolation [26], Tarski el-
ementary chain theorem [25], existence of (co)limits of theory models [12], etc. A quite different
predecessor of our institution-independent method of diagrams has been used for developing quasi-
variety theorems and existence of free models within the context of the so-called ‘abstract algebraic
institutions’ [42,43].

2.3.3 Internal logic

Much of our institution-independent development of model theory relies on the possibility of defin-
ing concepts such as classical Boolean connectives, quantification, and atomic sentences internally
to any institution. The main implication of this fact is that the abstract satisfaction relation between



models and sentences can be decomposed at the level of arbitrary institutions into several concrete
layers of satisfaction defined categorically in terms of (a simple form of) injectivity and reduction.
Essentially speaking, this is what gives depth to the institution-independent approach to model the-
ory.

Definition 4 [41,11] Given a signature X' in an institution

- the X-sentence p’ is a (semantic) negation of p when p'* = |[Mod(X)| \ p*, and
- the X-sentence p’ is the (semantic) conjunction of the X-sentences p; and p, when p’™ = piNps.

An institution has (semantic) negation when each sentence of the institution has a negation, and
has (semantic) conjunctions when each two sentences (of the same signature) have a conjunction.
Distinguished negations are often denoted by —_, while distinguished conjunctions by _ A _.

Other Boolean connectives, such as disjunction (V), implication (=), equivalence (<), etc., can
be derived as it is usually classically done from negations and (finite) conjunctions.

An institution which has negations and finite conjunctions is called a Boolean complete institu-
tion.

Fact 21 The Boolean connectives are unique modulo semantical equivalence.

Definition 5 [43,11] For any signature morphism x : X — X in an arbitrary institution,

- a X-sentence p iS a (semantic) existential x-quantification of a X’-sentence p’ when p* =
(") I; in this case we may write p as (3x)p/,

- a X-sentence p is a (semantic) universal x-quantification of a X’-sentence p’ when p* =
IMod(X) \ ([Mod(X")|\ p’")Iy; in this case we may write p as (Vx)p'.

For a class D C Sig of signature morphisms, we say that the institution has universal/existential
D-quantification when for each x: X — X’ in D, each X’-sentence has a universal/existential
x-quantification.

Example 7 FOL has D-quantifications for the class D of the injective signature extensions with a
finite number of constants, which means the class of the signature morphisms y : X — X’ that are
injective in all components and such that X’ has only constants outside the image of .

Let x: X — X' be a signature morphism as above and let p’ be a X’-sentence. Then (Vx)p' is
the X sentence defined as follows. There exists a signature extension x’ : X~ — X" of X with a finite
set of variables X such that there exists an isomorphism of signatures (i.e. bijective component-wise)
0: X' — X" with x;0 = x'. We define (Vx)p' as the FOL-sentence (V.X)0(p'). The same kind of
argument applies also to existential quantifications in FOL.

PA has D-quantification for D the class of the injective signature extensions with a finite number
of total constants, while POA has quantification similar to FOL.

Second order quantification can be captured by taking D to be the class of the injective signature
morphisms.

Note that all the classes D of signature morphisms introduced in this example enjoy properties
such as closure under composition, under isomorphisms, and stability under pushouts.

2.3.4 Finitary, small, quasi-representable signature morphisms

In many actual institutions, quantifications are done via signature extensions with a finite number
of constants. The following definition generalizes this situation to signature morphisms in arbitrary
institutions, and further to infinite cardinalities.
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Definition 6 A signature morphism x: X — X’ is finitary when for each co-limit (p;);cs of a
directed diagram (f; ;) (i<j)e(r,<) of X-models

and for each y-expansion A’ of A
— there exists an index ¢ € I and a x-expansion p: A; — A’ of p1;, and
— any two different expansions as above can be ‘unified’ in the sense that for any y-expansions
w; and p as above there exists an index j € I with i,k < j, a x-expansion u;. as above and

i I ; x-expansions of f; ;, fi ; such that the following commutes

£ £l

!

’
/ K /
ey Hi

A/

A signature morphism Y/ — %~ 5" is A\-small for a cardinal A when for each \-chain (M; L>M i )i<i<A

£,
of X-homomorphisms and each M’ a ¢-expansion of M}, there exists ¢ < A and M/ M a
p-expansion of f; .

Fact 22 Finitary signature morphisms are \-small for each infinite cardinal \.

The concept of quasi-representable signature morphisms defined below are a slight weakening
of the concept of representable signature morphisms introduced in [11] which capture the signature
extensions with constants in an abstract categorical manner.

Definition 7 [17,25] In any institution, a signature morphism x: X — X' is quasi-representable
when for each X’'-model M’, the canonical functor below determined by the reduct functor Mod()
is an isomorphism (of comma categories)
M'/Mod(2") = (M'])/Mod(X).

Example 8 Usual first order variables in actual standard institutions such as FOL, PA, POA, but
also in institutions such as F(FOL), the restriction of FOL allowing only elementary embeddings
as model homomorphisms, as captured by the classes D of signature morphisms of Ex. 5, provide
examples of quasi-representable signature morphisms. However, this concept accommodates also
other less conventional types of variables (see [17]).

The proof of Propositions 1 and 2 below are given in the appendix.

Proposition 1 All model reduct functors corresponding to quasi-representable signature morphisms
create directed colimits of models.

The following shows some important structural properties of quasi-representability.

Proposition 2

1. In any institution the (finitary) quasi-representable signature morphisms form a subcategory of
Sig.

2. If the institution is semi-exact, then quasi-representable signature morphisms are stable under
pushouts.

3. If the institution is directed-exact, then any directed colimit of quasi-representable signature
morphisms consists of quasi-representable signature morphisms.

