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Abstract

For algebraically closed fields, one cannot define characteristic zero by means of a
single sentence in the language of rings. However, for global fields (i.e., finite sepa-
rable extensions of Q or F,[t]) characteristic zero is definable. In other words, there
is a sentence in the language of rings which is true in a global field precisely when
that global field has characteristic zero. In fact there are many subsets of the set
of global fields which have a first-order definition and they correspond to the arith-
metically definable subsets of the natural numbers. It turns out that characteristic
zero is also definable for infinite finitely generated fields. The characterization of
all subsets of infinite finitely generated fields is still an open problem.
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Introduction

Mathematics is the art of finding proofs for statements about a given class of objects.
For example, one may take the class of objects to be the set of all platonic polyhedra
(this set consists of a tetrahedron, a cube, a octahedron, a dodecahedron and an
icosahedron). It is easy to see that the statement “the number of faces equals six”
is true for a cube, but false for any other polyhedron in this class. Euler discovered
that the statement “the number of faces minus the number of edges plus the number
of vertices equals two” is true for any of these polyhedra. We see how statements
(or properties) interact with the objects from the class. We will investigate this
interaction for some other, more involved, classes of objects.
In this thesis we will consider three classes of objects, namely

- countable algebraically closed fields;
- global fields;
- infinite finitely generated fields.

The objects in each of these classes are fields. A field is a set F', in which we can
add (4) and multiply (x) any two elements, with two special elements 0 and 1 such
that some elementary properties about +, x, 0 and 1 hold. See Definition 1.1.1
and Definition 1.1.3 for the precise definition of these properties. An example of a
field is the set of rational numbers with the usual addition and multiplication and
the two special elements 0 and 1. For the precise definition of the above classes we
refer to Definition 1.11.11, Definition 2.1.1 and Definition 4.2.1.

Statements about a field are expressed in a mathematical language, namely the
language of rings. The language of rings is the set of sequence of symbols from the
following (infinite) list

0,1,4+,x,=, LAV, — =V, 3,),(z,y,z2,....
An example of a statement in this language is
Ve(-(z =0) = Jy(z x y = 1))
which means (when interpreted in a field F)

“for all x in F we have that if not x = 0 then there ezists a y in F' such that
rxy=1

Clearly not all sequences of this symbols give a statement in the language of rings.
Using the grammar of the language of rings, it can be seen whether a sequence of
symbols is a well formed statement. This is defined explicitly in section 3.1.

Goals. Our goal is to investigate, for each of these classes of fields, the connection
between the objects and its properties by means of the following three questions.

1) Is it decidable whether an arbitrary statement is true for a given object?

In this question we ask if there is a procedure which enables us to calculate whether
a given statement is true for an arbitrary object of the class. This procedure should
be independent from the statement.

2) Which subclasses can be distinguished by a single statement?



As seen in the example of the platonic polyhedra, the cube can be distinguished
from any other polyhedron by the statement that the polyhedron has six faces. We
now ask for which subclasses there exists a statement which is true for object if and
only if that object is in that subclass.

If every single object can be distinguished by a single statement, then we get a
positive answer to the following question.

3) Are two objects in a class with the same properties equal?

In this question we ask ourselves whether an object is completely determined by its
properties. It could be the case that two objects are nearly the same, but that one
cannot express their difference in the language. We see that we need a very precise
definition of our language. This language will be the language of rings.

Structure. The first thing to do is to define what is meant by these three different
classes of objects: countable algebraically closed fields, global fields and infinite
finitely generated fields. This is done in chapter 1 and 2. In chapter 1 we introduce
the basic commutative algebra which is needed in order to define these classes. Then
in chapter 2 we study the properties of a global field.

After defining the objects we focus in chapter 3 on the statements about these
objects. We first define what is meant by a statement, and also when it is true for
a given object. We will prove some theorems (Theorem 3.9.8 and Corollary 3.10.8)
towards the answer of the first question.

In chapter 4, 5 and 6 we will discuss the above questions for the countable
algebraically closed fields, global fields and infinite finitely generated fields. There
chapters are all independent from each other.

Own work. The major results of this thesis are already known for about thirty
years or more. My work consists mainly of bundling those results into a single text.
As each text has its own way to present the material, the bundling required to
reformulate the results and fill in the details that are left unmentioned.

In this thesis introduced some new notation (like Ok, K) and used the phrase
‘non-integral ¢ in a global field’ instead of ‘non-constant ¢ in a function field’ (c.f.,
section 4 of [14]). In this new notation, I extended proofs, which applied to number
fields, to apply for all global fields (e.g., Lemma 2.3.5). T also generalized the notion
of a (rank 1) valuation (compare Definition 2.5.5 with page 2 of [3]) and showed that
every valuation on a global field is discrete. This more general approach enabled
me to prove that the valuation rings of a global field admit a first-order definition
(c.f., Corollary 2.5.16 and Lemma 5.3.1). This fact was assumed to be well-known
by Rumely (c.f., page 204 of [14]).

Inspired by the questions of Poonen [11], T asked myself whether I could char-
acterize the definable subsets of isomorphism classes of global fields. It turned out
to be possible and I proved this in 5.8.

Prerequisites. The reader should have some basic knowledge about mathematics,
say at bachelor level. More explicitly this means that you should be be familiar with
the following:

- Elementary set theory: countable sets, equivalence relations/classes, total or-
ders);

- Complex numbers;

- Elementary theory of metric spaces; convergent sequences, limits, Cauchy
sequences.

- Linear algebra: vector spaces, linear maps, bases, matrices, determinants;
- Elementary group theory: normal subgroups;

- Elementary number theory: Bézout identity, quadratic reciprocity law, Leg-
endre symbol.



Chapter 1

Commutative Algebra

A ring is a set in which you can add, subtract and multiply and a field is a ring
in which you can divide. The goal of this chapter is to give an introduction into
the theory of rings which will be used in the next chapters. To be more precise,
consider the diagram

K—L
1 1 (1.1)
R—S

where all maps are inclusions of rings, L/K is a field extension of finite degree, R
is a Dedekind domain, S is the integral closure of R in L. In this setting we will
study the arithmetic of the ring S.

The structure of this chapter is as follows. In section 1.1 we recall the definition
of rings and fields, which are the objects in diagram (1.1). Then in section 1.2
and 1.3 we investigate some basis properties about the arithmetic in such rings:
in section 1.2 we show the connection between divisors of zero in a ring and the
existence of a field extending the ring. As we are considering diagram (1.1), we
restrict our attention to integral domains, which are rings for which there exists a
field extending it. Next, in section 1.3 we are considering factorizations of non-zero
elements. We will conclude that an element in a general integral domain does not
always admits factorization, because some elements in some integral domains are
infinitely divisible or factorization is not unique. However, not all is lost if we pass
to ideals, which generalizes the concept of an element. This is part of section 1.4.
There we recall the definition of an ideal and show how we can do arithmetic with
them, i.e. we define a product and define divisibility of ideals. Then in section 1.5
we give a condition such that no ideals are infinite divisible. Although ideals are
already helpful, it turns out that ideals are not general enough. We generalize an
ideal using modules, which are discussed in section 1.6. This will be used in section
1.10 to define a fractional ideal. We then focus on the constructions used in the
rings R and S in diagram (1.1). We first study, in section 1.7, the properties of
the integral closure and then give a quick introduction to local domains in section
1.8. These constructions allow us to describe the two kinds of rings which are most
important for us: valuation domains and Dedekind domains which will be discussed
in section 1.9 and 10 respectively. For now it seems that these two rings have little
to do with each other. Finally we investigate the extension L/K of fields. First we
examine the properties of a field extension, which is done in section 1.11.

1.1. Rings and homomorphisms

In this section we will define the most basic notions used in diagram (1.1), i.e., the
notion of rings, subrings and fields and homomorphisms between them.

Rings and fields. Let us start with the definition of a ring.

Definition 1.1.1 (Rings). A ring is an ordered tuple (R, +,-,0,1) consisting of a
set R, two binary functions +, - and two (not necessarily distinct) elements 0,1 € R
such that



4 1.1. Rings and homomorphisms

1) (R,+,0) is an abelian group, i.e.,

a) for all z,y,z € R we have z + (y + 2) = (z + y) + 2;
b) for all z € R we have z + 0 = x;

c¢) for all z € R there is a y € R such that z +y = 0;
d) for all z,y € R we have z +y = y + ;

2) - is associative, i.e., for all x,y,z2 € R we have x - (y - 2) = (x - y) - 2;

3) - distributes over +, i.e., for all z,y,z € Rwehave x - (y+2) =z -y+x- 2
4) R is unital, i.e., for all z € R we have z - 1 = x;

5) R is commutative, i.e., for all z,y € R we have x -y =y - x. A

For notational convenience we will denote S = (R, +,-,0,1) by R (e.g., we say
that Z is a ring). This allows us to write “let R be a ring and « € R”. Without this
convention this would mean that x is a set or a mapping or a constant. Furthermore
the dot - is usually omitted (e.g. we write zy instead of = - y).

Example 1.1.2 (Trivial ring). Let R be a ring consisting of one element x. Then
we have 0 = 1, since 0,1 € {z}. Let R be a ring with 0 = 1. Then we have
x=1-2=0-2=0for all z € R and hence R = {0}. In this case we call R trivial
and otherwise R is called non-trivial. O

Definition 1.1.3 (Fields). A field is a ring R such that
7) R is non-trivial, i.e., 1 # 0;
8) for all 0 # = € R there is a y € R such that zy = 1. A

The second property in the definition of a field may be stated as: every non-zero
element x of R is invertible. Indeed the y in the definition acts as the inverse 1/x
in R.

We now list some examples of rings and show some important constructions of
rings out of a given one.

Example 1.1.4. The set of integers Z with usual addition and multiplication and
interpretation of 0 and 1 is a ring, while the set of natural numbers with zero N is
not.

The set of rational numbers Q, real numbers R and complex numbers C with
usual addition and multiplication and interpretation of 0 and 1 are fields under the
standard addition and multiplication. O

Example 1.1.5 (Number ring). Let m be an integer. The subset
ZIVd) = {a+bV/deC|a,becZ}

of the complex numbers C with induced addition and multiplication form a ring.
This ring is an example of a number ring. %

Example 1.1.6. Let m be a positive integer. If z,y € Z are integers, then x is
congruent to y modulo m (notation: z = y (mod m)) if and only if m | z — y.
This defines an equivalence relation on Z and the set Z,, = {0,...,m — 1} is a
full set of representatives. Addition and multiplication in Z induces addition and
multiplication modulo m in Z,,: for all x,y € Z,, there are unique s,p € Z,, such
that x + y = s and xy = p modulo m. Therefore Z,, is a ring. If m is prime, then
Zy, is a field: for every non-zero = € Z,, the greatest common divisor of  and m
is 1. Bézouts identity gives a,b € Z such that ax + bm = 1, which reduces modulo
m to ar = 1 modulo m. If p is prime then we write F,, := Z,,. O
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Example 1.1.7 (Factor ring). We mimic the previous example in a general ring R.
Let Rt = (R, +,0) denote the additive group. An ideal of a ring R is a subgroup
a < R such that ra C a for all » € R. An ideal a of R is called proper if a # R.
In section 1.4 we further investigate ideals. Let a be a proper ideal of a ring R. If
x,y € R, then x is congruent to y modulo a (notation: =y (mod a)) if and only if
x —y € a. This defines an equivalence relation on R and the equivalence classes are
denoted by z+a, x € R. The factor ring of R by a is the set R/a = {x+a |z € R}
of all equivalence classes together with the addition and multiplication defined by
(z+a)+(y+a)=(zx+y)+aand (zr+a) (y+a) =z -y+a. Itis easy to see that
R/a is a ring. O

Example 1.1.8 (Product ring). Let R and S be rings. Then the set
RxS={(rs)|reR,secS}
together with componentwise addition and multiplication (i.e.,
(r,8)+ (.8 Y= (r+7v',s+ ) and (r,s)- (r',8) = (r-7',s-5"))
is a ring. This ring is called the product ring of R and S. O

Example 1.1.9 (Polynomial ring). Let R be a ring and X be a symbol. Then a
polynomial f in X with coefficients in R is the sum

where a; € R and a; # 0 for finitely many ¢ > 0. The elements a; are called the
coefficients of f. The element aq is called the constant coeffient. If all coefficients
are zero, then f is called zero (notation: f = 0). In this case the degree of f is
—oo (notation: deg(f) = —o0). If f is a non-zero polynomial, then the element ag4,
with d = max({i | a; # 0}) the degree of f (notation: deg(f) = d), is called the
leading coefficient of f and if aq = 1 then f is called monic. Let f = >, a; X"
and g = > .., b; X" be polynomials. Then

f+g= ZiZO(ai +b) X f9= Ekzo (ZiJrj:k aibj) x*,

define the sum and product of f and g. The polynomial ring in a symbol X over a
ring R is the set

R[X] = {350 X" | ai € R,a; # 0 for finitely many 7}

of all polynomials in X (with coefficients in R) with respect to this sum and product.
Notice that this sum and product are well-defined, i.e., only finitely many coefficients
are non-zero. Furthermore we will choose the symbol X implicitly (e.g. we will not
write “Let R be a ring and X a symbol and consider R[X]” but rather “Let R be
a ring and consider R[X]") O

Example 1.1.10 (Group ring). The group ring R[G] of a group G over a ring R
is the set

R[G] = {3 ,cca99 | ag € R,aq # 0 for finitely many g}
with addition and multiplication of r, s € R[G] defined by

r + s = deG(ag + bg)g r-s= ZQEG Zazy:g(a’wby)g <>

Homomorphisms. We now introduce the concept of a homomorphism, which is
a structure preserving map between rings.

Definition 1.1.11 (Homomorphisms). Let R and S be rings. A map f: R — S is
a (ring) homomorphism and only if if for all 2,y € R we have

D f) =1
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2) flz+y) = fz)+ fy);

3) flzy) = f(2)f(y)-
When R equals S, then a homomorphism is also called an endomorphism. A
Example 1.1.12. The following maps are homomorphisms:

1) Let A be a ring. The identity map id4 : A — A is an endomorphism.

2) Let f: A —» B and g : B — C be homomorphisms of rings. Then the
composition go f: A — C given by z — ¢(f(z)) is a homomorphism.

3) Let R and S be rings and s € S. The evaluation homomorphism/map ey :
R[X] — S given by P(X) — P(s) is a homomorphism.

The reader may check that the axioms of a homomorphism are satisfied. O
Using this example we may define the following:

Definition 1.1.13 (Isomorphisms). A homomorphism f : R — S is a (ring) iso-
morphism if and only if there exists a homomorphism g : S — R such that gof = idg
and fog=1idg. In this case R and S are called isomorphic (notation: R = S). A
(ring) automorphism is a isomorphism f : R — R. A

Now, at the end of this paragraph, we will focus on an important connection
between rings and homomorphisms.

Definition 1.1.14 (Kernel and image). Let f : X — Y be a map of sets. Then
the #mage of f is set f(X) = {f(z) | « € X}. The kernel of f is the set ker f =
{re X | f(z) =0}. A

It is easily seen that the image of a homomorphism is a ring and that the kernel
of a homomorphism is an ideal (c.f., Example 1.1.7). The following theorem shows
a connection between the kernel and the image.

Theorem 1.1.15 (First isomorphism theorem). Let f : R — S be a homomorphism
of rings. Then
R/Yer(f) = f(R).

Proof. Consider that mappings

f:R/ker(f) — f(R), = +ker(f)— f(o)

and
g: f(R) — R/ ker(f), f(z) — x + ker(f).

Note that for all 2,2’ € R the following statements are equivalent:
r+ker(f) =2 +ker(f) & x—2' €ker(f) & flx—2)=0 & f(z)=f(2').

This shows that both f and g are well-defined maps. It is trivial to check that both
f and g are homomorphisms and that for all z € R we have g(f(z + ker(f))) =
z + ker(f) and f(g(f(x))) = f(x). We conclude that f and g are isomorphisms,
which proves the theorem. O

Subrings. Although rings and homomorphisms are interesting enough to study
them one by one, it is fruitful to consider the extension of rings. Notice that the
focus lies on interplay between the two rings rather then the arithmetic of a single
ring.

Definition 1.1.16 (Ring extensions). Let (R,+,,0g,1z) and (S, ®,®,0s,1g) be
rings. Then R is an extension of S (notation: R/S) or S is a subring of R if and
only if

1) SCR;

2) forallz,ye Swehave r®dy=az+yand 2Oy =z y;
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3) 0s =Og;
4) 1g = 1g.
If both R and S are fields, then R/S is called an extension of fields. A

We list some examples, non-examples and constructions of extensions of rings.
Example 1.1.17. The rationals Q and Z[,/m] are extensions of the integers Z. ¢

Example 1.1.18. Not every subset S of a ring R which is a ring with respect to
the induced operations is a subring, since possibly 1g # 1g. If R is a non-trivial
ring and S is trivial, then we find 1¢ = 0g = 1g # 0g. Hence, the trivial ring is
never a subring of a field. A less obvious example is R = Z/67Z and S = {0,2,4},
with 0g =0 (mod 6) and 1g =4 (mod 6). O

Example 1.1.19 (Prime subring). Let R be a ring and {2 the set of all subrings of
R. Then
S:= (| R={zcR|zecR forall R € Q}
R'eQ

is a subring of R. It is the smallest one in the sense that it is a subring of every
subring R’ € Q of R. This subring is called the prime subring of R. Moreover if
R is a field and ) is the set of all subfields of R, then S is a field called the prime
subfield of R. O

Example 1.1.20 (Field of fractions). Let R be a subring of a field F' and let Q(R)
be the set of all subfields K of F' which contain R (the assumption of the existence
of such a field F' is non-trivial and in section 2 we will determine which rings are
subrings of a field). Then

Qr(R):= (| K={zeF|zeK forall K €Q(R)}
KeQ(R)

is a subfield of F. This field is called the (relative) field of fractions of R. To be
more explicit, the field of fractions of R in F is given by

Q:={rxeF|xze€Rorl/xe R}

From the fact x € Q if and only if 1/z € Q, it is easily verified that @ is a subfield
of F containing R. Hence Qr(R) C Q. On the other hand suppose that z € Q. If
x € Rthen z € Qp(R). If x ¢ R, then 1/x € R C Qp(R). But since Qr(R) is a
field we conclude x = 1/(1/x) € Qp(R). Therefore Qr(R) = Q.

The field of fractions of R in F' is independent of F' in the following sense: if F’
and F’ are fields containing R, then Qr(R) = Qp/(R). Indeed the map defined by
z—xifr € Rand z— 1/(1/z) for x ¢ R is an isomorphism.

The proof of Theorem 1.2.5 shows that there is a canonical choice for the field
F containing R. Then Qg (R), for this F, is called the field of fractions of R and is
denoted by Q(R). O

The following example shows that it is possible to do some arithmetic with
subrings. This will be applied to ideals in section 1.4.

Example 1.1.21 (Subring arithmetic). Let S and T be subrings of a ring R. Then
S+T :={s+t|seSandteT},

ST = {Zle siti | k>1and s; € S,t; € T},
SNT:={reR|reSandreT},

are subrings of R called the sum, the product (or compositum) and the intersection
of S and T respectively. O

Example 1.1.22. Let f: R — S be a homomorphism of rings. Then the kernel
ker(f) is a subring of R and the image f(R) is a subring of S. Moreover the kernel
ker(f) is an ideal of R (c.f., Example 1.1.7). Hence we are able to define the factor
ring R/ ker(f). O
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1.2. Integral domains

The structure of a ring allows us to determine the product of any two elements.
The following definition inverts this process.

Definition 1.2.1 (Factorizations). Let R be a ring and = € R. A factorization

of x in R is a sequence z1,...,T, of elements in R for some integer n > 1 such
that x = 1 - - - z,. In this case we say that x; is a factor of x or that x; divides x
(notation: x; | x) for all 1 < ¢ < n. A

In this section we investigate the factorizations of 0. We clearly find a whole list
of factorizations which have a factor 0, which we will call the trivial factorizations
of 0. There is no reason to assume that all factorizations of 0 are trivial.

Example 1.2.2. In the ring Z/4Z we have the equality 2 x 2 = 0 modulo 4 (c.f.,
Example 1.1.6). O

Now suppose we have a non-trivial factorization of 0. The factors in such a
factorization are special and deserve a name:

Definition 1.2.3 (Zero divisors). An element z # 0 in a ring R is a zero divisor if
and only if there exists a 0 # y € R such that zy = 0. VAN

We will show that the absence of zero divisors is related to fields. Let us first
introduce some terminology:

Definition 1.2.4 (Integral domain). A ring R is called an integral domain if and
only if

1) R is non-trivial;
2) R has no zero divisors. A

It turns out that integral domains are exactly the rings used in the assumption
in Example 1.1.20. Hence the relation between integral domains (or the absence of
zero divisors) and fields is given by the following:

Theorem 1.2.5. Let R be a ring. Then there exists a field F' such that F/R is a
ring extension if and only if R is an integral domain.

Proof. Suppose there exists an extension F/R, with F a field. We will show that
there are no zero divisors in F' hence neither in R. By definition 0 is not a zero
divisor. Let a be non-zero zero divisor. Then by definition of a field, there are
0 # b,c € R such that ba = 0 and ac = 1. Hence 0 =0-¢ = bac = b-1 = b, which
contradicts b # 0. This proves the claim. Furthermore note that R is non-trivial
since 1 # 0 in F' and hence in R by definition of a subring. Therefore R is an
integral domain.

Suppose R is an integral domain. For all (r, s), (r',s") € Rx (R—{0}) we define:
(r,s) ~ (r',s") if and only if rs' = r’s. This defines an equivalence relation on
R x (R —{0}) and the equivalence class of (r,s) is denoted by £. Consider the set

Q:={%|rs€ Rands#0}

with addition and multiplication defined by

T r’ rs’+r’s d T r’ rr
— —_ = = an _— = = — .,
s + s’ ss’ s s ss’

Note that the product is well defined, because R does not have zero divisors. It is
easily seen that @ is a field. Now let F’ be a set which contains R and f : F — @ be
a bijection such that f(r) = § for all7 € R. Then define addition and multiplication
on I as follows:

@y =f1(fl@)+ f(y), and zoy=f""(f(z) fy).

Then clearly F' field and f is a homomorphism. Moreover F/R is a ring extension
as @ and ©® coincide with the given addition and multiplication in R. O
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Corollary 1.2.6. Every field is an integral domain.

Proof. Apply Theorem 1.2.5 for the trivial field extension. O
The converse is not true in general. However we do have the following:

Proposition 1.2.7. Every finite integral domain is a field.

Proof. Let R be a finite integral domain. Then it suffices to show that every non-zero
r in R is invertible, since R is already non-trivial. Consider the ring homomorphism
¢r : R — R given by x — rxz. The kernel of ¢, is trivial, since R is an integral
domain and r is non-zero. Therefore ¢, is injective. Now, since R is a finite
ring, we can conclude that ¢, is also surjective. Hence we find some s € R with
rs = ¢,(s) = 1. This implies that R is a field. O

1.3. Unique factorization domains

Now we are going to examine the the existence and uniqueness of a factorization of
a non-zero element x of an integral domain R. Recall that we restrict our attention
to integral domains as we are studying diagram (1.1) on page 3, where the rings are
subrings of a field extenstion.

Units. The existence of a factorization of x is trivial, as x is a factorization of x.
We call this the trivial factorization. Uniqueness however does not hold. Clearly,
as our rings are commutative (c.f., property 5 of Definition 1.1.1), the order of the
factors is irrelevant. Moreover we have that 1 and (—1)-(—1-1) are two factorizations
of 1 of different length. More general if u divides 1 (i.e., uv = 1 for some v), then
both = and u(vz) are factorizations of z. Hence divisors of 1 are special.

Definition 1.3.1 (Units). An element x of an integral domain R is called a unit if
and only if z divides 1. The set R* of all units is called the unit group of R. A

It is easily seen that unit group is indeed a group with the induced multiplication
of R.

Example 1.3.2. The unit group of the integers Z is given by Z* = {—1,1} and
the unit group of rationals Q is given by Q* = Q — {0}. Generally, the unit group
of a field F is given by F* = F — {0}. O

In the case of finite fields, the unit group has a simple structure:
Theorem 1.3.3. The multiplicative group of a finite field is a cyclic group.

Proof. Let F be a finite field of order q. Then F'* has order ¢ — 1. Let m be the
maximal order of the elements of F'*. Then all elements of F'* are roots of X™ —1,
hence m > g — 1. Lagrange theorem implies that m | (¢ — 1), so we have m = ¢ — 1.
Therefore F'* is cyclic. O

Despite the non-uniqueness of a factorization in a strict sense we may consider
factorizations up to units, i.e., we want to consider the factorizations z and u(vx)
to be equal. The following definition enables us to make this precise.

Definition 1.3.4 (Associates). Let x and y be non-zero elements of an integral
domain R. Then z and y are called associates in R if and only if x/y is a unit in
R. A

Notice that the notion of associates is an equivalence relation on R.

Definition 1.3.5. Let p = z1,...,2, and ¢ = y1, ...,y be two factorizations of
some element x in an integral domain R. Then we call p and ¢ identical (up to
ordening and units) if and only if for each non-unit x; there exists an y; such that
x; and y; are associates in R. VAN

Now the factorizations z and u(vz) are indeed identical.
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Irreducibles. Given a non-zero non-unit element x of an integral domain R.
Consider the following process of finding factorizations of z in R.

Let y be a factor of z. If y is a unit, then y(z/y) a trivial factorization since
it is identical to . If however y is not a unit, then y(x/y) and x are non-identical
factorizations of x. We may repeat this process for each factor of this new factor-
ization to obtain more and more factorizations of & which longer than the previous
one.

This process stops precisely when every factor in the longest factorization of x
has no non-trivial factorization. Then such factors are the most primitive factors
of x and deserve a name.

Definition 1.3.6 (Irreducible elements). An element x of an integral domain R is
called irreducible if and only if  is a non-zero non-unit element and y |  implies
that y = x or y is a unit for all y in R. A

Let us now discuss some examples.

Example 1.3.7. The irreducible elements of Z are of the form +p, with p a prime
number. O

Example 1.3.8. The elements 3, 7 and 4 & /=5 are irreducible in Z[/—5]. We
will show this by using the group homomorphism

N:Z[V=-51* = Z%  a+b/=5 a*+5b*

This map is called the norm map, since it coincides with the norm z +— 2z on C.
Furthermore N(z) = 1 implies zz = 1. Therefore z is a unit in Z[/=5].

Suppose that 3 = af for some non-unit a, 3 € Z[y/=5]. Then N(a)N(B) =
N(3) = 32 implies that N(a),N(8) € {1,3,9}. Furthermore N(a) # 1 # N(j3), since
a and S are non-units. Therefore N(a) = N(5) = 3. But there are no elements of
norm 3, since a? + 5b®> = 3 has no integer solution: if b = 0, then 3 is a square and
if b # 0 then a® + 5b% > 5. This shows that 3 is irreducible in Z[/=5].

In similar fashion it is shown that 7 and 4 + v/—5 are irreducible. O

Unique factorization. There is no guarantee that the above process of find-
ing new factorizations will stop at some point, because some elements are infinite
divisible:

Definition 1.3.9. Let x be a non-zero non-unit element of an integral domain R.
Then z is called infinite divisible if and only if there exists a sequence (2, )nen, such
that xg = = and x,11 is a non-trivial factor of z,, for all n in N.

Example 1.3.10. Let R = Z[zg, x1, 2, ...] be the ring of polynomial expressions
in the z; with coefficients in Z and and let a = (1 — 22)R + (z2 — 2?)R + ... be
the ideal generated by the expressions x; 1 — 22, for all i > 0. Consider the factor
ring R/a (see Example 1.1.7). Then zy is infinite divisible in R/a, because z is
a non-zero non-unit element and zg = xf’ for all ¢ > 0, where z; is a non-zero
non-unit element of R/a. O

There is also no guarantee that the above process of finding new factorizations
leads to a unique factorization.

Example 1.3.11. We will show that in Z[/—5] we have
3.7=21=(4+v=5)(4 — V=b),

with 3, 7 and 4 + v/—5 pairwise non-associate irreducible elements.

By Example 1.3.8 we see that these elements are indeed irreducible. Furthermore
the norms of 3, 7 and 4++/—5 are respectively 9, 49 and 21. Therefore these elements
are pairwise non-associate. Then norm of 4 — /=5 is 21, hence it could only be an
associate of 4 + /—5. However

44v=5 (4+V/-5)? 11 81\/_—5

—+

4-y=5 21 21 21
is not in Z[v/—5]*. Therefore 4 4+ +/—5 and 4 — v/—5 are non-associate. O
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If the process process of finding new factorizations stops at some point and
leads to a unique factorization, then every element is generated by units and the
irreducible elements. Therefore the units and the irreducible elements form the
building blocks for all elements of the ring in the following type of rings:

Definition 1.3.12 (Unique factorization). An integral domain R is called a unique
factorization domain if and only if for all non-zero = in R

1) there exists a factorization of x into irreducibles;
2) any two factorizations of x into irreducibles are identical. A

Notice that unique factorization alone is not a sufficient condition to exclude
zero divisors.

