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1 Introduction

In this document, we will present several results in computable model theory and infinitary logic. In this
section, we will review the major concepts from model theory, computability theory, and infinitary logic that
we will use. In Section [2] we will focus on variations on the computable model theoretic property of relative
decidability. We will construct examples which separate various notions of relative decidability for theories
and structures, and give a characterization of the property of uniform relative decidability in n Turing jumps,
in terms of quantifier elimination. This will require a result in infinitary model theory. In Section [3] we will
prove a number of special cases of this, which will introduce necessary ideas for the proof of the general case.
We will also present partial results from two unsuccessful approaches to the general case, in digressions.
Having introduced the necessary ideas, we will define a notion of forcing, which we will then use to prove
the general case.



1.1 Model Theory

In this section, we briefly go over the notion of a diagram in model theory, which will be of importance
throughout later sections.

For A an L-structure, we define the diagram of .4, denoted D(A), as follows. Let £ 4 be L together with
new constants naming the elements of A. A is then a L 4-structure in a natural way. We let D(A) be the
set of L4 sentences true in A. This encodes the structure of A, in the following way. If B = D(A), we
can define an embedding A < B by mapping each element of A to the interpretation of the corresponding
constant.

The elementary diagram of A, denoted E(A), is the theory of A in the language £4. This encodes
substantially more information about A. For instance, the embedding defined above is an elementary em-
bedding, if B = F(A). When working with diagrams, we will habitually identify models of D(A) and E(A)
with superstructures and elementary extensions of A respectively. In this way, the embeddings defined above
will be construed as inclusions.

1.2 Computable Model Theory

In computable model theory, we study the computability theoretic properties of countable structures in
countable languages. We will identify countable structures with w-presentations, i.e, with structures whose
domain is the natural numbers, w. Using Gédel numbering, we can assign numbers to formulas in a countable
language. Using this, we can for a structure A identify D(A) and E(A) with sets of natural numbers, as
follows. We identify D(A) with the set of codes for pairs (n, m) where (,, is atomic, m codes a tuple k and
A |= ¢(k). We identify E(A) with the set of codes for pairs (n, m) where ¢, is any formula, m codes a tuple
k and A = (k).

In this formulation, D(A) encodes the functions, constants, and relations of A4 as a set of natural numbers,
so computations relative to this set can be thought of as functions that make use of the constants, functions,
and relations of A. We will now go over a few definitions of computable model theoretic properties which
consider. For a more detailed introduction, see [CMS21].

We say that a structure A is computable if D(A) is computable. That is, if the interpretation of the
language in A is computable. We say that A is decidable if E(A) is computable. As it stands, decidability
implies computability. We say that a structure A is relatively decidable if E(A) <r D(A). That is, if we
can decide formulas in A using its functions and relations. We will want to get at truly structural properties
of structures, that is, properties of isomorphism types of structure. One such property is if we can decide
formulas in a uniform way in isomorphic copies of a structure. We say that a structure is uniformly relatively
decidable if there is a Turing functional ® such that for any B ~ A, ®”B) computes E(B).

We can also define associated properties of theories, in terms of their countable models. We say that a
theory T is relatively decidable if for every countable model A = T, E(A) <r D(A). That is, all of its
models are relatively decidable. We say that 7" is uniformly relatively decidable if there is a Turing functional
® such for any countable A = T, ®P) computes E(A). Note that this is stronger than requiring that
every model of T' us uniformly relatively decidable, as we want the effective procedure we use to be uniform
in the theory.

1.3 Infinitary Languages

In Section [2| we will characterize certain relative decidability properties using quantifier elimination prop-
erties. As an intermediate stage in these characterizations, we will use formulas in an infinitary language.
In Section [3] we will prove a result concerning the relationship between finitary and infinitary languages.
In this section, we introduce these infinitary languages, and the notions of complexity of formulas that our
theorems will use.

Let x be an infinite cardinal. We define the language L, ,, by the following recursive clauses.

1. If 9 is an atomic formula of L, .,, ¥ € Ly ..



2. Ifpel,,,, then p€ Ly,
3. If ¢(y) € Ly w, then Vyo(y) € Ly and FYo(Y) € Ly -

4. If® C Ly, and |P| < K, then W ¢ € L., and M\ ¢ € Ly
ped Pped

In other words, L, ., differs from the finitary language L, ., in that it allows conjunctions and disjunctions
over infinite sets, with cardinality bounded by x. Of particular importance will be L, .,, which allows
countable conjunctions and disjunctions.

By a formula of L, we mean a formula of £, ,, for some x. Formulas of L, ., are closed under taking
conjunctions and disjunctions of arbitrary sets. Of course, L, is not a set, so in practice, we will work
with fragments. This need also arises when working in an infinitary language, when one seeks to bound the
cardinality of the set of formulas under consideration. For our purposes it will suffice to define a fragment
A to be a set of formulas of £, ., with the following properties.

1. Ifp € A, —p € A.
2. If ¥ € A, every subformula of 1 is in A.
We define the subformulas of i by recursion, as follows.
1. If v is atomic, v is the only subformula of .
2. If ¢ = =@, then ¥ and the subformulas of ¢ are subformulas of .
3. If ¢ = Vyo(g) or ¥ = Vgp(y), then ¢ and the subformulas of ¢ are subformulas of 1.

4. Ifp = W ¢ or v = M\ ¢, then 1) is a subformula of ¢, as are any subformulas of ¢ for ¢ € ®.
PpeD PpeP

Starting with a formula ¢ € L.+ , and closing under negations and subformulas, we obtain a fragment A
containing v, of cardinality at most x.

Formulas of £, can be coded for by labelled well founded trees, in which each node has fewer than
k extensions. We say that a formula of L, ., is computable if the corresponding labelled countable tree
is computable. We will define two notions of complexity for infinitary formulas. We say that an infinitary
formula is IT,, if it is equivalent to a formula of the form

M\ vz W/ 372 ... Ci, QFnb5(T)

where each ¢; is a finitary quantifier free formula, C' is an infinite conjunction or disjunction, and @ is
a universal or existential quantifier, respectively, depending on if n is odd or even. In other words, a II,
formula begins with an infinite conjunction of universal quantifiers, and alternates between these and infinite
disjunctions of existential quantifiers n times. A ¥, formula is one of the form

X/ 321 Y\ VZ2 ... Ci, QFnb5(T)

We say that a formula of £, , is X¢ (II respectively) if it is computable and %,, (II,, respectively). For a
more detailed exposition of these classes of formulas, see [Mon21].

We will also define a less sensitive notion of complexity. We denote these classes of formulas V,, and 3,.
We define them as above, except that we do not count alternations of connectives and quantifiers together,
and instead count quantifier alternations alone. As an illustration, a formula

VT \)(/ 0;(z)



is Iy, but V;. This notion of complexity will ultimately allow us to obtain stronger results in the conclusion
of Section [3| For finitary formulas, these notions of complexity coincide, and we will not distinguish between
them.

Finally, we reserve the symbols TI% and X% for the Borel hierarchy, and the lightface T19 and %9 for
the arithmetic hierarchy. When we describe a formula as I1Y or X9, it will be a formula in the language of
arithmetic, which we will call an N-formula.

2 Relative Decidability

In this section, we will go through several results concerning relative decidability properties. We will construct
examples separating a few different relative decidability properties, and characterize the property of uniform
relative decidability in n Turing jumps by a syntactic condition.

2.1 Decidability of Computable Models

We will first show that the decidability of countable models of a theory does not imply relative decidability
of a theory.

Theorem 2.1. There is a c.e. theory T such that every computable model of T is decidable, but T is not
relatively decidable.

Proof. We will construct T using a tree T C 2<% with the following properties.
1. ¥ is computable.
2. % is infinite, so has infinite paths.
3. ¥ has no computable infinite path.

For a construction of a tree with these properties, see [Bau06]. One essentially diagonalizes against every
possible computable path, allowing each program to run for a bounded period of time when evaluating a
finite string, corresponding to the string’s length.

Let £ be the language containing binary relation F and for each n € w a unary relation P,. T has the
following axioms.

1. F is a symmetric, irreflexive relation.

2. For each o € 2<%\ T, the statement

(Vo) [ (B E,y) =~ N Pal@)n \ —Pul2)
o(n)=1 o(n)=0

3. For each n, the statement
(V2)((Vy)~E(z,y) = ~Pa(x))

Any model A of T is then a graph in which every vertex is labelled by an infinite binary sequence, whose nth
digit is given by P,. If a vertex is not connected to any other vertex, its sequence is the constant sequence
with value 0, and if a vertex is connected to another vertex, its sequence is a path through ¥.

For any vertex in A, its sequence can be computed from D(A), so if A is computable, these sequences
must be computable. Because ¥ has no computable paths, A must have no edges. Any instance of a formula
©(T) can then be decided by replacing all instances of E and P, with the truth value false, reducing the
formula to a formula in the language containing only =.

On the other hand, because ¥ has plenty of noncomputable paths, any graph G is the reduct of some
model of T'. Let m € 2“ be a path through T. We can construct a model of 7" which is not relatively decidable



as follows. Consider the graph G containing for each natural number n, vertices u,, and v,, as well a distinct
vertex w. Every vertex u, and v, is connected to w, and all vertices are labelled with w. Consider the
formula ¢(z) = (Jy)(32)(y # 2 A E(x,y) A E(x, z)). We will construct G so that the set Y = {n|G E ¢©(u,)}
is not computable from D(G). This set is computable from E(G), so this will imply that G is not relatively
decidable.

Let ®X be the eth program relative to a set X. We add edges to G in stages so as to satisfy the following
requirements.

Re: ®P9(e) £ Y (e)

We rank these by priority in order Ri, Ra,... We say that R, requires attention at stage s if <I>£(g5)(ne)

halts in less than s steps. At a given step s, let R, be the highest priority requirement among the first s

that requires attention, if one exists. Reserve the part of the diagram used in the computation of @E(gs) (e).

If q)eD(gs)(e) halts with output 0, then choose m, large enough so that E(uc,v,,) and —E(ue, vy,) are outside
of any reserved part of the diagram, and outside of the first e sentences with constants naming the elements
of G. Add an edge connecting u, to v,,, adding e to Y, 1. If it halts with any other value, add no edges.
In the limit, all requirements will be satisfied, so G will fail to be relatively decidable. The G constructed
above has diagram computable in 7. A path through T can be computed in 0/, so T has models which fail
to be relatively decidable that are computable in 0.
O

Elaborating on this, we can obtain a complete theory with this property.

Theorem 2.2. There is a complete, computable theory T such that every computable model of T is decidable,
but T is not relatively decidable.

Proof. We will use ¥ as in the previous theorem. Let £ be the language containing a binary relation R,
unary relations U and @, and for each n unary relations P,, and L,,. T has the following axioms:

L (Vo) (Vy)(R(z,y) = (U(z) A=U(y)))
2. For each m > n, the sentence (Vo € U)(Ly,(x) = Ln(x))

3. For each o € 2<% \ T of length n, the sentence

(VzeU) (Ln(x)=~| A\ P@)r N\ —Pi(z)
o(i)=1 o(1)=0
4. Yy ¢ U) 3z € U)(R(z,y))

5. For each n, the sentences
(Vo € U)(Ln(x) = (3zny € U)R(z,y))

and
(Vo € U)(mLn(z) = (J<ny € U)R(z,y))

(Ve € U)(B<ay ¢ U)(R(z,y) A Q(y))
(Vz e U)-Q(z)
For each n, the sentence (Vy & U)(—Lp(z) A =Py (x))

© »®» N @

Any finite combination of L,, and P, consistent with axioms (2) and (3) is realized by infinitely many
x € U. For infinitely many of these, there is some y with R(x,y) and Q(y), and for infinitely many,
there is no such y.



Any model of T consists of an infinite set U, each element x of which is labelled with an infinite binary
sequence whose nth digit is given by P,(z). Each x € U satisfies either all L,, up to Ly for some N, and
none above it, in which case we say that it has length N, or satisfies all L,, in which case we say that
it has infinite length. If x has length n, the first n digits of its sequence are a string in ¥, and if it has
infinite length, its sequence is a path through ¥. For each x € U, there is an associated subset of U¢, whose
cardinality is given by the length of x. These subsets partition U¢, and each contains at most one element
satisfying Q.

We will first show that T is satisfiable. Any finite subset S of T contains only finitely many instances
of axiom scheme (9), and uses finitely many of the P, and L,,. This finite subset asserts that some finite
combinations of these L, and P, consistent with axioms (2) and (3) are realized at some finite number of
times. We can construct a finite structure realizing this, containing an element of U for instance of each
combination we need to realize, of length no more than prescribed by the L;. Each of these can be labelled
by the prescribed combination of the P;, and we interpret all unused P; as empty. For each element of U, we
have a set of elements of U° of cardinality given by the element’s length. If the combination we are realizing
is prescribed to have an associated element satisfying (), we let the first element of its associated subset
satisfy (. This is then a model of S. The compactness theorem implies that T is satisfiable.