4. If p and p; x are quasi-representable then X is quasi-representable.
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3 Saturated Models: existence

Definition 8 For each signature morphism y: X — X', a Y-model M x-realizes a set E' of X'~
sentences, if there exists a y-expansion M’ of M which satisfies E’. It x-realizes finitely E’ if it
realizes every finite subset of E’.

A Y-model M is (\, D)-saturated for A a cardinal and D a class of signature morphisms when

for each ordinal « < X and each («,D)-chain (EiLZj)KjSQ with Xy = X, for each

(Eai>2’) € D, each ¢ ,-expansion of M x-realizes any set of sentences if and only if it
x-realizes it finitely.

Example 9 The conventional concept of saturated model (see Sect. 5.1 of [6]) is an instance of Dfn.
8 by taking D to be the class of FOL injective signature extensions with one constant. Note than one
reaches the same when replacing ‘one constant’ by ‘finife number of constants’. The latter variant
for D has better structural properties, such as closure under composition.

Fact 31 Let D be the class of FOL injective signature extensions with a finite number of constants,
and let \ be an infinite cardinal. For each (), D)-saturated model M and for each sort s, if M is
infinite then card(Mg) > \.

Proof Let X be the (FOL) signature of M. Let us assume that card(M;) < A for some sort s
for which M is infinite. Then we take one (card(Ms), D)-chain given by the signature extension
with constants Y — X' W Mg, and let x be the extension of X' & M with one new constant x.
Consider E = {x # m | m € M,}. Then the (X' & Mj)-expansion M’ of M such that M), = m
for each m € M, finitely realizes E but does not realize F, which contradicts the fact that M is
(A, D)-saturated. u

The following result shows that each model can be elementarily ‘extended’ into a saturated
model, thus giving the existence of saturated models. This existence result comes up with a set of
merely technical conditions, which can be rather easily established in the concrete examples, and
that are sufficient to lift the only fundamental assumption, namely the 5th condition of Thm. 2,
through (A, D)-chains. This core condition can be regarded as a form of compactness.

Theorem 2 Consider an institution and a class D of signature morphisms that is closed under
compositions with isomorphisms and such that

1. M = N if there exists a model homomorphism M — N,

it has finite conjunctions and existential D-quantifications,

it has inductive colimits of signatures and is inductive-exact,

for each signature X, the category of X-models has inductive colimits,

“ RN

for each signature morphism ¥—>=%" € D and E' set of X'-sentences, if A realizes E'
finitely then there exists a model homomorphism A — B such that B realizes E’,

6. for each signature morphism 3 — X5 ¥ € D and each X-model M, the class of x-expansions
of M form a set, and

7. each signature morphism from D is quasi-representable, the category Sig of signatures is D-co-
well-powered, and for each ordinal X\ there exists a cardinal o such that each morphism that is
a (X, D)-chain is a-small.

Then for any cardinal A and for each X-model M there exists a X-homomorphism M — N such
that N is (\, D)-saturated.

Proof First we prove that there exists a 2'-homomorphism M —" _ N such that for each (\,D)-
chain ¥—2> 5" each (X'—X>X") € D, each p-expansion M’ of M, and each set E” of X"

sentences realized finitely by M’, N’ y-realizes E”, where M’ M N'is the unique p-expansion
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of h. (The existence of h’ is guaranteed by the fact that ¢ is quasi-representable, which follows
by ordinal induction from the condition that all signature morphisms in D are quasi-representable
and that the institution is inductive-exact, by applying Prop. 2 [for inductive colimits rather than the
more general directed colimits].)

¥ M—"s N
d
2/ M/ L N/
g
2// M// h” > N//

For fixed X and M, by (¢, M, x, E") let us denote tuples where X —~> X" is a (A, D)-chain,

M’ is a p-expansion of M, (2’—X>E”) € D, and E” is a set of X" -sentences which is x-
realized finitely by M’. Two such tuples (o', M’", X!, EY) and (p2, M'?, x2, E?) are isomorphic
when there exists an isomorphism 6 : '; x! = ¢?; x? of (A + 1)-chains

1 1
Pi,j X
=5t —. .5 bh Si=xt—— g
12—90\L 9il \Lej ig/\—el lG”
3 =32 S 54 32 2y s w2
2. SRR oy 5 ? = = 5
2.

such that M'"*]g, = M’" and 6" (E') = E2. By the conditions of the theorem (Sig being D-co-
well-powered and all y-expansions of a model forming a set), the isomorphism classes of tuples
(¢, M', x, E") form a set, let us denote it by L(M). If k is the cardinal of L(M ), we may consider
{(e*, M"", X%, E%) | i < k} a complete system of independent representatives for L(M).

hi,r'
Now, by ordinal induction we construct a chain of Y'-homomorphisms (Mi*BM i )i<j<k as
follows:

_M():M,

. hg . ho,;
— for each successor ordinal j + 1 let A7"/ —=>M be the unique @7 -expansion of M ——> M.

Because M'? yJ-realizes E7 finitely, we have that M 7 x?-realizes E7 finitely too. By condition

5., there exists M J{L>P’ such that P’ x7-realizes E7. Then we define M; 1 = P'[,; and
hjj+r = [']gs, and
— for each limit ordinal j we take the colimit of the chain before j.
Let N = Mj, and h = hy ;. Keeping above notations, consider (¢, M’, x, E”). If j < k is the iso-
morphism class of (p, M’, x, '), we may assume without any loss of generality that (o, M’, x, E”) =
(@7, M" X7, E7). We have to show that N’ x’-realizes E7.
This holds because we have that M ]’ 11 X’ -realizes 7 (where M ]’ .1 1s the unique 7 -expansion

ho,j41

of M1 determined by M lo; = M——=Mj1.). Let M, be a X’ -expansion of M ;4 such

h/-/
. i1,k . S .
that MY, |= EJ. Because Mj';;——>N", the unique (¢7; x’)-expansion of hj 1 j. preserves