Example 1.3.13. In Z/47, 1 and 3 are units and 2 is not a unit. Furthermore
1 x 2 and 2 x 3 are all factorizations of 2. Thus Z/47Z has unique factorization and
is not an integral domain. O

Primes. There is one last property of an element we want to mention.

Definition 1.3.14 (Prime elements). An element z in an integral domain R is
called prime if and only if x is a non-zero non-unit element of R and x | ab implies
x|aorx|bforall aandbdin R. A

In a unique factorization domain, property of being irreducible and the property
of being prime coincides. In fact, this equivalence almost determines a unique
factorization domain.

Theorem 1.3.15. Let R be an integral domain. Then R is a unique factorization
domain if and only if for all non-zero non-unit x in R

1) x is not infinite divisible;
2) x prime if and only if x is irreducible.

Proof. Suppose that R is a unique factorization domain. Let x be an arbitrary
non-zero non-unit element of R. Since x admits a factorization into irreducibles, x
is not infinite divisible. Suppose that x is prime and = ab. Then z | a or = | b.
Hence we find that either 1 = (a/x)b or 1 = a(b/x) or equivalently a or b is a unit.
This shows that z is irreducible. Suppose that z is irreducible and z | ab. Then
there is some ¢ with cx = ab. Hence by the uniqueness of the factorization z is
associate to a or b. Therefore z | a or x | b, which means that x is prime.

Suppose R is an integral domain such that x is not infinite divisible and x prime
if and only if x is irreducible for all non-zero non-unit = in R. Then every x in R
admits a factorization into irreducibles as the process described at the beginning of
the paragraph terminates after finitely many steps. Hence it suffices to show that
this factorization is unique. Let aq---a, and by ---b,, be two factorizations of x
into irreducibles. Then for every irreducible a; we have that a; | by ---by,. This
implies that a; | bj;, since a; is prime by the assumption on R. Now a; and b; are
associates, because they are irreducible. We conclude that the factorization of z is
unique. O

1.4. Ideals

In Example 1.1.7 we introduced the notion of an ideal. In this section we will view
them as generalizations of elements of a ring. Then our goal is to translate every
property about elements into a property about ideals. We will tackle properties like
irreducibility and primeness. In section 1.5 we will translate the property of infinite
divisibility to ideals.

However, in some integral domains we are able to prove unique factorization
of ideals. These integral domains are called Dedekind domains. Those will be
discussed in section 1.10, where we will show that ideals generalize elements of an
integral domain and that ideals admit some arithmetic.
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Principal ideal domains. Let us first recall the definition of an ideal, as it is
such an important object.

Definition 1.4.1 (Ideals). A subring a of an integral domain R is an ideal if and
only if Ra = a. A

In this definition, Ra is the product of the subrings R and a of R, which is
defined in Example 1.1.21.

Let us now examine why ideals are generalizations of elements. First we show
how to construct ideals.

Definition 1.4.2 (Finitely generated ideals). Let R be an integral domain and
T1,...,T, € R, with n > 1 an integer. Then the ideal generated by x4, ..., x, is the
set

(X1, yxpn) = {rpxn+ -+ 1y |7 € R}
For n = 1, this ideal is called a principal ideal. A

Clearly every element x in an integral domain R gives rise to a principal ideal
(z) and by definition every principal ideal comes from some generator  in R. In
general it is not true that every ideal is principal. However, in some rings, every
ideal is principal:

Example 1.4.3. Let a be an ideal in Z. Then a = (a) for some a € Z. Indeed,
let a > 0 be the smallest positive element of a and let € a be arbitrary. Then
division with remainder yields = ga + r for some ¢ € Z and 0 < r < a. Notice
that 7 = z — qa € a, hence by the minimality of a we conclude that » = 0. Thus
x € (a) and a C (a). Since trivially (a) C a, we conclude that a = (a). O

In this example we conclude that elements in Z are just as general as ideals in
Z. This is a property of the ring Z which may be formulated as follows:

Definition 1.4.4 (Principal ideal domain). A ring R is called a principal ideal
domain if and only if R is an integral domain and every ideal in R is principal. A

We may wonder whether every integral domain is a principal ideal domain. This
is not always the case.

Example 1.4.5. Consider the ideal (2,X) C Z[X]. Suppose (2,X) = (f) with
f € Z[X]. Since 2 € (2,X) we find g € Z[X] with 2 = fg. Hence 0 = deg(2) =
deg(fg) = deg(f) + deg(g), which implies that deg(f) = deg(g) = 0, because
deg(f),deg(g) > 0. Thus f, g are divisors of 2 in Z. Note that 1 ¢ (2, X) and hence
f# 1, as every h € (2,X) satisfies h(0) = 0 modulo 2. Furthermore f # 2, since
otherwise X ¢ (2) = (2, X). This gives a contradiction which shows that (2, X) is

not principal. O
Example 1.4.6. Theorem 1.5.6 together with Example 1.3.11 show that Z[/—5]
is not a principal ideal domain. %

Ideal arithmetic. By definition, elements in a ring admit some arithmetic, that
is, we are able to add and multiply and talk about divisibility. Using Example
1.1.21, we are able to define arithmetic for ideals:

Definition 1.4.7 (Ideal arithmetic). Let a and b be ideals of an integral domain
R. The sum a+ b and product ab of a and b are defined as

a+b = {a+b|la€cabeb},
ab = {a1b1+-~-+akbk|ai€a,bi€b}.

We say that b divides a (notation: b | a) if and only if b O a. We say that a and b
are coprime if and only if a + b = R. A

Remark that this definition of divisibility makes some sense: if there exists an
ideal ¢ with a = be then b | a, because b is an ideal. It is however not at all clear
that the converse holds. In section 1.10 we will see that the converse is true for
Dedekind domains.

The following example shows that for principal ideals the above arithmetic co-
incides with the arithmetic of elements.
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Example 1.4.8. Let x and y be elements of an integral domain R. Then we have
(2)(y) = (zy). Therefore multiplication of ideals generalizes the multiplication of
elements.

The sum however does not generalize in this way. The ideal (z) + (y) = (z,y)
need not be principal (c.f., Example 1.4.5). In some other integral domains the sum
is principal for all z and y. Such integral domains are called Bézout domains (e.g.,
a principal ideal domain). Take for example R = Z in which every ideal is principal.
In such rings we find (z) + (y) = (d), with d = az + by for some a,b € R. Note that
if r divides both a and b, then r divides d. Hence d is a multiple of the greatest
common divisor of @ and b. On the other hand (), (y) C (d) which means that d is
a common divisor of x and y. Hence d is the greatest common divisor. This shows
that, in the case that (z) + (y) is principal, (z) + (y) = R is equivalent to stating
that z and y are coprime.

For the divisibility, suppose that (y) divides (x). Then (x) C (y), hence z = ry
for some r € R. Then clearly we find () = (r)(y). Hence the notion of divisibility
for ideals generalizes the divisibility for elements. O

Chinese remainder theorem. We will now turn our attention to coprime ideals.
The following lemma gives an explicit description of the product of coprime ideals.

Lemma 1.4.9. Let a and b be coprime ideals of an integral domain R. Then
ab=anb.

Proof. Since a and b are both ideals, we have ab C anNb. Since a and b be coprime
we have a + b = R, i.e., there are a¢ in a and b in b with 1 = a + b. Hence for all
c€anb we find that ¢ = 1-¢ = ac+ bec € ab. We conclude that anb C ab and
hence ab = anb. O

We will now apply Lemma 1.4.9 in order to derive the following theorem.

Theorem 1.4.10 (Chinese remainder theorem). Let n > 1 an integer and let
ai,...,a, be pairwise coprime proper ideals in an integral domain R, i.e., a;+a; = R
fori#£j. Then

R/ay--a, 2 R/a; X -+ X R/a,.

Proof. Consider the map 7 : R — H?Zl R/a; given by a — (a + a;)I;. The factor
groups R/a; are well-defined, since a; is a proper ideal. We will show that = is
surjective. Let (a; + a;)7_; be an element in the codomain. It suffices to construct
¢i € R with ¢; = 1 modulo a; and ¢; = 0 modulo a;, for j # ¢. Indeed, then
a:=Y.",a;c; is mapped to (a; +a;)"_; under 7, as a = Y, a;¢; = a; modulo a;
for all j. Given i, we find x; € a; and y; € a; with z; +y; = 1 for all j # 4, because
a;+a; = R. Hence we find [[;_,;(z;+y;) = 1. If we expand the product we see that
every term is, except ¢; = Hjﬂ 14, contained in a;. Hence ¢; = Hj#(xj +y)=1
modulo a; and ¢; = 0 modulo a;, for j # 7. We conclude that 7 is surjective.

The kernel of 7 is the set of a € R with a = 0 modulo a; or equivalently a € a;,
for all i. Hence ker(r) = ();_; a;. With induction on Lemma 1.4.9, we find that
ker(m) = (i a; = ay - - - a,. The theorem now follows from the first isomorphism
theorem. O

Prime and maximal ideals. In section 1.3 we studied some basic types of el-
ements: units, irreducibles and primes. We have seen above that ideals generalize
elements, as elements correspond with principal ideals. A principal ideal (u) gen-
erated by a unit u in R contain 1 and hence (u) = R is not proper. Therefore
non-units correspond with proper principal ideals.

Definition 1.3.6 can be translated to the language of ideals as follows:

Definition 1.4.11 (Maximal ideals). An ideal a of a ring R is called mazimal if
and only if a is non-zero proper ideal and b | a implies b = a or b = R for all ideals
b. A

If we dissect this definition by using the definition of division and proper we see
that an ideal a of a ring R is maximal if and only if (0) Z#a# Randa C b C R
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implies b = a or b = R for all ideals b. This explains where the term maximal
comes from.

In other texts it is not assumed that a maximal ideal is non-zero. However this
condition is automatic when R is not a field: if R is not a field, then there exists a
non-zero non-unit element z in R. Hence (0) is not maximal, since (0) C (z) C R.

The following lemma shows that, in a principal ideal domain, maximal ideals
are the correct translations of irreducibles.

Lemma 1.4.12. Let R be a principal ideal domain. Then x is irreducible if and
only if (x) is maximal.

Proof. Tt is trivial that x is irreducible whenever (z) is maximal. Suppose that x
is irreducible. Let b be a proper ideal with b | (). Since R is a principal ideal
domain, we find some b with (b) = b. Then b is a non-zero non-unit element of
R, because b is non-zero and proper. Furthermore we have (b) | (z), hence we
find some a with z = ab. But x is irreducible, hence a is a unit. This shows that
(z) = (ab) = (b) = b. We conclude that (z) is maximal. O

The following theorem gives a nice tool to prove that a proper ideal is maximal.

Theorem 1.4.13. Let a be a non-zero proper ideal of a ring R. Then a is maximal
if and only if R/a is a field.

Proof. The assumption that a is proper coincides with R/a being non-trivial. The
projection 7 : R — R/a induces a map between the ideals that contain a and the
ideals of R/a. Hence a is maximal if and only if {0+ a} and R/a are the only ideals
of R/a. Thus if R/a is a field, then a is maximal. On the other hand, suppose that
a is maximal. If z+a is a zero divisor, then z+a is not a unit. Hence (z+a) # R/a
and z +a € (z +a) = {0+ a}. Thus R/a has no zero divisors. Therefore R/a is a
field. O

We now turn our attention to the generalizations of prime elements. Definition
1.3.14 generalizes as follows:

Definition 1.4.14 (Prime ideals). An ideal p of a ring R is called prime if and
only if p is a non-zero proper ideal and p | ab implies p | a or p | b. A

The following lemma gives another characterization of prime ideals. Other texts
use this as a definition.

Lemma 1.4.15. Let a be a non-zero proper ideal of a ring R. Then p is prime if
and only if xy € p implies x € p ory € p for all z,y € R.

Proof. If p is prime, then for all x,y € R we have that xy € p or equivalently
p | (zy) = (z)(y) implies p | (z) or p | (y) or equivalently x € p or y € p.

On the other hand, suppose that zy € p implies x € p or y € p for all z,y € R.
Suppose that p | ab. If p { a and p 1 b, then there exists a in a and b in b with
a,b ¢ p. But since ab € ab C p, we have a contradiction. This shows that either
plaoryp]b. O

The following lemma shows that, in a principal ideal domain, prime ideals gen-
eralize prime elements.

Lemma 1.4.16. Let R be a principal ideal domain. Then x is prime if and only if
(z) is prime.

Proof. Using Lemma 1.4.15 we see that (z) is prime if and only if ab € (z) implies
a € (x) or b € (z). Since y € (z) if and only if x | y, the lemma follows. O

Now we have the following:

Theorem 1.4.17. Let a be a non-zero proper ideal of a ring R. Then a is prime
if and only if R/a is an integral domain.

Proof. The assumption that a is proper coincides with R/a being non-trivial and
the assumption that a is prime coincides, using Lemma 1.4.15, with R/a not having
any zero divisors. O
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If we now combine Theorem 1.4.17 and Theorem 1.4.13 with Theorem 1.2.6 we
find the following corollary.

Corollary 1.4.18. Every mazximal ideal is a prime ideal.

The converse is not true in general. However if we apply Proposition 1.2.7 we
conclude the following:

Corollary 1.4.19. FEvery non-zero prime ideal in a finite ring is mazximal.

1.5. Noetherian domains

Eventually we want to reformulate the definition of a unique factorization domain
into the language of ideals. As seen in section 1.3 we need to exclude ideals which
are infinite divisible and also show that factorization of ideals is unique. In this
section we will tackle the first property.

We first introduce a new notion. An (ascending) chain C of ideals in a ring R
is a sequence (a,),en of ideals of R with a,, C a,4; for all n in N. A chain is called
stable if and only if there exist some k in N such that a,, = a; for all n > k. In this
case we say that C stabilizes at k.

Definition 1.5.1 (Noetherian domains). An integral domain R is Noetherian if
and only if every chain is stable. VAN

There are multiple ways to define a Noetherian domain. The following proposi-
tion gives another characterization of Noetherian domain.

Proposition 1.5.2. An integral domain R is Noetherian if and only if every non-
zero ideal a in R is finitely generated.

Proof. Let R be an integral domain and a an ideal of R. Suppose that R is Noethe-
rian. Choose inductively a,, € a — (a1,...,a,—1) whenever a # (ai,...,a,_1) or
take a,, = 0 otherwise. We will show that we have made only finitely many choices
(avoiding the axiom of choice). Consider the chain of ideals

(a1) G (a1,02) © - G (a1,..,a0) S --- Ca

=

Since R is Noetherian, we find some k such that (a1,...,ax) = (a1,...,ax+1). This
implies that axy1 = 0 and that a = (aq,...,ax) is finitely generated.

On the other hand, suppose that every non-zero ideal in R is finitely generated.
Let (a;)i>0 be a chain of ideals in R. Then the union b = Ui>0 a; is clearly an ideal
in R. By assumption it is finitely generated: b = (b1,...,b,). Find k > 0 such that
b; € a; for all 5. Then the chain stabilizes at k. O

A consequence of this definition is the following theorem:

Proposition 1.5.3. Let R be a Noetherian domain. Then for every proper ideal a
there exists a mazimal ideal m such that m | a.

Proof. Define ay := a and a, = a,-1 + =, R, with x,, € R is chosen such that
an—1 € a, € R whenever possible and x, = 0 otherwise, for all n > 1. Since R
is Noetherian, we find some k such that agy; = ai for all n > k. Notice that we
have made k choices, hence we did not use the axiom of choice. Define m = a; and
let b be a proper ideal of R with m C b C R. Then for all z € b we have that
T € ai + xR = a; = m, because ag41 = ax. Thus b = m and m is a maximal ideal
which contains a. [

This proposition has an analog in terms of elements.

Proposition 1.5.4. Let R be a Noetherian domain. Then for every non-unit ele-
ment a there exists an irreducible element x such that x | a.

Proof. Define xg := a and for all n > 1 choose z,, to be a non-trivial factor of x,,_1
whenever possible or define z,, = x,,_1 otherwise. Consider the chain a,, := (z,,).
Since R is Noetherian, we find some k such that a1 = a for all n > k. Notice that
we have made k choices, hence we did not use the axiom of choice. By construction
and the fact that ag11 = a; we conclude that zy, is irreducible. O
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It is clear that in a Noetherian domain, no elements are infinite divisible because
any sequence of non-trivial factors gives rise to a non-stable chain. Now Proposition
1.5.4 implies that in a Noetherian domain every element admits a factorization into
irreducibles, whenever one accepts the countable axiom of choice.

Theorem 1.5.5. Let R be a Noetherian domain. Then every non-zero non-unit
element x of R admits a factorization into irreducibles.

Proof. Let x be non-zero non-unit element of a Noetherian domain R. Define z :=
z and for every n € N choose 11 such that 7, := x,, /2,41 is irreducible whenever
T, is neither zero nor a unit and z,,+1 = 1 otherwise. This is possible by Proposition
1.5.4, since there exist an irreducible y € R with y | «,,, whenever z,, is neither zero
nor a unit. Then take z,1 = 2, /y. Note that this definition requires the countable
axiom of choice. Now consider the sequence (z¢) C (z1) C ---. Then since R is
Noetherian, we find that (x,,) = (2;,+1) for some m € N. Hence z,, /@41 is a
unit, which implies that x,,41 = 1. Therefore x = mg - - - m,, where 7, is either
irreducible or a unit. This induces a factorization of x into irreducibles. O

Theorem 1.5.6. A principal ideal domain is a unique factorization domain.

Proof. Let R be a principal ideal domain and let x in R. Using Proposition 1.5.2,
we see that R is Noetherian. From the above discussion we conclude that x is not
infinite divisible and admits a factorization into irreducibles. Hence it suffices to
show that this factorization is unique.

Let 1 -+ -z, and y; - - - y,, be two factorizations of x into irreducibles. and pick
some z;. Then x; | Y1+ -+ Y. By Lemma 1.4.12 we see that (x;) is a maximal ideal,
because R is a principal ideal domain. By Corollary 1.4.18 we conclude that (z;)
is a prime ideal. It is clear from the definition that x; is now a prime element.
This implies that x; | y; for some y; (using induction). Since x; and y; are both
irreducible, they must be associate. O

To prove that some rings are Noetherian it may suffice to prove that some
subring is Noetherian. To be more precise we have:

Theorem 1.5.7 (Hilbert basis theorem). Let R be a Noetherian domain. Then
R[X] is a Noetherian domain.

Proof. From Proposition 1.5.2 we conclude that it suffices to show that every ideal
non-zero a is finitely generated. Let a be a non-zero ideal in R[X]. Let f; be a
non-zero polynomial of minimal degree in a. Choose inductively f, to be a non-zero
polynomial of minimal degree in a— (fi,..., fn—1) whenever a # (f1,..., fn—1) and
take f, = 0 otherwise. We will show that we have made only finitely many choices
(avoiding the axiom of choice).

Let a,, be the leading coefficient and d,, be the degree of f,,. Then d,, < d,, if
n < m, because f,, has minimal degree. Consider the chain of ideals

(a1) C (a1,a2) € --- C (ar,...,an) C---

Since R is Noetherian we find some k with (a1,...,ar) = (a1,...,ar+1). Hence
there exist r; € R such that ag11 = ria; + - - - + rgag. Notice that the polynomial

k

9= fr+1— ZTiXkorrdifi

=1

has degree less then d41 and is not contained in (f1,..., fi). This contradicts the
minimality of the degree of fiy1. Hence there does not exist fr4+1 € a—(f1,..., fx),
which shows that a = (f1,..., fi). O

For future use we will show one more tool to prove that an integral domain is
Noetherian.

Proposition 1.5.8. Let f: R — S be a surjective ring homomorphism of integral
domains. Then S is Noetherian whenever R is Noetherian.
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Proof. Let (a,,)n>0 be a chain of ideals in S. Then f~1(a,,) is an ideal for all n, since
f is a homomorphism. Hence (f~!(a,))n>0 is a chain of ideals in R. But since R is
Noetherian we find some k such that f~'(a,) = f~!(ay) for all n > k. Now using
that f is surjective we find for all n that f(f~'(a,)) = a,. Therefore we conclude
an = f(fHan)) = f(f1(ar)) = a for all n > k. Thus S is Noetherian. O

1.6. Modules over a ring

In this section we recall the definition of a module and prove some elementary facts
about them. This will be used to define fractional ideals in section 1.10 and it is
used in section 2.1 to prove the finiteness of the class group.

A module is a generalization of a vector space, as the scalars of a module do not
need to be a field.

Definition 1.6.1 (Modules). A module over a ring R (or a R-module) is an abelian
group M together with a group homomorphism ¢ : R — End(M) denoted by
= O VAN

To see why this is really the definition of a vector space whenever R is a field,
notice that addition of vectors is defined by the group structure on M and multi-
plication is defined by ¢ using the formula rm := ¢,(m) for all  in R and m in M.
Indeed, associativity ((m+mn)+o = m+(n+o0)), commutativity (m+n = n+m), the
identity element (m 40 = m) and the inverse elements of addition (m + (—m) = 0)
are defined by the group structure on M. Distributivity of scalar multiplication
over vector addition (r(m 4+ n) = rm + rn for all m) follows from the fact that
¢, is an endomorphism. Distributivity of scalar multiplication over field addition
((r 4+ s)m = rm + sm), compatibility of scalar multiplication with field multiplica-
tion (r(sm) = (rs)m) and the identity element of scalar multiplication (1m = m)
follow from the fact that ¢ is an homomorphism.

We list some examples of modules over a ring.

Example 1.6.2. Let R be a ring. Then both R and {0} are modules over R. ¢

Example 1.6.3. Let M be an abelian group. Then M is a Z-module by defining
scalar multiplication by k- = + --- + = (k times). O

Example 1.6.4. Let R be a ring and m,n > 1 integers. Then the set M (m x n, R)
of all m x n-matrices (i.e., m rows and n columns) with coefficients in R and ‘entry-
wise’ addition and scalar multiplication is an R-module. O

Just as we studied ring extensions and field extensions, we will now study ex-
tensions of models or dually submodules.

Definition 1.6.5 (Submodules). Let (M, +,-,057) and (N, ®,®,0n) be modules
over a ring R. Then N is a submodule of M if

1) NCM;
2) forallr€e Rand x,y € N wehave x dy=z+yandroz =r-x;
3) On =0y VAN

Note that the last item of this definition is redundant, since we have z & 0y =
r=x+0p =2®0, for all x in N.
We list some examples of submodules.

Example 1.6.6. Let M be a module over a ring R. Then both M and {0} are
R-submodules of M. O

Example 1.6.7. Let R/S be an extension of rings. Then R and S are S-modules
and S is a S-submodule of R. O
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Example 1.6.8. Let M be a module over a ring R and let N; and N; be R-
submodules of M. Then

NiNy = {nin? + -+ nin} | n{ €N, k>1}
and
NlﬂNgz{meM\mENl,mENg}
are R-submodules of M. Note that Ny Ny is the smallest R-submodule of M which
contains both N7 and Ns, while N1 N N5 is the largest R-submodule of M which is
contained in both N7 and Ns. O

The last important object we want to mention is the module homomorphisms,
which generalizes the linear map.

Definition 1.6.9 (Module homomorphisms). Let M and N be modules over a ring
R. A group homomorphism f: M — N is a R-module homomorphism if and only
ifforallre R,x e M

flr-a)=r-[f(z) A

Rank of a module. For vector spaces we have the concepts of bases and dimen-
sions. We will translate this to the language of modules. We first seek an analogue
of a subset which spans the vector space.

Definition 1.6.10 (Generating subsets). Let M be a module over a ring R and
A C M a subset. Then A is called a generating subset of M if and only if

M:RA::{r1a1+~~+rkak\riGR,aieA}.

A module is called finitely generated if and only if there exists some finite generating
subset. VAN

Some generating subsets contain redundant elements in the sense that the subset
stays a generating subset even when they are left out. Such minimal generating
subsets are called bases:

Definition 1.6.11 (Module basis). A generating subset A of a module M over a
ring R is called a basis of M (plural: bases) if and only if ria; + -+ + rrap = 0
impliesry =---=7r,=0,forall k €N, a; € A and r;, € R. A module M is called
free if and only if there exist a basis of M. VAN

The following definition generalizes the concept of dimension.

Definition 1.6.12 (Module rank). Let M be a module and d a positive integer.
Then d is called the rank of M (notation: rank(M)) if and only if every basis of M
has cardinality d. AN

It is not clear from the definition whether the rank exists.

Theorem 1.6.13. Let M be a finitely generated free module over a Noetherian ring
R. Then M has a rank.

Proof. See Corollary 4.3 on page 136 of [6]. O

Torsion free modules. Finally prove a theorem which is needed in section 2.1.

Theorem 1.6.14. A finitely generated torsion free module over a principal ideal
domain is free.

Proof. Let X be a finite generating set of a torsion free module M over a principal
ideal domain R. Let B C X be a basis in X of maximal rank. Let N = RB be the
R-span of the basis B. Then N is a free submodule of M. Since B is of maximal rank
there exist for all x € X some non-zero v, € R such that r,oz € N. Let r = HzGX Ty
and consider the left multiplication by » on M. Clearly this is an injective R-module
homomorphism with M C N. Hence by the first isomorphism theorem it suffices
to show that rM is a free submodule of N. Write B = {b1,...,b,} and consider
for all 1 < i < n the projection m : N — R given by > ;_, riby — r;. This is
an R-module homomorphism and thus m;(rM) C R is an ideal of R. Since R is a
principal ideal domain we find s; € R such that m;(rM) = s; R. Here s; # 0, because
r = m;(rb;) € mi(rM) and r # 0. But now we conclude that {s1by,...,s,b,} is a
basis of rM, hence M is free. O
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1.7. Integrally closed domains

We will now discuss a new construction, which is fruitfully used in section 2.1. We
first introduce a property of extensions of integral domains.

Definition 1.7.1 (Integral extensions). Let S/R be an extension of integral do-
mains. An element s € S is called integral over R if and only if there exists a
polynomial f € R[X] with f monic and f(s) = 0. Furthermore S/R is called
integral if and only if every s € S is integral over R. VAN

This definition is very similar to the definition of the algebraic field extension
from section 1.11. The next definition generalizes the relative algebraic closure of
fields to integral domains.

Definition 1.7.2 (Integrally closed domains). Let S/R be an extension of integral
domains. Then R is called integrally closed in S if and only if every integral exten-
sion of R contained in S is trivial. We set S = Q(R), whenever S is unspecified. A

The following theorem gives a whole class of examples of integrally closed do-
mains.

Theorem 1.7.3. Let R be a unique factorization domain. Then R is integrally
closed.

Proof. Let € Q(R) be integral over R. Then there exists ¢; such that z" =
S cixt. Now write ¢ = r/s, with 7 and s in R. Then we have that r" =
Z?:_Ol c;z's" %, which implies that s divides ™. Since R is a unique factorization
domain, we conclude that s is associate to r, which implies that x € R. Therefore
R is integrally closed. O

Let S/R be an extension of integral domains and consider the set
R={s € 8| s integral over R}.

Then the next theorem shows that R is the smallest subring of S that contains R
and is integrally closed in S.

Theorem 1.7.4. Let S/R be an extension of integral domains. Then R is an
integrally closed subring of S. Moreover if T' is an integrally closed subring of S
that contains R, then R C T

Proof. For the first part see Proposition 5 at page 6 of [5]. For the second part,
suppose that $ is an integrally closed subring which contains R. Then for any € R
we have that z is integral over R, hence over S O R. Since S is integrally closed we
conclude that z € S. Thus R cCS. O

1.8. Local domains

We now turn our attention to another type of integral domain.

Definition 1.8.1 (Local domains). A integral domain R is called local if and only
if R has an unique non-zero maximal ideal. A

Note that the fact that the maximal ideal is non-zero implies that a local ring is
not a field. If we assume the axiom of choice, we have the following characterization
of local rings.

Proposition 1.8.2. A ring R is local if and only if the set of non-units is an ideal.

Proof. Suppose that R is a local ring and let m denote the unique non-zero maximal
ideal. Then clearly m consists of some non-units as m # R. Furthermore if z is a
non-unit then (z) # R is a proper ideal. Using the axiom of choice, one can construct
a maximal ideal containing (), which must be equal to m, as m is unique. Hence
we find x € m. This proves the proposition. O
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There is a canonical way to assign a local ring to any given ring with a given
prime ideal.

Definition 1.8.3 (Localization). Let p be a prime ideal in an integral domain R.
The localization of R at p is the ring

Ry ={z/yc Q(R) |z € R,y € R—p}. A

Proposition 1.8.4. Let p be a prime ideal in an Noetherian integral domain R.
Then the localization of R at p is a local ring.