We will now show that T is computable and complete. Because the axioms are a computable set of
sentences, it suffices to show that is complete. For this, it suffices to show that for any finite subset F C L,
any countable models A and B of T' are elementarily equivalent as F-structures. We will show that any such
A and B have isomorphic elementary extensions, as F-structures. It suffices to consider F of the form

{UaLOa"'7LNaP0a"'7PN7Q7R}

Let o be a length N binary sequence in €. In both A and B, there are infinitely many elements of U, of
arbitary length, such that the first IV digits of the binary sequence labelling them is ¢. Infinitely many of
these have an associated element satisfying ), and infinitely many do not. By the compactness theorem,
there are countable elementary extensions A’ and B’ of A and B with the following properties. Each contains
infinitely many x € U for which there are infinitely many y ¢ U satisfying R(x,y). For a binary sequence
of length N in ¥, infinitely many of these zs are labelled with it. For infinitely many of these, one of the
associated y satisfies ), and for infinitely many, none of the associated y satisfy Q.

We can then construct partial F-isomorphisms between A’ and B’, by mapping an z € U4 to an 2’ in
UB of the same length, labelled with the same string, and which has an associated y satisfying @ if and only
if z does. The ys associated to z can be mapped to y’s associated to z’. We can similarly construct partial
isomorphisms from B’ to A’. We have countably many options to chose from in each structure, so we can
use the back and forth method to construct an isomorphism A" ~ B’. We conclude that T is a computable,
complete theory. The effective completeness theorem then implies that T has decidable models.

We will now show that any computable model A of T' is decidable. The binary sequence assigned to any
2 € U can be computed from D(A), so because ¥ has no computable paths, each such x must have finite
length. Let a € A. We define the neighborhood of a, N(a), as follows. If a € U4, N(a) = {a} U {b|A &
R(a,b)}. If a € A\ U4, there is a unique b € U# such that A = R(b,a). We let N(a) = N(b). For @ a
tuple in A, we define N (@) to be the union of N(a;) over each entry a; of @. Because each element of U
has finite length, N (@) is a finite subset of A for any tuple a. We can think of N (@) as a finite substructure
of A. Consider the atomic diagram D(N(@)).

Any model of D(N(a)) 4+ T is a model of T containing N (@) as a substructure. For any countable such
models, and finite fragment F of the language, we can as above construct isomorphic elementary extensions
of the models as F-structures. This shows that T'(a), the set of consequences of D(N(@)) + T is a complete
theory. For any element of A\ U4, we can effectively search for the unique element of U to which it is
associated. We can effectively compute the length of an element of U4, and effectively search for elements of
its neighborhood. As such, N (@) can be computed uniformly in @, so D(N(@)) can be as well. Therefore, T'(@)
is uniformly computable in @, so for any formula ¢(Z) and tuple @, we can computably decide if A | ¢(a).
Consequently, E(A) computable, so A is decidable.

We will now show that 7" has models which are not relatively decidable. Let A be any countable model
of T. We will construct a model A* that is not relatively decidable, which extends A. Add countably many



new elements, uy,us, ... to A, which will satisfy U in A*. For each u,, add countably many new elements
Un,1;Un,2, Un,3, - - -, which will satisfy =U. Extend R by letting A* = R(uy,vy,;) for each i. Let each u,, have
infinite length, and label all of them with some path 7 in T. Because A = T, A* as constructed so far is a
model of T'. Let ¢(z) be the formula (Jy)(R(x,y) AQ(y)). Let Y be the set {n|A* = p(u,)}. We will define
the relation @ on the new elements vy, ; so as to make Y not computable from D(A*), which will imply that
A* is not relatively decidable, because Y is computable from E(A*). Let A% and Y, be A* and Y as defined
at the sth stage of the construction. Let ®X be the eth program relative to a set X. We will satisfy the
requirements

Re: 24 () £ Y (e)

which we rank by priority Rj, Ra, R3,.... As in the previous theorem, we say that R, requires attention at
step s if <I>£(A:) (e) halts in less than s steps. At step s, let R, be the requirement among the first s of highest
priority that requires attention, if one exists. Reserve the part of the diagram used in the computation of
@eD(A:)(e). If @E(A:)(e) halts with value 0, choose 7 large enough so that Q(ve,;) and =Q(ve,;) lie outside of
any part of D(A*) that has been reserved so far, and outside of the first e sentences with constants naming
the elements of A*. Let A%, = Q(ve,i), adding e to Y 1.

In the limit, all requirements are satisfied, so Y is not computable from D(A*). For each e, there is at
most one ¢ such that A* = Q(ve ), so A* is still a model of T', which fails to be relatively decidable. The
model A* constructed above is computable in D(A) @ 7. Taking A to be a decidable model of T', and 7 to
be a path computable in 0/, A* is computable in 0.

O

A variation on the construction of the previous theory can be used to prove a lower bound on the
complexity of the property of a theory that all its computable models are decidable. We will need the
following result.

Theorem 2.3. Let T, be the eth computable subtree of 2<%. The set {e|T. has a computable path} is X3
hard.

Proof. Let p(w) = JxVy3Iz0(w, z,y, 2) be a 1Y predicate. Because {e|W, is infinite} is 119 complete, there
is a computable function f such that Wy, , is infinite if and only if Vy320(w, z,y, 2).

For ogoy...00 = 0 € 2<%, let o* be the string ogloil...10,1 Let T be the tree obtained by closing
the set {o*|o € T} under initial segments. T* is computable because T is, and any path in ¥* computes a
path in ¥, so T has no computable path. We say that a string 7 is a branch off of T* if 7 is of the form
ooloil...1040 for 0 € T. Because ¥ is computable, we can effectively enumerate the branches off T* in
lexicographic order. Let 7, be the nth branch off €*.

For e a natural number, we will construct a computable tree T such that Ty has a computable path
if and only if p(e) is true. We construct Ty (. in stages, as follows. Ty contains T* as a subtree. For each
n, we construct a copy of T above 7,, one layer at a time. If at stage s, a new element is enumerated into
W(e,ny, we stop building the copy of T over 7, at the sth layer, and begin building a new one over the
leftmost node in this layer.

Suppose ¢(e) is true. Then, for some n, infinitely many elements are enumerated into Wy ). Our
construction of trees over 7, will then be interrupted infinitely often, so T, has exactly one path going
through 7,, which passes through the leftmost node at each stage we are interrupted. Because Ty is
computable, the unique path through 7,, can be computed.

Suppose p(e) is false. A path through T}, is either a path through T*, which is uncomputable, or passes
through some branch 7, off of T*. In this case, Yy3z0(e,n,y, 2) is false, so Wy, is finite. Therefore, all
paths passing through 7,, are, up to a finite initial segment, paths though a copy of ¥, so are uncomputable.

O

Theorem 2.4. The set {e|every computable model of the eth computable complete theory is decidable} is I13
hard.



Proof. Let ¢ be as in the previous theorem. We will construct a complete computable theory Th,, uniformly
in e, such that every computable model of Th, is decidable if and only if ¢(e) is false. We construct Th,
exactly as in Theorem 2, with Ty ) replacing T. Ty shares all the properties of T that imply that the
resulting theory is computable and complete, namely, that it is computable and infinite.

As in Theorem 2, we see that if o(e) is false, them Ty () has no computable path, so every computable
model of Th, is decidable. If ¢(e) is true, then Ty () has a computable path. In Theorem 2, we showed that
the theory has a model which is not relatively decidable that is computable relative to a path in the tree.
In this case, this implies that Th, has a computable model which is not decidable.

O

2.2 Uniform Relative Decidability in n Turing Jumps

Recall that a theory T is uniformly relatively decidable if there is a Turing functional ® such that for any
countable A |= T, ®P(A) computes E(A), the elementary diagram of A. That is, ® represents a uniform
procedure for deciding formulas in models of T relative to their diagrams. Chubb, Miller, and Solomon gave
the following characterization of uniformly relatively decidable c.e. theories.

Theorem 2.5. [CMS21|] The following are equivalent, for T a c.e. theory.
1. T is model complete.
2. T is uniformly relatively decidable
3. T has effective quantifier elimination down to X§ formulas.
4. T has effective quantifier elimination down to finitary 31 formulas

This theorem shows that uniform relative decidability always has a structural reason for showing up, in
the form of a quantifier elimination property. We can extend this theorem, characterizing weaker quantifier
elimination properties in terms of weaker computability properties, as follows.

Theorem 2.6. The following are equivalent, for T a c.e. theory.
1. There is a Turing functional ® such that for any countable A =T, DA™ computes E(A).
2. T has effective quantifier elimination down to Xf, | formulas.
3. T has effective quantifier elimination down to finitary ¥,+1 formulas.

We will need two main tools to prove this theorem. The first is the following theorem, which provides
a connection between relative computability and definability in infinitary logic. We say that a relation
R C A" is uniformly relatively intrinsically X9 if there is a ¥9 N-formula (%, X) such that ¢(F, D(B))
defines R® C B"(= w") for any B ~ A.

Theorem 2.7 (Ash, Knight, Manasse, Slaman, and Chisholm). [AKMS89/[Chi90] A relation R C A™ is
uniformly relatively intrinsically X0 if and only if R is definable by a X5 in A. In fact, if R is defined in
every copy B~ A by a X2 N-formula 1(y, D(B)), then R is definable in A by a 3¢ formula

\@) =37 \/ (7 =alk) A Force, i x,(a)
Refal

where 3q is shorthand for an infinite disjunction over all possible lengths of q, and Forcew(g X) s a X
formula uniformly computable in ).

For the details of the formula A(T), see [Mon21], Chapter 7. For our purposes, all we need to know about
it is that it does not depend on the structure A and that it is uniformly computable in . The second tool
we will need bridges the gap between definability in infinitary logic and definability in finitary logic, while
preserving the complexity of formulas.



Proposition 2.8. Let T be a finitary theory. Let v be an infinitary I, formula which is equivalent to a
finitary formula ¢ in all models of T. Then, b and ¢ are equivalent to a finitary I1,, formula in all models
of T.

In Section [3] we will prove a number of special cases of this proposition, culminating in a proof of a more
general statement. With these tools, we can proceed with our proof of Theorem [2.6]

Proof. We will first show that (1) implies (2). If T satisfies (1), and ¢(Z) is a (finitary) formula in the
language of T in m free variables, ¢ defines a relation R C A™ for any countable A = T. R is uniformly
computable from E(A), so is uniformly computable from D(A)(™). By Post’s theorem, R is thus uniformly
relatively intrinsically X0 ;, so by Theorem is definable in A by the X7 ; formula

Az) =37 \/ (f = q(k) A Force,, . X)(q))
kelg|®

We then have that A is equivalent to ¢ in any model A = T. Moreover, the N-formula ¢ defining R can be
computed uniformly from ¢, and the Turing functional ®. As such, T has effective quantifier elimination to
infinitary ¢ , | formulas.

We will now show that (2) implies (3). If T has quantifier elimination to infinitary Xf,; formulas,
applying Proposition to each formula (using negation to switch between X,,+1 and II,,41) implies that T'
has quantifier elimination to finitary 3,41 formulas. Moreover, because T is c.e. we can for any ¢ effectively
search for a 3,11 formula and a proof of its equivalence to ¢ from T, so this quantifier elimination is effective.

Finally, we will show that (3) implies (1). In order to compute E(A), we need to decide formulas in A.
To decide a formula ¢, we first find X, formulas F50(Ty) and Fgn(ZTy) equivalent to ¢ and —¢ respectively
over T, where @ and 7 are II,,. To decide if A |= ¢(@), we search tuples b and ¢ of elements of A, checking if
A |= 0(ab) or if A = n(ac) using D(A)™. One of the ¥, formulas is true, so this search will eventually
terminate, at which point we can determine if A |= ¢(@). O

2.3 Computability of Fragments of the Diagram

Before embarking towards a proof of Proposition [2.8) we will demonstrate a few more distinctions between
relative decidability properties.

For A a structure, Er, (A) (Ex, (A)) is the set of II,, (X,,) sentences in the elementary diagram of A. For
any structure, Fy, (A) =r Er, (A) uniformly, so (uniform) computability of one is equivalent to (uniform)
computability of the other. We will switch between them as convenient. We will use the convention that
0(") is represented by Fs_ (N).

Theorem 2.9. Let T be a c.e. theory. Suppose there is a Turing functional ® such that for A a countable
model of T, ®P) computes Fry, (A). Then T is uniformly relatively decidable.

Proof. Tt suffices to show that T has quantifier elimination to ¥X; formulas. We will prove by induction of n
that any II, formula is equivalent over T to a ¥, formula.

Let ¢(T) be a II; formula with n free variables. For A a countable model of T, the set R C A™ defined
by ¢ can be uniformly computed from Ery, (A), and so can be uniformly computed from D(.A). Therefore, R
is uniformly relatively intrinsically c.e, so by the Ash-Knight-Manasse-Slaman-Chisholm theorem, is defined
in A by a X§ formula ¢(T), which is independent of the structure 4. That is, ¢ and 1 are equivalent in any
countable model of T, so by the downward Lowenheim-Skolem theorem, in any model of T'.

Suppose A and B are models of T, A C B, and @ C A such that A |= ¢(@). Then, A | ¢ (a), so because
¥ is XY, B = ¢(a), which implies that B |= ¢(@). Because this holds for any models A and B of T, ¢ is
equivalent to a finitary ¥; formula n over 7.