satisfaction N” |= E7, hence N’ y/-realizes E’.
In the second part of the proof we assume the conclusion of the first part and consider a cardinal «

such that each (), D)-chain is a-small. By ordinal induction we construct a a-chain ( N;—>N; )i< j<a
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such that Ny = M and each f; ;11 has the property of i above. We want to show that N, is (A, D)-

saturated, therefore the desired model homomorphism is M gNa .
Assume N/, x-realizes E” finitely, where (¢, N/, x, E”) € L(N,). We have to prove that N,

fia
x-realizes E”. Because ¢ is a-small, there exists j < a and N J'%N(; a p-expansion of f; ..
fii fitta .
By quasi-representability this determines expansions NJ’-]—’]J;NJ/-H and Nj 2% N . Notice
that by conditions 1. and 2., N} x-realizes finitely £ because N, does. Recall that f; ;1 has
the property of h from the first part of the proof therefore we have that N, j’ 41 x-realizes E”. Let
N7\ | be x-expansion of N/, such that N7, = E". By quasi-representability we lift f7,, , to

y Fiia 1 . . . 7 "
Nj’{1—N/ and because model homomorphisms preserve satisfaction we get that N/J = E".
Hence N/, x-realizes . m

In the following we discuss the applicability of Thm. 2 by making an analysis of its underlying
conditions, with special emphasis on the emblematic example of FOL. In the case of FOL the con-
clusion of Thm. 2 can be drawn indirectly through the respective conclusion for its more convenient
technically sub-institution FOL’ that restricts the signature morphisms to the injective extensions
with constants and the model homomorphisms to the elementary embeddings. The same may be
done for other concrete institutions too.

Condition 1. ITn FOL' this holds by default because all FOL’'-model homomorphisms are ele-
mentary embeddings.

Condition 3. The existence of inductive colimits of signatures actually implies that we have
to allow infinitely large signatures. Note that we have not imposed any finiteness condition on the
signature in any of our examples. With regard to the actual condition on FOL’ signature morphisms,
this is rather straightforward.

The inductive-exactness property on models is also a straightforward property in actual institu-
tions, being just a special case of exactness. It is however a bit more delicate on model homomor-
phisms because in FOL’ the model homomorphisms are elementary. Luckily, we can transfer the
inductive-exactness property on model homomorphisms from FOL to FOL’. Thus let us consider
a chain (; ;)i<j<x of FOL' signature morphisms and a family of FOL-model homomorphisms
(hi)i<x such that h; lo;;, = hq fori < j. We have to establish that h) is elementary embedding
whenever h; is elementary embedding for each ¢ < A. The elementarity of hy follows trivially
because it is an expansion of any h; along an injective signature extension with constants.

Condition 4. Because we work within the sub-institution of the elementary embeddings, this
condition is fullfilled by Tarski’s Elementary Chain Theorem, which has also received an institution-
independent generalization in [25].

Condition 5. This is the single crucial condition of Thm. 2 and can be regarded as a form of
compactness. For each finite ¢ C FE, let A; be the y-expansion of A such that A; | i. Recall
a well known compactness result in FOL stating that there exists an ultrafilter U on P,,(E) (the
set of the finite subsets of E) such that (the ultraproduct corresponding to U) [[;; A; = E. Then
[I, Aily =[] A. Also, we know that A can be elementarily embedded into the ultrapower [ [, A,
which shows the condition for FOL'.

The same argument can be invoked when the role of FOL is played by any other £.0§ institution
([11]; see also Dfn. 11 below) such that signature morphisms preserve filtered products.

Condition 6. This is evidently fullfilled in any institution where models consist of interpretations
of the symbols of the signatures in set theoretic universes, for those signature morphisms which do
not add new sorts. Note that this is obviously fullfilled by the FOL injective signature extensions
with constants.

Condition 7. Since FOL' signature morphisms are injective signature extensions with constants,
all signature morphisms are quasi-representable. Let D be the class of finitary injective signature
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extensions with constants. For each signature Y, there exists only a set of isomorphism classes of
finitary injective extensions of X' with constants, hence D is co-well-powered. For each ordinal A,
each (), D)-chain is AT -small, where A" denotes the least cardinal strictly then \. This is a special
case of the following general result, whose proof is exiled to the appendix:

Proposition 3 In any inductive-exact institution if each signature morphism of D is finitary and
quasi-representable, then for each infinite ordinal \, each (A, D)-chain of signature morphisms is
AT -small.

Based on above analysis of the conditions underlying Thm. 2 we obtain the following conven-
tional FOL corollary together with similar corollaries for other institutions:

Corollary 1 In FOL and POA let D be the class of signature extensions with a finite number of
constants. In PA let D be the class of the injective signature extensions with a finite number of total
constants.

Then for each cardinal )\, each FOL/POA /PA model can be embedded elementarily into a
(A, D)-saturated model.

Although the hypotheses of the existence Thm. 2 require existential quantifiers and conjunctions,
existence of saturated models can be easily extended to sub-institutions with much less expressive
power of sentences.

Corollary 2 In EQL, HCL, each model can be ‘elementarily embedded’ into a (\, D)-saturated
model for each cardinal \ and for the usual D consisting of the injective signature extensions with
a finite number of constants.