Proof. The set of non-units in R, are precisely the elements z/y, with « € p and
y € R —p. This set is an ideal of R,: if x1/y; and z2/y, are non-units, then

both x1/y1 — 2/y2 = (x1y2 — w2y1)/(y1y2) and x1/y1 — x2/y2 = (z122)/(y1y2) are
non-units. Proposition 1.8.2 now shows that R, is a local ring. O

1.9. Valuation domains

Next we shall study a specific type of local ring, which will be of great importance
for the following chapters. The terminology will be explained in section 2.5.

Definition 1.9.1 (Valuation domains). An integral domain R is called a valuation
domain if and only if z € R or x71 € R for all z in the field of fractions Q(R)
of R. A valuation domain R is called discrete if and only if R is a principal ideal
domain. A

Example 1.9.2. Let 7 be an irreducible element of a Noetherian integral domain
R. Then the localization R(,) is a valuation domain. Indeed, let z/y € Q(R)
be arbitrary. Assume without loss of generelaty that z and y are coprime, i.e.,
(z,y) = R. If x/y ¢ R(x), then 7 divides y. Hence 7 does not divide z, since = and
y are coprime. Thus y/x € R,y which implies that R, is a valuation domain. ¢

Later on we will need the following properties of a valuation domains.
Proposition 1.9.3. Let R be a valuation domain. Then

1) R is a local domain;

2) R is integrally closed;

3) the ideals of R are totally ordered;

4) R is Noetherian if and only if R is discrete;

Proof. 1) We wish to apply Proposition 1.8.2. Let m denote the set of non-units in
R and let a,b € m. Since R is a valuation domain we have a/b € R or b/a € R. If
a/b € R, then a +b=b(1+ a/b) € m, since otherwise b ¢ m. Similarly if b/a € R,
then a + b € m. Hence in both cases we find a +b € m. If r € R, then ra € m since
otherwise a ¢ m. Therefore m is an ideal and R is a local ring.

2) Let x € K be integral over R. Then there exists ag,...,a,—1 € R, n > 1,
such that

2"+ ap_12" P+ -+ aiz+ag = 0.

Since R is a valuation domain we have z € R or 1/ € R. In the latter case we find
from the above equation by multiplication by (1/z)"~! that

T=—ap 1 — - —a(1/z)""? —ap(l/z)""' € R.

Therefore R is integrally closed.

3) Let a,b C R be ideals. Then we have a C b or there exists an « € a such
that « ¢ b. In the latter case let y € b. If y = 0, then y € b. If y # 0 then y/z € a,
since otherwise x = y(z/y) € b. Hence y = 2(y/x) € a. In both cases we find y € a
hence b C a.

4) Trivially a principal ideal domain is Noetherian. Suppose that R is Noetherian
and let a € R be a non-zero ideal. Then there exists aq,...,a,, n > 1, such that
a=(a1,...,an). Since the ideals of R are totally ordered we may renumber the a;
the obtain (a;) C --- C (ap). Then a = (aq,...,a,) = (a,), hence R is a principal
ideal domain. O
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It turns out that valuation domains are strongly related to integral closures.
The following proposition clarifies this connection.

Proposition 1.9.4. Let R be a Noetherian subring of a field K, let {R;}ic1 be the
set of all valuation domains that contain R and R the integral closure of R. Then
R = (Y;c; Ri. Moreover R is integrally closed if and only if R = (;c; Ri.

Proof. From the second item of Theorem 1.9.3 it follows that (1,.; R; is integrally
closed, as intersections of integrally closed rings are integrally closed. Using Propo-
sition 1.7.4 and the construction of {R;};c; we conclude that RC Nicr Ri-

On the other hand suppose = ¢ R. Then x ¢ R[z~'], since otherwise multi-
plication with a sufficient large power of = yields an integral relation for x over R.
Therefore z is not a unit in R. We claim that R[z~!] is Noetherian. Indeed, since
R is Noetherian we find that R[X] is Noetherian. The surjectivity of the evalu-
ation homomorphism then shows that R[z~!] is Noetherian. Therefore we apply
Proposition 1.5.4 to find in R[z~!] an irreducible factor 7 of z71. Now let S denote
the localization of R[z~!] at (7). Then S is a valuation ring, since () is principal.
Furthermore z = 1/z7! ¢ S, as 2! € (7). Finally R is clearly contained in S.
Thus S € {Ri}iel and x ¢ mie] Rl

The last statement follows from Theorem 1.7.4. O

1.10. Dedekind domains

In section 1.4 we introduced the notion of an ideal and defined divisibility of ideals.
We saw that this definition coincides with the usual definition, whenever the ring
is a principal ideal domain, but we did not prove that if b | a then there exists an
ideal ¢ with a = bc for all non-zero ideals a and b. In this section we will study the
rings for which this is true.

Fractional ideals. Given two ideals a and b of a ring R. We may form their
product ab which is the ideal consisting of all finite sums of products of elements of
a and b. Clearly the ideal R acts as the identity element: aR = Ra = a. The set of
ideals of R do not form a group under this multiplication, since we lack inverses.

Let us take a look at R = Z an let a be a proper ideal which we try to invert.
Let b be an ideal such that ab = Z. There are integers « and y such that a = (x)
and b = (y), since Z is a principal ideal domain. We now have Z = ab = (zy).
Therefore xy and hence z is a unit. This is impossible, since a was chosen to be
proper. Therefore no proper ideal of Z is invertible.

However, if we may choose y = 1/x € Q, then inverting is no problem. But
now (y) is no longer an ideal (i.e., Z-submodule) of Z, but a Z-submodule of Q.
Furthermore notice that not every Z-submodule of Q is obtained this way, since we
only find Z-submodules b of Q such that b C Z for some x € Z. This excludes for
example b = Q.

This idea gives rise to the concept of fractional ideals.

Definition 1.10.1 (Fractional ideals). Let R be a integral domain and K its field
of fractions. A fractional ideal a of R is a R-submodule of K such that za C R for
some non-zero r € R. A

If we wish to emphasize that an ideal R is not a fractional ideal, we will say that
it is an integral ideal.

Dedekind domains. In general the set Ip of non-zero fractional ideals of R is
still not a group.

Definition 1.10.2 (Dedekind domains). Let R be an integral domain and I the
set of non-zero fractional ideals of R. Then R is a Dedekind domain if and only if
IR is a group. A

Let a and b be non-zero integral ideals of a Dedekind domain R and suppose
that b | a. Then since b is invertible, we find a fractional ideal b=! of R with
c:=ab~! C bb~! = R. Hence ¢ is an integral ideal with a = bc. This shows that in
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a Dedekind domain we have b | a if and only if there exists an ideal ¢ with a = be,
for all non-zero ideals a and b.

The following theorem gives an equivalent definition of a Dedekind ring. Notice
the similarity of this theorem with Theorem 1.3.15.

Theorem 1.10.3. Let R be an integral domain. Then R is a Dedekind domain
if and only if R is Noetherian, integrally closed and all non-zero prime ideals are
mazximal.

Proof. See Proposition 14 at page 19 of [5]. O

The most important property of a Dedekind domain is that we have unique
factorization of ideals.

Theorem 1.10.4. Let R be a Dedekind domain. Then the set Ir of non-zero
fractional ideals of R is a free abelian group generated by the non-zero prime ideals
of R. In other words, every non-zero fractional ideal a factors as a finite product

a= H pordp (a) )

pla

Proof. Let R be a Dedekind domain and a a non-zero integral ideal. Using Propo-
sition 1.5.3 we find a maximal, hence prime, ideal p; which divides a. Since Iy is
a group, we find a factorization a = pl(ﬂp;l). Note that apfl is an integral ideal,
since p; contains a and p;' = {r € Q(R) | rp € R}. If we repeat this process,
we find a factorization of a into prime ideals, because R is Noetherian by Theorem
1.10.3. O

1.11. Field extensions

As it is important to study extensions of rings and modules, it is also important to
study extensions of fields, which is a special kind of ring extension where both rings
are fields.

Degree of an extension. We start with the degree of an extension. Let L/K be
a field extension. Then L is a vector space over K, as elements of L may be added
and multiplied by scalars from K. This leads to the following definition.

Definition 1.11.1 (Degree). Let L/K be a field extension. The degree of L/K
(notation [L : KJ) is the dimension of L as a K-vector space. The extension L/K
is finite if and only if the degree is finite. A

Theorem 1.11.2 (Tower relation). Given a tower M/L/K of field extensions.
Then M/K is finite if and only if M/L and L/K are finite. Moreover, if M/K is
finite, then [M : K] =[M : L]-[L: K].

Proof. See Proposition 1.2 on page 224 of [6]. O

Algebraic extensions. We will now turn our attention to the arithmetic in a
field extension.

Definition 1.11.3 (Algebraic extension). Let L/K be a field extension and = € L.
Then z is called algebraic over K if and only if there exists a non-zero polynomial
f € K[X] with f(z) = 0. We call z transcendental over K if and only if z is not
algebraic over K. Moreover we call L/K algebraic if and only if every x € L is
algebraic over K. A

Example 1.11.4. Consider the field extension C/Q. Then V2 € C is algebraic
over Q, since v/2 is a zero of the non-zero polynomial X2 — 2. O

Example 1.11.5. Consider the field extension K (X)/K. Then X is transcendental
over K. Moreover, every non-constant polynomial f in K[X] is transcendental over
K. 0
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If L/K is a field extension and = € L is algebraic over K, then the ideal
I :={f € K[X]| f(z) = 0}

is a non-zero proper ideal of K[X]. Since K is a field, K[X] is a principal ideal
domain. Hence we find some generator f, of I,. Clearly f, has minimal degree in
I, —{0}. This explains the following definition.

Definition 1.11.6 (Minimal polynomial). Let L/K be a field extension and « € L
algebraic over K. The minimal polynomial of x is the generator of I,,. A

Notice that I, is in fact a prime ideal of K[X]: if (fg)(xz) = 0, then either
f(z) =0o0r g(z) = 0. Lemma 1.4.16 implies that f, is a prime element of K[X], as
K[X] is a principal ideal domain. Hence Theorem 1.3.15 and Theorem 1.5.6 imply
that the minimal polynomial f, is irreducible.

Separable extensions. As a preparation for the next section we will now study
separable extensions. We first give a property of a polynomials.

Definition 1.11.7 (Separable polynomial). Let L/K be a finite extension of fields
and f € K[X]. Then f is called separable over L if and only if (X — a) | f implies
(X —a)?f fforallac L. A

Loosely speaking, a polynomial f over K is separable over L precisely whenever
f has no multiple roots in L. Via the minimal polynomial, this property extends
to elements in an extension:

Definition 1.11.8 (Separable extensions). Let L/K be a finite extension of fields
and x € L. Then zx is called separable if and only if the minimal polynomial of x
is separable over L. Moreover L/K is called separable if and only if all z € L are
separable over K. A

We will give a nice criterion for determining whether an element is inseparable.
For this we need the formal derivative:

d: L[X] — L[X], f=f
which satisfies the following conditions:
1) d is normalized: d(X) =1,
2) d is linear: d(cf + g) = cd(f) + d(g) for all f,g € L[X] and ¢ € L.,

3) d satisfies the product rule: d(fg) = d(f)g + fd(g) for all f,g € L[X].

Theorem 1.11.9. Let L/ K be a finite extension, let x in L and let f be the minimal
polynomial of x over K. Then x is inseparable over K if and only if K has positive
characteristic p and f € K[XP].

Proof. Suppose that f € K[XP?]. Then there exists a g € K[Y] such that f(X) =
g(XP) and g(2P) = 0. Now using the factor theorem we find that g = (Y —a?)h(Y
Hence, using Newton’s binomial in characteristic p, we have f = (X — z)Ph(X?
Thus z is a multiple zero of f.

Suppose that f € K[X] C L[X] has a multiple root a in L. Then we find a
g € LIX] with f=g¢- (X —a)™ and m > 2. Tt is easily seen that

f'=( (X=a)™) =(¢(X —a) +mg)- (X —a)"".

Thus we see that (X — a) divides both f’ and f, hence af + Sf' # 1 for all
a, € L[X]. Hence f and f’ are not coprime in K[X], which implies that f divides
f', because f is irreducible in K[X]. From deg(f’) < deg(f) is follows that f’ = 0.

If a,X™ is any non-zero term of f, then its derivative is na, X™ which is zero
precisely when p divides n. Therefore f € K[XP]. O

).
).

Theorem 1.11.9 shows that every finite extension in characteristic 0 is separable.

Example 1.11.10. Let p be a prime power and ¢ be transcendental over F,. Con-
sider the extension F,(t/?)/F,(t). Then ¢'/? is inseparable over F,(t). Indeed,
the minimal polynomial of t!/? over F,(t) equals f = XP —t. To see this, use the
Eisenstein criterion over F,[t]. Now f factors over F,(t}/?) as (X — t}/P)P. Thus
t1/7 is a multiple root of XP — ¢ in I, (t!/P). O
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Transcendence degree. Clearly not every field extension is algebraic. In this
paragraph we will find a way to measure how far from being algebraic a given
extension is. This is done via the transcendence degree.

Let L/K be a field extension and A C L. Then we will write K(A) is the
smallest intermediate field of L/K, which contains A. In other words

K(A):= (] M,
MeQ
where € is the set of all subfields M of L which contain both K and A. It is clear
that K(A) is a field.

Definition 1.11.11 (Generating subset). Let L/K be a field extension and A C L
a subset. Then A is called a generating subset if and only if L = K(A). If A is
finite, then L/K is called finitely generated. If A is a singleton, then L/K is called
primitive. If K is unspecified, then K is the prime subfield of L. A

Example 1.11.12. A finite extension of fields is finitely generated. Indeed, let L/ K
be a finite field extension and let x1,...,2, be a K-basis of L, with n = [L : K].
Then L = K(x1,...,2Zn). O

The generating subset in this example is not minimal, as 1,22/21, ..., 2, /21 is
a K-basis of L which shows that {z2/x1,...,2,/21} is a generating subset. Now
since 1 € L = K(x3/x1,...,2,/21), we see that {za,...,2,} is also a generating
subset.

Definition 1.11.13 (Transcendence basis). Let L/K be a field extension and A C
L a subset. Then A is called algebraically independent if and only if for every integer
n > 0 and every subset a1,...,a, € A the kernel of the evaluation homomorphism

e: K[Xy,...,X,] — L, feflay,...,ap)

is trivial. Moreover A is called a transcendence basis of L/K if and only if L/K(A)
is algebraic and A is algebraically independent. A

Just as with modules and vector spaces, the cardinality of a basis is a funda-
mental property of an extension.

Definition 1.11.14 (Transcendence degree). Let L/K be a field extension with
basis A. Then the transcendence degree trdeg(L/K) of L over K is the cardinality
of A. A

Just like the definition of the dimension of a module or vector space, we need
to show that every basis of a field extension has the same cardinality. We refer for
this to Theorem 1.1 on page 356 in [6].

Example 1.11.15. Let K be a field and L be the field of fractions of the polynomial
ring K[X]. Then the transcendence degree of L/K equals 1. It can be shown
that if L/M/K is a tower of field extensions, then trdeg(L/K) = trdeg(L/M) +
trdeg(M/K). We will not prove this, as we do not need it. Then, using induction,
it is easy to show that the quotient field of K[X7,..., X,,] has transcendence degree
n over K, for any positive integer n. O

For future use, we will define the notion of Kronecker dimension. The reason
for this definition will become apparent in section 2.1.

Definition 1.11.16 (Kronecker dimension). Let K be a finitely generated field.
Then the Kronecker dimension of K is defined by

Kedim () = 4 Ae8U/Fy) - if char(K) = p >0
rdim B trdeg(K/@) +1 if ChaY(K) =0

1.12. Galois theory

In this section we will define and study the group of structure preserving maps on
a given finite field extension. This group will be called the Galois group. When
this finite field extension is a splitting field we can relate the Galois group to the
intermediate fields of the extension.
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Splitting fields. Let f be a polynomial in Q[X]. Then f factors into linear
factors over the complex numbers. But C is not the only field extension of Q with
this property. In fact, any extension of Q, which contains all roots of f, suffices.

Definition 1.12.1 (Splitting fields). Let L/K be a finite extension, f € K[X] a
polynomial over K. Then L is called the splitting field of f if and only if there
exists aq,...,a, in L such that

1) f splits completely in L, ie., f =(X —a1) - (X — an),
2) L is minimal, i.e., L = K(ay,...,ay). A

It turns out that the splitting field of f over K is unique up to an isomorphism
f which fixes the elements of K, i.e., f(x) = z for all x € K. Such an isomorphism
is called a K -isomorphism.

Theorem 1.12.2. Let L and L' be two splitting fields of a polynomial f over K.
Then there exists an K-isomorphism o : L — L'.

Proof. See Theorem 3.1 on page 236 of [6]. O
As an application to finite fields, we have the following:

Theorem 1.12.3. Let ¢ be a power of a prime number. Then there is a unique
finite field F, with q elements.

Proof. It suffices to see that I, is the splitting field of X? — X over F,, as then
Theorem 1.12.2 shows that F is unique. To see this notice that F;* has order ¢ —1.
Hence the multiplicative order of any x € F, divides ¢ — 1. Hence every non-zero
z € F, satisfies X97! = 1 and every element of F, is a root of X7 — X. O

Galois extensions. We will now define and study the group of structure preserv-
ing maps on a given finite extension of fields.

Let L/K be a finite field extension. A K-automorphism of L is a ring iso-
morphism o : L — L, such that o(z) = « for all € K. One can think of a
K-automorphism of L as an automorphism of the extension L/K.

Example 1.12.4 (Frobenius automorphism). Let L/K be an extension of finite
fields of characteristic p. Then the map Fr : L — L given by z — 2!/l is K-
automorphism of L. First of all notice that Fr(xy) = Fr(z) Fr(y) for all z,y € L.
Furthermore we have that

b
(@+yP =7 (Ilz>xk?ﬂ"k =aP +y7,
k=0

n—1

because (}) is divisible by p for k # 0, p. Therefore (z + y)?" = (2P +yP)P" and
with induction on n we find that Fr(z + y) = Fr(z) + Fr(y) which implies that Fr
is an homomorphism. Notice that ker(Fr) = {0}, which means that Fr is injective.
Now since the domain and codomain of Fr are both of the same finite cardinality,
we conclude that Fr is an automorphism.

It remains to check that Fr is trivial on K. To see this, notice that |K*| = |K|—1
implies that z!%1=1 = 1 for all z € K. Hence /X! = z for all # € K, which shows
that Fr is a K-automorphism of L. O

We will now study the set of all K-automorphisms of L, which is called the
Galois group.

Definition 1.12.5 (Galois group). Let L/K be a finite field extension. Then the
Galois group of L/K (notation: Gal(L/K)) is the group of K-automorphisms of L,
ie.,

Gal(L/K) = {o € Aut(L) | o(z) = x for all z € K}. A

It turns out the Galois group is a finite group. Moreover, the following theorem
show that the order is bounded by the degree of the extension.



26 1.12. Galois theory

Theorem 1.12.6. Let L/K be a finite extension. Then |Gal(L/K)| < [L: K].
Proof. See Theorem 8.3.1 on page 94 of [1]. O

This theorem leads to the following definition.

Definition 1.12.7 (Galois extension). A finite extension L/K of fields is called
Galois if and only if |Gal(L/K)| = [L : K]. A

We will now give some equivalent conditions for a finite field extension being
Galois. Recall from Definition 1.12.1 that a polynomials is said to split completely
over L if all roots are in L.

Definition 1.12.8 (Normal extensions). Let L/K be a finite extension of fields.
Then L/K is called normal if and only if every irreducible polynomial f in K[X]
with a root in L splits completely over L. A

Recall the definition of a seperable polynomial. We now have the following
theorem:

Theorem 1.12.9. Let L/ K be a finite extension. Then the following are equivalent:
1) L/K is a Galois extension;
2) L/K is a normal and separable extension;
3) L is the splitting field over K of a separable polynomial f € K[X].

Proof. See Theorem 8.3.5 on page 95 of [1]. O

Let L/K be a finite extension and H < Gal(L/K). Then the fized field of H in
L is the set
¥ ={zecL|o(x)=2aforall o € H}.

Clearly, the fixed field LY is an intermediate field. The following theorem gives
a correspondence between intermediate fields L/K and subgroups of Gal(L/K),
which is called Galois correspondence.

Theorem 1.12.10 (Fundamental theorem of Galois theory). Let L/K be a Galois
extension. Then we have a one-to-one correspondence,

{subgroups of Gal(L/K)} <«— {intermediate fields of L/ K}
H > L
Gal(L/M) < M

Normal subgroups of Gal(L/K) correspond to normal intermediate fields M of L/ K .
Moreover if M is a normal intermediate field of L/ K, then

Gal(M/K) = Gal(L/K)/ Gal(L/M).
Proof. See Theorem 1.1 on page 262 of [6]. O

Example 1.12.11 (Finite fields). Let F,n/F, be an extension of finite fields, for
some integer n > 1 and prime p. We will show that F,»/F, is a cyclic exten-
sion. A finite extension L/K is called cyclic if and only if L/K is Galois and
Gal(L/K) is cyclic. Let k be the order of Fr in Gal(F,~/F,), where Fr is the
Frobenius automorphism. Then [Fp» : F,] = n and Theorem 1.12.6 implies that
k <|Gal(Fyn /F,)| < n. On the other hand suppose that Fr*(z) = z for all z € Fpn.
Then X?" — X has at least p™ solutions. Therefore we have that p¥ > p™ and k > n.
We conclude that k£ = | Gal(Fpn /Fp)| = n. In other words, F,n /F, is a Galois ex-
tension with cyclic Galois group generated by the Frobenius automorphism.

We will now show that Fyn/F,m is a cyclic extension. First of all we have
that d :== n/m = [Fpn : F,m] is an integer. Using Galois correspondence we find
that Gal(Fpm /Fp,) = Gal(Fpn /Fp)/ Gal(Fpn /Fpm), because Gal(F,»/F,) is cyclic
and hence Gal(Fp»/Fpm) is normal. This shows that Gal(F,»/F,m) = d, which
implies that Fpn /Fpm is Galois. Now notice that Gal(Fp» /Fpm) is generated by
Fr'™, since clearly Fr"™ is an F,m-automorphism of Fp» and md = n which implies
that Fr""(z) = 2" has order d. Therefore F,n /F,m is a Galois extension with cyclic
Galois group generated by the m-th power of the Frobenius automorphism. O
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The main theorem gives lots of information about the intermediate fields. In
fact we can now show that all intermediate fields are primitive. Recall that a field
extension is called primitive whenever it is generated by a single element.

Corollary 1.12.12 (Primitive element theorem). Let L/K be a finite separable
field extension. Then L/K is primitive.

Proof. We follow the proof of Theorem 9.4.1 on page 106 of [1]. If K is a finite field
with characteristic p, then L = K[X]/(f) for any irreducible separable f € K[X]
with degree [L : K]. Therefore L/K is primitive, as it is generated by the image of
X. Suppose that |K| = oo and write L = K(aq,...,ax) for some k > 1 and a; € L.
Let g; be the minimal polynomial of a; over K and let f be the product of the
distinct g;. Let IV be the splitting field of f. Then Galois correspondence applies
to N/K, which shows that there are only finitely many intermediate fields, because
Gal(N/K) is finite. Therefore there are only finitely many intermediate fields of
L/K. Now we will show that L/K is primitive, with induction on k. For k = 1 this
is trivial. Suppose that K(as,...,ar—1)/K is primitive. Then we find some b € L
with K(aq,...,a5—1) = K(b). We show that K(ag,b) is primitive. Consider the
intermediate fields K (ay +bc), with ¢ € K. Since K is infinite and there are at most
finitely many intermediate fields, we find ¢ and ¢ such that K(ax+bc) = K(ap+bc’).
Clearly ay +bc € K (ax,b). On the other hand both (ax +bc) — (ar +bc’) = (¢ — )b
and ¢ (ay, + bc) — ¢ (ar + be) = (¢ — )a are in K (ay, + be). Since ¢ # ¢ this implies
that ag,b € K(ax + be). Hence L = K(a,b) = K(ag + be) is primitive. O
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Chapter 2

Algebraic Number Theory

In this chapter we investigate the properties of global fields, i.e., a finitely generated
fields of Kronecker dimension one. The aim of this chapter is on the one hand the
introduction of terminology such as the ring of integers, the class group, the ray
class groups, places, ramification index and the residue class degree and on the one
hand to prove some important results such as the finiteness of the class group, the
finiteness of the ray class groups, the non-zero density of the prime ideals in a given
ray class, the Hasse norm theorem and the Artin reciprocity law.

The study of these global fields is done in two ways, which are almost identical.
The first approach is via the classical viewpoint: we study the ideals in the ring of
integers, the class group and the ray class groups of a global field. We show that
both of these groups are finite. In the second approach will be an idelic viewpoint:
we will study the embeddings of a global field into local fields, which are completions
of the global field with respect to an absolute value.

In the beginning of the chapter we will focus on the classical approach, as this is
more intuitive. Later on we switch to the idelic viewpoint as we need to implement
results from other texts such as Weil [17].

2.1. The ring of integers

We start of with the definition of the object which we will study in this chapter.
Recall that a field is called finitely generated precisely when it is finitely generated
over the prime subfield.

Definition 2.1.1 (Global field). A field K is called a global field if and only if K
is a finitely generated field of Kronecker dimension 1. A

We now introduce some basic notation. Let K be a global field. Then ¢t € K is
called integral if and only if ¢ is integral over the prime subring of K (that is, ¢ is
integral over Z or F,, whenever char(K) = 0 or char(K) = p > 0 respectively).

If K is a global field and ¢t € K is non-integral, then we define the subring

Ok C K by
O = Z ?f char(K) =0 2.1)
F,[t] if char(K)=p>0

Furthermore we define the subfield K C K by K = Q(Ok). Then K/K is a finite
extension of global fields.

Definition 2.1.2 (Ring of integers). The ring of integers Ok of a global field K
is the integral closure of Ok in K. A

Ideal theory. We will now prove an important fact about the ring of integers,
namely that it has ideal theory. This means that the set of fractional ideals of Ok
is a free abelian group generated by the (integral) prime ideals.

The following lemma shows that every non-zero integral ideal of Ok extends
(i.e., contains) a non-zero integral ideal of Og. These extensions will be further
investigated in the next paragraph.

29
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For future use (c.f., Theorem 2.5.11), we will be a bit more general. If K is a
global field and R C K a subring of K, then R is called a global ring if and only if
Ok C R.

Lemma 2.1.3. Let a be a non-zero integral ideal of a global ring R. Then a N Ok
s a non-zero integral ideal of Ok.

Proof. Let a be an integral ideal of a global ring R. It is clear that a N Ok is an
integral ideal of Ok. Now let 2 be a non-zero element of a. Then since K/K is
finite, x is algebraic over K. Since K = Q(Ox) we find some f =c- fg » € Ox[X],
where c¢ is sufficiently large and f is irreducible in Og[X]. More explicitly, we find
n>1and a; € Ok for 0 < i < n—1such that 2" +ap_12" 1+ -+ a1z +ag = 0.

But now we find ag = —2" —an_12" ' —- - —a1z € aN Ok, because a is an ideal of
Ok. Furthermore ag = f(0) # 0, since = # 0 and f is irreducible in Ox[X]. Thus
a N Ok is a non-zero ideal of Ok. O

We also need the following important property about the non-zero integral ideals
of a global ring R.

Lemma 2.1.4. Every non-zero integral ideal a of a global ring R is of finite index.

Proof. Let a be a non-zero integral ideal of a global ring R. We will follow the proof
of Theorem 2.11 at page 19 of [16]. Using Lemma 2.1.3 we see that a contains a
non-zero element a € Og. Now it suffices to prove that R/aR is finite, since the
canonical map R/aR — Ok /a is surjective.

We will show that every finitely generated Og-submodule of R/aR contains at
most Ng ()%l elements. Then |R/aR| < Ng(a)®¥l since we can construct larger
Oxk-submodules when R/aR is larger.

Let N be a finitely generated Og-submodule of R/aR, generated by (z;+aR)?_;.
Let M be the Og-submodule R generated by (y;)7,, for some y; € x; + aR. Then
the natural Og-module homomorphism 7 : M — R/aR satisfies 7(M) = N and
induces an Og-module isomorphism M/aM = N. Hence is suffices to prove that
M/aM contains at most N (a)* elements.

Since R is an integral domain, M has no elements of finite order. Therefore
M is a free Og-module. Any set with more then [K : K] elements is linearly
dependent over K. Thus the rank k of M does not exceed [K : K] and we find that
|M/aM| = |Ok/aOk|* < Ng(a)¥*Kl. This concludes the proof of the lemma. [

We are now ready to prove that the ring of integers is a Dedekind domain.
Proposition 2.1.5. The ring of integers Ok is a Dedekind domain.

Proof. We will show that Lemma 2.1.4 implies that O is Noetherian, integrally
closed and every non-zero prime ideal of O is maximal. Then Theorem 1.10.3
implies that O is Dedekind.