Suppose that any II,, formula is equivalent over T to a X7 formula. Let ¢ be a II,,; formula. Then,
—(T) is equivalent to a X, formula 3g0(zZ,7), for § a II,, formula. Let n be a X1 equivalent to 6. Then,
—(T) is equivalent to JIyn(Z,y), which is X;. Hence, ¢ is equivalent to a II; formula, which is in turn



equivalent to a ¥; formula. We conclude that every formula is equivalent over T to a ¥; formula, so T is
uniformly relatively decidable.
O

The analogous statement for copies of a single structure is not true in general.

Theorem 2.10. There is a countable structure A and a Turing functional ® such that ®PB) computes
Es, (B) for any B ~ A, but A is not relatively decidable.

Proof. Let L consist of the language of arithmetic {0, 1, +, x, <}, together with new constants ¢,, for each
n € w, and new unary relations P, Wy, and Wj. Let the domain of A be the disjoint union of two copies of
w, wy, the interpretation of Wy, and w1y, the interpretation of W7. On wy, let the symbols in the language of
arithmetic have the standard interpretation. Let the ¢, label the elements of wy, and let P be interpreted
as {cyn € 0'}. If a € wy, then for any b, let a+b=axb=b+a=0>bxa=c.

Consider a fixed B ~ A. Any ¥, formula in m free variables ¢(Z) = Jy1,...,yn0(T,7), for § quantifier
free, is equivalent to the formula

\/ (:E1 € Wg(l) N Nxy, € Wg(m) A \/ Jdy1 € ng(l) Loy, € Wg(n)G(E, y)>

oe2m o’e2n

so to decide an instance of ¢(ZT), it suffices to decide each existential disjunct of the above formula. Writing
# in disjunctive normal form, it suffices to consider the case in which 6 is a conjunction of literals. For each
term 7(Z, %), whether 7 is in wg or w; depends only on its syntactic form and on whether the z; and the y;
lie in wg and wy. A term in w; is either a variable ranging over wi, a constant c;, or an expression always
equal to cg, which can be replaced with c¢y. We may thus assume such terms contain only variables ranging
over wy. Likewise, terms in wg contain only variables ranging over wy.

Atomic sentences of the form Wi(7) and Wa(7) can be replaced with their truth values. An atomic
sentence P(7) can be replaced with the truth value false whenever 7 € wy, as can atomic sentences involving
< with terms in w; and equations between terms in different parts of the structure. As such, it suffices to
consider 6 of the form

p(Z,7) AT, 7)

where p is in the language of arithmetic and contains only variables ranging over wp, and A is in the language
{P,c1,ca,...} and contains only variables ranging over w;. Because they contain disjoint sets of variables,
the quantified formula is equivalent to the conjunction of the quantifiers applied to p and to A separately, so
it suffices to decide each of these. The case of A can be decided because the theory of Wi in the language
language {P,cy,ca,...} is complete, as any two countable models have isomorphic elementary extensions,
each containing countably many elements not equal to any c¢; satisfying P, and countably many satisfying
—P. This theory is axiomatized by the atomic sentences in D(B), so is computable from it.

In the case of p, we need to decide a X9 arithmetic formula, plugging in elements b in B for . We may
assume all of b satisfy Wy, so lie in the copy of wy. We can effectively search for terms 1+ - - -+1 equal to each
b;, and thus turn the formula into a X9 sentence in the language of arithmetic. We can decide this sentence
by computing its Godel number ¢, and checking if P(c¢;) € D(B). This describes a uniform procedure to
compute Fy, (B) from D(B).

A is not relatively decidable, because

E(.A) > Th(N) > 0’ > D(.A)
O

We can replace 0/ with 0(® in the above construction. In order to decide a %, formula, we carry out
the same procedure of converting it to prenex normal form, then considering all possible combinations of
W; that the variables can lie in. This reduces the problem of deciding the formula, as above, to deciding
a XY sentence about W, in the language of arithmetic, for which we use 0™ and deciding a sentence in
the language {P,c1,cy...} about W;. Using the fact that Th(N) >z 0™ for any n, we have the following
generalization.
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Theorem 2.11. For any n, there is a countable structure A and Turing functional ® such that ®P®B)
computes Ey, (B) for any B~ A, but A is not relatively decidable.

Using a variation on the above construction, we can realize all of these properties in the same structure.

Theorem 2.12. There is a countable structure A such that for each n, there is a Turing functional ®,, such
that 5B computes Ey, (B) for B~ A, but A is not relatively decidable.

Proof. The idea is as follows. We will include a copy of 0" in the structure for each n, each of which can be
read off of the diagram using a distinct “key.” We let £ consist of the language of arithmetic, together with
new constants ¢; , for natural numbers 7, k, and unary relations Wy, Wi and P. A consists of the disjoint
union of two sets. One is a copy of w, the interpretation of Wy, on which the language of arithmetic has its
standard interpretation. The other is a copy of w?, the interpretation of W;.

The elements of this are labelled by the constants ¢; . For each n, we will define a distinct k,,. We will
also define a set N C Wi, which can thought of as “noise” that we add to the diagram, disjoint from the
rows corresponding to the k,,. We interpret P as {c; x, |i € 0(")} U N. We extend the language of arithmetic
to Wy as in the previous theorem, so that if a € Wi, a+b=b+c=axb=>bXxa=cy o for any b.

For any n, we can decide ¥,, formulas in any B ~ A exactly as in the previous theorem, with one
modification. When we compute the Gédel number i of a X0 arithmetic sentence we need to decide, we
check if P(c¢; , ) € D(B). Using ky,, we can thus define a uniform procedure to compute Ey,_ (B) from D(B)
for any B ~ A.

We will now show that N and the k,, can be chosen so that A is not relatively decidable. In particular,
we will show that they can be chosen so that Th(N) is not computable from D(A). Let ®X be the eth Turing
functional relative to a set. We will define the &, and N in stages. Let D(Ay) be the diagram of A at stage
s. At step 0, set k; = 1, N to be the empty set. At step s, we will have defined k1 < ko < -+ < kg, and put
only finitely many elements into N. D(A,) is thus computable from 0(*), so Th(N) is not computable from
it. We will show that there must be an i such that one of the following holds.

1. @SD(A*)(Z') 1 for any A* obtained from A, by adding elements to P in rows above k.

2. There is an i, and a finite extension of P above row ks so that <I>£<A*)(i) J and @E(A*)(i) # Th(N)(4).

If for all 4, both (1) and (2) fail, then we can compute Th(N) from D(Ay) as follows. For any i, we search

finite extensions P above ks until we find one so that (I)?(A*)(Z') converges, which must exist because (1)
fails. The computation must have output Th(N)(¢), because (2) fails. This is a contradiction, so there must
be some i satisfying (1) or (2).

If 7 satisfies (1), then because in the remainder of the construction we will only add elements to P
above row kg, this ensures that <I>5D(A) will not compute Th(N). We can then choose kg1 to be ks + 1,
and move to step s + 1. If i satisfies (2), then we extend N to realize the finite extension of P so that

®D(A*)(i) # Th(N)(i), and choose ks; 1 to be large enough so that changes to rows > kg1 do not change
the part of the diagram used in the computation of (PSD(A*)(i). This ensures that @SD(A) will not compute
Th(N).
In the limit, we have defined A so that for all e, QE(A) does not compute Th(N). On the other hand,
Th(N) is computable from E(.A), so this implies that A is not relatively decidable.
O

3 Infinitary Logic

In this section, we go about proving Proposition We will examine each case up to n = 5 separately, at
which point we will have the necessary ideas to prove the general case.
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3.1 Semantic Tests: n=0and n =1
We can extract, from the definition of model completeness, the following semantic test for II; formulas.
Theorem 3.1. Let ¢ be a finitary formula and T be a finitary theory. The following are equivalent.

1. ¢ is equivalent to a 11y formula over T.

2. If A C B are models of T, a € A, and B = ¢(a), then A |= p(@). That is, ¢ is preserved by
substructures.

Proof. If ¢ is equivalent to ¥(T) = Vy0(zy), then if @ € A, and B |= ¢(a), we have that B |= ¢ (a). For any
be A be B, so B f(ab). Then, A = 0(ab) because A C B. Thus, A |= 9(a), so A = ¢(a).

Suppose, conversely, that ¢ is not equivalent to any IT; formula over T. Adding constants ¢ for the free
variables of ¢, let T be the set of II; consequences of T + ¢(¢). If T+ T'F ¢(¢), then for some finite subset
SCT, T+ Sk o). Letting ¢(¢) be the conjunction of S, we would have that ¢(Z) is II;, and because ¢
does not appear in T, T F VZ(¢(Z) + ¥(T)), contradicting our assumption. As such, T+ T' I/ ¢(¢), so there
is some A = T + T + —¢(¢). We claim that T + ¢(¢) + D(A) is satisfiable. For any finite R C D(A), let
6(ac) be the conjunction of R. If T + ¢(¢) + R is not satisfiable, T' + ¢(¢) - Yg—0(yc). Then, Vy—0(yec) € T,
which is contradicted by the fact that A =T and 6(ac) € D(A). Let B = D(A) + T + ¢(¢). Then, AC B
are models of T, B = ¢(¢), and A = —¢(€), so ¢ does not satisfy (2). O

We can use this test to prove the n =1 case.

Corollary 3.2. If a finitary formula ¢ is equivalent to an infinitary 11y formula v in all models of T, a
finitary theory, ¢ is equivalent to a finitary I1y formula over T.

Proof. Tt suffices to show that v satisfies the criterion (2) of the previous theorem, as this implies that ¢
does as well. If Y7 = M\, Vyb0;(zy), A C B, and B |= +(a) for @ € A, then for any i and b € A, b € B, so

B |= 6;(ab). As such, A = 0;(ab). We conclude that A = v(a). O

As we have define the classes II,, IIy formulas are already finitary, so the proposition is trivial there.
However, there is a semantic test for quantifier free formulas which can be used to prove an analogous
statement for quantifier free infinitary formulas. We can also observe that we could include more infinitary
connectives in II; formulas in the preceding corollary. We will ultimately more general results that embrace
both of these observations, but for the rest of the special cases, we will retain the classes II,, for simplicity.

Theorem 3.3. Let ¢ be a finitary formula, and T be a finitary theory. The following are equivalent.
1. ¢ is equivalent to a finitary quantifier free formula over T .
2. B, and C are models of T, A C B, and A C C, then fora € A, B = (@) if and only if C = o(a).

Proof. We will use finitary, quantifier free sentences T and L standing for true and false respectively in the
case that ¢ is a sentence, for otherwise the language may lack quantifier free sentences. This is a technicality
that does not add to the language’s expressive power, and if the language has a constant ¢, we can replace
these with ¢ = ¢ and ¢ # ¢ respectively. Otherwise, if ¢ is not equivalent to T or L over T, there are models
BET+ ¢ and BET+ —p, and we can take A to be empty.

If 6 is quantifier free, A C B, A C C, B and C are models of T" and @ € A, then B | 6(a) if and only
A E 6(a) if and only if C = 6(a). If ¢ is equivalent over T to 6, then this implies that B |= ¢(a) if and only
if C = p(a).

Suppose conversely that ¢ is not equivalent to any quantifier free sentence formula 7T'. Let I" be the set of
quantifier free consequences of T'+ ¢(¢) and TV be the set of quantifier free consequences of T + —p(¢), for ¢
new constants. We claim that I"'+I" is satisfiable. If not, then for some finite S C IV, I'+.5 is not satisfiable.
Let 6(¢) be the conjunction of S. Then, in models of T, ¢(¢) I 0(¢) - ——(¢). Because ¢ does not appear
in T, this implies that ¢ and 6 are equivalent, contradicting our assumption. Let A’ be a model of T 4+ TV,
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and A C A’ be the substructure generated by the denotations of closed terms. Then, D(.A) is just the set of
atomic sentences true in 4. We claim that D(A) + T + ¢(¢) and D(A) + T + —p(¢) are satisfiable. If not,
say D(A) 4+ T + ¢(¢), then for some finite subset R C D(A), R+ T + ¢(¢) is not satisfiable. Letting 7 be
the conjunction of R, we then have that T+ ¢(¢) I n, so n € . This contradicts the fact that A" |=T". The
case of —p(e) follows for the same reason. We thus have B |= D(A) +T + ¢(¢) and C = D(A) + T + —¢(c).
This shows that ¢ does not satisfy (2). O

Corollary 3.4. If v is infinitary, and quantifier free, ¢ is a finitary formula, and T is a finitary theory,
such that ¥ and @ are equivalent in all models of T, then @ and Y are equivalent to a finitary quantifier free
formula over T.

Proof. Tt suffices to show that 1) satisfies condition (1) of Theorem as this will imply that ¢ satisfies it
as well. We will prove this by induction on the complexity of 1.

If ¢ is atomic, then because A C B and A C C, B |= ¢(a) if and only if A |= ¢(a) if and only if C = ¥(a).
Suppose ¢ = —¢. Then, B |= ¢(a) if and only B [~ ¢(a). Appealing to induction, this is true if and only if
C [~ ¢(a), or equivalently, C = ¥(a).