Proof Let M be amodel in EQL or in HCL and consider a FOL elementary embedding M N
such that N is (A, D)-saturated in FOL. It is easy to notice that N is (), D)-saturated in EQL and
HCL too. Moreover M = N in EQL and HCL because they are elementarily equivalent in FOL.
Since EQL and HCL do not make any restrictions on FOL model homomorphisms, we have that

M*h>N is a model homomorphism also in EQL and HCL, M = N, and N is (\, D)-saturated.
| ]

4 Saturated Models: uniqueness

Definition 9 The elementary diagrams ¢ of an institution are simple when for each signature X'
and all X-models A, B, for each 1x(B)-expansion A’ of A, the following is a pushout square of
signature morphisms.

t5(B)

XY XB
t2(A) ‘LEB (A"
X X /
A LLE(B)(lAg B)A

Example 10 1t is easy to note that in actual examples, those elementary diagrams such that their
elementary extensions just add the elements of the model as new constants to its signature, like in
FOL, PA, POA etc., are simple because the above diagram is in fact a diagram of the form

24>E®|B|

| |

SW|A| —> S w|B|w|A|
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where |A| and | B| denote the sets of elements of (the carriers of) A and B and - & _ denotes the
disjoint union of sets.

Definition 10 Let M be a model in an institution with elementary diagrams ¢. For any cardinal
number A, we say that M has D-size A when ¢ (M) = @ » for some (A, D)-chain (¢; ;)i<;j<i.

Note that the concept of ‘size’ introduced by Dfn. 10 above is a relation between models and
cardinals rather than a function from models to cardinals.

Example 11 1f we take D to be the class of FOL finite injective extensions of signatures with
constants, a FOL model M has D-size card(|M|), the cardinality of its set |M| of elements
(|[M| = UsesMs where S is the set of the sorts of ). On the other hand, if M has D-size
A, then card(|M|) < ), therefore we can conclude that a model M has D-size A if and only if
card(|M]) < A. By Fact 31 we can further establish the following:

Corollary 3 For any infinite cardinal )\, for each A-saturated FOL model M of size A such that
My is infinite for at least one sort, card(|M|) = A.

Theorem 3 Assume that the institution

1. has pushouts and inductive colimits of signatures,

2. is semi-exact and inductive-exact on models,

3. has simple elementary diagrams i,

4. has existential D-quantification for a (sub)category D of signature morphisms which is stable
under pushouts,

5. has negations and finite conjunctions, and

6. has finitary sentences.

Then any two elementary equivalent (\, D)-saturated X-models of D-size \ are isomorphic.

Proof Let M, N be Y-models satisfying the hypotheses of the theorem. We consider a pushout of
signature morphisms as follows:

LE(M)

b Xy
t=(N) o34
"
EN Y

and construct elementarily equivalent X"'-expansions, M" of Mj; and N” of Ny.

Suppose we have already constructed M” and N”. Let M’ = M"|,, and N' = N"[4,,.
Because the elementary diagrams are simple and pushouts are unique up to isomorphisms, we may
assume without any loss of generality that X" = (Xn) s, ¢ = ¢, (n)(1ar) and oy = 1z (M').

Because M}, |4y = M’ and M}, 14, = My (which follows from the naturality of ¢ and be-
cause M}, = ’511\,, a(Larr) and My = ig,lM( 1a1)), by the uniqueness part of the semi-exactness
we get that M = M;,,.

But N” |= Ejp (because M” = N''), hence we get a model homomorphism h: M” — N”.
Similarly we get another X”'-homomorphism h': N” — M”. By the initiality of M" and N” we
have that h; A’ = 1+ and h'; h = 1. Thus we have that M"” = N, hence by reduction to X we
obtain also that M = N, which proves the theorem.

Now let us come back to the construction of M and N”. Since both M and N have the same D-

size \, tx: (M) = 0% and 15(N) = %" where (23[%2%4 )i<j<xand (Z‘}IV&Z?V )i<i<A
are (A, D)-chains of signature morphisms.

R
By ordinal induction we define another (X, D)-chain (EZLEJ )i<j<x such that X0 = ¥
and for each j < A
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. ’YJju 1 Q/JJVW i+1 : egu 1 S"warl i+1
_ 7 1] J 1 ¥ J J
by X' Y s the pushout of X7 <——) =2
Jj 13 Jj J,i+1

-2 *N>2’3V <—N2}V+1 is the pushout of X él‘fv *N>Ef\,+1,
R I R
- X, —=3i+l <% 57 s the pushout of X' <— 57— 517
- 04 =050, and 031 = 059, and
i+l — A — -
- ¢Jj+ —ng?/)?w —75\[,1%\[

j+1
EM
a1 ;
%/ %i
J %]
EM D) M
o p
‘/’Jv/ % Vs ‘
¢J Jj+1
X i X+t
J 17
EN > N
V’Jk\ %,;
j+1
EN

Because D is stable under pushouts, 7{%7 ﬂv, 7711%/[, 1/13'\, € D, and because D is closed under compo-
sitions, ¢77 1 = ) 14, € D.

ak
For each limit ordinal k¥ < )\, we define X%, —> ¥k as the unique signature morphism such

that cp?’vf; ok, = 04 (j)?\’f for each i < k. %, is defined similarly. Therefore 6, and 6 appear
as natural transformations between A-chains, 0y : oy = ¢ and Oy : oy = ¢. Let ppy = 91>\‘/[,
N = 0%, and X" = I,
.6, el
It is clear from the construction that for each j < A we have that 34 —— Y/<——3" isa
0,5 0,3

pushout for ng;L b Axf\,.

