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These notes form an introduction to model theory. The topics are: first-order structures;
terms and varieties; first-order languages, satisfaction, and truth; elimination of quanti-
fiers; Lowenheim-Skolem theorems; ultraproducts; the compactness theorem; diagrams;
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1. Structures

The basic notions of model theory are structures and first-order logic; model theory is
essentially the study of the relationships between these two notions. In this chapter we
define the notion of structure, and give several examples which will be discussed later.

Structures consist of a nonempty set A together with certain elements of A, operations
on A, and relations on A, with various numbers of arguments. See the precise definition
below. Some important examples are: groups, rings, fields, lattices, Boolean algebras,
posets, and linearly ordered sets. We will illustrate the general notions in this chapter
with some of these special cases.

Some simple set-theoretic background is needed first. We use w to denote the set of
natural numbers 0, 1,2, .... Each natural number is considered to actually be the set of all
preceding natural numbers. Thus 0 is the empty set, 1 = {0}, 2 = {0, 1}, etc. Moreover,
w\{0} is the set of all positive integers. The domain of a function f is denoted by dmn(f).
A finite sequence is a function whose domain is some positive integer. For any set A and
any postive integer m, we denote by ™ A the set of all finite sequences of members of A, of
length m. That is, " A is the set of all functions mapping m into A. An m-ary relation on
A is a subset of ™ A. An m-ary operation on A is a function mapping " A into A. These
are general notions which are used in what follows.

A signature or similarity type or (first-order) language is an ordered quadruple o =
(Fen, Rel, Cn, ar) such that Fen, Rel, Cn are pairwise disjoint sets, and ar is a function
mapping Fen U Rel into w\1. Members of Fen, Rel, Cn are called function (or operation)
symbols, relation symbols, and individual constants respectively. The positive integer
ar(.S) is called the arity of the function or relation symbol S, and S is said to be ar(S)-ary.
We also say that S has rank ar(S). We sometimes say unary rather than 1-ary, and binary
rather than 2-ary. The members of Cn are called individual constants. One might think
of the function and relation symbols as constants of a different sort.

A (first-order) structure with signature o is a quadruple A = (4, a, b, ¢) such that:

e A is a nonempty set.

e ¢ is a function with dmn(a) = Rel, and apr is an ar(R)-ary relation on A for every
R € dmn(a).

e b is a function with dmn(b) = Fcn, and b is an ar(F)-ary operation on A for every
F € dmn(b).

e ¢ is a function mapping Cn into A.

We say then that (A, a, b, ¢) has signature o. The set A is called the universe of (A, a, b, c).
Frequently we just write A instead of (A4, a,b,c) if the appropriate a, b, c are clear. Fre-
quently we write R4, F4, or k“ in place of a(R),b(F),c(k). The functions, relations,
constants R4, FA, k? are called fundamental functions, relations, constants of A, to dis-
tinguish them from arbitrary functions, relations, constants on A. In practice, structures
are of three sorts as far as motivation is concerned. If there are no relation symbols, a
structure is called an algebra. This is in a general sense, not the same as the notion of
algebra considered in ring and field theory. If there are no function symbols, or individual
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constants the structure is called a relational structure. The general notion is needed in
many special cases, though, for example in talking about ordered fields. The associated
signatures of these three sorts are called algebraic, relational, or mixed.

EXAMPLES

For the examples it is convenient to use a looser notation. In particular, if one of Fcn, Rel,
Cn is empty, we simply omit it.

e Partial orderings. These are structures (A, <) such that < is irreflexive (for no z € A
is © < x) and transitive (for any z,y,z € A, if x < y and y < z then x < z). Officially
we are dealing with a signature (Fcn,Rel,Cn,ar), where Fen = (), Rel is a one element set
{R}, Cn = (), and ar is the function with domain the one-element set Rel with ar(R) = 2.
The particular set R which is the only member of Rel is rather irrelevant.

e Groups. We define a group to be a structure (G, -, !, e) such that - is a binary operation
on G, ! is a one-place operation on G, and e € G, satisfying the familiar laws. Officially
our signature is (Fcn,Rel,Cn,ar), where Fen = {F, G}, Rel = (), Cn = {e}, and ar is the
function with domain {F, G} with ar(F') = 2 and ar(G) = 1.

e Rings. A ring is a structure (R, +, -, —, 0) satisfying the usual properties, where — is the

operation of forming the additive inverse of an element. The official definition should be
clear.

e Ordered fields. We add to the fundamental operations for rings a binary relation, and
thus consider structures of the form (F,+,-, —,0, <).

e Vector spaces over a field. Since there are two kinds of objects here, it is not immediately
clear how to consider vector spaces as structures in our sense. But a standard for this has
arisen. We work over a field F' which is the same for all structures. The structures have
the form (V,+,—,0, fo)acr, where (V, 4, —,0) is an abelian group and for each o € F,
fa is scalar multiplication by «. Officially the signature is ({p, m} U F,0,{z}, ar) with
ar(p) =2, ar(m) =1, and ar(a) =1 for every a € F. Some of the axioms are as follows:

fa(fs(a)) = fapla), fala+b) = fa(a) + fu(b)-
SUBSTRUCTURES

We now consider generalizations of several notions of abstract algebra. These involve more
than one structure, but all structures will have the same signature. We say that A and B
are similar if they have the same signature.

We say that A is a substructure of B iff the following conditions hold:

ACB

For every relation symbol R, RA = RBar(R)g,

For every function symbol F and all z € #*(F) A[FA(z) = FB(z)).
For every individual constant k£ we have kA = kB,

We write A < B to mean that A is a substructure of B. If A < B, then we also call B a
superstructure of A.



For our main examples we have the following:

Partial orderings. If (A, <) is a substructure of (B, <) and (B, <) is a partial ordering,
then so is (A4, <), and < is the intersection of < with A x A. This means that A C B
and for any z,y € A, z < y iff x < y. This is illustrated in the following diagrams, where
(A, <) is a substructure of (B, <), but (C, <’) is not a substructure of (B, <).

a a

Groups. If (H,o, f,¢') is a substructure of a group (G, -, ~,¢€), then (H,o, f,¢') is also
a group, H is closed under - and ~!, e = ¢/, o is the restriction of - to H x H, and f is
the restriction of =1 to H. Note that if we had treated a group as a structure (G, -), then
there would be substructures which are not groups. For example, (w, +) is a substructure
of (Z,+) and (Z,+) is a group but (w,+) is not.

Rings. If (R',+',-/,—',0') is a substructure of a ring (R, +,-, —,0) then (R, +',", =/, 0)
is a ring. Note that R might have an identity while R’ does not. An example is given by
R=7 and R' = {2m : m € Z}.

Ordered fields. If (F,+,-,—,0,<) is an ordered field and (F’,+',", =/, 0’, <’) is a sub-
structure of it, then F’ is not necessarily an ordered field. An example is given by F' = Q
and F' = 7.

Vector spaces. If V is a vector space over a field F', a substructure of V is just a subspace
in the usual sense.

If A is a structure and B C A is closed under the fundamental operations of A, then we
call B a subuniverse of A. (Saying that B is closed under the fundamental operations of
A is supposed to include the assumption that the fundamental constants of A are in B.)
Any subuniverse B can be made into a substructure of A in the natural way:

RE _ ar(R)B N RZ;

FB(z) = FA(z) for all z € (") B.

kB = kA,



Proposition 1.1. If A is a structure and K is a nonempty collection of subuniverses of
A having at least one common element, then (| K is a subuniverse of A. ]

This proposition justifies the following definition: if ) # X C A, then (X)4 is the inter-
section of all subuniverses of A which contain X. This is called the subuniverse generated
by X; the associated structure is the substructure generated by X. In case the signature
has at least one individual constant, we can define () 4 in the same way.

Note that if there are no function symbols or individual constants, then any nonempty
subset of A is a subuniverse.

The following characterization of (X) 4 is frequently useful.

Proposition 1.2. Suppose that A is a structure and X is a nonempty subset of A. Define
(Y; 11 € w) by recursion, as follows:

Yo=XU {kZ : k an individual constant};
Yiji =Y, U {Fz(w) . F a function symbol, x € >y},

Then (X)a =U

Proof. An easy induction shows that Y; C (X)4 for all i € w; so O holds. Hence
it suffices to show that (J,,, Y; is a subuniverse which contains X. Obviously it contains

X and all fundamental constants of A. Now suppose that F is a function symbol, and
z € P, Vi Foreach k < ar(F) let s(k) < w be such that z € Y. Let [ be the
maximum of all s(k) for k < n;. Then x € )Y, and it follows that F4(z) € Yi41, as
desired. 0

Y.

1EwW

Note that if V' is a vector space over F' and X C V, then (X) is the subspace of V' spanned
by X.

HOMOMORPHISMS

Again, let A and B be similar structures. A homomorphism from A to B is a function f
mapping the set A into the set B such that the following conditions hold:

e For R an m-ary relation symbol and any sequence @ of length m of elements of A, @ € RA
iff foac RP.

e For F' an m-ary operation symbol, if @ € " A, then f(FZ(a)) = FE(f °0a).

e For any individual constant k we have f(k?4) = k5.

A weak homomorphism from A to B is a mapping f satisfying the above conditions for
individual constants and function symbols, but with the following weaker condition for
relation symbols: For R an m-ary relation symbol and any sequence a of length m of

elements of A, if @ € R? then foac RB.

In our examples, homomorphisms mean the following.
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A homomorphism from a partial ordering (P, <) to a partial ordering (Q, <) is a
function f mapping P into @ such that for all a,b € P, a < b iff f(a) < f(b). Thus in the
examples concerning substructures, the identity on A is a homomorphism from A into B,
but the identity on C' is not a homomorphism from C' into B. The identity on C is a weak
homomorphism from C' into B.

For groups, rings, and ordered fields, homomorphisms have the same meaning as in
elementary algebra. For vector spaces, homomorphisms are the same as linear transfor-
mations.

An embedding or isomorphism into or monomorphism from A to B is a one-one homo-
morphism from A into B. An isomorphism is an embedding which is onto. An isomorphism
of A onto A is called an automorphism of A.

We write A 2 B to indicate that there is an isomorphism from A onto B.

Proposition 1.3. Suppose that A and B are similar structures and f : A — B. Then the
following conditions are equivalent:

(i) f is a embedding from A into B.

(ii) f is an isomorphism from A onto a substructure of B.

Proof. (i)=(ii): Assume (i). Let C = rng(f). We check that C is closed under the
operations of B. If F' is an m-ary function symbol and @ € " A, then

FP(foa) = f(FA(a)) € C.

For any individual constant k, KB = f (k:Z) € C. Thus C is a subuniverse of B, and we
have a structure C' which is a substructure of B. f is an isomorphism from A onto C' since

[(FA@)) = FB(f o) = F°(f o a);
JOA) = k7 = &
acRA iff foae RP
iff foae RC.

(ii)=(i): Assume (ii); say that f is an isomorphism from A onto a structure C' which is a
substructure of B. Then f is an embedding from A into B:

f(FA(@) = FO(f oa) = FP(f oa);
FOA) = K = kP
acRY iff foae RC
iff foae RE. 0

Proposition 1.4. Suppose that A is a structure, and f is a bijection from A onto a set
B. Then there is a structure B with universe B such that f is an isomorphism from A
onto B.



Proof. With obvious assumptions, we define

FP(b) = f(FA(f7" oD));
beRB iff flobeRA

kP = f(k?).
The conclusion is easy to check. ]

Proposition 1.5. Suppose that [ is an isomorphism from a structure A into a structure
B. Then there exist a structure C and a function g such that A is a substructure of C, g
1s an isomorphism from C onto B, and f C g.

Proof. Let X be a set disjoint from A with the same number of elements as B\rng(f),
and let h be a bijection from X onto B\rng(f). Let ¢ = fUh. So g is a bijection from
AU X onto B. We now apply Proposition 1.4 to B and ¢! to get a structure C' with
universe AUX such that ¢g~! is an isomorphism from C onto B. Hence g is an isomorphism
from B onto C. So it remains only to check that A is a substructure of C. With obvious
assumptions, we have:

g
— kC. ]

Proposition 1.5 is justification for the common procedure in algebra when one has an iso-
morphism from a structure A into a structure B, and assumes “without loss of generality”
that A is actually a substructure of B.



CONGRUENCE RELATIONS

Let A be a structure. A congruence relation on A is an equivalence relation = on A such
that if F' is an m-ary function symbol, @ and b are sequences of elements of A of length m,
and a; = b; for each j < m;, then F4(a@) = FA(b); and if R is an n-ary relation symbol,
@ and b are sequences of elements of A of length m, and aj = b; for each j < m;, then
a € R iff b e RA.

The equivalence class of an element a under an equivalence relation R is denoted by
[a]r, or simply [a] if R is clear.

Proposition 1.6. The intersection of a nonempty family of congruence relations on a
structure is again a congruence relation on the structure. ]

Proposition 1.7. If A is a structure and = is a congruence relation on A, then the

set B A/= of all equivalence classes under = can be given a structure B similar to

that of A, such that kB = [kA)= for any individual constant k, FB([ag)=, ..., [am_1]=) =
[FA(ag, . ..,am_1)]= for any m-ary operation symbol F, and for any n-ary relation symbol
R and any a € ™A, {[ag]=, ..., an_1]=) € RE iff {ag,...,am_1) € RA. Moreover, the

function assigning to each a € A its equivalence class [a]= is a homomorphism from A
onto B.

Proof. The definition of congruence relation assures that the definition of FB is
unambiguous, for any function symbol F'. Now for an n-ary relation symbol R, let

RE = {{Jag)=, ..., [an-1]=) : (ao, ..., am_1) € R}

Thus for any a € A, obviously a € RA [implies that ([ao)=, - - -, [an__l]z) € RB. Conversely,
suppose that ([ag)=,...,[a,_1]=) € RB. Then there is a b € R4 such that [a;]= = [bi]=

for all i < n. So a; = b; for all i < n, and hence (aq,...,a, 1) € R™.
Now the function described at the end of the statement of the proposition is clearly a
homomorphism. O

The structure in Proposition 1.7 is denoted by A/=. This is the quotient structure of A
under =.

If f is a homomorphism from A to B, the kernel of f is {(ag,a1) : ap,a; € A and
f(ap) = f(a1)}; we denote it by ker(f).

Proposition 1.8. If f is a homomorphism from A to B, then ker(f) is a congruence
relation on A, and A/ker(f) can be isomorphically embedded in B.

Proof. Clearly ker(f) is an equivalence relation on A. Suppose that F' is an m-ary
function symbol and @ and ¢ are sequences of elements of A of length m, with (a;,¢;) €
ker(f) for each ¢ < m. Thus f(a;) = f(¢;) for each i < m, and so

f(FEH o, .. am-1)) = FP(f(ao). ., f(am-1))
= FB(E(C()), ooy flem—1))
= f(FA(co,- .. Cm—1));
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thus (FA(ao, ..., am—1), FA(co, ., cm_1) € ker(f). Now suppose that R is an m-ary rela-
tion symbol and (a;, bz)_e ker(f) for all i < m. Thus f(a;) = f(b;) for all i < m. Suppose

thﬁt <a07 SRR am71> S RA' Thell <f(CL0), e f(amfl» S RB? hence <f(b0)7 R f(bm71)> S
RB. Hence (bg,...,by,_1) € R4. The converse holds by the same argument. So ker(f) is

a congruence relation on A.
Now let g = {([a]xer(s), f(@)) : @ € A}. We claim that g is an isomorphic embedding
from A/ker(f) into B. First of all, g is a function and is one-one, since for any a,c € A,

[alker(r) = lelerry iEE - fla) = (o).

g is a homomorphism, since for an individual constant £ we have

g(EAKTWDY = g1 () = F(ED) = K5,

and for F' an m-ary function symbol,

[FZ(CL(), ey amfl)]ker(f))

FA(ag, ., am-1))

flag), ..., flam=1))
9([a0lker(s))s - - - » 9[@m—1]ker(5)))s

g(FA/ker(f)([GO]ker(f)a R [amfl]ker(f)) -

and for R an m-ary relation symbol,

<[a0]ker(f)7 SERE) [am—l]ker(f)> € RZ/ker(f) iff <Cl0, SRR am—1> € RZ
iff  (f(ag),. .., f(am-1)) € RP
iff <g([a0]ker(f))a <. 79([am71]ker(f))> € RBD

PRODUCTS

Suppose that (A; : i € I) is a system of similar structures. We make the set-theoretic

product B def [I,c; Ai into a structure [, ., A, similar to the A;’s as follows. For each
i € I let pr; be the projection of B into A;, defined by pr,;(f) = f; for all f € B. For R an
m-ary relation symbol,

RE = {fe€™B:VicIlpr,o f € R}

For F' an m-ary fundamental operation and for any a € ™ B,

FE(a) = (FA(pr;oa):ic ).

for k an individual constant, kB = (k% : i € I).
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This definition works out as follows for our examples.

If ((A;,<;) : i € I) is a system of partial orders, then ]
where f < g iff f; <; g; for alli € I.

If ((A;,-, 71, e;) i € I) is a system of groups (where we leave off some of the necessary
subscripts ;), then the operations in [],.; are defined as follows:

el A; has the relation <,

fr9=(fi-gi:iel)
f (f;l:ZEI);
e= (e :i€l).

If ((As,+,-,—,0;) : i € I) is a system of rings, then the operations in [[,.; A; are
defined as follows:

frg={fitgiiel)

fg_<fz gz:Z€]>
—f=(—fi:iel);
0=(0;:i€l).

Ordered fields and vector spaces are treated similarly.

Proposition 1.9. Suppose that (A; 1 i€ 1) is a system of simalar structures. Let B =
[Lic; Ai, and let i € I. Then pr; is a weak homomorphism from B onto A;.

Proof. Clearly pr; maps onto A;. If k is an individual constant, then pr;(k?) = k4i.
If F'is an m-ary function symbol and f € ™B. Then

pri(FB(f)) = (FB(f)): = F4(pr; o f).

If R is an m-ary relation symbol and a € RE, then Vj € I[pr;(a) € RA5], and hence
pr;(a) € R4, O
An important special case of products is the product of two structures. We define Ax B
to be [[;,c, Ci, where Cg = A and Cy = B

UNIONS

We can form unions of structures under special circumstances, given by the following
theorem. A collection K of subuniverses of a structure A is directed by C iff VA, B €
K3C € K[AC C and B C C].

Theorem 1.10. Suppose that A is a structure, and K is a nonempty collection of subuni-
verses of A directed by C. Then |J K is a subuniverse of A, such that B is a subuniverse
of the corresponding structure | J K for all B € K.
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Proof. Take any n-ary function symbol F' and any x € ™ |J K. For each j < n choose
B; € K such that z; € B;. The condition of the theorem then implies that there is a

C € K such that B; C C for all j < n;. Hence Fz(a:) eCCK. O

A subuniverse B of a structure A is finitely generated iff there is a finite nonempty set F
such that B = (F) 4.

Theorem 1.11. Any structure is the union of its finitely generated substructures.

Proof. Let K be the set of all finitely generated substructures of A. The condition
of Theorem 1.10 clearly holds, and so |J K is a subuniverse of A. But clearly A = J K,
since for any a € A we have ({a})4 € K. O

ULTRAPRODUCTS

Ultraproducts play an important role in model theory. Here we are not dealing with a
generalization of a common notion; ultraproducts are a new thing, although related to
products and quotients.

First we need to discuss the purely set-theoretic notion of ultrafilters. Let I be a
nonempty set. An wultrafilter on I is a collection D of subsets of I satisfying the following
conditions:

(1) I € D,

(2) 0 ¢ D.

(3) For all a,b € D, alsoanb € D.

(4) For all a € D and all b C I with a C b, also b € D.
(5) For any a C I, either a € D or (I\a) € D.

Note that in (5) the “or” is exclusive. Indeed, if a € D and (I\a) € D, then () € D by (3),
contradicting (2).

If D satisfies (1)—(4), it is called a filter on I. A filter is proper iff it is different from
P(I). Note that D is proper iff § ¢ D, by (4).

Proposition 1.12. Let D be a proper filter on a nonempty set I. Then D is an ultrafilter
iff it is mazximal among proper filters.

Proof. First suppose that D is an ultrafilter, and D C F with F a filter. Say
a € F\D. Then (I\a) € D by (5), and so ) = an (I\a) € F by (3), so that F is not
proper.

Second suppose that D is a filter which is maximal among proper filters. We verify
condition (5). Suppose that a C I and a ¢ D. Let

F={xC1I:y\aCuzfor somey e D}.

Clearly F is a filter. It is proper, since () € F would imply that y\a = 0 for some y € D,
hence y C a, hence a € D by (4), contradiction. It follows that D = F, and hence
(I\a) € D. 0
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A family o of subset of a set I has the finite intersection property (fip) iff every finite
subset of .« has nonempty intersection. A connection of this notion with ultrafilters is as
follows.

Theorem 1.13. Let D be a collection of subsets of a set I. Then D is an ultrafilter on I
iff D is maximal with respect to the property of having fip.

Proof. = is clear. Now assume that D is maximal with respect to the property of
having fip. D U {I} clearly still has fip, so it is equal to D, so that I € D. Obviously
() ¢ D. Suppose that a,b € D. Then D U{anNb} still has fip, and it follows that aNb € D.
Similarly, a € D and a C b C I imply that b € I. Finally, suppose that a« C I and a ¢ D.
Then D U {a} no longer has fip, so there is a finite subset F of D such that a N[ F = (.
Hence (F C (I\a), and so (I\a) € D. O

A basic theorem concerning ultrafilters is as follows.

Theorem 1.14. Suppose that I is a nonempty set, and <7 is a family of subsets of I with
the fip. Then there is an ultrafilter D on I such that o C D.

Proof. Let % be the collection of all families € of subsets of I such that o C %
and % has fip. We partially order # by inclusion. Then the hypothesis of Zorn’s lemma
holds for #. In fact, suppose that & is a collection of members of % linearly ordered by
inclusion. Let & = |J 2. We claim that & has fip. For, suppose that F is a finite subset
of &. For each X € F choose .#x € & such that X € #x. Since & is linearly ordered by
inclusion, there is a Z € F such that #x C %, for all X € F. Then, since .#x has fip,
we get (| F # 0. This verifies that the hypothesis of Zorn’s lemma holds. Hence we can
let D be a maximal member of 4. So, D has fip, and is maximal with this property. By
Theorem 1.13, D is as desired. O

This ends our set-theoretic interlude concerning ultrafilters.

Theorem 1.15. Suppose that (A; : i € I) is a system of similar structures and D is a

ultrafilter on I. For brevity let B = [[,.; Ai. Define =p, a relation on B, by

f=pg iff {iel:fi=g}eD.

Then =p is an equivalence relation on B, and it satisfies the conditions for a congruence
relation on B as far as individual constants and function symbols are concerned. Moreover,
if R is an n-ary relation symbol, a,b € "B and aj =p b; for all j < n, then

{iel:pryoac RY}YeD iff {iel:probec RY}eD.

Proof. Clearly =p is reflexive and symmetric. For transitivity, suppose that a =p
b=p c. Now
{z’e[:ai:bi}ﬂ{iEI:bi:ci}g{iEI:ai:ci},

and the left side is in D; hence also the right side is in D, and it follows that a =p ¢. So
=p is an equivalence relation on B.
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Suppose that I is an m-ary function symbol and f;, fj’- € B for j <m, with f; =p fj’.
for all j < m. Let g = FB(fo,..., fm_1) and ¢’ = FB(f5,.... f ;). Then

ﬂ {iel: f;(i)=fi()} c{iel:g(i) =g},

and the first set is in D, so that the second set is also, proving that g =p ¢'.
Now assume that R is an n-ary relation symbol, a,b € "B and a; =p b; for all i < n.
Then

ﬂ{ie]:aj(i):bj(i)}ﬂ{iel:prioaeRA"}

I<n
= (Vi€ l:a;(i)=b;(i))}n{iel:pr,obe R},
j<n
and the desired conclusion follows. O

This theorem justifies the following definition. We make the collection C def [Lic; Ai/=bD
of equivalence classes under =p into a structure similar to the A;’s as follows. Let B =
Hie[ A;.

FC([ao], e [am:ﬂ) = [FB(CL(), cey Q1)
([ab],...,[a!, 1)) € R® iff {ieI:(ay(i),...,a, ;)€ R} e D;

n—1

where F' is an m-ary function symbol, R is an n-ary relation symbol, k is a n individual
constant, and each a; and a} is in B. Note that [f] denotes the equivalence class of f under
=Fr.

The structure with universe C' so defined is called the ultraproduct of (A; : i € I) and
is denoted by [],.; As/D.

Theorem 1.16. Suppose that K is a nonempty collection of subuniverses of a structure
A, directed by C. Then there is an ultrafilter D on K such that |J K can be isomorphically
embedded in [[ 5.5 B/=D-

Proof. For brevity let M = [[5. B; M is the corresponding structure. For each
BeKlet Lp={Ce K:BCC}.
(1) {Lp: B € K} has fip.
For, let X € [K]<*. Choose C' € K such that B C C for all B € X. Then C € (\zcy L.

By (1), let D be an ultrafilter on K containing {Lp : B € K}. Let N = M /=p. Fix
ap € B for every B € K. We define f : | J K — M by setting, for any b € | JK and B € K,

b if be B,
ap otherwise.

(05 = {
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Then let g(b) = [f(b)] for every be UK. Sog:|JK — N.
Now to show that ¢ is a homomorphism, first suppose that F is an m-ary function
symbol and b, ...,b,-1 € K.

(2) [f(FA(Do, -, b1)] = [FM(f(Bo)s -, f (b)) *
In_fact, choose B € K such that bg,...,b,,_1 € B. Then for any C' € Lg we have
FA(bO,...,bm,l) e C, and

(F((FA(bo, - -, bm1))c

F_(bo, ey bm1)
FAi(f(bo))c, o (f(bm—1))e)
(FM(f(bo), .., f(bm-1)))c

and (2) follows.
Now we calculate:

FN(g(bo), ..., g(bm-1))

FY([f (b)), - [f (bm—1)])
M (f(bo),- - f (b))
= [fF by, ..., b)) by (2)
= g(F4(bo, ..., bm_1))
= g(FUX by, ... 1))

Next, let R be an n-ary relation symbol and b, ...,b,_1 € |JK. Choose B € K such that
bo,...,bp—1 € B. Then

(Boy- - b 1) € RUK Sff (bo,... bp_1) € RP
it ((f(b0))Bs s (f(bn-1))5) € RP
itf Lpn{CeK:((fbo))c,...,(fbp_1))c) e R} €D
itf  {CeK:{((flbo))c,...,(f(bu1))c) eR} €D
iff  ([f(bo)]; -, [f(bu)]) € RY
iff  (g(bo),...,g(bp_1)) € RV,

For k an individual constant,
g(U%) = [£(cM)] = ] = V.

It remains only to show that g is one-one. Suppose that b,c € |JK with b # ¢. Choose
B € K such that b,c € B. Then for any C € L we have (f(b))c =b# c = (f(c))c. So

L C{C e K : (f(b)c # (f(c))c}, so that {C € K : (f(b)c # (f(c))c} € D. Hence

f(b) #p f(c), and so g(b) = [f(b)] # [f(c)] = g(c). 0
Corollary 1.17. Any structure can be isomorphically embedded in an ultraproduct of its
finitely generated substructures. ]
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EXERCISES

Exc. 1.1. Let £ be a language with no individual constants. Define an Z-structure A
and subuniverses B, C of A such that BN C = (.

Exc. 1.2. Carry out the “easy induction” at the beginning of the proof of Proposition 1.2.

Exc. 1.3. If X and Y are nonempty subsets of the universe A of an algebra A, then
(XU((Y)) =(XUY).

Exc. 1.4. If K is a nonempty set of nonempty subsets of the universe A of a structure A,
then (U K) = Uy e (X)).

Exc. 1.5. Suppose that f is a homomorphism from A into B, and C is a nonempty
subuniverse of A. Show that f[C] is a subuniverse of B.

Exc. 1.6. Suppose that f is a homomorphism from Z_into B, and C is a nonempty
subuniverse of B. Show that f~![C] is a subuniverse of A.

Exc. 1.7. If X generates A, f and g are homomorphisms from A into B,and f | X = ¢ [ X,
then f =g.

Exc. 1.8. If f is a homomorphism from A into B and X is a nonempty subset of A, then
X)) = (fIX]).

Exc. 1.9. If Aisa substructure of B and = is a congruence relation on B, then = N(A4 x A)
is a congruence relation on A.

Exc. 1.10. Suppose that R is a congruence relation on A, and S is a congruence relation
on A/R. Define T = {(ag,a1) € A x A : ([ao]r,[a1]r) € S}. Show that T is a congruence
relation on A and R C T.

Exc. 1.11. (Continuing exercise 1.10) Show that the procedure of exercise 1.10 establishes
a one-one order-preserving correspondence between congruence relations on A/R and those
congruence relations on A with include R.

Exc. 1.12. Suppose that (A; : i € I) is a system of similar structures, and B is another
structure similar to them. Suppose that f; is a homomorphism from B into A; for each
i € I. Show that there is a homomorphism g from B into ], ; A; such that pr;og = f;
for all s € I.

Exc. 1.13. Show that a product of partial orderings is a partial ordering.

Exc. 1.14. A partial ordering (A, <) is a linear ordering iff for any two distinct z,y € A
we have z < y or y < x. Give an example of two linear orderings whose product is not a
linear ordering.

Exc. 1.15. Give an example of two ordered fields whose product is not even a field.

Exc. 1.16. Let F' be a proper filter on a set I. Show that F' is an ultrafilter iff for all
a,bC I, ifaube Fthenae ForbelF.

Exc. 1.17. Show that any ultraproduct of linear orderings is a linear ordering.
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Exc. 1.18. Suppose that I is a nonempty set, and (J; : i € I) is a system of nonempty
sets. Also suppose that F; is an ultrafilter on J; for each ¢ € I, and G is an ultrafilter on
I. Let K=A{(i,j):i€1,j€ J;}, and define

H={XCK:{iel:{jeJ;:(i,j) € X} € F;} € G}.

Show that H is an ultrafilter on K.

Exc. 1.19. Under the notation of exercise 1.18, show that there is an isomorphism f of
the structure [[,c/(IT;c;, Aij/Fi)/G) onto []; ;yex Aij/H such that:

vre | I] 45/F)/G r=lslewithse ]| ][] 4i/F

i€l \jeJ; i€l \jeJ;

and Vi € I |s; = [t;]p, with t; € H A;j| implies that f(r) = [(t;(j) : (4,7) € K)]u]|-
JjeJi
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2. Terms and varieties

We now make one important step towards full model theory: terms and equations. Let o be
any signature. We assume given now a simple infinite sequence v, v1, . .. of distinct objects
called wariables, different from the relation symbols, function symbols, and individual
constants of 0. We define the notion of a term over o; these are certain finite sequences of
members of the set

Fen URelUCn U {w; @i < w}.

The collection of terms is the intersection of all sets A of nonzero sequences of members
of this set such that:

(1) For any variable v;, the sequence (v;) is in A.
(2) For any constant k, the sequence (k) is in A.

(3) For any m-ary function symbol F' and any members 7, ..., 7,_1 of A, the sequence
(FY ™7 " Ty

is also in A.

Note that we distinguish between an object a and the sequence (a) consisting of that object
alone. The operation — of concatenation is defined by

<a0, ceey am_1>A<b0, ey bn_1> = <CLO, vy Qm—1, b(), ceey bn_1>.
We will usually write Foyg . ..0,,—1 rather than (F)™75 -+ Tppp1.

In our examples, terms look like this. For partial orderings, the only terms are the
variables (or rather the sequences (v;)). For groups some examples of terms are Fugpe,
FuvgFvivy, FFuguive, GFvguy. In more familiar terminology these are vg - e, vg - (v1 - v2),
(vo - v1) - v9, and (vg - v1)~!. For rings, the terms are the polynomials. Examples, with
F, G the binary function symbols, H the unary one, and Z the constant, are Z, HZ, Huvs,
FFGugvgFvgvgvy, which one would normally write as 0, —0, —uvs, (U% + 2v9) + v1. The
terms for ordered fields are the same as those for rings.

Proposition 2.1. (i) No proper initial segment of a term is a term.
(ii) If T is a term, then exactly one of the following conditions holds:
(a) T is a constant.
(b) T is a variable.
(¢) There exist a function symbol F, say of arity m, and terms oq, ...,0m—1 such
that 7 is Fog...0m—1.
(iii) If F and G are function symbols, say of arities m and n respectively, and if

00y -y Om_1,T0s-+>Tn_1 are terms, and if Foqg...0m_1 s equal to Gtg,...Tn_1, then
F=G, m=n, and o, = 7; for all i <m.
Proof.
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(i) holds by “induction on terms”: the set of terms for which it is true clearly contains

the variables and constants and an easy argument shows that if it holds for g, ..., 0m_1,
then it also holds for Fog...0p,—1.
(ii) is clear, and (iii) follows from (i). ]

The terms form a rudimentary kind of logic. We now make the first connection between
logic and structures. Let o be a term and A a structure. For each a € “A we define the

value of o under the assignment a, denoted by az(a), recursively as follows:

kz(a) = k* for each constant k

@) = o
(Foo...om-1)"(a) = FA(0g'(a),.., 07p_1(a))
with F' an m-ary function symbol and oy, ...,0,,_1 terms.

Note that Proposition 2.1(iii) is needed to see that this definition is unambigous.
In concrete cases we can just use the intuition that o“(a) is the result of replacing
each variable v; in o by a;, each individual constant k by k#, each function symbol F by

F4, and evaluating the result. The precise definition above is needed when we want to
prove something about the evaluation of terms in general.

We give some examples in the case of the group Z of integers under addition, using a
looser notation than the official one.

(vo + —v1)(0,1,2,...)=0—1=—1;

(vo + —v1)(0,—1,-2,...)=0+1=1,;

((vs +0) + —v3)(0,1,2,...) =5—-3=2;
((vs +0) + —v3)(0,—1,-2,...) = —-5+3 = -2

Proposition 2.2. If a and b are assignments, T is a term, the variables occurring in T
are among vy, . .., Vm_1, and a; = b; for all i < m, then 74(a) = 74(b).

Proof. Induction on terms. ]
Because of this proposition, we can write TA(CL) for a finite sequence a which covers all the

variables of 7.

Proposition 2.3. If A is generated by X, then every element of A has the form TZ(CL)
for some sequence a of elements of X and some term 7. If T is a sequence of elements of

A whose range generates A, then every element of A has the form T4(T) for some term
T. L

Equations and varieties

We introduce now one more part of logic: equality. For a given signature (Fcn,Rel,Cn,ar),
we suppose that e is an object not in the set

Fen URelUCn U {w; @i < w}.
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An equation is a sequence of the form (€)o7 with ¢ and 7 terms. This sequence is

denoted by o = 7. If A is a structure, then we say that o = 7 holds in A iff 04 (a) = 74(a)
for every a € “A.

For the rest of this chapter, suppose that our signature is algebraic. For any set E of
equations, we let Mod(FE) be the class of all structures in which every member of E holds.
Note that Mod(F) is a proper class in the set-theoretic sense; the class of all groups is an
example. It is not necessary to completely understand the difference between ordinary sets
and proper classes in order to follow the development here. For K a class of structures,
we define

SK = {Z : A is a subalgebra of some member of K};
HK = {A: A is a homomorphic image of some member of K};

PK = {4 : A is isomorphic to a product of members of K}.

A class K of structures is a variety iff there is a set E of equations such that K = Mod(FE).

We are now going to work towards Birkhoff’s theorem that K is a variety iff it is
closed under the operations H, S, P. This is a typical model-theoretic result, showing the
equivalence between a logical notion (a variety) and a notion not involving logic (closure
under H, S, P).

Proposition 2.4. Let A be a substructure of B. B
(i) If o is a term and a € “A then O’A(g) = oB(a). B
(ii) If o = T is an equation holding in B, then it also holds in A. O

Proposition 2.5. Suppose that h is a homomorphism from z_into B. B
(i) If T is a term and a € “ A is an assignment, then h(7%(a)) = 7B(hoa).

(ii) If o = 7 holds in A and h is a surjection, then o = T holds in B.

Proof. (i): by induction on 7:

h(v} (@) = h(a;) = (ho a)i = v (hoa);
h(k“(a)) = h(k*) = kB = kP(a) for k an individual constant
W(Foo...om-1)"(a)) = W(FA(o3'(a), ..., 0 _1(a)))
= FB(h(og'(a)), ..., (o _4(a)))
= FB6B(hoa),...,08_(hoa))

= (Foy.. .Um,l)E(h oa)
for F' an m-ary function symbol

and og,...,0p,_1 terms.

(ii): Assume that o = 7 holds in A and h is a surjection. Take any b € “B. Choose a € “ A
such that h o a =b. Then, using (i),

O'B(b) = UE(h oa)= h(az(a)) = h(TZ(CL)) = TE(I’L oa)= TB(b). O

18



Proposition 2.6. Let (4; :i € I) be a system of similar structures. Let B =[], 4.

(i) If o is a term, a € “B. and i € I, then (UB(a))i_: o4 (pr; o a).
(ii) If o = T holds in each A;, then it also holds in B.

Proof. (i) holds by Propositions 1.9 and 2.5. For (ii), suppose that o = 7 holds in
each A;. Take any a € “B and i € I. Then, using (i),

(0P (a)); = o (pr; 0 a) = 7% (pr; 0 a) = (77 (a));;

since i is arbitrary, it follows that o2 (a) = t3(a). O
Corollary 2.7. If K is a variety, then it is closed under H, S, P. O

Theorem 2.8. (Birkhoff) suppose that K is a class of similar algebraic structures. Then
K is a variety iff it is closed under H, S, and P.

Proof. = holds by Corollary 2.7. Now suppose that K is closed under H, S, and
P. Let I' be the set of all equations holding in every member of K. We claim that
K = Mod(I'). C is clear. Now suppose that A e Mod(I"); we want to show that A cK.
By Corollary 1.17 we may assume that A is finitely generated.

An auxiliary role will now be played by the following algebra §, called the absolutely
free algebra. Its elements are the terms in our language, and if F' is an m-ary function
symbol and og,...,0,,_1 are terms, then Fg(ao,...,am,l) = Fog...0pm_1. For any
individual constant k, we define kS = k. Let L = {(0,7) : 0,7 are terms and ¢ = 7 holds
in every member of K}.

(1) L=){R: R is a congruence on § and §/R can be isomorphically embedded in some
member of K}.

In fact, for O suppose that (o,7) is a member of the right side; we want to show that
(o,7) € L, i.e., that o = 7 holds in every member of K. So suppose that A € K and

a € “A. Define f(o) = o(a) for every term o. Then f is a homomorphism from § into

A:

FFS(po, - pm=1)) = f(Fpo-..pm—1)
= (Fpo...pm-1)"(a)
= FA(p{(a), ... pih_1(a))
= FA(f(po)s- -, f(pm—1))-

>

For k an individual constant, f(k%) = f(k) = k:z_(a) = kA, Say that B is the range
of f. Then f is a homomorphism from § onto B, and so by Theorem 1.8, §/ker(f)
can be isomorphically embedded in A. It follows that (o,7) € ker(f). This means that

o4(a) = 74(a), as desired.
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Conversely, suppose that (o,7) € L, R is a congruence relation on §, and f is an
isomorphism from §/R into A € K. We want to show that (o, 7) € R. Define a; = f([vi]r)
for every 1 < w.

(2) pA(a) = f([p]r) for every term p.

We prove (2) by induction on p. viz(a) = a; = f([vi|r), as desired. If k is an individual
constant, then k4 (a) = k4 = f([kS]gr. Now assume that o/ (a) = f([o;]r) for every i < m.
Then

(Foyg.. .Jm,l)z(a) = FZ(O'Z(CL) oA (a))

»Ym—1

— FA(f(jooln).- - S (om-1])

finishing the inductive proof of (2).
By (2), since o = 7 holds in A,

Since f is one-one, it follows that [o]g = [7]g, so that (o, 7) € R, finishing the proof of (1).
(3) /L € K.

Let M = {R : R is a congruence relation on § such that §/R can be isomorphically
embedded in a member of K}. For each R € M, let fr be an isomorphism from F/R
into Agp € K. Now if R € M and (0,7) € L, then also (o,7) € R, by (1). Hence there
is a function g from §/L into []pe s Ar such that (9([o]z))r = fr([o]r) for every o € §
and R € M. Now g is a homomorphism. To see this, let B = [Trem Apg. Then for an

individual constant k we have (g([k¥].))r = fr([kS]r) = k*%. For an m-ary operation
symbol F',

g(FSE([oolLs - - s [om-1]z) = g([F¥(00, - . ., Om—1)]1)
= ((9([F¥(00, .., 0m-1))|L))r : R € M)
(fr([F3(c0,...,0m-1)]r) : R € M)
= (fr(FS'E([oo]r, .-, [0m-1]r)) : R € M)
(FA%(fr([o0]R); - - fr([Om-1]R)) : R € M)
(FA%((g([o0]L)rs - - (9([om-1]2)r) : R € M)
= FB(g(loo]r), .., g([om-1]1))-

Moreover, g is one-one, for if g([o]|r) = g(|7]|L), then for each R € M we have fr([o]r) =

(9(le]L)r = (9([7]))r = fr([T]Rr), hence [o]r = [T]Rr, hence (o,7) € R. This being true
for all R € M, it follows that (o,7) € L by (1). So [o]r = [7]r. Now (3) follows.
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Now we are ready for the final argument. Choose x € “ A such that rng(z) generates
A. Now if (5,7) € L, then o0 = 7 holds in 4, and hence o4 (z) = 74(x). It follows that
there is a function f : §/L — A such that f([o]r) = o Ay ) for every 0 € §. Now f is a

homomorphism. In fact, if k is an individual constant, then f(kS].) = k(z) = k2. If F
is an m-ary operation symbol, then

f(FS/L([UO]La SEE) [o-mfl]L)) = f([FS(Um <oy 0 ))]L)
:(Fj(a_ow- ) O 1)) A(x)
= FA(O'E)A('T)? - '7am—1($)>

= FA(f([oolr)s - -» f[om-1]1)).

Furthermore, f maps onto A. For, f([vi]z) = v?(az) = z;, so rng(x) C rng(f). Since
rng(f) is a subalgebra of A it follows that rmg(f) = A.

So f is a homomorphism from the member /L of K (by (3)) onto A, hence A € K.

U

We now give an application of Theorem 2.8 of a fairly concrete nature. This is to the
notion of relation algebra, which has been intensively studied.

If R is a binary relation, then R~ = {(a,b) : (b,a) € R}. If R and S are binary
relations, then R[S = {(a,c¢) : 3b[(a,b) € R and (b,c) € S. A proper relation algebra
is a structure M = (M,U,N, g—, 0, R,|,~!,id) such that R is a binary relation, M is a
collection of binary relations contained in R, M is closed under U and N, 0, R,id € M,
VS € M[r—S = R\S € M], M is closed under | and ~', and id is the set of all ordered pairs
(a,a) € R. We define U(M) = {a: (a,b) € S for some S € M}. Thus S CU(M) x U(M)
for all S € M. Note that R is an equvalence relation on U(M). In fact, R~ C R and
R|R C R, so R is symmetric and transitive. If a € U(M), say with (a,b) € S € M, then
(b,a) € S~ (a,a) € S|S™! and hence (a,a) € R; so R is reflexive on U(M).

Let RRA be the class of all algebras isomorphic to a proper relation algebra; RRA
abreviates “representable relation algebra”.

Clearly RRA is closed under S.

Lemma 2.9. Suppose that M is a proper relation algebra, as above, and f is a bijection
from U(M) onto a set V.. Then there exist a proper relation algebra N and a function g
such that U(N) =V and g is an isomorphism from M onto N.

Proof. For any S € M let
9(8) = {(f (), £(v)) : (u,v) € S},
and N = (g[M],U, N, o —0,9(R), ]|, ~1). We check the required conditions.
e N is closed under U, and g(SUT) = ¢g(S)Ug(T) for all S,T € M. In fact,

(f(u), f(v))eg(SUT) iff (u,v)eSUT
iff  (u,v) € Sor (u,v)eT
it (F(w), £(0)) € 9(S) or (f(u), f(v)) € g(T)
iff  (f(u), f(v)) € g(5) U g(T).



e N is closed under N, and g(SNT) = g(S)Ng(T) for all S,T € M. The proof is similar
to that for U.

e N is closed under 4(g)—, and g(r — S) = 4r) — 9(S5). For,

(f(w), f(v)) € g(r — S) iff  (f(u), f(v)) € g(R)\g(S)
iff  (f(u), f(v)) & g(S)
iff  (u,v) ¢ S
it (f(w), f(v) € g(r) — 9(5)

e g preserves ) and R. Obvious.

e N is closed under |, and g(S|T") = g(95)|g(T). For,

(f(u), f(v)) € g(ST) iff  (u,v) € S|T
iff  Jw[(u,w) € S and (w,v) € T
iff  3f(w)[(f (u), f(w)) € g(5) and (f(w), f(v)) € 9(T)
iff ((f(w), f(v)) € g(S)|g(T)

e N is closed under ~1, g(S™1) = (¢(S))~!, and g(id) = id. This is clear.

Finally, g is clearly one-one. ]

Lemma 2.10. RRA is closed under P.

Proof. Let (M, :i € I) be a system of proper relation algebras. By Lemma 2.9 we
may assume that U(M)OU( ;) =0 for i # j. Write M; = (M;,U,N, g,,0, Ry, |, %, id).
For brevity let B = [Iic; M. The operations of B are denoted by +,-,—,0,1,;,", I. Now
for any x € B we deﬁne

= LJ(E@

i€l

We claim that f is an isomorphism from B onto a proper relation algebra of the form
(f[B],U,N,7—,0,T,|, 71, id), where T = |J,; Ri
Clearly f(z) is a binary relation. f preserves +:

fat+y) =J@uy) =JzuJy =r@ury.
i€l i€l i€l
f preserves -:
fa-y)=J@ny) =JznJy, = Nfy).
i€l i€l i€l

f preserves —:

f(=2) = J(r—z) = T\|J 2 = 1= f(2).

i€l el
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Obviously f(0) =0 and f(1)=1T.
f preserves ;:

f(z3y) = U($z|yz)

el

= f(@)[f(y)-

Here the second equality is seen as follows. If (a,b) € (J,;c;(:|yi), choose i € I such that
(a,b) € (w;]y;). Then there is a ¢ € U(M;) such that (a,¢) € x; and (¢,b) € y;. So
(a,c) € Ujerzi and (c,b) € U;cr ¥i, s0 (a,b) € f(x)|f(y). On the other hand, suppose
that (a,b) € f(z)|f(y). Say (a,c) € f(z) and (c,b) € f(y). Choose i,j € I such that

(a,c) € x; and (c,b) € y;. Then ¢ € U(M;) NU(M;), and it follows that i = j. Hence
(a,b) € z;|y;, so that (a,b) € f(x;y).

f preserves Y:

fa)y =" = (U a:) = (f(x)" L

iel il
Clearly f(id) = id. Finally, it is clear that f is one-one. O

To deal with H we first have to consider ultraproducts.