Suppose ¢ = \{/ ¢. Then, B = ¢(a) if and only if for some ¢ € ®, B = ¢(a). Appealing to induction,

OISL
this is true if and only if C |= ¢(@) for some ¢ € ®, which is true if and only if C = ¢(@). Likewise, if

v — M\ ¢, BE¥(a) if and only if for every ¢ € @, B |= ¢(a). Appealing to induction, this is true if and
Ppcd
only if for every ¢ € @, C = ¢(a), which is true if and only if C | ¥(@).
[

3.2 Preservation by Chains: n = 2

The use of semantic tests to characterize complexity classes of formulas will prove to be fruitful. Originating
in [Chab9] and [ES55], the following test characterizes Il formulas.

Theorem 3.5. Let T' C Ly, ., be a theory, and ¢ € L, ., be a formula. The following are equivalent.
1. ¢ is equivalent to a (finitary) sy formula over T.

2. If Ay C Ay C ... is a chain of models of T', and A, =, ., An is a model of T, then if @ € Ao, and
An E (@) for every n, we have that A, = p(a).

Proof. We will first show that finitary IIs formulas satisfy (2). Suppose p(Z) = Vg3z0(zyz), and Ay C A; C

. is a chain of structures with A, = J,, An, and A,, |= p(a) for a € Ao, for all n. Let be A,. Then,
b € A, for some n. As such, there is a ¢ € A, such that A, = 6(abc). Then, A, |= 6(abc). We conclude
that A, E ¢(@).

Next we will show that this characterizes Il formulas. Let ¢ be a tuple of new constants. Let I' be
the set of Il sentences in the expanded language which are entailed by T + ¢(¢). We will show that
T+TF ¢(€). Suppose M =T + T, and let Thy, (M) be the set of ¥ sentences true in M. We claim that
T + Thy, (M) + ¢(c) is satisfiable. If it is not, then for some finite subset of S C Thy, (M), T + S + ¢(¢) is
not satisfiable. Let 1) be a X5 equivalent of the conjunction of the elements of S. Then, T + ¢(¢) - =, so
- is equivalent to a Il consequence of T+ (€), which then is an element of I'. However, M [ 1, which
contradicts the assumption that M =T

Let N =T+ Thy,(M) + ¢(¢). Let Em, (M) be the set of II; sentences in the elementary diagram of M.
We now claim that Th(N) + Er, (M) is satisfiable. It suffices to show that any finite set of II; formulas true
of elements of M can be satisfied in N. Taking the conjunction of this set, it suffices to show that any II;
formula () true of elements of M can be satisfied in N. In this case, M | 355 (), which is X5 so because
N | Ths, (M), N & 374(7).

Let Ny = Th(N) + En,(M). We may take N3 D M, interpreting the constants in Er, (M) as the
respective elements of M. Further, Ny = N. We will now show that there is a structure M; such that
My = M and My D N;. M will be a model of E(M) + D(N;), where the constants used to name elements
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of M in E(M) are identified with those used to name elements of M in D(Np). It suffices to show that
for any finite subset S C D(Ny), E(M) + S is satisfiable. Taking the conjunction of S, it suffices to show
that E(M) + a(d,€) is satisfiable, where « is quantifier free formula, d are constants naming elements of M
and so appear in F(M), and € are constants naming elements of Ny \ M. If this is not satisfiable in M,
interpreting d as the respective elements m of M, then M |= Vy—a(m, %), so Yg—a(d,y) € Em, (M). Because
N; |= B, (M), Ny = Vy-a(d,y), which contradicts the fact that a(d,€) occurs in D(N;). We conclude that
E(M) + a(d, ) is satisfiable, so E(M) + D(N;) is satisfiable. Taking a model of this, we have Mj.

Because M > M and Ny = N, Ny |= Thy, (M) = Thy, (M;). Using this, we can iterate the constructions
of My and N7 above to obtain a chain of structures

MCN  CM CNyCMyC...

such that Ny = Ny = N3... and M < M; < M,.... Consider M, = U, M, = U,N,,. By the elementary
chain theorem, M, = M, so M, E T. Because each N,, = ¢(¢), M. &= ¢(¢), so M | ¢(¢). We conclude
that T+ T' F ¢(¢).
By the compactness theorem, T+S I ¢(¢), for S a finite subset of I'. Taking a ITs sentence 7(¢) equivalent
to the conjunction of the sentences in S, we have that T F ¢(¢) <+ n(¢). The constants ¢ do not occur in T,
so T FVZ(p(T) < n(T)).
O

Corollary 3.6. If a finitary formula ¢ is equivalent to an infinitary s formula ¢ in all models of T, a
finitary theory, ¢ is equivalent to a finitary Iy formula over T.

Proof. We will show that infinitary Ils formulas satisfy the semantic test of the previous theorem. Let
o(@) = X\ Vo W/ 320; ;(77%)
( J

Suppose that A9 C A; C ... is a chain of structures, @ € Ap, and that for each n, A, = ¢ (a). Let
Ao = U, An. Then, for any i, and b € A, b € A, for some n. Then, there is a j and a ¢ such that
A, = 0; j(abc). Consequently, A, =6, ;(abc). We conclude that A, = ¥ (a). O

3.3 Digression: Longer Chains

One might hope to generalize the semantic test used for the n = 2 case by considering other kinds of chains
of structures. This approach, however, fails for the following reasons. First, if an ordered set I has cofinality
w, one can modify any w-chain (A, )n<. to obtain an I indexed chain, by choosing a cofinal subset of I and
filling in the gaps above A,, with copies of A,,. This shows that any formula preserved by I indexed chains
is also preserved by w indexed chains, and so we don’t get a characterization of a larger class of formulas.
If we consider chains with cofinality greater than w, they preserve too many formulas to give us a useful
characterization. In particular, suitable w; indexed chains preserve all £, ., formulas.
A family of structures (Aq)a<w, is an wq-chain if it has the following properties.

1. For each a < wq, A, is countable.
2. For a < 8 <wi, Ay C Ag.

3. For limit 8 < w1, Ag = |J Aa.
a<f

For an wi-chain (Ay)a<w,, we define A, as |J A,. A,, may be uncountable.
a<wy

Theorem 3.7. Suppose that (Ay)a<w, @8 an wi-chain, and ¢ is a sentence of L, . such that Ay, E ¢.
Then, the set {a < wi|Ay = @} is cofinal in wy.
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Proof. Let ®@ be the set of subformulas of ¢ and their negations. Note that ® is countable. For any ¢ € ®,
@ C Ay, such that A, = 3gy(a,y), let f (@) be a tuple of length 7 such that A, = ¥(a, f,(@)). For
convenience, we think of the ﬁb as partial functions on A, .

Suppose 8 < wy. We will show that there is an « such that 8 < o < wy and A, | ¢. For v > 3, let
F., be the set of elements of tuples fw (@) fora C A,, and ¥ € ®. Because A, and ® are countable, F), is
countable, so A, = F, U A, is countable. The set {a < wi|A, N (Aat1 \ Aa) # 0} is then countable, so is
not cofinal in w;. Therefore, there is some ' < w; which is larger than any element of this set, in which
case A, D A,

Let By = B, and B, 41 = B),. Let § = sup{f,|n < w}. Then, § < wy. We claim that As; =(J Ag,. One of

the following is true of the sequence (5,,).
1. For some n, B, = Bn+1.
2. Bn < Ppy1 for each n.
In case (1), By = By for all N > n, so § = 3,, and As = Ag, = JAp,. In case (2), ¢ is a limit

ordinal, so As = |J Ao = JAp,. We now claim that As D Fs. Suppose @ C As, and ¢ € @, such that
a<d n

A, |E I (a, 7). Then, a C Ag, for some n, so f,(a) € Fg, C Ag,,, C As.

We will now show that for any 6 € ® and @ € A4s, A, = 0(a) if and only if As |= (@), by induction on
the complexity of 6. If 6 is quantifier free, this is true because As C A,,. If § = - and this is true for 7,
it follows for @ because A = 6(a) if and only if A = n(@). Suppose that this is true for 6; for i € I, where
I is countable. If § = M\,c;0:, then A, | 6(a) if and only if A, = 6;(a) for each i € I, if and only if
As = 0s(a) for each i, if and only if As = 6(a). If 0 = \Y/,; 0, then =0 is equivalent to /X\;.; —0;, in which
case this follows from the previous two cases.

Suppose this is true for n. If § = Iyn(y) and A, | 0(a), then As = 0(a) because f, (@) € As. If
As |= 0(@), then A, = 6(a) because As C A,,. If § = ¥gn(y), then —0 is equivalent to Ig—n(7y), so this
follows from the previous case and the case of negation. ® is well founded when ordered by containment of
subformulas, so by induction, this is true for any 6 € ®.

Because ¢ € ® and A, = ¢, we conclude that As = . Moreover, § > . This completes the proof that
{a < wi|A, = ¢} is cofinal.

iel

O

Theorem 3.8. Suppose that ¢ is a sentence of L., . and (Aa)a<w, i an wi-chain such that for all suffi-
ciently large a, Ao = @. Then Ay, E ¢.

Proof. Suppose A,,, E —¢. By the previous theorem, {a < wi|A, | —¢} is cofinal, contradicting our
hypothesis. O

We can apply this theorem to prove the following.

Theorem 3.9. Suppose X is a countable structure. Fither the L., ., theory of X is not countably categorical,
or the L., ., theory of X has an uncountable model.

Proof. Suppose that the £, ., theory of X, Th(X) is countably categorical. We will first show that X has a
proper elementary embedding into itself. By the upward Lowenheim-Skolem theorem, X has an uncountable
elementary extension Y > X. Because Y is uncountable, we can choose some y € Y \ X. Applying the
downward Lowenheim-Skolem theorem, Y has an elementary substructure X’ containing X U {y}. For any
finitary formula ¢ and tuple @ C X, if X | ¢(@), then because X <Y, Y E ¢(a), so because X' <Y,
X' E ¢(@). We conclude that X < Y. Because y ¢ X, X C Y. Because Y | Th(X), Y ~ X. Composing
the elementary embedding X — Y with the isomorphism ¥ — X, we obtain an elementary embedding
X — X whose image is a proper substructure.

Using this elementary embedding, we can define by recursion an w;-chain of copies of X such that the
successor of each entry in the chain is a proper elementary extension. For countable limit ordinal 3, if we
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have defined X, for each o < 8, we let Xg = |J X,. This is then a countable elementary extension of X,

a<f
so is a model of Th(X), and thus an isomorphic copy of X. Taking the union of this chain, we obtain a
countable structure Z. By the previous theorem, for any L, ., sentence ¢ such that X = ¢, Z |= ¢. O

The above theorem can also be proved by other methods. Assuming that the £, ., theory of X has no
uncountable models, we can conclude that X has an uncountable elementary extension not satisfying the
Scott sentence of X, and apply the downward Lowenheim-Skolem theorem to this, to obtain a countable
structure elementarily equivalent to X, but not isomorphic to it. We could also use the Ryll-Nardzewski
theorem to show that if X has a countably categorical theory, the Scott sentence of X is a conjunction of
finitary sentences, so is true in some uncountable elementary extension of X, which is then back and forth
equivalent to X, and so is a model of its £, ,, theory.

3.4 Morleyization: n =3

Using the method of Morleyization, in which one introduces new symbols to the language to represent
formulas, we can extend the methods used in the n = 2 case to prove the n = 3 case.

Theorem 3.10. Let ¢ be an infinitary I3 sentence in signature L, of the form
v =N\ \{/ 37\ ¥20:.,4(7.7. %)
i j E

where each 0; ;1 is finitary and quantifier free. Let T be a finitary L theory, and ¢ a finitary £ sentence.
Suppose ¢ is equivalent to ¢ over all models of T. Then ¢ is equivalent to some finitary lls L sentence over
T.

Proof. Consider the Morelyization of T* with respect to the set of finitary universal formulae, in signature
L*. L* consists of £ together with a new relation symbol Ry for each universal formula ¢(Z) = Vy0(Z,7).
This symbol is defined in 7™ by the sentence

(VT)(Ry(T) > (V3)0(Z,7))
Note that T* remains finitary. In models of T, v, and thus ¢, is equivalent to the sentence
o = M\ vz \X/ 37 )\ Bijn(@.7)
i j k
where R; ;1 corresponds to the universal formula Vz0; ; 1 (Z,7,Z). Suppose that
ASCcAjCc Ay C ...
is a chain of models of T*, such that A% | ¢ for each n < w, and such that Af = |J A7 is a model of

n<w

T*. We will show that A, = ». We first note that for each n, A}, = 9%, and that it suffices to show that
A* = ¢*. Fix some i, and @ C A¥. @ C AF for some n. Because A¥ = ¢*, there is a j and a b C A% such

that B

An = X\ Rijx(@,b)

k
That is, for each k, A}, = R; ;j1(@,b), so A%, = R; ;x(a,b). Therefore,
A E \X/ 3@/}(\ R; jr(a,y)
j k

This holds for any @, and any i, so A% = ¢*, which in turn implies that A* |= ¢. We can conclude from
this property of ¢ that ¢ is equivalent in all models of T™ to a finitary Il sentence n* in the language L£*.
Let 1 be the sentence obtained by replacing each symbol R4 in #* with the formula ¢. Then, 7 is a finitary

II5 L sentence, equivalent to ¢ is all models of T*. Because any model of T' can be extended to a model of
T, we conclude that ¢ and 7 are equivalent in all models of T O

16



Theorem 3.11. Let ¢(T) be an infinitary I3 formula, equivalent in all models of a finitary theory T to a
finitary formula o(T). Then, ¢ is equivalent to a finitary M3 formula over T.