Given a chain ag C a; C --- of ideals. Using Lemma 2.1.4 this gives rise to a
decreasing sequence of natural numbers |Ok/ag| > |Ok/ai| > ---. Since < is a
well-order of N, this sequence has a least element at which it stabilizes. But a; = a;
if and only if |Ok/a;| = |Ox/a;|, for all ¢ < j. Therefore the chain stabilizes and
Ok is Noetherian.

Since O is the integral closure of Ok in K we conclude by Theorem 1.7.4 that
Ok is integrally closed.

Furthermore let p be a prime ideal of O. Then by Lemma 2.1.4 and Theorem
1.4.17 we find that Ok /p is a finite integral domain. Consider the left multiplication
by a non-zero a € O /p. This map is injective, hence surjective by the finiteness of
Ok /p. Thus 1 is in the image which implies that a is invertible. Therefore Ok /p
is a field and p is maximal by Theorem 1.4.13. O

The fact that the ring of integers Ok of a global field is a Dedekind domain
implies that we have unique factorization of non-zero fractional ideals. We first
illustrate this with an example.
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Example 2.1.6. The set Iy of non-zero fractional ideals of Og := Z is given by

Iop={qZ | q e Q*} =2 Q*/{£1}.

Hence every non-zero fractional ideal in Iy factors as ¢Z = (p1Z)™ - - - (psZ)™*, for
some primes p; € Z, integers n; € Z and s € N, with ¢ = £p]* -+ p=. O

We can do the same for the function field F,,(¢). In fact, this can be done in an
arbitrary global field:

Theorem 2.1.7. The set I of non-zero fractional ideals of Ok is a free abelian
group generated by the non-zero prime ideals of Ok, i.e., every non-zero fractional
ideal a factors uniquely as a finite product

a:Hp"P.

pla

Proof. The result follows from Proposition 2.1.5 and Theorem 1.10.4. O

Extensions of primes. Given an extension L/K of global fields. We will inves-
tigate how the primes of L are related to the primes of K.

Definition 2.1.8 (Extensions of primes). Let L/K be an extension of global fields,
B be a prime ideal of Of, and p be a prime ideal of Ok . Then B extends p or p lies
over/above p (notation: P/p) if and only if PN O = p. AN

We will now study the relation between the primes P of L which lie above a
given prime p of K.

Definition 2.1.9 (Ramification index). Let L/K be a finite extension of global
fields and ‘B a non-zero prime of Or, extending a prime p of Ox. Then the ramifi-
cation index e(P/p) of P over p is the multiplicity of P in the factorization of pOy,
in OL. A

For notational convenience we will also write eq instead of e(/p).

Definition 2.1.10 (Residue class field). Let p be a non-zero prime ideal in the ring
of integers Ok of a global field K. Then the residue class field is the field

I?piOK/p A

_ In a finite extension L/K of global fields, we may consider the residue class field
K, at a prime p and the residue class field Ly at some extension ‘B of p. This
extension is finite, as L /K is finite. Hence we can define the following:

Definition 2.1.11 (Residue class degree). Let L/K be a finite extension of global
fields and B a non-zero prime of O extending a prime p of Ok. Then the residue
class degree of 3 over p is the degree

FB/p) = [Ly : K. A

For notational convenience we will also write fy instead of f(B/p).
We are now ready to formulate the relation between the primes which lie above
a given prime.

Theorem 2.1.12 (Fundamental formula). Let L/K be an extension of global fields.
Then for all primes p in Og we have

> exfp=I[L: K]
PB/p

Proof. See Proposition 8.2 on page 46 of [10] and notice that the proof applies not
only to number field but function fields too. O
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2.2. Ideal and field norm

In this section we will study the ideal norms. We distinguish two types of norms:
the relative and the absolute ideal norm. Both of these maps give rise to a field
norm, by considering principal ideals.

Relative norm. We will now study a map which connects, in a given extension
L/K of global fields, the fractional ideals of L with those of K. Recall that the set
I}, of fractional ideals of L is generated by the prime ideals of O, (Theorem 2.1.7).
Hence the following map is well-defined.

Definition 2.2.1 (Relative ideal norm). Let L/K be a finite extension of global
fields and let I, and Ix be the groups of non-zero fractional ideals of L and K.
The (relative) ideal norm from L to K is the group homomorphism

NL/K:IL — Ix

determined by P +— p/F/P) for every prime P in I and p = PN Ok. A
Using the fundamental formula, we find the following lemma.

Lemma 2.2.2. Let L/K be a finite extension of global fields and a a fractional
ideal of K. Then NL/K(a(’)L) = qll:K]

Proof. Since the set I of non-zero fractional ideals of K is generated by the prime
ideals of Ok it suffices to check the identity for some prime p. Write pOp =
[T, Bs, with e; = e(P;/p). Write f; = f(%;/p). Then we find by the fundamental
formula that

Np/k(pOr) = Noyw(ITi2y ) = 1y Noywe (B0)™ = [T, it = pl= o),
which proves the lemma. O

We now come to an important property of the ideal norm, which will be used
in Definition 2.2.4 and Theorem 2.12.8.

Theorem 2.2.3. Let L/K be a finite extension of global fields. Then Ny /g (1) is
principal whenever A is principal.

Proof. See Proposition 22 on page 26 of [5]. O

Given an extension of global fields L/K. Then fractional ideals of Ok are
generalizations of non-zero elements of K. Indeed, every element a in L a gives rise
to a fractional ideal aOp, of L. Hence, in view of Proposition 2.2.3, we may define
the following:

Definition 2.2.4 (Relative field norm). Let L/K be a finite extension of global
fields. The (relative field) norm from L to K is the group homomorphism N/ :
L* — K> which maps a to the generator of Ny /5 (aOp). It is customary to extend
this map with N (0) = 0. A

The next theorem provides some alternative descriptions of this norm map.

Theorem 2.2.5. Let L/K be a finite extension of global fields. Then for all a in
L we have

1) Np/k(a) = det(M,), with M, the K-linear automorphism of L given by x
ax;

2) Nk (a) =11, 0(a), where o runs over all K-homomorphism from L into a
fized algebraic closure K of K.

Proof. From Proposition 22 on page 26 of [5] we know that Ny, x(a) = det(M,)
holds, From page 40 and 41 of [16] we see that det(M,) =[], o(a). O
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Absolute norm. We will now define an ideal norm, which depend on a single
global field instead of an extension of global fields. Before we give the definition,
recall that both Og and a are subgroups of K+, the additive group of K. Hence
we may speak about the index of a in Ok as an additive subgroup.

Definition 2.2.6 (Absolute ideal norm). Let K be a global fields and let Ix be
the group of non-zero fractional ideals of K. The (absolute) ideal norm on K is the
group homomorphism

Ng : Ik — Qso
determined by p — [Ok : p|, for every prime p in Ik. A

Notice that this definition is well-defined, because Theorem 2.1.7 shows that Ik
is freely generated by the prime ideals of Ok . Hence there exists a unique extension
N of the assignment p — [Ok : p].

Example 2.2.7. Let q be a prime ideal in Og. Then since Ok is a principal ideal
domain, we find some = € Ok with p = aOg. Hence we have that

a if char(K) =0

N =[Ok : aOk| = )
k(p) =[Ok : a0k] {pdeg(a) if char(K)=p >0

where deg(a) is the degree of a € Ok = F,[t] as a polynomial in ¢. O

We will show that Ng is can also be characterized by the formula Ng(a) =
[Ok : a], where a is any integral ideal of Ok. We first prove a preliminary result:

Lemma 2.2.8. Let K be a global field and p a non-zero prime of Ok. Then for
all n € N we have O [p =2 p™/p" Tt as O -modules.

Proof. Pick a € p—p™T!, which is possible since p™ # p™*! by the unique factoriza-
tion. Define ¢ : O — p™/p"*! by z +— az + p"*T1. Then clearly ¢ is a Ox-module
homomorphism with p C ker(¢). Suppose that ¢(z) = 0+ p"*t. Then azx € p™+!
or p"T1 | (a)(z) and p | (x) since p"*! does not divide (a). Thus p = ker(¢).

We now show that ¢ is surjective. Let b € p™. By the Chinese remainder
theorem there exists g € Ok such that

rg=b (mod p"t?t) and 20=0 (mod (a)/p").

We have p” | (b) since b € p™ and (a)/p™ | (xo) by the second displayed condition.
So (a) =p™ - (b)/p™ | (x0), hence xg/a € Ok. Finally

o(zo/a) = a(zo/a) + p = zo + p" T = ¢ + pn L

Hence ¢ is surjective, and the lemma follows form the first isomorphism theorem
for Og-modules. O]

We will now give another, more explicit, characterization of the absolute ideal
norm:

Theorem 2.2.9. Let K be a global field and a a non-zero integral ideal of Ok .
Then NK((J) = [OK : Cl].

Proof. Write a = py* ---p}*, with n, > 1 an integer for all 1 < i < k. By the
Chinese remainder theorem we find that

OK/CI = HOK/]J?’
i=1

For each non-zero prime p of Ok and each integer n > 1, consider the tower
p"tl C p™ C Ok of subgroups of K*. From elementary group theory we have
that [Ok : p"Tl = [Ok : p"] - [p" : p"T!]. From Lemma 2.2.8 we see that [O :
p] = [p™ : p"*]. Hence, we have that [Ox : p"T!] = [Ok : p"] - [Ok : p]. By
induction on n we find [Ok : p"] = [Ok : p]", for all integers n > 1. We conclude
that

0k o] = [[10k : 9] = [ [0 : pi]" = [[ N (pi)™
i=1 i=1 i=1
The right hand side equals N (a) by definition, which proves the theorem. O
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The next proposition shows that relative and absolute norm commute.

Proposition 2.2.10. Let L/K be an extension global fields. Then the diagram

Ni/k

I ———— Ik

NP

Q>0
commutes. In other words: for all prime ideals ¥ of L we have

NL(PB) = Ne(NL/x (F))-
Proof. Write p =B N Ok. From Theorem 2.2.9 we conclude that

N (N (B)) = N (p/ F/P) = Ny (p)/ F/P)

Using the definition of f(3/p) and N (p) we find that

Nk (Np/(B)) = |Ox /p| O/ FCx/¥l = |0 /P = NL(P),
which concludes the proof. [

Just as the relative ideal norm of an extension L/K of global fields induces the
field norm from L* to K*, the absolute ideal norm from a global field K induces
a map from K*:

Definition 2.2.11 (Absolute field norm). Let L/K be a finite extension of global
fields. The (absolute field) norm from K is the group homomorphism Ng : K* —
Q=0 determined by a — N (aOk) for all a € Ok. It is customary to extend this
map with N (0) = 0. A

Example 2.2.12. Let € Og. Then using Theorem 2.2.9 we have that

|z| if char(K) =10
k(z) =[Ok : 20k] {pdeg(w) if char(K)=p>0

Here deg(z) is the degree of x € Og = F[t] as a polynomialin¢. Foralla = z/y € K
we now have that

Ni(a) = Ok : 20g] {|a| if char(K) =

0
Ok : yOx] | pee@ if char(K)=p>0"

Tt is easy to see that the absolute field norm Nk is an absolute value (c.f., Definition
2.4.1). O

2.3. Class group

Let K be a global field and let I denote the set of non-zero fractional ideals of
Ok . Consider the subgroup

Px = {kOk | k€ K*}

of principal fractional ideals in Ix. This is a normal subgroup, since Ik is abelian.
Hence we may consider their quotient.

Definition 2.3.1 (Ideal class group). Let K be a global field. Then the (ideal)
class group CI(K) of K is the quotient I /Pk. Elements R of CI(K) are called
ideal classes. The class number h is order of the class group. Two fractional ideals
a and b are linear equivalent if ab—! is a principal principal fractional ideal. A

We will show that the order of the class group is finite. We follow page 100
of [5].
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Lemma 2.3.2. Fvery ideal class contains an integral ideal.

Proof. Let R be an ideal class in CI(K) and fix some fractional ideal a in R. By
definition of a fractional ideal there exists some x € Ok such that za C Og. Notice
that b = (x)a is an integral ideal of Ok, with a ~ b. Therefore & contains an
integral ideal b. O

The next lemma shows that O is not very large.
Lemma 2.3.3. The ring of integers Ok is a free Og-module of rank [K : K].

Proof. Clearly Ok is an Og-module which is torsion free since Ok is an integral
domain. Since Ok is a unique factorization domain we conclude from Theorem 1.7.3
that Ok is integrally closed. Now O is finitely generated by Proposition 6 at page
6 of Lang [5]. Now Theorem 1.6.14 implies that O is a free Og-module, since O
is a principal ideal domain and K is a finite separable extension of the quotient field
K of OK.

It remains to show that Ok has rank [K : K]. Since K/K is separable, the
primitive element theorem (Corollary 1.12.12) implies the existence of an x € K of
degree n = [K : K]. By Proposition 1 at page 5 of Lang [5] we find a ¢ € K such that
cr € Og. But now 1,cx,...,(cz)" ! is an K-linearly independent subset of O,
since the degree of cx equals the degree of z. Hence Ok has rank at least [K : K].
Clearly the rank of Ok cannot exceed [K : K], which concludes the proof. O

Lemma 2.3.4. There exist a C > 0 such that every non-zero integral ideal a of
Ok contains an element a with Ng(a) < C-Ng/(a).

Proof. We rewrite the proof on page 100 of [5] using our notations. Recall the
definition of K from section 2.1 and consider the finite extension K/K. We know
by Lemma 2.3.3 that the ring of integers is a finitely generated Ox-module of rank
N > 1. Let by,...,by be an Og-basis of Ok and define for any d € Qg

Sq = {Zf\il rib; € Ok | r; € OK,N]K(TZ') < d}.
Then there are more then dV elements in S;. Indeed, we have that |Sy| = ¢g", with
g=H{r e Ok | Nk(r) < d}|.

If K is a number field then ¢ is the number of r € Z with Ng(r) = |r| < d. Hence
g=2d+1>d. If K is a function field then g is the number of r € F,[t] with
Ni(r) = p?°8(") < d or equivalently deg(r) < |log,(d)]. Hence g = pllogn(@I+L 5 g,
In both cases we find g > d, which implies that |Sy| > d.

Choose d = Ng(a)'/N. Then S; contains more then Ng(a) elements, while
Ok /a contains precisely Ng(a) elements by Theorem 2.2.9. Therefore the pro-
jection m : Og — Og/a is not injective on Sy. Hence we find two distinct el-
ements z and y in Sy such that w(z) = 7(y). Define @ = x —y. Then clearly
a € kerm = a. Suppose that z = Zf\il z;b; and y = vazl yib;. Then a = Efil a;b;,
with a; = z; — y; for all i. Hence, using the triangle inequality (Example 2.2.12),
we see that

Nk (a;) < Ng(z;) + Ng(—y:) < 2Ng (a)'/V.

We now estimate the norm of a from K. By Proposition 2.2.10 and Theorem 2.2.5
we have

Nk (a) = Ng(Ng/k(a)) = Ne([ [ o(@)) = [[Nx(o(a)),

where o runs through homg (K, K). Now using the triangle inequality (Example
2.2.12) and the fact that any o fixes K we conclude that

N N
Nic(a) = [[Ne(o(3 b)) < [T Neta) Ne(o(b))

o =1
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Let M be the maximum of Nx (o (b;)) over all o in homg(K,K) and all 1 <i < N.
Then we find that

N
Ni(a) < JD 2Nk(a)/NM < C - Ng(a),

o i=1
with C = (2M)N N, because | homg (K, K)| = N. O
Lemma 2.3.5. There exist only finitely many integral ideals a of Ox with Nk (a) <

C, for some given C > 1.

Proof. Let a be a integral ideal of Ok with Ng(a) < C. By Theorem 2.1.7 we
may factor a into positive powers of prime ideals a = p* - - - p;*. Hence we find by
definition

Ng(a) = Ng(p1)™ - Ng(pp)"™* < C

Notice that Ng(p;) = [Ok : p;] > 2 for all indices i, which implies that all n; are
bounded from above. Since a is integral, we also have n; > 0. Now consider

|| if char(K) =0
pfaee(™) if char(K) =p >0

b

Nk (p) = Ne(Ng/k(p)) = Ng((m)!) = {

with () = pN Ok and f = f(p/(w)). We see that there are only finitely many =
with Ng((m)7) < C. The fundamental formula shows that there are at most [K : K]
for every (m). Hence we find only finitely many p; with N (p;) < C, which proves
the claim. O

We are now ready to prove our main result:
Theorem 2.3.6. The ideal class group CI(K) of a global field is finite.

Proof. We will show that there exist a constant C such that for any non-zero integral
ideal a there exist a integral ideal b in the linear equivalence class of a such that
NK(Cl) < C.

Use Lemma 2.3.4 to find some C > 0 such that every non-zero integral ideal a
of Ok contains an element a with Ng(a) < C-Ng(a). Let R be an ideal class and
find using Lemma 2.3.2 an integral ideal a in "~!. Then choose a € a such that
Nk (a) < C-N(a). Let b = aOk/a € R. Then

NK(b) = NK(CLOK/CL) = NK(G,)/NK(G) S C.

Moreover b is in integral ideal, because a divides aOk, as aOx C a. Since there
are only finitely many ideals of bounded norm by Lemma 2.3.5, the class group is
finite. O

2.4. Absolute values and places

In this section we introduce the most fundamental notion in the idelic viewpoint:
the places of field. We furthermore prove some properties of places.

Definition 2.4.1 (Absolute values). An absolute value on a field K is a map
|-|: K — R which is

1) positive: |z| > 0 for all z € K;

2) non-degenerate: |z| = 0 if and only if x = 0 for all x € K

3) multiplicative: |zy| = |z||y| for all z,y € K;

4) additive: |z +y| < |z| + |y| for all z,y € K. A

Example 2.4.2 (Trivial absolute value). Let K be a global field and consider the
map |- | defined by |z| = 1 for all z # 0. Then |-| is an absolute value. This absolute
value is called the t¢rivial absolute value. O
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Example 2.4.3 (Absolute field norm). From Example 2.2.12; the absolute field
norm Nk : K — Q>0 U oo is an absolute value of K. O

Example 2.4.4 (p-adic absolute value). Let K be a global field and p a prime
ideal of O . Then consider the map ord, : K — Z U oo given by ord,(0) = co and
ordy(z) = ny, where ny satisfies 2Ok = [], 9. Then the map ord,, is called the
order at p and satisfies

1) ord,(z) = oo if and only if = 0;
2) ordy(xy) = ordy(x) + ordy (y);
3) ordy(x +y) > min{ord,(z), ord,(y)},

for all z,y € K. Then the map |z|, := Ng(p)~ % ®) is called the p-adic absolute
value on K. From the above properties it is easy to see that |z|, is an absolute
value. 0

Let us state some elementary properties of absolute values.

Definition 2.4.5 (Archimedian absolute values). An absolute value | - | on a field
is Archimedian if and only if |n| is unbounded on the subring generated by 1. A

This subring can not be identified with Z when the global field has a positive
characteristic. The following proposition gives a characterization of Archimedian
absolute values.

Proposition 2.4.6. Let |- | be an absolute value on a field K. Then |- | is non-
Archimedian if and only if |x + y| < max{|z|, |y|} for all x,y € K.

Proof. We will follow the proof in [3]. If |z + y| < max{|z|,|y|} for all z,y € K,
then |n| <1 for all n in the subring generated by 1. Thus | -| is non-Archimedian.
Suppose that || is non-Archimedian. Then |n| < 1 for all n in the subring gener-
ated by 1, because if n > 1 for some n in this subring, we find that limg_, o |nk\ =0
which contradicts the fact that | - | is non-Archimedian.
Now let z,y € K and suppose without loss of generality that || > |y|. Then
ly/xz| <1 and

L+ y/z" =|(1+y/2)"| <Y
k=0

n
(k)‘|y/m|k§1+~-~+1:n+1.

Thus we find that
1+y/z|= lim /|1 +y/z|” < li_>m Vn+1=1=max{l,|y/z|}.
n—0o0 n oo
We conclude that |z + y| < max{|z|, |y|}. O

Notice that an absolute value | - | of a field K induces a topology on K: the
coarsest topology such that the sets {z | |t — a| < r}, for all « € K and r > 0, are
open.

Definition 2.4.7 (Discrete absolute values). An absolute value |- | on a field is
discrete if and only if 1 is isolated in the induced topology. A

Places. We will now introduce an equivalence relation on the set of all absolute
values of a field. The (non-trivial) equivalence classes are then called the places of
K.

Definition 2.4.8 (Equivalent absolute values). Let |-|; and |- |2 be absolute values
of a field. Then |- |; and |- |2 are equivalent if | - |; and | - |2 induce the same
topology. A

The following proposition gives another characterization of equivalent absolute
values.
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Proposition 2.4.9. Let |- |1 and |- |2 be absolute values on a field. Then |- |1 and
| - |2 are equivalent if and only if there exists a real ¢ > 0 such that |- |1 = (| - |2)°.

Proof. See Proposition 1.8 on page 6 of [16]. O

This relation is clearly an equivalence relation, and hence we may consider the
equivalence classes.

Definition 2.4.10 (Place). A place p of a field is the equivalence class of a non-
trivial absolute value. A place p of a field is called infinite if and only if p contains
an Archimedian absolute value. A

As usual we do not restrict our attention to individual objects, but rather in-
vestigate how they interact:

Definition 2.4.11 (Extension of places). Let L/K be an extension of fields, p a
place of K and ‘P a place of L. Then P is an extension of p (notation: JB/p) if and
only if for all | - | € P the restriction of |- | to K is in p. A

Later on we will need the following theorem, which is related to the Chinese
remainder theorem.

Theorem 2.4.12. (Approzimation theorem) Let n > 1 be an integer and let | - |;,
for 1 < i < mn, be non-trivial pairwise non-equivalent absolute values on a global field
K. Let z1,...,x, € K and € > 0. Then there exists an element x € K such that
|z — a;]; < € forall1 <i<n.

Proof. See page 35 of Lang [5] or page 48 of [3]. O

This theorem is also called the weak approximation theorem. But since we do
not use the strong version (c.f., page 67 of [3]) we suppress ‘weak’.

2.5. Valuations

In this section we will prove that the finite places of a given global field K and
primes ideals of Ok are in one-to-one correspondence with each other. This will
follow from the fact that both the finite places of K and the prime ideals of Ok are
in bijection with valuations.

The consequence of this correspondence is that every notion defined for prime
ideals has an immediate generalization to finite places. One can now, for example,
define the ramification index of a finite place.

Totally ordered groups. Before we give the definition of a valuation, we first
recall the definition of a totally ordered group and maps between them.

Definition 2.5.1 (Totally ordered groups). A totally ordered group is an ordered
tuple (T, <,+,0) consisting of a (non-empty) set I', a binary relation <, a binary
function + and an element 0 € T" such that

1) (T, +,0) is an abelian group;
2) (I, <) is total order;
3) for all z,y,z € T we have = + z < y + z whenever z < y. A

Example 2.5.2. The real numbers R with addition and the usual order is a totally
ordered group. %

Example 2.5.3 (Hahn product). Let I be an totally ordered index set and {T'; |
1 € I} a family of totally ordered groups. Then the Hahn product or lexicographic
product is defined by

Hic i :={a € [[;c; i | supp(ar) C I is well-ordered},

where supp(a) = {i € I | a; # 0} is the support of a. Then H;¢T'; is closed under
addition, since supp(a) U supp(53) is a well-order: if I C supp(«) U supp(f), then
min(I) = min{min(/ N supp(«)), min(I N supp(3))}. Now define an ordering on
H;c;T; by a < 8 if and only if a,,, < B, with m = min(supp(a) Usupp(8)). Then
H,c;T'; is a totally ordered group.
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We conclude this paragraph with the definition of the structure preserving maps
between totally ordered groups.

Definition 2.5.4 (Order homomorphisms). Let I and IV be totally ordered groups.
An order homomorphism is a order preserving group homomorphism f : I' — I7.
An order isomorphism is a order preserving group isomorphism f : I' — IV, If
there exists a order isomorphism f : I' — I, then we say that I and I are order
isomorphic (notation: T' = TV). A

Valuations. We will now study fields by means of their surjective group homo-
morphisms form the unit group to a totally ordered group extended with a value
00 at zero.

Definition 2.5.5 (Valuations). A wvaluation on a field K is a surjective map v :
K — T'Uoo, with I a totally ordered group, such that for all z,y € K

1) v(x) = oo if and only if z = 0;
2) v(zy) = v(z) +v(y);
3) v(z +y) = min{v(z),v(y)},

with the convention that co ¢ T', co > 2z and co = & + 00 = oo + z for all
zel'Uoo. A

Example 2.5.6 (Order at p). Let K be a global field and p a prime ideal of O.
Recall from Example 2.4.4 that the order at pis given by the map ord, : K — ZUoo
with ord,(0) = oo and ordy(z) = n,, where n, satisfies 2Ok =[], 9"+. The map
ord, is a valuation on K. O

The first lemma will be useful for determining the value of a sum.

Lemma 2.5.7. Let v be a valuation on a global field K and let z,y € K. If
v(x) # v(y) then v(z +y) = min{v(z),v(y)}-

Proof. See page 44 of Cassels and Frohlich [3]. O

Let us now introduce some notation. Let v : K — I' U co be a valuation. Then
T" is called the value group of v. The set

O, :={z € K |v(x) >0}

is called the valuation ring of v. It is easily seen that O, is a subring of K. Moreover
0, is a valuation domain (c.f., Definition 1.9.1), because v(x) < 0 implies v(z~!) >
0. Proposition 1.9.3 shows that O, is a local ring, hence O, has a unique maximal
ideal. This ideal is given by

m, :={z € K | v(z) > 0}

and is called the valuation ideal of v. If x,y € K with xy = 1, then v(x) + v(y) =
v(1) = 0. Hence x € O if and only if z € U,,, where

U, ={zx e K |v(z)=0}

is called the unit group of v.

If p is a prime ideal of O, then for notational convenience we will write Oy,
my, and U, for O,, m, and U,, whenever v = ord,.

Notice that v and w = v + v both define the same valuation ring and valuation
ideal, for every v : K — I'. This comes from the fact that v and w are equivalent,
in the following sense:
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Definition 2.5.8 (Equivalent valuations). Let v; : K — I, for i = 1,2, be a
valuation on a global field K. Then v, and v, are equivalent if and only if there
exists an order isomorphism f : 'y — I's with v3 = vy o f, i.e., the diagram

K
o/ N\
f

Nn— 7,

commutes. A
Let us now formulate an important property of a valuation.

Definition 2.5.9 (Discrete valuation). A valuation v : K — I'Uoco is called discrete
if and only if I & Z. A

Recall from Definition 1.9.1, that the valuation ring O, is called discrete if and
only if m, is principal. The following lemma shows that there is no confusion.

Lemma 2.5.10. Letv: K — I'Uoco be a valuation. Then v is discrete if and only
if O, is discrete.

Proof. Suppose that O, is discrete and let 7 be a generator of m,,. Then Proposition
1.9.3 shows that O, is Noetherian local domain. Let 7’ be an irreducible element of
O,. Proposition 1.8.2 implies that every non-zero non-unit element is contained in
the maximal ideal m,. Hence 7’ is a multiple of 7, which shows that 7 is the unique
irreducible element of O,. Now using Theorem 1.5.5 we see that every x € O, is
of the form un™, for some v € U, and n > 0. This implies that I' is generated by
+o(7) and is isomorphic to Z. Thus v is discrete.

On the other hand, suppose that v is discrete. Let m be an element of m, such
that v(w) > 0 and fv(w) generate I' and let © € m, be arbitrary. Choose n > 0
such that v(z) = v(m)"™. Consider z/7™ in K. We have v(xz/7™) = 0 which shows
that w = «/7™ € U,. Thus every & € m, is a multiple of 7. We conclude that 7 is
a generator of m,. O

Theorem 2.5.11. FEvery valuation on a global field is discrete.

Proof. Let K be a global field and v a valuation on K with values in I". Using
Lemma 2.5.10 it suffices to prove that O, is discrete an using Proposition 1.9.3 it
suffices to prove that O, is Noetherian.

Given a chain ag C a; C --- of ideals in O,. Using Lemma 2.1.4 this gives rise
to a decreasing sequence of natural numbers |Og/ag| > |Ok/a1] > ---. Since <
is a well-order of N, this sequence has a least element at which it stabilizes. But
|Oy/a;| = |Oy/a;| and a; C a; imply that a; = a;, for all ¢ < j. Therefore the chain

stabilizes and O,, is Noetherian. Then concludes the proof of the theorem. O

Theorem 2.5.11 implies that every valuation on a global field K is equivalent to
a valuation with value group Z.

Primes and finite places. The following proposition shows that the valuations
of a global field correspond to the finite places.