Lemma 2.11. An ultraproduct of members of RRA is again a member of RRA.

Proof. Let (M; : i € I) be a system of proper relation algebras, and let D be an
ultrafilter on I. For brevity let B = [Lic; M;, and C = B/D, the ultraproduct. Members
of C' will be denoted by [z] with # € B. Also, let V =[]..; U(M;), and W = V/D, the
ultraproduct of these sets. Members of W will be denoted by [v]’, with v € V. Now for
any z € B let

F([z]) = {([u]',[v]") :u,v € V and {i € T : (u;,v;) € x;} € D}.

First we need to see that F' is well-defined. So, suppose that [z] = [y]; we want to show
that the expressions on the right for F'([x]) and F([y]) are the same. Suppose that u,v € V'
and M & {iel: (u,v;) €x;} €D. Le¢e N={iel:x; =y;}. Then N € D. For any
i € M NN we have (u;,v;) € y;, and hence ([u]’,[v]’) is in the right side for F([y]). By
symmetry, then, F' is well-defined.

Now we claim

() f x € B, u,v € V, and ([u]’, [v]") € F([z]), then {i € I : (u;,v;) € x;} € D.

In fact, assume the hypothesis of (x). Then there exist u/,v" € V such that [u]’ = [v],
[v) = [v'], and {i € I : (u},v) € z;} € D. Now take any i € I such that u; = u}, v; = v/,
and (u;,v}) € x;. Then (u;,v;) € x;. So the conclusion of (x) follows.
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F preserves +: Suppose that z,y € B and u,v € V. Then

([w],[v]") € F(lz] + [y]) i ([u],[0]') € F([z+y])
iff {iel: (u,v)e€x; Uy} €D
iff {iel:(u,v)€ex;}eDor{iel: (u,v;) €y} €D
iff  ([u], [v]') € F([z]) or ([u]', [v]) € F([y])
it (), o)) € F(l]) U F(lg).

The proofs for - and — are similar. Clearly F(0) = () and f(1) = 1.

To show that F' preserves ;, suppose that z,y € B, u,v € V. First suppose that ([u]’, [v]") €

F(x;y). Thus by (x), M o {i € I: (uwi,v;) € xily;} € D. Take any i € M. Choose
z; € U(M;) such that (u;,2;) € x; and (z;,v;) € y;. Let z; € U(M;) be arbitrary for
i ¢ M. Then

M C {ZEI (Ui,Zi) Gl'i}ﬂ{iEIi (Zi,l)i) Gyi},

so it follows that {i € I : (u;,2;) € x;} € D and {i € I : (2;,v;) € y;} € D. Hence
([ul’, [z]') € F([z]) and ([z]', [v]') € F([y]), so that ([u]', [v]') € F([z])|F([y])-

Conversely, suppose that ([u]’, [v]') € F([z])|F([y]). Choose z € V with ([u]’, [z]") €
F([z]) and ([2]', [v]') € F([y]). Thus

{iel:(u,z)€x;} €D and {ie€l:(z,v) €y} €D,
so the intersection N of these two sets is in D. Now
N C{iel: (u;,v;) € xily: },

so the set on the right is in D, and hence ([u]’, [v]") € F(x;y). This finishes the proof that
F' preserves ;.
Clearly F preserves Y and id.

If [] # [y], then P ef {i el :z # vy} € D. Take any i € P, and choose

(uj,v;) € x;Ay;. Let u; and v; be any members of U(M;) for i ¢ P. Then ([u]’, [v]") €
F(lzby)) = F([z]) AF([y])- So F([x]) # F([y])- a

Lemma 2.12. If M is a proper relation algebra with unit element R, then for any X € M
we have R|(R\(R|X|R))|R= (R\(R|X|R)).

Proof. Suppose that (a,b) € R|(R\(R|X|R))|R but also (a,b) € (R|X|R). Say
aRc(R\(R|X|R))dRb and aReX fRb. Then cRaReX f RbRd, hence cReX fRd, so that
¢(R|X|R)d, contradiction. Thus C holds.

If (a,b) € (R\(R|X|R)), then aRa(R\(R|X|R))bRb, and so (a,b) is a member of
(R[(R\(R|X|R))|R), proving 2. m

Lemma 2.13. A homomorphic image of a member of RRA is again a member of RRA.
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Proof. Let M be a proper relation algebra with unit element R, and let f be a
homomorphism from M onto N. Then M /ker(f) = N by Theorem 1.8, so it suffices to
show that M /ker(f) is isomorphic to a proper relation algebra.

(1) For any Z € M, the set Ny ef {yN(R|Z|R) : y € M} is a proper relation algebra, and
(yN(R|Z|R) : y € M) is a homomorphism from M onto the associated structure.

In fact, clearly Ny is closed under U, N, complementation relative to R|Z|R, and ) €
Nz. To show that it is closed under |, suppose that x,y € M; we want to show that
(xly)N(R|Z|R) = (xN(R|Z|R))|(yN(R|Z|R)). First suppose that (u,v) € (z|y)N(R|Z|R).
Choose w such that (u, w) € z and (w,v) € y. Also choose s, t so that (u, s) € R, (s,t) € Z,
and (t,v) € R. Then (u,s) € R and (t,w) € Rly~* C R, so (u,w) € (R|Z|R). So
(u,w) € (xN(R|Z|R)). Similarly, wRuRs. so wRsZtRv. hence (w,v) € (yN(R|Z|R)), so
(u,v) € (N (R[Z|R))|(y N (R|Z|R)).

Conversely, suppose that (u,v) € (x N (R|Z|R))|(y N (R|Z|R)). Choose w so that
(u,w) € (zN(R|Z|R)) and (w,v) € (y N (R|Z|R)). Then (u,v) € (z|y). Also choose
p,q,r,s so that (u,p) € R, (p,q) € Z, (¢,w) € R, (w,r) € R, (r,8) € Z, and (Z,v) € R.
Then (u,r) € R|Z|R|R C R, so (u,v) € (R|Z|R). Thus (u,v) € ((z|ly) N (R|Z|R)), as
desired.

To show that N is closed under ~', suppose that x € M; we want to show that
(x N R|ZIR)™! = (z=' N R|Z|R). First suppose that (u,v) € (z N R|Z|R)™!. Then
(v,u) € (x N R|Z|R). Choose s,t so that (v,s) € R, (s,t) € Z, and (t,u) € R. Then
(u,8) € R7YZ7' C R and (t,v) € Z7Y|R™! C R, so (u,v) € (R|Z|R). So (u,v) €
(x7' N R|Z|R). This shows that (z N R|Z|R)™! C (7! N R|Z|R). Conversely, suppose
that (u,v) € (x7' N R|Z|R). Then (v,u) € x. Also, (u,v) € R|Z|R, so choose s,t so
that uRsZtRv. Then (v,s) € z|R C R and (t,u) € R|x C R, so (v,u) € R|Z|R. Hence
(v,u) € x N (R|Z|R), and it follws that (u,v) € (x N (R|Z|R))~L.

Clearly id € Nz. The homomorphism property in (1) is clear.

We may assume that f(R) # f(0), as otherwise clearly |rmg(f)| = 1. Let I = {Z €
M : f(Z)=0}. Thus R ¢ I, and if Z;, Z5 € I then also Z; U Z, € I.

Now let D be an ultrafilter on I containing each set {V € I : Z < V'} for each Z € I.
For each Z € I let T(Z) = (R\(R|Z|R)).

Define h : M — [],.; Np(z) by setting (h(Y))z =Y N (R|T(Z)|R) for each Y € M
and Z € I. Then define h'(Y) = h(Y)/D for any Y € M.

From (1) it follows that A’ is a homomorphism. We claim that ker(f) C ker(h’). For,
suppose that (Y,Y”) € ker(f). So f(Y) = f(Y’), so f(YAY’) = 0. Hence (YAY' 0) €
ker(f),so YAY' € I. For any W € I such that (YAY') C W we have T(W) C T(YAY").
Now YAY' C R|(YAY')|R, so (YAY') N (R\(R|(YAY')|R) = 0, which means that
(YAY')NT(YAY') =0, so (YAY')NT(W) = 0. It follows that Y N T(W) = Y’ N T(W).
This being true for all W € I such that (YAY') C W, it follows that A'(Y) = R'(Y’).
Thus we have shown that ker(f) C ker(h').

Now suppose that A'(Y) = A(Y'). Then h(Y)/D = h(Y’)/D, and so {Z € I :
hY)z =h(Y'")z} € D. Choose any Z such that h(Y)z = h(Y')z. Thus YN(R|T(Z)|R) =
Y' N (R|T(Z)|R), so (YAY") N (R|T(Z)|R) = 0. By Lemma 2.12 we have (R|T(Z)|R) =
T(Z). Hence (YAY')NT(Z) = 0, and it follows that (YAY’) C (R|Z|R). Clearly
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f(R|Z|R) =0, so0 also f(YAY’) =0. So f(Y) = f(Y’). This shows that ker(f) = ker(h’).
Now define k(Y /ker(f)) = h'(Y'), for any Y € M. Then k is well-defined and one-one

by what was just shown. Now M € RRA by Lemma 2.10. O

Theorem 2.14. (Tarski) RRA is a variety. ]

No very nice system of equations characterizing RRA is known. It was proved in an article
of Monk in 1964 that no finite system of equations works; the proof involves a construction
of a system of non-representable relation algebras whose ultraproduct is representable.
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EXERCISES
Exc. 2.1. Prove that for any class K of algebras we have SHK C HSK.
Exc. 2.2. Give an example of a class K of algebras such that SHK # HSK.
Exc. 2.3. Prove that for any class K of algebras we have PHK C HPK.

Exc. 2.4. Give an example of a class K of algebras such that PHK # HPK. Hint: let K
consist of all fields Z,, for p a prime, and take an ultraproduct of them with a nonprincipal
ultrafilter. Show that the result is an infinite field.

Exc. 2.5. Prove that for any class K of algebras we have PSK C SPK.
Exc. 2.6. Give an example of a class K of algebras such that PSK # SPK.

Exc. 2.7. Prove that HSPK is closed under H, S, and P. Infer that for any class K of
structures, HSPK is the smallest variety containing K.

[In 1972, D. Pigozzi determined all possible distinct sequences of H, S, P; it turns out that
there are exactly 18 of them. It would be natural to adjoin an operation Up such that
UpK is the class of all algebras isomorphic to an ultraproduct of members of K. Then
there is an open problem, raised by Henkin, Monk, and Tarski in 1971: does the sequence
P, PUp, PUpP, PUpPUp, ... have any repetitions?]
Exc. 2.8. Prove that the following hold in any proper relation algebra with unit R:

(i) S7H[=(S|T)] € ~T.

(ii) ((S|R)Nid)|R = S|R.

(iii) S C S|S~1|8S.
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3. Sentential logic

Here we discuss some more components of our final first-order logic: the logic surrounding
words like “not”, “and”, etc. The language here is simpler than what we have dealt with
so far. We have only the following symbols:

n, a symbol for negation.
a, a symbol for conjunction (“and”).
Symbols Sy, So, ..., called sentential variables.

Symb is the collection of all of these symbols. An expression is a finite nonempty sequence
of members of Symb. We define operations — and A on the set of expressions:

o =(n)"p; pAY=(a) P Y.

The collection of sentential formulas is the smallest collection C' of expressions such that
(S;) is in C for each i € w, and C is closed under the operations —, A. Frequently we write
S; instead of (S;).

In analogy to Proposition 2.1 we have:

Proposition 3.1. (i) No proper initial segment of a sentential formula is a formula.

(ii) If ¢ is a sentential formula, then exactly one of the following holds:

(a) ¢ is a sentential variable.
(b) ¢ is ) for some sentential formula 1.
(c) ¢ is Y N\ x for some sentential formulas ¥, x.

(iii) If ¢ and i are sentential formulas and —p = —p, then @ = .

(iv) If o, 0, @' " are sentential formulas and ¢ Ny = @ N, then ¢ = ¢’ and
=1 O
Now we define satisfaction and truth for this special language. A sentential assignment
is a function mapping w into {0,1}. We think of 0 as “false” and 1 as “true”. Then the
value of an arbitrary formula ¢ under a sentential assignment f is denoted by ¢|[f] and is
defined as follows:

/

(=) lf] =1 = ¢lf];
(e AD)f] = elf]-lf].

We say that f satisfies p, or that ¢ is true under f iff p[f] = 1. A sentential formula is a
tautology iff it is true under every assignment.
We introduce some further logical notions:

o — b ==(pAY);
PV =(=p A);
peoth=(p—=P)A (W — ).
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Here are some common tautologies:

(Tl) S() — So

(TQ) SO — ﬁ—\SO.

(T3) (SO — _‘S()) — _|S()

(T4) (So — _|Sl) — (Sl — _|So)

(T5) S() — (_‘SO — Sl)

(T6) (So — S1) = [(S1 — S52) — (S0 — S2)].
(T7) [So — (51— S52)] = [(So — 51) — (S0 — 52)]-
(TS) (So VAN Sl) — (Sl N S())

(Tg) (SO A Sl) — SO

(TlO) (SO A Sl) — Sl.

(Tll) S() — [Sl — (SO N Sl)]

(T12) S() — (SO V Sl)

(Tlg) Sl — (S() V Sl)

(T14) (So — S2) = [(S1 — S2) — ((So V 51) — 52)].
(T15) _|(So VAN Sl) — (_‘SO V _|Sl).

(T16) So A S] ﬁ(ﬂSo V _|Sl).

(T17) —|(So V Sl) > (—|SO A —\Sl).

(T18) [SO V (Sl V 52)] — [(SO V Sl) V SQ]

(T19) [So A (S1 A S2)] « [(So A S1) A Sa].

(TQO) [S() A (Sl \ 82)] — [(S() A Sl) V (S() N Sg)]
(T21) [SO V (Sl AN 52)] — [(SO V Sl) N (SO V 52)]
(T22) So NSy _|(So — _|Sl)1.

Some of these tautologies show that we could have selected different primitive notions for
the sentential part of first-order logic. Thus:

- and V suffice, by (T16).
- and — suffice, by (T22).

We now define general conjunctions and disjunctions:

/\%’ = ¥0;

i<0
N ei=| N\ ei|Aems
1 <m-1 i<m

\/%’ = Po;

i<0

\V ¢i= (\/ %’) V om1-

i<m+1 i<m
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We also might write o A ... A, in place of A, ., ¢;; similarly for \/. Sometimes we will
not explicitly give an order; for example we might write Vier wi- In such a case, any order
should be ok.

For any sentential formula ¢, let ¢! = ¢ and ¢° = —.

Lemma 3.2. If f and g are sentential assignments which agree on every i such that S;
occurs in @, then o[f] = ¢[g].

Proof. By induction on ¢. 0

Theorem 3.3. (Disjunctive normal form) If ¢ is a sentential formula which is true under
some sentential assignment, and if every sentential variable S; occurring in ¢ has 1 < m,
then there is a nonempty set M C ™2 such that the following formula is a tautology:

A

e€EM i<m

Proof. Let
M ={ee™2:¢[f] =1 for some f D e}.

Note that M is nonempty, since ¢ is true under some assignment. Now take any sentential

assignment f. Note that
(/\ Sﬂ“) =1

i<m
Hence the right side of the formula in the Theorem is true under f iff f [ m € M, and
this is true by Lemma 3.2 iff ¢[f] = 1. O
EXERCISES

Exc. 3.1. Define |t = = A—1p. (The Sheffer stroke.). Show that — and A can be defined
in terms of |.

Exc. 3.2. A formula ¢ involving only Sp,...,S,, determines a function t, : mtly 2
defined by t,(z) = ¢[z] for any « € ™*12. Show that any member of (J,_,,., (" 2?2 can
be obtained in this way.

Exc. 3.3. Show that the following formula is a tautology:

{llp—=1) = (=x = =0)] = x} = 7) = [(T = 9) = (0 — ¢)]

(This formula can be used as a single axiom in an axiomatic development of sentential
logic.)
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4. First-order logic

In this chapter we finish introducing the notion of first-order logic, and connect this notion
to satisfaction and truth in structures.

Let a signature o = (Fcn, Rel, Cn, ar) be given. Now in addition to the variables and
the logical symbol e for equality introduced in the chapter 2, we add some more symbols,
assumed to be distinct and different from all the previous symbols:

n, a symbol for negation.
a, a symbol for conjunction (“and”).
x, a symbol for existential quantification (“there exists”).

So altogether the set Symb of symbols for the given signature o is the set
FenURelUCn U {w; 1 i <w}U{e,n,a,x}.

Thus a given first-order language is completely determined by its signature; so we may de-
fine a first-order language as just a signature. An expression is a finite nonempty sequence
of members of Symb. Thus terms and equations are expressions. We now introduce some
operations on expressions, so that we will rarely see the actual symbols e, n, a, x:

—p = (n) .
PN =(a) 1.
E|’UZ'Q0 = <X7 UZ>A90

An atomic equality formula is an equation. An atomic non-equality formula is an expression
of the form Roy . ..oy, 1 for some relation symbol R of rank m and some terms oq, ...0m,m 1.
Note that we are being a little sloppy here, we really mean

(RY "oy " om—1.

The collection of formulas is the intersection of all sets A of expressions such that:
Each atomic formula (equality or non-equality) is in A.
If p is in A, then so is —¢p.
If ¢ and ® are in A, then so is ¢ A ¥,
If pisin A and 7 € w, then Jv;p is also in A.
In analogy to Proposition 2.1 we have:
Proposition 4.1. (i) No proper initial segment of a formula is a formula.
(ii) If ¢ is a formula, then exactly one of the following holds:

(a) ¢ is an atomic equality formula.
(b) ¢ is an atomic non-equality formula.

(c) ¢ is =) for some formula 1.
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(d) ¢ is Y A x for some formulas v, x.
(e) ¢ is Fvip for some i € w and some formula 1.

(iii) If ¢ and v are formulas and —~p = =), then ¢ = 1.
() If p, 0, " " are formulas and o N = @' AN, then o = ¢’ and p ='.
(v) If i,j € w, @, are formulas, and 3v;yp = Fv;, then i = j and ¢ = ). O

Now we can define the relationship between first-order logic and structures. First a useful
abbreviation: if a € “A, i € w, and ¢ € A, then a!, is the member of “A such that for any

JEw,
(ac); = {aj if j £ .

Now suppose that A is a structure and a € “A. We define what it means for a to
satisfy a formula ¢ in A, abbreviated by A | ¢la]. The definition goes by recursion
on . Proposition 4.1 is needed to assure the unambiguity of the definition. A rigorous
justification of definitions by various sorts of recursion can be found in books on set theory;
the intent is clear in our case, though.

AE=o=r1a iff o%a)= TZ(CL);
A Rog...om-1d] iff (oi(a),...,04_ (a)) € R%,
);

iff A pla) and A = 1[a));

[a]
la]
A —pla] iff not(A = pla
la]
[a] iff thereis a c € A such that A &= ¢la’].

We define some more logical notions:

o = =(p A1)

PV ==(p A1)

P =(p—=)A [ — )
Yu; o = —3Jv; .

Proposition 4.2. Let A be a structure and a € “A. Then:

AE(p—)ld iff Al pla] implies that A = ¢[a];
Al (pvi)lal iff A= ela] or Al la] (or both);
AE (o) iff (AEela iff Al ¢la));

A [a]

iff A= plal] for every c € A. ]

We give some examples of these notions for the signatures introduced at the beginning.
Partial orderings. Consider the partial ordering A e (Z(w), Q) of all subsets of w.

A = vy < v1[0,{0}, {0}, .. ] since the empty set is a proper subset of any nonempty set.
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A = VooV, Fue[(ve < w2 Vvg = v2) A (v1 < v2 V v1 = v2)a] for any a € “A since for any
ap, a1 € w we can take as = ag U a; to satisfy this formula.

Groups. For any group A we have:

A = Vuo[vg - vg = €][a] iff every non-identity element of A has order 2.
A= (—(vy =€) Avg - (vg - v2) = €)]a] iff as has order 3.

Rings. For any structure A for this language we have

A = Vug(vg + (—vg) = 0)[a] iff a + —a = 0 for all a € A; this expresses one of the usual
axioms for rings.

Ordered fields. For A any ordered field, Yuvg[—(vg = 0) — 0 < vg - vo][a] is the little
theorem that the square of any nonzero element is positive.

Having introduced the main relationship between structures and logic, we can now define
the most important concepts derived from this relationship. Let A be a stucture, ¢ a
formula, K a class of similar structures, and I" a set of formulas.

® © holds in A iff A = @la] for every a € “A. In this case we also say that ¢ is true in A,
or that A is a model of .

o A is a model of T iff it is a model of each member of I
o ' = ¢ iff every model of T" is a model of ¢. We read this as “I' models ¢”.
o K |= ¢ iff every member of K models .

Now in this chapter we go through some of the simplest notions concerning models. We
begin by applying the material of Chapter 3 concerning sentential logic. Now a tautology
in a first-order language is a formula which can be obtained from a sentential tautology
by simultaneously replacing each subformula S; by ¢;, for some formulas ;.

Theorem 4.3. If ¢ is a tautology of signature o, then ¢ holds in every structure of
signature o.

Proof. Let ¢ be obtained from a sentential tautology p by simultaneously replacing
each subformula S; by x;, for some formulas y;, for each ¢ € w. (Of course only finitely
many S;’s actually occur in 1/.) Let A be any structure of signature o, and let b € “ A; we
want to show that A = ¢[b]. To this end we produce a sentential assignment f. Namely,

for each 7 € w let _
f(l)z {1 if A }sz[b],
0 otherwise.

Then we claim:

(*) For any subformula v of p, if ¢’ is obtained from 1 by simultaneously replacing each
subformula S; of ¥ by x;, for each i € w, then A |='[b] iff ¥[f] = 1.

We prove this by induction on :
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If ¢ is S;, then ¢’ is y;, and our condition holds by definition. If inductively ¢ is =7, then
i’ is =7/, and
AEY'b] iff not(4E 7[b])
iff  not(r[f] =1)
iff 7[f]=0
it y[f] =1

Finally if inductively ¢ is 7 A€, then ¢ is 7/ A ¢/, and

A iff AE7[b and A = £
iff  r[f] =1and £[f] =1
iff W[f] = 1.

This finishes the proof of (*), and with p = ¢ in (*) the theorem is proved. ]

Theorem 4.4. (Disjunctive normal form) Suppose that I is a set of formulas. Let A be
the smallest set of formulas containing I' and closed under — and A. Suppose that ¢ € A
and ¢ has a model. Then there exist a positive integer m, a sequence v € ™I, and a set

M C ™2, such that '
e \/ A v,

eeEM i<m
where x! is x and X° is =y, for any formula x.

Proof. For each finite subset F' of I' let O be the smallest set of formulas containing
F" and closed under = and A. Note that

A= U{@p : ' is a finite subset of T'}.

Hence there is a finite subset F' of I' such that ¢ € ©p. Clearly F' is nonempty. Let
m = |F|, and let (¢; : i < m) enumerate F. Let Q be the set of all sentential formulas
involving only S; for i < m. For each 0 € 2 let 6’ be obtained from 6 by simultaneously
replacing each subformula S; of 6 by ;. Then {0 : § € Q} contains F' and is closed under
— and A. Hence ©p C {6 : 0 € Q}. So choose 0 € €2 so that 6’ = .

(1) 0 is true under some sentential assignment.

In fact, we define f : w — {0, 1} as follows. Let A be a model of ¢, and choose any a € “ A.
Define

£(6) = {1 if i <m and A = ;[al,

0 otherwise.

Then we claim

(2) For every sentential formula x involving only S; with ¢ < m, we have x[f] = 1 iff

A X'la].
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This is clear by induction. It follows that 6[f] = 1, as desired in (1).
Now by Theorem 3.3 choose a nonempty M C ™2 such that

0 — \/ /\ Sf(i)
eeM i<m
is a tautology. Then by Theorem 4.3 we have
e\ A v =
eeM i<m

Now we turn to elementary results involving quantifiers. We first need to talk about free
and bound occurrences of variables.

Proposition 4.5. Suppose that o is a signature, ¢ is a o-formula, and 3 occurs in ¢ at
a certain place: say @; = x (remember that formulas are just certain sequences, so we can
look at the i-th entry of one). Then there is a unique formula v of the form Jv;x, x a
formula, which is a segment of @ beginning at the i-th place. ]

In the situation of this proposition, all occurrences of v; in the indicated -part of ¢ are
said to be in the scope of the quantifier 3 appearing at the i-th place in , and each such
occurrence is said to be a bound occurrence of v;. Thus the notion of “bound” refers to a
particular occurrence, and it is always with respect to a particular formula. An occurrence
of a variable in a formula ¢ is a free occurrence if it is not a bound occurrence.

Proposition 4.6. Suppose that o is a first-order language, A is an o-structure, ¢ is a
o-formula, a,b € “A, and a; = b; for every i € w such that v; occurs free somewhere in .

Then A |= pla] iff A | o[b].
Proof. We proceed by induction on ¢. If ¢ is 0 = 7 for some terms o and 7, then to
occur free in ¢ means the same thing as just occurring in ¢ or 7. So by Proposition 2.2

we have 04 (a) = o4 (b), 74(a) = 74(b), and so
A la] iff O'Z(a) = TZ(CL)
iff o (b) = 7(b)
iff A= [b],

as desired. The case of an atomic formula starting with a relation symbol is treated
similarly. The induction hypotheses with respect to — and — are easy:

A —bla) iff not(A k= ¢la))
iff  not(A = ¥[b])
iff 74 ~yla);
Ak @WAXlal iff A E gfa)) and A = yfa
iff 7 [b]) or A X0
iff A (0 A)[b]
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The induction step involving 3 is more delicate. By symmetry it suffices to go one direction
only. So, suppose that A = Jv;¢[a]. Then there is a ¢ € A such that A = ¢[a’]. Note that

(al); = (b%); for every j such that v; occurs free in 1. Hence by the inductive hypothesis,

A = [bl]. Hence A = Ju;ap[b]. O

This proposition enables us to use more liberal notation for satisfaction of formulas, just
as above for terms. Thus we might write ¢(z,y) to indicate that we are dealing with a
formula whose free variables are among x and y (i.e., all free occurrences of variables in
¢ are free occurrences of x or y), and then write something like A |= ¢la, b] for particular
elements a,b € A.

A sentence is a formula ¢ such that no variable occurs free in it. In this case we can
write simply A = ¢ or A = —p. A theory is a collection of sentences. A theory T is
complete iff for any sentence ¢, either I' = ¢ or I' = —p. This is an important notion
which will play a role in much of what follows.

Now we turn to the important but somewhat complicated matter of substituting terms in
terms, terms in formulas, etc. The first fact is easily shown by induction (exercise!).

Proposition 4.7. (i) Suppose that T is a term and we replace zero or more occurrences
of a variable v; in T by a term o, obtaining thereby a sequence p. Then p is a term.

(ii) Suppose that ¢ is a formula, T is a term, and we replace zero or more occurrences
of a variable v; in @ by T (except not if the occurrence of v; is just after the symbol 3),
obtaining thereby a sequence . Then v is a formula. ]

The following basic lemma explains how satisfaction is related to substitutions in a formula.

Lemma 4.8. Let ¢ be a formula, v; a variable, T a term, and suppose

(*) no free occurrence of v; in @ is within the scope of a quantifier on a variable occurring
mT.

Let ¢’ be obtained from ¢ by replacing every free occurrence of v; in @ by 7. Then for any
structure A and any a € “ A we have A |= ¢'[a] iff A = ¢ [ai Z(a)} .

Proof. We give this proof in full. The harder cases here are the atomic case and the
quantifier case.

First we prove the following related fact involving only terms:

(1) If p is a term and p’ is obtained from p by replacing all occurrences of v; in p by T,
then for any a € “A we have p'4(a) = p* (ai

m4(a)/)’
We prove this, of course, by induction on p. If p = v; with j # i, then also p’ = vj,

and a and aiX( ) agree at j, so the conclusion is clear. If p = v;, then p/ = 7, and
T a
pAa) = 74(a) = pA <aix( )). If k£ is an individual constant, then p’ = p and the
T a
conclusion is obvious.
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For the inductive step, suppose that p is Fry...7,,_1 and we know (1) for each of the

terms g, ..., Tm—1. Note that p’ is Fr)...7/,_;. Then
A A( 1A A
P (a) =F (15" (a), . T (@)

as desired. This completes the inductive proof of (1).
Now for formulas, we also proceed by induction on ¢. In case ¢ is o = p, the formula
¢’ is o/ = p’ with notation as for (1), and so by (1),

AE ¢l iff o a) = p(a)
. A i A
it o aﬂ(a)) =7 <aﬂ(a>)

itf A (0=p)|aiz, .

|

as desired.
Next, suppose that ¢ is Rog...0,,,—1. Then ¢ is Ro{y...0,, 1. So

A lal i (o(a),...,00 1(a) € R
iff <aoz<ai— ),...,05_1 <ai— )>€RZ
T4 (a) T4 (a)
iff Ao [aix(a)] ,
as desired.
Next, suppose that ¢ is =), where we know our result for 1. Then ¢’ is ', and

AE¢'la] iff not (A4 E[a])
it not (A} v [alz |
iff Ao [aix(a)] ,

as desired.
Next, suppose that ¢ is ¥ A x, where we know our result for 1) and x. Then ¢’ is
P A X', and
Ak ¢la) iff A /o and 4 x[a

iff AR [aix(a)} and A = x [aix(a)}
iff Ao [aix(a)] ,
as desired.
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Finally, suppose that ¢ is Jv;x.

Case 1. 7 =i. Then ¢’ = @ in this case, since v; does not occur free anywhere in .
Hence the desired conclusion follows by 4.6.

Case 2. j # 1.

Subcase 2.1. v; does not occur free in . Then ¢’ = ¢, and the desired equivalence
is true by 4.6 again.

Subcase 2.2. wv; occurs free in ¢. This is the main case. Note that ¢’ is Jv;x/,
where Y’ is obtained from y by replacing every free occurrence of v; in x by 7; moreover,
(*) holds for x as well. And by (*) and the assumption of this case, v; does not occur in
7. Hence:

(**) For any x € A we have 74(a) = 74(a?), and (aix(a))g; = (ai)ix(a).

Now suppose that A = ¢'[a]. Thus A = Jvjx'[a]. Choose z € A such that A = x'[al].

Then by the inductive hypothesis, A = X[(ai)ix(aj)]. By the above we then get A =
X[(a;)ix(a)] and further A = X[(aix(a))%. Hence A }z Elvjx[aix(a)], as desired.

The other direction is similar: suppose that A = Ju; X[aiZ ]. Choose z € A such

(a)

that A | X[(aif(a))%]' Then A | X[(ag)ix(a)], hence A = X[(a;)if(aj)]' So by the
inductive hypothesis A = x’[aZ], hence A = Jv;x/[a]. | O

From this lemma we can get some important elementary facts, given in the following
theorems. First we need another simple lemma

Lemma 4.9. Let ¢ be a formula, and let the sequence v be obtained from ¢ by replacing
zero or more bound occurrences of v; by v;. Then v is a formula.

Proof. By induction on ¢. (

Theorem 4.10. (Change of bound variables) Suppose that £ is a first-order language
and ¢ is a formula of . Let v; and v; be two variables, and suppose that v; does not
occur in . Let 1 be obtained by replacing every bound occurrence of v; in ¢ by vj. Then
for any &L -structure and any a € ¥ A we have A |= (¢ < v)[a].

Proof. The proof is by induction on ¢, and all steps except the quantifier case are
easy. So, suppose that ¢ is Jui¢’, and we know the theorem for ¢’. Note that k # j, since
v; does not occur in ¢. We now consider two cases.

Case 1. i # k. Then v is Jug1)’, where 1)’ is obtained from ¢’ by replacing all bound
occurrences of v; by v;. Clearly v; does not occur in ¢’, so the inductive assumption gives
A (¢ < ¢)[a]. Clearly, then, A |= (¢ < 1)[a].

Case 2. © = k. Then ¢ is Vv;¢', where ¢’ is obtained from ¢’ by replacing all
occurrences of v;, free or bound, by v;. Let 9" be obtained from ¢’ by replacing all bound
occurrences of v; by v;. Thus ¢’ is obtained from 1" by replacing all free occurrences of
v; by v;.

A= la] iff thereis a u € A such that A = ¢[a’]

iff there is a u € A such that A = ¢'[a’? ].
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Here the second equivalence holds because v; does not occur in ¢, hence not in ¢, so that
4.6 applies. Now by the inductive hypothesis, for any b € “A we have A = (¢’ < ¢")[D].
Hence by the above equivalences,

(%) A= pla] iff thereis a u € A such that A =" [a’,%].

Now no free occurrence of v; in 9" is within the scope of a quantifier on v;. So, we can

apply 4.8, with ¢, ¢’, v;, 7, a replaced by ¥", ¢, v;, v, a’, %, respectively. Note that

VIR — 4t .
(au u)v?(ai j“) = Qg5

hence we get, from (*),

A= ¢[a] iff thereis a u € A such that A = ¢'[a’,? ]
iff there is a u € A such that A = 1'[a’] by 4.6
iff A [al. O

Theorem 4.11. (Universal specification) For any formula ¢, any variable v;, and any
term T such that

(*) no free occurrence of v; in ¢ is within the scope of a quantifier on a variable occurring
mT,

and for any L -structure A and any a € “ A we have

Al (Yoip — ¢')[al,

where ¢’ is obtained from o by replacing each free occurrence of v; in ¢ by 7.

Proof. Suppose that A |= Vv;pla]. Then A = ¢[a’ X(a)]’ so by Lemma 4.8, A = ¢[a).
L

The funny condition (*) in this theorem is really necessary, and understanding it helps
in seeing the real difference between free and bound occurrences. For example, consider

the formula ¢ o Vy3dz(y < x). Then (w, <) [ ¢[a] for any a € “w, while if we blindly
substitute z for y in Jz(y < z) we obtain the formula 3x(x < z) which does not hold under
any assignment in (w, <). We would like our substitution to lead from “true” formulas to
“true” formulas.

We can use these theorems to describe exactly what we mean in going from a formula
o(z,y) to another formula (o, 7), where o and 7 are terms. Here ¢(z,y) may have free
occurrences of variables other than x and y. Let wug,...,u,_1 list all of the variables
that appear in ¢ or 7. We replace any bound occurrences of any of these in ¢ by new
variables, obtaining . (For definiteness, one should take the first m new variables and do
the replacement one-by-one. “new” means not occurring in ¢, o, or 7, and different from x
and y.) Then, by definition, ¢(o, 7) is the result of replacing x and y in v simultaneously by
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o and 7. We illustrate this notation in the statement and proof of the following corollary,
which in itself is not very important.

Corollary 4.12. Suppose that x and y are distinct variables. Then

F3z(z =y ne(z,y) < o(y,y).

Proof. Here we are using the informal notation just introduced. Thus when we write
o(z,y) we just mean ¢, but we are indicating variables  and y which may appear in ¢.
Then ¢(y,y) means that we first replace all bound occurrences of y in ¢ by some new
variable, obtaining thereby a formula 1/, and then in 1 we replace all free occurrences of
x by y, obtaining ¢(y,y). The idea here is that the change of bound variables does no
harm, and fixes things up so that the substitution of y for x does not lead to any unwanted
“clashes of bound variables”.

Now, down to the proof of the corollary. Say x is v; and y is v;. First suppose that
A | Jz(z = y A o(z,y))[a]. Accordingly, choose u € A so that A = (v; = v; A p)[al,].
Thus a; = u and A = ¢[al]. Hence by the change of bound variable theorem, A = 1[al].

Now since a; = u, we have v (a) = u and hence a{, = a’- . Hence by Lemma 4.8 it
a

J UJA(
follows that A |= o(y,y)[a]. B
Conversely, suppose that A = ¢(y,y)[a]. Then by Lemma 4.8 we get A = v[a’

v?(ao]'

Clearly also A | (v; = v;) {ai— } . So A= 3x(x =y Ap(r,y))a], as desired. O

v (@)

Lemma 4.13. (i) = —Vzp < Jz(-p).

(it) = —Jzp < Vo (-p).

(iii) If x does not occur free in ¢, then = (Vo A1) « Va(p A ).

(iv) If = does not occur free in 1, then = (3xp A1) « Jx(p A ).

(v) = Jz(p V) < Tz V Ix.

Proof. (i) and (ii) are clear. For (iii), suppose that A is a structure and a € “A.
First suppose that A = (Vxg A)[a]. Say z is v;. To show that A = Va(p Av), let u € A.
Since A = Vxyplal, it follows that A |= ¢[a?,], and hence A |= (p A))[al] by 4.6, as desired.
If A |=Va(o A)[a], then for any u € A we have A |= (p A)[al], hence A = pla’] and
A |=la] by 4.6. So A |=Vap A1)[a], as desired.

And (iv) is proved similarly. Finally, (v) is easy. ]
Of course (iii) and (iv) in 4.13 hold also if the quantifiers are on 1, x not occurring free in
v; we implicitly assume this version of (iii) and (iv) sometimes.

A formula is said to be in prenex normal form if it has the form

CQOwO s melwmflgpa
where each ); is V or 3, and ¢ is quantifier-free.

Theorem 4.14. For any formula ¢ there is a formula 1 in prenex normal form such that
= @ < 1Y and the same variables occur free in ¢ and .
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Proof. We go by induction on ¢. The atomic case is trivial, and passage to negation
is clear by 4.13(i),(ii). Now take ¢ of the form x A 6. So it suffices to show that the
conjunction of two formulas in prenex normal form is equivalent to one formula in prenex
normal form. By changing bound variables, we may assume that all quantifiers in either of
the two disjuncts are on variables not appearing in the other disjunct. Then 4.13(iii),(iv)
give the desired result.

This time the induction step from ¢ to Jv;¢p is trivial. U

EXERCISES
Exc. 4.1. Prove Proposition 4.7.

Exc. 4.2. Suppose that ¢, 1, x, 0 are formulas, = x < 6, and ¢ is obtained from ¢ by
replacing one or more occurrences of x in ¢ by 6. Show that = ¢ < ¢. Hint: use induction
on .

Exc. 4.3. Show that & JxVyp — VyIxe.
Exc. 4.4. Show that

= 3z AY A Ty(p A )] — Fy(Bzp A~z =y).
Exc. 4.5. Show that

= Jze Ay A Jzx — FJeJyIz[Fx(Fyx A Fz¢) A Jy(Fze A Jxx) A Jz(3z A Tye)].

Exc. 4.6. In (w,0,S), show that every singleton {m} for m € w is definable, i.e., there is a
formula ¢, (z) with only x free such that {m} = {a € w: (v, 0,S) = ¢[a]}. Here S is the
successor function, which assigns m + 1 to each natural number m.

Exc. 4.7. Let .Z be a relational language. A formula ¢ is standard if every nonequality
atomic part of ¢ has the form Ruy . ..v,,_1, where R is m-ary. (Normally any sequence of
m variables is allowed.) Show that for every formula ¢ there is a standard formula 1 such

that = ¢ < 1.

Exc. 4.8. In the language of rings, write down a single sentence whose models are exactly
all rings.

Exc. 4.9. We describe an extension of first-order logic that can be used to make the set
theoretical notation {a € A : ¢} formal (rather than being treated as an abbreviation).
Let .Z be a first order language, with an individual constant Z which will play a special
role (in set theory, this can be the empty set as introduced in a definition). We define
description terms and description formulas simultaneously:

(a) Any variable or individual constant is a description term.

(b) If O is an operation symbol of positive rank m and 79,...,7,,_1 are description
terms, then O7gy...7,_1 is a description term.

(c) If i <w and @ is a formula, then Tv; is a description term. (This is the description
operator. Tv;p should be read “the v; such that ¢, or Z if there is not a unique v; such
that ¢”.
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(d) If o and 7 are description terms, then o = 7 is an atomic description formula.

(e) If R is an me-ary relation symbol and 79, ..., 7,1 are description terms, then
R7y...7m_1 is an atomic description formula.

(f) If ¢ and v are description formulas and ¢ < w, then the following are description
formulas: =, (¢ A1), and Ju;p.

Next we define the value of description terms, and satisfaction of description formulas
in an .Z-structure simultaneously. Let A be an .Z-structure, and let a € “A.

(a) v = a;.

(b) If 7 is the term Foyq...0,,—_1, then

(c) If 7 is the term Tv;p, then

A {the x € A such that A |= p[a] and a; = x if there is a unique such z,

ZA otherwise.

d) If  is o = 7, then 4 |= ¢[a] iff 04 (a) = 74(a).

If pis Rog...0m_1, then A |= ¢[d] iff (6§'(a),...,02 ,(a)) € rr.
A |= —p[a] iff it is not the case that A = ¢[a].

A

g) A= (p A )] iff A = pla] and A = la]. |
h) A = Jv;pla] iff there is an x € A such that A = p[d’].

Show that for any description formula ¢ there is an ordinary formula v with the same free
variables such that = ¢ < .

Exc. 4.10. We modify the definition of first-order language by using parentheses. Thus we
add two symbols (and ) to our logical symbols.

We retain in this context the same definition of terms as before. But we change the
definition of formula as follows:

An atomic formula is a sequence of one of the following two sorts: (o = 7), with o
and 7 terms; or Rog...0,,_1, where R is a relation symbol of rank m and og,...,0,_1
are terms. Then we define the collection of formulas to be the intersection of all sets of
sequences of symbols such that every atomic formula is in A, and if ¢ and v are in A and
i < w, then each of the following is in A: (=), (@ A ), (Fuip).

Prove the analog of Proposition 4.1(i), adding an additional condition, that in a
formula the number of left parentheses is equal to the number of right parentheses, while
in any proper initial segment of a formula, either there are no parentheses, or there are
more left parentheses than right ones.

Exc. 4.11. Show that 0 and S are definable in (w, <). That is, there are formulas ¢(x)
and ¢ (z,y) with only the indicated free variables such that for all a € w, a = 0 iff
(w, <) E ¢lal}, and for all a,b € w, Sa = b iff (w, <) = Y[a, b]. Here we are working in the
language of orderings.
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5. The compactness theorem

Here we prove the compactness theorem: If a set of sentences is such that every finite
subset of it has a model, then the whole set has a model. The theorem will be an easy
consequence of Los’s theorem on ultraproducts.

Theorem 5.1. (Lo$) Suppose that £ is a first-order language, A = (A; : i € I) is a system
of.,? structures F is an ultrafilter on I, and a € “ [[,c; a;. The values of a will be denoted
by a®,al,.... Let m: [Lic: Ai — Ilics A i/ F be the natuml mapping, taking each element
of HzEIA to its equivalence class under =4. For each i € I let pr, t[Ler A5 — Ai be
defined by setting pr;(x) = x; for all v € [[,c; Ai. Suppose that ¢ is any formula of Z.
Then

HE/F = p[roa)iff {i € I:A; = plpr;oa]} € F.

iel

Proof. Because the situation and the notation are complicated, we are going to give

the proof in full. For brevity let B =[], ; 4;/F. First we show

(1) For any term 7, 78(w 0 a) = [(r% (pr; 0 a) : i € I)]p.

We prove (1) by induction on 7. For 7 a variable vy,

P (r0a) = (woa)(k) = [a*]p = [(af i € D)) = (v (pr; 0 a) 1i € I)]r

as desired. For 7 an individual constant k,

kP (roa) =kP = [k :i e D)]p = [(k*(pr;0a):i € D).
The inductive step:

(Fog...om-1)B(roa) =FB(eB(noa),...,08_(roa))

as desired.
Now we begin the real proof of the theorem, proceding, of course, by induction on ¢.
Suppose that ¢ is 0 = 7. Then
B (0 =7)[roa] iff 0P (7TOCL>=T§(7TOCL)
iff [(o? (pr oa):i€l)|p =[<TA_i(prioa):i€I)]p
iff {iel:o0" (pr oa)=r1%(pr,oa)} € F
iff {iel:A; = (oc=r7)[pr,oa]} €F,
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as desired.
Now suppose that ¢ is Rog...0,,—1. Then

B = [ oa iff (a?(woa),...,ag_l(ﬂoa)) € R_E
iff ([(og (pr;0a) i€ D]p,..., (o (pr;oa):icI)r) € RE

iff {iel: (064_1'(pri Oa),---,UA_Ql(pri oa)) € Rzi} cF

m

iff {i € I:A; = ¢[pr;oa]} €F,

as desired.
The inductive step when ¢ is —:

B | p[m o a] iff not(B = p[r o a])
iff not({i € I : A; = [pr; oa]} € F)
iff I\{i € I : A; E=[pr;oa]} € F
iff {i € I :not(A4; =v[pr;oa))} € F
iff {icI:A; = olpr,oa]} €F,

as desired.
The induction step for A:

Bl @Ax)modB Eglrod]) and B xlrod
{iel: A =vlpryoal} € F)and {i € I: A; = x[pr;0a]} € F
iff {icI:A; =4¢[proal and 4; = x[proal} € F
iff {i € I:A; | (¥ Ax)[pr;oal} €F,

as desired.

It remains only to consider ¢ of the form Jvi1, which is the main case. We do each
direction in the desired equivalence separately. First suppose that B = ¢[r o a]. Choose
u € [;c; Ai such that B = ¢(m o a)f“u]F]. Now (7 o a)’[l“u]F = moak, so we can apply the

induction hypothesis and get {i € I : A; = [pr; o a¥]} € F. But for each i € I we have
(pr; o ay) = (pr; o a)ﬁ(iy SO

{iel:AiEylprioay]} C {iel: A = ¢lpr;oal},

and hence {i € I : A; = p[pr; 0 a]} € F. This finishes half of what we want.

Conversely, suppose that {i € T : A; = ¢[pr; oa]} € F. For each i in this set pick
u(i) € A; such that A; = ¢[(pr; o a)ﬁ(i)] (using the axiom of choice). For other i’s in I
let u(i) be any old element of A;, just to fill out u to make it a member of [, ; A;. Now
(pr; o a)ﬁ(i) =pr;oaf. Thus {i € I : A; = ¢[pr; o aF]} € F. By the inductive hypothesis
it follows that B |= ¢[roak]. But moa® = (7r0a)k, | so we finally get B = p[roal. O

[u]F

44



Corollary 5.2. Suppose that £ is a first-order language, A = (A; : i € I) is a system of
ZL-structures, and F is an ultrafilter on I. Suppose that ¢ is any sentence of £. Then

[[Ai/FEpiff{icl: A=} eF. ]

icl
The compactness theorem is now easy to prove:

Theorem 5.3. (The Compactness Theorem) Suppose that I' is a set of sentences in a
first-order language £, and every finite subset of I' has a model. Then I' has a model.