Proof. Let € be a tuple of new constants, of length Z, and apply the previous theorem to the sentences ¥ (¢)
and ¢(T). O

3.5 Digression: Consistency Properties and Interpolation

Viewing the result we wish to obtain as an interpolation theorem, one might attempt to prove this using
methods used to prove other interpolation theorems for infinitary logic. In particular, the method of consis-
tency properties, which has been used to prove Lopez-Escobar’s version of the Craig interpolation theorem
for L, « appears promising. Unfortunately, we can obtain only a very slight reduction in complexity using
this method. For a full definition of a consistency property, and its use to prove the Craig interpolation for
Lo, w see [Marl6].

For a finite set o of formulas, we define its complexity (o) to be the least n such that every element of
o is I1,,. We say that a sentence is II} if it is of the form Wi, Va1 ... W, VZun;(T), where each n; is a 3,1
formula. In other words, IT! is the smallest class of formulas containing the ¥,,_; formulas and closed under
universal quantification and infinitary disjunction.

Let £ be a signature, and £* be obtained by adding countably many new constants to £. We define X

to be the set of sets of L7, , sentences 0 = o1 U oy with the following properties.

1. o is finite.
2. 09 is a countable set of finitary sentences, containing only finitely many new constants.
3. If oy F 4, k(o) = n, and « is I}, then v + oy is satisfiable.

Lemma 3.12. X is a consistency property.

Proof. We will use the following facts. If 01 Uos € X, and o1 F ¢, where x(¢) < k(o1), then letting
o1 =01 U{@}, o1 Uoy € E. Similarly, if o5 - ¢, where ¢ is finitary, then letting o = oo U {¢}, o1 Uc} € X.
In both cases, properties (1) and (2) are preserved, and property (3) is preserved because we need only
consider ¥ that are already considered for o1 U o3.

We will now show that ¥ satisfies requirements (1)-(7) to be a consistency property. We let n = k(o1)
throughout.

1. If ¢,—¢ € o1, then o1 | ¢ # ¢ for some ¢, which is atomic and not satisfiable.
If ¢, ¢ € o3, then o1 F ¢ = ¢, and ¢ = ¢+ 03 is not satisfiable.
If ¢ € 01, ~¢ € og (or vice versa), then ¢ is finitary, k(¢) < k(o1) (respectively, k(—¢) < k(o1)), so
letting 1 = ¢ (respectively ¢ = —¢), we see that o1 Uoy & 3.

2. This follows from the facts, as ¢ is equivalent to ~ ¢, is finitary if and only if ~ ¢ is, and is equal to
it in complexity.

3. This follows from the facts, as /X\; ¢i I ¢; for each j, ¢; is finitary if the conjunction is, and ¢; is no
more complex than the conjunction.

4. Suppose \/; ¢; € o2. This disjunction is finitary, because o5 consists of finitary sentences. Suppose that
for each 4, o1 U (02 U{¢;}) & ¥. Then, for each i, there is a IIf, 1; such that oy F 1;, and 9; + o9 + &;
is not satisfiable. Let ¢ = A, v;. Because this is a finitary conjunction, v is HI” and v + oy is not
satisfiable. This implies that o1 U oy & 3.

Suppose now that \X/; ¢; € 1. Then, each ¢; is at most X, _;. If for each i, (o U {¢;}) Uoa & X,
there is a ITf ); such that o1 + ¢; - v; and v; + o9 is not satisfiable. Let ¢ = W ¥i. Then, 9 is It
o1 F 9, and ¥ + o4 is not satisfiable. This implies that o7 U oy & X.

We conclude that property (4) holds by contrapositive.
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5. This follows from the facts, as (Va)p(z) F ¢(c) for each ¢, ¢(c) is less complex than (Va)y(x), and one
is finitary if and only if the other is.

6. Suppose (3x)d(x) € 1. Then, ¢(z) is at most X,,_1. Let ¢ be a constant not appearing in o, and sup-
pose o1 + ¢(c) - 01(c), for 8(c) a I}, formula. Because ¢ does not occur in oy, o1 = (Vx)(é(z) — 6(x)),
which is IIf . Furthermore, (3z)¢(z) is I, so

n’

¥ = (Fr)p(z) A (Vo)(d(2) = 0())

is IIf . o1 F 4, so ¢ + o3 is satisfiable. ¢ = (32)0(z), so (3x)f(x) + o3 is satisfiable. Because ¢ does
not occur in o9, this implies that (c) + o9 is satisfiable. Therefore, (o1 U {¢(c)}) Uos € .

Suppose that (Fz)¢(x) € o9. Again, let ¢ be a constant not occurring in o. Suppose o1 F 8(c), a
IIf sentence. Because ¢ does not occur in oy, oy = (Vx)f(x), which is a IIf sentence. Therefore,
(Vz)0(x) 4+ o9 is satisfiable, in a model M. Interpret ¢ as a witness to (3x)¢(z) in M. Then, M =
0(c) + o2 + ¢(c). We conclude that o1 U (02 U {p(c)}) € X.

7. (a) This follows from the facts, as d = ¢ is atomic and a consequence of ¢ = d.
(

b) This follows from the facts, as ¢(c) follows from ¢ = ¢ and ¢(¢), is no more complex than ¢(¢),
and is finitary if ¢(t) is.

(c) Let ¢ be a constant not occurring in o. Suppose o1 +c =t - 6(c), a IIf, sentence. Then, oy I 0(t),
which is IIf , so 6(t) + o is satisfiable, in a model M. Interpreting ¢ as t we obtain a model of
0(c) + oa. Therefore, (01 U{c=1t})Uoy € X.

O

Theorem 3.13 (II! Interpolation). Suppose that v is a I1,, sentence, and ¢ is a finitary sentence such that
Y is equivalent to ¢ in all models of T, a finitary theory. Then, v is equivalent to a III sentence in all
models of T.

Proof. There is no model of T+ ¢ + =, so letting o1 = {9}, and 0o = T U {—¢}, 01 Uy &€ 3. Therefore,
there is a II], sentence 6(¢), for ¢ a sequence of new constants, such that ¥ - 6(¢), and 0(¢) + T + —¢ is not
satisfiable. Then, in models of T', v - (VZ)0(Z) - (37)0(T) I ¢ F v, so (VZ)0(7T) is a IIf, sentence equivalent
to . O

3.6 n-Elementary Extensions, n =4

In this case, we will prove the contrapositive of the n = 4 case, which will involve a useful semantic test
for II,, formulas more generally. We say that A is an n-elementary substructure of 13, and write A <, B if
A C B and for any V,, formula ¢, and elements @ of A, if A = ¢(a), then B |= ¢(a). We let Ey, (A) be the
set of V,, sentences in the elementary diagram of A. Then, A <,, B if and only if B |= Ey, (A), interpreting
constants naming elements of A as the same elements of B. Any model of Ey, (A) can be replaced with
an isomorphic n-elementary extension of A, replacing the interpretations of constants naming elements of
A with those elements. Under this definition, A <o B if and only if A C B, and A < B if and only if
A <, B for all n. Another way to interpret this definition is that an n-elementary extension is an extension
of structures, after Moreleyizing with respect to finitary II,, formulas.

Let £ be countable. Suppose ¢ = N\, Va'\W/; 30 N\, Y& \{/, 320; j 1« (W0WT) is an L, ., sentence and ¢
is a L, ., sentence not equivalent to any finitary II, £ sentence over a finitary £ theory 7. We will attempt
to construct a model of T showing that ¢ <1 .

Let I' be the set of Il consequences of ¢ + T in L, .. Because ¢ is not equivalent to any finitary Il
sentence over T, '+ T I/ . Let Ag be a countable model of '+ T 4 —p. We now claim that ¢ +T + Er,(A)
is satisfiable. If not, then for some ¢1(¢),..., ¢, (¢) € En,(A), ¢ +T F -3T \,-,, ¢:(T), which is II4, so is an
element of T', contradicting the fact that A4y =T
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Let By = Fr,(A) + T + ¢, so Ag <3 Bf). Pick an enumeration {(i3,@3), (i9,a?), ...} of pairs consisting
of an i and a tuple of length @ in Ay. We start with @) € BJ. Consider the tuples b € B) of length 7. We
say a pair (j,b) is breakable if there is a k; 3 such that for each L there is a ¢z, of length w such that

BS = N\ VZ—big j 1, (@bCLT)

<L

Otherwise, we say that it is unbreakable.
Suppose all (j,b) are breakable. Then,

E(By) + {VT=0i9 5.1, 5.0 (@obe; 5.47)(4, b), £}
is finitely satisifiable, where C, 5, are new constants. This set is then satisifiable, in a model B§. Then,

B} = BY, and for each (j,b),
BO ‘— HUI/X\V(L‘ﬁe ;0 k F@(ﬁ(%éﬁ)

10> Js

Moreover, any elementary extension of B} satisfies this, using the same witness for w. We can then iterate
this to construct structures B < BT, so long as each (j,b) with b € By is breakable.

Suppose conversely that we get to a By (maybe BJ) with an unbreakable (j,b). Then, for every k, there
is an Ly such that for every ¢ of length w,

BO ': \/ 31‘91 jké(aobcx)
£<Ly

In other words,

By }—/X\W \/ 32059 j ke (adbwz)

(<Ly
We conclude that for each K,

By =3 \ vw \/ 36y ;. (@vwT)
k<K  ¢<Ly
This is a finitary 33 statement, so because Ay <3 BY
— — — 0
Ay |=3Jo /\ Vw \/ 320;0. ;1,0 (@VWT)
k<K  (<Ly

for each K.
We now have two cases. Either

Ao =T /\ Yw \/ 350i87j7k7g(68vwx)

k<K <Ly
for each K, or we construct an infinite elementary chain

By < B <B:<
We will deal with the second case first.

Let B= |J Bj. Then, By < B for each n. This implies that B |= T + ¢. We will show that B = ).

nw

This is equivalent to \X/, Ju J\; Vo W/, Fw )N\, VZ—0; j k. (w0wT). We will take i9, @y as witnesses for i and

u. It then suffices to show that
B = /X\ ] \X/ HE/X\ Wﬁﬁig)j7k74(angw)
J k l

19



We will consider each pair (j,b), for b € B of length ¥, one at a time. This b shows up in some By, and the
pair (j,b) is “broken” in the construction of B”H In doing so, we ensure that because B is an elementary
extension of Byt it satisfies

B = Jw /X\VE_'eig,j,kjj,é (a)bwz)
14

Thus,
B =\ 3w \\ VZ-0;9 ;1.0 (@ bwe)
k I4

This holds for all (j,b), so we conclude that B |= ).
We now consider the first case. Let d be new constants of length .

E(Ao) +{ /\ Yw \/ 20,0 ;1.0 (aydwz)| K}
k<K <Ly
is finitely satisfiable, so satisfiable, in a countable model A;. Then, A; > Ag, and
A = HU/X\W \/ 2050 5.k (advwz)

0<Ly

witnessed by a™. As with Ao, A1 ET + T, so there is a BY such that A; <3 BY and BY = ¢ + T.
We can then iterate the entire process, subject to the following modification. Let f : N — N2 be a
bijection, with components g and h, such that g(n) < n for all n, and f(0) = (0,0). When we construct a

A, choose an enumeration {(if},ag), (¢, ay), ...} of pairs consisting of an ¢ and a tuple of length @ in A,,.
After constructing A,,, we use (i i((fl)) EZ((Z))) in place of (i3,ay).

We again have two cases. Either at some point, we construct a B such that B = T 4+ ¢ + —t, or we
construct an infinite elementary chain

Ag < A1 < Ay < ...
Let A= |J A,. Foreach n, A, =T+ —p, so A= T + —p. We will show that A = . Fix some i, @ € A.

n<w
The pair (¢,a) shows up as (¢ h(( N)),az((%))) at some step N, after we have constructed Ay. We construct

An1 so that
Anir T \Vo \/ 320, ;1. (avwT)

k (<Ly
Let b be a witness to this. Then, for each k
AN+ ':V@ \/ 3T9i7j7k7g(awa)
£<Ly,

Because A >~ Ay, for each k,
AEvw \/ 36; ;. (abwz)
¢<Ly
which in turn implies that, for each k,

A l= v \Y/ 3T6; j 1o (abwa)
4

Consequently,

A= 3o N\ v \{/ 376, ; x . (@vwE)
k 4

This holds for any i,a, so A | 9.
We conclude that there is either a B =T+ @+ or an A =T+ @+, so ¢ ¥ ¢. By contrapositive,
we have the following.

Theorem 3.14. Suppose ¢ is a Il sentence, equivalent to a finitary sentence @ over a finitary theory T in
a countable language. Then, ¢ and ¢ are equivalent to a finitary Iy sentence over T

20



3.7 The n =25 Case

We can, with a more elaborate construction, prove the n = 5 case by a similar method to the n = 4 case.
We will first state and prove the general form of the semantic test used in the n = 4 case.

Theorem 3.15. Let ¢ be a finitary formula, and T be a finitary theory. The following are equivalent.
1. ¢ is equivalent to a finitary V1 formula over T.