Proposition 2.5.12. Let K be a global field and 0 < ¢ < 1 a real number. Then
there is a one-to-one correspondence

{ valuations v: K - ZUoo } «— { finite places of K }
v — [c*()]
log.(] - 1) <—' p

where ¢ =0 and | - | is an absolute value in p with log, (|K*|) = Z.
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Proof. We first show that both maps are well-defined. Let v : K — Z U oo be a
valuation. Then ¢’(") is a non-Archimedian absolute value on K and [¢V()/?(7)] is
a finite place of K. For the other map, let p be a finite place of K. Let || - || is an
absolute value in p. Then Proposition 2.4.6 shows that log.(]| - ||) is a valuation on
K with value group log,.(||K*||) € R. Now Theorem 2.5.11 shows that log.(||-||) is
discrete, which implies that log,(||K*||) = AZ. Then |-| = (|| - ||)*/* is an absolute
value in p such that log,(| - |) = 3 log.(|| - ||) = Z. Thus the maps are well-defined.

Finally we show that the maps are each others inverse. Let p be a finite place of
K. Then p is mapped to v = log,(|-|), which is mapped back to q = [¢*()] = [|-]] = p.
For the other map, let v : K — Z U oo be a valuation. Then v is mapped to
p = [¢*0)]. Now let | - | be an absolute value in p with log.(|K*|) = Z. Then | - |
and ¢'() are equivalent absolute values. Thus | - lp = ) for some real t > 0.
Hence w = log.(] - |p) = ¢ - v(-). Hence v and w are equivalent valuations, because
f:ax—t-xis an order isomorphism from Z to log, (| K*]). O

Other authors (e.g., Lang in [5]) define a valuation to be a non-Archimedian
absolute value. This proposition shows that our terminology is essentially the same.
However others (e.g., Cassels in Chapter II of [3]) use the term valuation for an
absolute value, non-Archimedian or not. To distinguish our notion of a valuation
with the definition of a valuation as an absolute value we may say that the valuation
is additive (see Definition 2.5.5).

The next proposition shows that valuations are essentially the same things as
prime ideals in the ring of integers.

Proposition 2.5.13. Let K be a global field and Ok the ring of integers of K.
Then there is a one-to-one correspondence

{ valuations v: K - ZUoco } +— { prime ideals of Ok }
v — m, N Ok
ord, i P

Proof. We first show that the maps are well-defined. It is clear that p — ord, is
well defined. Let v be a valuation of K. Write p,, := m, N Ok and let z,y € Ok
with zy € p,. Then v(x) + v(y) = v(zy) > 0, which implies that either v(z) > 0
or v(y) > 0. Hence we find that either x € p, or y € p,, which shows that p, is a
prime ideal of Og.

It remains to show that the maps are each others inverse. Let v : K — Z U oo
be an absolute value. We will prove that v = ord,,. Since K is the field of fractions
of Ok, it suffices to show that v and ord,, coincide on Og. Since v(Og) = N it
suffices to prove that v(z) = 1 if and only if ord,, (z) =1 for all z € Ok. In other
words x € m, — m? if and only if x € p, — p2, for all x € Ok.

Clearly, as p, := m, N O we have z € m, if and only if x € p,. Moreover we
have for all z € O that x € m? if and only if x € p2. Indeed, suppose that x € p2.
Then trivially z € m2. On the other hand suppose that z € m2. Since z € K,
there exists some a,b € O with z = (a/b)?. Let 7 € K with v(r) = 1. Then
x = (a’'/b)? with @’ = 7"a, V' = 7"b and n = —v(b). Then v(a’) > v(d’) = 0. This
shows that a’ /b’ € O, which implies that = € p2. We conclude that v = ord,, .

For the other direction, let p be a prime ideal of Og. Then p is mapped to
v = ordy, and v is mapped to m, N O = {x € Ok | ord,(z) > 0} =p.

We conclude that the maps are each others inverse, which shows that there is a
one-to-one correspondence. O

Let us gather the results from the Proposition 2.5.12 and Proposition 2.5.13 into
a single theorem:

Theorem 2.5.14. Let K be a global field and Ok the ring of integers of K. Then
the maps

{ valuations } +— { prime ideals } — { finite places }
ord, - p = [ 1o

are bijections.
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We now know how valuations are related to prime ideals of Ok and finite places
of K for any global field K. We will now investigate some properties about the
valuations themselves.

Valuation domains. The following result from Krull is fundamental. It gives a
characterization of the valuation domains (c.f., Definition 1.9.1).

Theorem 2.5.15 (Krull). Let R be a domain with field of fractions K. Then R is
a valuation domain if and only if R = O, for some valuation v on K.

Proof. If R = O, for some valuation v on K, then for all non-zero x € K we have
that x ¢ R implies v(z) < 0 hence v(1/x) > 0 and 1/x € R.

On the other hand suppose that R satisfies z € R or 1/z € R for all nonzero
x € K. We now follow the construction on page 65 of [4]. Define I' = K* /R* and
define an ordering on I by aR* < bR* for a,b € K* if and only if b/a € R. Using
the fact that R is a valuation domain (see Definition 1.9.1), it is straightforward to
see that I' is a totally ordered abelian group. The map v : K — I' U co given by
v(a) = aR* and v(0) = oo is a valuation on K. It is easy to see that R=0,. O

Corollary 2.5.16. Let R be a subring of a global field K. Then R is a valuation
domain if and only if R = O, for some prime ideal p of Ok .

Proof. It is clear that O, is a valuation domain for all prime ideals p of Og. Con-
versely, let R be a valuation domain. Then Theorem 2.5.15 gives a valuation v on
K with R =0,,.

Using Proposition 2.5.13 find a prime p of Ok such that v corresponds to p.
Hence we have v = ord, and R = O, = O,,. O

2.6. Local fields

In this section we will introduce the notion of a local field, which is the completion
of a global field with respect to a non-trivial absolute value. It turns out that the
structure of local fields is easier then that of global field. For example, if L/K is
an extension of global fields, then a finite place p of K has [L : K] extensions to L.
while if L/K is an extension of local fields, a place p of K has a unique extension
to L.

Completion. Before we dive into the construction of the completion, we start
with the definition of valued fields.

Definition 2.6.1 (Valued fields). A wvalued field is a field K together with an
absolute value |- |, of K. A

Example 2.6.2. The rational numbers @Q and real numbers R, with the usual
absolute value, is a valued field. The complex numbers C, with the absolute value
|z| = 2%, is a valued field. O

Now we introduce the structure preserving maps between valued fields.

Definition 2.6.3 (Valued field embedding). Let K and L be valued fields with
absolute values | - | and | - |¢ respectively. A map f: K — L is called a continuous
homomorphism of valued fields if and only if

1) f is a homomorphism of fields;
2) fis continuous, i.e., there exists a ¢ > 0 such that |f(z)|, = |z|{ for all z € K.

Let f : K — L be an embedding. Then f is called an continuous isomorphism
of valued fields (notation f : K = L) if and only if there exists an embedding
g: L — K with go f =idg and f o g = idy. In this case f is called invertible.
Let f : K — L be an continuous isomorphism. Then f is called an continuous
automorphism of valued fields if and only if L = K. VAN
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Before we give some examples, we recall the some definitions from the theory of
metric spaces. Let (z,,)n>0 be a sequence in a valued field K with absolute value
|-]. Then (2, )n>0 is called convergent with limit x € K (notation: lim,_, z, = x)
if and only if for all real € > 0 there exists an integer N > 0 such that |z — z,| < ¢
for all n > N. Furthermore (z,)n>0 is called Cauchy if and only if for all real € > 0
there exists an integer N > 0 such that |z, — z,| < € for all m,n > N. A subset
A C K is called dense if and only if for every = € K there exists a sequence (an)n>n
in A such that lim,, - a, = x.

Example 2.6.4 (Automorphisms of R). The identity id : R — R is the unique
continuous automorphism of R. Let K be a valued field with absolute value | - |
and let f: R — K be an continuous homomorphism of valued fields. We will show
that f is unique.

Since f is a ring homomorphism, we have that f(1) = 1. From f(-1)+1 =
f(=1)+ f(1) = f(0) = 0 it follows that f(—1) = —1. Hence f is completely
determined on Z. Moreover since f(a/b) - f(b) = f(a) for all a,b € Z, we find that
f is completely determined on Q. Now let € R. Since Q is dense in R, we find a
sequence (g )n>0 which converges to x. Then we have that

Jim [f(gn) = f(@)|y = lim [f(gn —2)[x = lim g, —2[ =0,

since |f(-)|x is equivalent to | - | on R. Thus (f(gn))n>0 converges to f(z). Hence,
since f is completely determined on @, we find that f is completely determined on
R. Moreover this shows that the identity is the unique continuous automorphism
of R. O

Example 2.6.5 (Automorphisms of C). Let f : C — C be an continuous automor-
phism of valued fields. If we apply Example 2.6.4 to the restriction fjr : R — C of
f to R, we find that f(a) = a for all @ € R. Furthermore notice that f(i2 + 1) =
f(0) = 0 which implies that f(i)2+1 = 0, as f is a homomorphism. In other words,
f(i) is aroot of X? +1 = (X +4)(X —14). Therefore we have that f(i) = 4. Hence
we conclude from Example 2.6.4 that for all a,b € R

fla+bi) = f(a) + f(b)f(i) = a + bi.

This shows that the identity and conjugation are the only continuous automor-
phisms of C. o

Let us now investigate an important property of a valued field.

Definition 2.6.6 (Completeness). A valued field K is called complete if and only
if every Cauchy sequence is convergent. A

It turns out that every valued field can be embedded in a complete valued field.

Theorem 2.6.7. Let K be a valued field with absolute value | -|. Then there exists
an embedding f : K — K of valued fields such that

1) K is complete and f(K) is dense in K;

2) for every embedding g from K into a complete valued field L there exists a
unique embedding h : K — L such that ho f = g, i.e., the diagram

K
N
Ko 1

Proof. We follow the proof of Theorem 2.1 on page 12 of [16]. Let R be the ring of
all Cauchy sequences in K with componentwise addition and multiplication. Then
the ideal m = {(2n)n>0 € R | lim;, o |7;]p = 0} is a maximal ideal in R. Consider

commutes.
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the field K := R/m and the ring homomorphism f : K — R/m which maps ¢ € K

to the constant sequence (),>0. Define the absolute value || - || on R/m by
[(zn)nz0 + m|| := lim |2y].
n—oo
Tt is easy to see that || - || is indeed a well-defined absolute value with || f(z)|| = |z

and that f is an embedding of valued fields.

Note that f(K) is dense in K, since every element (z,),>0 + m in K is the
limit of the sequence (f(xy))n>0 in K. Now, let (s,)n>0 be a Cauchy sequence in
K. Then, since f(K) is dense in K, there exists a sequence (s),)n>0 in f(K) with
llsn — 8|l < 1/n for all n > 0. Write s, = f(z,,). Then (s,)n>0 converges to
5 = (Zn)n>0. Therefore K is complete with respect to | - |.

Finally let g be an embedding from K into a complete valued field L. Then the
canonical map h : R — L sending (z,,)n>0 to lim,, o, @, gives rise to an embedding
h:K =R/m— L. As f(K) is dense in K, this is the unique embedding. It is clear
that h(f(x)) = g(x) for all # € K, which implies that the diagram commutes. [

The K together with the embedding f : K — K is called a completion of K.
The second statement in the theorem is called the universal property of f : K — K.

The universal property implies that the completion K is uniquely determined
up to a continuous isomorphism.

Lemma 2.6.8. Let K be a field, K; a valued field with |- |; absolute value and base
field K and let f; : K; — K; the completion for i = 1,2. Then if | - |1 is equivalent
to |- |2, then K1 = K.

Proof. Suppose that |-|; is equivalent to |-|2. Thenidg : K3 — K3 is an isomorphism
of valued fields. Hence we have the following diagram

idg idg

X
=

fi

Y
e—

K;
fi| fi
K;

i

<.

Then the universal property of K; applied to f; oidx gives a map h; : K; — Kj7 for
i # j. Hence we find an embedding hjoh; : K; — K;. Now if we apply the univeral
property of KZ to fioidg oidg we conclude that hjoh; is unique. Trivially we have
an embedding id K; — ki, hence by the uniqueness we find that hjoh; = dg .
This proves that h; is an isomorphism and that K = XQ. O

Let p be a place of a valued field K. Then for any |- | € p we can construct
that completion. The above lemma shows that all completions are isomorphic. This
enables us to define the completion at p: K,.

From the proof of Theorem 2.6.7 we see that the following stronger version of
the universal property is also true.

Proposition 2.6.9. Let K be a valued field and p a place of K. Then for every
continuous map g from K into a complete valued field L there exists a unique
continuous map h : K, — L such that ho f =g

Proof. Substitute ‘continuous map’ for ‘embedding’ in the last part of the proof of
Theorem 2.6.7. O

This proposition enables us to lift an arbitrary continuous map from a valued
field K into a complete valued field to a map defined on the completion of K.

Example 2.6.10 (Local norm map). Let L/K be an extension of global fields and
p a prime of p. Then the relative field norm N, : L — K defines a homomorphism
from L — K,, which is continuous by part 1 of Theorem 2.2.5. Proposition 2.6.9
gives us a lift Nz, /x, : Lyg — Ky of Ny /i, where B is extension of p to L. Then
Ny, /K, is called the local norm map. O
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A useful property of complete valued field is the following.

Theorem 2.6.11. Let Ly /K, be an extension of local fields. Then P is the unique
place that extends p.

Proof. Since Lqy /K, be an extension, Ly can be viewed as a vector space over K.
Then any absolute value on Ly may be regarded as a norm on the K-vector space
Lys. Proposition 2.2 at page 470 of [6] shows that all norms on Ly are equivalent,
which implies that 3 consists of all non-trivial absolute values. O

The following theorem is very useful for the classification of infinite places.

Theorem 2.6.12 (Ostrowski). Let K be a field and p an infinite place of K. Then
K, 2R or K, 2 C as valued fields.

Proof. See Theorem 2.2 on page 13 of [16]. O
This leads to the following definition.

Definition 2.6.13. Let K be a field and p an infinite place of K. Then p is
called real if and only if K, = R. Furthermore p is called complez if and only if
K, =C. A

We are now ready to classify the infinite places of any field.

Corollary 2.6.14. Let K be a field and | -| the standard absolute value on C. Then
the map

ring homomorphisms . .
{ K — C up to conjugation } — {infinite places of K }
o = [lo(-)1]

s a bijection.

Proof. Tt is clear that |o(x)| is an absolute value on K. Using Ostrowski’s theorem
we conclude that the map is surjective. We show that the map is injective. Let oy
and oy be homomorphisms such that |o1(x)| and |o2(x)| are equivalent and let p be
the place that contains both |o(x)| and |o2(x)|. Then o; : K — C is a continuous
homomorphism of valued fields. Hence by the second part of Theorem 2.6.7 we find
unique continuous homomorphisms f, h; and hs such that the diagram

K
AN
C K, C
h ha

commutes. Now Theorem 2.6.12 shows that K, 2 R or K, = C as valued fields.

Suppose that p is real. Then Example 2.6.4 shows that h; = hs, since there is
a unique continuous homomorphisms from R to C. Hence we have that o1 = 09, as
the diagram commutes.

Now suppose that p is complex. In that case o; : K — C is also a completion.
Hence Theorem 2.6.7 gives unique continuous homomorphisms &} : C — K,. Now
we find a unique continuous homomorphisms hjoh; : K, = K, and h;oh} : C — C.
But we also have idk, : K, — K, and idc : C — C. Hence from the unicity it
follows that h} o h; = id K, and h; o h} =id¢. Therefore hy and hy are continuous
isomorphisms of valued fields. Now we find that hy o b} o 01 = 3. To conclude
the proof notice that hy o b} is an continuous automorphism of C. Hence Example
2.6.5 shows that hg o hf is either the identity or conjugation. Therefore o1 and o
are identical up to conjugation. O

Let K be a global field and p a finite place. Recall that Ox = {z € K | ord,(z) >
0 for all p}. Using Proposition 2.6.9 we find a lift of ord, to K,. This enables us to
define the ring of integers in K, by Ok, = {x € K, | ordy(z) > 0 for all p}.
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Recall that the residue class field of K at a prime ideal p is defined by K, =
Ok /q, where q := {z € Ok | |z|, < 1} is the prime ideal of O corresponding to
the place p. We can do the same construction in the completion, which leads to the
same residue class field: K, = O, /g, where § := {z € O, | ||, < 1}.

Let f be a polynomial over Ok,. Then f is called primitive if and only if
/' # 0 modulo p. The following theorem provides a strong connection between the
primitive polynomials over O, and the polynomials over K P

Theorem 2.6.15 (Hensel’s lemma). Let K be a global field, let p be a finite place,
let Ok, be the ring of integers of K, and let Ky the residue class field of K at p.
If a primitive polynomial f € Ok, [X] admits modulo p a factorization

f=gh (mod p)

into relatively prime polynomials g,h € K,[X], then f admits a factorization
f=gh,
with g, h € Ok, [X] such that deg g = degg and
g=g (modp) h=h (modp).
Proof. See Theorem 4.6 at page 129 of Neukirch [10]. O

We want to mention one last theorem:

Theorem 2.6.16 (Fundamental formula). Let L/K be an extension of global fields
and p a finite place. Then

e(B/p)f(B/p) = [Lyp : K]
for all extensions B of p.

Proof. See Theorem 2.5.11 and Proposition 6.8 at page 150 of Neukirch [10]. O

2.7. Ray class groups

In this section we will generalize the class group by considering it as a member of a
family of ray class groups. This family is parameterized by a modulus. From now
on we will abbreviate ‘all but finitely many’ by ‘almost all’.

Definition 2.7.1 (Moduli). A modulus of K is a map m : {places of K} — N, such
that m(p) = 0 for almost all places p of K. A modulus is denoted as the formal
product Hp p™®) The restriction my of p to the finite places is called the finite
part of m. A

The finite places are in one-to-one correspondence with the prime ideals of O
and the Archimedian places are in one-to-one correspondence with embeddings o :
K — C. Hence we may factor the modulus m as

m= [ »® [[ o
pCOK o:K—C

Let p be a finite place of a global field K and let m > 1 be an integer. Then define
the following subset of K*:

Vo' i={x € K* |ordp(z — 1) > m}.

Note that V™ is in fact a subgroup of K*. Indeed, 1 € V", because ordy(1—-1) =
oo > m. Furthermore for all z,y € me we have that

ordy (zy — 1) = ordy((z — 1)(y — 1) + (z — 1) + (y — 1)) > min{m?,m, m} = m.
Finally, for all z € V" we have
ordy(1l/xz — 1) = ordy(—(z — 1)/x) = ordp(x — 1) — ordy(z) > m — 0,

because ordy(z — 1) > m > 1 implies p | (¢ —1) and 2 —1 € pand = ¢ p
and ordy(z) = 0. Therefore V" is a subgroup of K. Hence we may define the
following:
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Definition 2.7.2 (Congruence). Let K be a global field, let 2 and y in K* be units
and let m be modulus of K. Then x is (multiplicatively) congruent to y modulo m
(notation: x =y mod m) if and only if the following two conditions hold:

1) If p | mis a finite place, then x/y € me(p);

2) If p | m is a real place corresponding to the embedding o : K — R, then
o(xz/y) > 0. A

Note that = coincides with the usual
With the help of moduli and congruences, we are able to reformulate the ap-
proximation theorem.

Theorem 2.7.3 (Chinese remainder theorem for places). Let m be a modulus on
a global field K and let x, € K for all places p of K. Then there exists an element
x € K such that for all p

z=x, modp™P).

Proof. Use the approximation theorem and the fact that ord,(-) = log.(| - |p) with
c= Ng (p)fl. ]

Let K., denote the set of k € K* such that ¥k = 1 mod m. This is clearly a
subgroup of K*. Now we are ready to define the ray class groups. Let

I(m) ={a €1 |aand mg coprime}

denote the subgroup of I of fractional ideals of Ok relatively prime to the finite
part of m. Then the group I(m) is the free abelian group generated by the prime
ideals of Ok which do not divide the finite part of m. Furthermore let

Py = {kOk | k € Ky}

denote the subgroup of I(m) of principal fractional ideals with generator congruent
to 1 modulo the finite part of m and positive at the real places occurring in m. Note
that I(m) is abelian, hence the subgroup Py, is normal and we may consider the
following definition.

Definition 2.7.4 (Ray class groups). Let K be a global field and m a modulus.
Then the ray class group Clyn (K) of K modulo m is the quotient I(m)/Py,. Elements
of Clyw(K) are called ray classes. The order hy of Clyn(K) is called the ray class
number. A

The following theorem shows that the ray class group is finite.
Theorem 2.7.5. The ray class group Cly,(K) is a finite group.

Proof. In [5, pp. 124-126] it is shown that hy, is a (rational) multiple of the order
h of CI(K) and hence finite. O

2.8. Adéles and ideles

In the previous section, we fixed one place p of a global field K and investigated
the local field K. We will now study all local fields simultaneously by considering
the ring of adéles, which is a subspace of Hp K,. The reason we will not consider
the whole product space is because is not locally compact, but we will not go into
this. We start with a topological construction:

Definition 2.8.1 (Restricted topological product). Let S be a finite subset of an
index set I. Let G; be a locally compact group for all i € I and for all ¢ ¢ S let K;
be a compact subgroup of GG;. Then the group

{ (9:)i €11, Gi | gi € K; for almost all i ¢ S }

with topology generated from the open sets [[, U;, where U; C G; is open for all
ieland U; = K, for all i ¢ S, is called the restricted topological product of the G;
with respect to the K. A
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Using this construction, we may define the ring of adeles.

Definition 2.8.2 (Adele ring). The adéle ring Ak of a global field K is the re-
stricted topological product (over all places p of K) of the K, with respect to the
O, with p infinite. A

Consider the map i : K — [], K given by z — (fy(z))p, where f, : K — K,
is the completion. The next lemma shows that this maps induces a map into the
adele ring A .

Lemma 2.8.3. Let K be a global field and x € K. Then |fy(x)|, < 1 for almost
all places p.

Proof. See Theorem 3 at page 47 of [17]. O

It is easy to see that 7 is in fact continuous. Using the map ¢ we can identity K
with a subfield of Ay, which is discrete by the following lemma.

Lemma 2.8.4. Let K be a global field. Then i(K) is discrete in Ak.
Proof. See chapter 4 of [17]. O

Theorem 2.8.5. Let K be a function field and let a € Ag an adeéle of K. Then
the subset
D(a) ={b € Ak | [bplp < laplp}

is a compact neighborhood of a in A .
Proof. See chapter 4 of [17] (c.f., the proof of Lemma 4 at page 206 of [14]). O
We will now show that invertible adeéles generalize ideals in the ring of integers.

Definition 2.8.6 (Idele group). The idéle group Tk of a global field K is the
restricted topological product (over all places p of K) of the K, with respect to
the O, with p infinite. A

As a set, we have that Zx = A}. However, the topologies are very different.

Proposition 2.8.7. Let K be a global field. There is a surjective group homomor-
phism j : T — Ik.

Proof. Using Proposition 2.6.9, we see that ord, : K — R has a unique lift g :
Ky — R to the completion at any place q. That means that if f : K — K is the
completion, then ord,(z) = g(f(z)) for all x € K. Since there is no confusion, we
just write ord, instead of g.

Notice that ord, is discrete on K,, since it is continuous and discrete on the
dense subset K C K,,. Moreover ord, maps K, into the integers. Now consider the
map j : g — Ik given by

(ap)p — H pordelan),

pCOK

where ord, is the unique extension of ord, on K to K. Then j is well-defined,
since a, € Oy except for some finite places p. It is clear that j is a homomorphism
of groups. O

2.9. Idele class group

In the previous section we have seen how ideles generalize ideals (via the map j)
in the ring of integers. We will now generalize the ideal class group. We start by
identifying which ideles correspond to principal ideals.

Recall the definition of i : K — [], Kp. The ideles in the image (K™ ) are now
called principal.

Definition 2.9.1 (Principal ideles). An idéle a of a global field K is called principal
if and only if there exists some 2 in K* such that a = i(z). A



Chapter 2. Algebraic Number Theory 49

This definition makes sense: if (ay), is a principal idele, then we find some a € K
with (ap)p = i(a) and

i((ag)p) = H pordeUe(@) = Oy,
pCOK

since ord,(fp(a)) = ordy(a), where f, : K — K, is the completion at p. Thus the
principal ideles corresponds with the principal ideals of Ok .

Now that we have generalization of principal ideals, we may consider the gener-
alization of the ideal class group.

Definition 2.9.2 (Idele class group). The idéle class group of K is the group
C(K) =ZIk/[i(K™). VAN

It turns out that the idele class group is related to the ray class group. This
theorem will be uses to translate theorems from the idelic viewpoint to the classical
viewpoint (c.f., proof of Theorem 2.10.5 or Proposition 2.12.9)

Theorem 2.9.3. Let K be a global field and m a modulus. Then the ray class
group Cln(K) of K modulo m is isomorphic to a factor group of the idéle class

group C(K).
Proof. See Proposition 4.6 at page 168 of [8] or see page 146 and 147 of Lang [5]. O

2.10. Density of primes

Let K be a global field with modulus m. The aim of this section is to show that
every ray class in Cl, (K) contains infinitely many prime ideals. We will show this
with the help of L-series.

Analytic density. Let f(s) and g(s) be complex functions defined in a neigh-
borhood of s = 1. For notational convenience we write f(s) ~ g(s) if and only
if there exists some complex function h(s), which is analytic at s = 1, such that
f(s) —g(s) = h(s). It is clear that this defines an equivalence relation.

Definition 2.10.1 (Analytic density). Let M be a set of primes of a global field
K. Then 6 is the analytic density of M if and only if

1 1
E ——— ~dlog —. A
s —
oY N(p) 1—s
It can be shown that the analytic density generalizes the natural density

lim [{primes p in M with Ng(p) < n}|
n—oo |{primes p of K with N (p) < n}|’

but we will not prove this.

Clearly 6 = 0 whenever M is finite, because log ﬁ is not analytic at s = 1.
Thus M is infinite if § # 0. Therefore it suffices to show that the density of the set
{p € R} of prime ideals in a given ray class R € Cl,(K) is non-zero.

L-series. We will now study L-series, as they turn our to be useful for the calcu-
lation of the analytic density. The construction L-series requires the definition of
characters:

Definition 2.10.2 (Characters). Let G be a finite abelian group. A (Dirichlet)
character x of G is a group homomorphism y : G — C*. The character group GV
of G is the group hom(G,C*) of all group homomorphisms x : G — C*. A

There is only one property of characters, which is of major interest for us:
Lemma 2.10.3. Let G be a finite abelian group and g € G. Then

> xlg) = {|0G| so=1

ceov otherwise
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Proof. See the proof of Lemma 4.7 on page 193 of Milne [8]. O
We are now ready to define the L-series.

Definition 2.10.4 (L-series). Let K be a global field with modulus m and let x
be a character of the ray class group Cly,(K). Then the L-series of x modulo m is

the series 1

Lm(s:) = };{ 1—x(p)N(p)— A

We first discuss some important properties about this function.

Theorem 2.10.5. Let K be a global field and m a modulus. Let x be a character
of Clm(K). Then

1
1-s

0 if x non-trivial

log if x trivial

IOg Lm(sa X) ~ {

Proof. Let m(x) be the order of Ly(s,x) at s = 1. Then there is some function
h(s), which is both analytic and non-zero at s = 1, such that

La(s,x) = (1= )" ™h(s).

Hence, taking the logarithm, we conclude that

1
log Lun(s, x) = —m(x)log 7— +log h(s).

— S

Since log h(s) is analytic at s = 1, we have by definition that

log L (s, x) ~ —m(x)log { i o
Therefore this theorem just claims that the order of Ly (s, x) at s = 1 equals —1,
whenever x is trivial and 0 otherwise. This result is proven in Weil [17] for idele
class characters: see corollaries 1 and 2 at page 124, the remark at the bottom of
page 125 and Theorem 11 at page 288. Using Theorem 2.9.3, we may translate our
L-series into those used by Weil. O

The following theorem shows that the density of primes in a given ray class is
non-zero. Moreover it shows that this density is in fact independent of the choice
of the ray class R.

Theorem 2.10.6. Let m be a modulus for a global field K and let R € Cln(K) be
a ray class. Then the density 0 of the primes in R is 1/hy. Moreover R contains
infinitely many prime ideals.

Proof. We follow the proof in Lang [5] on page 166. Take the logarithm on the
definition of L, (s, x) and use the Taylor series of —log(1 — x) to find

IS S S (C)
long(s,X)—Z log(1 — x(p) N(p) )_ZZkN(p)ks'

ptm pim k=1
Now since the series -
Z Z x(p)*
ks
s BN (p)

is bounded , hence analytic, in a neighborhood of 1, we conclude that

oo L (s.4) 0§ X(P)
1og Lun (s, X) %N(p)s-

Next we split the series using ray classes and use that x is constant on any ray class

to find 1
log L(s, ) ~ > Xx(R) Y

REClm (K) peR N(p)*
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Multiply by x (%R 1), for some fixed ray class fRg, and sum over all characters y.

Then
> xR log L(s,x) ~ > ZX(ER%I)ZN(;)S’

X RECIn (K) X pER

Using Theorem 2.10.5 for the left hand side and Lemma 2.10.3 for the right hand
side we conclude that

1 1
logl_swhm Z ZW

RECL (K) pER

Thus, since m is finite, we find that
1 1 1 1
~ ~ — 10 .