Proof. For each finite subset A of T, let Ax be a model of A. Let I = {ACT:A
is finite}. For each A € I, let

xa={0€l:ACO}

Then the family {za : A € I'} of subsets of I has fip. In fact, let Ag,...,A,,—1 € I. Then
clearly
AgU...UA,_1 Expa,MN...NxA

m—1)

as desired. Hence by Theorem 1.14, let F' be an ultrafilter on I such that xa € F for all
A € I. We claim now that [[,.; Aa/F is a model of I'. To see this, take any ¢ € T

Then for any A € xy,; we have ¢ € A, and Aa is a model of A, hence of . Thus

{A € I: AN E @} D aa, 50 {A €1 : Ax = ¢} € F. By Corollary 5.2 it follows that
[Irer Aa/F = ¢, as desired. -

We now indicate a few applications of the compactness theorem. There are more in the
exercises.

Corollary 5.4. Let £ be a first order language. Then there does not exist a set I' of
sentences of £ such that the models of I' are exactly the finite £ -structures.

Proof. Suppose that such a set I' exists. Then let

O=TU<{Jvg...Fv,ym_1 /\ (v, =v) | T meEw
1<j<m

Note that for a given m, the sentence Jvg . .. Jvpm—1(/\;-;,, ~(vi = v;) holds in a structure

A iff A has at least m elements. Since there are Z-structures of any finite size, it follows
that every finite subset of © has a model. So O itself has a model. But such a model must
satisfy the indicated sentences for all m < w, and so must be infinite, contradiction. ]

The argument just given really shows the following stronger result:

Corollary 5.5. Let .Z be a first order language and I' a set of sentences of . If ' has
models of arbitrarily large finite size (i.e., if for every m € w T has a finite model with at
least m elements), then T' has an infinite model. O
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Corollary 5.6. If a sentence ¢ holds in every infinite model of a set I' of sentences, then
there is an m € w such that it holds in every model of I' with at least m elements.

Proof. Suppose that the conclusion fails. Note that the hypothesis implies that every
model of I' U {—¢p} is finite. The conclusion failing means that for every m € w there is a
model of I" with at least m elements in which ¢ fails. So I'U{—¢} has models of arbitrarily
large finite size, hence by 5.5 it has an infinite model, contradiction. ]

Note that Corollary 5.6 can be applied in the theory of fields: let I' be a collection of
sentences saying that the .Z-structure is a field of characteristic p (p fixed). Thus a
sentence holds in every infinite field of characteristic p (p a prime) iff there is an m such
that it holds in every field of characteristic p with at least m elements.

Corollary 5.7. Let £ be the language of ordering. Then there is no set I' of sentences
whose models are exactly the well-ordering structures.

Proof. Suppose there is such a set. Let us expand the language . to a new one
<’ by adding an infinite sequence c,,, m € w, of individual constants. Then consider the
following set © of sentences: all members of I', plus all sentences c,,+1 < ¢, for m € w.
Clearly every finite subset of © has a model, so let A = (4, <, a;);<. be a model of O itself.
(Here a; is the 0-ary function, i.e., element of A, corresponding to c¢;.) Then ag > a; > -+
so {a; : i € w} is a nonempty subset of A with no least element, contradiction. ]

The applications of the compactness theorem so far are negative: certain things cannot
be done in first-order logic. Positive applications are more interesting, but generally more
lengthy. We give one example.

Proposition 5.8. If (A, <) is a partial ordering structure, then there is a relation < such
that (A, <) is a simple ordering structure and < is a subset of <.

Proof. First we prove this for A finite. This goes by induction on |A|. It is obvious
if |A] = 1. If we have proved it for all partial ordering structures (A, <) with |A| = m,
suppose that (A, <) is a partial ordering structure with |A| = m + 1. Fix ag € A, and let
A" = A\{ap} and <'=< N(A’ x A"). Let <’ be a simple ordering on A’ such that <’ is a
subset of <’. Let
X={ue A :Jv(v<ayand u=x"v)},

and then we define a relation < on A by setting, for any x,y € A,

z,ye A and x <"y
x <yiff ¢ orx e X and y = ag
or x =ap and y € A\(X U{ao}).

It is straightforward but tedious to check that this gives a simple order extending <; we go
through the details. Clearly < is irreflexive. Suppose now that z < y < z; we want to show
that x < 2. If z,y,z € A’ this is obvious. So three cases remain. Case 1. © = ag. Then
y € A\(XU{ap}). Then y ¢ X, and this implies that z # ag. Suppose that z € X. Choose
accordingly v such that v < ag and z <’ v. Now also y <’ z, so y <’ v, and hence y € X,
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contradiction. Thus z ¢ X, so z < z. Case 2. y = ag. Thus x € X and z € A\(X U{ap}).
Since = € X, choose v so that v < ag and x =’ v. Obviously z # x. Suppose that z <" x.
Then z <" v and so z € X, contradiction. The only remaining possibility is that x <’ z,
hence x < z. Case 3. z = ag. Thus y € X and x <" y. It is clear then from the definition
of X that also z € X, and so z <’ z.

Next we show that (A, <) is a simple ordering structure. Suppose that z and y are
distinct elements of A. If both of them are in A’, then = <’ y or y <’ x, hence x < y or
y < x. Suppose that one of them, say x, is ag. Then either y € X, in which case y < z, or
y ¢ X, in which case = < y.

It remains just to show that < is a subset of <. Suppose that z < y. If z,y € A’,
then x <’ y, hence x < y. Suppose that = ag. If y € X, choose v so that v < a¢ and
y =" v. Then v < ap < y, so v < y, hence v <’ y, contradiction. So y ¢ X, and hence
x < y. Finally, suppose that y = ag. Then x € X by definition of X, so x < y.

This finishes the case when A is finite. Note that all of this is just standard set theory,
no logic involved.

Now we take a partial ordering structure (A4, <) with A infinite. Let .Z be a first-order
language which has a binary relation symbol < and, for each a € A, an individual constant
c.. In this language we consider the following set I of sentences:

Sentences saying that < gives a simple order

c, < ¢, whenever a < b, for all a,b € A.

By our previous argument, every finite subset of I' has a model. So I' itself has a model
(B, <,bq)aca, where b, is the denotation of ¢, in the model. Now we define a < a’ iff
a,a’ € A and b, < by. Clearly (A, <) is a simple ordering structure. If a,a’ € A and
a < a’, then the sentence ¢, < ¢4 is in I', and so this sentence holds in (B, <,by)acA,
which means that b, < b, and hence a < a'. O

The following concept will play an important role in what follows. Two structures M,N
are elementarily equivalent iff for every sentence ¢, M = ¢ iff N | ¢.

EXERCISES

Exc. 5.1. Suppose that A is an .Z-structure. Let F be a nonprincipal ultrafilter on a set
I. For each a € Alet f(a) = [(a: i€ I)]p. Show that f is an embedding of A into "A/F,
and A is elementarily equivalent to TA/F.

Exc. 5.2. We work in the language for ordered fields; see Chapter 1. In general, an
element a € M is definable iff there is a formula ¢(x) with one free variable x such that
[be M: M | olb]} = {a}.

(i) Show that 1 is definable in R.

(ii) Show that every positive integer is definable in R.

(iii) Show that every positive rational is definable in R.

(iv) If M is an extension of R, an element ¢ of M is infinitesimal iff 0 < ¢ < r for
every positive rational r. Let M be an ultrapower of R using a nonprincipal ultrafilter
on w. Thus M is isomorphic to an extension of R by exercise 5.1. Show that M has an
infinitesimal.
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(v) Use the compactness theorem to show the existence of an ordered field M which
has an infinitesimal and is elementarily equivalent to R.

Exc. 5.3. Consider the structure N = (w, +,-,0,1, <). We look at models of I' = {¢ : ¢ is
a sentence and N = ¢}.

(i) For every m € w there is a formula ¢, with one free variable = such that N =
om[m] and N = 3z, (z).

(ii) N can be embedded in any model of T.

(iii) Show that I' has a model with an infinite element in it, i.e., an element greater
than each m € w.

Exc. 5.4. (Continuing exercise 5.3.) An element p of a model M of T is a prime iff p > 1
and for all a,be M, if p=a-bthena =1 or a=p.

(i) Prove that if M is a model of ' with an infinite element, then it has an infinite
prime element.

(ii) Show that the following conditions are equivalent:

(a) There are infinitely many (ordinary) primes p such that p 4+ 2 is also prime.
(The famous twin prime conjecture, unresolved at present.)

(b) There is a model M of I' having at least one infinite prime p such that p + 2
is also a prime.

(c) For every model M of I' having an infinite element, there is an infinite prime
p such that p + 2 is also a prime.

Exc. 5.5. Let G be a group which has elements of arbitrarily large finite order. Show that
there is a group H elementarily equivalent to G which has an element of infinite order.

Exc. 5.6. Suppose that I is a set of sentences, and ¢ is a sentence. Prove that if I' = ¢,
then A | ¢ for some finite A C T
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6. Basic model theory
We survey important notions and results in model theory.
Isomorphisms
Theorem 6.1. Suppose that h is an isomorphism from A onto B, where these are £-

structures. Suppose that a € “A, o is a term, and ¢ is any formula. Then h(aZ(a)) =
oB(hoa). And A = ¢[a] iff B = ¢[hoal. Finally, A and B are elementarily equivalent.

Proof. We prove the first statement by induction on ¢. For o a variable v; we have
h(v(a)) = h(a;) = (hoa); = (hoa) For k an individual constant, (k% (a)) = h(k?) =

(3

kB = k:E(h oa). The inductlve step, with 7 =Foqg...0m_1:

as desired.
We prove the second statement by induction on ¢. The atomic cases:

A= (0 = 7)ld] iff o (a) = 74(a)
iff h(c?(a)) = h(r*(a))
iff o8 (hoa) = B(hoa)
iff B = (0 =7)hoal;

AERoy...om 1] iff (60(a),...,02_(a)) € R?

The induction steps for = and A:

A = ~[a] iff not(A k= ¢[a])
iff not(B |= ¥[h o al)
iff? ): —\w[hoa];

AE (Y Ax)la] iff A f=¢[a]) and A |= xla]
iff (B = vlhoa]) and B = x[hoa]

iff B |= (¢ A x)[h o al.
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Finally, for the 3 induction step, by symmetry we go one direction only. Suppose that
A | Jupla). Choose u € A such that A |= [a’]. Then by the inductive hypothesis,
B Ey[hoa!)]. Now hoa! = (ho a)z(u), so B = ¢[hoal.

The final statement of the theorem now follows in a clear fashion. 0

Although this theorem is simple, it is important and useful. An example of a non-obvious
use of it is to check this little fact: in the language with equality alone, with any nonempty
set A as a structure to look at, the only definable subsets of A are () and A. They are
defined by the following formulas ¢(x): = # x and x = z. Suppose that ) C X C A and
X ={a € A: A [ [a]}, where ¢ is a formula having only z free. Choose a € X and
b€ A\X. Let h be the transposition (a,b), as a permutation of A. (Here (a,b) is not the
ordered pair (a,b).) Thus A = ¥[a], so by the theorem, A = ¢[b], so b € X, contradiction.

Note that a theory is complete iff any two of its models are elementarily equivalent.

Elimination of quantifiers

The elimination of quantifier method is best understood by going through a simple example.
Roughly speaking, a theory admits elimination of quantifiers if every formula in the theory
is equivalent in the theory to a formula built up from simple sentences and quantifier-free
formulas using only sentential connectives. In the example we give, only a very simple
sentence is involved in these building blocks. The proof is rather direct, and for more
complicated theories indirect methods are usually easier. We return to this later in this
chapter.

Theorem 6.2. In the theory (£,I') of dense linear order without first or last elements,
for every formula ¢ there is a formula ¥ built up from atomic formulas and the sentence
Fug (v = vg) using = and A, with the same free variables as ¢, such that T' |= ¢ < 1.

Proof. To clarify what this theory is: the language . has only one non-logical
constant, a binary relation symbol <. I' consists of the following sentences:

—3vg (v < vp);
YVog V1 Ve (v < v1 A vy < vg — vy < U2);
VogVur (vg < v1 V vg =1 Vg < 1p);
YVogVur[vg < v1 — Fua(vg < v2 A ve < v1)];
Vug3vr (v1 < vp);

(

Vug3vy (vg < v1).

Now to prove the theorem, we proceed by induction on . The atomic case, and the
induction steps involving — and A are obvious. Now assume that we know the result for
¢, and ¢ is Jxp’. Thus there is a quantifier-free formula 1’ with the same free variables
as ¢’ such that I' = ¢’ < 9¢’'. Hence I' | Jz¢’ <« FJz1)’. So we have arrived at this
conclusion:

(*) Tt suffices to prove the theorem under the assumption that ¢ has the form Jzy, where
X is quantifier-free.
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Now let 6 be a formula in disjunctive normal form with the same free variables as x such
that = x < 0. So | Jxx < Jzf. Using the universally valid formula Jz(u V p) <
daxp VvV dxp, we thus see:

(**) It suffices to prove the theorem under the assumption that ¢ has the form Jzy, where
X is a conjunction of atomic formulas and their negations.

Now we can make several additional simplifications. By the universally valid formula =
Jz(uAp) < JxpAp if x does not occur in p, we may assume that each conjunct of x actually
involves x. We may assume that in y no formula is repeated, and no formula is found along
with its negation (if the latter happens, ¢ is actually equivalent to =Jvg(vo = vp)). The
formulas * = z and =(x = z) may be eliminated. The formula y = z can be replaced by
x =y. If x =y is one of the conjuncts of x, then = Jxx < 0, where 0 is obtained from
X by replacing each occurrence of x by y. And we may rearrange the conjuncts. So we
arrive at:

(***) It suffices to prove the theorem under the assumption that ¢ has the form Jzy,

where x is a conjunction of the following form:

(% % o) Sz =y1) A A (= yr)A
r<z1N...Nx <N
wy < TN...N\NwWy <A
2z <up) A A(T < up)A
(st <z) A AA(s, < ).

Here some of the integers k, [, m,n,p can be zero; the variables y1,...,y; are all distinct
among themselves and different from z. Similarly for the z;’s and w;’s. The variables u;
are distinct among themselves, but one of them might equal x. Similarly for the variables
S

What we have described so far is a procedure common to most applications of the
elimination of quantifiers method. In particular, we have not used the order axioms yet.

Now we can use those axioms: since I' = Yvg—(vg < vp), we may assume that none
of the u;’s or s;’s are equal to z. Also, I' = (—=(vg < v1) <> v9 = v1 V v1 < vp); SO using
this, distributive laws, and the way equality was eliminated above, we may assume that
n = 0 = p. Furthermore, I" = (—(vo = v1) <> vo < v1 Vo1 < vg. So again using distributive
laws we may assume that £ = 0. Thus we have arrived at

(FF*H) Tt suffices to prove the theorem under the assumption that ¢ has the form Jzy,

where x is a conjunction of the following form:
r<z1N...Nx<zgANw <zZAN...Nw, <x.

If [ = 0, this is equivalent under I" to Jvg(vg = vg) by the “no last element” sentence. If
m = 0, it is equivalent under I' to Jvg(vy = vy) by the “no first element” sentence. If
I # 0 # m, it is equivalent under I" to

21 <wi AL N 21 < w, N\
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2o < Wi N... N\ 29 < W\

21 <wi AN.. Nz < Wy,
by the “denseness” sentence. ]

Corollary 6.3. The only definable subsets of Q in the structure (Q, <) are O and Q.

Proof. Suppose that A is a definable subset of Q in (Q, <). Thus there is a formula
¢ with only vy as a possible free variable such that A = {a € Q : (Q,<) E ¢[a]}. By
Theorem 6.2, let ¢ be a formula built up from Jvg(vg = vp) and atomic formulas using
only = and A, and with only vy as a possible free variable such that T' = ¢ < . This
means that up to logical equivalence 1 is either Jug(vy = vp) or =Jvg(vg = vg). So A =10
or A=0Q. O

Ehrenfeucht-Fraissé games

We explain now a game-theoretic characterization of elementary equivalence, due indepen-
dently to Ehrenfeucht and Fraissé. Actually Fraissé’s method does not explicitly involve
games, while Ehrenfeucht’s does; but they are really easily seen to be equivalent. We
restrict ourselves to the game formulation.

The formulation of the game depends on the notion of a partial isomorphism. Let A
and B be Z-structures. A partial isomorphism between A and B is a function f mapping
a subset of A into B such that for any m € w, any atomic formula ¢ with free variables
among vo, . . ., Um_1, and any a € ™dmn(f), A = ¢[a] iff B |= o[f o al.

Now we describe the (m, A, B)-elementary game, where m is a positive integer and A
and B are .Z-structures. The game takes place between two players, ISO and NON-ISO,
and each player gets m moves. For ease of reference we think of ISO as feminine, NON-
ISO as maxculine. NON-ISO moves first, and the two players take turns through m plays,
numbered 0, ...,m — 1. At his i-th turn, NON-ISO picks ¢ € {0, 1}, and if € = 0 he picks
an element a; € A, while if ¢ = 1 he picks an element b; € B. Then ISO uses the € that
NON-ISO chose, and she picks b; € B if ¢ = 0, and a; € A if € = 1 (the opposite thing
from NON-ISO). Thus each play in the game produces a pair (a;, b;). At the end of the
game, ISO wins if {(a;, b;) : © < m} is a partial isomorphism, otherwise NON-ISO wins. A
winning strategy for ISO is a rule that unambiguously tells her how to play at each step,
given what has happened up to that point. More precisely, let us define a state to be a
quadruple (a, b, €, c¢) such that, for some i < m — 1 we have a € ‘A, b € ‘B, ¢ € {0,1}, and
ce Aife =0, ce Bife=1. Then a strategy for ISO is a function F' defined on all states
such that F(a,b,e,c) € Bif e =0 and F(a,b,e,c) € Aif e = 1. A complete play of the
game is a triple (¢,a,b) € ™2 x ™A x ™B. Such a complete play is played according to the
strategy F' for ISO provided that, for each ¢ < m — 1, either

g;=0and b; = F(a [4,b[1,0,a;) or
g;=1and a; = F(a [4,b[1,1,b;).

Finally, we say that F' is a winning strategy for ISO provided that ISO wins whenever she
plays according to F'.
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Theorem 6.4. (Ehrenfeucht) Let A and B be £ -structures, and let m be a positive integer.
Suppose that ISO has a winning strategy for the (m, A, B)-elementary game. Then A |= ¢
iff B = p, for every sentence p in prenex normal form with at most m initial quantifiers.

Proof. Let F be a winning strategy for ISO for the (m, A, B)-elementary game. Let
© be a sentence Qovg - .. Qm—_1Vm—_11 where ¥ is quantifier-free and each @); is Jor V. If a
sentence in prenex normal form has fewer than m initial quantifiers or some are repeated,
then the outer most of the repeated ones can be deleted; then we can put at the beginning
extra quantifiers on variables not appearing in the sentence to make the total equal to m.
And if the variables are not vg,...,v,,_1 we can rename bound variables to make them
V9, - - -, Um—1 in that order. Thus it suffices to treat the case indicated.

We prove the following statement by downward induction, from k& = m to k = O:

(1) For every k < m and every complete play (&, a,b) of the game according to F,

AEQuvk...Qm_1vm_1¥la [ k] iff BE Quvk...Qm_1vm_1¥[b | k).

The case k = m is given by the assumption that ISO wins the game. Now suppose that
(1) holds for k + 1; we prove it for k. So, assume the hypothesis of (1) for k. Because
of the symmetry involved, we now take only the case QJx = V, and prove only =. Thus
assume that A = Qpui ...Qm_1vm_1¥[a | k]. Let y be any element of B; we want to
show that B = Qri1Vks1 - Qum_1Vm_1%[bo, .- ., bx_1,y]. We now consider the following
complete play of the game according to F. The players play just as in (g, a,b) through
stage k, thus producing aq,...,ar—1 and bg,...br_1. Now NON-ISO chooses 1 and y. So
ISO chooses (according to F') © € A. Then let the play continue according to F, with
NON-ISO choosing what he pleases, producing a complete play (¢’,a’,b"). . Since we are
assuming

A EVorQut1Vk41 - - - Qm—1Vm—_1%la | k],

we get
AE Qri1Vk+1 - - Qm—_1Vm—1¥]ag, . .., ak_1, .

Then the inductive hypothesis yields
B E Qrs1Vkt1 - - - Qm—1Um—1%[bo, - . ., bp—1, Y],

as desired. 0

Corollary 6.5. (Ehrenfeucht) If ISO has a winning strategy for the (m, A, B)-elementary
game for every positive integer m, then A and B are elementarily equivalent.

We give one application of elementary games.

Proposition 6.6. Let I' be the theory of an infinite equivalence relation with infinitely
many equivalence classes, each of which is infinite. Then ' is complete. More precisely,
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the language has only one non-logical constant, a binary relation symbol E, and ' consists
of the following sentences:

Vr[zEz

FE is symmetric and transitive

Yvg ... Vo, 1 /\ _'(UZ'E’U]') — Juy, [/\ _‘(UiEvn)]

i<j<n i<n

for each positive integer n

VUO o 'V/Unfl /\ _‘(Ui - UJ) VAN /\ UiE’Uj — EI’UTL UoE’Un AN /\ _'(Ui = ’Un)

1<j<n 1<j<n L <n

for each positive integer n.

Proof. Assume that A and B are models of I" and m is a positive integer. The
strategy of ISO is as follows. Suppose that we are at the i-th turn and NON-ISO chooses
0 and an element a € A. The move of ISO depends on the following possibilities. If the
turns so far have not produced a partial isomorphism, then ISO selects any element of B.
Suppose that the turn so far have produced a partial isomorphism f.

Case 1. No element of A equivalent to a has been selected yet. Then ISO picks an
element of B not equivalent to any element selected so far.

Case 2. There is an element a’ € A which has already been selected which is equivalent
to a, while a itself has not been previously selected. Then ISO picks an element of B
equivalent to f(a’) which has not yet been selected.

Case 3. a has already been selected. Then ISO picks f(a).

If NON-ISO choose 1 and an element of B, ISO does a similar thing, interchanging the
roles of A and B.

Clearly this produces a partial isomorphism. L
Diagrams

A language £’ is an expansion of a language £ iff £’ is obtained from . by adding
new non-logical symbols. Given an .Z-structure A, an expansion of A to £’ is a structure
obtained from &7 by adjoining interpretations of the new symbols.

Going the other way, .Z is called a reduct of .#’ and A is called a reduct of B.

Right now we are interested in the case of adding new individual constants. Let .Z
be any language, and let A be any set. Then .Z4 is the expansion of .Z by adding new
individual constants ¢, for a € A. Given any .Z-structure B and a system (b, : a € A) of
elements of B, by By = (B, by)acA We mean the expansion of B to an .Z4-structure such

that cagb = b, for all a € A. As a special case we have the expansion (A, a)qeca of A itself,
which we denote by A4 instead of Ajqja.
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Let . be a language and A an Z-structure. The diagram of A, denoted by Diag(A4),
is the set of all atomic sentences and negations of atomic sentences which hold in the
structure A4. This takes place in the language Z4.

Lemma 6.7. Assume that o is a term in £, e € “A, 0. is oblained from o by replacing
each variable v; by Ceé) (the individual constant of £a associated with e(i)), D is an
Z-structure, and d €

Then oP (doe) = eDd.

Proof. This is immediate from the proof of Lemma 4.8. ]

Theorem 6.8. (Diagram lemma) For any .£-structures A and B, and any f : A — B
the following conditions are equivalent:

(i) f is an isomorphism from A into B.

(ii) (B, f(a))aca is a model of Diag(A).

Proof. (i)=(ii): Let f be an isomorphism from A into B.
Suppose that o and 7 are variable-free terms of #4 and A4 |= 0 = 7. Thus ocAa =
A4 Now there is a sequence e € “A and terms p,§ such that o = p. and 7 = &.. Thus

pg‘A = SAA. By Lemma 6.7 we then get p ( ) = §A( ). (The “d” in Lemma 6.7 is the
identity.) By Proposmon 2.4(i) we then get pE(f oe) = SE(f oe). Then by Lemma 6.7
again we have oBi —,0e =p (foe) :§§(foe) :§er — 7Bf. Hence BiEo=r.

Almost exactly the same proof shows that A4 = (0 = 7) implies that By = ~(0 =
7).

Next, suppose that R is an m-ary relation symbol, 00,-.-,0m—_1 are variable-free
terms of .Z, and A4 = Rog...0m—1. Thus <00 . UAA ) € R4, Now there is a

m—1
sequence e 6 “A and terms p; for i < m such that Pie = 0i for each 7 < m. Thus

(po ,...,p(m 1)e> € RA4. By Lemma 6.7 we then get (p(e), ..., p2_,(e)) € RA4. Hence

(F(oR(€)), - F(p_,(e))) € RP. By Proposition 2.4(1), f(p7(€)) = p(f oe) for each i <

m. By Lemma 6.7 again, p; B(foe) = pief for each ¢ < m. Thus (p(if, ce pﬁrfl_l)e> € RBs.
Since p;e = o0; for each i < m, we infer that Ef E Rog...0m—1.

The same steps work for =Rog...0m_1.

(ii)=(i): Assume (ii). Assume that B; is a model of the diagram of A. We claim
that f is the desired isomorphism. To show that f is one-to-one, suppose that z,y € A
and f(z) = f(y). Then By |= ¢, = ¢,. Hence Ay |= ¢, = ¢y, as otherwise =(c, = ¢,) €
Diag(A), contradicting the fact that B ¢ is a model of the diagram. Hence z = y. So f is
one-one.

For k an 1nd1v1dual constant, the sentence ¢,z = k is in Diag(A), hence By = cx =k,

so that f(k?) = k_ = kBr = kB,
Next, suppose that F' is an m-ary operation symbol and e € ™A; we want to show
that f(FA(e,...,em—1)) = FB(f(eo),..., f(em—_1)). Let u = FA(eO,.. yem—1). Then
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Fee, ...ce, , = c,isinthe diagram, and so Ef is a model of it. Hence (Fc,, ... Cm—1)

cu’, SO

FBf(f(eO)7 N ‘7f(em—1)> = f(U) = f(FA(e()a .. -,em—l))7

as desired. B
Finally, suppose that R is an m-ary relation symbol, e € ™A, and e € R4. Then

Rcey - - - Ce,,_, is in the diagram, and so it holds in By. Hence (f(eq), - -, f(em—1)) € RBs.
Similarly starting with e ¢ R4. O

For the next theorem, recall the notion of finite generation from just before Theorem 1.11.

Theorem 6.9. (He_nkin) Let T be a set of sentences in a language £, and let A be an
£ -structure. Then A can be isomorphically embedded in some model of T iff every finitely
generated substructure of A can be so embedded.

Proof. = is trivial, so assume that every finitely generated substructure of A can
be isomorphically embedded in a model of T'; we want to show that A itself can be so
embedded. By the diagram lemma it suffices to show that the set I' U Diag(A) has a
model. By the compactness theorem it suffices to take finite subsets A of I' and © of
Diag(A4) and show that A U© has a model. Let B = {a € A : ¢, occurs in some sentence
of ©; so B is a finite subset of A. Hence there is a finitely generated substructure C of A
such that B C C. Let f : C — D be an isomorphism from C into a model D of I'. Choose
g: A — D extending f. We claim that D, is a model of ©. To prove this, take any ¢ € ©.

First suppose that ¢ is 0 = 7 with ¢ and 7 variable-free terms of .Z4. Then there are

terms p, £ of £ and e € “ B such that p. = 0 and £, = 7. Note that foe = goe. Then

oD = plr = pPlgoe) = pP(Foe) = F(p°(0) = F(p™(e) = f(pi") = F(o)

= f(744) = f(e84) = f(E%(e) = F(€9(e)) =€P(foe) =€P(goe) = €Po = P,
Hence D, E o =T1.

The case when ¢ is =(0 = 7) is treated similarly.

Second, suppose that ¢ is Royg . ..o,,_1 with each o; a variable-free term of .Z4. Then
there are terms p; of .Z for i < m and e € “B such that p;e = o; for all i < m. Again,
foe=goe.

We have Aj = Rog...0.,_1. Thus

<a?“‘,...,a§ﬁ1> € R4,

So _ _ _
A A

(Pos- - p(nfil)e> e RA.

Hence Lemma 6.7 yields B B B
(e, .-, P _1(€)) € RA.

Now an easy induction shows that nz(e) = na(e) for any term 7. Hence
(). s PG(e)) € RE.
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Now the fact that f is an isomorphism gives
(f(p§ (€));---s [(P-1(e))) € R

By the argument in the equality case, f (p?(e)) = aiD ? for each i < m. Hence

(oFs, oD ) e RP.
Hence D, = Rog...0m_1.

The case ~Rog . ..0,,_1 is treated similarly. O
Elementary extensions

Let A and B be Z-structures. An elementary embedding of A into B is a function f : A —
B satisfying the following condition:

(%) For every formula ¢ and every a € “A, A |= p|a] iff B |= ¢[f o a.

In case f is the identity on A we say that A is an elementary substructure of B and B is
an elementary extension of A, and write A < B. Then the condition (x) takes the form

(¥x) A C B, and for every formula o and every a € “A, A |= p|a] iff B = ¢la).

Proposition 6.10. If f is an elementary embedding of A into B, then f is an isomorphism
from A onto a substructure C' of B, and C is an elementary substructure of B.
In particular, if A < B, then A is a substructure of B.

Proof. First we show that f is one-one. Suppose that z and y are distinct members
of A. Let ¢ be the formula =(vy = v1). Then A | @[z,y], hence B = o[f(z), f(y)], so
f(x) # f(y). Thus f is one-one.

Let C = rng(f). Suppose that k is an individual constant. Let ¢ be the formula
vo = k. Then A = ¢[k4,k], and so B |= o[f(k?), k], i.e., f(k?) = kB. Thus k® € C, and
f preserves k. Suppose that F' is an m-ary operation symbol and a € ™ A. Let ¢ = F4(a).
Let ¢ be the formula Fuvg... 0,1 = vp,. Then A = ¢lag,...,am_1,c, and so B &=

¢lf(ao), s flam—1), f(c)], ie. FP(f(ao),..., flam—1) = f(c) = f(F*(ao,--.,am-1).
Hence C is closed under FZ, and f preserves F.

Now we have shown that C is a subuniverse of B; and we have also checked the
isomorphism properties of f for individual constants and for operation symbols. Now
suppose that R is an m-ary relation symbol and a € "™ A. Let ¢ be the formula Rvg ... v, 1.
Suppose that @ € R4. Then A |= plag, ..., am_1]. Hence B = ¢[f(ao),. .., flam_1)], i.e.,

foa € RPB. The converse is similar. So f is an isomorphism from A onto C.

To show that C is an elementary substructure of B, suppose that ¢ € “C and ¢ is
any formula. We can write ¢ = f o a for some a € “A. Hence C | ¢[c] iff A & ¢[a] iff
B = ¢[f o a], as desired. O

Since the condition for elementary extension can be applied to sentences, it follows that
A < B implies that A and B are elementarily equivalent. But A < B means more than
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just A < B and A elementarily equivalent to B. For example, let A be w\1 under its usual
order, and B be w under its usual order. Then A < B and they are elementarily equivalent
since they are isomorphic; see Theorem 6.1. But A is not an elementary substructure of
B. In fact, let ¢ be the formula Vo;[vg < v1 Vvg = v1]. Then A & ¢[1], but B [~ ¢[1]
since 0 < 1.

Lemma 6.11. (Tarski) Suppose that A is a substructure of B. Then the following condi-
tions are equivalent:

(i) A < B.

(ii) For every formula ¢, every i < w, and every x € “A, if there is a b € B such that
B [ ¢[xl], then there is an a € A such that B = o[z}].

Proof. (i)=(ii): Assume that A < B, ¢ is a formula, i < w, * € “A, b € B, and
B E p[zi]. Then B = Jv;plal, so A = Jv;pla). Choose a € A such that A = ¢[z?]. Then
also B = ¢[rl].

(ii)=-(i): Assume (ii). Now we prove by induction on ¢ that for any a € “A we have
A = [a] iff B = [a]. This is true for ¢ atomic, using Proposition 2.3. The induction
steps involving — and A are clear. Now suppose that v is Jv;p.

Suppose that A = 9[a]. Choose u € A such that A = p[a’]. Then B |= p[a’] by the
inductive hypothesis. Hence B |= 1[a].

Suppose that B = v[a]. By (ii), choose u € A such that B = ¢[al,]. Then A = ¢[al)]
by the inductive hypothesis. Hence A = v|a]. ]

Proposition 6.12. If A is an elementary substructure of B, and C is an elementary
substructure of B containing A, then A < C.

_ Proof. For any formula ¢ and any a € “A we have A |= ola] iff B |= [a] iff
C = ¢la). ]

For the next fact, see the definition of unions of structures given in Chapter 1.

Proposition 6.13. Suppose that (A; : i € I) is a system of structures, (I,<) is a directed
set, and A; < Aj ifi,j €I withi <j. Then A; = UjeIAj-

Proof. Let B = Uier A;. We prove the following by induction on ¢;

(*) For every i € I, every m € w such that j < m for every variable v; occurring in ¢, and
every a € "A;, A; = pla] iff B = ¢lal.

The atomic case, and the inductive steps for = and A, are clear. Now suppose that ¢ is
Jupp. If A; = ola], the inductive hypothesis easily gives B = ¢[a]. Now suppose that
B = pla]. Choose b € B such that B = 1[a¥]. Then there is a j € I such that i < j and
a¥ € A;. Hence A; = v[ar] by the inductive hypothesis. So A; = ¢la], and A4; E ¢[a]
since A4; < Zj. ]

By the elementary diagram of A, denoted by Eldiag(A), we mean the set of all sentences
in 74 which hold in A 4.
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Lemma 6.14. Let A be an £ -structure, e € YA, ¢ an L-formula, and let ¢, be obtained
from ¢ by replacing every free occurrence of v; by ce;), the constant corresponding to e(i)

in the language La. Then Aa | e iff A= ¢le].

Proof. Immediate from Lemma 4.8. [l

Theorem 6.15. (Elementary diagram theorem) Let A and B be similar structures and
f:A— B. Then the following conditions are equivalent:

(i) f is an elementary embedding of A into B.

(ii) (B, f(a))aeca is a model of Eldiag(A).

Proof. (i)=(ii): Let f be an elementary embedding of A into B. We claim that By
is a model of Eldiag(A). For, let ¢ be a sentence of .%4 which holds in A4. Then there
exist a formula ¢ in .Z and an a € “ A such that ¢ is obtained from 1) by replacing each
free occurrence of v; in ¥ by c¢,,, the constant of £, corresponding to a;. Then by Lemma
6.14 we have A |= t[a]. Hence B |= ¢[f oa]. Then by Lemma 6.14 again we have B = ¢,
as desired.

(ii)=(i): Assume that By is a model of Eldiag(A). We claim that f is an elementary
embedding of A into B. By the proof of Theorem 6.8, f is an isomorphism from A into
B. Now suppose that ¢ is a formula of .Z and a € “A. Suppose that A = pla]. Then by
Lemma 6.14, A4 = 1, where 9 is obtained from ¢ by replacing each free occurrence of v;
by cqa(), for all i < w. Hence 9 is in Eldiag(A), so By is a model of it. By Lemma 6.14,

B = ¢[f oa]. The converse holds by considering —. ]
Lowenheim-Skolem theorems

The theorems are existence statements concerning starting with one structure and finding
smaller elementary substructures, or larger elementary extensions. To start with we need
a result from elementary set theory describing the closure of a set under finitary partial
operations.

Given a set A, a partial operation on A is a function f which, for some positive integer
m, maps a subset of ™A into A. The integer m is uniquely determined by f if f # (0, and
we denoter it by p(f). We say that a subset X of A is closed under a nonempty partial
function f iff for every a which is in the domain of f and is a member of #(/) X we have
f(a) € X. If F is a collection of partial functions on A and X C A, then cl(X,.%) is the
intersection of all subsets of A which contain X are are closed under each member of .%.

Theorem 6.16. Let A be any set, and .F a collection of partial finitary operations on A.
Suppose that X C A.
(i) Define Yy = X and for any i € w let

Yip1 =Y;U{f(a):0# f € Z,a € dmn(f) n"HY;}.

Then cl(X,.7) = U;e, Vi
(ii) cl(X,.7) < max(|.Z|, | X|,w).
Proof. By induction, Y; C cl(X,.#) for every i < w. Hence (J
the other inclusion it suffices to show that X C |

iew Yi € (X, F). For
Y; and (J,c,, Yi is closed under each

1EW
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f € Z. Since Yy = X, it is obvious that X C J,.,, Yi. Now suppose that f € .# and a is
in the domain of f and rng(a) C |J,c,, Yi. Clearly there is an i < w such that rng(a) C Y;.
Then f(a) € Y;t1, as desired. This proves (i).

For (ii), it suffices to show that |Y;| < max(|.#|,|X|,w) for each i € w. This is clear,
by induction on 1. ]

Theorem 6.17. (Downward Lowenheim-Skolem theorem) Suppose that B is an infinite
ZL-structure, X C B, k is a cardinal, |X| < k < |B|, and £ has at most k non-logical
symbols.

Then B has an elementary substructure A such that X C A and |A| = k.

Proof. Let < well-order B. Let F' consist of all triples (¢,7,m) such that ¢ is a
formula with free variables among v, ..., vy,—1 and i < m. With each (¢,i,m) € F we
associate a partial m-ary function f(,;,,) on B. The domain of f(,; ) is {a € "B :
Ju € B[B = ¢[a!]}, and its value at any such is the <-least u such that B = p[a’]. Let
F ={fipim) : (¢,i,m) € F. Let Y be a subset of B containing X and of size . Finally,
set A=cl(Y,.7). Clearly X C A and |A| = &.

First we prove that A is a subuniverse of B. Let k be an individual constant of .%. Let
¢ be the formula vy = k. Note that dmn(f(,0,1)) = {a € 'B: Ju € B[B = ¢[al]]} = ' B,

and for any a € B|f(,0,1)(a) = kZ. Thus k% € A.

Next let F' be an m-ary operation symbol, and suppose that a € ™A. Let ¢ be
the formula Fvg,...,Um—1 = vp. Then dmn(f(ymmin) = {b € ™"'B: Ju € BB |
[b™]]} = ™1 B. 1t follows that

f(%m’qu)(ao, ey Q—1, ao) = FB(CLQ, RN CLm_l) c A.

So A is a subuniverse of B and we let A be the associated substructure.

To show that A < B we will apply Tarski’s lemma 6.11. To this end, let ¢ be a
formula, i < w, z € “A, and suppose that there is a b € B such that B |= ¢[zi]. Choose
n so that j < n for every variable v; that occurs free in ¢, and also so that ¢ < n. Let
u = f(pin(x | n). Then by definition, B = ¢[(z | n)}]. Also, u € A. Hence B = ¢[zl].
This verifies (ii) in Tarski’s lemma. Hence A < B. O

A somewhat philosophical application of the downward Lowenheim-Skolem theorem is
Skolem’s paradox: if there is a model of the axioms for set theory, then there is a countable
model, even though from the axioms one can prove the existence of uncountable sets. The
“solution” of the paradox is that the model only “thinks” that the sets are uncountable;
they are really countable. This is connected to the notion of absoluteness for models of set
theory.

Theorem 6.18. (Upward Lowenheim-Skolem theorem) If A is an £ -structure, |A| > W,
and Kk 1s a cardinal such that|_A\ < k and £ has at most k non-logical constants, then A
has an elementary extension B of size k. In case |A| = k, we can insist that A # B.

Proof. Expand £, to a language £’ by adding x many new individual constants
(ko : a0 < K). By the elementary diagram theorem 6.15 it suffices to show that the following
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set has a model:

Eldiag(A) U {—(ka =kg) < B <k} U{~(cq = ko) :a € A, < K}.

To apply the compactness theorem, take a finite subset I' of this set. We can write I' =
AgUA;UA,, where Ag, A1, Ay are finite subsets of Eldiag(A), {—(ko = kg) : a < 8 < K}
and {—(c, = ko) : @ € A,a < K} respectively. We consider the following .#’-structure:
(A,a,do)acA.a<n, Where d € ©A is such that, if © is the set of all @ < k such that k,
occurs in some formula of Ay U Ay, then d [ © is one-one and for all o € ©, d,, is different
from all a € A such that ¢, occurs in some formula of A,. Clearly this gives a model of T'.

So by the compactness theorem we get a model (B,by,da)acA.a<x of . By the
elementary diagram theorem 6.15, there is an elementary embedding f of A into B. Clearly
|B| > &, and f[A] # B. We may assume that A < B. Take any b € B\A. By the
downward Lowenheim-Skolem theorem, B has an elementary substructure C of size &
with AU {b} C C. Clearly A < C and C is as desired. O

The Lowenheim-Skolem theorems can be used to prove our first major theorem concerning
complete theories—Vaught’s criterion. For any cardinal k, we call a theory (weakly) k-
categorical if any two models of T' of size k are (elementarily equivalent) isomorphic. For
k finite, this notion is trivial:

Proposition 6.19. If x is a finite cardinal and I is a theory with a model of size k, then
the following conditions are equivalent.

(i) T is k-categorical.

(ii) T is weakly k-categorical.

If T is complete, then all models of I' have size k, and both of these conditions hold.

Proof. By Theorem 6.1, (i) implies (ii). Now suppose that (ii) holds, and A and
B are models of I'; we want to show that they are isomorphic. First suppose that our
language . has only finitely many non-logical symbols. Then Diag(A) is finite. Let f be
a bijection from A onto some positive integer m, and form a formula ¢ by replacing each

constant c, in /\ Diag(A) corresponding to an element a € A by v¢(,). Then the sentence

Fvg ... 1 |© AV, \/ (v; = V)
<m
holds in A, and hence also in B. Hence there is a ¢ € 4B such that B, is a model
of Diag(A4), and with g a surjection. By the proof of the diagram lemma 6.8, g is an
isomorphism from A onto B.

Second, suppose that . has infinitely many non-logical symbols. A finite reduct of £
is a reduct of .Z with only finitely many non-logical symbols. Similarly for a finite reduct
of A or of B. Now for each finite reduct A of A, given by a finite set F' of non-logical
symbols of .Z, let I be the set of all isomorphisms from Az onto Br. Note that if I C G,
both being finite sets of non-logical symbols of .Z, then I C Ip. Let J be a set Ip of
smallest size. Then each member of J is an isomorphism from A onto B. For, if S is any
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non-logical constant of Z, let G = F U{S}. Then I C I, hence I¢ = Ir = L, and so
each member of L preserves S.

This finishes the proof of equivalence of (i) and (ii).

Now suppose that I' is complete. Since I' has a model A of size x, the sentence

HUO e E|U,€,1 /\ _‘(Uz' = Uj) A VUK [\/ (Ui = Uiﬂ)]

1<j<kK 1<K

holds in A, hence in all models of I since it is complete. So all models of ' have size &.
Clearly (i) and (ii) hold. O

Theorem 6.20. (Vaught’s Criterion) Let I' be a theory in a language £ with only infinite
models, and let k be a cardinal > the number of non-logical symbols of £. Suppose that T’
18 weakly k-categorical. Then I' is complete.

Let A and B be models of I'; we want to show that they are elementarily equivalent. We can
apply the uppward or downward Lowenheim-Skolem theorem to get a model C' elementarily
equivalent to A and of size k. Similarly with B, so the conclusion follows. O

Some typical applications of Vaught’s criterion are:

e The theory of dense linear orders with no end points. (Ng-categorical)

e The theory of atomless Boolean algebras. (Ng-categorical)

e The theory of algebraically closed fields of a given characteristic. (X;-categorical)
rk-saturated structures

We generalize a procedure and notation described in the subsection on diagrams above.
Given an Z-structure A and a subset X of A, let #x be the expansion of .Z obtained by
adding new individual constants c, for each a € X. If B is an .Z-structure and b € X B,
then B, is the expansion of B to an Zx structure in which the denotation of ¢, is b, for
each a € X.

Now let x be an infinite cardinal. An .Z-structure A is s-saturated iff for every
X € [A]<F, every i < w, and every set I' of formulas of £x each with only v; possibly free,
the following condition (c) implies condition (x):

(c) For every finite © C T there is a b € A such that Ay = p[b] for all ¢ € ©.
(x) There is a b € A such that Ax = ¢[b] for all p € T.

b

Here “(c)” stands for “consistent” and “(x)” stands for “exists”. By the compactness
theorem, a structure with a consistent set of formulas has an elementary extension with
an element satisfying all of the formulas. A k-saturated structure already itself has such
an element. k-saturated structures are very useful in model theory. The main result we
present here is an existence theorem for them.

k-saturation is defined in terms of a single element satisfying a set of formulas. What
about two or three or more elements? According to the next proposition, this generalization
is not necessary.
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Proposition 6.21. Suppose that k is an infinite cardinal and A is an £ -structure. Then
the following conditions are equivalent:

(i) A is k-saturated.

(ii) For each X € [A]|<F and for every set T' of formulas of £x, if for each finite
© C T there is an a € “ A such that Vo € O[Ax = ¢[a]], then there is an a € “ A such that

Vo € T[Ax = «[l].

Proof. Obviously (ii) implies (i). Now suppose that (i) holds. Let A be the closure
of I under A. For each ¢ € A choose a positive integer m(p) such that for every i € w, if
v; occurs free in @, then i < m(y). Now in addition to the individual constants c,, a € X
used to form Zx, we introduce more individual constants k; for i < w.

Now we define a € “ A by recursion. Suppose that ¢ < w and a [ ¢ has been defined so
that

(1) (A, b, aj)oex,j<i = Vi i) =19 (Kagy - s Kas_1Viy -+ s Um(p)—1)
for every ¢(vo, ..., Ump)-1) € A.

Clearly (1) holds for i = 0. Let Q be the set of all formulas

(2) E|’UZ'+1 ce Elvm(@,lgp(kao, ceey ka¢,17v’i7 Vidlye- -y Um(np)fl)

with ©(vo, ..., Ump)—1) € A. These are formulas in %y, where Y = X U {a; : j < i},
and each of them has at most v; free. Note that |Y| < k. Now if € is a finite subset of
), then there is a finite subset A’ of A such that € consists of all formulas (2) such that
©(vo, -+ s Um(p)—1) € A'. Now A A" € A, so by the inductive assumption the formula

Elvi ce Elvm(go)fl /\ A,(kao, ceey kaFlyUh .. -Um(go)fl)
holds in (4, b,a;)pex, j<i- Hence there is a u € A such that

(4,0, a5)bex,j<i = it - Fmip)—1 [\ A (Kags - - - Fays Vis - - Vi) 1) [u]-
Now it follows from (i) that there is an a; € A such that

(A,b,a5)vex,j<i F it1 - Imo)—19(Kags - - > Kays Vit - - - Um(p)—1)
for every o(vo, ..., Ump)—1) € A.