2. If A<, B are models of T, and @ € A, then either A |= ¢(a), or B = —p(a). That is, ¢ is preserved
under n-elementary submodels of models of T.

Proof. Suppose that ¢ is equivalent to a finitary V,, 1 formula n over T. It suffices to show that n has
property (2). We may assume that # is in prenex normal form, so that n(z) = Vyé(zy), for 6 a 3,, formula.
Suppose B |= 1(@). Then, for any b € A, b € B, so B = 0(ab). Because A <,, B and 0 is 3,,, A |= 6(ab). We
conclude that A = n(@). Therefore, either A = (@) or B = —n(a).

Suppose now that ¢ is not equivalent to any V,; formula over T. Let ¢ be new constants, and I' be
the set of V,,41 consequences of T' 4 ¢(¢) in the expanded language. We will show that T+ ' I/ ©(¢).
Otherwise, the compactness theorem implies that for some finite S C I', T+ S F ¢(¢). Let n(c) = A 6.

0es

Then, 7(¢) is Vp41, and T F n(¢) <+ ¢(¢). The constants ¢ do not occur in T', so 1 and ¢ are equivalent
over T, contradicting our assumption. Because T'+ I' I/ ¢, there is some A = T + T + —p(¢). We will
show that T'+ Ev, (A) + ¢(¢) is satisfiable. If not, then for some finite R C Ey, (A), T + R + ¢(¢) is not

satisfiable. Let A\(d) = /\ p, where d are constants naming elements of .A. Then, because the constants |
pER

do not occur in T or ¢(¢), T + ¢(¢) F YZ—A(Z). This is a V,,+1 sentence, so is an element of I". However,

A = 3ZA(Z), which contradicts the fact that A = T'. We conclude that T 4+ Ey, (A) 4+ ¢(¢) is satisfiable.

Let B =T + By, (A) + ¢(¢). Then, A <,, B. Let @ be the interpretation of ¢ in A. Then, A = —p(a), and

O

B |= ¢(a), so ¢ does not satisfy (2).
We will also need the following amalgamation results. Here n > 0.
Lemma 3.16. Suppose A <, B and A < A’. There is a B’ such that B = B and B’ =, B.

Proof. Tt suffices to show that E(B) + Ey, (A’) is satisifiable, identifying constants naming elements of A
in both sets. Taking a conjunction of a finite subset of Ey_(A’), it suffices to show that any sentence
a(a,a’) € By, (A'), with @ naming elements of A, can be satisfied in B, by choosing interpretations for
@’. In this case, A’ E Jya(a,y), so because A < A, A = Jya(a,y). This is 3,41, so because A <, B,
B = Jga(a,y). We conclude that E(B) + Ey, (A’) is satisfiable. A model of this is the required 5’. O

Lemma 3.17. If A <,,41 B, then there is a C =, B with C = A.

Proof. Tt suffices to show that E(A) + Ev, (B) is satisfiable, identifying constants naming elements of A
in both sets. Taking a conjunction of a finite subset of Ey, (B), it suffices to show that any sentence
a(a,b) € By, (B) where @ names elements of A can be satisfied in A, by choosing interpretations for b.
In this case, B = Jya(a,y), which is 3,41, so because A <,4+1 B, A = Fya(a,7). We conclude that
E(A) + Ey, (B) is satisfiable. A model of this is the required C. O

We now turn to the proof of the n =5 case.

Suppose
o= M\ va\}/ 3o X\ vo \X/ 3z )\ V50: j.1.c.m (T00T)
i j k ) m

and that Ag <4 By. We will construct either an A" = Ay with A" = or a B’ = By with B’ |= —).
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By the first amalgamation result, there is a Cy =3 By with Cy = Ag. Fix ig, a9 € Ap and jolgo € By. We
say that a pair (k,€) with ¢ € Cy is breakable if there is an ¢ z such that for all M there is a dys € Cp such
that

Col= N\ V0o k.0 e (aobocdnry)
m<M

and unbreakable otherwise. Suppose all (k,¢) with ¢ € Cy are breakable. Let Ek,g be new constants. Then
E(Co) + {V¥0iq.jo.k.tr=.m (a0bocdy zy)| (K, ), m}

is finitely satisfiable, so satisfiable, with a model C;. C; = Cy, and for each k,¢ € Cy,

G ': \X/ Hf/X\ Vyeio’jo,k,é,m(m)
4 m

Moreover, this is true of any elementary extension of C;, using the same witnesses. We can iterate this
process to construct an elementary chain Cyp < C; < ... so long as all pairs (k,¢) with ¢ € C,, are breakable
for each n. Suppose conversely that for some n, there is an unbreakable pair (k,¢) with ¢ € C,,. Then for
each ¢ there is an M, such that

Cn VT \/ FY—biq,jo,k,,m(aoboczy)
m<M,

That is, for each L,

Cn ': Jw /\ VT \/ Hyﬁeimjmk’[’m(aobowl'y)
<L m<M,

This is a finitary Y3 formula, so is true in By as well, because By <3 C,,. Let ¢, be new constants. Then

E(By) + VT \/ 3703, jo k., e.m (aoboc.zy) | €
m<M,

is finitely satisifiable, so satisifiable, with a model By. B; = By, and

B = \X/Elﬁ/x\Vf \/ Y054, 0k 0,m (@0bowTY)
k

4 m<M,

as does any elementary extension of B, using the same witnesses. Using the second amalgamation result,
we have a new C >3 By, with C{ > Co. We can then iterate this process, to construct an elementary chain
By < B1 < ... so long as for each B, there is an associated C,, with an unbreakable pair. For each n, we
fix a j,, b, € B,. These choices are unconstrained and all structures are countable, so we can choose these
so that every such pair is eventually covered.

We then have two cases. Either we construct an infinite chain

By < By < ...
covering all pairs j, b or for some B,,, we construct an infinite chain
B, <3Cy<Cy < ...

In the first case, let B =J,, B,. Then, B >~ By, and for each j, b € B, we have that

BE \X/ HE/X\VE \/ G054, 50, k. 0,m (aobwzy)
k

¢ m<M,

so in fact, B | —), witnessed by i, Go.
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In the second case, let C = |J,, Cn. Then, for each k,¢ € C,

¢ = \X/ 3z )\ Vi, .. b.0.m (a0bnczy)
L m

so in fact

¢ = N\ vo \K/ 32 X\ Y505, 5.0.m (aobpway)
k £ m

We now have two cases. Either for some elementary extension D = C, there is an unbreakable pair (k,d)
with d € D, or for all D > C, every pair (k,d) with d € D is breakable. In the first case, using D >3 By
with an unbreakable pair, we can resume the construction of the chain

Bo-<61<"'-<BN-<BN+1-<...

This can be repeated to construct an infinite chain By < By < ... as before, or until the second case arises.
In the second case, we let A; = C. We say that (ig,ap) is witnessed in A; by (jn,by,). Using the second
amalgamation result, we have a Bj, = By such that B} =4 A;.

We can then iterate this process to construct a chain
Ag <A1 <Az < ...

so long as at each step, we fail to construct a B. At each step we fix i,,a,. These choices are unconstrained,
so because each structure is countable, we can choose them so that all are eventually covered. For each n,
(in,@y) will be witnessed in A, 1 by some (jn,bn).

Let A, = J,, An. Then A, > Ay. Consider a pair (i,a) with @ € A. This shows up as some (in,an).
Let it be witnessed by (j(i,a),b(i,@)). Because A,, = A, 1, every pair (k,¢) with ¢ € A,, is breakable with
respect to (i,@), (j(i,a@), b(i,@)). We conclude that, for some indices £(i, @, k, ¢) and new constants d(i, @, k, ),
the set

E(Aw) + {v@ei,j(i,ﬁ),k,Z(i,E,k,E),m (ab(ia E)Ed(’i,ﬁ, kvé)y) ’ (ia a)v (k76)7 m}

is finitely satisfiable, so is satisfiable, in a model A, 41 > A,. Then for any i,a € A,, for any k,¢ € A,

Avy1 E \X/ 35/}(\ VY0, j(i.),k.0,m (@b(i, @) CTY)
¢

m

This holds in any elementary extension of A, 1. A,+1 however, in general contains new elements not present
in Ag.

Using the second amalgamation result, there is a B, +1 =4 A, +1 such that B,41 = By. Any elementary
extension of B,y1 is then an elementary extension of By, so we can iterate the construction of A1,
starting with A,4+1 <4 Bw+1 with the following modification. Any pairs 4, a already given witnesses in the
construction of A, 1 keep their old witnesses, only new pairs are given new witnesses. Assuming that at no
point we construct a B > By with B = =), we construct an infinite elementary chain

.A() < Aw+1 < Aw2+1 < Aw3+1 < ...

Let A2 be the limit of this chain. Then, A,> = Ag. We will show that A, = 9. Fix i,a € A,2. This
shows up in some A, 41, and receives a witness (j(,@),b(é,a@)) in the construction of A, (,41). Now fix
some k,C € A,2. This shows up in some A,,,» with n’ > n+ 1. In the construction of A, 11 we ensure that

because A2 is an elementary extension of A, 41,
Awe = K/ 37 [\ V5062 .. (@0, @) eTD)
4 m

We conclude that A,z |= 1. The only way the construction of A2 can fail is if at some point we construct
a B> By WlthB):ﬁ’lb
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Theorem 3.18. If ¢ is a finitary sentence equivalent over a finitary countable theory T to an infinitary 115
sentence ¥,  is equivalent over T to a finitary Il5 sentence.

Proof. Suppose that ¢ is not equivalent to any Il5 sentence over T'. Then, by Theorem we can construct
Ao <4 By, models of T, such that Ay = —¢ and By |= ¢. The above construction yields either a model of
T+ —-p+ 1 or T+ ¢+ —, contradicting our assumption. O

In the n = 5 case, we check if something can be realized in some elementary extension of a structure,
and if so, we realize it. This idea can be isolated and generalized substantially, yielding a method capable
of proving the general case. The next section develops this method.

3.8 Forcing

We will first recall the more general classes of formulas, V,, and 3,,, which we will use from this point forward.
This will make our ultimate results more general.

In attempting to iteratively construct models of infinitary sentences using elementary chains as in the
n = 4 and n = 5 cases, one is faced with the obstruction that infinitary formulas are not preserved by
elementary extensions, meaning that work that has been done to ensure the truth of a subformula can be
undone in the next extension. In fact, infinitary sentences can be very unstable with respect to elementary
extensions.

Theorem 3.19. There is a sentence ¥ € Ly, ., and a structure A such that for any B = A with B |= 1,
there is a C »= B with C |= =), and for any B = A with B |= =), there is a C = B with C |= 1.

Proof. Let L consist of a unary relation symbol @), a binary relation symbol R, and for each natural number,
a unary relation P,. The structures we will be interested in will be the disjoint unions of certain building
blocks. Think of elements satisfying @ as the roots of a block, and R attaching a number of other elements
to the root. A “standard block” consists of a single element a satisfying @), and countably many elements
by, b1,ba, ... not satisfying Q. We let (a,bo), (a,b1), -+ € R. For each n, b, satisfies P,, but not P,, for
m # n. A “non-standard block” consists of the same elements but, in addition, one or more “non-standard
elements” b, that do not satisfy P, for any n.

Let A be the disjoint union of countably copies of the standard block. Any elementary extension B of
A is elementarily equivalent to 4, and so consists of the disjoint union of infinitely many blocks which are
either standard, or contain non-standard elements.

Let
P =V (Q(I) — Jy (R(x,y) A\ _‘Pn(y)>>

The sentence 1) says that every element satisfying (Q has an associated non-standard element, so belongs to
a non-standard block.

Let B be an elementary extension of A. If B |= 1, we obtain C > B by adding a single standard block, in
which case C = —p. If B |= =), we obtain C > B by adding a single non-standard element to each standard
block, in which case C = . O

To solve the problem that this phenomenon raises for constructing models, we define relations between
structures and infinitary sentences that keep track of our ability to make formulas true in further elementary
extensions. These relations can be thought of as a notion of forcing, where in lieu of forcing conditions, we
use structures, ordered by elementary extension. This is the approach taken by Robinson in [Rob71], and
can be viewed as an extension of those methods to infinitary languages, where all extensions considered are
elementary.
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3.8.1 The Strong Forcing Relation

Given a structure A, ¥(T) € Loow, and @ € A, we define the strong forcing relation A IF (@) by the
following recursive clauses.

1. If 4 is atomic, A I- ¢(@) if and only if A |= ¢ (@).
2. If Y(7) = —¢(T), AlF(a) if and only if for every B = A, BIf ¢(a).
3. (@) = W ¢(@), AlF¢(a) if and only if for some ¢ € &, Al ¢(a).

PP

4. M (T) = M\ 6(T), Ak (@) if and only if for every B = A, and ¢ € ®, there is a C > B such that
peP

CIF ¢(a).
5. If ¢(z) = Jyé(7y), A IF (@) if and only if for some b € A, A - ¢(ab).

6. If ¥(Z) = Vyo(T¥), A IF (a) if and only if for every B = A and b € B, there is a C = B such that
C IF ¢(ab).

This diverges from the definition of the satisfaction relation in clauses (2), (4) and (6). For finitary formulas,
this makes no difference.

Lemma 3.20. If ¢ is finitary, A - (a) if and only if A = ¥(a).