In the second part of the proof, by ordinal induction we define for each j < A, Y9 -models
M7 = NY such that M7 4.; = M?, N7, = N' foreachi < j, and M7],; = My i.; and
M

) o
N7 [% = Ny [wj\,’j, as follows:

- M9 = M and N° = N, ‘
- for each successor ordinal j + 1 let M’ be the (unique) amalgamation M, Rpj{»l,)\ ® M.
. ) X M
For each finite £/ C (M")*, we have that M7 = (3v3,) A E’ (which is a sentence of the

institution because the institution has finite conjunctions and existential D-quantification and
Yy € D). Because M7 = N7 we deduce that N7 |= (3v3,) A E’. Because N is A-saturated,

(¢"*)o<i<k<; is a (j, D)-chain with j < A, v}, € D, and N7[4.; = N, there exists a v} ,-

expansion N’? of N7 such that N/ |= (M"?)*. Because the institution has negations, this means

N = M".Now we define N7*! to be the (unique) amalgamation Ny [ ;+1.x ® N". Like for
N

N , but now using the saturation of M, we obtain the existence of M J+l = NI+ guch that
Mj+1 r L MIJ
iy :
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- for each limit ordinal j, by the inductive-exactness property M7 and N7 are the unique X7-
models such that M7 | 4i.; = M* and N7, = N* for each i < j. In order to prove M’ = N7,
we use the fact that the institution has finitary sentences. For any XJ-sentence p’ there ex-
ists 7 < j such that p/ = ¢*J(p’) for some X*-sentence p’. Then by the Satisfaction Con-
dition and because M* = N°, M’ | pJ iff M* = p'iff N* = p' iff N7 = p’. That
M lgs = MpT ;> and N7 lgs = Nn[_;» follow by the uniqueness part of the inductive-

M M N YN )
exactness property by noticing that for each i < j, (M7[y; )[_i; = (M| _sx)[ s and
) M PM Prm T PM
gt o ) o
(N T%)Rﬂ}" = (NN rwx*)[%&%
Finally, M" is taken as M* and N” as N*. ]

The following uniqueness property of saturated models is an immediate instance of the general
uniqueness Thm. 3.

Corollary 4 In FOL, PA, POA (with appropriate D as considered above), any two elementarily
equivalent models (\, D)-saturated models of cardinality X are isomorphic.

5 Saturated Ultraproducts

For this section we assume the Generalized Continuum Hypothesis,
)\"r — 2)\

for each infinite cardinal .
Let us also recall some cardinal arithmetic results needed by our work. A good reference for
cardinal arithmetic is [27].

Proposition 4 (Cardinal arithmetic)

—jfw<athena X a=q,
- if2§a§ﬁandw§ﬁthena5:25,and
- ifa < Bt then o = B.

Model ultraproducts in institutions. Let us first recall the categorical concept of ultraproduct.
Let C be a category with small products and directed colimits. Consider a family of objects

{A;}icr. Each filter F' over the set of indices I determines a functor Ap: F — C such that
Py,

Ap(J C J) = TLiey A= T, s Ai for each J,J' € F with J C J', and with p, ; being
the canonical projection.

Then the filtered product of { A; }icr modulo F is the colimit u: Ap = [] A; of the functor
Ap.

Pyrg

Hz‘eJ Ai

Mg %

[1r A

If F' is ultrafilter then the filtered product modulo F' is called an ultraproduct.

The filtered product construction from conventional model theory (in [6] called ‘reduced prod-
uct’; see Dfn. 4.1.6 there) has been probably defined categorically for the first time in [31] and has
been used in some abstract model theoretic works, such as [2]. The equivalence between the cat-
egory theoretic and the set theoretic definitions of the filtered products is shown in [23]. Filtered
products of models exist in FOL, POA and PA since in all these cases the respective categories
of models have all small limits and co-limits.
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Definition 11 [11] For a signature X' in an institution, for each filter F' € F over a set I and for
each family {A;},cr of X-models, a >-sentence € is

— preserved by F-filtered factors if || A; =5 eimplies {i € I | A; =5 e} € F, and
— preserved by F-filtered productsif {i € I | A; =5 e} € F implies [[ A; E=x e.

When F is the class of ultrafilters, preservation by F-filtered factors/products is called preservation
by ultrafactors/ultraproducts. A sentence is a Los sentence when is preserved by all ultrafactors and
all ultraproducts. An institution is a £os institution when it has all ultraproducts of models and all its
sentences are L.o$ sentences.

The institution-independent method of ultraproducts has been developed in [11]. The conven-
tional Fundamental Ultraproducts Theorem shows that FOL is a Lo$ institution, its institution-
independent generalization of [11] shows that a multitude of very diverse institutions are also L.o$§
institutions. Examples include PA, POA, EQL, HCL, etc.

Special ultrafilters. Let (P, <) and (P’, <) be partial orders with binary least upper bounds V and
greatest lower bounds A. A function f: P — P’ is

- anti-monotonic if x < y implies f(x) > f(y), and

- anti-additive if f(x V y) = f(x) A f(y)

For any functions f,g: P — P’, f < gif f(z) < g(z) forallz € P.

An ultrafilter U is A-good (see Sect. 6.1 of [6]) for a cardinal \ if for each o < A and each anti-
monotonic function f: P, (a) — U there exists an anti-additive function g : P,,(«) — U such that
g < f. By P, («) we denote the set of the finite subsets of o ordered by set theoretic inclusion.)

An ultrafilter U over [ is countably incomplete if there exists an w-chain I = Ip D I; D ... D
I, O ...suchthatl,, € Uand I, = ﬂnew I,, = (). This definition is slightly different but equivalent
to that given in [6] (see Prop. 4.3.3 there).

The proof of the following theorem consists of combinatorial set-theoretic arguments, and can
be found in [6] (Thm. 6.1.4).

Theorem 4 For any set I of cardinality )\, there exists a A\*-good countably incomplete ultrafilter
over I.

Definition 12 A sentence functor Sen is D-stable for a class D of signature morphisms when for
each x: X — X’ in D we have card(Sen(X")) < card(Sen(X)).

The following example is typical for a multitude of institutions, including all of those presented
in this paper.

Example 12 In FOL, let D be the class of all injective signature extensions with a finite number of
constants. We show that foreach (x: X' — X’) € D we have that card(Sen(X)) = card(Sen(X")).
Therefore Sen¥O% is D-stable.

On the one hand because x is injective we have that card(Sen(X')) < card(Sen(X")).

On the other hand the function Sen(X’) — Sen(X') which maps each X’-sentence p’ to (3x)p’
is injection, hence card(Sen(X")) < card(Sen(X)).