This finishes the inductive construction. So (1) holds for all i < w. Now if we apply (1)
with ¢ :_m(go) to ©(vo, - - -, Um(p)—1) € ', we get (A, b, f)pex,j<me) F ©(Kags- - kamw)fl)-
Hence Ax | ¢la], as desired. ]

Lemma 6.22. Suppose that:
K 18 an infinite cardinal,
Z is a language with at most k non-logical symbols,
A is an infinite £ -structure of size at most 2.
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X € [4]=F,
i <w, and ' is a set of formulas of Lx with at most v; free,
for every finite © C T there is a b € A such that A |= [b] for all ¢ € O.

Then A has an elementary extension B of size at most 2% with an element b such that

B = o[b] for all p €T,

Proof. Let the system of individual constants used to form Zx be denoted by
(by : a € X). Now form the language x4 used to define Eldiag(A), with new individual
constants (¢, : a € A). In addition, add one more new individual constant d, forming an
expansion .2’ of ZLxa. In &’ consider the following set € of sentences:

Eldiag(A) U {p(d) : p € '}

By the elementary diagram theorem followed by the downward Lowenheim-Skolem theo-
rem, it suffices to show that €2 has a model; and for this we take a finite subset Q' of €2,
consisting of the union of a finite subset Q" of Eldiag(A) together with a finite subset Q"
of {p(d) : ¢ € T}. Clearly Q' has a model consisting of an expansion of A4, using the

hypotheses of our lemma. ]

Theorem 6.23. Suppose that k is an infinite cardinal, £ is a language with at most Kk
non-logical symbols, and A is an infinite ZL-structure of size at most 2%. Then A has a
kT -saturated elementary extension B of size at most 2°.

Proof. Let M = {(X,T) : X € [A]=%,T is a set of formulas of .%x each with at most
vp free and for each finite subset A of T' there is an a € A such that Ax = ¢la]}. Clearly
|M| < 2. Hence we can construct an elementary chain of elementary extensions of A,
applying Lemma 6.22 at each stage to a member of M, so that the union B of the chain
is an elementary extension such that for each member (X,T") of M there is a b € B such
that B = ¢[b] for each ¢ € T'; moreover, |B| < 2%. Repeating this x* times we obtain the
desired kt-saturated structure. O

We conclude our discussion of saturated structures with one of the most important prop-
erties of them.

Theorem 6.24. If k is an infinite cardinal and A is k-saturated, then every structure B

which is elementarily equivalent to A and of size at most k can be elementarily embedded
in A.

Proof. Let (b, : a < k) enumerate B, possibly with repetitions. We now define
by recursion a sequence (a,, : @ < k) of elements of A, so that for each «, (4,a5)g<a =
(B,bg)g<a- Suppose that ag has been defined for all 3 < « so that this condition holds.
Note that for o = 0 the condition says that merely A = B, which is given. Now we consider
the following set I' of formulas:

{o(x) : ¢ is a formula in .Zy,,.5,4) and B |= ¢(ba)}.
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If A is a finite subset of T', then B = A A[b,], so B = 3z AA. Hence A = 3z A A. So
by the definition of s-saturated, there is an element a, of A such that A = ¢[a,] for all
¢ € T. Hence (A, ag)s<a = (B, bg)g<a, finishing the construction.

Clearly {(ba, aq) : @ < K} is the desired elementary embedding. ]

Omitting types

Let T be a theory and n € w. An n-type of T is a collection t of formulas of the language
Z of T with all free variables among T, where T is a sequence of variables of length n,
such that T' |= Iz for every finite conjunction ¢ of members of ¢.

We say that such a type t is isolated in T' iff there is a formula ¢ with free variables
among T such that T'U {3Zy} has a model, and T |= ¢ — 9 for every ¢ € t. We say then
that ¢ isolates ¢t in T'.

A model M of T omits t iff there is no sequence @ of elements of M such that M = [d]
for all ¢ € t.

Proposition 6.25. If T is complete and has a model which omits a type t, then t is not
1solated in T'.

Proof. We prove the contrapositive. Suppose that T is complete and ¢ is isolated in
T; say that ¢ isolates t in T. Let M be any model of T'. Since T'U {3Z} has a model and
T is complete, it follows that M = JTp. Choose @ in M such that M = p[a)]. Take any
Y € T. Then T |= ¢ — 1), and hence M = ¢[a]. Thus M realizes t, i.e., it does not omit
t. O

Theorem 6.26. (Omitting types theorem) Suppose that £ is countable and T is a theory
in &£ which has a model. Let (n; :i € w) be a sequence of natural numbers, and for each
1 < w let t; be an n;-type over T which is not isolated.

Then T has a countable model which omits each type t;.

Proof. Expand our given language . by adjoining a sequence (¢; : i < w) of new
individual constants, forming a new language ¢’ which is still countable. Let (p; : i < w)

enumerate all of the sentences of .Z’. Let ((j;,d;) : i € w) enumerate all pairs (m,€) such
that m € w and € is a sequence of length n,, of distinct members of {c,c1,...}.
Now we are going to construct a sequence

T=TyCTyC- CTpC--

of theories in £’ satisfying for each i € w the following conditions:

(1) T; has a model, and T; = T"U A for some finite set A of sentences.

(2) @i € Tiyq or —p; € Tiyy.

(3) If ¢; has the form z(x) and ¢; € T;11, then there is an k < w such that ¥ (cx) € Ty41.
(4) There is a formula o(Z) € t;, such that —o(d;) € T;41.

Having defined 7;, we define T;,1 as follows. Let A_be a finite set of sentences such that
T, =TUA. Let x = ANA. We can write x = x(d;,€), where d; and € exhaust all the
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constants ¢ that occur in x. Replace these constants by new distinct variables * and ¥
respectively, obtaining (T, 7). Since T; has a model, it follows that 7'U{3z3yx(Z,7)} has
a model. Now ¢;, is not isolated, so it follows that there is a formula ¢(Z) in ¢;, such that
T W Fyx(Z,y) — o(Z). Thus there is a model M of T' and a sequence @ of elements of M

such that M = Jyx(a,y) A —~o(a). It follows that S LU {=0(d;)} has a model.

If SU{pi} has a model, let S = S U {p;}; otherwise let S = S U {—¢;}. In either
case, S’ has a model.

If ¢; has the form Jzt¢(x), let p be minimum such that ¢, does not occur in any
formula of S’, and let T;41 = 5" U{¢(cp)}. If ; does not have this form, let T;; = 5’.

This finishes the construction. Clearly (1)—(4) hold.

Let T, = U;c,, Ti- By (1) and compactness, T;, has a model (M, a;)ico,. Let N be

the substructure of M generated by the individual constants; N is an .#-structure.
(5) N ={a; :i € w}.

In fact, let o be any variable-free term. Then (M, a;)ie. |= 3]z = o], and so by (3) there
is a k < w such that (M, a;)ie, = ar = o]. This proves (5).

(6) For any sentence ¢ of 2’ the following conditions are equivalent:
(a) (M, as)ier = ;

(b) (N, ai)icr = ¥
(c) T, = .

In fact, (a) and (c) are equivalent since T, is complete by (2). We prove the equivalence of
(a) and (b) by induction on ¢. For ¢ atomic, the equivalence is clear. The induction steps
using — and A are straightfoward. Finally, take a sentence 3z (z). If (M, a;)icw = ztb(2),
then by (3) there is a k < w such that (M, a;)ic. = ¥(ck). Then (N, a;)icw = ¥(ck) by the
inductive hypothesis, so (N, a;)ic = 329 (x). Now suppose that (N, a;)ic. = Jzp(x).
Then there is a k < w such that (N, a;)ico | ¥ (ck), 50 (M, a;)icw = 1¥(ck) by the inductive
hypothesis, hence (M, a;)ic, = 3wh(z). Thus (6) holds.

It follows that N is a model of T'. Moreover, by (4) it omits each type ;. O

Model completeness

A theory T is model complete iff for any two models A and B of T, A < B iff A < B. We
prove here some general results about this notion.

Given a theory 7', a weakly prime model of T"is a model of T" which can be embedded in
any model of T'. The qualifier “weakly” is there since prime model requires an elementary
embedding.

Proposition 6.27. If T is model complete and has a weakly prime model, then T 1is
complete.

Proof. Let A and B be arbitrary models of T, and let C be a weakly prime model
of T. Then C can be elementarily embedded in A and in B, so A and B are elementarily
equivalent. ]

This simple proposition can be used to show the completeness of various theories.
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A formula is ezistential iff it has the form Ty with ¢ quantifier-free; here 7 is a finite
sequence of variables. Similarly one defines universal formula.

Lemma 6.28. Suppose that TUAU{p} is a collection of sentences in £, and TUA |= ¢.
Then there is a finite conjunction v of members of A such that T = ¢ — .

Proof. Assume the hypotheses. Then I' U A U {—¢} does not have a model, so some

finite subset fails to have a model. We may assume that the finite subset has the form

I'MUA"U{—¢} with IV and A’ finite subsets of I', A respectively. Clearly then 1 & N\ A

is as desired. U

Lemma 6.29. If Z_is an £ -structure, I is a set of £ -sentences, ¢ is an £ -sentence,
A is the diagram of A, and T'U A = ¢, then there is an existential sentence ¥ of £ such

that T =1 — @ and A |= ).

Proof. Assume the hypotheses. By Lemma 6.28, there is a conjunction y of finitely
many members of A such that I' = x — ¢. Replace the constants ¢, in y associated with

the diagram by variables, obtaining a formula 0(7), with T a sequence of variables. Then
' E 370 — ¢. Clearly A = 370 — . O

Theorem 6.30. For any theory T the following conditions are equivalent:

(i) T is model complete.

(ii) For all models A, B of T such that A < B, and for every existential formula ¢
and every sequence a € “ A, if B = ¢la], then A |= pla).

(iii) For every formula @ there is an existential formula ¢ with the same free variables
as ¢ such that T = ¢ < 1.

Proof. (i)=(ii) is obvious. Now assume that (ii) holds. First we claim

(1) For any universal formula ¢ there is an existential formula ) with the same free variables
such that T |= ¢ < 9.

To prove (1), let the free variables of ¢ be v;(),...,Vjm—1). Expand the language by
adjoining new individual constants cy, ..., c¢,_1, obtaining a language .Z’, and let ¢’ be
the sentence £’ obtained from ¢ by replacing v;(;) by ¢; for each j < m. Let A = {1 : ¢
is a universal sentence in .’ and T' |= ~¢’ — ¢}. Now we claim

(2) T UAU{¢'} does not have a model.

In fact, suppose that (A, a;);<.m, is a model of this set. Let © be the diagram of (4, a;);<m
in .Z}. Then

(3) TUO E ¢

In fact, let (B, b, ta)i@&aeA be a model of TUO. Then by Theorem 6.8, ¢ is an isomorphism
from (A, ai)i<m into (B, b;)i<m. Now (A, ai)i<m = ¢, so by (ii), (B,b;)i<m [ ¢'. This
proves (3).
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Now from (3) and Lemma 6.29 we see that there is an existential sentence ¢ of £’
such that T = — ¢ and (4, a;)i<m = 9. Thus «p € A. But (4,a;)i<m = 1 and also
(A, a;)i<m is a model of A, contradiction. Hence (2) holds.

Thus T"U A | —¢’, and so by Lemma 6.28 there is a conjunction £ of members of
A such that T | € — —¢'. Clearly ¢ is logically equivalent to a universal sentence. The
definition of A shows that T = —¢’ — £. Hence (1) holds.

Now the proof of the (iii) itself follows by an easy induction. It is obviously true
for atomic . Assuming it true for ¢, let 1) be an existential formula with the same free
variables as ¢ such that T' = ¢ < 1. Then by (1) there is an existential formula y with
the same free variables as =1 such that T' = =1 < x; so x works for . The cases for A
and 3 are clear.

(iii)=-(i): Assume (iii), and suppose that A and B are models of T' with A < B.
Suppose that ¢ is a formula and a € “A; we want to show that A | ¢[a] iff B = ¢[a].
First assume that A = o[a]. By (iii), let ¢ be an existential formula with the same free
variables as ¢ such that T |= ¢ « 9. Hence A = 9[a], so B |= 1[a], hence B |= ¢la).
Second assume that A = ¢[a]. Then A = —¢[a], so B |= =¢[a] by what was just shown,
hence B [~ pla). ]

Elimination of quantifiers revisited;
Real-closed fields

Throughout this section we assume that our language has at least one individual constant.
We say that a theory T has full elimination of quantifiers iff for every formula ¢ there is
a quantifier-free formula 1) with the same free variables as ¢ such that T |= ¢ < 1.

The earlier argument for a special case of elimination of quantifiers essentially proves
along the way the following result.

Theorem 6.31. If for every quantifier-free formula p(x,y) there is a quantifier-free for-
mula Y(g) such that T |= Jzp(x,7) < (), then T has full elimination of quantifiers.

Lemma 6.32. Let () be a formula with the indicated free variables. Then the following
conditions are equivalent:

(i) There is a quantifier free formula ¥(T) such that T |= ¢ < . (Y(T) has no free
variables except T.)

(ii) For any structures A, B,C, if B and C are models of T, A is a substructure of
both B and C, and if @ is a sequence of elements of A, then B = ¢[a] iff C | ¢la).

Proof. (i)=(ii): assume (i) and the hypotheses of (ii). Then

BEla iff BEyd
itf A yfd
itt  C = y[d]
itt  C E o[d] O
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(ii)=-(i): Assume (ii). Let d = (d; : i < m) be a system of new individual constants whose
length is that of Z, thus expanding ¥ to .Z’. Let

& {4(d) : (T) is a quantifier-free formula in .’ and T |= p(d) — 1(d)}.

Here () has no free variables except for Z. We claim

(+) TUT E ¢(d).

In fact, suppose that this fails. Let (B, b;);<m be a model of TUT U {—p(d)}, and let A be
the subuniverse of B generated by {b; : i < m}, and let ¥ = T Udiag((A4, b;)i<m)U{p(d)}.
We claim that ¥ has a model. Otherwise, by Proposition 6.28 there is a finite conjunction
¢ of members of diag(A, b;)i<n,) such that T = ¢ — —¢(d). Now for each constant c,
from the diagram of (4, b;);<») which appears in v, there is a term 7,(d; : i < m) of &’

such that u = 72(b; : i < m); we replace ¢, in 9 by 7,(d; : i < m); this gives a formula
1’. Note that

(Z, bi)i<m }Z Cy = Tu[ua bi i< m] and }: /\{Cu = Ty : Cy appears in w} - (lﬁ - W)

It follows that (A, b;);<m = 7', and hence also (B, b;)icm = 1. Also, T = o(d) — -1,
so =)’ € T'. This is a contradiction.
It follows that ¥ has a model. By the diagram lemma, this gives a structure (C, b;); <
which is a model of T'U {((d) and is an extension of (A, b;);<,,. This contradicts (ii).
Hence (x) holds. Hence by Lemma 6.28 there is a finite conjunction ¢ of members of
I such that T |= 1(d) — o(d). Clearly 1 is as desired. O

Corollary 6.33. Let T be a theory in a language £. Suppose that for all quantifier-free
formulas o(x,7) and all £-structures A, B,C, if B and C are models of T and A is a
substructure of both B and C, and if @ is a system of elements of A of the length of 7,
then B = 3wp(x,a) implies that C = Jzp(z,a).

Under these conditions, T has full quantifier elimination.

Proof. Assume the hypothesis. By Theorem 6.31 it suffices to take any quantifier-
free formula p(x,7) and show that there is a quantifier-free formula ¢ (y) such that T' |
Jzp(x,y) < ¥(7). The existence of 9 is assured by Lemma 6.32. O

Let T be a theory in a language . A tripli(z, f, M) is algebraically prime for T iff M is
a model of T', f is an embedding of A into M, and for every model N of 7" and embedding
g of A into N there is an embedding h of M into N such that ho f = ¢g. This is illustrated

in the following diagram:
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A

Theorem 6.34. Suppose that T is a theory in a language £, and the following two
conditions hold.

(i) For any structure A which is embeddable in a model of T, there is an algebraically
prime triple of the form (A, f, D) for T.

(ii) If B and C are models of T, B < C, o(z,7) is a quantifier-free formula, b is a
sequence of elements of B, and C = 3xp(x,b), then B = 3wp(x,b).

Then T has full quantifier elimination.

Proof. We verify the condition of Corollary 6.33. Thus suppose that ¢(x,7) is a
quantifier-free formula, .Z-structures A, B, C are given, B and C are models of T" and A
is a substructure of both B and C, @ is a system of elements of A of the length of 7, and
B = 3zp(x,a). We want to show that C | Jxp(z,a@). Let (4, f, D) be an algebraically
prime triple for T'. By the definition of algebraically prime, there are embeddings g, h of
D into B, C respectively such that g o f is the identity on A and h o f is the identity on
A. See the diagram:

B D C

W f L,

A

Now B = Jzp(x,go f oa), hence D = Jzp(x, f oa), hence C = Jxp(x, h o g oa), hence
C | Jzp(z,a). ]
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Theorem 6.34 gives a very useful criterion for eliminating quantifiers. We use it to prove
the following classical result of Tarski. Tarski originally proved this result by the straight-
forward method described at the beginning of this chapter; but the details are formidable.

Theorem 6.35. The theory of real-closed ordered fields has full elimination of quantifiers.

Proof. We appeal to algebraic facts found in the appendix real to these notes. By
Corollary 12 of real, we are dealing with the class of models of a first-order theory T
Theorem 20 of real gives (i) of Theorem 6.34.

For (ii), suppose that B and C are real-closed ordered fields, B < C, ¢(z,7) is a
quantifier-free formula, b is a sequence of elements of B, and C = Jxp(x,b).

We may assume that o(x,b) is a conjunction of atomic formulas and their negations,
and we may assume that z actually occurs in each conjunct. Thus each atomic formula
has the form p(z,b) = q(z,b) or p(z,b) < q(z,b) for certain polynomials p(z,b) and ¢(z, b).
Since

T = p(z,b) = q(z,b) < p(z,b) — q(z,b) =0,

and similarly for <, we may assume that each atomic formula has the form p(z,b) =0 or
0 < q(z,b) for certain polynomials p(z,b) and g(x,b). Moreover,

T = —(p(z,b) = 0) < 0 < p(z,b) VO < —p(z,b) and
T = —(0 < p(x,b)) < p(z,b) =0V 0 < —p(x,b).

Hence we may assume that o(z,7%) is a conjunction of formulas of the form p(x,b) = 0 and
0 < p(x,b). If any of the polynomials in conjuncts p(x,b) = 0 is nonzero, then any root
in B must already be in A since A does not have any proper formally real extensions, by
the definition of real-closed. In this case 3wp(xb) is true in A, as desired. Thus we may
assume that o(x,7) is a conjunction of formulas of the form 0 < p(z,b).

Now there are only finitely many roots of the polynomials p(x,b) in B; let them be
ci,...,c,. As before, these are all in A. Choose d € B such that B |= ¢[d,b]. Without
loss of generality, ¢1,...,¢; < d < ¢i41,...,¢ck. Let e € A be such that ¢1,...,¢ < e <
Cit1,---,ck. Then by Proposition 15 of real, f(d,b) > 0 iff f(e,b) > 0, for every conjunct
f(z,b) > 0 of p(z,b). Tt follows that A |= ¢[e, b]. O

Infinitary languages

Let k and A be infinite cardinals. The logic L, allows conjunctions and disjunctions of
sets of formulas of size < k, and simultaneous quantification over fewer than A variables.
We do not go into the formal definition of such languages, which is straightforward. Note
that L, is essentially the first-order logic we have been dealing with.

Note that the compactness theorem fails in general for these languages. For example,
the following set of sentences in L, ., does not have a model, although every finite subset
does:

{Vez[r=cpyVx=c1V...Vx=¢,V..]} (lengthw)
U{d#coNd#c1 AN...NdF# ¢, :n € wl,
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where d, cq, c1, ... are individual constants.
Attempts to generalize the compactness theorem have led to two important large
cardinals:

e x is strongly compact iff kK > w and for every signature and every set I' of sentences in
L, in that signature, if every subset of I' of size less that x has a model, then so does T'.

e r is weakly compact iff kK > w and for every signature and every set I' of sentences in L,
in that signature, subject to |I'| < k, if every subset of T" of size less that  has a model,
then so does T'.

Both these cardinals are strongly inaccessible, with many strong inaccessibles below them.
L, ., seems to be the most tractable of these infinitary logics. We prove one important
theorem about it.

Theorem 6.36. (D. Scott) Let . be a countable language, and M a countable £-
structure. Then there is an Ly, . -sentence ¥ in L such that ¢ has countable models, and
all such models are isomorphic to M.

Proof. For each n € w, each a € "M, and each o < w; we define a formula gofg. The
definition goes by induction on «. Let

gpg = /\{X : x is a formula with free variables among vy, ..., v,_1,

X is atomic or the negation of an atomic formula, and M = x[a]}.

For « limit we let

oo = N ¢l
B<a

Finally,

ot = % A /\ Elvngpg‘A@ A Y, \/ ngL@.
beM beM

Then the following conditions hold; proof by induction on «:
(1) M = ¢gal.
(2) E 0% — P for B < a < w.

By (2), ({b€ "M : M | ©3[b]} : o < wy) is a C-increasing sequence of subsets of ™ M.
Since ™M is countable, it follows that there is an o, < w; such that M | p% « ¢
whenevery o, < 8 < w;. Let 3 be the supremum of all «, for a € | "M. Then 8 < w;q
and

ncw

(3) For all finite sequences a of elements of M and all a > 3 we have M = ¢ « P,

a

Now we define the desired sentence ):
Y= @g A /\{VUO o VU1 (9P = P inew, a e "M}
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By (1) and (3), M is a model of ¢. Now let N be any countable model of 1. Write

M ={a; : i < w}and N = {b; : i < w} We construct sequences (e; : i < w) and
((¢;,d;) = 1 < w) by recursion, so that for each i we have
(4) M= lleli] and N =l [d 1)

This holds for ¢ = 0 since | ¢ — gog . Now assume that it holds for all j < 2i. Let co; be
the element aj, with smallest index k such that ay ¢ {c; : j < 2i}. By (4), M gpfr% [c ] 21]
and M =1, s0 M |= gpfrgzl [¢ I 2i] and hence M = Vua; e w?e[Qi)’“(u) [c | 2i]. So we can
choose e; € M such that M = go(ﬁem)A<€2i>[(c | 2i) " (ca;)]. Now also N |= 905[21‘[55 [ 21]
and, since N = v, also N = gofm[d I 2i] — Qﬁfr;l[d | 2i]. Hence N &= @/Jfrgzl[d [ 2i], so
N E Elvgigo(ﬁem)ﬁ (e2:) [d | 2i]. Sowe get an element dy; of N such that N = go(ﬁe 120)~ (e1) [(d]
2i)7(d2;)]. Thus (4) holds for 2i + 1. Now we repeat this argument with the roles of M

and N interchanged, starting with an element dai+1 = by with [ the smallest index such
that b; ¢ {d; : j < 2i}, to obtain cg;41 such that (4) holds for 2i 4+ 2. This finishes the
construction.

By (2) we have M |= pole [ 4] and N = wopld | 4] for all 4, and by construction
{a; 7i<w}={ci:i<w}and {b;: i <w} ={d; : i <w}, so {(c;,d;) : i < w} is the
desired isomorphism from M onto N. ]

EXERCISES

Exc. 6.1. A subset X of a structure M is definable iff there is a formula ¢(z) with only =
free such that X = {a € M : M = pla]}. Similarly, for any positive integer m, a subset
X of ™M is definable iff there is a formula ¢(T) with T a sequence of m distinct variables
including all variables occurring free in ¢, such that X = {a € "M : M = ¢la]}.

For the language with no nonlogical symbols and for any structure M in that language,
determine all the definable subsets and m-ary relations over M. Hint: use Theorem 6.1.

Exc. 6.2. Let I' be the set of all sentences holding in the structure (w,S,0), where
S(n) =n+1 for all n € w. Prove an elimination of quantifiers theorem for T'.

Exc. 6.3. Let T be the theory of an infinite equivalence relation each of whose equivalence
classes has exactly two elements. Use an Ehrenfeucht game to show that T is complete.

Exc. 6.4. Let T be any theory. Show that the class of all substructures of models of T is
the class of all models of a set of universal sentences, i.e., sentences of the form Vzy with
 quantifier free and T a finite string of variables containing all variables free in (.

Exc. 6.5. Suppose that I'U{¢} is a set of sentences in a language .. Suppose that I' and
© have the same models. Prove that there is a finite subset A of I' with the same models
as I'.

Exc. 6.6. Suppose that T and 7" are theories in a language .. Show that the following
conditions are equivalent:
(i) Every model of T can be embedded in a model of T.
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(ii) Every universal sentence which holds in all models of T" also holds in all models
of T.

Exc. 6.7. Let T be a theory in a language .Z. Let K be the class of all models of 7. Show
that the following conditions are equivalent:

(i) SK = K.

(ii) There is a collection I" of universal sentences such that K is the class of all models
of T

Exc. 6.8. Suppose that A < B. Prove that A < B iff (A,a),ca = (B,a)a € A.

Exc. 6.9. Suppose that m is a positive integer, ¢() is a formula with free variables T of
length m, and M is a structure. Define o(M) = {a € ™M : M = pla]}. Show that the
following conditions are equivalent:

(i) (M) is finite.

(i) (M) = ¢(N) whenever M < N.

Exc. 6.10. Prove that if K is a set of models of a complete theory 7" then there is a
structure M such that every member of K can be elementarily embedded in M.

Exc. 6.11. Suppose that A and B are elementarily equivalent, s-saturated, and both of
size k. Show that they are isomorphic.

Exc. 6.12. For any natural number n and any structure M, an n-type of M is a collection
I' of formulas in .Z); with free variables among T, a sequence of distinct variables of length
n, such that M s = 3Ty for every conjunction of finitely many members of I'. Prove that
if I" is a collection of formulas in %), with free variables among 7, then I' is an n-type over
M iff there is an elementary extension N of M which has a sequence @ of elements such
that N |= o[a] for every ¢ € T.

Exc. 6.13. If M is a structure, A C M, and n € w, then an n-type over A of M is an n-type

of M all of whose additional constants come from A. Given an n-tupe @ of elements of M,
the n-type over A of @ in M, denoted by tp* (@)/A), is the set {p(Z) : © is a formula with
free variables among T, T has length n, and M 4 = ¢[a]}. An n-type S over A is complete
iff p € S or —p € S for every formula in the language -Z4 with free variables among 7.
Prove that S is a complete n-type over A in M iff there is an elementary extension

N of M which has a sequence @ of elements such that § = tp™ (a/A).

Exc. 6.14. Let t be an n-type over A of M. We say that ¢ is isolated iff there is a formula
©(T) in £, such that M4 = 3T and M 4 = VZ(p — 9) for every ¢ € t. We then say
that ¢ isolates t.

Prove that if ¢ isolates tp™ (@/A), then ¢ € tpM (a/A).

Exc. 6.15. Show that tpM(EAE/A) is isolated iff both tpM(E/A Urng(b)) and tpM(l_)/A)
are isolated.

Exc. 6.16. Let T" be a complete theory with a model. A formula ¢(Z) is complete in T iff
T U {3Tp} has a model, and for every formula ¢(Z), either T = — ¢ or T |= ¢ — ).
Here  is a sequence of variables containing all variables free in ¢ or .
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A formula 0(Z) is completable in T iff there is a complete formula ¢(Z) such that
TEp—-0.

A structure M is atomic iff every tuple @ of elements of M satisfies a complete formula
in the theory of M.

A theory T is atomic iff for every formula () such that T'U {3z6(Z) has a model, 0
is completable in T'.

Show that if T is a complete theory in a countable language, then 7" has a countable
atomic model iff T" is atomic. Hint: in the direction <, for each n € w let t,, be the set of
all negations of complete formulas with free variables among vy, ...,v,_1, and apply the
omitting types theorem.
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7. Morley’s theorem

This chapter is devoted to the proof of Morley’s theorem, which says that in a countable
language, if I' is a theory with only infinite models and I" is k-categorical for some uncount-
able cardinal k, then it is k-categorical for every uncountable cardinal . In the course of
developing the proof we will introduce several new model-theoretic concepts. We follow
Marker, Model theory, an introduction.

Unless otherwise mentioned, 7" is a complete theory in a countable language having
only infinite models.

Some useful notation is as follows. If M is a structure and ¢(v) is a formula with
parameters in M, with ¥ of length m, then by ¢(M) we mean the set {& € ™M : M |=
o(a)}. Here we make a slight abuse of notation, in that we write M = (@) when we
should write something like (M, b) |= ¢(v,w)[a, b], where b is the sequence of parameters
in ¢. Similar abuses will take place later without comment.

Let M be an .Z-structure, and suppose that AU {b} C M. We say that b is algebraic
over A iff there is a formula ¢(x, @) with @ € A such that o(M, @) is finite and M = (b, @).
Now if A C D C M we define

aclp(A) = {b € D : b is algebraic over A}.

Lemma 7.1. (i) A Caclp(A).
(ii) aclp(aclp(A)) = aclp(A).
(iii) If A C B then aclp(A) C aclp(B).
(iv) If a € aclp(A), then a € aclp(Ag) for some finite Ay C A.

Proof. (i): For any a € A, let ¢(x,a) be the formula z = a.
(ii): Suppose that b € aclp(aclp(A)). Accordingly, choose p(v,w) and @ € aclp(A)
such that
M = p(b,a) and {y € M : M |= p(y,a)} is finite.

Say @ has length n. Then for all i < n we get 1;(v,@’) and ¢ € A such that
M = (a;, @) and {y € M : M = 1;(y, ")} is finite.

Let k=[{y € M : M = ¢(y,a)}|. Now let x(v,a’,...,u" ') be the formula

g ... V1 /\ Vi(vi, @) A (v, 00, .., vn—1) A (3K)v0(v;, V0, . .y V1)
<n

Here (3lk)v, ... abbreviates “there are exactly k v; such that ...”, which is easy to express
in our language. o o
Now we want to show that M |[= x(b,2°,...,e"71). For any i < n we have M |=
¥i(a;, '), and so
M= N iai @) A (b,a) A (Bk)ve(v;, ).

<n
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Hence M = x(b,2,...,2" 1), o
Next we want to show that {y € M : M = x(y,°,...,e" 1)} is finite. Let

K=][{yeM:MEi(y,@)}

<m
Thus K is finite. Suppose that M = x(y,2",...,2"1)}. Choose € such that

M= /\ biles, @) Aoy, e) A (3k)vip(vj, ).

<n

Then e € K. Hence there are at most |K|-k elements y such that M = x(y,e°,...,¢" 1)}
(iii) and (iv) are clear. O

If M is a structure, m is a positive integer, and D C ™M, then we say that D is definable
with parameters iff there is a formula ¢(7) in %), with T of length m such that D = {a €
"M My = p(a)}. -

A subset D of M™ is minimal in M iff D is infinite, and for any set Y C D definable
with parameters, either Y is finite or D\Y is finite. In case ¢(7,a) defines D, we also say
that ¢ is minimal.

Lemma 7.2. Suppose that D C M is definable and minimal in M and AU {a,b} C D.
Suppose that a € aclp(AU {b})\aclp(A). Then b € aclp(AU {a}).

Proof. Assume the hypotheses. Thus there is a formula ¢(a,b) with additional
parameters from A, and a positive integer n, such that M = ¢(a,b) and [{x € D :
M = ¢(z,b)}] = n. Let ¥(w) be the formula with parameters from A asserting that
H{x € D : p(z,w)}| = n. If (w) defines a finite subset of D, then b € aclp(A). Hence
AU {b} C aclp(A), hence by Lemma 7.1 a € aclp(A U {b}) C aclp(aclp(A)) = aclp(A),
contradiction. It follows that ¢ (w) defines a cofinite subset of D.

If {y € D: M = p(a,y) A(y)} is finite then since b is in this set we get b €
aclp(A U {a}), as desired. Thus we may assume that {y € D : M | p(a,y) A(y)} is
cofinite in D; say that its complement has size [. Let x(x) be the formula expressing that

|ID\{y € D : p(z,y) Nb(y)} = L.

since M = x(a), our assumption that a ¢ aclp(A) implies that x(M) is cofinite. Let

ao, - . .,an be distinct members of x(M). Then for each i < n the set B; e {y e D:
M E o(ai,y) Ap(y)} is cofinite. Let ¢ € ,,, Bi- Thus ¢(a;,c) for each i < n, so

H{z € D: M = ¢(x,c)}| > n+ 1, contradicting the choice of ¥(c). O
Suppose that D C M™. We say that D is strongly minimal in M iff D is minimal in any
elementary extension of M. Similarly for a formula ¢.

Given A C D, we call A independent iff Va € Ala ¢ aclp(A\{a})]. For C C D we say
that A is independent over C iff Va € Ala ¢ aclp(CU(A\{a})). Note then that ANC = 0.
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For @ a sequence of elements of M and A C M we define

tpM(E/A) = {p(@) : ¢ is a formula with parameters from A and M |= ¢(a)}.

Note that if @ is the empty sequence, then tp(a/A) is simply the set of all sentences with
parameters from A that hold in M. If A is empty, we just omit it.

Lemma 7.3. Suppose that M, N =T and one of the following conditions holds:
(ii) AC Mg < M,N.

Assume that o(v) is strongly minimal over M and has parameters from A, n € w,

a € "p(M), rng(a) is independent over A, and b € "¢(N), rng(b) is independent over A.
Then tpM(@/A) = tpN(b/A).

Proof. Induction on n. For n = 0 the conclusion is clear if (i) holds, since M = N.
The conditions in (ii) also clearly give the conclusion.

Now assume the result for n, and suppose that a € "*1o(M), rng(a) is independent
over A, b € "t1p(N), and rng(b) is independent over A. So by the inductive hypothesis,

(1) tp™ ((@ | n)/A) = tp™ (b | n)/A).

Let ¢ (7) be a formula with parameters from A such that M = ¢ (a). Now a, € (M) N

Y(ag,...,an_1,M) and a, ¢ aclp(AU {ag,...,an_1}), so (M) N(ag,...,an_1, M) is

infinite. Since ¢ is strongly minimal, this set is actually cofinite in ¢(M). So there is an
integer m such that

M = [{v: o) A(ag,...,an_1,v} =m.

Thus the formula x(w) expressing that
[{v: o) A=tp(wo, ..., wp—1,v} =m
is in tpﬁ((a [ n)/A), and hence by (1) we get
N {v @) A=ib(bo,. .., b1, v} = m.

Since b,, & aclp(A U {bo,...,b,_1}), it follows that N |= 1 (b), as desired. ]

If X is an infinite subset of M, then X is an indiscernible set over_ﬁ iff for any formula
»(v) and any two sequences T,y of distinct elements of X we have M = ¢(T) < (7).

Corollary 7.4. Suppose that M, N =T and one of the following conditions holds:

(i) A =1.

(ii) A C My < T, .

Assume that o(v) is strongly minimal over M and has parameters from A, and B
and C are infinite subsets of (M) each independent over A. Then B and C are sets of
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indiscernibles over M, and for any n € w and one-one sequences b € "B and ¢ € "C we

have tp(b/A) = tp(c/A). ]
If Y C D, we say that A C Y is a basis for YV iff A is independent and aclp(A) = aclp(Y).

Lemma 7.5. Assume that D C M is minimal in M.

(i) A union of a chain of independent sets over a set C' C D is again independent
over C. (Hence we can apply Zorn’s lemma in this context.)

(i) For any Y C D, any mazimal independent subset subset of Y is a basis forY.

Proof. (i): Let & be a chain of independent sets over C. Suppose that a €
aclp (CU (U« \{a})). Thus a is algebraic over C'U (| #/\{a}), and so there is a formula
¢(z,¢,b) with ¢ € C and b € |J«7\{a} such that ¢(M,¢,b) is finite and M | ¢(a,C,b).

Then there is an X € o/ such that b € X, so that a € aclp(C U (X\{a})), contradiction.
(ii): Suppose that A is a maximal independent subset of Y. Obviously aclp(A) C
aclp(Y). Suppose that a € aclp(Y)\aclp(A). Let ¢(z,7y) be a formula with € Y such
that o(M,7) is finite and M = ¢(a,7). If each y; € aclp(A), then a € aclp(rg(y)) C
aclp(aclp(A)) = aclp(A), contradiction. So there is an i such that y; ¢ aclp(A). If be A
and b € aclp ({y;}U(A\{b})), then b ¢ aclp(A)\{b}) by independence, and so y; € aclp(A)
by Lemma 7.2, contradiction. Hence A U {y;} is independent, contradiction. O

Lemma 7.6. Let D be strongly minimal over M. Then:
(i) Let A, B C D be independent with A C aclp(B). Then:
(a) Suppose that Ay C A, By C B, AgU By is a basis for aclp(B), and a € A\ Ap.
Then there is a b € By such that Ao U{a} U (Bo\{b}) is a basis for aclp(B).
(b) 1] < |B|.
(ii) If A and B are bases for Y C D, then |A| = |B].

Proof. (i): Assume the hypotheses. (a): Assume the hypotheses. Then a € A C
aclp(B) = aclp(Ag U By), so by Lemma 7.1(iv) there is a finite X C Ay U By such that
a € aclp(X). Let C' C By be of smallest size such that a € aclp(AgUC). Thus C is finite,
and Ag N C = () by the minimality of C. Since A is independent and a ¢ Ay, we have
C #0. Fixbe C. Now a € aclp(Ag U (C\{b}) U {b})\aclp (Ao U (C\{b})), so by Lemma
7.2,b € aclp(AoU(C\{b})U{a}). Hence AgU By C aclp(AgU{a}U(By\{b})), and hence

ach( ) = ach(AO U BO)

C aclp(aclp (Ao U{a} U (Bo\{b})))
(
(B

Ao U{a}t U (Bo\{b}))
)-

= aclp
C aclp
Thus aclp (Ao U {a} U (Bo\{b})) = aclp(B). We claim that X % Ay U {a} U (Bo\{b}) is
independent. For, suppose that x € X and z € aclp(X\{z}).
Case 1. = = a. Thus a € aclp(Ag U (Bo\{b}), hence Ay U {a} U (By\{b}) C
aclp (Ao U(Bo\{b}), hence b € aclp(B) = aclp(AgU{a}U(Bo\{b}) C aclp(AgU(Bo\{b}),
contradicting the fact that AgU By is independent. (Recall that AgNC = ), hence b ¢ Ay.)
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Case 2. x # a. Now X\{z} = {a} U (4o U (Bo\{b}))\{z}) and = ¢ aclp((Ag U
(Bo\{b}))\{x}) by the independence of Ay U By. So by Lemma 2 we get a € aclp(Ay U
(Bo\{b})), i.e., Case 1, contradiction.

(b): Case 1. B is finite; say |B| = n. Suppose that aq,...,a, are distinct elements
of A. We now define distinct elements b; of B for ¢« < n by recursion. Suppose they have
been defined for all j < i, where 0 < i < n —1, so that {a; : j < ¢} U (B\{b; : j < i} is
a basis for aclp(B). Since a; € A\{a; : j < i}, we can apply (a) to obtain b; such that
{aj : 7 <i}U(B\{b; : j < i} is a basis for aclp(B).

It follows that {a; : j < n} is a basis for aclp(B). Hence a,, € aclp({a; : j < n}),
contradicting A independent.

Thus we must have |A| < |B|.

Case 2. B is infinite. By Case 1, |A Nacl(By)| < |By| for each finite subset By of B.
Now

Ac |J (Anad(By),]

BoCB,
Bg finite

so clearly |A| < |B|.
(ii) follows from (i)(b). O

For D strongly minimal, the dimension of D, dim(D), is the cardinality of a basis for D.

Lemma 7.7. If D is strongly minimal and uncountable, then dim(D) = |D].

Proof. Since the language is countable, also acl(B) is countable for every finite subset
Bof D. If X C D and |X| < |D|, then

lacl(X)| < | | ac(B)| < |X|-w<|D| ]

BCX,
B finite

Let @ be a sequence of elements of M and A C M. We say that tpﬁ(a/:l) is isolated if
there is a formula (7) € tp* (a/A) such that for every formula x(v) € tp* (a/A) we have

M = Yo[p(v) — x(0)]-

Lemma 7.8. If AU {b} C M and b is algebraic over A, then tp™ (b/A) is isolated.
Proof. Let @ € A and o(v,a) be such that M = ¢(b,a) and {y € M : M = o(y,a)}

is finite. Let

B={de M : M [ ¢(d,a) and there exist a formula 1 (v,¢) with ¢ € 4
such that M = (b, ¢) and M = —)(d,©)}.

Note that B is finite. For each d € B, choose ¢4 and ¢, as indicated. Let ¢'(v,€) be the
formula

pw,a) A )\ va(v,a).

deB
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Thus M = ¢'(b,€), and so ¢'(v,€) € tpM(b/A). Now suppose that x(v,u) € tpM(b/A),
but there is a d € M such that M = ¢'(d,€) A —x(d,%); we want to get a contradiction.
We have M = ¢(d, @), so it follows that d € B, hence M |= —b4(d, €); but this contradicts
M = ¢'(d,e). O

Lemma 7.9. Suppose that M,N = T, ¢(v) is strongly minimal, and dim(p(M)) =
dim(p(N)). Then there is a bijection f : (M) — @(N) such that for every formula (W)

and everya € (M), M = (@) iff N E ¢ (f oa).
Proof. Assume the hypotheses. Let B be a base for ¢(M), and let C be a base for

@(N). Thus |B| = |C|, and we let h : B — C be a bijection. Let

I={g:g:B — C'is asurjection, BC B’ C o(M),C C C’ C ¢(N) and
Vxva € B'[M [ x(a) < N | x(goa)]}.

Note that every g € I is injective; consider the formula x # y. Now h € I, since for any
x(w) and any @ € B,

M x(@) it x(@) et (@)
iff x(w) e tpﬁ(h oa) by Corollary 7.4
iff N = x(hoa).

Clearly we can apply Zorn’s lemma to I and obtain a maximal member g of it, with

associated sets B’,C’. We claim that dmn(g) = ¢(M) and rng(g) = ¢(N). By symmetry

we prove only that dmn(g) = ¢(M). In fact, suppose that this is not true. Let b €
o(M)\B'. Since acl(B) = p(M), we also have acl(B’) = ¢(M), and so b € acl(B’).
Hence by Lemma 7.8 let ¢ (v,¢) € tpM(b/B’) isolate tp* (b/B’), where ¢ € B’. Now
M = Ja)(z,¢), so from g € I we get N = Jwp(z,g0¢). Say N = 1(d,go¢c). Extend
gtog : B'U{b} — C"U{d} by setting ¢’(b) = d. So ¢’ is a surjection from B’ U {b} to
C" U {d}. Now take any formula y(v,w) and any € € B’. Then

MEx(be = xw@e e’
= M =Yo[(v,e) — x(v,€)
= N EVY[Y(v,g0¢) — x(v,g0¥)
= NEXx(d.goe);
this shows that ¢’ € I, contradiction. O

A theory T' is strongly minimal iff the formula v = v is strongly minimal for each model
M of T.

For each infinite cardinal x, I(7T, k) is the number of nonisomorphic models of T' of
size K.

Theorem 7.10. Suppose that T is strongly minimal.
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(i) If M,N =T, then M = N iff dim(M) = dim(N).

(ii) T is k-categorical for each uncountable cardinal k.

(iii) I(T,w) < w

Proof. (i) is immediate from Lemma 7.9. (ii) follows from (i) by Lemma 7.7. (iii)
follows from (i) since dim(M) < w for any countable model M of T. ]

A set T' of formulas is finitely satisfiable in M iff for every finite subset A of T' there is
an a € “M such that M = ¢[a] for all ¢ € A. For any model M of T, any subset A of
M, and any positive integer n, an n-type over M is a set of formulas with free variables
among v, . .., v,_1 and with parameters from A which is finitely satisfiable over M. It
is a complete n-type iff for any formula ¢ with free variables among vg,...,v,—1 and

parameters from A, either ¢ or - is a member of it. We let SHM(A) be the set of all

complete n-types over A with respect to M. Note that [S}(A)] < gmax(wA) T s k-
stable iff for every M =T, every A C M of size k, and every positive integer n we have

[SA(A)] = .

Lemma 7.11. If T is w-stable and M = T, then there is a minimal formula for M.

Proof. Suppose not. We define formulas ¢ for each f € <“2 by induction on
dmn(f). Let ¢y be the formula v = v. Now suppose that s has been defined so that
@, (M) is infinite. Since ¢ y is not minimal, there is a formula ¢» with parameters such that
©r(M)Ny(M) and (M) A —p(M) are infinite. We let o~ gy be ¢y Atp and @y~ 1y be

of N
Let A be the set of all parameters appearing in any formula ¢f for f € <“2. So A is
countable. For each f € “2 the set

{¢fin 1 n €w}

is finitely satisfiable in M and hence is contained in a complete type ¢ § over M. This gives
2“ complete types over A, contradicting w-stability. ]

Lemma 7.12. If M is w-saturated and ©(0,a@) is a minimal formula in M, then o(7,a)
18 a strongly minimal.
Proof. Suppose not. Let M < N with ¢(™N,b) an infinite and coinfinite subset

of ¢("N,a@), where b € N. Then tp" (b/a@) is a complete type in N, hence it is finitely
satisfiable in NV, so it is finitely satisfiable in M. Thus it 1s a complete type in M over a.

So by the w-saturation of M, it is satisfiable in M, say by b . Thus tp™ (b/a) = tpM (b /a).
Now for any positive integer p,

N = 35p0lp(v,a) A (@, b)),

hence o
35,7[0(,a) A (0, 0)] € tp™ (b/a),

hence o
30000, @) Ay(@,w)] € 1M (B /),
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M | 3,700(5,a) A (5. 5]
It follows that (™M) N ("M) is infinite. Similarly, (" M) N —p("M) is infinite, contra-
diction. OJ

A Vaughtian pair for T is a pair (M, N) of models of T such that there is a formula ¢ ()
such that M < N, M # N, ¢(M) is infinite, and (M) = ¢(N).