Proof. We will prove this by induction on the complexity of t. All cases except those covered by clauses
(2), (4) and (6) are identical to the satisfaction relation. For clause (2), let ¥(Z) = —¢(T). If ¢ is finitary,
then A IF —¢(@) if and only if for every B < A, BIff ¢(a). Appealing to induction, this is true if and only if
for every B > A, B = —¢(a@), which is true if and only if A = —¢(a).

For clause (4), let 1) = A cq ¢(T), where ® is finite. A ¢ (a) if and only if for each ¢ € @ and B = A,
there is a C > B such that C I ¢(a), or appealing to induction, C = ¢(a@). Because ¢ is finitary, this is true
if and only if for every such B, B = ¢(a), or equivalently, if A = ¢(@), for each ¢ € ®. This, in turn, is true
if and only if A = ¢(a).

For clause (6), let ¥ = Vyo(Ty). If ¢ is finitary, A I- Vye(ay) if and only if for every B > A, and every
b € B, there is a C = B such that C I ¢(ab). Appealing to induction, this is true if and only if for every
B>~ A, b€ B, there is a C = B such that C |= ¢(ab). Because ¢ is finitary, this is true if and only if for every
B~ A, bc B, BE ¢(ab), or equivalently, for every B = A, B |= Vy¢(ay). This, in turn, is true if and only

if A= v@¢(@)- O

For infinitary formulas, the relation IF is more stable than the satisfaction relation with respect to
elementary extensions, as Theorem and the following lemma demonstrate.

Lemma 3.21. If A < B, and A - (@), then B IF ¢ (a).

Proof. We will prove this by induction on the complexity of 1. If 9 is atomic, this is trivial. If ¢ = =g,

and A IF (@), then for any C = B, C = A, so C IV ¢(a). Therefore, B IF ¢(a). If » = \X/ ¢, this follows by
pcd
induction. If ¥ = M\ ¢, and A I ¢(a@), then for any C = B, and ¢ € ®, C > A, so there is a D > C such
peD

that D I ¢(a@). Therefore, B I- ¢ (a). If ¢(Z) = Fy¢(Ty), and A Ik ¢(a), then for some b € A, A I ¢(ab).
Appealing to induction, B I+ ¢(ab), so B Ik ¢(a). If ¢(Z) = Vy¢(zy), and A I- ¢(a). Suppose C > B, and
¢ €C. Then, C = A, so because A IF 1 (a), there is a D > C such that D IF ¢(ac). Therefore, B I+ ¢(a). O

Example 3.22. In Theorem [3.19] A I %, so this is true for all elementary extensions of A as well.
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Proof. Recall that
Y =V (Q(w) — Jy (R(x,y) )\ ﬁPn(y)>>

Suppose B = A, and a € B. It suffices to show that for some C >~ A

C Ik =Q(a) VvV Iy(R(a,z) A /X\ﬁPn(y))

In the case that B = —Q(a), we can take C = B, so it suffices to consider the case that B = Q(a). In
this case, let C be obtained by adding a non-standard element b, in the sense of Theorem [3.19] to the block
corresponding to a. We will show that

CIk R(a,b) A [\ =Pu(b)

It suffices to show that C IF R(a,b), and for each n, C I+ =P, (b). This is true because C = R(a,b), and
C = —P,(b) for each n. O

For a structure A, @ € A, and a formula 1, it is immediate from the definition of A IF —¢(@) that it cannot
be the case that A IF =¢(a) and A IF ¢(a). We say that A decides ¢(a) if either A I (@) or A - —)(a).

Lemma 3.23. For any structure A, @ € A, and formula ¢ (T), there is a B = A such that B decides ¢ (a).
Proof. If AlF —(@), we can take B = A. Otherwise, there is some B > A with B IF ¢(a). O

3.8.2 Generic Structures

In order to obtain useful information from the forcing relation, we will construct structures in which formulas
we have forced become true. This construction is largely independent of the formula under consideration,
and the necessary property can be defined purely in terms of the forcing relation.

Let A be a fragment of L ,,. We say that a structure G is A-generic if for any ¢ € A, anda € G, G
decides ¥ (@). The next lemma shows that generic structures can be constructed, starting with any structure.

Lemma 3.24. For any structure A and fragment A, there is an A-generic G = A.

Proof. Let C be a structure. We will construct a structure F'(C) extending C as follows. Consider the set of
pairs (¢(T),¢) with ¢ € A, and € € C of length Z. Let {(o(T),%a)|a < 7} be a well ordering of this set.
We will define an elementary chain of length « by transfinite recursion. Let Cy = C. Having defined C,, we
define Cy41 as follows. By Lemma there is some B > C, that decides 1, (¢s). Let Cot+1 = B. For limit
ordinals 8 < v, let Cg =, .4 Ca- This defines an elementary chain {Cala <7}

Let F(C) = U,<, Ca- Then, F(C) - C, and for every ¢(Z) € A, ¢ € C, F/(C) decides 1(c). Now consider
the elementary chain

A<F(A) < F*A) <...

Let G = U, F"(A). Then, A < G. For any ¢(T) € A, @ € G, a € F"(A) for some n, so F"T1(A) decides
(@), which implies that G decides (@) because F"T1(A) < G. Therefore, G is A-generic. O

The next lemma shows that generic structures have the desired property, providing models of formulas
we have forced.

Lemma 3.25. Suppose ¢(T) € A, G is A-generic, anda € G. Then, G Ik ¥ (a) if and only if G |E ¥(a).
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Proof. We prove this by induction on the complexity of ¥. For 1 atomic, this is true by definition. Suppose
Y(T) = ~¢(Z). Then G I (@) if and only if G I ¢(a), because G is A-generic. Appealing to induction, this

is true if and only if G = ¢(a), or equivalently, if G |= —¢(a). For ¢p = W/ ¢, or ¥» = Fyo(y), the defining
PED
clause of I is identical to that of the satisfaction relation, and the claim follows by induction.

Suppose P = M\ ¢. If G IF ¢)(a), then for any ¢, there is a B = G such that B IF ¢(a). Because G decides
peP

¢(a), it must be that G I- ¢(a), so appealing to induction, G = ¢(a). We conclude that G |= ¢ (a@). Suppose
conversely that G = ¢(a). Then, for each ¢ € ®, G = ¢(a), so appealing to induction, G I+ ¢(a). For any
B = G, Lemma implies that B IF ¢(a). We conclude that G IF ¢ (a).

Suppose ¥ (T) = Vio(y). If G I (@), then for every b € G, there is a B = G such that B I- ¢(ab). In this
case, G ¥ =p(ab), so G IF ¢(ab). Appealing to induction, G = ¢(ab). We conclude that G = v(a@). Suppose
conversely that G If¥ ¥(@). Then there is some B = G, and b € B, such that for any C = B, C I ¢(ab). Let
G' = B be A-generic. Then, G’ I ~¢(ab). This implies that G’ I Iy—¢(ay), so G I Fy—p(ay). That is, there
is some b € G such that G I ~¢(ab). In this case, G I ¢(ab), so appealing to induction, G [~ ¢(ab). Then,
g = v(a). O

It may seem as though we are making arbitrary choices about which formulas to force when we construct
a generic extension of a structure A. However, due to elementary amalgamation, these choices can only be
made in one way.

Lemma 3.26. Let A be a structure, a € A, and ¥(T) be a formula. If A < B, and B |- (a), then for every
C » A that decides (@), C I (a).

Proof. Suppose A < C and C I —(a@). By the elementary amalgamation theorem, there is a D such that
B <D, and C < D. Then, Lemma implies that D I+ ¥ (a), and D I+ —)(a@), which is a contradiction. [

Because of Lemma[3.26] we can regard all the information as to which formulas will be forced by extensions
of a structure A as already present in 4. The next section defines a relation that captures this information.

3.8.3 The Weak Forcing Relation

It will be convenient to work with the weak forcing relation, denoted A IF* ¢(@). This can be defined in a
variety of ways, all of which are equivalent. We will provisionally define A IF* ¢ by the following recursive
clauses.

1. If 4 is atomic, A IF* ¢ (a) if and only if A = ¢ (a).
2. If Y(z) = —¢(T), AlF* ¢(a) if and only if for every B = A, AIF* ¢(a).

3. If (T) = W ¢(T), AlF* ¢(a) if and only if for some ¢ € @, AIF* ¢(a).
PP

4. (@) = M\ ¢(T), AIF* (@) if and only if for every ¢ € &, A IF* ¢(a).
PP

5. If ¢(z) = Jyo(zy), A IF* (@) if and only if for some B = A and b € B, B I-* ¢(ab).

6. If ¥(T) = Vyo(Ty), A IF* +(a) if and only if for every B = A, and b € B, B I-* ¢(ab).

The following lemma establishes other equivalent characterizations of the weak forcing relation.
Lemma 3.27. Let ¢ be an L ., formula. The following are equivalent.

1. Al y(a).

2. AlF —=—(a).

3. For some B > A, BIF¢(a).
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4. For every B > A that decides ¥ (a), B Iy (a)
5 Ifv €A, and G = A is A-generic, G E ¢(a).

Proof. First, we will show that (2) implies (3). If A I == (a), then A | —9(@), so there is a B > A such
that B IF ¢(a). That (3) implies (4) follows from Lemma

Now, we will show that (4) implies (5). If ¢y € A, and G = A is A-generic, then G = A decides ¥(a). If
(4) holds, G I- ¥(a), so by Lemma3.25 G = ¢(a).

Next, we will show that (5) implies (2). Suppose that if ¢ € A and G > A is A-generic, G = ¢(a). By
Lemma G IF 9(a). Suppose B > A. By Lemma there is some C > B that decides 1(a). By Lemma
C I- ¢(a). Consequently, for all B > A, Bl =¢(a), so AlF -—¢(a).

Finally, to show that (1) and (2) are equivalent, we will show that the relation A IF - (@) satisfies the
recursive clauses of the definition of IF*. In doing so, we will use the equivalence of (2)-(5).

1. If 4 is atomic, then ——) is finitary, so by Lemma A lF == (a) if and only if A = —-—)(a) if and
only if A |= ¢(a).

2. If ¢ = ¢, AlF =—(a) if and only if, for every B = A, B If —p(@). —1p = ——¢, so this is true if and
only if for every B > A, B IV -—¢(a).

3. Suppose ¥ = Y/ ¢, and that A IF ——)(@). Then, there is a B > A such that B IF ¢(a). Consequently,
PED
A Ik =—¢(a@). Suppose conversely that A I- —=—¢(a) for some ¢ € ®. Then, for some B > A, B+ ¢(a),

so B IF ¢ (a). We conclude that A IF == (a).

4. Suppose ¥ = M\ ¢. If AlF ——e)(a), then for some B > A, B IF ¢(a). Then, for each ¢ € P, there
pED
is a C > B such that C IF ¢(@). C = A as well, so we conclude that A IF ——¢(a), for every ¢ € ®.

Suppose conversely that for every ¢ € ®, A IF ——¢(a). Let A be a fragment containing ¢, and G > A
be A-generic. Then, G = ¢(a) for every ¢ € @, so G = (a). We conclude that A IF =—¢(@).

5. Suppose ¥ = Fy¢(y), and that A IF =—)(T). Then, there is a B = A such that A IF (@), so there
is a b € B such that B H—g(ab). B = B, so we conclude that B I ——¢(ab). Conversely, if for some
B~ A, be B, BIF—-—¢(ab), then for some C = B, C IF ¢(ab). Consequently, C I 1(@). Therefore,
A lF =—)(a).

6. Suppose that 1 = Vyo(y), and A I =—(@). If B = A, and b € B, then B |- ——(a), so there
is some C = B such that C I ¢(@). In this case, there is some D > C such that D I~ ¢(ab). We
conclude that B |- —=—¢(ab). Suppose conversely that for any B = A, b € B, B IF ——¢(@). Let A
be a fragment containing 1 and G = A be A-generic. Then, for any b € G, G I ——¢(ab), so by
Lemma G = ——¢(ab). Consequently, G = ¢(ab) for every b € G, so G = (@). We conclude that
A= —(a). O

From the third characterization of the weak forcing relation, we have the following.
Corollary 3.28. If Al-(a), then Al-* (a).

We can now establish some useful properties enjoyed by the weak forcing relation.
Lemma 3.29. If A < B, then for any ¢ € Loow, @ € A, AIF* (@) if and only if BIF* (a).

Proof. Suppose that A IF* ¢(@). Then, if C = B, and C decides ¢(a), C = A, so C |- ¢(a). We conclude that
B IF* 4 (a). Suppose now that B I-* ¢(@). Then, for some C > B, C I ¢(a). C > A, so AlF* ¢(a). O

Lemma 3.30. For any A, a € A, and formula v, either AIF* (@) or AIF* —(a).
Proof. By Lemma there is some B > A such that either B I- (@), or B I =t)(a). In the first case,
AlF*4(@), and in the second, A IF* = (a) O

28



This implies that A IF* =¢(@) if and only if A IF* ¢(@). Observing that recursive clauses (1) through (4)
of the definition of the weak forcing relation are now identical to those of the satisfaction relation, we obtain
the following.

Corollary 3.31. If v is quantifier-free, AI-* ¢ (a) if and only if A |= (a).
The following lemma shows that the weak forcing relation respects entailment and equivalence of formulas.
Lemma 3.32. If 1 F 9o and AIF* 91 (@), then A" ¥q(a).