The proof of the following is given in the appendix.

Proposition 5 Consider an institution with finitary sentences and with a class D of signature mor-
phisms such that the sentence functor is D-stable. Then for each («, D)-chain p: X — X’ we have
that card(Sen(X")) < card(a) x card(Sen(X)).

Theorem 5 Consider a Los institution with finitary sentences and with a class D of signature mor-
phisms such that
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1. it has finite conjunctions and existential D-quantifications,

the sentence functor Sen is D-stable,

3. the model reduct functors corresponding to D-signature morphisms preserve ultraproducts of
models, and

4. each signature morphism @ : X — X' lifts completely ultraproducts, i.e. for each p-expansion
A" of an ultraproduct [ [, A; there are p-expansions A} of each A; such that A" =T, Al.

N

For \ any infinite cardinal and U a countably incomplete \-good ultrafilter over I, for any signature
X, if card(Sen(X)) < A then for any family {A;}icr of X-models, the ultraproduct [[; A; is
(\, D)-saturated.

Proof Consider a («, D)-chain (Zigﬂj)iqga with @ < A such that ¥y = X, a g .-
expansion A% of [, A;, (x: Yo — X’) € D, and a set I of X’-sentences such that A* x-realizes
E finitely.

Because each signature morphism lifts completely ultraproducts, for each ¢ € I, there exists A"
o,a-expansion of A; such that [, AY = A,.

Because U is countably incomplete, there exists an w-chain I = Iy D 11 D ... D I, D ...such
that I, € Uand I, =), . In = 0. We define f: P, (E) — U (recall that P,,(E) is the set of all
finite subsets E’ of F)

- f(®)=1,and
- f(E)=1,n{i| A¥ = (3x) A E’} where n is the cardinality of E’.

new

[ is well defined because [[,; A¥ = A% |= (Ix) A E’ and sentences are preserved by ultrafactors
(hence {i € I | A = (3x) ANE'} € U).

f is also anti-monotonic because for each £y C Ey C E, I,,, > I,, (where n; respectively ns
are the cardinalities of Fy respectively Es), and {i | AY = (Ix) A Ev} 2 {i | AY = (3x) A E2}.
Because U is A-good and the cardinality of E is less than A X A = A (see Prop. 5 and 4) there exists
an anti-additive function g: P, (E) — U suchthatg < f.Foreachi € Ilet E; ={p € E | i €
g({r}h)}.

If the cardinality of F; is greater than n, then ¢ € I,,. In order to see this, consider {p1,...,pn} C
E;. This means i € g({px}) for all £ < n. As g is anti-additive, we have that i € (), ,, g({pr}) =
9({p1s- s pn}) € FLp1s- s pu}) € Lo

Because (,,,, In = 0, for each i € I, E; is finite. Otherwise if £; were infinite we would have
that i € I,, for all n € w, which contradicts (., In. = 0.

Because each E; is finite, we have that i € () g, 9({p}) = 9(U,cp,{r}) = 9(Ei) C f(E)).
This means that A |= (3x) A E;. Let A} be the x-expansion of AY such that A} = E;.

Finally, we show that [, A} |= E. Because x preserves ultraproducts, from [[,, A} = E we
obtain that A, = [, AY x-realizes E. For each p € E, we have that g({p}) C {i | A} = p}.
Because g({p}) € U, we deduce that {i | A} |= p} € U, hence [],, A} |= p because p is preserved
by ultraproducts. [ |

The conditions of Thm. 5 which need some special attention are perhaps the last two ones.
The discussion can be simplified quite a lot if in actual institutions one narrows the class of the
considered signature morphisms just to the injective signature extensions with constants. Therefore
in FOL, the typical choice for D would be of course the class of all finitary signature extensions with
constants. Note that this restriction on the signature morphisms does not narrow the applicability of
Thm. 5, since the only signature morphisms of the institution that are involved in this result are the
(o, D)-chains (for @ < \), hence the other signature morphisms apart of those mentioned above
are irrelevant for this result. This situation is similar to how the existence Thm. 2 may be applied to
actual situations.

Coming back to the two conditions above mentioned, the preservation of ultraproducts by the
model reducts holds by the preservation of direct products and of directed colimits (cf. Prop. 1).
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Concerning the lifting condition, any interpretation X — [],; A; of a set of variables in an ultra-
product of ¥-models ], A; gives an interpretation X — [],.; A; which by using the product
projections further gives interpretations X — A; for each ¢ € I. The interpretations X — A;
provides a complete lifting of [[,, A; to an ultraproduct of X’ &y X -models.

Note that in some institutions Thm. 5 together with the fact that each model can be elementarily
embedded in any of its ultrapowers (see [17] for a general institution-independent version of this
result) may provide an alternative way to reach essentially the same conclusion as Thm. 2. The costs
are however quite high: assuming Boolean connectives, the £.o§ property for the institution, and also
the rather difficult result on the existence of good countably incomplete ultrafilters (Thm. 4).

The following constitutes an institution-independent generalization of the famous result proved
by Keisler for FOL. (This result has been proved by Shelah without Generalized Continuum Hy-
pothesis in [40].)

Corollary 5 Consider an institution satisfying the hypotheses of Theorems 3 and 5 and such that
each model has a D-size. Let us further assume that for each model M, if M has a D-size )\, then
each ultrapower [ [, M for an ultrafilter U over I has D-size Neard(I),

Then any two elementarily equivalent models have isomorphic ultrapowers (for the same ultra-

filter).

Proof Let M = N be elementarily equivalent Y’-models. Consider a cardinal A such that both
M and N have D-size AT and such that card(Sen(X)) < A. Let U be a countably incomplete
AT-good ultrafilter over A. Then both [[;; M and [],; N have D-size (A\T)* = AT (see Prop. 4
on cardinal arithmetic). By Thm. 5 both ultrapowers are (AT, D)-saturated. By Thm. 3 they are
therefore isomorphic. u

Corollary 6 In FOL, PA, POA, any two elementarily equivalent models have isomorphic ultra-
powers.