Lemma 7.13. Suppose that T does not have any Vaughtian pairs, M = T, and o(v, W)
is a formula with parameters from M, with v of length m and w of length k. Then there
is a natural number n such that for alla € M, if |p(M,a)| > n, then ¢(M,a) is infinite.

Proof. Suppose not. For each n € w let @, € M be such that ¢(M,a,) is finite, but
of size > n.

Adjoin to the language a new one-place relation symbol U. Let I' be the set of formulas
of the following four types:

(D) VZ | N\, Uzi — [ & ¢U]], for each formula ¢ with free variables among T, where

T = (r; : i < p), and ¥V indicates relativization of quantifiers to U.

(2) Jz-Ux.

(3) 3>sTp (v, w) for each s € w.

(4) (@, @) — A\, Uwi.

Now let N be a proper elementary extension of M. For each n € w we have o(M,a,) =

©(N,a,), since p(M,a,) is finite. Each finite subset of I' is satisfiable in the structure

(N, M). Hence by the compactness theorem we get an elementary extension (N/, M) of

(N, M) such that T' is realizable in (N/,M "), say by a. Let M be the structure with

universe M’. Then by (1), N is an elementary extension of M’, and it is a proper

extension by (2). By (3), Lp(N/,E) is infinite, and by (4) we have @(N’,a) C M’, hence

gp(ﬁl,a) = QO(M/,E) by elementarity. Thus (M,,N/) is a Vaughtian pair, contradiction.
L]

Lemma 7.14. If T has no Vaughtian pairs, then for every M =T and every formula o
with parameters from M, if ¢ is minimal for M then it is strongly minimal for M.

Proof. Suppose not. Let ¢ be (), with parameters from M. Then there is an
elementary extension N of M and a formula (7, b) with b € N such that o(N) N (N, b)
and ¢(N) N —(N,b) are infinite. By Lemma 7.13 applied twice, let n € w be such that
for all @ € M,

Ny(M,a)| >n — (M) Ny (M,a) is infinite, and

M M) N —(M,a) is infinite.

Thus by the minimality of ¢,

M [=Vwl|e(M) Ny (M, )] < n V [(M) N —y(M,w)| < nj.



So this also holds in N, and it follows that @(IN) N (N, b) is finite or ¢»(N) N —)(N, b) is
finite, contradiction. 0

Corollary 7.15. If T' is w-stable and has no Vaughtian pairs, then for every M =T there
18 a strongly minimal formula over M. ]

Corollary 7.16. If T has no Vaughtian pairs, M = T, and p(v) is a formula with
parameters from M, and if o(M) is infinite, then no proper elementary submodel of M

contains both (M) and the parameters of ().

Proof. Suppose that N is a proper elementary submodel of M which contains both
(M) and the parameters of p(7). Then for any @ € N, N |= ¢(a) implies that M = ¢(a)
by elementarity. Conversely, if M = (@) with @ € M, then @ € N by assumption,
so N = o(a) by elementarity. Thus ¢(M) = ¢(N). So (M, N) is a Vaughtian pair,
contradiction. O

Lemma 7.17. Suppose that T is w-stable, M = T, A C M, ¢(®) is a formula with
parameters from A, and M = Jvp(v). Then there is ana € M such that (v) € tpM (a/A)
and tp™ (a/A) is isolated.

Proof. Suppose that this does not hold. We construct formulas v; for each f € <*2.

Let ¢y = ¢. Suppose that we have constructed 1 ¢(v), a formula with parameters from A,
so that

(*) M = o4 (), and for alla € M, if o4 (V) € tpM(@/A), then tp™ (a@/A) is not isolated.
This is true for f = () by assumption. We claim

(**) There is a formula x () with parameters from A such that M |= 3o[¢¢ (D) A x(7)] and
I = Joli7(7) A ~x (7).

Suppose not. Take any @ such that M = 1 s(a). Suppose that x(v) € tpM(E/A). Now by
(**) failing we have

M |=Volypy (V) — x(U)] or M |= Vulyhy (V) — —x(0)].
But M = x(@) and M [= 9¢(a), so it follows that M | Vo[t;(v) — x(v)]. This proves
that 1;(v) isolates tp™ (a/A), contradiction. Hence (**) holds. We take such a formula
x(7) and define 1~ (o) to be ¢ (V) A x(D) and 15~ (1y to be (V) A =x(v). This finishes
the construction.

But this clearly gives 2“ types over A, contradicting w-stability. ]

If M, N are structures, A C M, and f: A — N, we say that f is partial elementary iff for
every formula ¢(v) without parameters and every @ € A, M = ¢(a) iff N |= o(f oa).

M is a prime model of T iff M can be elementarily embedded in every model of T.
If M =T and A C M, we say that M is prime over A for T iff for every model N of T,
every partial elementary f: A — N can be extended to an elementary f*: M — N.
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Lemma 7.18. Ifac ™M, be "M, AC M, and tpM (@~ b/A) is isolated, then tp™ (a/A)
15 isolated.

Proof. Let ¢(7,w), a formula with parameters in A, isolate tpM(aAZ_)/A). We claim
that Jwp(v,w) isolates tpM(E/A). First, M = ¢(@,b), so M | Jwp(a,w). Second,
suppose that M = x(a), where y has parameters in A. Then x(v) € tpﬁ(a“l_)/A), SO
M = Vovw|p(v,w) — x(T)]. Hence M = Vo[Twp(T, W) — x(T] by elementary logic. O

Lemma 7.19. Suppose that A C B C M, and M = T. Suppose that every b beB

realizes an isolated type over A, and suppose that tp™ (a/B) is isolated. Then tp™ (a/A)
15 isolated.

Proof. Suppose that o(7,b) isolates tpM(a/B), where b € B are the parameters

By hypothesis, let 0(w) isolate tp™ (b/A). We claim that ¢(v,w) A 6(w) isolates
(@ b/A). For, M 1 = »(a, b) and M |= 0(b), so M = ¢(a,b) A 0(b). Now suppose that
M = x(a,b). Hence M = Yo[p(v,b) — x(v,b). Hence the formula

of .
pM

Vo [p(T, 5) — x(7, 5)

is in tp™ (b/A), and it follows that

M = Vwl[f(w) — Yo[e(v,b) — x(T,b)].
Hence by elementary logic,
M = Vaovo[d(wm) A ¢(T,b) — x(T,b)].

So we have shown that ¢ (v, w) A0(w) isolates tpM(aAZ_)/A). Now by Lemma 7.18 it follows
that tp™ (@/A) is isolated. ]

Theorem 7.20. Let T' be w-stable. Suppose that M =T and A C M. Then there is an
Mo = M which is prime over A for T, and is such that every element of My realizes an
isolated type over A with respect to M.

Proof. We define a sequence (A, : o < ) by recursion, where ¢ is also defined in
the construction. Let Ag = A. If a is a limit ordinal and A has been defined for all
B < «, then we let A, = B<a Agp. Now suppose that A, has been defined. If no element
of M\ A, realizes an isolated type over A, (in particular, if M = A,), we stop and let
d = a. Otherwise we pick an element a, € M\ A, realizing an isolated type over A, and
let Aa+1 = Aa U {aa}.

(1) As is closed under the fundamental functions of M.

In fact, suppose that F is an m-ary function symbol and @ € ™ As. Now tpM ( (a) /As)
is isolated over As. For, suppose that ¢(v) € tp™ (FM(a@)/As). Thus M = o(FM(a)), and
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SO_M = Vo[FM (@) = v — (v)], so that FM (@) = v isolates FM (@)/As. Tt follows that
FM(E) € As.
Let M, be the substructure of M with universe As.

(2) My < M.

We apply Tarski’s lemma. Suppose that ¢(v,a) is a formula with parameters @ € As,
and M = Jvp(v,a). By Lemma 7.17, choose b € M such that ¢(v,a) € tp™(b/a) and
tpM (b/a) is isolated. By construction we have b € Az, as desired.

Now suppose that N = T and f : A — N is partial elementary. We now define
fo € --- C fs5 by recursion so that f, : A, — N is partial elementary. Let fo = f.
If a < ¢ is a limit ordinal and f3 has been defined for all 8 < a, let f, = U6<a [
Clearly f, is partial elementary. Now suppose that f, has been defined, where o < 9,
with f, : Ao — N partial elementary. Then by construction, A, = Ay U {a}, where
ao € M\A, and tpM (a,/A,) is isolated. Let (v, b) be a formula with parameters b € A,
which isolates tp™ (aq /A4). Thus the following conditions hold:

(3) M = ¢(aa; b)-

(4) For every formula x(v,¢) with parameters ¢ € A,, if M | x(aq,¢) then M |=
Volp(v,b) = x(v, ).

Now by (3) we have M = Jvp(v, b), so by the assumption that f, is partial elementary we
have N |= Jup(v, fo0b). Choose d € N so that N |= ¢o(d, fo0b). Let for1 = faU{(aa,d)}.
To show that f,1 is partial elementary, suppose that x(v,¢) is a formula with parameters
¢ € A,, and M = x(aq,€). So by (4) we have M = Yv[p(v,b) — x(v,¢)], hence N |=
Volp(v, f 0 B) = X(v, fa 0 7). Now N = @(d, fa 08), 50 N = x(d, fa 07). Hence fatr is
partial elementary.

This finishes the construction of the f,’s. In particular, f5 is an elementary mapping
of My into N, as desired.

It remains to show that every element of M, realizes an isolated type over A with
respect to M. We prove by induction on a that every element of A, realizes an isolated
type over A with respect to M, for each o < 6. This is true for & = 0, since any element
a € A is isolated over A by the formula v = a. The inductive step to a limit ordinal « is
obvious. Now suppose that b € A,+1. Then b is isolated over A, by construction, so b is
isolated over A by the inductive hypothesis and Lemma 7.19.

Clearly being isolated over A with respect to M implies isolated over A with respect
to M 0- O

Corollary 7.21. If T is w-stable, then it has a prime model.
Proof. Take A = () in Theorem 7.20. O

Corollary 7.22. If T' is w-stable and has no Vaughtian pairs, and if go(@_is a formula

with parameters in M such that (M) is infinite, then M is prime over o(M).
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_ Proof. By Theorem 7.20 there is an N =< M which is prime over p(M). Since
o(M) C N, we have p(N) = ¢(M). Since T has no Vaughtian pairs, it follows that

N =M. U

Theorem 7.23. If T is w-stable and has no Vaughtian pairs, then T is k-categorical for
every uncountable cardinal k.

Proof. Assume the hypotheses, with x uncountable. Suppose that_ﬁ N
|M| = |N| = k. Let M be a prime model of T' by Corollary 7.21. Wlog M, <
Corollary 7.15 let ¢(v) be strongly minimal over M.

(1) [o(M)| = |o(N)| = &.

For, suppose that |p(M)| < k. By the downward Lowenheim-Skolem theorem, let P be
an elementary substructure of M containing both ¢(M) and the parameters of ¢, with
|P| < k. This contradicts Corollary 7.16. Hence |o(M)| = k. By symmetry, |o(N)| = &.
By Lemma 7.7, dim(¢(M)) = dim(p(N)), an hence there is a bijection f : (M) —
©(N) which is a partial elementary embedding of (M) into N, by Lemma 7.9. By
Corollary 7.22, M is prime over ¢(M), and hence f can be extended to an elementary
embedding of M into N. By Corollary 7.16, f maps onto N. L

= 7 with
M,N. By

We now give some results of a general nature before turning to the converse of Theorem
7.23. We will use Ramsey’s theorem from set theory, and we begin with a proof of it.

Ramsey’s Theorem. Suppose that M is an infinite set, n and r are positive integers,
and f: [M]" — r. (r is considered as equal to {0,...,7 —1}.) Then there exist an i < r
and an infinite N C M such that f(a) =i for all a € [N]™.

Proof. We may assume that M = w. We proceed by induction on n. First suppose
that n = 1. Thus f : [w]' — 7, s0 w = U, {j € w: f({j}) = i}. It follows that there is

an i € r such that N & {j €ew: f({j}) =i} is infinite, as desired.
Now assume that the theorem holds for n > 1, and suppose that f : [w]*™t — r. For
each m € w define ¢y, : [w\{m}|" — r by:

gm(X) = fF(X U{m}).

Then by the inductive hypothesis, for each m € w and each infinite S C w there is an
infinite H C S\{m} such that g,, is constant on [H3]". We now construct by recursion
two sequences (S; : i € w) and (m; : ¢ € w). Each m; will be in w, and we will have
So 251 D---. Let Sp = w and mg = 0. Suppose that S; and m; have been defined, with
S; an infinite subset of w. We define

Si+1 = H;%Z and

m;41 = the least element of S;;; greater than m,.

Clearly S 2 51 2 --- and mg < m; < ---. Moreover, m; € S; for all i € w.

(1) For each i € w, the function g,,, is constant on [{m, : j > i}|".
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In fact, {m; : 7 > i} C S;41 by the above, and so (1) is clear by the definition.
Let p; < r be the constant value of g,,, [ [{m; : j > i}]|", for each i € w. Hence

w:U{iGw:pi:j};

J<r

so there is a j < r such that K e {i € w:p; =7} is infinite. Let L = {m; : 1 € K}. We
claim that f[[L]"*] C {j}, completing the inductive proof. For, take any X € [L]"*!; say
X ={m;,,...,m;, } with ig <--- <'i,. Then

f(X):gmio({miw"'amin}):pio :j ]

Now we return to model theory. Let (I, <) be a linear order, M a structure, and {(a; :
i € I) a system of distinct elements of M. We say that (a; : ¢ € I) is a system of
order indiscernibles for M iff for every formula (w1, ..., w,,) with free variables among
the distinct variables w1, ..., w,, and all sequences 1; < -+ < 7, and 71 < -+ < J,, of
elements of I we have

M )Z @(ail,...,&im) — gO(Cljl,...,Cij).

Theorem 7.24. Let T be a theory with infinite models, and let (I, <p) be an infinite linear
order. Then T has a model with a system (a; : i € I) of order indiscernibles.

Proof. We will work with the standard sequence vy, v, ... of variables; all variables
are assumed to be among these. Adjoin to the language a system (c¢; : i € I) of distinct
new individual constants. Let I be the union of the following set of sentences:

(1) T;
(2) ¢; # c; for i # j.

(3) wlciys.--rci,) < wl(cjy,...,cj,) for every formula o(vy,...,v,) with free variables
exactly the variables vq,...,v, and all sequences iy <y --- <y iy and j; <y --- <y jp of
elements of I.

We claim that every finite subset of I' has a model. So, suppose that A C I' is finite. Let
Iy be the set of all ¢ € I such that ¢; occurs in one of the formulas in A. Let ¢1,...,om
be all of the formulas occuring in the third part of A as above, and for each k € [1,m] let
pr be the “p” involved. Let n = max{p; : 1 <k < n}. Let M be an infinite model of T,
and fix any linear order <p; of M. We now define F' : [M]|" — Z(m) as follows. Given
A e [M]™ with A ={ay,...,a,}, a1 <pr -+ <pr ap, let

F(A)={k: M | pilar, ..., an]}.

By Ramsey’s theorem let X € [M]“ and n € & (m) be such that F/(A) =nfor all A € [X]|".
Let Io = {s0,.--,Sm—1} with so <j -+ <y Sm—_1. Let 29 <ps - <pr Tmin_1 be elements
of X. Define a,, = xj, for all k < m. Thus for any ¢,j € Iy we have ¢ <; j iff a; <ur a;.
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Now (M, a;)ic1, is a model of A. In fact, this is clear for the first two kinds of sentences
above. Now take one of the third sort:

0r(Ciyye ey Cipk) e (T ijk) where ¢ (v1,...,vp,) is a formula with free variables
exactly the variables vy, ..., v,, and with sequences i1 <y --- <r iy, and j1 <7 --- <y jp, of
elements of Iy. Using the additional n elements of X mentioned above, extend a;,, ..., iy,

to a sequence b € "X strictly increasing in the sense of <7, and extend Ajyye-ns
sequence ¢ € "X strictly increasing in the sense of <;;. Then

to a
Pk

(Ma ai)iGIo ): on(ciw ] Cipk) iff M ): on[g]

iff ke F(rng(b))

iff ken
iff k€ F(rng(c))
iff M = ple]

iff (M, ai)ier, = @r(ci,- - ¢5,)-

This finishes the proof that (M, a;)ies, is a model of A.

Hence by the compactness theorem, let (N, d;);c; be a model of I'. We claim that N
is as desired. For, suppose that ¢(w) is a formula with every free variable occurring in the
sequence w of distinct variables, W = (wy, ..., wy), and iy <y --- <y iq, j1 <1 --- <1 jq. Let
the variables actually occurring free in ¢ be w1y, . . ., Wy, with 1 < s(1) <--- < s(r) < q.
Let ¢’ be obtained from ¢ by replacing wgy, ..., ws) by v1,...,v, respectively, after
changing bound variables to avoid clashes. Then ¢’ is a formula with exactly the free
variables vy, ..., v,. Moreover, iy 1) <y -+ <p isr) and jsu) <1 -+ <1 Js(r). Hence

(N, di)ie[ ): QOI(CZ'S(U gos ey Cis(r)) — gol(CjSu), ey st(r)).

It follows that

N ): Spl(diS(l)? SRR dis(r)) A Sol(djsu)’ SRR djs('r));
NE Sp(diS(l)? R dis(r)) A Qp(djs(l)ﬂ R djs('r));
NF@(dilw"vdiq)ng(djlv"‘7djq)‘ O

A theory T in a language £ has built-in Skolem functions iff for every positive integer n,
every system v, wy, . .., w, of distinct variables, and every formula ¢(v, w, ..., w,) without
parameters whose free variables are among v, wy, . . ., w,, there is an m-ary function symbol
f such that

T = Vu[Fvp(v, w) — o(f (W), w)].

Theorem 7.25. Let T be a theory in a language .£. Then there exist a language L* O L
and a theory T* O T in £* such that:

(i) T* has built-in Skolem functions.

(i) Each model of T can be expanded to a model of T*.
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(iii) |.L%] = |.Z| + w.

Proof. Fix ¢ € M We define %, %, ... and Ty, Ty, ... by recursion. Let .4y = %
and Ty = T. Having defined ., and T,,,, for each formula ¢(v, wy, ..., wy) as in the above
definition, introduce an n-ary function symbol f,, and add the following sentence to T5,:

Yw(Jvp(v, @) — ¢(f, (W), w)].

This finishes the construction. Let £* = J,,c, Zm and T* = {J,,c,, Tm- The desired
conditions are easy to check. ]

Theorem 7.26. Let £ be countable and let T' be an £ -theory with an infinite model.
Suppose that r is an infinite cardinal. Then there is a model M of T' of size k such that
for every A C M and every positive integer n, M realizes at most |A| + w n-types over A.

Proof. By Theorem 7.24, let N be a model of T' with a system (a,, : & < k) of order
indiscernibles with respect to (k,<). Let I = {as : @ < k}. Let Z* and T™* be as in
Theorem 7.25. Let M be the closure under all of the functions of N of I. Then M is the
universe of some substructure M of N . Let M be the reduct of M to the language .Z.
So M =T, and |[M| = k. Suppose that A C M. For each b € M we can write b = t;(x3),
where t;, is a term and z is a strictly increasing sequence (zy(0), . .., xp(mp—1)) of elements
of I. Let X ={y €I:y=xy(u) for some b € A and u < mp}. Now for any ¢ € "M we
define (with ¢ = (c(i) : i < n))

Lo = (Te) 1 < my;
Ne = {(i,j,u,v) 11 < j <n,u < meg),v < M)}
0 if xc(z)(u) < xc(j)(v),
for (i,j,u,v) € N, Feo(i,j,u,v) =< 1 if 2.y (u) = 205 (v),
2 i we(u) > @e(j) (v);
P.={(,u,y): i <n,u<m;y€ X}

0 if xc(z’) (u) =Y,
for (i7u7y) € F, Gc(iv u, y) =1 if Le(i) (u) <Y,
2 if o (u) > s

T(C) = <Lca Fe, Gc>~

Now we claim that if ¢,d € "M and T'(¢) = T(d), then tpM(C/A) = tpﬁ(d/A). For,
assume that T'(c) = T(d), and let (7, a) be given, with a € 'A. Let

Ye ={zcey(w) 10 <nyu <mi} U{zqe)(u) i < liu<mgl
Yo ={zau)(u) 11 <n,u <mi}U{zge(u) i <lu<mg}).

Clearly |Y,| = |Yy|. Let (26 :4 <€) and (2@ : i < e) enumerate Y, and Y, respectively, in
the order <;. Let (w; : i < e) be a sequence of new variables. Say .. (u) = Zhoiw) 20d
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Ta(i)(U) = 2j(; - Then by T(c) = T(d) we have zq(;(u) = zg(i wy and zaa)(u) = zld(i )
Let ¢’ be the formula

90(<tc(i)(wk(i,0)a S wk(i,mi—l)) ti < m), <ta(i)(wl(i,0)7 cee wl(i,mi—l)) v < 1)).

Then

M E ¢(c,a) iff M E ¢'(29)
iff M = (2
iff M | p(d,a).

This proves our claim. Now clearly there are at most |A| + w choices for T'(¢), so the
conclusion of the theorem follows. O

Now we again make the standing assumption that T is a complete theory in a countable
language with only infinite models.

Theorem 7.27. If T is k-categorical for some uncountable r, then T is w-stable.

Proof. Suppose that 7" is not w-stable. Then there is a model M of T, a countable
subset A of M, and a positive integer n, such that |SM(A)| > w. Let M be a countable

elementary submodel of M containing A. Then M = T and |SM /(A)\ > w. Hence M
has an elementary extension N of size x which realises uncountably many n-types over
A. By Theorem 7.26 there is a model N; of T such that for every countable B C N, N,
realizes only countably many n types over B. Hence N and N are not isomorphic. ]

If M is an infinite structure and & is an infinite cardinal, we say that M is k-homogeneous
iff for every A € [M]<", every partial elementary map f : A — M, and every a € M,
there is a partial elementary map f* : AU {a} — M which extends f. We say that M is
homogeneous iff it is | M|-homogeneous.

Lemma 7.28. Suppose that M and N are £ structures, n is a positive integer, a € "M,
and b € "N. Then the following conditions are equivalent:

(i) tp™(a) = tp™ (b).

(i) There is a partial elementary map f : rmg(a) — N such that b= f oa.

Proof. (i)=(ii): Assume (i). Define f(a;) = b; for all i <n. f is well defined, since
a; = a; implies that v; = v; € tpM(a) = tp™(b), hence b; = b;. Clearly f is partial
elementary.

(ii)=(i): clear. O

Lemma 7.29. Suppose that  is an infinite cardinal, M is k-homogeneous, n is a positive
integer, a,b € "M, tp™(a) = tpM(b), and ¢ € M. Then there is a d € M such that

tpM (@™ (c)) = tp™ (b7 (d)).

Proof. This is immediate from Lemma 7.28. [l
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Lemma 7.30. The following are equivalent:

(i) M is w-homogeneous.

(ii) For every positive integer n, all a,b € "M, and all c € M, if tp™ (@) = tp™M (b),
then there is a d € M such that tpM (@™ {(c)) = tpM (b“(d})

Proof. (i)=(ii): Assume (i) and the hypothesis of (ii). So by Lemma 7.28 there
is an elementary map f : rng(a) — M such that b = foa. By (i), extend f to an
elementary map f* : rng(a) U {c} — M. Let d = f(¢). Then by Lemma 7.28 again,
tp™ (@™ (c)) = tp (b (d)).

(ii)=(i): Assume (ii) and suppose that f : A — M is partial elementary, where A
is a finite subset of M, and suppose that ¢ € M. Say rng(a) = A. By Lemma 7.28
we have tp™(a) = tpM(f o@). Hence by (ii) choose d € M such that tp™ (@~ (c)) =

M((fom)™(d)). By Lemma 28 we get a partial elementary map g such that (foa)™(d)
go(a(c)). Thus g extends f and g(c) = d, as desired.

Ol

Theorem 7.31. If M and N are countable homogeneous models of T and for each positive
integer n they realize the same n-types, then they are isomorphic.

Proof. Let ag,aq,... enumerate M and bg, by, ... enumerate N. We now define by
recursion partial elementary maps fo, f1,... from subsets of M into N. Let f = 0; so it is
partial elementary into N because T is complete. Now suppose that a partial elementary
map fs has been defined from a finite subset of M into N. Let @ be a sequence enumerating
the domain of f.

Case 1. s is even, say s = 2i. By hypothesis, let d,e € N such that tp M (e <a2>) =
). Hence tp™(¢) = tpV (d) Also, by Lemma 7.28, tpM ( ) = tpN(fs 0 0).

™ (d™(e)
tpi(d) =tp (fs o¢). Since N is homogeneous, by Lemma 7.29 there is a u € N such that
pN(d™(e)) = tp" ((fs 0T) o (u)). Let for1 = fs U{(as,u)}. Then

tpM (@ (a;)) = tpN (d™(e)) = tp™ ((fs 0 ©)o)u)) = tp™ (for1 0 (€ (ai))),

so by Lemma 7.28 fs1, is partial elementary.

Case 2. s is odd, say s = 2i + 1. This is treated similarly. Choose d,e € M such
that tp™ (d~ (e)) = tp™ ((f 0 €)™ (b;)). Hence tp™(d) = tp™ (f o). Also, by Lemma 7.28
tp )( ¢) = tpN(f o). So tpﬁ( ) = tpM (d) Since M is homogeneous, by Lemma 7.27

there is a u € M such that tp™ (¢ (u)) = tp™(d™(e)). Now if there is an i such that

¢; = u, then d; = e, hence f(c;) =b;. Hence fUH & fs U{(u,b;)} is a function. Also,

tpM (@ (u)) = tp™ (4™ (e)) = tp™ ((f 0 ) (b)) = tp™ (fuy1 © (€ (u)),

so by Lemma 7.28 fs1, is partial elementary.
Clearly (J,¢,, fs is as desired. O

We consider an expansion Ly of our language L obtained by adjoining a one-place relation
symbol U. For each formula ¢(vg, ..., v,_1) of £ we associate a formula ¢V (vg, ..., v, 1)
of £y, as follows:
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If ¢ is atomic, then ¢V is Uvg A ... AUv,_1 A .
(—p)V = Y.

(A )7 =9Y AXY.

(Fuwp)V = Jw[Uw A pY].

Proposition 7.32. If M is a substructure of N, o(vg,...,vn_1) is a formula of £, and
a € "M, then M [= ¢(a) iff (N,U) = ¢Y(a).

Proof. An easy induction on ¢. O

Theorem 7.33. If there is a Vaughtian pair (M, N), then there is one in which N is
countable.

Proof. Let ¢ be a formula such that (M) is infinite and (M) = ¢(N). Let @ be
the parameters from M occurring in ¢. We consider the structure (N, M) in the language
ZLy. Let (Ng, Mp) be a countable elementary substructure of (N, M) such that @ € M.
Among the sentences holding in (N, M) are those asserting that M is closed under the
fundamental function of N. Hence M, is closed under the fundamental functions of Ny,
and hence M, is the universe of a substructure My of Ny. For any formula (b) with
b € My we have, using Proposition 7.32,

Mo = ¢(b) iff  (No,Mo) =4 (b)
(N

iff M) = ¢ (D)
iff M = 1p(b)
iff N = (b

iff  No = v(b).

Thus MO_ =< NO_. Moreover, the sentence Jxz—Uz holds in (N, M), hence also in (N, M),
so that Mo # No. o B
Clearly ¢ (M) is infinite and (M) = ¢(Ny). O

Lemma 7.34. Suppose that M < N and in the language £y we have (N, M) = (N/, M").
Then M’ is the universe of a structure M/, and M < M < N.

Proof. Clearly M C M’, and M’ is closed under the fundamental functions of N/, and
hence is the universe of a structure M . If @ is a formula and @ € M, then by Proposition
7.32,

MEy@ iff (NM)EeU@ iff (N, M)Ee@ iff M @)

Thus M < M.
Next we claim that

(1) (N, M) | Yo[Uto A .. A Uv_1 — ((5) < U (@)
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In fact, suppose that @ € M is given. Then

(N,M) =@ iff NEe@ iff MEg@ iff (N,M)E (@)
This proves (1). Hence we also get
(2) (N', M') = volUvg A ... AUvn_1 — (0(T) < oV (D))].
Now let b € M’. Then using (2),

M =o®) iff (N,M)EOB) iff (N,M)Eeb) iff N =eb). O

Lemma 7.35. Suppose that M < N, N countable, @€ M, b€ N. B

Then there exist countable M', N' and ¢ such that (N, M) < (N/, M') and tpN (b/a) =
tp™ (¢/a).

Proof. Say b is of length n. In . let I'() be the following set of formulas:
Eldiag(N, M) B ~
{/\i<n UUZ' A @U(Ev a) : N )Z @(b,a)}
If @o,...,¢om—1 are such that N |= ¢;(b,a@) for all i < m, then N = T\, _,, ¢i(0,a),
hence M |= 30 A\, _,, ¢i(v, @), hence by Proposition 7.32,

(N, M) |= 3o (/\ Uvi A\ ﬁ(a,a)) :

1<n <m

This shows that every finite subset of I'(7) is satisfiable. Hence there exist a countable
(N,,M’) and ¢ € M’ such that (N, M) < (N/,M’) and (N,,M’) = ¢Y(¢,@) whenever
N = ¢(b,a). If N |= ¢(b,a), then M = (T, a). O

Corollary 7.36. Suppose thciﬂ < N and N is countable. Then there exist countable
M ;N such that (N, M) < (N _, M), and for every @ € M and every b € N there is a

*

¢ € M* such that tp" (b/a) = tp™ (¢/a).
Proof. Iterate Lemma 7.35. O

Lemma 7.37. Suppose that M < N, N is countable, @,b,c € N, tpﬁ(ﬁ) = tpﬁ(g).
Then there exist countable M, N and d such that (N,M) = (N*,M*), d € N* and
™ @ (c)) = tp" (@ (d)).

Proof. Apply the compactness theorem to the set
Eldi_ag(N,_M )
{o(b,u) : N E p(a,c)} (u a new constant) ]
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Corollary 7.38. Suppose that M < N and N is countable. Then there exist countable
M",N" and d such that (N, M) = (N*, M*), and Jor all @, b,c € N, if tpN(a) = tp™ (b),

—~

then there is a d € N* such that tp" (@ (c)) = tplV (b (d)).
Proof. Iterate Lemma 7.37. U

Lemma 7.37a. Suppose that M < N, N is countable, @,b,c € M, tpﬁ(a) = tpﬁ(l_)).
Then there exist countable M, N and d such that (N,M) < (N*,M*), d € M* and
™ @ (c)) = ™ (0 (d))-

Proof. Apply the compactness theorem to the set

Eldiag(N, M)
{Uu A @Y(b,u): M = p(a,c)} (uanew constant) ]

Corollary 7.38a. Suppose that M < N and N is countable. Then there exist countable
M",N" and d such that (N, M) = (_N*,M*), and for all a,b,c € M, if tpM (@) = tp~ (b),
then there is a d € M* such that tp™ (@~ (c)) = tp™ (b (d)).

Proof. Iterate Lemma 7.37a. [l

Lemma 7.39. Suppose that M < N (so M # N ), and N is countable. Then there erist

countable M ,N' such that (N, M) =< (N/,M’), N’ and M are homogeneous and they
realize the same n-types for all positive integers n. Moreover, they are isomorphic.

__ Proof. We define an elementary chain ((P;,Q;) : i € W) by recursion. Let Py =
N and Qo = M. Suppose that (P3;,Q3;) has been defined. Apply Corollary 7.36 to
get an elementary extension (Ps;i1,®3;+1) of (Ps;,@3;) such that every type realized
in P3; is realized in (J3;,,. Note that these types are realized in P3;;1. Next, apply
Corollary 7.38a to obtain an elementary extension (Ps;42,@3i+2) of (Ps3i+1,@3i+1) such
that for all @,b,c € Q3;41, if tp§3i+1(6) = tp63i+1(b), then there is a d € Q3,12 such that
tp§3i+1(6“ (c)) = tp§3i+2(b“ (d)). Finally, apply Corollary 7.38 to obtain an elementary
extension (?3i+37 Q3i+3) of (?&JFQ,Q&JFQ) such that for all 6, b, Cc € P3i+2, tpﬁBi"'Q (6) =
tpPaite (b) implies that tpPaits (@ (c)) = tpPaits (b—(d)) for some d € Ps; 3.

This finishes the construction. Let N = Useo Pi and M’ = J,.,, Qi The desired
conclusion is clear, using Theorem 7.31 for the last statement. ]

Suppose that w < A < k. We say that T' has a (k, A)-model iff there exist an M = T and
a formula () such that |M| = k and |p(M)| = A.

Lemma 7.40. If w < A < k and T has a (k, \)-model, then T has a Vaughtian pair.

Proof. Let N be a (k,\)-model, with associated formula ¢(v). By the downward
Lowenheim-Skolem theorem, let M be an elementary substructure of N of size A such that
©(N) C M. Clearly then ¢(N) = ¢(M), so that (M, N) is a Vaughtian pair. O
Theorem 7.41. If T has a Vaughtian pair, then T has an (Nq,Rg)-model.
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__ Proof. Assume that 7" has a Vaughtian pair. By Lemma 7.33 we may assume that
(M, N) is a Vaughtian pair with N countable. Say ¢(M) = () is infinite. Also,
M # N. By Lemma 7.39 there are countable M , N’ such that (N, M) < (N/, M, N

and M are homogeneous, the realize the same n-types for every positive integer n, and
they are isomorphic. Still M’ # N’. Now (N, M) = Vo[p(D) < A,.,, Uvi A oY ()], so also
(N/, M') =Volp((®) < A, Uvi A @Y (0)], and this implies that gp(M/) = go(N/).

We now define by recursion a sequence (P, : @ < w;) of models. Let Py = N'. Now
suppose that P, has been defined so that P, = N'. Then also P, = M/, so P, has an
elementary extension P,y such that (N/,M ") =2 (Pqy1, Py). To see this, let g be an
isomorphism from P, onto H/, and let @ be a set such that Q N (N'\M')=Q NP, =10
and |Q| = |[N'\M'. Let P,y; = P, UQ, and let f : P,11 — N’ be a bijection such that
f | P, = g while f [ @ is a bijection from @ onto N'\M’. We can make P, into a
structure so that f is an isomorphism from P41 onto N'. Then P, is an elementary
substructure of P, 1, since for a € ¥ P, we have

Pofgla iff I Eelgoa iff N Eelgoa iff Py elal.
For « limit, let P, = |J B<a Pp. Since then P, is the union of models isomorphic to N,,

it is clearly homogeneous and realizes the same types as N'. Hence it is isomorphic to N
This finishes the construction. B .
Let Pu, = Uycw, Pa- Then |P,, | = w;. Now by induction we have p(P,) = ¢(M )

for all o < wy. Hence |¢(Py,)| = w.

Lemma 7.42. Suppose that T is w-stable, M = T, and |M| > Y. Then M has a
proper elementary extension N such that for every finite sequence W of variables and every
['(w) of formulas with free variables among W and with parameters from M and with T'(w)
countable, if T'(w) is realized in N, then it is also realized in M.

Proof. First we claim

(1) There is a formula ¢(v) with parameters from M such that |@(M)| > Ry, and for every
formula v (v) with parameters from M, either [@(M) Ny (M)| < Ry or [o(M)N=(M)| <
N;p.

Suppose not. Then it is easy to define formulas ¢y for f € <“2 such that the following
conditions hold for each f:

(2) @y is the formula v = v.
(3) lps (M)] = Ry

(4) o5~y (M) N py~qy (M) = 0.
This gives 2¢ types over M, contradicting the w-stability of 7. So (1) holds.
Choose ¢(v) as in (1), and let
p = {Y(v) : ¥(v) is a formula with parameters from M,

and (M) N(M)] = Ry }.
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Note that (M) Ny(M) is a co-countable subset of (M), and an intersection of countably
many co-countable subset of a set is still co-countable. Hence

(5) p is finitely satisfiable.

From (1) it also follows that p is a complete type.

Let M be a proper elementary extension of M containing an element ¢ which realizes
p, and choose d € M'\M. Now we apply Theorem 20 to get an elementary substructure
N of M which is prime over M U {c,d} for T and is such that every finite sequence of
elements of N realizes an isolated type over M U {c,d}. Thus M U {¢,d} C N, so clearly
M < N. Now suppose that I'(w) is a set of formulas with free variables among w, with
parameters from M and I'(w) is countable, and such that it is realized in N, say by b. Let

6(w,v) be a formula which isolates tp (b/M U {c}).
(6) Jwh(w,v) € p.

In fact, otherwise =Jwé(w, v) € p, hence M = —Jwl(w, c), hence N |= —3wh(w, c). This
contradicts N = (b, c).

(7) Yw[f(w,v) — v(w)] € p for every v(w) € I'(w).

For, otherwise Jw[f(w,v) A —y(w] € p, hence M = Jw[0(w,c) A —y(w], hence N =

Jw(0(w, ¢) A —y(w], contradicting N |= (b, c) A y(b).
Now let

A = {Fwb(w,v)} U{Vwld(w,v) — v(w)] : v(w) € I'(w)}.

If §(v) € A, then 6(v) € p, and so |p(M)\§(M)| < R;. It follows that Nsw)ea S(M) # 0,

i.e. there is a ¢ € M such that M |= d(c) for every 6(v) € T'(v). In particular, M |=
Jwo(w, c’), so we can choose b € M such that M |= 6(',c). Now for each v(w) € I'(w)
the formula Yw[f(w, v) — v(w)] is in A, so it follows that M = ~(b'). ]

Theorem 7.43. Suppose that T is w-stable and has an (N1,Rg)-model. Then for any
k> Wy it has a (k,Rg)-model.

Proof. Let M |= T with |[M| = Xy, and let (7) be a formula with |p(M)| = Ag. We
now construct an elementary chain (N, : a < k) by recursion. Let Ng = M. Now suppose
that N, has been defined so that (M) = p(N,). We apply Lemma 7.42 to obtain a
proper elementary extension N,i; of N, such that if G(w) is a countable type over M
realized in N1, then it is realized in N,. Let

Lo(v) ={p@}U{v#a:a€ M and M = o(a)}

Thus I'y, is a countable type over M, but it is not realized in N,. Hence it is not realized
in No1. It follows that o(Nqi1) = o(M).

For « limit we let N, = Us<a Ng. Clearly still p(N,) = ¢(M).

Finally, |J._, Ng is as desired. ]

a<k
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Theorem 7.44. If M_is an infinite structure and k is a cardinal > |M|, then M has an
elementary extension N of cardinality k such that for every formula () with parameters
from N, if o(N) is infinite then |p(N)| = k.

Proof. For each formula ¢(7) adjoin x many tuples of new constants of the length

of v, and apply the compactness theorem to the set consisting of Eldiag(M) together with

sentences saying, for each ¢(v) such that (M) is infinite, that the x many tuples for this
formula are all distinct and statisfy . O

Theorem 7.45. Suppose that k is uncountable and T is k-categorical. Then T has no
Vaughtian pairs.

Proof. Assume the hypothesis. By Theorem 7.27, T  is w-stable. Suppose that there
is a Vaughtian pair. Then by Theorem 7.41 T has an (N1, Rg)-model, and then by Theorem
7.43 it has a (k,Ng)-model M. So |M| = k and |p(M)| = Ry for some formula (7). By
Theorem 7.44, there is a model N of T' in which |p(N)| = |N| = k. This contradicts
k-categoricity.

Theorem 7.46. (Baldwin, Lachlan) Let k be uncountable. Then the following conditions
are equivalent:

(i) T is k-categorical

(i) T is w-stable and has no Vaughtian pairs.

Proof. (i)=(ii): Theorems 7.27 and 7.45.

(ii)=(i): Theorem 7.23. O
Theorem 7.47. (Morley) T is k categorical for some uncountable r iff it is k-categorical
for every uncountable k. ]

EXERCISES

Exc. 7.1. Let M be a field, A a subfield, and a € M. Suppose that a is algebraic over A
in the usual sense of field theory. Show that a is algebraic over A in the model-theoretic
sense.

Exc. 7.2. Let M = (w, <). Show that every element of w is algebraic over ().
Exc. 7.3. Let A = ([w]?, R), where

R=1{(a,b):a,b€ [w]? a#bandanb#0}.

(i) Show that {a € [w]?: (a,{0,1}) € R} is neither finite nor cofinite.
(i) Infer from (i) that [w]? is not minimal.

(iii) If f is a permutation of w, define f+ : [w]? — [w]? by setting f*(a) = fla] for
any a € [w]?. Show that fT is an automorphism of A.

(iv) Let X = {a € [w]?:0 € aand an{1,2} = 0}. Show that X is definable in A
with parameters.

(v) Show that X is minimal.
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Exc. 7.4. Let V be an infinite vector space over a finite field F'. We consider V as a
structure (V,+, fo)acr, where f,(v) = av for any v € V and a € F. Show that V is
minimal.

Exc. 7.5. (continuing exc. 7.4) Prove that for any subset A of V, acl(A) = span(A).

Exc. 7.6. (continuing excs. 7.4, 7.5) By exercise 7.4 and Lemma 7.2, the following holds
in V: if a € span(A U {b})\span(A), then b € span(A U {a}). Prove this statement using
ordinary linear algebra.

Exc. 7.7. Give an example of a set I' of sentences and two sentences ¢ and v, such that

I'Epiff T' =4, but T' & (¢ < ).

Exc. 7.8. Show that for I" a set of sentences and for sentences p, v, if I' = ¢ < 1 then
I'Epiff T E .
Exc. 7.9. Prove that the following two conditions are equivalent:
(i) M F pla] iff M = y[d].
(ii) M |= (¢ < ¥)la].
Exc. 7.10. Prove that the following two conditions are equivalent, for any sentences ¢, ¢:
() M |= ¢ it 7T = 0.
(ii) M |= (¢ < 9).
Exc. 7.11. In the language with no non-logical symbols, show that w is an indiscernible
set in w.

Exc. 7.12. (Continuing exercises 7.4, 7.5, 7.6) Let A = {wl,wg_}, two members of V', and
let b = wy. Thus b € span(A4). According to Lemma 7.8, tpV (b/A) is isolated. Give a
formula o(vg,a) with @ € A which isolates tp¥ (b/A).

Exc. 7.13. Suppose that M is an infinite structure, ¢(vg) is a formula with at most v

free, and ©(M) is infinite. Show that M has a proper elementary extension N such that
(M, N) is not a Vaughtian pair.
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8. Morley rank

Let M be an .Z-structure and () a formula of .Zy;. We define RM (M, ¢, o) € {0, 1} for
every ordinal a by recursion on «.

e RM(M, ,0) = 1 iff o(M) is nonempty.

e For o limit, RM(M, ¢, o) = 1 iff RM(M, ¢, 3) = 1 for all 8 < a.

e RM(M, ¢, a+1) = 1 iff there exist formulas 1 (), ¥1(?), . . . such that 1o (M), 1 (M), ...
are pairwise disjoint subsets of (M) and RM(M, v;, ) = 1 for every i € w.
Proposition 8.1. If M |= ¢ — ¢ and RM(M, p,a) = 1, then RM(M, v, o) =

Proof. Induction on «. [l

Proposition 8.2. If RM(M, ¢,a) = 0, then RM(M, ¢, 3) = 0 for all 3 > .

Proof. Induction on §. L

Now we define the Morley rank RMM(go) of ¢ in M as follows. If ¢(M) = (), then
RMM(QO) = —1. If  is minimum such that RM(M, ¢, a) = 1 and RM(M, p,a + 1) = 0,
then RMM(QO) = a. If RM(M, ¢, a) = 1 for all a, then RMM(QO) = 00.

We will also define the Morley rank of structures below.

Proposition 8.3. RM(M, ¢, a) = 1 iff RMM(gO) > .

Proof. Suppose that RMM( ) = 3 < a. Then RM(M,¢,3+ 1) = 0, and so by
Proposition 8.2, RM(M, ¢, o) = 0.

Suppose that RMM(QO> = > a. Then RM(M, ¢, 3) = 1, and so by Proposition 8.2,
also RM(M, ¢, a) = 1. O

By Proposition 8.3, the definition of Morley rank can be reformulated as follows.
o RMM () = —1 if (M) = 0.

o RMM (y) > 0 if (M) # 0.

e For o limit, RMM(@) > « iff RMM(QO> > [3 for every (8 < a.

e RMM () > a + 1 iff there exist formulas 9o(T), ¢1(0), ... such that (M), v (M), ...
are pairwise disjoint subsets of o(M) and RM™ (v;) > « for every i € w.

Pr0p051t10n 8.4. Suppose that M is w-saturated, o(v,w) is a formula, a,b € M, and

tp™ (@) = tp™ (B). Then RMM (4o(T,@)) = RMM ((5,)).
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Proof. We prove by induction on « that if _go(ﬁ,w) is any formula, @,b € M, and
tpM (@) = tp™ (b), then RM™ (¢ (7,@)) > a iff RM™ (¢(7,b)) > a. To begin with,

RMM (p(7,@)) >0 iff o(M,a) #0
iff  there is a ¢ such that M | ¢[¢, q]
iff  Jop(v, W) € tp™ (a)
iff  Joe(v,w) € tp™ (b)
iff  p(M,b) £ 0
iff  RMM (p(3,0)) > 0.

If o is limit and we know the result for all 3 < «, then

RMY (p(,a)) > o iff for all § < a, RMM (¢(7,a))
iff for all B < o, RM™ (p(, b)) >
iff RMY (p(3,0)) > o

v

g
g

Now suppose that the equivalence is true for «, and RMM(QO(E, a)) > a+ 1; we prove

that RM™ (p(7,0)) > a + 1. By symmetry this is all that is required. Now there are
Ly-formulas g, 1, . . . such that (1;(M) : i < w) is a system of pairwise disjoint subsets
of (M, a) and RM(1);) > «a for all i < w. For each i < w there is a sequence ¢; of elements
of M such that v; is 1;(7,¢;). We now define dy,dy,.... Suppose that do,...,d,, have
been defined so that

(%) tpM (@, o, ..., Cm) = tpM (b, do, ..., dp).