This shows that the density of the primes in R is 1/hy,. O

2.11. Local norms

In this section we will prove two important theorems about norms in an extension
of global fields. The first is the Hasse norm theorem, which states that in any cyclic
extension of global fields any element in the base field is a norm precisely whenever
it is a local norm at every place. The second theorem describes the local norm
group of a cyclic Kummer extension at almost all finite places.

Norm groups. Let L/K be an extension of global fields and consider the relative
field norm
NL/K L — K*.

From Theorem 2.2.5 we see that N,k is continuous with respect to | - |, for any
place p of K. Proposition 2.6.9 then shows that this map has a unique extension
to a map

NLm/Kp : L%; — K;
This map is called the local norm map (at p). Elements in the image of the local
norm maps are called local norms at p. In view of this new terminology, we may
refer to Ny, /i as the global norm map.

Recall that L/K is cyclic if and only if L/K is Galois with cyclic Galois group.
We first investigate the connection between local and global norms in a cyclic exten-
sion L/K of global fields. In other words, we seek a connection between elements
of the form Ny /x (a) with a € L and elements of the form N/, (asp) for some P
above p and agp € Lg. This connection is made explicit by Hasse:

Theorem 2.11.1 (Hasse norm theorem). Let L/K be a cyclic extension of global
fields and x € K. Then x € N /i (L) if and only if v € N, sk, (L) for all places
p of K and P/p.

Proof. For this proof the reader should be familiar with cohomology, which is not

part of this thesis. We will provide the argument, bought from theorem on page

195 of Lang [5] and Corollary 4.5 at page 384 of [10], without going into details.
Consider the exact sequence of the idele class group:

1— L —1I;, —C(L) —1.
Then cohomology gives rise to a long exact sequence:
- — HYG,C(L)) — H°(G,L*) — H°(G,Ir) — -

By definition that H°(G,L*) = K*/Np/x(L*) and HY(G,I1) = Tk /Np/k(Zr).
Now if € K* is a global norm, we conclude that the idele (), is a norm: x
is a local norm at every place p. Suppose x is a local norm at every place p, i.e.
(z)p is zero in H(G,Zp). By the remark on page 94 of Lang [5], we conclude that
H71(G,C(L)) = 1. Hence the second map is an injection. Therefore x is zero in
H°(G, L*), which means that x is a global norm. O
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Recall that Uy is the set of local units at p. We will also need the following
theorem.

Theorem 2.11.2 (Local Norm Indices). Let Ly /K, be an abelian extension of
local fields. Then

1. [Ky : Npgy/r, (L)l = [Lep : K] the degree of the extension,
2. [Up : Npy /i, (Ugp)] = e(B/p), the ramification index
Proof. See page 142 and 143 of [3]. O

As an application of these two theorems we will study extensions of a global
field K of the form K (d'/%), where ¢ is prime and d € K. Such an extension is
called a Kummer extension. Notice that this Kummer extension is cyclic whenever
K contains the ¢th roots of unity. Before we prove our main theorem, we need the
following lemma. Recall that K p is the residue class field of K at p, which is defined
by Ok /p, where Ok is the ring of integers of K.

Lemma 2.11.3. Let K be a global field, p a finite place of K, £ a prime number such
that char(K,) # ¢ and that K contains the (-th roots of unity and let L = K (d'/*)
with d € K. Then u € U, — (Up)* if and only if u € K} — ([?g)e. Moreover if p is
ramified, then N /i (Uyp) = (Up)*.

Proof. For notational convenience we abbreviate N, /i, to N. Consider the inclu-
sions

(Up)" € N(Uy) C Up.

We will show that [Uy, : (Up)¢] = ¢ and that [U, : N(Uyp)] = . Then we find that
[N(Usg) : (Up)*] =1 or equivalently N, /x, (Up) = (Up)“. Along the way we prove
that d € O, — (0,)" if and only if d € K — (K )".

We first show that [U, : (Uy)f] = ¢. Consider the polynomial f = X — u,

with u € Up. Then f is monic and separable with coefficients in Oy, because
char(K ) # ¢ and u € U, C Oy. Using Hensel’s lemma we conclude that f has a
solution in Oy if and only if f has a solution in K. This shows that u € U, — (Up)*

if and only if & = u+p € K, — (K,')’, because any root of f in Oy lies in U,.
Consider the natural map = = O, — K given by n(z) = 2 +p = Z. If 7(z) # 0,
then « ¢ p and hence ord,(x) = 0 and = € U,. Therefore 7 restricts to a surjection

U, — K. Using that u € U, — (U,)" if and only if z € K\ — (K} )" we conclude

using the first isomorphism theorem that the surjection U, — K ; reduces to an
isomorphism

/(K"

Up/(Up)" = K (K,

From this we see that [U, : (Up)"] = [K, : (K;)]. It remains to show that

[K) : (K[)"] = ¢ First notice that K is cyclic by Theorem 1.3.3. Therefore

[f(;( : (l?px)e] < {. Furthermore K contains the ¢-th roots of unity, i.e., the monic
polynomial X* — 1 splits completely in Oy. Since char(K,) # ¢ we see that X* —1
is a separable polynomial over K p» i-€., it has distinct roots. Therefore K p contains
all £-th roots of unity, which shows that [K : (K;)‘] > £ and [U, : (Uy)"] = L.

We will now prove that [U, : N(Ugp)] = ¢, whenever p is ramified. From the
fundamental equation

X
p
X

e(B/p)f(B/p) = [Ley : Kp] =4

and the fact that ¢ is prime we conclude that e(J3/p) equals 1 or £. As p is ramified,
we find e(P/p) = £. We claim that Ly = K,(d'/*). Indeed, we have that L C
Ky(d'/*) C Loy and K,(d'/?) is complete with respect to | - |y because it is a finite
dimensional vector space over K, which is complete with respect to | - |,. The
claim follows from the fact that Lss is the smallest complete extension of L. Using
Loy = K,(d'/*) we see that Ly /K, is a cyclic extension of local fields, because K
contains the ¢-th roots of unity. Hence we may apply Theorem 2.11.2 to conclude
that [U, : N(Uyp)] = ¢.

Hence we conclude that Ny, /k, (Up) = (Up)*. O
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The following theorem studies the local norm group of a cyclic Kummer exten-
sion at a finite place. The importance of this theorem becomes appearent in section
5.3, where it is used to define valuation rings by means of a first-order formula.

Theorem 2.11.4. Let K be a global field, p a finite place of K, £ a prime number
such that char(K,) # ¢ and that K contains the 2¢-th roots of unity and let L =
K(d"*) with d € K. Then for all B extending p we have

1) If ord,(d) # 0 modulo ¢ then [Ly : K] = e(B/p) = £ and
Niy/, (L) = (d, (K));

2) If ordy(d) = 0 modulo ¢ and d ¢ (K,)* then [Ly : K] = f(B/p) = ¢ and
Ny k, (L) = {2 € K |ordy(z) =0 (mod £)};

3) If d € (K\\)* then Ly /K, is trivial, and
Nry/K, (L%) = Ky

Proof. First of all notice that Ly = K,(d'/*). Furthermore we use the fundamental
equation

e(B/p)f(B/p) = [Lop : K] = L. (2.2)
As a final remark, we will abbriviate Nz, /x, to N.

1) Suppose that ¢ { ordy(d). If d € (K)X)*, then ¢ | ordy(d). Hence d*/* is not
in K;° and Ly /K, is non-trivial. As ¢ is prime, we conclude that [Ly : K] = £.
Furthermore we have ¢ | e(B/p) because

ordg (dY*) = ordss (d) = e(/p) ord, (d).

From equation (2.2) it follows that e(3/p) = ¢, i.e., L/K is totally ramified.

We will determine the local norm group. Let N denote the subgroup of K
generated by (K;°)* and d. First notice that (K;) = N(K,) and d = N(d'/¢) are
in N(Lg), because K contains the 2(-th roots of unity. Note that we use 2¢ instead
of £ because for £ = 2 we need that /—1 € K. Thus N is a subgroup of N(Lg).
Conversely, let © € N(L%) be arbitrary. We have that ord,(N) = Z, because
ordy(d) and ¢ = ordy(n*) are coprime, for 7 € K, with ordy(r) = 1. Therefore
there exists some n € N such that nz € U,. Recall that N(B) = p/¥/?) and that
P is the unique prime above p. Then p | N(z) is equivalent to B | (x), which shows
that » € Uy if and only if N(x) € U,. We conclude that N(Lgy) N U, = N(Uy). If
we apply Lemma 2.11.3, we find that

nx € N(Lj) N U, = N(Ug) = (Up)" C N,

which implies that z € N. We conclude that N(Lg) = N.

2) Suppose that ord,(d) = 0 modulo ¢ and d ¢ (K, )*. We can assume, after
adjusting by an ¢-th power if necessary, that ord,(d) = 0. Lemma 2.11.3 shows
that the assumption d ¢ (K) implies that d ¢ K, — (K))*. Hence using Ly =
K,(d'/*) we see that Ly /K, is non-trivial. Furthermore using Hensel’s lemma we
conclude that X* —d is irreducible over O , if and only if X ¢ —d is irreducible over
K. Hence we find that

fOR/p) = [Ly : Ky] = [Rp(al/e) 1Kyl =1

From equation (2.2) it follows that e(J3/p) = 1.

We will now determine the norm group. Let N denote the set of all z in K, such
that ord,(«) = 0 modulo ¢. Let z € N be arbitrary. Find 7 € K,* with ord,(r) = 1
and let k be an integer such that ord,(x) = kf. Then 7—*¢z € U, and by Theorem
2.11.2 we see that m~*‘z € N(Us), since e(B/p) = 1. Furthermore N(7=*) = 7—*¢
as m € K, which shows that « € N(L%). Hence we have the following inclusions:

N CN(Ly) C K
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Theorem 2.11.2 shows that [K}* : N(Ly)] = £. The homomorphism K — Z/(Z
given by x +— ordy(z) + ¢Z has kernel N, which shows that [K,* : N] = ¢. From
this we conclude that N(Lgy) = N.

3) As Ly = K,(d'/*), we clearly have that Ly/K, is trivial, whenever d €
(K;)". Furthermore the norm map is just the identity, which shows Nk, (Ly) =
K, O

2.12. Artin’s reciprocity law

We will now introduce a very important generalization of the quadratic reciprocity
law, which was formulated by Artin as follows:

Theorem 2.12.1 (Quadratic reciprocity law). There exists a group homomorphism
X . d
(Z/4dZ)* — {£1}, with p+4dZw— | —
p

for all primes p not dividing 4d.

Proof. See page 47 of [7] for a derivation of this theorem from the classical quadratic
reciprocity law. O

We start with the generalization of the Legendre symbol, which is the Artin
symbol. Then we will formulate the generalization of the quadratic reciprocity law,
without going into details.

Artin symbol. We will define the Artin symbol, which is the lift of the Frobenius
automorphism of the residue class field to the Galois group field extension. For
better understanding we will start from the classical viewpoint and then generalize
to the idelic viewpoint.

Let L/K be a finite abelian extension of global fields, i.e., a finite Galois exten-
sion with abelian Galois group G. Let p be a prime ideal of Ox and P an extension
of p to L.

First notice that o(Or) = Op. Indeed if z € O satisfies 2" = Y, a;2*, with
a; € Ok, then o(x)" = )", a;o(x)", since o(a;) = a;. We conclude that o restricts
to automorphism of Op,.

Furthermore notice that the Galois group G acts naturally on the prime ideals
P extending p. Indeed for all 0 € G we have that o() C Oy, is a prime ideal
above o(p) = p, because o is an automorphism and K is the fixed field of o. The
stabilizer subgroup Gz of ¥ of this action is called the decomposition group. More
explicitly, we have

Gp ={oeGlo(P) =%}

We conclude that any o € Gy restricts to automorphism of Oy which reduces to
an automorphism @ of Ly = Or /P, since o(P) = P. Moreover 7 € Gal(Lyp/K,),
since o fixes K. Hence for all primes P above p we find a natural map

myp : Gy — Gal(Ly /K,) o0
The kernel of my is called the inertia group Iy of 3. That is,
Iy={oceG|T=id}
We are now ready to define the Artin symbol and Artin map.
Definition 2.12.2 (Artin symbol). Let L/K be a finite abelian extension of global

fields. Let p be an unramified prime of L/ K, let B be a prime of L extending p and
let Frgz be the Frobenius automorphism of L /K. Then

(p, L/K) = my; (Fryp)
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is called the Artin symbol of p. Let m be a modulus which is divisible by all ramified
primes of L/K. Then the homomorphism

t
(L/K): Clu(K) — G, pit--pi e [ [0, L/ K™

i=1

for all integers n; and places p; not dividing m, is called the Artin map with respect
to m. A

Let L/K be an abelian extension of global fields. For the remainder of this
paragraph we will show that the Artin symbol and Artin map are well-defined.
Indeed, we need to show that the preimage wil(Frqg) is independent of P and
that this preimage contains exactly one element. Note that the Artin map is only
determined on the primes of K relatively prime to m. It is clear that this extends
uniquely to a homomorphism from Cl, (K) to G.

We will now investigate the maps mg. The following theorem shows that there
is a strong connection between the maps my for different primes ‘B.

Theorem 2.12.3. The Galois group G acts transitively on the primes B of L
extending p.

Proof. See Proposition 11 at page 12 of Lang [5]. O
Corollary 2.12.4. The subset mil(Frcp) C G only depends on the choice p.

Proof. Theorem 2.12.3 implies that if 3 and Q are primes extending p, then there
exists a ¢ € G such that o() = Q. Hence we have that cGpo~! = Gq and
Gy = Ggq, because G is assumed to be abelian. Furthermore this o reduces to a
K ,-isomorphism @ : Lyy — Lg given by z + P — o(z) + Q. Hence conjungation
with o induces an isomorphism from Gal(Ly/K,) to Gal(Lg/K,) which takes Fryg
to Frn. Indeed, let k£ be the integer

|G31(E‘B/Rp)| =|Gal(La/K,)l.
Then we have for all  in Ly that
(@Frp 7 Y (z) =@ ()" =7(@ 1(z")) = 2% = Frg ().

In other words, we have the following diagram:

T _ —
Gy —— Gal(Ly/Ky) >  Fro

fo ]

s — —
Gaq — Gal(La/K,) > Frg

which is commutative. Indeed for all 7 € Gip = G and all x + £ in Lo we have
that (mq(7))(z + Q) = 7(z) + Q and

(@ (1)5~ 1) (@ + Q) = (Frp (7)) (0 (2) +P) = 5(0 () +PB) = o707 (2) + Q.

Hence we find that omyp(7)5~ ! = mq(7), since G is abelian. We conclude that

Wil(Frqg) = 5" (Frq), which proves the corollary. O

We will show that the Artin symbol exists and is unique. Recall from Example
1.12.11 that the Frobenius automorphism of Lz /K, is a generator for Gal(Ly /K ).
Hence the existence of the Artin symbol is equivalent to the surjectivity of mq.

Theorem 2.12.5. The following sequence is exact:
0—Ip — qu — Gal(f/qg/f?p) — 0.

Proof. Since K and L are global fields, Lemma 2.1.4 tells us that K, and Ly are
both finite fields. By Example 1.12.11 we conclude that Ly /K, is a Galois exten-
sion. Then Theorem 1.12.9 implies that Ly /K, is normal. Now apply Proposition
14 at page 15 of Lang [5]. O
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For the uniqueness we focus on the injectivety of msp.

Corollary 2.12.6. The natural map Gz — Gal(Ly /K ) is an isomorphism if and
only if p is unramified.

Proof. By the fundamental formula for Galois extensions the order of Gz equals
e(B/p)f(B/p) and the order of Gal(Ly/K,) equals f(PB/p). Therefore Iy is of
order e(P/p). Hence from Proposition 2.12.5 we conclude that the natural map
Gy — Gal(Ly/K,) is an isomorphism if and only if p is unramified. O

Artin’s reciprocity law. We will now further investigate the properties of the
Artin map. Without going into details we summarize the most important properties.
Notice that the Artin map depends on the choice of a modulus. It turns out that
the Artin map has nice properties, whenever this modulus is admissible.

Recall that ord, has a unique extension to the completion K, which implies
that z =1 mod m is a relation on K.

Definition 2.12.7. Let L/K be an extension of global fields. A modulus m of K
is called admissible if and only if

Wa(p) :={zr € K, |z=1 modm} C N/, (L;)
for every place p of K and B/p of L. A

Let L/K be an extension of global fields. If n is a modulus of L and m is a
modulus of K, then we say that n extends m if and only if p | m implies B | n for
all extensions B /p of places.

The following theorem from Artin is of fundamental importance:

Theorem 2.12.8 (Artin’s reciprocity law). Let L/K be an abelian extension of
global fields, let m be an admissible modulus of K which is divisible by all ramified
places and n be the modulus of L extending m. Then the Artin map a — (a, L/K)
on ideals induces an isomorphism

Clw(K)/ N(CLo (L)) —> G.

Proof. This is the combination of Theorem 1 and the remark below at page 199,
Theorem 2 at page 204 and Theorem 3 at page 205 of [5]. Notice that Proposition
2.2.3 shows that N : I, — Ik factors through a map Cl, (L) — Cly (K). O

Remark. Artin’s reciprocity law does not exhibit any symmetry that would justify
the term “reciprocity”. The name derives from the fact that it extends the quadratic
reciprocity law. See for example [7] for an introduction.

Now we will translate this theorem to the language of ideles which allows us to
decompose the Artin map into local Artin maps.
Recall the definition of j : T — I from the proof of Proposition 2.8.7.

Proposition 2.12.9. Let L/K be an abelian extension of global fields, let m be an
admissible modulus of K and n be the modulus of L above m. Then j : T — I
induces an isomorphism

C(K)/N(C(L)) — Clm(K)/N(Cla(L)).
Proof. See Theorem 8 (and below) at page 150 of Lang [5]. O
Using j, we may consider the Artin map on idéles:
Ik — G, aw(a,L/K) =], (p, L/ K)o,

If we apply Proposition 2.12.9 to Theorem 2.12.8, we are able to determine the
kernel of the Artin map on ideles.

Theorem 2.12.10 (Global Artin’s reciprocity law). Let L/K be an abelian exten-
sion of global fields. The Artin map on ideles induces the isomorphism

C(K)/N(C(L)) — G, aw(a,L/K)
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The global reciprocity law may be reformulated into a local theorem.

Theorem 2.12.11 (Local Artin’s reciprocity law). For every place p of K an
isomorphism
(wL/K)y : Kw/NLg,g/Kp (Lyp) — G,

such that for all x € K* we have

[1,(z,L/K), = 1.

Proof. 1f we precompose (-, L/K) with the map  — z, = (...,1,z,1,...) from K,
to I, we find the isomorphism (-, L/K),. Moreover for any € K* we have in
C(K)that 1=(...,z,z,2,...) = Hp xp. Therefore in G we find

1=, L/K) = ([T, zp, L/ K) = 1, (2p, L/ K) = T],, (2, L/ K),.
This proves the corollary. O

Remark. Notice that the local and global version of the reciprocity law are equiva-
lent. Indeed suppose that for every place p of K we are given an isomorphism

(wL/K)p: Kp/Npg /K, (Lg) — Gy,

such that for all z € K we have [] (2, L/K), = 1. Then we define a global map
by
(L/K): Tk — G, a— [](ap, L/EK)y.
p
Since [], (2, L/K), = 1, this map factors through a map C(K) — G. By the Hasse

norm theorem we see that its kernel is N(C(L)). Hence we found the global Artin
map on ideles: C(K)/N(C(L)) — G.
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Chapter 3

First-Order Logic

In this chapter we will reformulate the questions from the introduction into precise
questions. To be able to do this we need to provide precise definitions of what
is meant by a statements and an objects. These will be introduced in section 3.1
and 3.2, where we will define statements to be L-sentences and objects to be L-
structures. Then in section 3.3 we will define the concept of proofs and in section
3.4 we define when a map f : N — N is considered to be computable. In section 3.5
we will introduce Gédel numberings, which allows us to view computable maps as
algorithms on the set of all L-sentences and L-formulas. Hence we able to define
decidability. In section 3.6 we will discuss some properties of sets of L-sentences.
Then we have developed enough terminology to reformulate the questions form the
introduction and we will do this in section 3.7.

The final goal of this chapter is to prepare for Chapter 5. There we will show
that the theory of a global field is undecidable. This will be done by showing
that the theory of of natural numbers is undecidable and that this theory can be
interpreted in the theory of a global field. We will make this precise in section 3.8,
3.9 and 3.10.

3.1. Syntax

The syntax of first-order logic defines what a language is, i.e. it determines which
expressions are valid. The goal of this section is to define this syntax.

Let us start with the most elementary object in the syntax: a symbol. It should
be clear what a symbol is, and hence our definition will be a bit informal. A k-ary
function/relation symbol is character ¢ together with the following data: an integer
k > 0 indicating the arity and a boolean value indicating whether c¢ is a function or
not. A nullary function symbol is called a constant and a nullary relation symbol
is either a tautology (T) or falsum (L).

Having settled this notion, we now turn to the definition of a language.

Definition 3.1.1 (Language). A language L is a collection of k-ary function and
relation symbols which contains a binary relation symbol = and a nullary relation
symbol L. A

The main examples of languages of this thesis are the following:

Example 3.1.2 (Language of rings). The language L.ing of rings consist of two
binary function symbols 4+ and X, a binary relation symbol < and two constants
0 and 1 together with the auxiliary symbols = and L. In general this auxiliary
symbols are left unmentioned. O

Example 3.1.3 (Language of arithmetic). The language Layitn of arithmetic is the
expansion of the language of rings with a binary relation symbol <. O

Definition 3.1.4 (Strings). Let £ be a language. An L-string of length k£ > 0 is a
sequence “cicocs---c’, of characters from the alphabet

LUV, =, I U{v; i€ NfU{);,; ()

Here Vv, — and d are called the logical connectives and the v; are called variables.
If r,s and t are L-strings or symbols then rs is the L-string which concatenates r

59
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with s and r[s/t] is the L-string in which every occurrence of ¢ in r is replaced by
s. A

The quotation marks may be dropped if there is no risk of confusion.

Definition 3.1.5 (Terms). Let £ be a language. A string ¢ is an L-term if and
only if either

1) t equals v; for some ¢ € N, or

2) t equals F(ty,...,tx), where t1,...,tg, kK > 0, are L-terms and F is a k-ary
function symbol of L.

An L-term ¢ is called closed if and only if v; does not occur ¢ for all 4 € N. A

We use the convention that the list tq,...,t; is empty for k& = 0, hence the
second property implies for £ = 0 that the constants are terms. Furthermore note
that this definition is not completely self-referential, because of the first case and
the second case for k = 0. This definition is therefore an inductive definition.

In practice we will often write ¢; F' to instead of F'(t1,t2) and ¢; R {2 instead
of R(t1,t2), for all L-terms t; and to and binary function symbols f and binary
relation symbols R of L.

We will also use symbols like z, y and z to denote variables, instead of restricting
ourselves to use only the symbols v;. This however should not lead to confusion as
long as the variables are not denoted by a symbol of the language, i.e. a function
or relation symbol.

Before we define which L-strings are £L-formulas, we need the following definition.

Definition 3.1.6 (Free variables). Let £ be a language and ¢ an L-string. A
variable v; is called bound in ¢ if and only if Jv; occurs in ¢ and v; is called free in
¢ otherwise. A

Note that in the above definition, v; does not need to occur in ¢. We will now
define the L-formulas.

Definition 3.1.7 (Formulas). Let £ be a language. A L-string ¢ is called an
L-formula if and only if either

1) ¢ is atomic, i.e., ¢ equals R(ty,...,t;), k > 0, where t1,...,t; are L-terms
and R is a k-ary relation symbol of L, or

2) ¢ equals vg V 1)1, where 9 and 1, are L-formulas such that if v; occurs in );
then v; is free in ¢_; for all i € N and j € {0,1}, or

3) ¢ equals —p, where ¢ is an L-formula, or
4) ¢ equals Jv;1p, where ¢ € N, ¢ an L-formula and v; free in .

The set of all L-formulas variables is denoted by F,. Let ¢ an L-formula. The
set of all L-formulas ¢ with at most n free variables occurring in ¢, is denoted by
F2. A formula ¢ is called a sentence if and only if ¢ € F2. A formula ¢ is called
quantifier-free if and only if 3 and V do not occur in ¢. If ¢ is a formula, then we
write ¢(vy,...,v;, ), n > 1, or just ¢(¥) to mean that the free variables of ¢ are
Viyyeo oy Ve A

n

Example 3.1.8. The L,ing-string Jvy(v1 = 0V Jvg(vi X vg = 1)) is an example
of an L,ing-sentence, as it can be build from the atomic L,ing-formulas v; = 0 and
v X vg = 1. O

Note that there is an important condition in the second item. The Lyi,g-string
s=vy =0V Ivg(veg =01 +1)

is not considered to be an Lyiyg-formula, because va occurs in vo = 0 while Jvy
occurs in Jvg(ve = vy + 1). In other words, ve occurs both free (in a subformula)
and bound in this formula.
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Although s has a uniquely defined interpretation (in the sense of Definition
3.2.7), we will exclude it from the set of formulas. The reason is that there are
problems with substitution. For example, the substitution

('UQ:0\/302(7}2:01+1))[t/’02] = (til\/at(t:1)1+l))

makes no sense for any term ¢ other then a variable v;. However, we have the
following:

Lemma 3.1.9. Let L be a language, ¢ an L-formula and vy a free variable of ¢.
Let t be an L-term such that v; occurs in t implies v; is free in ¢ for alli € N. Then
the substitution ¢[t/vg] is an L-formula.

Proof. Tf v; does not occur in ¢, then @[t/vg] is trivially an £L-formula. Suppose that
v; occurs in ¢. We show that ¢[t/vg] is an L-formula, by induction on formulas.

atomic formula: Suppose that ¢ is atomic. Then @[t/vg] is clearly an atomic
L-formula.

disjuction: Suppose that ¢ equals 1y V 11, where ¥y and i are L-formulas such
that if v; occurs in v; then v; is free in ¢;_; for all i € N and j € {0,1}. Using
the induction hypothesis, we find that both o[t/vi] and 1 [t/vi] are L-formulas.
Since @[t/vy] equals Yo[t/vg] V ¥1[t/vg], it remains to check whether the v;[t/vy]
satisfy the additional property on the variables. Suppose that v; occurs in ;[t/vg].
Then v; occurs in ; or v; occurs in ¢t. If v; occurs in ¥}, then v; is free in ;_;.
If v; occurs in ¢, then v; is free in ¢, hence v; is free in ¢;_;. We find that v; is
free in 9¥1_; in both cases. Now since v; is free in 1;_; if and only if v; is free in
11— ;[t/vg], we conclude that ¢[t/vi] is an L-formula.

negation: Suppose that ¢ equals —p, where 1 is an L-formula. Then ¢[t/vg] is
clearly an L-formula.

existential quantifier: Suppose that ¢ equals Jv;1), with v; free in .

We conclude that ¢[t/vg] is an L-formula. O

At first sight it seems that the symbols #, A, —, <> and V are missing from this
definition. However this is not a problem since these symbols are definable using
only symbols from Definition 3.1.7. Indeed, let ¢ and ¥ be L-formulas and i € N
an integer, we define the following abbreviations:

1) t # ty for ~(ty = ta);
2) ¢ A for (=g V )
3) ¢ — ¢ for =p VY,
4) ¢ =Y for (¢ =) A (Y = ¢);
5) Yo for ~Jvig;
)

6) 3¢ for Fv;p AV, (¢ — v; = v;).

3.2. Semantics

In the previous section we introduced the notion of L-sentence ¢. This ¢ can be
viewed as property. In this section we will define the object of which ¢ is a property
and also how one should interpret ¢ in a given object.

Structures and substructures. We will now introduce the objects.
Definition 3.2.1 (Structures). Let £ be a language. An L-structure consists of
1) aset M such that M # () and M N L = ;
2) a function FM : M* — M for each k-ary, k > 0, function symbol F of L;
3) asubset RM C M* for each k-ary, k > 0, relation symbol R of £, such that

a) =M equals {(m,m) | m € M};
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b) LM equals 0.

The function FM and relation RM are called the interpretation of f respectively R
in M. A

In the above definition we use the convention that MY is a singleton set {*}.
Therefore a nullary function (i.e., a constant) defines an element FM (x) of M.
First we list some examples of structures.

Example 3.2.2. If R is a ring then R is an L;ing-structure, where Lyi,g is the
language of rings. The converse is not always true, since we want some axioms to
be true. O

Example 3.2.3. The set N of natural numbers with usual ordering, addition and
multiplication and interpretation of 0 and 1 is an L,yitn-structure. O

In Example 3.2.2 we see that L,ing-structures generalize the concept of a ring.
We will now generalize the concept of a subring.