Proof. Suppose that A IF* ¢1(a) and A |F* ¥q(a). By Lemma A IF* —ipy(@). Let A be a fragment
containing ¢, and —)s, and let G > A be A-generic. Then, G = ¢1(@) and G | —)2(@), so ¥ I 1. O

We can also define generic structures in terms of the weak forcing relation.

Lemma 3.33. G is A-generic if and only if for ¥(T) = Fyé(zy) € A, a € G, if GIF* (a), there is a beg
such that G IF* ¢(ab).

Proof. Suppose G is A-generic. Let ¥(T) = Jyo(Ty) € A, and @ € G, If G IF* ¢(a), then G | (@), so for
some b € G, G = ¢(ab). By Lemma G I ¢(ab), so G I-* ¢(ab).

Conversely, suppose that for any ¢(7) = Jyo(zy) € A, a € G, if G IF* (@), then for some b € G,
G IF* ¢(ab). We will show that G is A-generic. By Lemma it suffices to show that if b € A, and
G IF* (@), then G I ¢ (@). We will prove this by induction on the complexity of .

If ¢ is atomic, then A IF* (@) if and only A IF ¢ (@) if and only if A = (a). If ¢ = —¢, and G IF* ¥ (a),
then for every B > G, B I¥* ¢(a). By Corollary [3.28] for every such B, B} ¢(a), so G I+ ¥(a). If » = W/ &,
peP
and G IF* ¢ (a), then G IF* ¢(a) for some ¢ € . Appealing to induction, G I+ ¢(a), so G I+ 1(a). Likewise, if

v = M\ ¢ and G IF* ¥(a), then G IF* ¢(a) for every ¢ € @, so G IF ¢(a) for every ¢ € ®, which implies that
Ped

G Ik ¢(a).

Suppose that ¥(T) = Fgo(Ty). If G I-* (@), then for some beg, Gl ¢(ab). Appealing to induction,
G I ¢(ab), so G Ik ¢(ab). Suppose P(T) = Vyo(Ty), and G IH* ¢(@). Then, for any B > G, b € B, BIF* ¢(ab).
Let C = B decide ¢(ab). Then, C I ¢(ab). We conclude that G I- 9 (a). O

The following lemma shows that the weak forcing relation depends only on first order properties.
Lemma 3.34. Suppose (A, @) = (B,b), then, for any formula 1, AIF* (@) if and only if BIF* 1)(b).

Proof. If (A,a) = (B,a), the elementary amalgamation theorem implies that there is a structure C and
elementary embeddings f : A < C and g : B < C such that f(a) = g(b). We can then identify A and B
with elementary substructures of C so that @ = b. Using Lemma we have that A I-* +(a) if and only if

O

C IF* ¢p*(a) if and only if B IF* ¢ (b).

3.8.4 Definability

Recall that ¢ € L, is elementary if it is of the form ¢ = \{/ /)(\ﬁ 0u,8, for 8, g finitary formulas. Lemma
[3:34) shows that the weak forcing relation depends only on first order properties. The next lemma shows
that is can be defined in terms of first order formulas.

Lemma 3.35. For each ¢ € Lo, there is an elementary formula Forcey, such that AIF* (a) if and only
if A }=Forcey(a). Moreover, if ¢ is a V,, (resp. 3,) formula, then Forcey (@) can be taken to be a V, (resp.
3,) formula as well.

Without the last clause, the lemma follows quite simply from Lemma [3.34 Consider the following set
of types 7. Let T = {tp*(a) : AIF* ¢(a)}. By Lemma m B IF* ¢(a) if and only if, for some p € T,

B = p(a). Then let
Forcey(z) = \X/ /X\ o(Z).
p(Z)ET vep(Z)
However, we need a more involved argument if we want Force,, to have the same quantifier complexity as .
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Proof. We will define Forcey, by recursion. At each step, we will ensure that Force,, is at most the complexity
of ¢. If 4 is atomic, let Forcey = 1. Suppose ¢ = —¢. By Lemma A IF* ¢(a) if and only if A IF* ¢(a).
Let Forcey = W/, Mg 0a,5- Then, A" ¢ (@) if and only if A =~ Forcey (@), the formal negation of Forcey.

~ Forcey, = /X\ \X/ ~ o,
a B

which is equivalent to

WA~ bas
fra—B «

We define Forcey, to be this.

Suppose 1 = \¥/ ¢. We can then define Forcey, as \¥/ Forcey. Suppose ¥ = M\ ¢. Then, A IF* ¢(a) if
ped Pped PpeD

and only if for every ¢ € ®, A |= Forcey(a). Let Forces =W/, M\ 4 92,ﬁ. Then, A I-* ¢(a) if and only if

A= N\ /XS, @)

ped a B
This formula is equivalent to
W o
f(#).8
fip—a ¢ed,B

We define Forcey, to be this.
Suppose ¥(Z) = Jy¢(7y). Let Forcey = W/, N\ 0a,5- The following are equivalent.

1. AlIF* 9(a);
2. For some B = A and b € B, BI-* ¢(ab);
3. For some B> Aand be B, BE\, Mg 00 5(ab);

4. For some B = A, b € B, and «, B |= 0, s(ab) for each 3;

5. For some «, the partial type p.(7) = {0a,5(ay)|5} is finitely satisfiable in A,

AEN N\ 37 N bos(@m).

a  Sfinite pes

We define Forcey to be this formula. Suppose (%) = Vy¢(Ty). By Lemma [3.32] A IF* ¢(a) if and
only if A IF* —3g—¢(ay), so we can use the rules for existential quantifiers and negations to construct
Forcey, = Force_gy-4()- O

A drawback of this definition is that for a cardinal &, if ¢ € L, ,, Force,, may not be in £, ,. For instance,
if £ is countable, and ¥ € L., ., Forcey, may involve a disjunction over uncountably many formulas. The
next results show that this drawback cannot be avoided.

Lemma 3.36. There is a countable signature L, and a sentence ¢ € L, ., such that for any tree T C w<¥,
there is a countable L-structure Ap, uniformly computable in T, satisfying Ap IF* 4 if and only if T has a
path.

Proof. Let L consist of unary relation symbols R; ; for i,j € N. Let ¢ = 3z \; W; Ri j(z). For a tree
T C w<¥, we define At as follows. For each o € T, there is an element of Ar satisfying exactly the relations
R; 5(;) for each i less than the length of o.
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If Ap IF* ¢, then for some B > Ap, and b € B, B IF* X\ W R; ;(b). In this case, B = /\ W Ri,; (D).
i g i g

Then, for some function f € w*, B = R; #(;)(b) for each i. This implies that the partial type {Ri’f(i) ’z < w}

is finitely satisfiable in A, so for every n, there is a a € Ar such that Ar = R; f(;y(a) for i < n. That

is, fl n € T, for all n, so f is a path in T'. Suppose conversely that f is a path in 7. Then, the partial

type {wa |z < w} is finitely satisfiable in A7p, so for some elementary extension B > Arp, thereisa b € B

realizing this type. Then, B = M\ R; ¢(;)(B), so B = N\ W Ri;(b). In this case, B IF* M\ W Ri;(b), so
i i g i g

Ar IF* . O
Let Mod, be the set of w-presentations of £ structures. The mapping T — A7 witnesses the following.
Corollary 3.37. The set {A € Mod,|AI-* 4} is ] hard.

We conclude that this set is not Borel, so is not the set of models of a L£,,, ., sentence. As such, we cannot
have Forcey € Lo, -

Remark 3.38 (Structures of Bounded Cardinality). The apparatus built up in the previous sections can be
adapted to consider only structures of cardinality below a particular bound x. In the recursive definitions of
the strong and weak forcing relations, one replaces elementary extensions in general with those of cardinality
below k. In order to construct generic structures of cardinality below k, one also needs that the fragment A
satisfies |A| < &, and so consists of £, ,, formulas. Otherwise, the proofs go through without any changes.
For instance, we can consider only countable structures, and countable fragments of L, ., as is natural in
applications to computable model theory.

3.9 The General Case

In this section, we use the forcing apparatus to prove the general case of Proposition [2.8

Theorem 3.39. Let T' be a finitary theory. Let ¢ be an infinitary (Locw) Vn formula which is equivalent to
a finitary formula ¢ in all models of T. Then, ¥ and ¢ are equivalent to a finitary ¥, formula in all models
of T.

To prove this, we will show that from the perspective of the weak forcing relation, V,, ;1 formulas satisfy
the semantic test of Theorem [B.15

Lemma 3.40. Suppose A <, B and @ € A. Let ¢ be a Vi1 formula. Then, either A IF* (@) or
B I —op(a).

We will give two proofs of this fact. The first is syntactic, using the formula Forcey,.

Proof. Let Forcey = W/, M\g0a,5, Where each 0,5 is a finitary V11 formula. If B |f* —¢)(a@), then by
Lemma B I-* (@), so B = Forcey(@). Then, for some «, and every 8, B |= 0,,3(a). Because each
a5 is a finitary V,, 41 formula, A |= 0, 3(@) for the same «, and every 5. Therefore, A |= Forcey, (@), so
A IF* ¢(@). We conclude that either A IF* ¢(a@), or B IF* —¢(a). O

The second proof uses the recursive definition of the weak forcing relation.

Proof. We will prove this by induction on n, and on the complexity of 1. For n = 0, we have A C B.
Because v is V1, it has one of the following forms.

1. Y = —¢, where ¢ is ;.

2. 1 =W scp ¢ Where each ¢ € P is ;.
3. ¥ = N\yeco ¢, Where each ¢ € P is ;.
4. ¢ =Vyo(y), for ¢(y) a V1 formula.
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5. ¥ = Vyo(y), for ¢(y) quantifier free.

In case (1), Lemma allows us to replace 1 with ~ ¢, the formal negation of ¢, which is less complex
than v, so we can appeal to induction. In cases (2) and (3), we can similarly appeal to induction. In case
(4), suppose B |* —)(a), so that B I v(a). Suppose A’ = A, and b € A’. By Lemma thereis a B = B
such that A’ C B'. Because B I-* ¢ (a), B’ IF* ¢(ab). Appealing to induction, A’ IF* ¢(ab). We conclude that
A IF* (a@). Therefore, either B IF* —i)(a) or A IF* ¢(@). Case (5) can be handled similarly. Rather than
appealing to induction, we have that because ¢ is quantifier free, B’ I-* ¢(ab) if and only if B’ |= ¢(ab). As
shown in Corollary this is true if and only if A’ = ¢(ab), which is true if and only if A’ IF* ¢(ab). Note
that by taking ¥ to be variables not present in ¢, and applying Lemma case () covers quantifier free
formulas as well.

The inductive step is very similar. Suppose ¥ is ¥, 11, for n > 0. As before, 1) has one of the following
forms.

1. ¥ = —¢, where ¢ is 3,,41.
2. Y= \X/¢€¢ ¢, where each ¢ € ¢ is V1.

3. Y= /X\qseb ¢, where each ¢ € ¢ is V1.
4. ¢ =Vyo(y), for ¢(g) a V,41 formula.
5. ¥ =Vgé(y), for ¢(7) a 3, formula.

Cases (1) through (4) can be handled by appealing to induction on the complexity of 1 as before. In case
5), suppose that A" = A, and b € A". By Lemma there is a B’ = B such that A’ <, B’. By Lemma
there is a C such that B’ <,_; C and A’ < C. Appealing to induction on n, either B’ IF*~ ¢(ab), or
CIF* = ~ ¢(ab). In the first case, B IF*~ (@), so by Lemma B IF* =)(a). In the second case, Lemma
implies that C IF* ¢(ab), so Lemma implies that A’ [F* ¢(ab). If this happens for every A’, b, then

A lF* ¢(a@). Otherwise, B IF* = (a).
O

With Lemma |3.40) we can now prove Theorem [3.39

Proof. 1t suffices to consider n > 1, as n = 0 is covered by Corollary We will prove the contrapositive.
Suppose that ¢ is not equivalent to any finitary V,, formula over T'. As shown in Theorem this implies
that there are models of T', A <,,—1 B, and @ € A, such that A = —¢(a) and B = ¢(a). By Lemma [3.40]
either A IH* (@) or B IF* —1)(@). Let A be a fragment containing . In the first case, let G be A-generic, such
that A < G. In the second, let H be A-generic, such that B < H. In the first case, G =T + —p(a) + ¥ (a),
and in the second, H =T + ¢(a) + -1 (@). We conclude that ¢ and ¢ are not equivalent over 7.

O

Remark 3.41. In addition to the results on relative decidability, this also can be used to connect the com-
plexity of finitary sentences to descriptive set theoretic notions of complexity. Suppose that £ is a countable
and ¢ is a sentence of L, ,,. By the Léwenheim-Skolem theorem for L,,, ., if 9 is a sentence of L,,, ., and ¢
and 1 are equivalent in all countable structures, they are equivalent in all structures. Using Theorem [3.39]
and Vaught’s version of the Lopez-Escobar theorem [Vau7h|, we have that the following are equivalent.

1. ¢ is equivalent to a finitary V,, sentence (respectively 3,,).

2. {A € Modg|A = ¢} is TI? (respectively, ).
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