Let
A = {x(b,do,...,dpn,w): M = x(@,C,...,Cmns1)}
Suppose that A’ is a finite subset of A. Then

M ): /\{X(E,E(), .- ~7Em+1) . X(b, do, .. .,Em,W) S A/},

S0
M Elw/\{x @,C0y- - Cm, W) : X(b,do, ..., dpm, W) €A}

It follows that the formula
Fw N\ {x(@, %o, - . ., T, @) : x(b,do, ..., dp, W) € A'}

is in tpﬁ(a,_éo, .++,Cm), and hence by (%) it is in tp M (b, do, . . _E ). Thus M = Jw \ A'.
Now since M is_w_saturat_ed there is a d,,, 1 in M such that M |= x(b,dy, ...,dy41) for
each formula x(b,do, ..., dn,w) in A. It follows that

tpM(aa Coy - - 7Em+1) = tpM(E7E()7 s 7Em+1)~
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This finishes the definition of dy, ds, . ... So we have

tpM(a,Eo,El, . ) = tpM(E,EO,El, . )

Now for i # j we have v;(M,¢;) N;(M,¢;) = (). Hence

—Elﬁ[zﬁz(ﬁ,wz) A 77ij (67 m])] S tpﬁ(aa Co, C1, - - ')7
and hence .
—Elﬁ[qﬁz(ﬁ, mz) ¢ (anj)] S tpM(ba d07 dla .- ')7
which means that 1;(M,d;) N;(M,d;) = 0. Also, ¥;(M,¢;) C ¢(M,a), so

Voly:(v,w) — (M, 7)) € tp™ (@, 5,1, .. ),

and so L
Vﬁ[lﬁz@ w) 90( )] (b7 d07 dla .. ')7
from which it follows that 1);(
(¢

M,d;) C M 5) From (xx) the inductive hypothesis gives
RM(¢;(T, d;)) > a. So RMM >a+1

(#,0))

Proposition 8.5. Suppose that M and N are w-saturated models of T and M < N. Then
RMM( ) = RMY (@) for any Lrr-formula .

«

Proof. We prove by induction on « that RMM(QO) > o iff RMN(QO) > . For a =0,

RMY () >0 iff (M) # 0
iff M = Jup(v)
iff N = Jop(v)
iff  (N)#0
iff  RMY(p) > 0.

For « limit, assuming the equivalence for all § < «a,

RM™(p) > a iff for all § < a[RM™ (¢) > f]
iff  for all 3 < ao[RMY (¢) > 4]
iff  RMY(p) > a.

Now assume the equivalence for a. Suppose that RMM(QD) > a+1. Then there are formulas
Yo(0), wiﬁ), ... of Ly such that 1o(M), Y1 (M), ... are pairwise disjoint subsets of o(M)

and RM™M (¥i) > a for all i < m. By the inductive hypothesis, RMiV (1) > aforalli < m.
For distinct 4, j < w we have M = —30(¢;(0) A (7)), and hence N = —36(¢);(T) Ay;(D)).
So o(N),¥1(N),. .. are pairwise disjoint. Also, M = Vo[i);(v) — ¢(v)] for each i < w, so
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N = Vo[;(v) — ¢(@)]. Hence each 1;(N) is a subset of ¢(N). It follows that RMﬁ(gp) >
o+ 1. —
Suppose now that RM” (p) > a + 1. Then there are formulas (%), ¥1(7), ... of Ly

such that ¥o(N),¥1(N),... are pairwise disjoint subsets of ¢(N) and R_MN (v;) > « for
all i < m. Write p(v) = ¢(v,a) with @ € M and ¢;(v) = ¢;(7, b;) with b; € N. We now
define ¢; in M for ¢ < w so that

(*) tpM(E,EO,...,Emfl) :tpﬁ(a,go,...,bmfl)

for every m € w. Note that (*) holds for m = 0 since M < N. Suppose now that (*) holds
for m. Let

A ={x(@%o,...,Cm_1,W): N = x(@,bo,...,bm)}.
Suppose that A’ is a finite subset of A. Then

N E= A{x@bo, . ...bm) : X(@ 0, ..., En1,W) € A},

SO

N = 3w A {x(@,bo, . .., bm—1,) : X(@ 0, ..., Cn1, W) € A'}.

Hence by () for m we get
M 3w N{x(@, e, ..., en-1,0) : X(@C, ..., Cm—1,1) € A'}.

Since M is w-saturated, there is a ¢, in M such that M = x(@,Co, . ..,Cn_1,Cm) for each
formula x(@, <o, ...,Cn_1,w in A. It follows that (x) holds for m +1. B
Now suppose that 4,j € w with ¢ # j. Then N = =30 (T, b)) A ¢;(T,b;), so
that —3o[y; (T, ;) A 1 (T,70;) € tp (@, bo, . . .). Hence by (x), =0ty (T, w;) A ¥, (T, ;) €
tpM (@, e, ...). Hence ¢;(M,) Ni(M,e;) = 0. Also, N = Vo[gy(v,b) — ¢(T,a)],
so Vo[ (0,w;) — o(v,a)] € tpY(@,by,...). Hence by (x), Vu[uu(v,w;) — ©(©,a)] €

tpM (@, e, .. .). Hence v;(M,¢;) C o(M,a@). Now since M < N, we have

tpM(E,EO, cey Cm) = tpN(E,EO, ey Cm)

for each m € w, and hence by (x), also tpﬁ(afo, ceyCm) = tpﬁ(a, by, ...,by) for each
m € w. Hence by Proposition 8.4 we get RMY (¢;(7,¢) > a, and so by the inductive
hypothesis RM™ (¢;(7,¢;) > « for each i < w. It follows that RM™ (¢) > a + 1. O

Proposition 8.6. (amalgamation) Suppose that M, No, and N are structures, and
f:M — Ny and g : M — Ny are elementary embeddings. Then there exist a structure P
and elementary embeddings h : No — P and k : Ny — P such that ho f = ko g; so the
following diagram commutes:
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~

Ny

Proof. Our first goal is to obtain isomorphic copies Ng and Nll of Ny and N; such
that M = Ny, M < Ny, and N, N N/ = M.

Let Qo and @1 be sets such that QoM =0 =Q1NM = QoNQ1, |Qo| = |No\f[M]|,
and |Q1] = |[N1\g[M]|. Let f': No\f[M] — Qo and g’ : N1\g[M]| — @1 be bijections. Let
Ni=MUQo and N{ = M UQ;. Note that N) N N{ = M. Define f” : Ny — N{ by
setting, for any a € Ny,

vy Y a) ifae f[M],
/ (a)—{f/(a> if a € No\ f[M],

and define ¢” : Ny — Nj by setting, for any a € Ny,
g”(a): gil(a) if a € g[M],
g (a) if a € Ni\g[M].

Clearly f” and ¢g” are bijections.
We now define structures on Nj and Ni. If R is an m-ary relation symbol, then
Rﬁé ={a€e™N]: (fY toac RNO};
RN ={ae™N|:(¢") oae RN}

If F'is an m-ary function symbol, then

FNo(a) = f"(FNo((f") " 0a)) for any a € ™N;
FNi(a) = g"(FN'((¢") ' oa)) for any a € ™N].

Then it is easy to check that f” is an isomorphism from N onto N:) and ¢" is an isomor-
phism from N; onto Nll Now take any formula ¢ and any a € “M. Then

M = ¢la] iff No = [foa]
it N) = plf” o fodl
iff Ny = o
iff Ny pla).



Thus M < N:). Similarly M < Nll.
Now we claim that Eldiag(ﬁg) U Eldiag(ﬁll) has a model. If not, by the compactness

theorem some finite subset fails to have a model. Say A is a finite subset of Eldiag(ﬁg)

A1 is a finite subset of Eldlag(N ), and AgUA; does not have a model. Then A A; has the
form 1(ca(0): - -5 Catm—1)> Cb(0) - - - » Cb(n—1)) With each a(i) € M and each d(i) € N{\M.
Thus

Ao | (Ca0)s - -+ > Ca(m—1)» Cb(0)s - - - » Cb(n—1))-

Replacing ¢(;) by a variable w;, we get

Ay ): VE_\w(Ca(o), ceey Ca(m71)7ﬂ)'

Now (NS)N(/) is a model of Ag, hence Né = Va4 (a(0),...,a(m — 1),u), hence M |=
vu—)(a(0), ..., a(m — 1),), hence N = va—(a(0), ..., a(m — 1), 7). But this is impos-
sible. Hence we have shown that Eldiag(N 0) U Eldlag(N ) has a model. Such a model
has the form (P, h(s), k(t ))seny teny, where h(a) = k(a) for all a € M. By the elementary
diagram lemma 6.15, h is an elementary embedding of NE) into P, and k is an elementary
embedding of N’l into P.

Hence h o f” is an elementary embedding of Ny into P, ko g¢” is an elementary
embedding of N; into P, and for any a € M,

h(f"(f(a)) = h(f 7 (f(a))) = h(a) = k(a) = k(g™ (9(a))) = k(g"(9(a))). 0

Corollary 8.7. Suppose that M is an £-structure and N and N, are w-saturated ele-
mentary extensions of M. Then for any formula ¢ of Za, RMYN? () = RMM ().

Proof. By Proposition 8.6 let N5 be f and g be elementary embeddings of Ng and
N, into a structure No. Let N3 be an w-saturated elementary extension of No. Then by

Proposition 8.5, RM° () = RM™? () = RMY! (). O

Proposition 8.8. If ¢(v) and ¥ (V) are formulas of %y and M |= Yolp — 1], then
RM(p) < RM(v).

Proof. We prove by induction on « that RM(y¢) > « implies that RM () > a. For
a =0, if RM(y) > 0, then o(M) # 0; hence RM(v)) # () and so RM()) > 0. Suppose that
a is a limit ordinal and we know the implication for all 5 < «. Suppose that RM(¢) > a.
Then V3 < a[RM(y) > f], hence V5 < o[RM(¢)) > f], hence RM(¢)) > a. Now suppose
that we know the implication for a, and RM(¢) > a+ 1. Then there are pairwise disjoint
subsets 1; (M) of ¢(M) such that RM(1);) > a. Since also v;(M) C (M), it follows that
RM(¢) > a+ 1. O

Proposition 8.9. RM(p(7) V ¢(7)) = max(RM(p(v)), RM(¢(7)).
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Proof. It suffices to show that RM(¢(7) V(7)) > a iff RM(p(7)) > a or RM(¢(v)) >
a for every ordinal a, by induction. For a = 0,

RM(p(v) V() 20 iff  @(M) # 0 or (M) # 0
iff  RM(¢(v)) > 0 or RM(¥(7)) > 0.

For « limit, assume the result for any § < «. Suppose that RM(¢(7) V ¥ (7)) > a. Then
for any 0 < a we have RM(p(v) V ¥(7)) > [, and hence by the inductive hypothesis,
RM(¢(v)) > B or RM(¢(7)) > 8. If RM(p(v)) > § for all 8 < «, then RM(p(v)) > a. If
RM(¢(7)) < § for some 5 < a, then RM(¢(v)) > 3 for all 8 < a and so RM (¢ (7)) > a.
Thus RM(¢(7) V ¥ (7)) > « implies that RM(¢(v)) > a or RM(¢(v)) > a. The converse
holds by Proposition 8.8.
Now assume the result for o and suppose that RM(p(7) V ¥(7)) > a + 1. Choose
formulas x;(7) for i € w such that the sets x;(M) are pairwise disjoint, contained in
©(M) U (M), and each of Morley rank > «. Suppose that RM(¢(7)) < a + 1 and
RM(+(v)) < a + 1. Now the sets x;(M) A o(M) are pairwise disjoint and contained
in p(M). Tt follows that there is an m € w such that RM(x;(@) A ¢(¥)) < « for all
i > m. Similarly, there is an n € w such that RM(x;(7) A ¥ (7)) < « for all i > n. Let
p = max(m,n). Then by the inductive hypothesis, RM(x,(7) < «, contradiction. This
shows that RM(¢(v) V(7)) > a+ 1 implies that RM(¢(v)) > a+1 or RM(¢(7)) > a+1.
The converse holds by Proposition 8.8. ]

Proposition 8.10. If (M) # (), then RM(p(v) = 0 iff (M) is finite.

Proof. =: suppose that ¢(M) is infinite, and choose distinct @; € M such that
M = pla;) for all i € w. Then let ¢; be the formula T = @; for each i € w. Then the sets
1;(M) are pairwise disjoint, nonempty, and are subsets of ¢(M). Since RM(¢;(w)) > 0 for
each i € w, it follows that RM(p(v) > 1.

«: If (M) is finite, then there do not exist infinitely many pairwise disjoint nonempty
subsets of it. So RM(p(7)) < 0. Since p(M) # 0, actually RM(¢(v)) = 0. O

Proposition 8.11. Suppose that M is a structure, ¢ is an Lyr-formula, and RMM(QO)
= « for some ordinal . Then there is a positive integer d such that if V1, ..., 0., are
Lri-formulas such that 1 (M), . .., (M) are pairwise disjoint subsets of o(M) each of
Morley rank o, then m < d.

Proof. By recursion we construct subsets T; of <“2 and formulas ¢, for o € T;.
Let Ty = {0} and ¢y = . Suppose T; has been defined along with the formulas ¢, for
o € T;. Take any o € Tj. If there is a formula t in .Z; such that RMM (¢, A 1) =

RMM(QOU A=) = a, we take such a formula v, put 07 (0) and ¢ (1) in T;;1, and define
Po—(0) = Po N and Yy~ (1y = o A —1p. If such a formula 1) does not exist, we put o in
Ti+1.

By induction we have:

(1) for every i € w, U, e, o (M) = @(M).
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Now let T" = (J,,, Ti- We claim that T is finite. Suppose not. Then by Koénig’s tree
lemma, there is an increasing sequence (o; : i € w) of members of T'. Let x; = @5, Ao, ,,
for all i € w. Then (x;(M) : i € w) is a system of pairwise disjoint subsets of ¢(M) and
each x; has Morley rank «, contradicting RM(p) = a.

Since T is finite, there is an ¢ € w such that T; = T} for all j > i. Let (¢1,...%q)
enumerate T;. By (1 ) (;(M) :i=1,...d) is a partition of o(M).

Now suppose that 64,...,60,, is a sequence of Z),-formulas each of rank « such that
(O1(M),...0,,(M):1<i< m> is a sequence of pairwise disjoint subsets of ¢(M). We
claim that m < d (as desired). Suppose that m > d. Now for each i < d there is at most
one j < m such that RM(¢; A 8;) = a. Hence there is a j < m such that RM(¢; A§;) < «
for all i < d. But 6;(M) is a subset of ¢(M), and so by (1), M | 0; < \/,,(¥i A 0;).
This contradicts Proposition 8.9. ]

The smallest d satisfying the conditions of Proposition 8.11 is called the Morley degree of
@ in M, and is denoted by degz7(¢).

Corollary 8.12. A formula ¢ is minimal over M iff RMM(QD) = degz7(¢) = 1.

Proof. =: Let ¢ be minimal. Then ©(M) is infinite, hence nonempty, so RMM(QO) >
0; by Proposition 8.10, RA/[M (p) > 1. Now (M) cannot be partitioned into two infinite
definable subsets, so RM™ () = degz7(¢) = 1.

<: Assume that RMM(QO> = degz7(¢) = 1. Then by Proposition 8.10, ¢(M) is
infinite. Since degy;(¢) = 1, it cannot be partitioned into two infinite definable subsets.
So ¢ is minimal. 0

The Morley rank of a theory T is the rank of the formula v = v in any w-saturated model
of T.

The theory T is totally transcendental iff its rank is less than oo.

If M is w-saturated, a formula ¢(7,w) has the order property over M iff there are
sequences (a@; : i < w) and (b; : i < w) such that for all i, j € w, M = p(a;, b;) iff i < j.

Proposition 8.13. If T' is totally transcendental and M is an w-saturated model of T,
then no formula has the order property over M.

Proof. Suppose to the contrary that T is totally transcendental and M is an w-
saturated model of T' with a formula (7, w) having the order property over M, say with
sequences (@; : i < w) and (b; : i < w) such that for all i,j € w, M = ¢(a;,b;) iff i < j.
Adjoin new individual constants ¢, and Eq for ¢ € Q and consider the following set of
sentences in the expanded language:

Eldiag(M) U {p(¢q,d,) : ¢ < 7} U{=p(cq, d;) : 7 < g}

Clearly every finite subset of this set has a model, so the whole set has a model. This gives
an elementary extension N of M such that there are systems (3, : ¢ € Q) and (¢, : ¢ € Q)
of elements of N such that for all ¢,r € Q, N | ¢(3,,,) iff ¢ < r. Let P be and w-
saturated elementary extension of N. Now for any r € Q, the set {g € Q: P = p(54, )}
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is an infinite convex set. Let ¢(7) be a formula of smallest Morley rank and degree such
that {g € Q: P |=(3,)} is infinite and convex. Choose r in the interior of this set. Let
1o(D) be (D) A o(vt,.) and let 11(D) be (V) A —p(vt,). Each set {g € Q : P = 1;(3,)
is infinite and closed downwards. By Proposition 8.8, each 1); has Morley rank < that of
¥; so RMFP () = RMP(w). But clearly both vy and 11 have degree less than that of 1,
contradiction.

If p is an n-type over A C M then we define RM(p) to be min{RM(yp) : ¢ € p}. We let
¢, be a formula such that RM(p) = RM(yp,) and also with deg(y,) minimum among all
formulas 1 such that RM(p) = RM(v).

Lemma 8.14. Ifp,q € S,(A4), RM(p),RM(q) < o0, and p # q, then ¢, # ¢q.

Proof. Let ¢ € p\q. Then ¢, A¢ € p. So RM(¢, A ¢) < RM(p,), so by the
minimality of RM(y,) we get RM (¢, A ¢ = RM(p,). Similarly, RM (¢, A =¢) = RM(¢y).
If o, = ¢4, then RM(pp A ) = RM(p, A —1p) = RM(¢pp), and so deg(pp A ) < deg(ep),
contradiction. 0

Theorem 8.15. If T is a theory in a countable language, then T is totally transcendental
iff T is w-stable.

Proof. =: Assume that T is totally transcendental. Let M be a model of T, and
let A C M be countable. For each p € S, (A) we have RMM (p) < 00, so ¢, exists. By
Lemma 8.14 there are only countably many possible formulas ¢, so |S,(A4)| < w.

<: Suppose that T is w-stable but T is not totally transcendental. Thus there is
an w-saturated model M of T such that RM™ (v = v) = co. Let 8 = sup{RM(%) : 1 is
an Zy-formula and RM(¢)) < co}. We now define formulas ¢ for f € <“2. Let ¢y be
v = v. Suppose that s has been defined so that RM(¢f) = co. Then there is a formula
Y such that RM (¢ A1) > 41 and RM(¢y A —p) > B+ 1. Hence RM(pf A ¢) = o0
and RM(¢f A1) = 0o. let s~y be oy Ay and @y~ 1y be ¢y A . This completes the
construction, and shows that 7" is not w-stable, contradiction. ]
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9. Interpolation

Lemma 9.1. Suppose that 21 and %5 are languages and £ = 21 N £5. Suppose that B
s an £ -structure and C is an L5-structure. Suppose that @ is a sequence of elements of

B, ¢ is a sequence of elements of C, and (B | Z,a) = (C | Z,¢).
Then there exist an elementary extension D of B and an elementary embedding g of

C | % into D | £ such that go¢=a.

Note that the sequences @ and ¢ can both be empty, or both infinite; but they are of the
same length.

Proof. This proof is patterned after that of Proposition 8.6. Our first goal is to
obtain an isomorphic copy C’ of T so that BN = rng(a). Let @ be a set such that
QN B =0 and |Q| = |C\rng(¢)|. Let f be a bijection from C\rng(¢) onto Q. Define
C' = mg(a)uQ. Note that BNC" = rng(a). Define f’ : C' — C' by setting, for any d € C,

a; if d = C;,

fi(d) = { £(d) if d € C\rng(@).
We now define a structure on C’. If R is an m-ary relation symbol of %5, let
RS ={de™C" : (f) 'oce ROY,
while if F' is an m-ary function symbol of % and d € ™C" define
FO(d) = f(F(() o d)).

Clearly f’ is an isomorphism from C onto c. Moreover, (B | .£,a) = (5/ I Z,a). In
fact, for any sentence ¢(a) of £ we have

(Bl Z,a) (@ iff (Cl.2,¢) ()
iff  (C' | Z,a) E o).

Now we claim that Eldiag(B) U Eldiag(C” | %) has a model. Here the same constants
are used in Eldiag(B) and Eldiag(C’ | ) for the members of rng(a). If not, by the
compactness theorem some finite subset fails to have a model. Say Ay is a finite subset of
Eldiag(B) and A; is a finite subset of Eldiag(@l [ ) such that Ag U A; does not have a
model. Then A A; has the form t(ca(ig)s - - - Ca(in_1)s Cd(0)s - - - » Cd(m—1)) With each d(i) in
C'\rng(a). Thus

Ao FE (Ca(ig)s - - - Calin_1)s Cd(0)s - - - » Cd(m—1))-

Now the constants cq(;) do not occur in the formulas of Ag. Hence, replacing each cy(;) by
a new variable w; we get

AN ): W—'Qﬁ(ca(io), Ceey Ca(in,l)aw)~
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Since Bp is a model of Ag, we get

Bp YT (Caio)s - - -+ Calin_1), D),

hence o
Brng(a) )Z vw—‘w(ca(iob EERE) Ca(in_1)7w)'

Hence by the above,
_/ -
Crng(a) ): W_'@Z}(Ca(io)a co s Calin_1) w)

But this is impossible.

Hence Eldiag(B) U Eldiag(C” | .£) has a model, say (D, h(b), k(c))peB.cecr, where
h(a;) = k(a;) for all i. By the elementary diagram lemma, h is an elementary embedding
of B into D and k is an elementary embedding of c | % into D | . Now let D' be
an elementary extension of B and ! an isomorphism of D with D' such that [ o h is the
identity on B. Now [ o k o f’ is an elementary embedding of C [ .Z into D [ <, and

lokofoc=lokoa=Ilohoa=a. [l

Theorem 9.2. Suppose that £ and %5 are languages and £ = £ N L. Suppose that
B is an & -structure and C is an Ls-structure. Suppose that @ is a sequence of elements
of BNC, and (B | Z,a) = (C | Z,a).

Then there exist an (£ U %)-structure D and a function g such that B < (D | )
and g is an elementary embedding of C into D | £, such that g oa = a.

Proof. Define By = B and Cy = C. We apply Lemma 9.1 to get By < B; and an
elementary embedding gy : C' | £ — By | £ such that go oa = @. Let ¢ enumerate Cj.
Then we have (Cy | Z,¢) = (B1 | £, g0 ©¢), so we apply Lemma 9.1 to get Cy < C; and
hy: B [|.%£ — Cq | £ such that hy o gg o ¢ = ¢. This means that h; o g is the identity on
Cy. Thus so far we have the following diagram:

o B,
go/ X
Co CYl

By

Ny

Qf

C

Now suppose that C;, B;11, Cit1, gi, and h;11 have been defined so that B;;; is an
& -structure, C; < C’Z“ are Zs-structures, g; : C; | £ — By | £ is an elementary
embedding, h;y1 : Biy1 [ £ — Ciy1 | £ is an elementary embedding, and h;yq o g; is
the identity on C;. Let b enumerate B;y ;. Then (Bjy1 | Z,b) = (Ciz1 | L, hit10Db).
So we can apply Lemma 9.1 and get B;11 =< B;;2 and an elementary embedding g;;1 of
Cit1 | £ into Biyo | £ such that g;.1 0 hiy1 0b=>b. Thus g;1 0 hj41 is the identity on
Biy1. Then let d enumerate C; 1. So we have (Ci11 | Z,d) = (Biyo | ZL,git10d), s
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by Lemma 9.1 we get C;11 =< (12 and an elementary embedding h; o of B;y1o | £ into
Ciyo | Z such that h;ys 0 g;+1 is the identity on Cj4 1.
This completes the inductive definition; we have

By

= = =
By By B3
7 ‘(F/ X g/ X 92/
o Cy C, .
< <

-

a

We claim that go € g1 € g2 C ---. For, if ¢ € Cj, then g;11(c) = git1(hit1(g:(c))) = gi(c).
Also, h1 C hy C hg C - For, if b € B;, then hjy1(b) = hi+1(g:(hi(b))) = hi(b).

Let B, = U, Bi (an £ -structure) and C,, = |, Ci (an Za-structure). Let
k=<, 9i- Then k is an embedding of C,, | . into B,, | . Actually k is onto; for,
given b € B, say b € B;. Then k(h;(b)) = g;(hi(b) = b. Thus k is an isomorphism of
C, | Z onto B, | .Z. Now we expand B, to an (£} U.%)-structure D by defining, for
any symbol S in %\.% SP = k(S) (in the natural sense). Thus B < B, = D | .£;. We
claim that gy : C' — D | % is an elementary embedding. Since C' < C,, it suffices to show
that k is an isomorphism of C,, onto D [ .%. This is clear by the definition above. O

If £ and ¢’ are languages with . C %', and T is a theory in .Z’, then we denote by Ty
the set of all sentences ¢ of .Z such that T' |= .

Lemma 9.3. Let £ and " be languages with £ C ', and let T' be a theory in Z". Let
M be an L -structure. Then M = Ty iff there is a model N of T such that M < N [ Z.

Proof. =: Assume that M = T». It suffices to show that S Ly Eldiag(M) has a

model. To apply the compactness theorem, suppose that there is a finite subset of it with
no model. This finite subset has the form Ag U A; with A a finite subset of T' and A; a
finite subset of Eldiag(M). This yields T = = A\ A;. Replacing the diagram constants in
A by variables, we obtain a formula (@) such that T' = Vio—p(w), with M | Jwe(w).
Then Yw—p(w) € Ty, hence M |= Vw—p(w), contradiction.

<«: obvious. O

Theorem 9.4. Let £, L, %5 be languages with £ = £ N %, Suppose that Ty and Ts
are theories in 1 and % respectively, and Ty U Ty does not have a model. Then there is
a sentence ¢ of L such that T = ¢ and Ty = .

Proof. By the compactness theorem it suffices to show that (77).¢ UT, does not have
a model. Suppose that M is a model of (T1)¢ UT,. By Lemma 9.3 let N be a model of
Ty such that M | X < N[ .%. Then M | ¥ = N | .Z, so by Theorem 9.2 there exist
an (L U.%)-structure D and a function g such that N < D | .4 and g is an elementary
embedding of M into D | %. Since N =T, and N < D | .4, it follows that D |= T}.
Since M |= Ty and g is an elementary embedding of M into D | %, it follows that D = Tb.
So D is a model of T} U T, contradiction. OJ
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Corollary 9.5. (Craig’s interpolation theorem) If ¢ and ¢ are sentences and = ¢ — ),
then there is a sentence x such that = ¢ — x, = x — ¥, and the non-logical symbols that
occur in x occur in both ¢ and 1.

Proof. Assume that ¢ and 1 are sentences and = ¢ — . Let £ consist of all of
the non-logical symbols occurring in ¢, and let %5 consist of all of the non-logical symbols
occurring in ¢. Let £ = £ N.%. Let Ty = {0 : 0 is a sentence of £ and = ¢ — 0} and
let To = {6 : 0 is a sentence of % and = ) — 0}. Then T; U T, does not have a model.
Hence by Theorem 9.4 there is a sentence 6 of . such that 77 = 6 and T = —6. Hence
p — 60 and 0 — . O

Corollary 9.6. (Robinson’s consistency theorem) Let .2 and %5 be languages, and let Ty
and Ty be theories in &1 and £ respectively, both of which have models. Let & = £1N.%5.
Suppose that {¢p : ¢ is a sentence of L and Ty = ¢ and Ty = ¢} is a complete theory in
L. Then Ty UTy has a model.

Proof. Suppose not. Then by Theorem 9.4 there is a sentence ¢ of £ such that
T = ¢ and Ty |= —p. This contradicts the completeness of the above theory. ]

Proposition 9.7. (Padoa’s method) Let .Z be a language and let S be a non-logical
symbol of £, and let T be a theory in L. Suppose that M and N are models of T such
that M | (£ —S) =N | (£ — S) while SM # SN,

Then S is not definable in £ under T'. That is, if S is an m-ary relation symbol then
there does not exist a formula ¢(vo,...,Um—1) of £ — S such that T |= Yv[p < ST|; and
similarly for function symbols and individual constants.

_ Proof. Assume the hypotheses, but suppose that such a formula ¢ exists. Then for
b in M we have

MESb iff M
iff M (L~ S)E el
iff N =
iff N

Thus SM = Sﬁ, contradiction. ]

Theorem 9.8. Let £ and LT be languages with £ C £ *. Let T be a theory in L+
and () a formula of L. Then the following are equivalent:
(i) If A and B are models of T and A | £ = B | £, then for all tuples a in A,

A= ¢la] iff B |= ola].
(i) There is a formula V(T) of L such that T = VZ[p(T) < ¥ (T)].

Proof. Clearly (ii)=-(i). Now assume (i). Let
O =TU{y(c):y(T) is a formula of £ and T'U ¢(¢) = ¥ (¢)}.

Clearly it suffices to show that any model (A4, @) of ® is a model of (€).
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(*) There is a model (B, @) of T U {¢(¢)} such that (A | Z,a) < (B | %,a).
To prove this, it suffices to show that the set

T Ueldiag(A | Z) U{¢(@)}

has a model, where in eldiag(A4 | ) the tuple ¢ corresponds to @ Suppose not. Then we
can write

T+ ¢(c) — Vi (c,7),

where (A | Z,a) = g (¢, 7) and ¢ is an L-formula. But this means that Vy—(¢,7) is
in ®, contradiction. Thus (*) holds.

Let .Z’ be obtained from Z 7 by replacing each symbol S in £\ .Z by a new symbol
S" of the same kind. Thus £’ N. 2% = £. With each £ *-structure C let C’ be the
#"-structure such that S = SC if S is in .%, and (5")¢ = SC for S a symbol of £\ Z.
With each formula  of 7, let ¢’ be obtained from ¢ by a similar replacement. Clearly
C = b )1ffC' =o' (b )foranytupleb

Now we apply Theorem 9.2 to A" and B. We obtain an (&L U ZLt)-structure D
such that A = D | ¢ and an elementary embedding g : B — D | £T. We can write
D % =F for some L+-structure E. Then D | #+ and E are models of T and
D| ¥ =E]|%. Since B |= ¢(a), it follows from (i) that E |= ¢(@). Clearly A < E, so
A E p(a), as desired. O

Corollary 9.9. (Beth’s definability theorem) Let .Z and £ be languages with £ C L.
Let T be a theory in LT and S a nonlogical symbol of L. Then the following are
equivalent:

(i) If A and B are models of T and A | £ =B | £, then SA = §B.

(ii) There is a formula Y(T) of £ such that T |=VZ[S(T) « ¥ (T)]. O
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10. Countable models

A structure M is atomic iff tpﬁ(a) is isolated, for all positive integers m and all @ € " M.

Theorem 10.1. Let Z be a countable language, and T' a complete theory in £ with
infinite models. Let M be a model of T. Then M 1is prime iff it is countable and atomic.

Proof. =: Assume that M is prime. If ¢ is a type of T which is not isolated, then
by the omitting types theorem 6.26, 7" has a model N which omits ¢. Since M can be
elementarily embedded in N, it follows that M also omits ¢. Thus for any type ¢ of T, t
isolated = M omits t. Hence any type which M realizes is isolated; this means that M is
atomic. since T has countable models by the downward Lowenheim-Skolem theorem, and
M can be elementarily embedded in any model of T', M is countable.

«: Suppose that M is countable and atomic, and N is any model of T; we want
to construct an elementary embedding of M into N. Let (a; : i € w) enumerate the
elements of M, and for each i € w let 6;(7) isolate tp™ (ao, . . .,a;). We will now construct
elementary maps fo C fi1 C ... from subsets of M into N, where the domain of f; is
{ag,...,a;_1}. Let fo = 0. Tt is elementary since M = N (because T is complete).
Suppose that f; has been constructed, an elementary map. Then M = 6;(aq,...,a;),
hence M = Fwb;(ag,...,a;_1,v). Since f; is an elementary map, it follows that N =
vai(fi(ao), ey fi(ai,l), U). Choose b € N such that N ): Qi(fi(ao), ey fi(ai,l), b), and
let fir1 = f; U{(i,b)}. To see that fi, is elementary, suppose that M = ¢ (ao, ..., a;),
Thus (@) € tpM(ag,...,a;), so T = 6; — . Since N = 0;(fi(ao),..., fi(ai_1),b), it
follows that N |= ¢ (fi(ag), ..., fi(ai_1),b). Thus f;;1 is elementary.

Now J,¢,, fi is an elementary, as desired. O

Corollary 10.2. If Z is a countable language and T is a complete theory with infinite
models, then T has a prime model iff T has an atomic model.

Proof. =: by Theorem 10.1.

«: Suppose that M is an atomic model of T. Let N be a countable elementary
substructure of M. Then for any n € w and any @ € "N we have tpﬁ(a) = tpﬁ(a), and
hence tpﬁ(a) is isolated. So N is prime by Theorem 10.1. U

Proposition 10.3. If M is an atomic model of T, then it is w-homogeneous.

Proof. See just before Lemma 7.28 for the definition of w-homogeneous. Suppose
that A is a finite subset of M and f : A — M is a partial elementary map. Let @ enumerate
A. Let b€ M. Let ¢(v,w) isolate the type tp™ (@, b). Then M = 3wy (@, w). So, since f
is partial elementary, we get M |= Jwp(f 0@, w) Choose d € M such that M = ¢(foa,d).
Let g = f U{(b,d)}. To see that g is partial elementary, suppose that M = 1 (a,b). Then
TkEe—pand M = o(foa,d), so M =1(foa,d), as desired. O

Corollary 10.4. If T is a complete theory in a countable language, then any two prime
models of T' are isomorphic.
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Proof. Let M and N be prime models of 7. Then by Theorem 10.1 they are both
countable and atomic. By Proposition 10.3 they are also both w-homogeneous. Now every
type realized in M is isolated. Also, if ¢ is an isolated type, say isolated by ¢(7), then
T = Fop(v), hence M realizes t. So a type is isolated iff it is realized in M. The same is
true of N, so M and N realize the same types. Hence they are isomorphic by Theorem
7.31. O

Theorem 10.5. If M is k-saturated, then M is k-homogeneous.

Proof. Suppose that A € [M]<", f: A — M is partial elementary, and b € M\A.
Let
I'={p(v,foa):Imecwl@ae™A and M = p(b,a)]}.

Let A be a finite subset of I'. For each member x of A, choose m, € w, ¢y, and @, € ™A
such that M = ¢, (b,a@,) and x = ¢y (v, f 0@, ). Then there is an n € w, @ € "A, and a
formula v such that the following conditions hold:

(1) M = o(b,a).
(2) = AA o (v, fo@).

Now from (1) we get M |= Jvip(v,a’). Hence, since f is elementary, M |= Jvip(v, f o @’).
Hence by (2), M = 3v A A. Thus T' is finitely satisfiable. So since M is w-saturated we get
¢ € M such that M = ¢(c, foa) for each p(v, foa) € I'. So fU{(b,c)} is elementary. O

Theorem 10.6. Suppose that M is_a model of T. Then M is w-saturated iff M is
w-homogeneous and for every m € w, M realizes all types in Sy, (T).

Proof. =: by Theorem 10.5. B
<: Let m,n € w,a €™M, and p € S}/ (a). Let g € S, (T) be the type {o(v,®) :
©(v,a) € p}. Since M realizes all types in Sy, 4, (T"), choose (b, ¢) realizing g. Now

(+) tpM (@) = tpM (c).

In fact, let ¢ (w) € tpﬁ(a). Let 9" be ¥ = v A t. Then ¢'(v,a) € p, since otherwise
—¢'(v,a@) € p and hence, since every finite subset of p is satisfiable in M, we get € such
that M |= —¢'(€,a), i.e., M = —(a), contradiction. So ¢'(7,@) € p, hence ¢’ (v, W) € g,
hence M = ' (b,¢), so M |= 1 (¢). This proves (x).

Now by w-homogeneity we get d such that tpM(E, c) = tpﬁ(a,a). Thus for any
©(T,a@) € p we have o(T,W) € ¢, hence M | %(b,¢), so ¢(T,w) € tp™(b,¢), hence
o(v,w) € tpﬁ(a, @), so M |= p(d,@). This shows that d realizes p. O

Corollary 10.7. If M and N are countable saturated models of T, then M = N.

Proof. By Theorem 10.6, both M and N are w-homogeneous and realize all types in
any Sy, (7). By Theorem 7.31 they are isomorphic. O

Now we need some variants of 7.38-7.39.
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Lemma 10.8. Suppose that M is a model of T' and @, b,ce M, tpﬁ(a) = tpﬁ(g). Then
there exist an elementary extension N of M such that [M| = |N| and an element d € N
such that tp™ (@, c) = tp~ (b, d).

Proof. Apply the compactness theorem to the set
Eldiag(M) U {p(b,u) : M = ¢(a@,c)} (u a new constant) ]

Theorem 10.9. Suppose that M is a model of T. Then there exists an elementary
extension N of M such that |M| = |N| and for all @,b,c € M there is a d € N such that

tp™ (@, c) = tp" (b, d).

Proof. Iterate Lemma 10.8. [l

Theorem 10.10. Suppose that M is a model of T. Then there is an elementary extension
N of M such that N is w-homogeneous and |M| = |N]|.

Proof. Iterate Lemma 10.9 w times. [l

Theorem 10.11. T has a countable saturated model iff |Sn(T)| < Rg for all n.

Proof. =: If M is a countable saturated model, then it realizes only countably many
types; but it realizes all types, so |S,(T)| < R for all n.

<: Let to,t1,... list all members of | J,, ., Sn(T). By the compactness theorem, for
any countable model N of T and any i € w there is a countable elementary extension P of
N with an element which realizes ¢;. So if we start with M and iterate this process w times
we obtain an elementary chain M = Ny < N; =< --- such that each N; is countable and
Nz’—i—l has an element realizing ¢;. Let P = Ui€ w N;. Then P is an elementary extension of
M which realizes every type over 7. By Theorem 10.10 let ) be a countable elementary
extension of P which is w-homogeneous. By Theorem 10.6, Q is w-saturated. L

Theorem 10.12. If £ is countable, T is a theory in £, and |Sy(T)| < w for alln € w,
then T' has a countable atomic model.

Proof. By Theorem 6.26 (the omitting types theorem), let M be a countable model
of T which omits all non-isolated types. Thus M is atomic. ]

Corollary 10.13. If £ is countable and T is a theory in £ which has an w-saturated
model, then T" has a countable atomic model.

Proof. By Theorems 10.11 and 10.12. L

Theorem 10.14. For T a theory in a countable language the following are equivalent:
(i) T is Ng-categorical.
(ii) For every n < w, every type in S, (T) is isolated.
(11i) |Sn(T)| < Vo for every n € w.
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(iv) For every n € w there is a finite set I' of formulas with free variables among
Vo« -5 Un_1 Such that for every formula o with free variables among vy, ...,v,_1 there is
a €l such that T |= ¢ < 1.

Proof. (i)=(ii): Suppose that (ii) fails: there exist n < w and a type p € S, (T)
which is not isolated. By the omitting types theorem 6.26, there is a countable model M
of T which omits p. But clearly there is also a countable model N which admits p. Thus
M % N, so (i) fails.

(ii)=-(iii): Assume (ii), but suppose that (iii) fails: there is an n € w such that S,,(7)
is infinite. For each p € S, (T") let ¢, isolate p. Let ¢ be a sequence of new constants of
length n, and consider the set

T T U {~p,(@) : p € S, (T)}.

We claim that 77 has a model. For, take any finite subset 7" of T. Let P be the set of
all types p such that —¢,(¢) is in T”. Let ¢ € S,(T) be different from each member of P.
Now T' = ¢, — —p, for each p € P; otherwise T' = ¢, — ¢, for some p € P and then
T = ¢, — ¢ for each ¢ € p, so that p C ¢, hence p = ¢, contradiction. Now take a model
M of T which realizes ¢, say M = ¢,(a). Interpreting ¢ by @ in this model gives a model
of T”, as desired.

Thus 7’ has a model, which gives a model N of T with a sequence b satisfying in N
each formula —,,. Thus tp" (b) cannot be in S, (T), contradiction.

(iii)=(iv): Assume (iii), and suppose that n € w. For distinct p,q € S,,(T") choose
©pq € P\q. For each p € S, (T) let ¥, = N{¢pq : ¢ # p}. Thus 1, € p while 1, ¢ ¢ for all
q # p. Now given y with variables among vo, ..., v,—1 we have T = x < \/{¢, : x € p}.

iv)=(i): Assume (iv). Let M be a countable model of T’; we show that M is atomic;

so T is Ny-categorical by Theorems 10.1 and 10.4. If @ € "M, then tpﬁ(a) is isolated by

Nei@) : M oi@} A \{=¢i(@) : M —pi(a)} m
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11. The number of types and models

Let M be a structure and A C M. For ¢(v) a formula of .Z4 with free variables ¥ of length
n we define

[l = {p e SM(A): p ep}.

Theorem 11.1. Let M be a structure and A C M. Suppose that T' is a set of formulas
of La with free variables T of length n, and SM(A) Uwer[@]%- Then there is a finite

subset T' of T' such that SM(A) = Uger [p] L.

Proof. Suppose not. Let ¢ be a system of new constants, and let A be the following
set of sentences of Zy:

{¥: MaEvU{—p(@): () €T}

We claim that every finite subset of A has a model. For, let A’ be a finite subset of
A. Then we can write A’ = A” U A" where A" is a finite subset of {¢) : M 4 = ¢} and
A" = {=p(C) : p(¢) € I} for some finite subset I'V of I'. By the “suppose not” assumption,

there is a type p € SM(A)\ Uper [QO]AM. Let N be an elementary extension of M having

a sequence @ of elements which realizes p. Then N 4 together with @ corresponding to ¢
provides a model of A’.

Thus by the compactness theorem, A has a model (P,b). Let p = tpﬁ(l_)), and choose

¢ € T such that p € [p]}. Thus ¢(¥) € p, so P = ¢(b), which contradicts P being a
model of T'. ]

Theorem 11.2. Suppose that £ is countable,_M is an Z-structure, and A C M is
countable. Assume that |SM(A)] > Rg. Then |SM(A)| = 2%,

Proof. Assume the hypotheses. Since £ and A are countable, \SM(A)\ < 2%, So it
suffices to find 2% many types over A.

(x) If p(v) is a formula of £4 with T a string of variables of length n, and \[go]AM\ > N,
then there is an .Z4-formula () such that |[p A ]3| > Vo and |[p A =] | > N.

In fact, suppose not. Let p = {(v) : |[¢ A w]Aﬁ\ > Ng. Clearly for every formula (7,
either ¢(v) € p or =)(T) € p, but not both. We claim that p is finitely satisfiable. For, let

w()a"'?wm—l €p. If ﬁ(17D() A /\wm—l) €D, then

=0l U U [1] 8| > R,

and hence ‘ﬂﬁz]% > Wy for some 7, so that —); € p, contradiction. It follows that
(Yo N ...NYm—_1) € p, so that

e Ao A Atbm_1]X| > R,
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in particular [p Ay A ... A Qﬁm,l]Aﬁ # (), so there is a type g € [p Ao A ... A @/Jm,l]AM, SO
Ao N Nhm—1 € g, so that 9 Ao A... App—1 Is satisfiable. So, we have proved that
p is finitely satisfiable. So p € SM(A). If ¥ ¢ p, then |[p A )4 | < Rg. Now

2 = e Awl¥ U {p},
VEp

SO [go]AM is countable, contradiction. Thus (x) holds.
Now SM(A) = U{[]% : ¢(v) a formula with the string T of n variables}, and there

are only countably many formulas, so there is a formula ¢(7) such that |[g0]AM| > Ng. Let
g be such a formula. Now suppose that ¢, has been defined, where o € <“2, so that

[s]¥| > Ro. By () there is a formula ¢ such that [, AY]Y| > Rg and |[pe A=) 3| > Ry.
Let 0o~ (1)y be ¢y Ap and s~ gy be o, A —9p. This gives 280 types. ]

Recall from Chapter 7 that I(7T, k) is the number of non-isomorphic models of T of size k.
We want to describe completely what is known about (7, R):

(1) There is a complete theory T with I(T,Ry) = 1. This means that T is w-categorical.
A simple example of such a theory is the theory of dense linear orders with no endpoints.

(2) There is no theory T with I(T,Rg) = 2. This theorem, due to Vaught, is proved below.

(3) For 3 < k < w there is a complete theory T with I(T,Rg) = k. We give examples
below.

(4) There is a theory T with I(T,Rg) = 2%, We give an example below.
(5) Vaught’s conjecture is that (in ZFC) there is no theory T such that R < I(T,Rg) < 2%0.

(6) (A theorem of Morley) If I(T,Rq) > Ry, then I(T,Rq) = 2% . We will not give a proof
of this; see Marker’s book.

Lemma 11.3. If M is w-saturated and A is a finite subset of M, then M 4 is w-saturated.

Proof. Assume the hypotheses, and suppose that B is a finite subset of M. Suppose
that I" is a set of formulas of Zs,p with only v free, and for every finite subset IV of T’
there is a b € M such that M 4up = AT'(b). Since AU B is finite, it follows that there is
a b€ M such that M |= (b) for every ¢ € T. ]

Theorem 11.4. If T has fewer than 28° countable models up to isomorphism, then T has
a countable saturated and a countable prime model.

Proof. By 10.1, 10.11, and 10.13 it suffices to show that S, (T") is countable for all
n € w. Suppose that |S,(T)| > Xy for some n. By Theorem 11.2, |S,(T)| = 2%. Each
type is realized in a countable model, and a countable model realizes at most countably
many types. Hence there must be 2% countable models up to isomorphism. ]

Theorem 11.5. (Vaught) I(T,Ry) # 2.
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Proof. Suppose that I(T,8y) = 2. By Theorem 11.4, T" has a countable saturated
model M and a countable atomic model N. Since T is not Ny-categorical, by Theorem
10.14 there exist an n € w and a type p € S,(T) such that p is not isolated. Since M
is saturated, p is realized in M. By Theorem 10.1 and the definition of atomic, p is not
realized in N. Hence M is not isomorphic to N.

Let @ in M realize p. Let T* = {¢ : ¢ is a sentence of %% and M3z |= ¢}. Now since
T is not Ny-categorical, by Theorem 10.14 we have

dm € wfor every finite set I' of formulas with free variables among v, ..., V-1
there is a formula ¢ with free variables among vy, ..., Vm_1
such that for every ¢ € T', T £ p — ¢

Thus there is an m € w such that there is an infinite set I' of formulas with free variables
among vy, . . ., U;,—1 such that for any two distinct p,1 € T' we have T [~ ¢ < 1. Hence
also for any two distinct ¢, € I' we have T [~ ¢ < 1. It follows that 7™ is not Wo-
categorical. Now by Lemma 11.3, My is a saturated g-structure. Hence it has a countable
atomic model (P,b). Now b realizes p in P. Hence P is not isomorphic to N. Also, since
T* is not Ng-categorical, there is a non-isolated %% type ¢. This type is not realized in
(P,b), so (P,b) is not saturated. Hence by Lemma 11.3, also P is not saturated. So
M is not isomorphic to P. Thus M, N, P are pairwise non-isomorphic, so I(T,%q) > 3,
contradiction. ]

Now suppose that 3 < n € w. We describe a theory T,, which has exactly n non-isomorphic
models of size Ng. For n = 3 this example is due to Ehrenfeucht; for n > 3 to Vaught. The
language has a binary relation symbol <, one-place relation symbols U; for ¢ < n — 2, and
individual constants cg, c1,.... T, consists of all consequences of the following sentences:

(1) A sentence saying that < is a dense linear order with no endpoints.
(2) Sentences ¢; < ¢; for all ¢ < j.