Definition 3.2.4 (Substructures). Let £ be a language an let M and N be £-
structures. Then N is a substructure of M if and only if for all £ > 0, @ € N*,
k-ary function symbol F' and k-ary relation symbol R we have

1) NC M;
2) FN(ii) = FM(q);

3) RN = Rk 0 M*. A

Truth. Consider an L-structure M. In the previous section we defined syntacti-
cally the notion of formulas and sentences. These notions are useful because they
are connected with “reality” by means of interpretations. Such an interpretation
allow us to assign truth to each sentence. It turns out that we will need to define
an interpretation of sentences in a larger (generally much larger) language in order
to define truth.

Definition 3.2.5 (Language of a structure). Let M be an L-structure. Then the
language of M (notation: L) is the language £ together with a constant m for all
m € M. VAN

The definition of a structure gives us the interpretation of constants and function
symbols. We now inductively define the interpretation of closed terms.

Definition 3.2.6 (Interpretation of terms). Let £ be a language and M an £-
structure and ¢ a closed Ly-term. Then t = F(t1,...,tx) where t1,...,t, kK >0,
are Ly/-terms and F is a k-ary function symbol of £. Expand M to an Lj;-
structure by defining m™ = m for all m € M. The interpretation t™ of t is defined
by FM M, . tM), where t}, ... ¢} are the interpretations of ¢y, ..., t. AN

For k£ = 0 this definition coincides with the interpretation of a constant m € M
in the Ljs-structure m. This provides the base of the inductive definition.
Finally we define the notion of truth of closed £L-formulas using reverse induction.

Definition 3.2.7 (Truth). Let £ be a language and M an L-structure and ¢ an
L-sentence. Then ¢ is true for M or M satisfies ¢ (notation: M = ¢) if and only
if either

1) ¢ equals R(t1,...,t) for some closed Lys-terms tq,...,tk, k > 0, and a k-ary
relation symbol R of £ such that (¢}7,...,tM) e RM or

2) ¢ equals ¥y V ¥ where 1y and 1, are L£y/-formulas such that M = g or
M ': ¢17 or

3) ¢ equals —p where ¢ is an Lj/-formula such that not M = ¢ (notation:
M | 1), or
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4) ¢ equals Jv;1) where 9 is an Lys-formula and i € N such that there exists a
m € M with M |= ¢[m/v;].

If T C F. is a set of L-sentences, then M is a model of I' (notation: M =T if and
only if M = ¢, for all ¢ € T. VAN

Note that property 4) of this definition forced us to use the extended language
L.

Structure homomorphisms. As seen in Example 3.2.2, an L,jng-structure is a
generalization of a ring. It is not a surprise that we can also generalize the notion
of a ring homomorphism. We will do this for an arbitrary language.

Definition 3.2.8 (Homomorphisms). Let £ be a language and let M and N be
L-structures. A map j: M — N is called an L-homomorphism if and only if

1) j(cM) = cM, for every constant ¢ in L.
2) j(FM(m)) = FN(jm), for each function symbol F of £;
3) if m € RM then j(m) € RN, for each relation symbol R of L.

An L-homomorphism j : M — N is called an L-isomorphism if and only if there
exist a j' : N = M with j/ 0 j =idy; and jo j’ =idy. AN

If N is an L-substructure of a L-structure M, then the inclusion map induces an
L-homomorphism. The converse is not true: if j : N — M is an £-homomorphism,
then j(IN) need not be an L-substructure of M, as we only have that RN C RFnM*.
This motivates the definition of £-embeddings.

Definition 3.2.9 (Embeddings). Let £ be a language and let M and N be £-
structures. A map j : M — N is called an L-embedding if and only if j is an
L-homomorphism with j(R™) = RN, for each relation symbol R of L. A

Notice that an L-embedding is injective, as j(mi) = j(msg) implies m; = my.
This justifies the term embedding.

If j is an L-isomorphism, then it is easy to see that j is an L-embedding.

The following theorem gives another characterization of £-homomorphisms and
L-embeddings and a useful property of L-isomorphisms.

Theorem 3.2.10. Let L be a language and M and j : M — N a map of L-
structures.

1) If j is an L-homomorphism, then M | ¢(m) implies N | ¢(jm) for all
atomic L-formulas ¢(Z) and all m in M.

2) If j is an L-embedding, then M = ¢(m) if and only if N = ¢(jm) for all
quantifier-free L-formulas ¢(Z) and all M in M.

3) If j is an L-isomorphism, then M |= ¢(m) if and only if N = ¢(jm) for all
L-formulas ¢(Z) and all M in M.

Proof. We first prove a preliminary result. Suppose that j is an £-homomorphism.
Let ¢t be an L-term with free variables among x1,...,x,, m € M™ and n € M. We
will show with induction on terms that j(tM (1)) = tV (jm).

If ¢ is a variable, then we trivially have that j(tM (1)) = tV (jm).

If t equals F'(t1,...,t), with f a k-ary, k£ > 0, function symbol of £ and ¢; an

L-term with free variables among x4, ..., z,, then

G () = GEM (1 (), .. 1 (171))
Now since j is an £-homomorphism we see that

JM ) = FY (Gt (), .., j(tx (1))

and with the induction hypothesis we find that j(tM (1)) = ¢V (jm).
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We conclude that j(tM (1)) = ¢V (jm) for all L-terms ¢(F), m € M™ and n € M.

1) Suppose that j is an £-homomorphism and let ¢ be an atomic formula with
free variables among x1,...,z, and m € M"™. We show that M = ¢(m) implies
N |= ¢(yni). Suppose that M |= ¢(m). As ¢ is atomic, ¢ equals R(t1(Z), .. ., tx(Z)),
with R a k-ary relation symbol and ¢;(Z) an L£-term. Then this is equivalent to

(41 (1), ..., t,(71)) € RM.

This implies that
(Gt (7)), - ., (e (72))) € RY,

since j is an L£-homomorphism. Note that this would be an equivalence, whenever j
was an L-embedding. We conclude from the preliminary result that (¢;(jm))%_, €
RY and N = ¢(jm).

2) Suppose that j is an L-embedding and let ¢ be a quantifier-free £-formula
with free variables among z1,...,x, and m € M"™. We will show with induction on
formulas that M = ¢(m) if and only if N = ¢(jm).

If ¢ is atomic, we conclude from the proof of the first item that M |= ¢(m) if
and only if N = ¢(jm).

If ¢ equals g V 11, then the induction hypothesis implies that M = ;(m) if
and only if N = v;(jm) for both i. Hence M = ¢(m) if and only if N |= ¢(jm).

If ¢ equals =), then the induction hypothesis implies that M |= ¥(m) if and
only if N = ¢(jm). With contraposition we find that M = ¢(m) if and only if
N £ o(ym). This shows that M | ¢(m) if and only if N = ¢(jn).

If ¢ equals 3z, then ¢ is not quantifier-free, which contradicts the assumption.

We conclude that M = ¢(m) if and only if N = ¢(jm) for all quantifier-free
L-formulas ¢(Z) and all 7 in M.

3) Suppose that j is an L-isomorphism. Let ¢ be an £-formula with free variables
among i,...,T, and m € M"™. We will show with induction on formulas that
M = ¢(m) if and only if N | ¢(jm).

If ¢ is atomic, then the fact that j is an £-embedding shows that M = ¢(m) if
and only if N | ¢(jm).

If ¢ equals g V 11, then the induction hypothesis implies that M = 9;(m) if
and only if N = 4;(jm) for both i. Hence M |= ¢(m) if and only if N | ¢(jm).

If ¢ equals =), then the induction hypothesis implies that M | ¢(m) if and
only if N = ¢(jm). With contraposition we find that M [ (m) if and only if
N B~ 4(jm). This shows that M | ¢(m) if and only if N | ¢(jmi).

If ¢ equals Jx1p, then M |= (M) is equivalent to M = ¢(a, m) for some a € M.
Hence with the induction hypothesis and the fact the j is surjective, we find that
this is equivalent to N = ¥(j(a),jm), which shows that M = ¢(n) if and only if
N E ¢(jim).

We conclude that M = ¢(m) if and only if N = ¢(jm) for all L-formulas ¢(Z)
and all m in M. O

Elementary equivalence. As we now have a good notion of truth, we also have
a good notion of whether two structures have the same properties:

Definition 3.2.11 (Elementary equivalence). Let M and N be L-structures. Then
M is elementary equivalent to N (notation M = N) if and only if M [ ¢ if and
only if N | ¢, for all L-sentences ¢. VAN

An example of elementary equivalent structures are isomorphic structures. In-
deed, if j : M — N an L-isomorphism between L-structures, then application of
Theorem 3.2.10 shows that M and N are elementary equivalent. In the following
chapters we will determine whether the converse is true for some specific Lying-
structures.

Formulas and properties. Let £ be a language and M an L-structure. Then
an L-sentence can be seen as a property of M. Two L-sentences ¢ and ) may define
the same property in every L-structure; M | ¢ <> 9, for every L-structure M. In
this case ¢ and 1 are called equivalent.
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If ¢(¥) is an L-formula with free variables among v1,...,v, for some integer
n > 0, then ¢(¥) can be seen as a property of an n-tuple m € M"™. Two L-formulas
¢(7) and ¢ (¥) may define the same property in every L-structure; M = Vi (¢p(¥) +
Y(7)), for every L-structure M. In this case ¢(¥) and ¢ (¥) are called equivalent.

In general we will only be interested in whether two formulas define the same
property in a special kind of L-structure, namely an L-structure M with M | ¢
for every ¢ in a given set I' of L-sentences. In order to make this generalization, we
define the following;:

Definition 3.2.12 (Semantical consequence). Let £ be a language, I' a set of £-
sentences and ¢ an L-sentence. Then ¢ is a (semantical) consequence of T’ (notation:
I = ¢) if and only if M =T implies M |= ¢ for every L-structure M. A

Using this definition we generalize the above definition of equivalent formulas.

Definition 3.2.13 (Equivalent formulas). Let £ be a language, I' a set of £-

sentences and ¢ and v two L-formulas with free variables among x4, ..., x,. Then
¢ and 9 are called T'-equivalent if and only if T' = VZ(¢ <> 1). Moreover ¢ and 1
are called equivalent if and only if T = (). A

It is easy to see that this relation is an equivalence relation on the set of L-
formulas and its equivalence classes are called properties.

For notational convenience in the following theorem we will say that an L-
formula A is an L-literal if and only if either A = a or A = -« for some atomic
L-formula a.

Theorem 3.2.14 (Disjunctive normal form). Let £ be a language. Every quantifier-
free L-formula is equivalent to an L-formula of the form

where m,n > 1 are integers and A;; are L-literals, i.e., either A\jj = o or \jj = ~«
for some atomic L-formula «.

Proof. Let ¢ be a quantifier-free L-formula. We will show by induction on the
formulas that ¢ is equivalent to an L-formula of the form \/?=1 /\;n=1 Aij, where
m,n > 1 are integers and A;; are L-literals.

If ¢ is atomic, then this is trivial.

If ¢ equals vy V 11, then it follows trivially from the induction hypothesis on ;.

If ¢ equals =7, then with the induction hypothesis we find that v is equivalent
to an L-formula of the form \/7_; AL, Aij. Now ¢ states the following: there is
an ¢ € {1,...,n} such that for all j € {1,...,m} we have that \;; is true. Now ¢
states: for all i € {1,...,n} there is an j € {1,...,m} such that that \;; is false.
This can be rewritten as: there is a map f:{1,...,n} — {1,...,m} such that for
all i € {1,...,n} we have that A;z(;) is false. The above discussion shows that we
have proved the following equivalences:

n m

- \/ /\ )\ij 4 /\ \/ ﬁ)\ij d \/ /\ ﬁAif(i)'

i=1j=1 i=1j=1 foi=1

Hence ¢ is of the correct form.
If ¢ equals Jzv, then ¢ is not quantifier-free which contradicts the assumption.
We conclude that for all quantifier-free L-formulas ¢ are equivalent to an L-
formula of the form \/;_; AJ; Aij, where m,n > 1 are integers and \;; are L-
literals. O

3.3. Proofs

Definition 3.3.1 (Labelled trees). Let £ be a language. An L-labelled tree T is
a finite set T together with a partial order <, a function f : T — F, and a set
M C T such that
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1) T has a least element;
2) the set {zx € T' | z < y} is totally ordered for all y € T}
3) every x € M is maximal in T'

The function f is called the labelling function of T and the set M is called the
set of marked leaves of T. The least element of T is called the root of T. Any
maximal element of T is called a leaf of T. If r is the root of T, then f(r) is called
the conclusion of T. If a is a (marked) leaf of T, then f(a) is called an (marked)
assumption of T. A

We will not care about the specific elements of a tree, but we will only be
interested in the labels of that elements. Therefore we will consider two labelled
trees to be identical whenever they are isomorphic as a partially ordered set and
the labels are fixed under the isomorphism.

Example 3.3.2 (Assumption tree). Let T be a singleton set (i.e., T' consist of one
element r) and let ¢ be an L-formula, for some language £. Then T together with
partial order =, the function f(r) = ¢ and the empty set (), is called the assumption
tree with conclusion ¢ (notation: ass(®)). O

Example 3.3.3 (Joining trees). Let k be a positive integer, £ a language, T; be
an L-labelled tree with labelling function f; and marked leaves M; fori=1,... k.
For any element r, let T, be the disjoint union {r} LTy U--- U T}, together with
the partial order < defined by z < y if and only if x = r or = <; y for some i, the
labelling function f given by

e ife=r
f@) = {fi(x) ifzreT;’

and the marked leaves given by the disjoint union M; U --- U M. Then T.. is the
tree which joins Ti,...,Ty by adding the conclusion ¢ (notation: (T4,...,T%)e)-
Note that we do not care about the specific element r, which implies that this tree
is well defined. O

Example 3.3.4 (Marking trees). Let £ be a language, T' an L-labelled tree with
labelling function f and marked leaves M, and ¢ an L-formula. Then the £-labelled
tree T' with marked leaves M U f~1(¢) is the tree which marks all assumptions ¢
in T (notation: T%). O

Definition 3.3.5 (Proof trees). Let £ be a language. An L-labelled tree T is called
a proof tree if and only if either

1) T = ass(¢), where ¢ is an L-formula (assumption);

2) T = (To,T1)ypeve » Where 9; is an L-formula and T; a proof tree with conclu-
sion ¥; (V-introduction), or

3) T = (S, Tg’”,Tfpl)X, where x and 1); are L-formulas, S a proof tree with
conclusion 9y V 11 and T; a proof tree with conclusion x (V-elimination), or

4) T = (TY)-y, where 1 is an L-formula and T" a proof tree with conclusion L
(—-introduction), or

5) T = (S,T)., where 9 is an L-formula, S a proof tree with conclusion ¢ and
T a proof tree with conclusion —) (—-elimination), or

6) T = (T™%),, where 1 is an L-formula and T a proof tree with conclusion L
(L-elimination), or

7) T = (T)30,4, where Jv;9p and @[t/v;] are L-formulas and T a proof tree with
conclusion ¢[t/v;] (I-introduction), or

8) T = (T, S¢[”J/”i])x, with 7" and S a proof trees with conclusions Jv;¢ and x
respectively, and v; is a variable such that v; does not occur in ¢, in x or in
any unmarked assumptions of S/ (3-elimination), or
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9) T = (T,5)[s/v;), With t and s an L-terms, T" and S proof trees with con-
clusions ¢[t/v;] and s = t respectively, and ¢[s/v;] an L-formula (substitu-
tion). A

Note that, since an L-labelled tree is finite, every proof tree can be constructed
from finitely many assumption trees.

Definition 3.3.6 (Provability). Let £ be a language, I' C F, a set of L-formulas
and ¢ an L-formula. Then ¢ is provable from I' (notation: I' F ¢) if and only if
there exists a proof tree T with unmarked assumptions among I' U {Vv;(v; = v;) |
i € N} A

We will abbreviate {¢} - 1 as ¢ F 1 and abbreviate () - ¢ as F ¢. In view of
Definition 3.2.12, our definition of provability is sound in the following sense:

Theorem 3.3.7 (Soundness). Let L be a language, T' a set of L-formulas and ¢
an L-formula. If T+ ¢ then T = ¢.

Proof. See Theorem 3.2.1 on page 87 of [9]. O

Godel proved, using the axiom of choice, that the converse of this theorem is
also true. This is very useful as we shall see.

Theorem 3.3.8 (Completeness). Let £ be a language, T' a set of L-formulas and
@ an L-formula. IfT = ¢ then T'F ¢.

Proof. See Theorem 3.2.2 on page 87 of [9]. O

3.4. Computable functions

In this section we will define when an arithmetic function is computable. The
following definition does this in an inductive way.

Definition 3.4.1 (Computable functions). A partial function f: N¥ = N, k > 1,
is called computable or recursive if and only if either

1) f is the zero function, i.e., k =1 and f(z) =0 for all z € N, or
2) f is the successor function, i.e., k=1 and f(z) =x + 1 for all z € N;

3) f is a projection function, i.e., f(¥) = x; for some 1 < ¢ < k and all ¥ =
(x1,...,21) € NF or

4) f is obtained by composition, i.e., f(Z) = g(hi(Z),...,he(Z)) for all & € N¥,
where ¢ : N® = N and hj N¥ — N for all 1 < j < £ are partial recursive
functions, or

5) f is obtained by recursion, i.e., k = 2 and f(x,0) = g(z) and f(z,y +1) =
h(z,y, f(z,y)) for all x,y € N, where g : N — N and h : N> — N are partial
recursive functions, or

6) f is obtained by minimization, i.e., f(Z) = min{y € N | g(Z,y) = 0} for all
# € N¥, where g : N*+1 — N is a partial recursive function. A

Any property of a partial function may be translated to subsets A C N of the
domain by means of its characteristic function x4 defined by

. 1 z€A
i x
XA 0 z¢ A

Definition 3.4.2 (Decidable subsets). A subset A C N is called computable or
decidable if and only if its characteristic function is computable. A

Example 3.4.3. The following functions/relations are computable

1) {(n,m) | n=m} (see Example 7.1 in [2]);
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2) {(n,m) | n < m} (see Example 7.1 in [2]);

3) (n,m)— n+m (see Example 6.2 in [2]);

W

5

)

)

) (n,m)+— n-m (see Example 6.3 in [2]);

) The (n + 1)-th prime number w(n) (see Example 7.12 in [2]);
)

T
6) The order of n at m:

max{k | m* divides n} if n,m > 2

ord(n,m) = {

0 otherwise

(see Example 7.11 in [2]);
7) The remainder of n up to division by m: rem(n, m) (see Example 7.7 in [2]).

¢

3.5. Godel numberings

In this section we will show that in some languages the set of all formulas may be
identified in a nice way with a subset of the natural numbers.

Definition 3.5.1 (Code of a sequence). Let n be a non-negative integer and
(a;)?_; a finite sequence in N. Then z € N is called the code of (a;)f_; (nota-
tion: (ay,...,ay)) if and only if

x =2"3"5% ... qw(n)t",
where (i) is the (i 4+ 1)-th prime number (i.e, 7(0) = 2). A

Since every non-zero natural number admits a factorization into prime numbers,
we see that every non-zero natural number encodes some sequence.

Let z and y in N be the codes of the sequences (a;); and (b;)™, respectively.
Then define 1h(z) := n,

a; if1<i<lIh(z)
T, =
0 otherwise

and x xy = (a1,...,0n,b1,...,bm). The maps lh, (-); and * are in fact computable
by Example 3.4.3.

Definition 3.5.2 (Gédel Numbering). Let £ be a language, [-] be a map from the
set of L-strings to N and let g : N — N be the partial map given by

(L vs]) = (L,4),

2, [filttrs- - te) ) = (2,4, [t ], TEe])s
B [Ri(tr, s te) ) = GBody [tal, ., [te]),
4, [V eil) = (4 [dol,[o1]),

(5,[=¢]) = [5,9],
(6,[3vid]) = (6, [vil, [S]).

Then [-] is called a Gddel numbering of L if and only if g is injective, both g and
1

g~ are computable and both the domain and the image of g are decidable. A
Example 3.5.3. Let A C N be a undecidable subset. Consider the language £ 4
which has an a-ary relation symbol R, for all a € A. Then L4 does not admit any
Godel numbering. Indeed, suppose that [-] is a Godel numbering and let a € N be
given. Then since the image of f is decidable, we have an algorithm that checks
whether (3,a, [v1],...,[vs]) € N is in the image of f. Hence we find an algorithm
which checks whether a € A, which is a contradiction. O
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We will now focus on the language of arithmetic. Recall that this language has
two binary function symbols + and x a binary relation symbol < and two constants
0,1.

Theorem 3.5.4. Fvery finite language admits a Géddel numbering.

Proof. Suppose that L-consist of a k;-ary function symbol f; for 1 <4 < r and an
{;-ary relation symbol R; for 1 < j <'s. Then define

[vi] = (1,9)
[filty, .. te)] = (2,4, Tt [tk 1)
[Rj(t1,....te;)] = (3,4, [t1],. .,mm

[o V] == (4, o], [¢1])

[~y] = (5,[¢])

[Fuig] = (6,[¢], [uil])

We will show that there exists a partial map g which satisfies the conditions in
the definition of the Gédel numbering. Take g by (i,z) + x and g~ ' is given
by z — (x1,z). These functions are computable. Moreover the domain of g is
computable, since dom(g) = {x € N | 21 = (z2)1}. The image of ¢ is computable,
since im(g) = {z € N | f~!(z) € dom(g)}. We conclude that [-] is a Godel

numbering. O
Theorem 3.5.4 applies to the languages of our interest.

Corollary 3.5.5. The language of arithmetic Laricn and the language of rings Lying
admit a Gédel numbering.

3.6. Theories

In this section we study properties of collections of sentences, which we will call
theories.

Definition 3.6.1 (Theories). Let £ be a language. An L-theory is a set T of
L-sentences. An element of T is called a theorem of T'. A

We now list some theories which are important for us.

Example 3.6.2 (Theory of a structure). Let £ be alanguage and M an L-structure.
Then Th(M) :={¢ € F2 | M k= ¢} is called the theory of M. O

Example 3.6.3 (Elementary diagram). Let £ be a language and M an L-structure.
Then the set diag(M) of all quantifier-free £y;-sentences ¢ with M = ¢ is called
the elementary diagram of M.

Let M be an L-structure and let N be a model of diag(M). Then the map
j: M — N given by m — m® is a Lj-embedding. We first show that j is a
L-homomorphism. If ¢ is a constant in £. Then ¢™ = m for some m € M and
c=m € diag(M) and m" = ¢V and j(cM) = j(m) = m" =N, If f is a function
symbol of £ and fM () = n for some 1m,n in M, then f(1n) = n € diag(M)
and hence fV(jm) = j(n). If R is a relation symbol of £ and m € RM for some
m in M, then R(m) € diag(M) and hence m € RY. We conclude that j is an
L-homomorphism. It remains to show that j(RM) = RN. We have m € RM if
and only if M |= R(m). Since N |= diag(M) we see that M = R(m) if and only if
N E R(jm) or equivalently jim € R"™. This shows that j(RM) = RY O

Example 3.6.4 (Theory of fields). The theory T}ing of rings is the following set of
sentences in the language of rings:

Vr,y,2(z+ (y+2) = (@ +y) +2)
Vae(z +0=x)
VaIy(z +y =0)

Va,y(z +y=y+a)
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which encode that any model of T}, is a commutative group. Furthermore Tying
contains the additional senctences:

Vo, y,z(x - (y-2) = (2 y) - 2)
Vae,y,z(x-(y+2) =z -y+x-2)
Ve(r-1=1)

Vo, y(v -y =y ).

Clearly R is a model of Ty, if and only if R is a ring. Similarly we are able to
define the theory of fields Tgeq, which has the additional sentences

0#1
Vedy(x =0V ay =1).

We clearly have Theiq = Tring O

Let us now examine two important properties of theories, namely consistency
and decidability.

Consistency. A general theory T" may consist of contradictory sentences, i.e.,
T+ L. In this case T does not have a model. On the other hand, if T' does not
have a model, then trivially T = L. By the completeness theorem, we conclude
that T'F L. This leads to the following definition.

Definition 3.6.5 (Consistency). A theory T in a language L is called consistent if
and only if T" has a model. A

If T is an infinite theory it is hard to see whether T is consistent. However the
compactness theorem gives a solution to this.

Theorem 3.6.6 (Compactness theorem). Let £ be a language. An L-theory is
consistent if and only every finite subtheory is consistent.

Proof. Let T be an L-theory. If I is consistent, then it has a model. Hence every
finite subtheory has a model and is consistent. Conversely suppose that I' is not
consistent. Then trivially I' = L, since there are no L-structures with M =T (c.f.,
Definition 3.2.12). By the completeness theorem we find that I' - L. Hence there
exists a proof tree T' with unmarked assumptions among I' U {Vv;(v; = v;) | i € N}.
Let 'y be the set of unmarked assumptions of 7T'. Since T is finite, we see that I'y
is finite. Moreover, I'g - L. By the soundness theorem, we conclude that I'g = L.
Hence we found a finite subtheory I'g of I which is not consistent. This proves the
theorem. O

Decidability. Using the Godel numbering we find a correspondence of theories
and of subsets of N. Properties of subsets of N translate to properties of theories:

Definition 3.6.7 (Decidability). Let £ be a language with Godel numbering [-]
and T a set of L-sentences. Then T is called decidable if and only if the image
[T C N is decidable. A

The following lemma shows that decidability is independent of the Gédel num-
bering.

Lemma 3.6.8. Let L be a language and T a set of L-sentences. If T is decidable
with respect to one Gddel numbering of L then decidable with respect to any Godel
numbering of L.

Proof. Suppose that T is decidable with respect to a Gédel numbering [-] and let
[-]" be an arbitrary Godel numbering. We will show with induction on the formulas
that the partial map f : [¢]" — [¢] is computable. Then T is decidable with
respect to [-]’, because the image x € [T]’ if and only if f(x) € [T].

Then Algorithm 1 on page 71 shows that the partial map [¢]’ — [¢] is com-
putable. Hence the image [T’ C N is decidable. O
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Algorithm 1: Transition function from [-]o to [-]1

1 Function Trans(n) : N — N is

2 if n = [t]o for some L-term ¢t then

3 if n=[fi(t1,...,tx)]o for some L-formula f;(t1,...,t;) then
4 compute (¢, [t1]o,---, [tk]o) ¢ n

5 compute [t;]1 < Trans([t;]o) for all j

6 return |—fi(t1, e ,tk).|1 — (Z, |—t1—|1, ey |—tk.|1)

7 else if n = [v;]g for some variable v; then

8 compute ¢ < n

9 return [v;]; < ¢

10 else if n = [¢]o for some L-formula ¢ then

11 if n = 1o V1o for some ¢; then
12 compute [¥;]p < n and [1;]1 < Trans([;]o)
13 return [0V ¢1]1 < ([Yol1, [¢1]1)

14 else if n = [Fv;¢h]g for some L-formula ¢ and variable v; then
15 compute [v;]p < n and [v;]1 < Trans([v;]o)
16 compute [¢]g < n and [¢]1 + Trans([¢]o)
17 return [Jv;]1 < ([vi]1, [¥]1)

18 else if n = [)]g for some L-formula ¢ then
19 compute [¢]p < n and [1]1 < Trans([¢]o)
20 return [—)]; « (Y],

21 else if n = [R;(t1,...,tx)]o for some L-formula R;(t1,...,t;) then
22 compute (¢, [t1]o,.--, [tk]o) < n
23 compute [t;]1 < Trans([t;]o) for all j
24 return [R;(t1,...,tx)]1 < (4, [t1]1,-- -, [te]1)

25 else

26 return 0

Definition 3.6.9 (Axiomatizable). A theory T in a language L is called aziomati-
zable if and only if there exists a decidable subtheory A C T with A = T. A

Clearly the assumption that A is decidable makes this definition non-trivial.
Otherwise A =T would work.

If M is a model of a theory T in a language L, then every L-sentence ¢ is either
true or false in M. This means that either Th(M) = ¢ or Th(M) = —¢, since ¢ or
—¢ is in Th(M). This need not be true for ' C Th(M), since there may exists an
L-sentence with M | ¢ and N | —¢ for some models M and N of T.

Definition 3.6.10 (Completeness). A theory T in a language L is called complete
if and only if either T' = ¢ or T = —¢. A

Theorem 3.6.11. If T is axiomatizable and complete, then T is decidable.

Proof. Our aim is to find an algorithm which decides whether T |= ¢ is true or not.
Since T is complete, this reduces to deciding whether T |= ¢ or T' = —¢ holds.
Using the completeness theorem, we see that we have to find an algorithm which
decides whether 7' ¢ or T F —¢ is true. We will construct an algorithm which
simultaneously seeks a proof for both ¢ and —¢. This algorithm will terminate after
finitely many steps, because either ¢ or —¢ has a proof.