Proof On the one hand, in all these three institutions (with appropriate D defined above) hypotheses
of Thm. 5 and 3 hold as discussed above. On the other hand, when we define the sizes of models
by their cardinality, the specific condition of Cor. 5 holds obviously since each ultrapower [ [, M is
the quotient of the power [[,., M.

Definition 13 An institution which has ultraproducts of models has the Keisler-Shelah property it
and only if every two elementarily equivalent models have isomorphic ultrapowers.

Counterexample 51 In the sub-institution of FOL which restricts the sentences to those that do
not use the equality symbol, consider the signature 3. = ({s},{o: s — s},0) and two models of
this signature A and B defined as follows:

-A;,={0,1}; A,(0) =0and A,(1) =1

-B;,={0,1} ; B,(0) =1 and B,(1) =0

It is clear that A = B but A and B are not isomorphic. Because A and B are finite, each of them
is isomorphic to any of their ultrapowers, hence for each ultrafilter U, ultrapowers [ [, Aand [ [, B
cannot be isomorphic.

This is counterexample for Keisler-Shelah property exploits an institution where the syntactic
power (given by the sentences) is not enough to enforce a semantic property (isomorphism of mod-
els). The concordance between these aspects is ensured in our results by the existence of elementary
diagrams. In the absence of elementary diagrams the uniqueness of saturated models (Thm. 3),
which is one of the main causes for the Keisler-Shelah property, is not guaranteed.
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6 Conclusions

We have lifted the concept of saturated model from from conventional concrete model theory to the
institution-independent model theoretic framework. We have developed the fundamental existence
and uniqueness results for institution-independent saturated models. We have applied the latter result
for developing a very general version of Keisler-Shelah isomorphism theorem. The former result has
already been used by [8] for developing some institution-independent preservation and axiomatiz-
ability results via saturation.

Future work may develop along two rather different but related directions. One of them is to use
our general theory to provide concrete saturated model theories for various less conventional logics
in the same manner as we have done here about POA and PA. The other development direction is
to further develop results on saturated model theory at the abstract institution-independent level of
our work.
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A Exiled proofs

This appendix contains proofs of some of the preliminary or supporting results for this work.

Proposition 1. All model reduct functors corresponding to quasi-representable signature morphisms create directed col-
imits of models.

’

Proof Let x: X — X' be a quasi-representable signature morphism, let (A;%A; )(i<j)e(1,<) be a directed

diagram of X’-models, and let (Ai;>Aj )(i<j)e(1,<) be its x-reduct. Consider a colimit (AiL>A)iE|U of
{fi,j}(i<j)e(1,§)- Because x is quasi-representable, for each 7 € I, there exists a x-expansion ,u,’i : A; — B, of u;. By
the uniqueness property of quasi-representability and because the diagram is directed we can show that B; = B for all
i,j € I, and that ) = f/ 3 ,u;. forall (i < j) € (I, <). By a similar argument we can further show that {p}};cs is a

colimit of {fil,j}(i<j)€(1,§)
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Proposition 2.

1. In any institution the (finitary) quasi-representable signature morphisms form a subcategory of Sig.

2. If the institution is semi-exact, then quasi-representable signature morphisms are stable under pushouts.

3. If the institution is directed-exact, then any directed colimit of quasi-representable signature morphisms consists of
quasi-representable signature morphisms.

4. If ¢ and ¢; x are quasi-representable then x is quasi-representable.

Proof 1. That composition of quasi-representable morphisms is quasi-representable follows immediately from the defini-
tion. Identity morphisms are trivially finitary quasi-representable. We focus on showing that finitary quasi-representable mor-
phisms are closed under composition. Therefore consider x : X — X’ andx’: X’ — X’/ finitary quasi-representable mor-

phisms. We have only to prove that x; X’ is finitary. Let ( A; oA )ic|1| be acolimit of a directed diagram ( A; £>Aj )(i<j)e(I,<)
of X-model homomorphisms and let A’ be a x; x’-expansion of A. Because y is finitary there exists 7 € |I|and p}: A} —
A1+ an x-expansion of y;.
Notice that (J, <) = {j < k | ¢ < j,k} is also directed and is a final subcategory of (I, <). Because x is quasi-
representable and (J, <) is directed, A/ determines

’

- a x-expansion (A;%A; )(i<kye(s,<) of (A —"5 A )(j<k)e(J,<)» and

’
- a y-expansion (A;»i>A” I’ )jels) of {#j} e|s) which is a co-cone for {fg/',k}(j<k)6(=],§)'
By Prop. 1, quasi-representable signature morphisms create directed colimits, hence { ,u;. tie |7 is a colimiting co-cone
because {45} e|.7| is a colimiting co-cone (cf. Thm. 1 since (J, <) is a final subcategory of (I, <)).
Now, we have only to apply the hypothesis that x’ is finitary in order to get j € |J| and a x’-expansion ,ug.’ of u;. Then
u;.’ is a x; x"-expansion of y;.
2. Consider a pushout of signature morphisms

X
y—3

I —— 3
X1

such that  is quasi-representable. We have to show that 1 is quasi-representable.

Consider a 1-model homomorphism hy: M1y, — Ni.Leth: M — N beits f-reduct. M = M|yl =
M lg7 |- Because x is quasi-representable, let ' : M| [g» — N’ be the unique x-expansion of h. By the semi-exactness
of the institution, the unique amalgamation h/ of hy and A’ is the unique x1-expansion from M of hy.

Pi,j 6;
3.Let (X; —]>Ej )(i<j)€(1,§) be a directed diagram of quasi-representable signature morphisms and let ( X; ——X') ;¢ 11|
be its colimit. We fix arbitrary ¢ € |I| and show that 6; is quasi-representable.