(3) Sentences Uyc; for all i < w.

(4) A sentence saying that (U, : i < n — 2) is a partition.

(5) Sentences saying that each set U; is dense; i.e. the sentences VaVylzr < y — Jz[U;zAx <
z2 Az <yl

Note that for n = 3 there is just one set U;, namely Uy, and then (4) says that Uy is the
whole universe, and (5) is redundant.
To see that T;, has a model we need the following set-theoretical result.

Theorem 11.6. If L is a dense linear order without endpoints, then L is the disjoint
union of two dense subsets.

Proof. Let (a, : @ < k) be a well-order of L, with k = |L|. We put each a, in A
or B by recursion, as follows. Suppose that we have already done this for all < «. Let
C={apg: 0 <aandag < as}, and let D = {ag : f < a and ag > a,}. We take two
possibilities.
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Case 1. C has a largest element ag, D has a smallest element a., and ag,a, € A.
Then we put a,, in B.

Case 2. Otherwise, we put a, in A.

Now we want to see that this works. So, suppose that elements a¢ < a, of L are given.
Let ag < a, be the elements of L with smallest indices which are in the interval (a¢, ay).
If one of these is in A and the other in B, this gives elements of A and B in (a¢, a,). So,
suppose that they are both in A, or both in B. Let a, be the member of L with smallest
index that is in (ag, a,). Thus a¢ < ag < a, < ay < a,, so by the minimality of 5 and ~
we have 3,7 <v. Thus 8 < v and ag < a,.

(1) ag is the largest element of {a, : p < v, a, < a,}.

In fact, ag is in this set, as just observed. If ag < a,, p < v, and a, < a,, then also
a, < a- since a, < a., so the definition of v is contradicted. Hence (1) holds.

(2) a. is the smallest element of {a, : p < v, a, > a,}.

In fact, v < v as observed just before (1), and a, > a, by the definition of a,.. If a, < a-,
p <v,and a, > a,, then also a, > ag since a, > ag, so the definition of v is contradicted.
Hence (2) holds.

So by construction, if ag,a, € A then a, € B, while if ag,a, € B, then a, € A. So
again we have found elements of both A and B which are in (ag, a,). O

By this theorem it is clear how to construct models of the theories T,.
Now suppose that 3 < n < w. We describe n models of T}, of size Xy. For each model
we take the underlying set to be @, and form U] for ¢ < n — 2 using Theorem 11.6.

First model: (¢} : i < w) is a strictly increasing sequence of elements of U] which is cofinal
in Q.

Second model: (¢ : i < w) is a strictly increasing sequence of elements of Uj which is
not cofinal in @, and has no limit in Q.

j-th model, 3 < j <n: (¢, : i < w) is a strictly increasing sequence of elements of U
which has a limit in U]_3.

Clearly these are models of T,, and they are pairwise non-isomorphic. Now let M be any
denumerable model of T},. For each j with 3 < j < n let f; be an order isomorphism
of Uj‘f?) onto U‘;73. Let g = U3§j§n fj- Then g is an isomorphism of_ﬁ onto the above
M

model of T},, taking CiM to ¢;. The exact model is given by whether (c;

: 1 < w) is cofinal,
has no limit, or has a limit in some Ujﬁ.

To show that T;, is complete one can use elimination of quantifiers. In fact, starting
from a formula Jxp with ¢ quantifier free, one can use the following members of T}, to

simplify ¢:

VaVy[-(z =y) oz <yVy<z|.
VaVy[-(z <y) oz =y Vy<z|.
Va[-U;z < V4, Uszl.

121



Using standard procedures with these formulas, one can assume that ¢ is a conjunction of
atomic formulas, with no conjunct of the form z = 7; so one can assume that ¢ has the
following form:

Y1 <TAN.. NYyp<zANz<z1N...Nx <2y
NCio)y <TN . NCpy <T AT <oy N AN < cjq) NUgx

Then dzy is equivalent under T, to the following quantifier free formula: Each ys and each
Ci(s) are less than each z; and each c¢;().

Then the quantifier free form of a sentence is equivalent to ¢y = ¢g or —¢g = ¢g, giving
completeness.

A complete theory with exactly Xy denumerable models is the theory of algebraically closed
fields of characteristic 0. The denumerable models are given by the transcendence degree;
a natural number, or w. The theory is complete since it is N;-categorical.

For a theory with exactly 2% denumerable models we take the language of orderings. First
we describe 2%° non-isomorphic denumerable linear orderings, and then we modify them
to be models of a certain complete theory of linear orderings. The construction depends
on infinite sums of orderings, and we go into that first. Let o be an ordinal, and for each
€ < alet (Lg, <¢) be a linear order. We define a new structure

ZL§,<

(<o

Namely,
Y Le={(z,8):{<a, z €L,

E<a

and (x,€&) < (y,n) iff £ <n, or £ =n and z <¢ y. We show that this gives a linear order.
Clearly < is irreflexive. Now suppose that (z,€&) < (y,n) < (z,p). Clearly then £ <n < p.
If £ <normn< p, then £ < p and hence (z,£) < (z,p). Assume that £ = n = p. Then
x <¢y <¢z 50 ¢ <¢zand hence (x,§) < ((,p). Thus < is transitive.

Next, let (z,€), (y,n) € X2, <o Ly I € <, then (2,&) < (y,7m), and if n < £ then
(y,m) < (x,&). Suppose that § = 7. Then (z,8) < (y,n) if # <¢ y, (y,n) < (z,§) if y <¢ =,
and (z,§) = (y,n) if { = .

Now we give the construction of models of T'. Let L be a linear order similar to w* +w+1;
specifically, let it consist of a copy of Z followed by one element a greater than every integer,
and let L; be a linear order similar to w* + w + 2; say it consists of a copy of Z followed
by two elements a < b greater than every integer. For any f € “2 let

M= L)
a<w
We show that if f,g € “2 then My and M, are not isomorphic. Assume that My is
isomorphic to M, and show that f = g. Let F' be an isomorphism of My onto M,. Clearly
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(1) For all z € My and all £ < w the following conditions are equivalent:
(a) x does not have an immediate predecessor, and there are exactly £ elements less
than x which do not have an immediate predecessor.

(b) z = (a,).

A similar statement holds for M,.
Now take any £ < w. Then by (1),

My =(vo does not have an immediate predecessor, and there are exactly o elements

less than vy which do not have an immediate predecessor)[(a, &)].
It follows that

M, [=(vo does not have an immediate predecessor, and there are exactly o elements

less than vy which do not have an immediate predecessor)[F'(a, §)].

Hence by (1) for M, we have F(a,&) = (a,§) for all { < w.
Next we claim

(2) For any x € M/ the following conditions are equivalent:
(a) z does not have an immediate predecessor, but it has an immediate successor y
which in turn does not have an immediate successor.

(b) z = (a, &) for some & such that f(£) = 1.

This is obvious, and a similar condition for M, holds.
Now the property given in (2)(a) is preserved under isomorphisms, so by the above,
for any £ < w,

f(&) =1 iff (a,§) satisfies (2)(a)
iff  F(a,§) satisfies (2)(a)

iff  g(§) =1.

Thus f = g, as desired.

As we said, we want to modify these models so that they will be models of a complete
theory. The complete theory we want is the theory T consisting of all consequences of the
following sentences:

A sentence saying that < is a linear order.
A sentence saying that every element has an immediate successor and also an immediate
predecessor.

To show that 7' is complete we will use an Ehrenfeucht game, specifically Corollary 6.5.
Suppose that A and B are models of T, and m is a positive integer. We want to describe
a winning strategy for ISO.

If a < bin A, we write (a,b) for the interval {z : a < x < b}. Similarly for B. The
strategy of ISO is this: at the first move, she plays any member of B if NON-ISO chose
a member of A, and she plays any member of A if NON-ISO chose a member of B. After
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the n-th play, n < m, elements ag,...,a,_1 in A and by, ...,b,_1 in B have been chosen.
By symmetry we describe how ISO plays if NON-ISO chooses a member a,, of A. We now
consider two cases.

Case 1. {(ai, b;) : i < n} is a partial isomorphism, and if a;(g), . . ., a;() are the distinct
elements of {a; : 1 < n}, with a;(0) < -+ < a;(py, and if j < p, then |(a;¢;y, a;(j+1))] < 3™ "
implies that ‘(bz(])abz(qul))’ = \(ai(j),ai(jJrl))], while |(Cli(j),ai(j+1))‘ Z 3mn 1mphes that
|(bi5), bigj+1))| = 3™~ ". Now if a, = ay for some k < n, ISO chooses b, = b,. Suppose
that a, # aj for all k < n. We consider several subcases.

Subcase 1.1. an < a;0)- If |(an, ;)] < 3™ "1, ISO picks b, < b;(o) such that
|(bn,bi(0))‘ = \(an,ai(o))\. If \(an,ai(o))\ > 3min71, ISO picks b,, such that ‘(bn,bz(o)” =
Bmfnfl‘

Subcase 1.2. a;p) < an. If [(aip),an)| < 3m—n=1 1SO picks b, > bi(p) such
that ‘(bz(p),bn)‘ = \(ai(p),an)\. If \(ai(p),an)\ > 3m—n—1, ISO picks b,, > bz’(p) such that
|(Di(p), )| = 37"

Subcase 1.3. There is a j < p such that a,;y < an < a;(j+1), and |(a;(;), @ij4+1))] <
3™~". Then by the assumption of this case, |(b;(;), bi(j+1))| = [(@i¢j), @ij+1))|- ISO chooses
by, > bz’(j) so that |(bi(j)7 bn)| = \(ai(j),an)|.

Subcase 1.4. There is a j < p such that a;;) < an < a;(41), (@), @ig+1))]
3m="and |(ag(;), an)| < 3™ ™71, Then ISO chooses b, > b;;) so that |(b;;),bn)|
|(@i(j), an)|. Then if n +1 < m we have

’(an, Cbi(j+1))| >3men 1 gm—n—1 +1=2. gm-—n—1 > 3m_n_1,

and similarly |(by, bi(j1+1))] > gm—n—1_

Subcase 1.5. There is a j < p such that a;;) < an < ai(11), ’(ai(j)7ai(j+1))’ >
3M7, [aigy, an)| 2 3m=n=1 and |(an, a;ii+1))| < 3m=n=1 Then ISO chooses b,, < bi(j+1)
such that |(an, a;(j41))| = [(bn, bi(j+1))|- Then if n +1 < m we have

|(bij), bn)| = 3" 7" =1 — gm-n-1_4 9 _9.gm-n-15 gm-n-1

Subcase 1.6. There is a j < p such that a;;;) < an < a;(41), (@), igi+1))] >
3m—n, |(a’L(j)7 CLn)‘ Z 3m—n—1, and |(an, ai(j—l—l))‘ Z 3m—n—1. Then ISO chooses bn < bz(]+1)
such that [(bn, bi(j+1))| = 3™ "1, Then if n 4+ 1 < m we have

|(bi(j)s bn)| > 3™ =1 —3m "t =2.3m > gmontl
Case 2. The conditions of Case 1 fail. Then ISO chooses b,, = bg.

By induction, Case 1 always holds, and ISO wins. This finishes the proof that T is
complete.

Now we modify each M by letting Ny = My xZ, ordered lexicographically. Clearly Ny
is a model of T'. We claim that an isomorphism F’ from Ny to N, induces an isomorphism
from My to My. In fact, for each x € My let F'(z) be the first coordinate of F'(x,0).
suppose that z,y € My and z < y. Then F(x,0) < F(y,0) so F'(z) < F'(y). If F'(z) =
F'(y), then (F(z,0), F(y,0)) is finite. But ((x,0)(y,0)) is infinite, contradiction. Hence
x < y implies that F'(z) < F'(y). To show that F” is onto, let z € M. Choose (z,m) € Ny
such that F(z,m) = (2,0). If m < 0, then F(z,0) = (z,—m), and if 0 < m, then
F(z,0) = (z,m). So z is in the range of F”.

It follows that {Ny : f € “2} is a set of 2% non-isomorphic models of T'.

v
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Notes on real-closed fields

These notes develop the algebraic background needed to understand the model theory of
real-closed fields. To understand these notes, a standard graduate course in algebra is
sufficient. We make references to Hungerford below for some of the facts that are used.

A field F' is formally real iff —1 is not a sum of squares in F. A field F' is real-closed
iff F'is formally real, but no proper algebraic extension is formally real. Note also that in
a formally real field a sum of nonzero squares is never 0.

Theorem 1. Every formally real field can be embedded in a real-closed field.

Proof. Let F' be formally real, and let K be the algebraic closure of F'. By Zorn’s
lemma let H be an extension of F' which is a subfield of K, maximal in the collection of
all formally real subfields of K. Then H is real-closed. In fact, let L be a proper algebraic
extension of H. We may assume that L is obtained from H by adjoining a root of an
irreducible polynomial f(z) € H[z]. Then f(x) has a root in K also, and by standard field
theory there is an isomorphism g from L into K pointwise fixing H. (See Hungerford, p.
236, Corollary 1.9.) Thus g[L] is not formally real, and so also L is not formally real. O

Proposition 2. If F' is a real-closed field, then every sum of squares in F is a square.

Proof. Suppose that a is a sum of squares in F, but a is not a square. Then 22 —a is
irreducible over F. Let F(«) be obtained from F by adjoining a root of this polynomial.
Then F'(a) is no longer formally real, so we can write

—1 = (ao +bo)* + - - + (@m—1 + bn—10)

for certain elements aq,...,am_1,bo,...,bn_1 of F. Multiplying out, we obtain
—l=a3+ba+ --+a> |, +b3 _ja+u«

for some u € F. Hence —1 = a3 +b3a+---+a?,_; +b2,_,a; but clearly the right side here
is a sum of squares of elements of F', contradiction. ]

Proposition 3. If F is a real-closed field, then for every a € F, either a or —a is a
square.

Proof. Suppose that a is not a square. Then 22 — a is irreducible in F|[z], and so if
F(«) is the result of adjoining a root « of it, then F'(«) is no longer formally real. Hence
by the computation in the preceding proof,

—l=a3+bia+ --+a2_, +b2 _,a.

By Proposition 2 write 1 +a3 +---+a2,_; = ¢ and b3 + --- +b2,_; = d?. Thus this

m—1 —
equation becomes —c? = d?a, hence clearly —a is a square. ]

An ordered field is a field F' together with a linear ordering < on F such that for any
a,bce Fifa<bthena+c<b+c,andifa<bandc>0thena-c<b-ec.
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Proposition 4. Suppose that F is formally real, and for every element a of F', either a
or —a s a square. Then every sum of squares is a square.

Proof. Suppose that —(a2 +---+a2, ;) = b? with all the a;’s nonzero, m > 0. Then
ag + - +a%_; +b* =0, contradiction. OJ

Proposition 5. Suppose that F is formally real and for any a € F, either a is a square

or —a 15 a square. Then there is a linear order < on F which makes F' into an ordered
field.

Proof. Define a < b iff a # b and b — a is a square. This gives an ordered field:

(1) Clearly a £ a.

(2) If a < b < ¢, then b — a and ¢ — b are squares, hence ¢ — a is a sum of squares, and
so is a square by Proposition 4. We must have ¢ # a, as otherwise 0 would be the sum of
the nonzero squares b — a and ¢ — b.

(3) Given a,b € F, either a — b or b — a is a square, and so a < b, a = b, or b < a.

(4) If a < b, obviously also a +c¢ < b+ c.

(5) Suppose that a < b and ¢ > 0. Thus b — a and ¢ are squares, and hence so is
b-c—a-c,soa-c<b-c. ]

So we have shown that any real-closed field can be extended to an ordered field. Clearly
any ordered field is of characteristic 0, so any real-closed field has characteristic 0. Also,

any formally real field can be extended to an ordered field, and hence also has characteristic
0.

Proposition 6. If F' is formally real, f(x) is a monic irreducible polynomial of odd degree
> 1, and F(«) is obtained from F by adjoining a root o of f(x), then F(«) is formally
real.

Proof. Suppose not, and let f(z) be irreducible of minimum odd degree such that
F(a) is not formally real, with « a root of f(x) in some extension. Say that f(x) has
degree 2n + 1, with n > 0. We use the specific construction of F(a) as Fx]/(f(x)). Now
—1 is a sum of squares in F'(«), and this implies that in F[z] we have polynomials such
that

(+) L+ (90(2))* + -+ + (gm—1(2))* = f(2)h(z),

Here each g;(z) has degree at most 2n. Let u be the greatest degree of any of the polyno-
mials g;(x). For each ¢ such that u is the degree of g;(z) write g;(x) = a;x* + h;(z) with
a; # 0 and h;(x) of degree less than u. Then the leading term of the left side of () is
(>-{a?})x?*, the sum being taken over all i with g;(z) of degree u. The coefficient Y {a?}
is nonzero since F' is formally real. It follows that the left side of (x) has degree 2u < 4n.
Hence h(z) has odd degree at most 2n — 1. By the minimality of n, if 3 is a root of some
irreducible factor of h(z) of odd degree, then F(3) is formally real. Substituting ( into
(%), we see that 0 is a sum of nonzero squares in F'(3), contradiction. O

Corollary 7. In a real-closed field, every polynomial of odd degree has a root. ]
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Now we go through some material which is a reorganization of the proof of the fundamental
theorem of algebra found on pages 265-267 of Hungerford. Let us call a field F' special iff
it is formally real, every polynomial of odd degree has a root, and for every a € F, either
a is a square or —a is a square. Thus every real-closed field is special. This is a temporary
notation, since we are going to show that conversely every special field is real-closed. Note
that every special field can be expanded to an ordered field, by Proposition 5.

Lemma 7. Let K be special field, and i a root of 2+ 1 in an extension of K. Then every
element of K(i) has a square root.

Proof. Let a + bi be any element of K (i), where a,b € K. Then a? < a? + b2,
so |a| < va?+b2. Tt follows that a + va? +b> > 0, so we can choose ¢ > 0 so that
a+ Va2 + b2 = 2¢%. Similarly we get d > 0 such that —a + va? + b2 = 2d?. Then

a4+ Va2 + b2 —a+\/a2—|—b2_

A —d? =

2 2 ¢
and
2¢d = ( a+ \/a2+b2) (\/—a+ a2+b2) = V—a2+a2+02 =]
Thus if b > 0 we have (¢ + di)? = a + bi, and if b < 0 we have (c — di)? = a + bi. ]

Lemma 8. Let K be a special field, and i a root of x> 4+ 1 in an extension of K. Then
every quadratic polynomial in K (i)[z] has a root.

Proof. Let 22 + sz +t be any monic quadratic in K (i)[z]. Thus 2% + sz +t =

(x+ 352 +t— %. Let u € K(i) be such that u? = % —t. Clearly u — 5 is a root of

22+ sx +t. [l

Lemma 9. Let K be a special field, and i a root of x> + 1 in an extension of K. Then
K (i) is algebraically closed.

Proof. Suppose that L is a finite dimensional extension of K(i). We may assume
that L is the splitting field of a set of polynomials in K [z], and hence is Galois over K. It
suffices to show that L = K (i). Let [L : K] = m. Thus m > 2. Write m = 2"r with r odd.
Let G be a Sylow 2-subgroup of Autx L. Then the fixed field E of G over K is such that
[E : K| = [Autg L : G] by the fundamental theorem of Galois theory (Theorem 2.5, page
245, in Hungerford). That degree is thus odd. By Lemma 3.17, page 266, in Hungerford,
there is thus an irreducible polynomial of odd degree over K. Since K is special, it follows
that this degree is 1.

Thus r = 1 and m = 2". Hence Autg ;)L = 27=1 Suppose that n > 1. By one of
the Sylow theorems, Autg ;)L has a subgroup H of index 2. Let F' be the fixed field of H.
Then [F': K(i)] = [Autg ;)L : H] = 2. This contradicts Lemma 8. O

Lemma 10. If K is special, then K 1is real-closed.
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Proof. Suppose that L is a proper algebraic extension of K. By Lemma 9 we may
assume that it is a subfield of K (7); hence it equals K (i), and is not formally real. O

Theorem 11. K is real-closed iff it is special.

Corollary 12. Let (K, <) be an ordered field. Then it is real-closed iff every positive
element has a square root and every polynomial over K of odd degree has a root in K.

Proof. =: By Theorem 11 and Proposition 5. <=: by Theorem 11. L

Proposition 13. If K is a real-closed field, then every polynomial over K splits into
linear and quadratic factors.

Proof. If f(z) is an irreducible polynomial in K[z], then if « is a root of it in K (i),
we have 2 = [K (i) : K] = [K(i) : K(a)] - [K(«) : K], and so [K(a) : K] is 1 or 2. ]

Proposition 14. Suppose that K is a real-closed field and f(x) is an irreducible quadratic
polynomial in K[z|. Then either f(a) > 0 for alla € K, or f(a) <0 for alla € K.

Proof. Write f(z) = bz? + cx + d. Actually for this proposition clearly we may
assume that b = 1. Now f(z) = (z + §)* +d — %. Since f(z) is irreducible and every

positive element of K has a square root, we must have d — % > (0. Hence the desired

conclusion is clear. O

Proposition 15. Suppose that K is a real-closed field, and f(x) € Klz|. Suppose that
a<bin K and f(a)- f(b) <0. Then there is a ¢ with a < ¢ < b such that f(c) = 0.

Proof. Write f(z) = go(x) - ... gm-1(z) with each g¢;(z) irreducible, and hence
by Proposition 13, either linear or quadratic. From Proposition 14 it follows that some
linear factor ux 4+ v must have different signs at a and at b. By symmetry say that
ua+v < 0 < ub+v. Thusua < —v < ub, henceu >0anda < —* < band f(=?) = 0. OJ

Proposition 16. Suppose that K is a real-closed field and F is a subfield of K. Then
there is a smallest real-closed field H such that ' C H C K. Moreover, if K' is any
real-closed field such that F C K', then H is embeddable in K' by an embedding whcih is
the identity on F'.

Proof. Let (fo(x) : a < k) list out all irreducible polynomials in F'[z] of odd degree
plus all irreducible polynomials 22 — a with a a sum of squares of F.. Now form a sequence
of extensions G, of F, each a subfield of K, adjoining a root in K of each of these
polynomials if they have remained irreducible. Call the union of all fields obtained in this
way Lj. Then repeat this process with Lq, forming Lo, L3, etc. The union of all these is
the desired real-closed field H.

Given K’ as in the second part of the Proposition, the identity on F' can be extended
to embeddings of the G, ’s and the L,,’s one after the other by standard field theory. 0

Finally, we need to go into the question of what structures can be isomorphically embedded
into real-closed ordered fields. The answer is: ordered integral domains. We prove a strong
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version of this. Generalizing the notion of ordered field as defined on page one, we say
that an ordered integral domain is a pair (D, <) such that D is an integral domain and <
is a linear ordering of D such that for any a,b,c € D, if a < b then a 4+ ¢ < b+ ¢, and if
a<bandc>0thena-c<b-c.

Proposition 17. If (D, <) is a substructure of an ordered field, then (D, <) is an ordered
integral domain. ]

Proposition 18. Suppose that D is an integral domain, and P is a set of nonzero elements
of D closed under + and -, and such that for any nonzeroa € D, a € P or —a € P. Then
there is a relation < such that (D, <) is an ordered integral domain and P = {a € D : 0 <

a}.

Proof. Define a < b iff b —a € P. Since 0 ¢ P, it follows that < is irreflexive.
Suppose that a < b <c. Thenb—a € Pandc—be P,soc—a=c—b+b—a € P;so
a < c. Finally, given distinct elements a,b € D, we have a — b € P or b — a € P, hence
a <borb<a. So<isa linear ordering of D.

Suppose that a <band c € D. Thenb+c—(a+c¢c)=b—a€ P,soa+c<b+c.

Suppose that a < band 0 < ¢. Then b—a,c€ P,sob-c—a-c=(b—a)-c€ P, so
a-c<b-c

Thus (D, <) is an ordered integral domain. Clearly P = {a € D : 0 < a}. O

Lemma 19. Suppose that (F, <) is an ordered field, G is an extension field of F', m € w,
ag, . ..,am_1 are positive elements of F', and

F C F(y/ag) C F(y/ag,v/a1) C ... C F(\/ag,ai,...,\/am-1) =G.

Note that all inclusions here are proper.
Under these conditions, G is formally real.

Proof. As is well-known, any element of G can be written in the form

Z bM . H a;
MCm V ieM

with each by; in F. The square of such an element has the form
S Tar Y e [Te
MCm i€M DAMCM ieM

where each cy; € F. It follows that if —1 is a sum of squares in G, then —1 is a sum of

elements of the form
St o
MCm ieM

Note, however, that each such element is positive, contradiction. ]
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Lemma 20. Let (F, <) be an ordered field, and let P be the set of all positive elements of
F. Let < be any well-order of P. We now define an increasing sequence of extensions G¢ of
F by recursion for £ < a, where o will also be determined in the construction. Let Gy = F'.
Suppose that G, has been constructed for all n < §, with & > 1. Let He = Un<§ G,. If
each member of P has a square root in H¢, we let @ = & and the construction stops.
Otherwise we let ag be the <-first element of P not having a square root in H¢, and define
Ge = H(\/ag). This finishes the construction.

The conclusion is that H,, 1s formally real and every positive element of F' has a square
root in H,,.

Proof. If —1 is a sum of squares in H,, then there is a finite subset N of a such that
—1 is a sum of squares in F'({a¢ : £ € N)). This contradicts Lemma 19.
The other part of the conclusion is assured by the construction. ]

Theorem 21. Suppose that (D, <) is an ordered integral domain. Then there is a real-
closed ordered field (F, <) and a function f such that f is an isomorphism from (D, <)
into (F, <), and for any real-closed ordered field (G, <) and isomorphism g from (D, <)
into (G, <), there is an isomorphism h of (F, <) into (G, <) such that ho f = g.

This is illustrated by the following diagram:

(F, <) ......................................... > (G’ <)

(D, <)

Proof. We recall the standard embedding of an integral domain D into a field H.
A relation ~ is defined on D x (D\{0}) by setting (a,b) ~ (¢, d) iff ad = bc. This is an
equivalence relation on D x (D\{0}), and H is the collection of equivalence classes. There
are operations + and - on H such that [(a,b)] + [(c, d)] = [ad + bc, bd] and [(a,b)] - [(¢,d)] =
[(ac,bd)]. This makes H into a field. The function f taking a to [(a,1)] for each a € D is
an isomorphism from D into H.

Now we define P = {[(a,b)] € H : ab > 0}.

(1) If [(¢,d)] = [(a,b)] and ab > 0, then cd > 0.

In fact, c¢b = da; multiplying by bd, we get cdb? = abd?. Since ab > 0 and d? > 0, it follows
that cdb? > 0. So cd > 0 as otherwise, multiplying by b? would give cdb®> < 0. Thus (1)
holds.
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If ab > 0 and cd > 0, then abed > 0. Hence P is closed under -.

If ab > 0 and cd > 0, then (ad + bc)(bd) = abd? + cdb® > 0. Hence P is closed under
+.

Given [(a, b)] # [(0,1)], we have a # 0. Hence ab > 0 or —ab > 0. So for any non-zero
element x of H we have x € P or —z € P.

Let < on H be defined from P as in Proposition 17.

From all of this it follows that f is an isomorphism from (D, <) into (H, <). Next
we apply the construction in Lemma 19 to get a formally real extension K of H such
that every positive element of H has a square root in K. By Theorem 1 let L be a real-
closed extension of K; by Theorem 15 let M be the smallest real-closed field such that
K C M C L. By Propositions 3 and 5 there is a relation < making M an ordered field.
The construction in Proposition 5 assures that every nonzero element of M which is a
square is positive in the order <. Our construction shows that every positive element of
H is a square in K and hence in M. It follows that (H, <) is a substructure of (M, <).

Now suppose that N is a real-closed ordered field and ¢ is an isomorphism from (D, <)
into N. We would like to define h : H — N by setting h([(a,b)]) = g(a) - g(b)~* for any
[a,b] € H. To show that h is well-defined, suppose that [(a,b)] = [(¢,d)]. Thus ad = bc, so

g9(a)g(d) = g(b)g(c) and hence
g(a)-g(b)~" = g(a)g(d)g(d)"g(d) " = g(b)g(c)g(d) " g(b) " = g(c)g(d)~".

Hence h is well-defined. Similarly h is one-one. It is straighforward to check that A really
is an isomorphism from H into N.

By standard uniqueness facts in field theory, h extends to an isomorphism & from M
into N. Now a € M is nonnegative in M iff it is a square in M iff k(a) is a square in
N iff k(a) is nonnegative in N. So k is in fact an isomorphism from M into N. Clearly
kof=g. L
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Solutions to exercises

Solutions of exercises in Chapter 1

Let £ be a language with no individual constants. Define an £-structure A and
subuniverses B,C of A such that BN C = ).

Let A = 2, and let the fundamental operations of A be such that {0} and {1} are closed
under them; the fundamental relations can be anything. Then {0} and {1} are disjoint
subuniverses.

Carry out the “easy induction” at the beginning of the proof of Proposition 1.2.

Since (X)4 is a subuniverse containing X, we have Yy C (X)4. Now suppose that Y; C
(X)a. Suppose that F' is a function symbol of rank m and x € ™Y;. Then x € ™X, and
so F(z) € (X)a. It follows that Y;11 C (X) 4.

If X andY are nonempty subsets of the universe A of an algebra A, then (X U(Y)) =
(XUY).

Suppose that B is a subuniverse of A containing X UY. Then Y C B, and so (Y) C B.
Thus X U (Y) C B. It follows that (X U (Y)) C B. Since B is arbitrary, this shows that
(X U(Y)) C(XUY).

Conversely, suppose that C' is a subuniverse of A containing X U (Y"). Then (Y) C C,
and so also Y C C. Thus X UY C C. It follows that (X UY) C C. Since C is arbitrary,
this proves that (X UY) C (X U(Y)). Together with the preceding paragraph this proves
that (X UY) = (X U (Y)).

1.4| If K is a nonempty set of nonempty subsets of the universe A of a structure A, then

<UK> = <UX€K<X>>'

Suppose that K is a nonempty set of nonempty subsets of the universe A of a structure A.
First suppose that B is a subuniverse of A containing | J K. Then for each X € K, B
contains X, and hence (X) C B. thus |y (X) € B, and so (Uycx (X)) € B. Since B
is arbitrary, this proves that (|Jycx (X)) € (UK).
Second, suppose that B is a subuniverse of A containing (Jy ¢, (X). Then for each
X € K we have X C (X) C B. So|JK C B, and so also (|J K) C B. Since B is arbitrary,
this shows that ((J K) C ((Uxex (X)) Together with the preceding paragraph this shows

that (UK) = (Uxex (X))

Suppose that f is a homomorphism from A into B, and C is a nonempty subuniverse
of A. Show that f[C] is a subuniverse of B.

For k an individual constant, kB = f (kz) € f[C]. For F an m-ary operation symbol and
be™C,

FB(fob) = f(FA®b)) € f]C],

as desired.
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Suppose that f is a homomorphism from A into B, and C' is a nonempty subuniverse
of B. Show that f~1[C] is a subuniverse of A.

For k an individual constant, f(k?) = kB € C ~and so I{:Z_ € f7YC]. For F an m-ary
operation symbol and b € m(f7[C]) we have f(FA(b)) = FB(fob) € C since (fob) € ™C;
hence FA(b) € f~1[C].

If X generates A, f and g are homomorphisms from A into B, and f | X =g | X,
then f=g.

It suffices to show that ¥ & {a € A: f(a) = g(a)} is a subuniverse of A containing X. We

are given that X C Y. For any individual constant k, f(k%) = kB = f (kZ), so kA €Y.
Now suppose that F' is an n-ary operation symbol and a € Y. Then

f(FAa)) = FB(foa) = FB(goa) = g(F(a)),

and so Fz(a) €Y. Thus Y is a subuniverse of A.

If f is a homomorphism from A into B and X is a nonempty subset of A, then
FUXO)] = (F1X]).

By exercise 1.5, f[(X)] is a subuniverse of B containing f[X]. Hence (f[X]) C f[(X)].

Now by exercise 1.6, f~[(f[X])] is a subuniverse of A, and it obviously contains X.

So (X) € fTH{fIX])], and so f[(X)] C (f[X]).

If A is a substructure of B and = is a congruence relation on B, then = N(A x A)
is a congruence relation on A.

Clearly = N(A x A) is an equivalence relation on A. Now suppose that F is an m-ary
operation symbol, z,y € ™A, and x; = y; for all i < m. Then
FAz = FBy = FBy = FAy,
Finally, if R is an m-ary relation symbol, z,y € ™A, and z; = y; for all i < m, then
a € RYiff a € RP iff b € RP iff b e R™.

Suppose that R is a congruence relation on A, and S is a congruence relation on

A/R. Define T = {(ag,a1) € Ax A : ([ao)r,[a1]r) € S}. Show that T is a congruence
relation on A and R C T.

T is reflexive on A: given a € A, we have [a|gS|a]r, so aTa.
T is symmetric: given Ty, we have [x|rS[y|r, hence [y|rS|z|r, hence yT'z,
T is transitive: given xTyT 'z, we have [z]gS[y|rS[2]r, hence [z|rS[z]r, hence zT'z.
Now suppose that F'is an m-ary operation symbol, z,y € ™A, and z;T'y; for all i < m.
Then [x;]rS[yi]r for all i < m, so

FAR (2] gy [2ma1 ) R)SFY R (ol s - - -, [ym—1]R)-
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Now FA/R([zolg, ...\ [tm-1]r) = [FA(20,...,%m-1)|r and FAR(yolr, ..., [ym-1]r) =

[Fz(y07 S} ymfl)]Ra S0

[FA(w()v ceey xm—l)]RS[FZ(yoa ceey ymfl)]R;

hence Fz(xo, e xm,l)TFZ(yo, ey Ym—1)-
Now suppose that U is an m-ary relation symbol, a,b € ™A, and a;Tb; for all i < m.
Then [a;]gS[bi]r for all i < m, and

acU* iff ([ai|p:i<m)eUMNE
iff  ([bi]r:i<m)e UAR since S is a congruence relation on A/R

iff beUA

Finally, if xRy, then [z|r = [y]r, hence [x]rS[y]r, hence zT'y.

(Continuing exercise 1.10) Show that the procedure of exercise 1.10 establishes a
one-one order-preserving correspondence between congruence relations on A/R and those
congruence relations on A with include R.

For each congruence relation S on A/R let Fg be the congruence relation 7' defined in
exercise 1.10. Suppose that Sy and S; are distinct congruence relations on A/R. Say
[a]rSo[b]r and not([a]gS1[b]r. Then aFg,b. Suppose that aFgs,b. Then [a]rSi[b]r, con-
tradiction. Thus F' is a one-one function.

Now suppose that U is a congruence relation on A which includes R. Define

S={(z,y) € (A/R) x (A/R) : Ja,b € Alx = [a]r ANy = [b]r N aUb}.

We claim that S is a congruence relation on A/R and Fg = U.

S is reflexive, since if @ € A then aUa, hence [a]gS[a]r.

S is symmetric: suppose xSy. Choose a,b € A such that = [a|gr, y = [b]r, and aUb.
Then bUa, so ySx.

S is transitive: suppose that zSySz. Choose a,b,c,d € A such that z = [a]r, y = [b]R,
aUb, y = [c|r, z = [d]r, and cUd. Then [b]g = [c]r, so bRc, hence bUc. So aUbUcUd,
hence aUd and so x5z.

Now let F' be an m-ary operation symbol and z,y € ™S with z;Sy; for all i < m.
Choose a,b € ™A so that Vi < m[z; = [a;]r Ay = [bi]r A a;Ub;]. Then FA(a)U fA(b).
Moreover, FA/f(z) = [F4(a)]r and FA/R(y) = [F4(b)]r. Hence FA/E(2)SFA/E(y).

Let T be an m-ary relation symbol, and let z,y € ™(A/R) with x;Sy; for all i < m.
Then there exist x},y. € A so that x; = [}|r and y; = [y}]r and z,Uy, for all i < m. Then

v eTYHYE iff o eT?
iff 3 e€T? since U is a congruence relation on A

iff yeTA/R,
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Thus S is a congruence relation on A/R. Now take any a,b € A. If aFgsb, then [a]gS[b]r.
Hence there are ¢,d € A such that [a|gr = [c|r, [b]r = [d|r, and cUd. Since R C U, we
have aUcUdUb, and so aUb.

Conversely, suppose that aUb. Then [a]rS[b]r and so aFsb.

Hence Fg =U.

Suppose that (A; : i € I) is a system of similar structures, and B is another structure

similar to them. Suppose that f; is a homomorphism from B into A; for eachi € I. Show
that there is a homomorphism g from B into [],.; Ai such that pr;o g = f; for alli € I.

Define (g(b)); = fi(b) for all b € B and i € I. Thus pr,og = f; for all i € I. If k is an
individual constant, then

g(kB) = (k% :ieI) = k°.
For R an m-ary relation symbol and b € " B,
gobe RC iff VielIlpr,ogobe RY

iff  Vie I[f;obe RY|
iff be RP.

For F' an m-ary operation symbol and b € ™ B,

g(FP(b) = (f(FP(b)) i€ 1)

(

= (FA(fiob):iel)

= (F(pryogob) i€ )
= F° (gob).

Show that a product of partial orderings is a partial ordering.

See page 2 for the official definition of a partial ordering. Suppose that ((A;, <;) : i € I)
is a system of partial orderings. Let B =[],.; A

Irreflexive: if b € B and b <p b, then Vi[b; < bi], contradicting irreflexivity on each
factor.

Transitive: suppose that b <p ¢ <p d. Thus Vi € I[b; <; ¢; <; d;], so Vi € 1[b; <; d;],
hence b <p d.

A partial ordering (A, <) is a linear ordering iff for any two distinct x,y € A
we have x <y ory < x. Give an example of two linear orderings whose product is not a
linear ordering.

Take Z x Z. Then (1,2) and (3,0) are incomparable.
Give an example of two ordered fields whose product is not even a field.

We consider R x R. Then (1,0) is nonzero, but does not have an inverse.
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1.16| Let F be a proper filter on a set I. Show that F' is an ultrafilter iff for all a,b C I,
ifaUbe F thena € F orbe F.

=: Suppose a ¢ F and b ¢ F. Then (I\a) € F and (I\b) € F, so (I\a)N(I\b) € F. It
follows that a Ub ¢ F, as otherwise ) = (I\a) N (I\b) N (aUb) € F.

<: IfaC1I, then I =aU(I\a) € F, hence a € F or (I\a) € F.
Show that any ultraproduct of linear orderings is a linear ordering.

We consider an ultraproduct B ef [Lic: A;/D. By exercise E1.13 it suffices to show that

any two elements of B are comparable. Let a,b € [],.; A;. Then
I:{z’EI:ai<bi}U{i€I:ai:bi}U{i€I:bi<a,~}.

By exercisee 1.16, since I € D one of these three sets is in D, giving [a] < [b], [a] = [b], or

[b] < [a] respectively.

Suppose that I is a nonempty set, and (J; : i € I) is a system of nonempty sets.
Also suppose that F; is an ultrafilter on J; for each i € I, and G is an ultrafilter on I. Let
K ={(i,j):i€l,j € J;}, and define

H={XCK:{iel:{jeJi:(i,j)e X} e F}eG}.
Show that H is an ultrafilter on K.

e K € H: Forany i € I we have {j € J; : (i,j) e K} =J, € F;,sothat {i € [ : {j € J; :
(i,j)e K} € F;} =1 € G}. Hence K € H.

e ()¢ H: Suppose ) € H. Thus {i € I : {j € J; : (4,j) € 0} € F;} € G, in particular, there
is an ¢ € I such that {j € J; : (i,j) € 0} € F;. In particular there is a j € J such that
(i,7) € 0, contradiction.

e Suppose that X, Y € H; we show that X NY € H. Let
X' ={iel:{jeJ;:(i,j)e X} e F}
Y={iel:{jeJi:(i,j)eY}eF}
Z'={iel:{jeJ;:(i,5) e XNY} € F;}.

Since X,Y € H, we have X', Y’ € GG; hence X' NY’' € G. We claim that X' NY' C Z/;

hence Z' € G and so X NY € H. To prove this claim, suppose that i € X’ NY’. Then

{j€Ji:(i,j5) € X} and {j € J; : (i,j) € Y} are both members of F;, and hence so is

their intersection. Now

{jGJZ : (27]) GX}ﬂ{jEJz(zaj) Ey}g{jGJz : (%]) GXQY},
so it follows that {j € J; : (i,5) € X NY} € F}; hence i € Z'. This proves out claim.

e Suppose that X C K and X ¢ H; we prove that (K\X) € H. Since X ¢ H, with X’ as
above we have X' ¢ G; so (I\X') € G. We claim that

(NX") C{iel:{jeJi:(i,j) € (K\X)} € Fi};
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from this claim it follows that {i € I : {j € J; : (4,j) € (K\X)} € F;} € G, and hence
(K\X) € H.

To prove ths claim, suppose that ¢ € (I\X'). Thus {j € J; : (i,j) € X} ¢ F;, and
hence {j € J; : (i,7) € (K\X)} € F;, as desired.

Under the notation of exercise 1.18, show that there is an isomorphism f of the
structure [ [;c (1T, A/ F;)/G) onto i jex A;j/H such that:

vre [T | I] 4s/F)/G

i€l \jeJ;

r=1[slc withs € [[| ][] 44/F

i€l \jeJ;

and Vi € I |s; = [ti|p, witht; € H Aij| implies that f(r) = [(t:(5) : (i, ) € K)]u]|.
JjeJi

First we show that f is well-defined. Thus suppose that r, s,t are as above, and suppose
that also r = [s']¢ with s € J],¢; (HjeJi A—”/Fz) and s, = [ti]p, for each i € I, with
t e HjeJZvA—ij' Then {i € I :s; = s{} € G, hence {i € [ : {j € J; : t;; = t;;} € Fi} € G.
So {(i,j) € K : tij = ti;} € H, as desired.

Reversing these steps, we see that f is injective.

Given u € H(i,j)eKA—ij/H7 write u = [t]g with t € H(z‘,j)eKA—ij- For each i € I let
si =[(tij : j € Ji)]p,. Then f([s]lg) = u. Thus f is surjective.

For the remainder of the proof we introduce the following abbreviations:

Pi = H Zij;

Jj€J;
Ci = B;/Fj;
» _

~
I
~ -]
~
@

Now let k be an individual constant. Then kE = [kP)q, kP = [kBi]p, for each i € I, and
k]B = k4 for each i € I and j € J;. Hence f(kEF) = f([kP]g) = [(k* : (i,j) € K)|g =

kM.

Next, let m be a positive integer and 7, ..., r™~1 € E. For each k < m choose s* ¢ E
with % = [s¥]g. Then for each i € I write s¥ = [t}]F,.
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Suppose that R is an m-ary relation symbol. Then

GO, ..rm Y eRF iff {iel: (..., s" Y eR%}eq
. . L . 740 m—1 Ay
iff {iel:{jedi:(t,. ...t )eERV}eF}eqG
s . . 0 m—1 Zij
iff  {(i,7) € K:(tj;,....t;; )eE R} eH

iff ([t .., ™Y y) € RM
itf (f(r0),..., f(r™ 1)) € RM.

Now suppose that @) is an m-ary operation symbol. Then

FQFEO,...rm ) = QP 5™ le)
= Q% (s, 1) i € D))
= FUUQ™ ()15 5 € )l si € Do)

= ([Q™ (1%, ...t Ny : (4,) € K)
MO, [ )
i

(f(r°), ..., f(r™ ).
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Solutions of exercises in Chapter 2
Prove that for any class K of algebras we have SHK C HSK.

Suppose that M € SHK. Then there are N € K and P such that there is a homomorphism
f from N onto P and M is a subalgebra of P. Let Q = f~![M]. Clearly Q is a subuniverse
of N. Let @ be the associated subalgebra of N. Then f | Q is a homomorphism from Q
onto M. Hence M € HSK.

Give an example of a class K of algebras such that SHK # HSK.

Let K = {Q} in the signature of rings. Then Z is a subalgebra of Q, and Z, is a homomor-
phic image of Z. Thus Z, € HSK. But HK has only two elements, (Q and the one-element
ring, and SHK does not have any finite member with more than one element.

Prove that for any class K of algebras we have PHK C HPK.

Let M € PHK. Then there is a system (N; : i € I) of members of K, another system
(P; : i € I) of algebra, a system (f; : i € I) of functions, and a function g, such that
Vi € I[f; is a homomorphism from N; onto P;, and g is an isomorphism from [Lic: P;
onto M. Define h : [Lic; Ni — M by setting

hz) = g({fi(zi) - i € )

for any x € [[,c; Ni. Then h is a homomorphism from [, ; N, onto M, hence M € HPK.

iel
Give an example of a class K of algebras such that PHK # HPK. Hint: let K

consist of all fields Z,, for p a prime, and take an ultraproduct of them with a nonprincipal
ultrafilter. Show that the result is an infinite field.

Let I = {p : p is a prime}, and let D be a nonprincipal ultrafilter on I. We use the

signature +, -, —, 0,1 for the fields Z,. Now A def [lic;iZyp/D is a commutative ring with

identity, since equations are used to define such. Now take a nonzero element [z]| of A.
Then M & {pel:z(p)#0}isin D. There is a y such that y(p) = 1/x(p) for all p € M.
It follows that {p € I : z(p) - y(p) = 1} € D; hence [z] - [y] = [1]. So A is a field. Now
suppose that A is finite; say A = {[z;] :i <n}. Let N={pe€l:n<p}. If pe N, then
there is a y(p) € Z, such that y(p) ¢ {zi(p) : ¢ < n}. Define y(p) = 0 for p € I\N. Then
for any i < n,

NC{pel:ylp) #=ip)}

hence the set on the right is in D, and so [y] # [z;]. This contradiction shows that A is
infinite after all.

Note that A € HPK. Now a product of two or more fields in not a field, as there are
zero divisors in such a product. Hence the only fields in PHK are isomorphic to members
of K, and so are finite. So A ¢ PHK.

Prove that for any class K of algebras we have PSK C SPK.

Let M € PSK. Then there exist a system (N; : i € I) of members of K, a system
(P; : i € I) of algebras such that P; is a subalgebra of N, for each i € I, and an
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isomorphism f from M onto [],.; P;. Then [],.; P; is a subalgebra of [],.; N;. By
Proposition 1.5 there exist an algebra C' and an isomorphism g from C onto [Lic: N, such
that M is a subalgebra of C and f C g. Thus C € PK, so M € SPK.

Give an example of a class K of algebras such that PSK # SPK.

Let K = {Zs}, the 2-element field. Then every member of PSK is finite or nondenumer-
able, but SPK has a countably infinite member.

Prove that HSPK is closed under H, S, and P. Infer that for any class K of struc-
tures, HSPK is the smallest variety containing K.

HHSPK = HSPK. Next, using exercise 2.1, HSPK C SHSPK C HSSPK = HSPK.
Finally, using exercises 2.3 and 2.5,

HSPK C PHSPK C HPSPK C HSPPK = HSPK.

For the second part of the exercise, suppose that K is a class of algebras, L is a variety,
and K C L. Then HSPK C HSPL = L.

Prove that the following hold in any proper relation algebra with unit R:

(i) STH[=(SIT)] € -T.

(i) ((S|R) Nid)|R = S|R.

(iii) S C S|S~18S.
(i): suppose that (a,b) € S71|[—(S|T)] and also (a, b) € T’; we want to get a contradiction.
Choose ¢ such that (a,c) € S7! and (c,b) € —(S|T). Then (c,a) € S and (a,b) € T, so
(¢,b) € (S|T'), contradiction.

(ii): We have

(a,b) € ((S|R)Nid)|R iff Fcl(a,c) € ((S|R) Nid) and (¢,b) € R
iff  (a,a) € (S|R) and (a,b) € R
iff  (a,a) € (S|R)
iff  3d[(a,d) € S and (d,a) € R|
itf  3d[(a,d) € S and (d,b) € R]
itf  (a,b) € (S|R).

(iii): suppose that (a,b) € S. Then (b,a) € S71, hence (a,a) € (S|S™1), hence (a,b) €
[S|S11S].
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Solutions of exercises in Chapter 3
Define p|tp = —p A —1p. (The Sheffer stroke.). Show that = and A can be defined in

terms of |.
- is equivalent to ¢|p. Then ¢ A is equivalent to (—=p)|(—1)).

A formula ¢ involving only So, ..., S,, determines a function t, : m+19 2 defined

by t,(x) = ] for any x € ™12, Show that any member of Uo<m<w ("2)2 can be obtained
i this way.

Let 0 < m < w and let f € "22. If f takes on only the value 0, then f = t, with ¢ the
formula Sy A =Sp. Suppose that f has at least one value 1. Let M = {x € ™2 : f(z) = 1}.
Consider the following formula ¢:

VA S

zEM 1<m

Note that for any x,y € "2 we have (/\
iff y € M. Hence t, = f.

Show that the following formula is a tautology:

SW)) ly] = 1iff 2 = y. It follows that p[y] = 1

<m 1

{llp =) = (x = =0)] = x} —=7) = [(T—= p) = (0 — @)

(This formula can be used as a single axiom in an axiomatic development of sentential
logic.)

A truth table for this formula would involve 32 rows; we want to avoid that. We argue by
contradiction. Suppose that f is an assignment which gives our formula the value 0; we
want to get a contradiction. It follows that

(1) {[(e = ¢) = (=x — =0)] = x} = N)[fl =1

and
[(T—©) = (8 = 9)][f] =0;

from this last condition we get

(2) (T—=9)lfl=1

and

and the last condition here yields

(3) olf]=1 and ¢[f] =0.

Hence from (2) we get



Then (1) yields
{lle =) = (=x = —0)] = x}f] =0,

from which we obtain

(4) [(p =) = (=x = —0)][f] =1

and

which yields

(5) (=0)[f] = 1.

But from (3) we get (=0)[f] = 0, and hence by (5), (-x — —0)[f] = 0. So by (4) we have
(p — ¥)[f] =0, so that ¢[f] =1 and ¢[f] = 0. This contradicts (3).
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Solutions of exercises in Chapter 4

Prove Proposition 4.7.

For (i), we proceed by induction on 7. If 7 is v; with j # 4, or is an individual constant,
then p = 7 and so p is a term. Suppose that 7 is v;. Then p = 7 if 0 occurrences of v; are
replaced, or is o is v; is replaced by o. At any rate, p is a term. Finally, suppose that 7 is
Fog...0m—1. Then pis Fo{ ...0,,_;, where o} is obtained from o; by replacing 0 or more
occurrences of v; by o. By the inductive hypothesis, each o} is a term. Hence p is a term.

For (ii) we proceed by induction on ¢. Suppose that ¢ is 0 = &. Then ¢ is ¢/ = ¢/,
where ¢’ is obtained from o by replacing 0 or more occurrences of v; by 7, and £’ is obtained
from £ by replacing 0 or more occurrences of v; by 7. By (i), ¢/ and & are terms. So 1

is a formula. Next, suppose that ¢ is Rog...op,—1. Then ¢ is Roy, ... o] where each

Ym—1
o, is obtained from o; by replacing 0 or more occurrences of v; by 7. By (i), each ¢ is a
term. So 1 is a formula.

Next suppose inductively that ¢ is —y. Then 1 is —x’, where x’ is obtained from x
by replacing 0 or more occurrences of v; by 7 (except not if v; occurs just after the symbol
3). By the inductive hypothesis, x’ is a formula. Hence v is a formula.

Suppose inductively that ¢ is x A p. Then 1 is x’ A p’, and ' is obtained from x by
replacing 0 or more occurrences of v; by 7 (except not if v; occurs just after the symbol
3); p’ is similarly obtained from p. By the inductive hypothesis, x’ and p’ are formulas.
So 1 is a formula.

Finally, suppose inductively that ¢ is Jv,;x. Then 1 is Jv;x’, and X’ is obtained from
X by replacing 0 or more occurrences of v; by 7 (except not if v; occurs just after the
symbol 3). By the inductive hypothesis, x’ is a formula. So 1 is a formula.

Suppose that p, 1, x, 0 are formulas, = x < 0, and ¢ is obtained from ¢ by replacing
one or more occurrences of x in ¢ by 6. Show that = ¢ < . Hint: use induction on ¢.

We proceed by induction on ¢. Note that if x = ¢ the conclusion is clear. So we assume
that x # ¢. Then the atomic case vacuously holds, since an atomic formula has no proper
subformula. Suppose that the statement is true for ¢q, and ¢ is —¢g. Then ¥ is =)y, where
1o is obtained from g by replacing one or more occurrences of x by 0. So = ¢g < 1y by
the inductive assumption. Clearly then = ¢ < .

The other cases are treated similarly. For the quantifier case, one needs to observe
that = ¢ < 1 implies that | Jv;p < Ju;1).

Show that = JxVye — YyIxp.

Let M be any .Z-structure, with % the implicit language we are working in. We use v;
for  and v; for y to apply the rigorous definition of satisfaction; here i # j. Suppose that
a € “M and M | Jv;Vv;p[a]. Then there is a u € M such that M = Yov,p[a’]. To prove
that M | Vou;3v;0[al, take any w € M. Then M = ¢[ai,], hence M = Jv;plal]. Hence
M E Vv;3v;p]al.

Show that

= 3zl A A y(e A )] — Fy(Brp A~z =y).
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Again we suppose that z is v; and y is v;, with i # j. Suppose that A is an -
structure, a € “A, and A E Ju[p A ¥ A Juj(p A p)][a]. Choose u € A such that
AE[p A ATvi(p A)][al]. Then choose w € A such that A = (o A —1p)[at?,]. Thus
A = 4lal] while A = —plald, ], hence it is not the case that A = [al?,]. It follows that
al, # at’?, . and the only way this can happen is that a; # w. We now consider two cases.

Case 1. a; # w. Then A E —(v; = v;)[al], A E plal,%,], hence A E Jv;plal], so
A E Fvj[Fuie A —(v; = v;)][al, as desired.

Case 2. a; = w. Then A E =(v; = vj)[a], A E ¢la], hence A = Fv;pla], so
A Juj[Fuip A —(v; = vj)][al, as desired.

Show that
E Jze Ay A Jzy — FxFy3Iz[Fxe(Fyx A Fz) A Jy(Fze A Jxx) A Jz(3z A Tye)].

Again, let z,y,z be v;,v;, v respectively, with ¢, j, k different. Suppose that A is an
Z-structure and a € “A. Suppose that A |= (Jv;p A Jv;9 A Jugx)[a]. Accordingly, choose
r,s,t € A such that

(1) A pla]
(2) A=yl
(3) A xlay]

We claim that
(4) A b= 3o Guix A Jupab) A Fv; Gk A Fvix) A Jog(Fvip A Jvjp)][al”, M.

Clearly this will prove the desired conclusion. By (3) we have A = Jv;x[a’ ", and by (2)
we have A = Ju,[al ). Hence

A (Bujx A Fogd)[al ¢;

hence

(5) A = F;(Fuyx A Jo)[al L),

By (1) we have A = Jugppla’ %], and by (3) we have A = Jv;x[a’ ¥]. Hence
A Gowe A Jvi)lar §;

hence

(6) A | 30;(Qore A 3vi) a4 5]

By (2) we have A | Ju;1[al ], and by (1) we have A = Jvjp[al’]. Hence
AE Qi AJvje)al);
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hence

(7)

A b= Jop (vt A Fvje)[al”, "

Clearly (5)—(7) give the desired result (4).

In (w,0,8), show that every singleton {m} for m € w is definable, i.e., there is a
formula @, (x) with only x free such that {m} = {a € w: (w,0,S) |= pla]}. Here S is the

successor function, which assigns m + 1 to each natural number m.

By recursion, let 0 = 0 and m + 1 = Sm. Then a formula ¢,,, as required is vy = m.

Let £ be a relational language. A formula o is standard if every nonequality atomic
part of ¢ has the form Rug...v,_1, where R is m-ary. (Normally any sequence of m
variables is allowed.) Show that for every formula ¢ there is a standard formula ¢ such

that = @ < 1.

Clearly it suffices to do this only for atomic formulas Ruv;, ...v;,, ,. Let j be greater than

both m and each ix. Let ¢ be the formula

HUJ' e E|Uj+m,1 [ /\ (Uj+k = Uik) A HUO e va,1 [ /\ (Uk = Uj+k) N RUO .. .Um1]] .

k<m k<m

To show that this works, let M be any .Z-structure and a € “M. Then

M [= pla] iff  there are b(0),...,b(m — 1) € M such that

iff

iff

iff

iff

M ): /\ (Uj+k: = Uz'k) VAN HUO .. .va,1

k<m

[ /\ (v = vj4+x) ARug .. .vm_1] [aZ(o) . Zan;ﬂ
k<m
there are b(0),...,b(m — 1) € M such that b(k) = a(ix) for each k& < m and

M EJvg ... Jvm 1 L/\ (vg = vj4k) ARug .. .Um1] [ai(o) = Z(t:;:ﬂ
<m
there are b(0),...,b(m — 1) € M such that b(k) = a(ix) for each k& < m and

there are ¢(0),...,c(m — 1) € M such that
Vi _ j j+m—1\0 m—1
M = /\ (vk = Vjpr) ARvo .. Um 1 [(QZ(O) o 'i(m—1))c(o) o 'c(m—1)]

k<m

there are b(0),...,b(m — 1) € M such that b(k) = a(iy) for each kK < m and
there are ¢(0),...,c(m — 1) € M such that ¢(k) = b(k) for all & < m and
Vi j +m—1)0 m—1
M |=Ruvo ... vm—1 [(aZm) " ‘i(ma))c(o) T e(m—1)

there are b(0),...,b(m — 1) € M such that b(k) = a(ix) for each k& < m and
there are ¢(0),...,c(m — 1) € M such that c¢(k) = b(k) for all & < m and
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(c(0), ..., c(m—1)) e_RV
iff  (a(ig),...,a;, .)€ RM
iff M ): ]R/Ui0 UV, [CL]

In the language of rings, write down a single sentence whose models are exactly all
Tings.

VaeVylz +y =y + ] AVaVyVz[z + (y+ 2) = (x + y) + 2] AVz[z + 0 = z]
AVz[z + (—z) = 0] AVaVyVz[z - (y - 2) = (x - y) - 2]
AV2VYVz[z - (y+2) = (x - y) + (- 2)| AVaVYV2[(y + 2) -2z = (y - z) + (2 - 2)]

We describe an extension of first-order logic that can be used to make the set theoretical
notation {a € A : ¢} formal (rather than being treated as an abbreviation). Let £ be a first
order language, with an individual constant Z which will play a special role (in set theory,
this can be the empty set as introduced in a definition). We define description terms and
description formulas simultaneously:

(a) Any variable or individual constant is a description term.

(b) If O is an operation symbol of positive rank m and 7o, ..., Tm—1 are description
terms, then OT1y...Tpm_1 @S a description term.

(c) If i < w and ¢ is a formula, then Tv;p is a description term. (This is the
description operator. Tv;p should be read “the v; such that ¢, or Z if there is not a unique
v; such that ¢”.

(d) If o and T are description terms, then o = 7T is an atomic description formula.

(e) If R is an m-ary relation symbol and Ty, ..., Tm—1 are description terms, then
R7y...7T;m_1 is an atomic description formula.

(f) If ¢ and ¢ are description formulas and i < w, then the following are description
formulas: =, (¢ A1), and Jv;p.

Next we define the value of description terms, and satisfaction of description formulas
in an L-structure simultaneously. Let A be an £ -structure, and let a € “ A.

(a) v = a;.

(b) If T is the term Foq ...0pm_1, then

(@) = FA(ofi(a), ..., 07 (a)).

(c¢) If T is the term Tv;p, then

A { the x € A such that A= pla] and a; = x  if there is a unique such x,

ZA otherwise.

(d) If p is o =T, thenA)ch[a_] iff o4 (a) = _A(a).

(e)ﬁ”gp is Rog...0m_1, then A = ¢la] iff (6§ (a),...,02 (a)) € rr.
(f) A= —pla] iff it is not the case that A = pla).

(9) A= (e AY)la] iff A = pla] and A |=)[a].
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(h) A = Jv;pla) iff there is an x € A such that A |= pla’].

Show that for any description formula ¢ there is an ordinary formula v with the same free
variables such that = ¢ < 1.

We prove by simultaneous induction on terms and formulas that if ¢ is a description
formula and 7 is a description term, and if v; does not occur in 7, then there are ordinary
formulas ¢ and y such that = ¢ < ¢ and | (v; = 7) < x.

(1) Suppose that 7 is v;. Take x to be v; = v;.

(2) Suppose that 7 is an individual constant c. Take x to be v; = c.

(3) Suppose that O is an operation symbol of rank m > 0, and 79,..., 7,1 are
description terms about which we know our result. Choose n greater than 7 and all v,
occurring in any term 7. Choose ordinary formulas 6y, ...,0,,-1 such that = (v,4; =

7j) <> 6. Then the following formula works for Ory...7p_1:

an...vn+m_1 /\ 9j Nv; = Ovn...vn+m_1

(4) Suppose that 7 is Tv;1p. Let o be an ordinary formula such that =1 < o. Then
the following formula works for 7, where v is a new variable:

[0(v;) ANVog(o(vg) — v; = k)] V [2TFvio(v;) AVog(o(vg) — v; = vg)] A v, = Z).

(5) If ¢ is 0 = p for description terms o, p, choose ordinary formulas n,{ such that
E (v = 0) < nand | (v, = p) < &, where v, and v,, are new variables. Then we can
take the following formula for :

FvpFop[n AENA Uy = vy]

The other cases are straightforward.

We modify the definition of first-order language by using parentheses. Thus we add
two symbols ( and ) to our logical symbols.

We retain in this context the same definition of terms as before. But we change the
definition of formula as follows:

An atomic formula is a sequence of one of the following two sorts: (o = T), with o
and T terms; or Rog...om_1, where R is a relation symbol of rank m and oq,...,0m_1
are terms. Then we define the collection of formulas to be the intersection of all sets of
sequences of symbols such that every atomic formula is in A, and if ¢ and v are in A and
i < w, then each of the following is in A: (=), (¢ A1), (vip).

Prove the analog of Proposition 4.1(1), adding an additional condition, that in a for-
mula the number of left parentheses is equal to the number of right parentheses, while in
any proper initial segment of a formula, either there are no parentheses, or there are more
left parentheses than right ones.

We go by induction on the formula ¢. It is clear for atomic formulas. Suppose that it is
true for ¢ and .
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Then (—¢) has one more of each kind of parenthesis, so it has an equal number of
both. The proper initial segments of () are of these kinds: (); (; (—; and (—o with o an
initial segment of ¢, possibly equal to ¢. Our condition is clear in each case.

Similarly, (¢ A1) has one more of each kind of parenthesis, so it has an equal number
of both. The proper initial segments of (o A1) are of these kinds: 0; (; (¢ with o an initial
segment of ¢, possibly equal to ¢; (pA; and (p Ao with o an initial segment of 1, possibly
equal to ¢. Our condition is clear in each case.

Similarly, (Jv;¢) has one more of each kind of parenthesis, so it has an equal number
of both. The proper initial segments of (Jv;p) are of these kinds: 0; (; (3; (Jv;; and (Fv;o
with o an initial segment of ¢, possibly equal to ¢. Our condition is clear in each case.

4.11| Show that 0 and S are definable in (w,<). That is, there are formulas ¢(z) and
Y(x,y) with only the indicated free variables such that for all a € w, a = 0 iff (w,<) E
vlal}, and for all a,b € w, Sa = b iff (w, <) E ¥|[a,b]. Here we are working in the language
of orderings.

Let ¢ be the formula —3y[y < z]. Clearly a = 0 iff (w, <) |= ¢la]}. Let ¢ be the formula
r<yA-Jzlx <zAz<yl.

Clearly Sa = b iff (w, <) = ¥]a, b].
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Solutions of exercises in Chapter 5

Suppose that A is an L-structure. Let F be a nonprincipal ultrafilter on a set I.
For each a € A let f(a) = [(a : i € I)]p. Show that f is an embedding of A into "A/F,
and A is elementarily equivalent to TA/F.

For brevity let B =14 and C = B/F. See the definition of C following Theorem 1.15.
Suppose that f(a) = f(b). Then [(a:i € I)]p =[(b:i € I)]p, hence {i € [ : a =b} €
F'. Since the empty set is not in F', it follows that a = b. So f is one-one.
If k is an individual constant, obviously f(k4) = k5.
Suppose that G is an m-ary function symbol. Then

(G_Z(ao,...,am,l)]p
G_B(<a0:i61>,...,<am*1:Z’EI))]F
=GY(f(a"), ..., fa™ ).

If R is an m-ary relation symbol, then

(f@®),....,f@™ ) e R iff {iel:{d, . . .,a"YeR"eF
iff  (a,...,am ") e RA.

Hence f is an isomorphism of A into C. The last statement of the exercise is true by
Corollary 5.2.

We work in the language for ordered fields; see Chapter 1. In general, an element
a € M is definable iff there is a formula p(x) with one free variable x such that {b € M :
M = o[b]} = {a}.

(i) Show that 1 is definable in R.

(ii) Show that every positive integer is definable in R.

(iii) Show that every positive rational is definable in R.

(iv) If M is an extension of R, an element € of M is infinitesimal iff 0 < € < r
for every positive rational r. Let M be an ultrapower of R using a nonprincipal ultrafilter
on w. Thus M is isomorphic to an extension of R by evercise 5.1. Show that M has an
infinitesimal.

(v) Use the compactness theorem to show the existence of an ordered field M which
has an infinitesimal, and is elementarily equivalent to R.

(i): Let ¢(z) be the formula Vy[z - y = y].

(ii): Let ¢ be as in (i). By induction we define a formula v, which defines m, for
each positive integer m. Let ¢ be ¢. Having defined ,,, let 1,11 be the formula
FyIz[hm (y) A () Ao =y + 2].

(iii) Let r be a positive rational. Say r = m/n with m and n positive integers. Let x,
be the formula Jy3z[Y,, (y) A, (2) ANy =z - 2].

(iv) Let F be a nonprincipal ultrafilter on w. Define e € “R by setting e(n) = 1/(n+1)
for every n € w. We claim that [e] is an infinitesimal. To prove this, take any positive
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rational r. Choose p € w with % < r. Let z(m) = r for all m € w. Thus [z] is the image
of r under the isomorphism of exercise 5.1, so it suffices to show that [0] < [e] < [r]. We
have

{mew:0<e(m)}=weF

and
{mew:e(m)<r}2d2{mew:m>p}ekF,;

hence [0] < [e] < [r].
(v) Adjoin a new individual constant ¢ to our language, and consider the following
set of sentences:

{¢ : ¢ is a sentence and R = ¢}
U{0 < c} U{Vz[c < x.(z)] : 7 a positive rational}.

Clearly every finite subset of this set has a model; the compactness theorem gives a model
of the whole set, and this give the desired conclusion. (The denotation of the constant c
is ignored in order to make the final model an ordered field with no extra fundamental
constant.)

Consider the structure N = (w,+,-,0,1,<). We look at models of T = {p : ¢ is a
sentence and N |= ©}.

(i) For every m € w there is a formula o, with one free variable x such that N =
©m|m] and N = zp,,(x).

(ii) N can be embedded in any model of T.

(iii) Show that ' has a model with an infinite element in it, i.e., an element greater
than each m € w.

(i): We define ,, by recursion; clearly the ones defined work: g is x = 0. Having defined
Oms ©m-1 1s the formula Jy[p, (y) Az =y + 1].

(ii) For each m € w, let f(m) be the unique a € M such that M & ¢, [a]. If m # n,
then N = —(om(x) A n(2)), so also M = —(om(x) A @, (1)), hence f(m) # f(n).

Next, N = VaVy[om(2) Aen(y) = @min(z+y), so also M = VaVy[pm (z) A on(y) —
Cmin(@ +y). Now M |= on[f(m)] and M = @n[f(n)], so M = @min[f(m) + f(n)].
Hence f(m +n) = f(m) + f(n).

Similarly for -.

If m < n, then N = VaVy[om () A on(y) — x < y, so M = VaVy[om(T) A on(y) —
x <y,so f(m) < f(n). It folows that m < n iff f(m) < f(n).

This finishes the proof of (ii).

For (iii), adjoin a new individual constant ¢ and consider the set

I ={¢: ¢ is a sentence and N |= ¢}
U {Vx[gom(af) —x < C] tm e w}.

By the compactness theorem, I' has a model, which gives the desired conclusion.
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(Continuing exercise 5.3.) An element p of a model M of T' is a prime iff p > 1 and
foralla,be M, ifp=a-b thena=1 ora=p.

(i) Prove that if M is a model of T with an infinite element, then it has an infinite
prime element.

(11) Show that the following conditions are equivalent:

(a) There are infinitely many (ordinary) primes p such that p + 2 is also prime.
(The famous twin prime conjecture, unresolved at present.)

(b) There is a model M of I having at least one infinite prime p such that p+2 is
also a prime.

(c) For every model M of T' having an infinite element, there is an infinite prime
p such that p + 2 s also a prime.

(i): The sentence Vm3p[m < p A “p is a prime”] holds in N and hence in M. Applying
this with m an infinite element yields an infinite prime.

(ii): (a)=>(c): Assume (a), and let M be any model of T' having an infinite element
e. Now VYm3Ip[p “is a prime, and also p + 2 is a prime] holds in N, and hence also in M.
Applying this with m an infinite element gives the desired conclusion.

(c)=(b): By exercise 5.3, there is a model M of ' having an infinite element. Hence
(¢) gives the conclusion of (b).

(b)=-(a): Suppose that (a) is false. Choose m € w such that if p and p+ 2 are primes,
then p < m. Then the sentence

V[om(x) — Vp[p “is a prime, and also p + 2 is a prime” — p < z]
holds in N, and hence also in M. But then there cannot exist an infinite prime p of M

such that p + 2 is also a prime.

Let G be a group which has elements of arbitrarily large finite order. Show that there
1s a group H elementarily equivalent to G which has an element of infinite order.

Add an individual constant ¢ to our language. Then the set
{¢:¢is asentence and G = p}U{-(c=e}U{(c" =¢):mew\l}

has a model by the compactness theorem, giving the desired result.

Suppose that T is a set of sentences, and ¢ is a sentence. Prove that if T |= ¢, then
A E ¢ for some finite A CT.

We prove the contrapositive: Suppose that for every finite subset A of I'; A & ¢. Thus
every finite subset of I'U {—¢} has a model, so I'U {—p} has a model, proving that I" = ¢.
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Solutions of exercises in Chapter 6

A subset X of a structure M is definable iff there is a formula o(x) with only x

free such that X = {a € M : M |= ¢[a]}. Similarly, for any positive integer m, a subset
X of ™M is definable iff there is a formula (T) with T a sequence of m distinct variables
including all variables occurring free in ¢, such that X = {a € "M : M |= p|a]}.

For the language with no nonlogical symbols and for any structure M in that language,
determine all the definable subsets and m-ary relations over M. Hint: use Theorem 6.1.

Let M be any .Z-structure. Thus M is essentially just a set. Its definable subsets are ()
and M, which are clearly defined by x # x and = = x respectively. Suppose that A C M
is definable by (), with ) # A # M. Let a € A and b € M\A. Let f be the bijection of
M which interchanges a and b. Then M |= p[a] but M [~ ¢[f(a)], contradicting Theorem
6.1.

Now suppose that m > 1. For each equivalence relation = on m let

R-={a €™M :Vi,j <mla; = a; iff i = j}.

We claim that the definable m-are relations over M are just ) and unions of these relations
R=. To show that these are definable, for () take A,_, x; # z;; and for a nonempty set E
of equivalence relations, take the formula

V | N@i=z)n N@i#2) ],

=cE \i=j e

which we denote by ¢g. Now suppose that K is a nonempty definable m-ary relation on
M;say K ={a €™M : M = vla]}. For each a € K let =,= {(i,7) € m x m : a; = a;},
and let E = {=,:a € K}. If a € K, then =,€ E, and hence M |= ¢glal. So K C {a €
™M : M |= pgla]}. Now suppose that M = ¢g[a] but a ¢ K. Choose b € K such that

ME | N @=z)n N (@ #)) | [a].

1=pJ 1%y

Then there is a bijection f of M onto M such that f(b;) = a; for all i < m. Now M = 1[b]
but M [~ 1[al], contradiction.

Let T' be the set of all sentences holding in the structure (w, S,0), where S(n) = n+1
for all n € w. Prove an elimination of quantifiers theorem for T'.

By the general procedure at the beginning of this chapter it suffices to eliminate the
quantifier in a formula of the form dxy, where ¢ is a conjunction of atomic formulas
and their negations, where x actually occurs in each conjunct. Moreover, for any natural
numbers m,n we have I' | S™z = S"z if m = n, and I' | S™x # Sz if m # n. So
we may assume that the atomic and negated atomic formulas have the form S™x = S™u
and Sz # S"u, where u is 0 or a variable different from z. Now I' = S™x = S"u «

152



SmHly = 871y, so we may assume that m does not depend on any particular conjunct.
If a conjunct S™x = S™u actually appears, then

I'Edzp < Jz(S™x = S"u) A,

where 9 is obtained from ¢ by replacing S™x by S™u. Now if m < n, then I' E S™x =
Sy x = S"""u, and so

I'E=3dzp < J2(S™x = S"u) « 0 =0,
eliminating the quantifier. If n < m, then
I'Edzp < J2(S™x = S"u) cu#0Au#SOA... Au#S"""0,

again eliminating the quantifier.
Hence we may assume that no conjunct S™x = S™u actually appears in . Thus ¢

has the form
S £ S Oyug A A ST £ SRy,

where each u; is a variable not equal to x, or is the individual constant 0. Then we claim
that I' = 3z <> 0 =0, i.e, I' = Jzp. For, suppose that a € “w. Say x is v;. Choose v € w
such that S™v # S™Oyg(a),. .., S™v # S"¥yy(a). Thus (w,S,0) = ¢[al], as desired.

Let T be the theory of an infinite equivalence relation each of whose equivalence
classes has ezxactly two elements. Use an Ehrenfeucht game to show that T is complete.

To be precise, let T consist of the following sentences:

Ve[zEx)
FE is symmetric and transitive
there are infinitely many elements in the model

Vv there are exactly two elements equivalent to vg.

Now assume that A and B are models of I' and m is a positive integer. The strategy of
ISO is as follows. Suppose that we are at the i-th turn and NON-ISO chooses 0 and an
element a € A. The move of ISO depends on the following possibilities. If the turns so
far have not produced a partial isomorphism, then ISO selects any element of B. Suppose
that the turns so far have produced a partial isomorphism f.

Case 1. No element of A equivalent to a has been selected yet. Then ISO picks an
element of B not equivalent to any element selected so far.

Case 2. There is an element a’ € A which has already been selected which is equivalent
to a, while a itself has not been previously selected. Then ISO picks an element of B
equivalent to f(a’) which has not yet been selected.

Case 3. a has already been selected. Then ISO picks f(a).

If NON-ISO chooses 1 and an element of B, ISO does a similar thing, interchanging the
roles of A and B.
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Clearly this produces a partial isomorphism. ]

Let T be any theory. Show that the class of all substructures of models of T is the
class of all models of a set of universal sentences, i.e., sentences of the form YTy with ¢
quantifier free and T a finite string of variables containing all variables free in .

Let I' = {VZy : T is a finite string of variables containing all variables free in ¢, and
T = VTp}.

Suppose that A < B = T. Clearly then A =T.

Conversely, suppose that A = I'. Then in order to show that A can be embedded
in a model of T it suffices to show that 7'U Diag(A) has a model. Suppose not. Then
T U Diag(A) = Jx(x # ). Hence by Lemma 6.29 there is an existential sentence ¢ such
that T =1 — 3x(x # x); so T = ). Hence —) € T'. But also by Lemma 6.29, A |= 1,

contradicting A =T

Suppose that ' U {¢} is a set of sentences in a language L. Suppose that I' and ¢
have the same models. Prove that there is a finite subset A of I' with the same models as
I.

Applying Lemma 6.28 with T', A, ¢ replaced by 0,T', ¢ respectively, we get a finite con-
junction ¥ of members of I" such that =9 — . On the other hand, obviously = ¢ — .
Thus the collection of conjuncts of ¢ has the same models as I'.

Suppose that T and T’ are theories in a language £. Show that the following
conditions are equivalent:
(i) Every model of T' can be embedded in a model of T

(i) Every universal sentence which holds in all models of T' also holds in all models
of T'.

(i)=(ii): Assume (i), suppose that ¢ is a universal sentence holding in all models of T,

and suppose that A is a model of 77. By (i), choose B = T such that A < B. Clearly
A |= @, as desired.

(ii))=(i): Assume (ii), and suppose that C is a model of 7. Let I be a set of universal
sentences as given in exercise E6.4:

(A: AT} ={4:3B=T(A<B)).

Clearly then T' =T, so C |= T by (ii), and hence (i) holds.

Let T be a theory in a language £. Let K be the class of all models of T'. Show
that the following conditions are equivalent:

(i) SK = K.

(ii) There is a collection T of universal sentences such that K is the class of all models

of T
This is immediate from exercise E6.4.

Suppose that A < B. Prove that A < B iff (A,a)aca = (B,a)aca-
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=: Suppose that A < B and (A4, a)4ea = . Thus ¢ € Eldiag(A), so by Theorem 6.15,
(B, a)qeca = ¢. The converse follows by applying this argument to —.

. Assume that (4,a)aca = (B,a)seca. In particular, (B,a)ses is a model of
Eldiag(A), so by Theorem 6.15, A < B.

m Suppose that m is a positive integer, o(T) is a formula with free variables T of length
m, and M is a structure. Define o(M) = {a € ™M : M = pla]}. Show that the following
conditions are equivalent:

(i) (M) is finite.

(ii) (M) = o(N) whenever M < N.

Assume (i), and suppose that M < N. Say (M M)| = n. Since M < N, the m-tuples
from M that satisfy ¢ in M also satisfy @ in N. The statement (i) can be expressed by a
sentence (with fixed m), and it holds in M, hence in N. so (ii) follows.

Now assume that (i) fails; we show that (ii) fails. To the language Z4 adjoin new
constants d for i < m, of length m. We consider the following set of sentences:

Eldiag(M) U { \/ ey #di : M = @[b(0), ..., b(m — 1)]} :

<m

By (i) failing and the compactness theorem this set has a model, and this gives an elemen-
tary extension N of M in which (M) C ¢(N).

E6.10 Prove that if K is a set of models of a complete theory T then there is a structure
H such that every member of K can be elementarily embedded in M.

Let x be an infinite cardinal greater than the size of all members of K, and let A be a
kt-saturated model of T. Then A is as desired, by Theorem 6.24.

E6.11| Suppose that A and B are elementarily equivalent, k-saturated, and both of size k.
Show that they are isomorphic.

Write A = {an : a < k} and B = {b, : @ < k}. We now define (¢, : & < k) and (d,
o < k) by recursion. Suppose they have been defined for all 3 < a so that (4, cs)p<a =
(B,dg)g<o- We now define co,du, dor1,Catr1- Let cq = a~, with v minimum such that
ay ¢ {cg < B < a}. Let I' be the set of all formulas ¢(z) in Zc,.3<q) such that
(4,¢5)p<a E ¢lca). Then (A, cg)s<a = JzA for every conjunction D of finitely many
elements of I', so also (B dg)p<a = 3xA. Hence since B is k-saturated we get an element
de of B such that (B,dg)s<a = 3p[ds] for every o € T. Tt follows that (4, cs)p<a =
(B,dg)s<a- We define doy1 and ¢,y 1 analogously.

After this construction we have A = {c, : @ < k}, B = {dy : o < k}, and
(A, ca)a<r = (B, do)a<r- Hence {(cq,dy) : @ < K} is the desired isomorphism.

For any natural number n and any structure M, an n-type of M is a collection T
of formulas in Ly with free variables among T, a sequence of distinct variables of length
n, such that My |= 3T for every conjunction of finitely many members of T'. Prove that
if T' is a collection of formulas in £y with free variables among T, then T' is an n-type
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over M iff there is an elementary extension N of M which has a sequence @ of elements
such that N = pla| for every ¢ € T.

=: Expand %, with new individual constants d of length n. Every finite subset of
Eldiag(M) U {p(d) : p € T'}

has a model by hypothesis, so the compactness theorem yields the required N.
«<: N |= Jp for every finite subset of I', so M models this too, as desired.

If M is a structure, A C M, and n € w, then an n-type over A of M is an n-type
of M all of whose additional constants come from A. Given an n-tupe @ of elements of M,
the n-type over A of @ in M, denoted by tp™ (@)/A), is the set {p(T) : ¢ is a formula with
free variables among T, T has length n, and M 4 = @[a]}. An n-type S over A is complete
iff p €S or —p €8 for every formula in the language L with free variables among T.
Prove that S is a complete n-type over A in M iff there is an elementary extension

N of M which has a sequence @ of elements such that S = tp™ (a/A).

=: Assume that S is complete. By Exercise E6.12, there is an elementary extension N

of M which has a sequence @ of elements such that S C tpﬁ(E/A). Clearly equality holds
since S is complete.
«: clear.

Let t be an n-type over A of M. We say that t is isolated iff there is a formula
©(T) in La such that M 4 = 3Tp and M 4 = VT(@ — ) for every ¢ € t. We then say
that ¢ isolates t.

Prove that if ¢ isolates tp™M (@/A), then ¢ € tpM (a/A).

Assume the hypothesis. Choose b such that M4 = gpﬂ_)] If ¢ € tp?(&/A), then M4 |
gp(@ — p(b). Hence tp™(a/A) C tpM(b/A), so tp™(a/A) = tpM(b/A). Hence ¢ €
tpM (a/A).

E6.15| Show that tp™ (@~b/A) is isolated iff both tp™ (/A U rng(b)) and tpM(b/A) are
1solated.

=: Suppose that tpﬁ(a“l_)/A) is isolated. Let ©(T,7) be such that M4 = 23y and
M 4 | VZVY[p — 9] for every ¢ € tp™ (@~ b/A). We claim that ¢(Z, b) isolates tpM (@/AU
g (b)) and 3Ty isolates tpM (b/A).

By Exercise E6.14 we have M4 = ¢la,b]. Hence MAUmg(Z) = JT¢(Z,b). Now
suppose that ¥ (T) € tpM(E/A Urng(b)). Then we can write (%) = 9 (%, b), and ¥ (T,7) €
tp™ (@ b/A). Hence M |= VEVglp — ¢]. Hence M . 5 = VE[p(%,b) — (F)]. This
proves that o(z, b) isolates tp™ (@/A U rng(b)).

For the second type, clearly M4 = Jy3zZ¢. Now suppose that ¥ (7) € tp™(b/A).
Then also ¢ (7) € tpM(EAE/A). Hence M 4 = VZVy[p — ¥]. So M s | Vy[TTe — /).
This proves that 3z isolates tp™ (b/A).
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«<: Assume that tp™ (a/AUrng(b)) and tpM (b/A) are isolated. Let 1(Z, b) isolate the type
tp™ (a/A U rng(b)) and o(7) isolate tp™ (b/A). We claim that 6 L »(Z,Y) A () isolates
tpM (@ b/A).

By exercise E6.14 we have ¢ € tp™ (b/A), so M 4 = ¢[b]. Now M4 = Jz¢(Z, b), so
M = 3735(¢ A ¢). _

Now suppose that x € tp™ (@~b/A); we want to show that M 4 = VZVy[0 — x]. Now

M =Yzl (@,b) — x(@,b)].

Hence
Ma | ¢(d) — Vz[y (T, d) — x(T,d)],
Ma E ¢(d) = [p(e,d) — x(c d),
hence
MA ): 9(67 8) - X(Ea 8)]7
as desired.

Let T be a complete theory with a model. A formula ¢(T) is complete in T iff
T U{3zp} has a model, and for every formula ¥ (T), either T = ¢ — ¢ or T = ¢ — —).
Here T is a sequence of variables containing all variables free in ¢ or 1.

A formula 0(T) is completable in T iff there is a complete formula ©(T) such that
TEp—0.

A structure M is atomic iff every tuple @ of elements of M satisfies a complete formula
in the theory of M.

A theory T is atomic iff for every formula 0(T) such that T U {3T0(T)} has a model,
0 is completable in T.

Show that if T is a complete theory in a countable language, then T' has a countable
atomic model iff T is atomic. Hint: in the direction <=, for each n € w let t,, be the set of
all negations of complete formulas with free variables among vg,...,v,_1, and apply the
omitting types theorem.

=: Assume that T has an atomic model M, and suppose that 6(%) is a formula such that
T U{3z0()} has a model. Since T is complete, we have T' = 3z0(T), and so M = Iz0(T).
Choose @ in M such that M = 0[a). Since M is atomic, there is a complete formula ¢(T)
such that M = ¢[a]. Since p(Z) is complete, it follows that T | ¢ — 6. Thus 6 is
competable. This proves that T is atomic.

<: Assume that T is atomic. For each n € w let t,, be the set of all negations of
complete formulas with free variables among vg,...,v,_1. Then ¢, is not isolated. For
suppose it is, and let ¢(7) be a formula such that TU{3v¢(v) has a model, and T' = ¢ — 1
for every ¢ € t,,. Now T is atomic, so ¢ is completable. Let x be a complete formula such
that T = x — ¢. But =x € t,, s0 T = ¢ — —x. Hence T' = x — —x, contradicting the
fact that 7"U {Jox} has a model.

Now by the omitting types theorem, let M be a countable model of 7' which omits each
type t,. Thus for each @ in M, say of length m, there is a ¢ in t,, such that M = —p|a).
Since - is complete, this shows that M is atomic.
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Solutions of exercises in Chapter 7

Let M be a field, A a subfield, and a € M. Suppose that a is algebraic over A in the

usual sense of field theory. Show that a is algebraic over A in the model-theoretic sense.

Let f(x) be a polynomial with coefficients in A such that f(a) = 0. Let ¢(z,b) be the
formula f(x) = 0, where b is the system of coefficients of f(z).

Let M = (w, <). Show that every element of w is algebraic over (.
For any m € w let ¢(x) be the formula “There are exactly m elements less than z.”

Let A = ([w]?, R), where
R={(a,b):a,b€ [w]? a#bandanb#0D}.

(i) Show that {a € [w]?: (a,{0,1}) € R} is neither finite nor cofinite.

(ii) Infer from (i) that [w]? is not minimal.

(iii) If f is a permutation of w, define f¥ : [w]? — [wW]? by setting f+(a) = fla] for
any a € [w]?. Show that fT is an automorphism of A.

(iv) Let X = {a € [w]* : 0 € a and aN{1,2} = 0}. Show that X is definable in A with
parameters.

(v) Show that X is minimal.

(i): For each m > 1 we have ({0,m},{0,1}) € R, so the set is not finite. Also, for each
m > 1 we have ({m,m + 1},{0,1}) ¢ R, so the set is not cofinite.
(ii): The set is definable with parameters, since it is

{a € [w]?: A = Ra{0,1}}.

(iii): f* is one-one, since f[a] = f[b] implies that a = f~![fla]] = f~[f[b]] = b. fT maps
onto [w]? since for any a € [w]? we have f[f~![a]] = a. Now suppose that a,b € [w]?.
Suppose that aRb. Then a # b and a Nb # (). Hence f[a] # f[b] and f[a] N f[b] # 0, so
fla)Rf*(b). The converse is similar.

(iv): X ={a€[w]?: AEaR{0,1} A =(aR{1,2}) A =(a = {1,2})}.

(v): For any m > 2 we have {0,m} € X, so X is infinite. Now suppose that Z is
first-order definable with parameters, and X N Z is infinite; we want to show that X\ 7 is
finite. Say Z = {b € [w]? : A = ¢(¢,b)}, where € is a finite sequence of elements of [w]?.
We claim that

X\Z C{{0,n}:n € Urng(é)}.

To prove this, take any {0,n} € X\Z. Thus n ¢ {0,1,2}. Suppose that n ¢ |Jrng(c).
Since X NZ is infinite, there is a p such that p ¢ {0,1,2,n}UJrng(¢)} and {0,p} € XNZ.
Let f be the transposition (n,p), considered as a permutation of w. Then f induces an
automorphism f* of A, defined by f*(a) = f[a], for any a € A, as above. Note that
f1(u) = u for each u € rng(c). Now A | ¢(c,{0,p}), so it follows that A = ¢(c,{0,n}).
Hence {0,n} € Z, contradiction.
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Let V' be an infinite vector space over a finite field F'. We consider V as a structure
(V,+, fa)ack, where fo(v) = av for any v € V and a € F. Show that V is minimal.

Suppose that X is definable with parameters; say
X={acA:AE=¢(Ca)}.

Let Y be the span of rng(¢). Thus Y is finite. We claim that X C Y or A\X C Y. Suppose
that X Z Y’; choose x € X\Y. Take any y € A\Y. Let B be a basis for Y. Both z and y
are not in Y, and thus there exist bases B’, B” of A such that B C B’,B"”, x € B’, and
y € B”. Hence there is a one-one function f from B’ onto B” such that f is the identity
on B and f(x) = y. Now f extends to an automorphism of A and it follows that y € X.
So we have shown that A\Y C X. Hence A\X C Y, as desired.

(continuing exc. 7.4) Prove that for any subset A of V', acl(A) = span(A).

First suppose that b € span(A). Then there exist ag,...,a,-1 € A and € € "F such that
b=c¢cpap+ - +ep_1an_1. The formula z = egag + -+ -+ e,_1a,_1 shows that b € acl(A).

Now suppose that b € acl(A)\span(A4); we want to get a contradiction. Say V =
o(b,@) and p(V,a) is finite, where @ € A. Thus b ¢ span(a@). Choose ¢ not in span(a) and
also ¢ ¢ p(V,@). Then there is an automorphism f of V such that fo@ is the identity and
f(b) = c. Then V = ¢(c,a), contradiction.

(continuing excs. 7.4, 71.5) By exercise 7.4 and Lemma 7.2, the following holds in

V: if a € span(A U {b})\span(A), then b € span(A U {a}). Prove this statement using
ordinary linear algebra.

Assume the hypothesis. Then we can write a = egco+- - -+en_1¢n_1+0b with each ¢; € A.
Since a ¢ span(A), we must have 6 # 0. Then

b=a+ —eoco+ -+ —€Ep_1Cn_1,

which shows that b € span(A U {a}).
Give an example of a set I' of sentences and two sentences ¢ and 1, such that,

TE @ iffT o but T i (p o ).

Let . have just one non-logical symbol, a unary relation symbol P. Let I' = ), ¢ = 2Pz,
¢ = Jz—Pz. Then [~ ¢, using the structure (w,?). Also £ 1, using the structure
({0}, {0}). Hence T = ¢ iff T |= 4. Finally [~ (¢ < ), using the structure (w, 0).

Show that for T a set of sentences and for sentences p, 1, if I' = o <> 1 then T = ¢
iff T =

Assume the hypothesis, and suppose that I' = ¢. Suppose that M is a model of I'. Since
=g« Yand I' = ¢, it follows that T' = 4. Similarly in the other direction.

Prove that the following two conditions are equivalent:
(i) T = ola] iff BT | la).
(it) M = (p < ¥)[a].

159



Obvious.

E7.10| Prove that the following two conditions are equivalent, for any sentences @, :
(i) M = o iff M = .
(1)) M |= (¢ < ).

Obvious.

E7.11| In the language with no non-logical symbols, show that w is an indiscernible set in
w.

Given ¢(7) and two sequences @ and b of distinct elements of w, there is a permutation f
of w such that foa=0b. Thus w = ¢(a) iff w = p(b). Now use exercise E7.9.

E7.12| (Continuing exercises 7.4, 7.5, 7.6) Let A = {wy,wy}, two members of V', and let

b=wi. Thusb € span(A). According to Lemma 7.8, tpv(b/A) is isolated. Give a formula
¢(vo, @) with @ € A which isolates tp¥ (b/A).

Let ¢ be vg = wy. Thus ¢ € tpv(b/A). Suppose that ¢ € tpv(b/A). Then V = ¢ (w),
and hence V' = Yuglp — 9].

E7.13| Suppose that M is an infinite structure, o(vg) is a formula with at most vy free,

and (M) is infinite. Show that M has a proper elementary extension N such that (M, N)
1s not a Vaughtian pair.

Let L be the language of M, and expand the language Lj; by adding another individual
constant d. Then every finite subset of

Eldiag(M)U{a #d:a € (M)} U {p(d)}

has a model, so the result follows by the compactness theorem and Theorem 6.15.
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