Let Mg, ——N; be a X;-homomorphism for some X-model M. For each j € I, let M; = MFQJ.. Notice
that Mjlp; ; = M; when j > i. For each j > i, because ¢;,; is quasi-representable, let hj: M; — Nj; be the
unique ;, j-expansion of h;. By the uniqueness of expansion for quasi-representable signature morphisms, we can show that
hji [(pj’j, = hj foreach: < j < j'.

Now let (J, <) be the sub-poset of (I, <) determined by the elements {j | ¢ < j}. Because (J, <) is a final sub-poset
of (I, <), by Thm.1 we dt?,duce that (0;) ;¢ .is a colimit of (¢; ;s )(j<j/)€(J,§). Because the il}stitutioq is directed-exgot,
let h: M — N be the unique X-homomorphism such that hfgj = hy; for each j € |J|. Then h is the unique 6;-expansion
from M of h;.

’
4.Let ¥—2>5" and X' —>= 5" Consider any Y’-model homomorphism M’/ {Xh—>N’. Then the unique
"
(¢; x)-expansion of k' [, to a X’'-model homomorphism M’/ o N'" constitutes the unique x-expansion of A/ to a
32" -model homomorphism from M"’. n

Proposition 3. In any inductive-exact institution if each signature morphism of D is finitary and quasi-representable, then
for each infinite ordinal A, each (\, D)-chain of signature morphisms is AT -small.

Proof Consider a (A, D)-chain of signature morphisms 3/ — ~ 5" and consider a At -chain of -model homomorphisms
(M2;>MJ Ji<j<at-Let M§+ be a p-expansion of M 4.

Foreach0 < i < j < A, let Ei4j>2j be the segment in the chain ¢ determined by ¢ and j.
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By transfinite induction on & < X\ we define an increasing sequence of ordinals strictly bounded by AT, {is Ya<n and
he
an inductive diagram ( M;" %M}j Jia<j<k<at in Mod(Za) such that b T, = hf,k forall0 < B < a<A
andig < j < k as follows:
- ip =0and h) , = h;x forallj < k < AT
- Assume o = 3 + 1 is a successor ordinal. We first notice that (hf)\+)iﬂ§i<)\+ is a colimit of (hfk)lﬁ <j<ke<rt:

This is so because hik loo.s = Pk (hi,yr )i5§i<>\+ is a colimit of (hj7k)iﬁ§j<k<)\+ (since (hj,k)iﬁ§j<k<)\+
is a final sub-diagram of (hj,k)og j<k<xtssee Thm. 1), g g is quasi-representable (by an argument similar to the ar-
gument that ¢ is quasi-representable used by the proof of Thm. 2, and because quasi-representable signature morphisms
create directed colimits (cf. Prop. 1)). But M;’ﬁr = M;Jr [on,x 1S @ P o-expansion of Mf+. Because o« = B+ 1,

h
Ak
©a,a € D, hence it is finitary. Therefore there exists ig < io < AT and a @g -expansion M 1L>]\/[:\"Jr

of hfmk+. By the quasi-representability of g «, by transfinite induction, this further determines an unique g, -

expansion (h?,k)i(,gj<k§A+ of (hﬁk)ia§j<k§>\+'

— Assume « is a limit ordinal. Then we define 7, = sup{ig | B < a}. We have that iq < At because o < A and ig <
AT for each B < a. (This holds because one can prove that U B<a ig is ordinal and hence i = U B<a ig, therefore
we have card(ia) = card(Uﬁ<a ig) < card(c) x card(c) < Ax A= X< AT)Foralliqa < j <k <At
by inductive-exactness let h;.", 1, be the amalgamation of (hi k) B<a- i.e. the unique X', -model homomorphism such that

ot
ik les.a =Ry

Proposition 5 Consider an institution with finitary sentences and with a class D of signature morphisms such that the
sentence functor is D-stable. Then for each (o, D)-chain ¢: ¥ — X’ we have that card(Sen(X’)) < card(a) X
card(Sen(X)).

Proof Let us denote the segment of the chain ¢ between ¢ and j by ¢; j: X; — X;. Then ¥ = Xy and &/ = ¥,. We
prove the proposition by transfinite induction on c.

If o is a successor ordinal 341 we have that card(Sen(X«)) = card(Sen(X341)) < card(Sen(X3)) < card(8)x
card(Sen(Xo)) = card(B + 1) x card(Sen(Xp))

If « is a limit ordinal then « = Ug<B. Because the institution has finitary sentences, by Lemma 1 below we
obtain that card(Sen(Xy)) < card(L—ﬂB<a Sen(X3)). By the induction hypothesis card(Sen(X3)) < card(B) x
card(Sen(Xo)) < card(a x Sen(Xo)). Therefore, we have card(Sen(Xa)) < card(a x a x Sen(Xp)) and finally
card(Sen(Xy)) < card(c) x card(Sen(Xyp)).

®ij
Lemma 1 Consider an institution with finitary sentences. Then for each limit ordinal o and (o, D)-chain ( X; *]>Ej i<j<a
we have that card(Sen(Xy)) < card(tl-JTKa Sen(X3)).

Proof We define an injection ¢ from Sen(Xy,) to L-Ijﬂ<a Sen(X3). For each p € Sen(X,) it exists X, a finitely presented
signature, a sentence p/** € Sen(X,) and a signature morphism 9, : X, — X such that 1, (p/*") = p. Because
X5 is finitely presented and X, is an inductive colimit there exists 3 an ordinal such that 1, factors through X'5. Let
$p: Xy — g such that dp; 05,6 = ¥p. We define t(p) to be ¢, (pf*"). Because vg,4 (1(p)) = p we get immediately
that ¢ is an injection. ™