A first step in constructing this algorithm is to encode proof trees, so that finding
a proof reduces to finding a natural number which corresponds to that proof. We
will define the code [T7] € N of a proof tree T by induction on proof trees. This code
will determine the code of its conclusion, the code of the sequence of all unmarked
assumptions and the codes of the proof trees from which it is constructed. To be
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precise, we define

fass(0)] = (L[¢])
[(Tos T )povan | = (2, [to V1], a0 x ax, [To], [T1])
(T, T D)1 o= (3, x]s (a0 \ [wo]) = (ax \ [¥n]) = a2, [To], [T3], [T3])
(@)l = (4 [~¢],a0\ [¢],[T)
[(To,T1)1] = (5,[L],a0 a1, [Tol,[T1])
[(T¥)e] = (6, [w],a0\ [~], [TT)
[(To)3ve ] = (7,[Fv], a0, [T])
[(To, 77", = (8, Tl a0+ (ax \ [olv /wi]]), [To], [T1])
[(To, T)gpsug] = (9. [8ls/vil], a0 * ar, [To], [T1])

where a; is the second entry of sequence encoded by [T7]. Here \ is defined as
follows: if @ and b are the codes of sequences (a;) and (b;), then a \ b is the code
of the sequence (a;), where a; is left out whenever a; € (b;). This is a computable
function.

We will now sketch an algorithm which determines whether n is the code of a
proof tree. Let n € N be given. Compute the first entry ng of the sequence encoded
by n. Then check if the rest of the sequence is consistent with this first entry. That
is, we check if n; is the code of a formula and if n3, ny and ns (if applicable) are the
codes of proof trees. Note that this is a recursive algorithm. We come back to this
later. Then we check whether the conclusion ny is correct in view of the conclusion
and unmarked assumptions of the subtrees. Note that is most cases we just need to
compute the conclusion of the subtrees. However, if ny = 8, then we need to check
that v; does not occur in ¢, x and the unmarked assumptions of Tld) (03/vi] This is
why we need to be able to compute the unmarked assumptions from a proof tree
without recursion.

There is also a recursive algorithm A which decides whether = € N is the code
of a proof three with unmarked assumptions in a decidable decidable subset A C N
and with conclusion equal to y € N.

Using A we construct an algorithm B which, given the code [¢] of an £L-formula
¢ and the set of codes [A] C N of an axiomatization A of a complete theory T,
determines whether T = ¢. For all n € N, B checks, using A whether n € N is the
code of a proof three with unmarked assumptions in a decidable decidable subset
A C N and with conclusion equal to [¢] € N or [=¢]. Then using the remarks
at the beginning of the proof, B decides whether T' |= ¢. This shows that T is
decidable. O

3.7. Reformulating the goal

In the preceding sections we have introduced the very basic notions of formal logic.
In this section we will prepare for the final three chapters by formulating the three
questions from the introduction into our developed mathematical language.

We first clarify what the objects and the statements from the introduction are.
The set of objects is a family of isomorphism classes of L,ing-structures. The state-
ments about these objects are L,ing-formulas.

Before we reformulate the questions, we first introduce some notation. Let E be
a family of isomorphism classes L,ing-structures (e.g., E consists of all algebraically
closed fields) and let e be an isomorphism class in E. Then Theorem 3.2.10 shows
that for all fields K and L in e we have that Th(K) = Th(L). Hence we may just
write Th(e) instead of Th(K) or Th(L).

Now we will reformulate the first question. This question ask if it is decidable
whether a given statement is true for a given object. In other words it asks:

Question 1. Is Th(e) decidable, for alle € E?

In order to reformulate the second question, we will need a good definition of
what is meant by a distinguished class.
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Definition 3.7.1 (Definable subset of E). A subset S C E is called definable if
and only if there exists an L,ing-sentence ¢ such that for all e € E

ec S ifand only if ¢ € Th(e).

An isomorphism class e € E is definable if and only if the subset {e} C F is
definable. A

Now the second question may be reformulated as follows.
Question 2. What are the definable subsets of E?

The third question asks if it is true that objects with the same properties are
equal. Thus, in terms of isomorphism classes of L,ing-structures and Lying-formulas,
this question asks:

Question 3. Is e = f whenever Th(e) = Th(f), for alle,f € E?

If this question has a positive answer, then the terms ‘isomorphic’ and ‘elemen-
tary equivalent’ are interchangeable.

If every isomorphism class is definable, then Question 3 has a positive answer.
Indeed if Th(e) = Th(f), then f satisfies the defining formula of e, hence e = f.

3.8. Representability

In the remaining sections of this chapter we will make preparations for chapter 4.
There we will show that the theory of a global field is not decidable. The proof of
this fact can be divided into two steps. We first show that the theory of natural
number in the language of arithmetic is not decidable by proving that it is not
definable. Then we show how to interpret the theory of natural numbers in the
theory of a global field and prove that de undecidability is preserved under this
interpretation.

In this section we will introduce the notion of definability and representability.
The former is used in the next section and the latter is used in the last section.

Definition 3.8.1 (Representable functions). Let M be an L-structure. A partial
k-ary function F': M* — M, k > 0, is called L-representable if and only if there
exists an L-formula ¢(y, &) such that for all m € M and 7 € dom(F') we have

M | ¢(m,7) if and only if m = F(7).
In this case we say that ¢(y, T) represents F'. A

If £ is understood, then we may write just representable. Notice that the prop-
erty of representability translates to relations by means of the characteristic func-
tion.

Definition 3.8.2 (Representable relations). Let M be an L-structure, kK > 0 an
integer and R a k-ary relation in £. Then R is called L-representable if and only if
the characteristic function yr : M* — {0, 1} is L-representable. A

If R is nullary, then A = RM is just a subset of M. We call a subset A an
L-definable if and only if A is L-representable as a relation. Suppose that the
characteristic function y4 of A C M is L-representable. Then we find a formula
¢(y, x) which represents y4. Now we have that

A={zeM|MExa(l,2)},

which explains why A is called £-definable.
We will now study the intersection of two L-definable sets.

Lemma 3.8.3. Let M be an L-structure and A and B be L-definable sets in M.
Then AN B is an L-definable subset of M.

Proof. Let ¢(z) and ¥(z) be the defining formulas for A and B respectively. Then
@(x) A(x) is the defining formula for the intersection. O
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It turns out that some L-definable subsets are related, that is, they are a member
of the same family.

Definition 3.8.4 (Definable families). Let M be an L-structure. An L-definable
family in M is a collection .Z of subsets parametrized by an L-formula ¢(x; ) with
n parameters satisfying ¢ (¢), that is,

F={A:|Fe M" M |= (@)}, with Az={meM|Mfo(md}. A
Note that members of a L-definable family in M are in fact £);-definable

Lemma 3.8.5. Let M be an L-structure and F a L-definable family in M. Then
Nsez S is a L-definable set.

Proof. Let ¢(x, ) be the formula which parametrizes .# and let () determine the
parameters. Then it is clear that V(¢ (7) A ¢(z, 7)) defines the intersection. O

3.9. Theory of natural numbers

In this section we will show that the set of Godel numbers [Th(N)] C N of the
theory of natural numbers in the language of arithmetic is not L,;n-definable.
This will imply that the theory of natural numbers is not decidable. Furthermore
we will show that some specific arithmetic function are representable in L;ing.

Godels beta function. In this paragraph we will show that certain arithmetic
functions are representable. Godel realized that there is a strong connection be-
tween computable arithmetic maps and L,,ith-representable arithmetic maps. This
connection simplifies our task, when we need to show that a function is Layitn-
representable.

Theorem 3.9.1 (Godel). If a partial arithmetic function f is computable then f
18 Larigh-representable.

Proof. See Theorem 16.16 and the remark below it on page 212 in [2]. O

A direct consequence of Theorem 3.9.1 is the following:
Corollary 3.9.2. If a subset A C N is decidable then A is Layitn-definable.

We start with the definition of one of the most useful arithmetic function: the
beta function. This function encodes all finite sequences.

Theorem 3.9.3. There exists an Laricn-representable function 5 : N3 — N such
that for all n € N and ky,...,k, € N there exists T € N? with 3(%,0) = n and
B(Z,i) = k; for all1 <i<n.

Proof. Take B(m, k,i) = rem(k, mi+1). Then § is computable (see Example 3.4.3),
hence L, in-representable. We now show that (§ satisfies the condition. Let n € N
and ki, ..., k, € N. Choose m = (max{n,ki,...,kn})! and choose with the Chinese
remainder theorem k£ € N with k = k; modulo mi + 1 for all 1 < i < n. This is
possible, because mi + 1 and mj + 1 are coprime for 1 <7 < j < n. Indeed, let p be
a common prime divisor. Then p | (mj+1) — (mi+1), hence p | m(j —i) and p | m
or p|j—1iaspis prime. Now since j — i < n, we have that j — ¢ | m. Therefore
we find that p | m in both cases and since p | mi + 1 we conclude that p | 1. Thus
mi + 1 and mj + 1 are coprime. O

The Gddel beta function can be used to make inductive definitions, like finite
sums, finite products or powers.

Corollary 3.9.4. There exists an Layitn-formula ¢(y,z,4) such that ¢ represents
the function (z,i) — a°.

Proof. Consider the L,,in-formula

oy, i) == 3a(B(a,1) =1ApB(@i+1) =y
AVE(L<k<i+1— B(@k) =z B(Gk—1)))

It is clear that ¢ represents (x,4) — x%. O
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We are now able to represent the order at a prime.

Corollary 3.9.5. There exists an Laien-formula ¢(n, x;p) such that ¢ represents
the function ord, : N — N.

Proof. Using Corollary 3.9.4, we may consider the L, yn-formula

oy, z;p) ==p" |z Ap" T ta.

It is clear that ¢ represents ord,. O

Undefinability of natural numbers. In this paragraph we will establish a result
which shows that the theory of the natural numbers has self reference. This is done
via Godel numbering.

Lemma 3.9.6 (Diagonal lemma). Let [-] be a Gddel numbering of the language
Lavith of arithmetic. For every Laign-formula ¢(x) with one free variable x there
exists an Lagn-sentence ¥ such that

NE ¢ < o([¢])

Proof. Let A : N — N be the partial mapping defined by [8] — [0([6])] for all
Laritn-formulas 0(x) with at most one free variable z. This mapping is well-defined
and computable by Definition 3.5.2 and is called the diagonalization mapping. In
fact, this map corresponds under the Godel numbering by the substitution 6 —
0[[0]/x]. By Theorem 3.9.1 we conclude that A is L,in-definable: there exists an
Lavith-formula 6(z,y) such that

N = vy(6(10],y) <y = [0([01)]1)

Let B(z) be the formula defined by 8(z) := Vy(d(z,y) — é(y)). Then by substitution
of [B] we have

N = B([8]) < Vy(6([51,y) = ¢(y))-
Using the definition of § gives

N = B([8]) < Vy(y = [B([B])] = o(y))
Hence we conclude by substitution of y = [3([S8])] that

N = B([81) « o([8(151)1)
Now the conclusion follows for ¢ := S([8]) O

We now turn our attention to Tarski’s undefinability theorem:

Theorem 3.9.7 (Tarski’s undefinability theorem). Let [-] be a Gdidel numbering
of the language Lt of arithmetic. Then set [Th(N)] C N of all Gédel numbers
of true L, itn-sentences is not Lain-definable.

Proof. Suppose that [Th(N)] is definable by an L,¢n-formula True(z), i.e., we
have N |= True(z) if and only if z € [Th(N)]. By the diagonal lemma there exists a
formula 1 such that N = ¢ <> = True([¢]). Now we have that N |= ¢ if and only if
N | =True([¢]). Hence by the completeness of Th(N) we find N = ¢ if and only if
N B True([¢]). By the definition of True we conclude N = ¢ if and only if N = 1),
which gives a contradiction. Therefore [Th(N)] is not L,,itn-definable. O]

Corollary 3.9.8. The Laitn-theory Th(N) is not decidable.

Proof. Tf we apply the theorem of Tarski to Corollary 3.9.2, the set [Th(N)] C N
of all Godel numbers of true L, itn-sentences is not decidable. O

3.10. Interpretations

In this section we investigate the second step of in proving that the theory of a
global fields is undecidable by showing how one interprets the theory of the natural
numbers in this theory. We will study two types of interpretations: interpretations
of theories and interpretations of models.
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Interpretations of theories. The most natural way to interpret a given theory
in another one is as follows:

Definition 3.10.1 (Interpretation of theories). Let £1 and L5 be languages. Let
T be an L;-theory and T an La-theory. An interpretation A of Ty in T (notation:
ATy~ Ty) is amap X : F2 — F2_ such that for all £;-sentences ¢

¢ €Ty ifandonlyif A (¢) € Ts
We say that T is interpretable in T if there exists an interpretation A : 77 ~ Th. A
Let us now examine whether decidability is preserved under interpretations.

Proposition 3.10.2. Let L1 and Lo be languages which admit a Gédel numbering
[-11 and [-]2 respectively. Let T; be an L;-theory for i = 1,2. Let X\ : Ty ~» Ty be
an interpretation such that the partial map [¢]1 — [Ad]|2 is computable. If To is
decidable then T s decidable.

Proof. Assume that [Ty]2 C N is decidable. Hence, the characteristic function
x2 : N — {0,1} with x2(z) = 1 if and only if z € [T3]2 is then a computable
function. If we compose xo with the computable partial map [¢]1 — [AP]2, we
conclude that the characteristic function of [T1]1 C N is computable, which shows
that T3 is decidable. O

If we apply Proposition 3.10.2 to Corollary 3.9.8 we find:

Corollary 3.10.3. Let Th(N) be the theory of N in language of arithmetic and T be
an L-theory. If there exists an interpretation A : Th(N) — T, then T is undecidable.

Interpretations of models. The definition of an interpretation is a rather ab-
stract: it just uses the syntax. We will now give a connection to models. We place
ourselves in the following setting: consider that we are given an L;-structure M;
and an Lo-structure M,;. We will investigate which connection between M; and
M, is sufficient for the existence of an interpretation of Th(M7) in Th(Ms). It
turn out that is suffices to assume the existence of an injective map f : My — My
such that the image f(M;) is an Lo-definable and the push forwards along f of the
interpretations of the function and relation symbols of £, are Lo-representable on

J(My).

Let us first make precise what is meant by a push forward of a function.

Definition 3.10.4 (Push forward of functions). Let f : M7 — M be an injective
map of an Li-structure M; to an Lo-structure M, and let F' be a k-ary function
symbol of £;. Then the push forward of FM along f is the partial function

fFMis f(My) — f(M), T f(FMi(f1a). A
We can define the same for relations:

Definition 3.10.5 (Push forward of relations). Let f : M; — Ms be an injective
map of an Li-structure M; to an Lo-structure Ms and let R be a k-ary relation
symbol of £;. Then the push forward of RM along f is the partial relation

JRM = [(RM) C f(My)b, A

Notice that the push forward is well-defined as f is injective. Furthermore the
function F7(M) is clearly an interpretation of F' on the image f(M).

Definition 3.10.6 (Interpretation of models). Given an L£;-structure M; and an
Lo-structure Ms. An interpretation f of My in My is an injective map f : My — M,
such that for all function symbols F' and relation symbols R in Ly:

1) the image f(My) is La-definable in Ms;
2) the push forward f,F™t is Ly-representable on f(M;);

3) the push forward f,RM: is Ly-representable on f(M).
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We say that M; is interpretable in My if and only if there exists an interpretation
f My — Ms. A

A map p : Fg, — Fr, is called graded if and only if pFp C F7 , for all
n € N. Now the following theorem shows that an interpretation of models induces
an interpretation of theories.

Theorem 3.10.7. Let £y and Lo be languages. Let f : My — M be an interpreta-
tion of an Lq-structure My in an Lo-structure Ms. Then there exists a graded map
w:Fr, = Fr, such that for alln € N and for all ¢ € F7 and all m € M7

My o(7) if and only if My = (u6) ()
Moreover there exists an interpretation A : Th(My) ~» Th(Ms).

Proof. We construct by induction on the formulas a graded map u : Frp, — Fr,.
As a preliminary result, we show that the £;-terms are Lo-definable. To be more
precise, we construct for all £1-terms ¢(z1,...,z¢) an Lo-formula x;(xq, Z) with the
following condition: for all mo € M; and m € M{ we have

mo =t(m) if and only if My E xi(fmo, fm). (3.1)

Here (fmo, fm) is shorthand for (f(mo), f(m1),..., f(me)). We now construct the
Lo-formula x;(y, &) is constructed by induction on the number of function symbols
occurring in ¢(Z). Let t(Z) be a Lq-term and N the number of function symbols
occurring in t.

(N = 0): Suppose t(Z) does not contain a function symbol. Then ¢(Z) is a
variable x; for some i. Now define x¢(y,Z) by y = x;. It is clear that y; satisfies
(3.1).

(N = N +1): Suppose ¢(Z) contains N + 1 function symbols and assume
that x:(y, &) is constructed whenever ¢(Z) contains at most N function symbols.
Since N +1 # 0, we find using Definition 3.1.5 that ¢(Z) equals F(¢1,...,t;) where
k >0, F is a k-ary function symbol of £1 and t;(Z) us ab £;-term for all i. By the
hypotheses x¢, (yi, ¥) is defined for all 4, since ¢;(Z) has at most N function symbols
occurring in it. Hence we may define

k
xe(y, ) := 3y (d)F(y,?I) AN\ X (i) A e, (yi,f)> ;

i=1

where x(z) is a Lo-formula that defines the inclusion f(M;) C My and ¢r(y, )
represents F7(M1): the push forward along f of the interpretation FMt of F in M;.
Notice that for k = 0, x(y, &) reduces to just ¢ (y) which defines the constant f(t)
in f(My). It is clear that x; satisfies (3.1). We conclude that for all £;-terms ¢(%)
there exists an Lo-formula x;(y, ) such that (3.1) holds.

Now we are ready to define u. Let ¢ be an £;-formula and N denote the number
of occurrences of 3, = and V.

(N = 0): Suppose ¢ does not contain 3, = and V. Then ¢ equals R(t1,...,t),
k > 0, where t1,...,t; are L-terms and R is a k-ary relation symbol of £. Define
A¢ to be the Lo-formula

k
xe(y, @) == 3y <¢R(17) AN x@i) A xe, (%ﬁ)) ;

i=1

where ¢r(¥) represents the k-ary relation symbol R of L.

(N = N +1): Suppose ¢ contains N + 1 occurrences of 3, = and V. Since
N + 1 # 0, we find using Definition 3.1.7 that ¢ equals either ¥g V ¥, =@ or Iz
for some L1-formulas v, 1 and 1. We define p¢ to be u(vo) V (1), ~u(e) and
Jx(x(z) A pu(9)) respectively, where y defines the image of f.

We now constructed p by induction on the formulas. It is clear that u satisfies
the conditions in the theorem.

If we restrict the graded map p to a map \ : ]-'21 — ]-'22, we find an interpreta-
tion of Th(M;) ~ Th(Ms). O
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If we apply Theorem 3.10.7 to the theory Th(N) we find, using Corollary 3.9.8,
that:

Corollary 3.10.8. Let N be the structure of the natural numbers in language of
arithmetic and K be a ring. If there exists an interpretation f : N — K then the
theory Th(K) in the language of rings is undecidable.



Chapter 4

Algebraically Closed Fields

A field K is called algebraically closed precisely whenever every algebraic extension
L/K is trivial. In this chapter we will study the family of countable algebraically
closed fields Fc.cr in order to answer the three questions from the introduction,
which were reformulated in section 3.7. We restrict ourselves to algebraically closed
fields which are countable, since then E.,.¢ is a set and the transcendence degree
over the prime subfield is at most countably infinite. This will be used to completely
describe the family Egact.

It turns out that the questions about FE...t are rather easy, when one knows that
the theory of an algebraically closed field admits quantifier elimination. This will
be shown in the first section. In the second section, we will then answer the three
questions from the introduction.

4.1. Quantifier elimination

An important tool in the study of algebraically closed fields is quantifier elimination.
In view of Definition 3.2.13 we define the following;:

Definition 4.1.1 (Quantifier elimination). A theory T in a language £ admits
quantifier elimination if and only if every L-formula is T-equivalent to a quantifier-
free L-formula. A

Example 4.1.2. Consider the £;i,z-formula
(Z) := Fy(z1y1 + v2ys = LA D1Y2 + T2ys = 0 A 23y1 + 2ay3 = 0 A 23y2 + 24ys = 1)

Then ¢(Z) asserts that the matrix (7! 72) is invertible. Hence the determinant test
shows that ¢ is Txeg-equivalent to a quantifier-free formula

Tﬁeld ': Vf(¢ < T1T4 — T2X3 3& O). <>

To prove that a theory admits quantifier elimination we have to show something
about a general L-formula. Recall that an L-formula A is a literal if and only if
A = a or A = =, where « is an atomic L£-formula. The next theorem reduces the
complexity of formulas we have to check.

Theorem 4.1.3. Let L be a language, T an L-theory. Then the following are
equivalent:

1) T admits quantifier elimination.

2) Jw(A\j_; N\i) is T-equivalent to a quantifier-free L-formula, for all integers
n > 1 and all L-literals \;.

Proof. 1) = 2). Trivial.

2) = 1). We show that 7' admits quantifier elimination with induction on
formulas. Let ¢ be an L-formula. If ¢ equals R(ty,...,tx), o V 1 or —), then
¢ is quantifier-free by the induction hypothesis. If ¢ equals Jxt), then using the
induction hypothesis we find a quantifier-free £-formula 6 which is T-equivalent to
1. Using the disjunctive normal form (Theorem 3.2.14) we find L-literals A;; such
that \/7_) Aiz; Aij is equivalent to 6. Hence ¢ is equivalent to Jx \/;r;l Az Aij

79
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or equivalently \/72, 3z Aj_, Aj;. Using the assumption we see that 3z \j_; \ij
is equivalent to a quantifier free L-formula 1);, for all j. We find that ¢ is T-
equivalent to \/;n:1 ¥, which is quantifier-free. We conclude that every L-formula
¢ is T-equivalent to a quantifier-free £-formula. O

Although we simplified the complexity of the formula which we want to free from
quantifiers, this is still not at all easy to accomplish. However the following theorem
will give an equivalent condition for a formula to be T-equivalent to a quantifier-free
formula. Before we continue to that theorem, let us prove a clever standard trick
to get rid of the universal quantifier in the definition of quantifier elimination.

Lemma 4.1.4. Let T be a theory in a language L, let ¢ be an L-formula with free
variables x1,...,x, for some k >0, and let ¢y, ..., c, be constant symbols of L. If
no ¢; occurs in'T or ¢, then

T EVZp(Z) if and only if T = ¢(&).

Proof. If T = VZ$(Z) then trivially T &= ¢(¢). On the other hand, suppose that
T E ¢(¢). Define £’ to be the language £ without the ¢;. We will show that
T = VZ¢(Z). In other words, we show that for every L-structure M with M =T
we have M |= VZ¢(Z). Notice that, since no ¢; occurs in T or ¢, it suffices to show
that for every L£’-structure N with N |= T we have N |= VZ¢(Z). Hence let N
be an L'-structure and 77 € N*¥. Then expand N to an L-structure M by defining
cﬁw =n,; for 1 <4 < k. Then we still have that M = T and from the assumption

T = ¢(¢) we see that M |= ¢(i). Hence we conclude that T' = VZ¢(Z), which
proves the lemma. O

The following theorem gives a model-theoretic interpretation of being equivalent
to a quantifier-free formula.

Theorem 4.1.5. Let T a theory in a language £ and ¢ an L-formula with free
variables x1,...,xy, for some k > 0. Then the following are equivalent:

1) ¢ is T-equivalent to a quantifier-free L-formula.

2) If M and N are models of T and A is an L-structure contained in M N N
then for all @ € A* we have that M |= ¢(@) whenever N |= ¢(a).

Proof. 1) = 2). Let M and N be models of T' and A an L-structure contained
in M N N. Suppose that there exists a quantifier-free £-formula (&) which is T-
equivalent to ¢. Then M, N | ¢(a) if and only if M, N | ¢(a) for all @ € A™.
Applying Theorem 3.2.10 to the inclusions A — M and A — N, we find that
M, N = ¢(a) if and only if A |= 9(d), which proves the second statement.

2) = 1). Suppose that for every model M and N of T and every L-structure
A C MNN we have M = ¢(@) if and only if N | ¢(a@) for all @ € A*. Let
c1,...,C be constant symbols which do not occur in £, and consider the language
L.=LU{er,...,c,}. We will show that there is a quantifier-free L-formula (%)
such that T | VZ(¢ < ), ie., for all L-structures M with M = T we have
M [=VE(¢ < o).

Notice that the map (&) — (&) from the set of quantifier-free L-formulas
with free variables among x1,...,x; to the set of quantifier-free L. -formulas is a
bijection, because it is invertible. Using this and Lemma 4.1.4 it suffices to show
that there is a quantifier-free L.-sentence v such that for all £.-structures M with
M =T we have M | ¢(¢) <> 9. In other words, it suffices to show that there is a
quantifier-free £.-sentence v such that T = ¢(¢) < 1.

Now let T' be the set of all quantifier-free L -formulas ¢ with T |= ¢(¢) — 9.
Thus T is the set of all quantifier-free consequences of ¢(¢). We claim that TUT =
¢(¢). The compactness theorem then shows that there are v1,...,1, € T' with
T = A, ¥i — ¢(0), and by construction of I we also have T' = ¢(6) — A, ¥i.
Thus ¢ := A,_, ¢ is a quantifier-free £ .-sentence such that T = ¢(¢) <> . We
conclude that ¢ is T-equivalent to the quantifier-free £-formula corresponding with
the L.-sentence .
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It remains to prove the claim: TUT' = ¢(¢). Suppose that the claim is false.
Let M be an L.-structure such that M = T UT U {-¢(¢)}. Let A be the prime
L.-substructure of M: A := {tM |t is an L.-term}.

Let n > 0 and let 64,...,0, € diag(A) be be arbitrary. Then the construction
of A shows that each L s-sentence 0, is equivalent to an L.-sentence él IfTuU
{61,...,6,} U{()} is inconsistent, then T |= ¢(&) — =~ A, ;. Thus = A, 6; is
an element of I', which implies that M = = A, 6,. But this contradicts the fact
that M = 6; for all i, because 6; € diag(A) and A C M. The compactness theorem
shows that there exists an L -structure with N = T U diag(A4) U {¢(¢)}.

Now M, N and A violate the assumption, since M | —¢(d) and N | ¢(@) for

a:=cM =N ¢ A*. This contradiction proves the claim. O

4.2. Richness of algebraically closed fields

In this section we will provide an answer to the questions from section 3.7 for E
equal to the set of isomorphism classes of countable algebraically closed fields Ecact-
We start with the definition of an algebraically closed field:

Definition 4.2.1 (Algebraically closed fields). A field K is called algebraically
closed if and only if every algebraic extension L/K is trivial. A

Now let Ec,ct denote the set of isomorphism classes of countable algebraically
closed fields.

The following theorem provides a classification of the isomorphism classes in
Ecacf .

Theorem 4.2.2. Let K and L be countable algebraically closed fields. Then K and
L are isomorphic if and only if char(K) = char(L) and trdeg(K) = trdeg(L).

Proof. If K and L are isomorphic then clearly char(K) = char(L) and trdeg(K) =
trdeg(L). Suppose that char(K) = char(L) and trdeg(K) = ¢t = trdeg(L) and
let Ky and Lo be the prime subfield of K and L respectively. Then Kqy and Lg
are isomorphic, because char(K) = char(L). Hence we find an isomorphism fy :
Ky — Lp. Let X ={z; |0<i<t}and Y = {y; | 0 < i < t} be trancendence
bases of K/Ky and L/Ly (note that ¢ may be infinite). Define K; = Ky(X) and
Ly = Ly(Y). Clearly fy can be extended to an isomorphism f; : K1 — Lq, by
declaring fi(x;) = y;, for all 0 < i < t. We will now construct the following
diagram

K0*>K14>K2 » K
fo{ f1| fz{ {f
L()*)L1*>L2 > L

where the horizontal maps are inclusions and all vertical maps are isomorphisms.

Let ko, k3, ... be an enumeration of K, which is possible since K is countable.
Define K,, = K,,—1(k,) for all integers n > 2. Furthermore define L,, = L,_1(l,)
for all integers n > 2, where [,, is chosen as follows: Notice that k,, is algebraic over
K,_1, since X U {k,} is algebraically dependent. Let Zle a;T* be the minimal
polynomial of k,, over K, _1. Then choose l,, to be a root in K of the polynomial
Zle fn_1(a;)T?, which is irreducible over K,,_1, since f,_1 : Kn,_1 — L,_1 is an
isomorphism. Note that this is possible, since L is algebraically closed.

Now define f,,(k,) = l,,. Notice that f, : K,_1(k,) — L, is completely deter-
mined by the value of f,(k,). Indeed 1,k,,...,k¢"1 is a basis of K,, over K, 1,
where d is the degree of the minimal polynomial of k,,.

We inductively defined f, for all n € N. Now, let f be the union of all f,
(formally, f is the union of all graphs f,, C K x L). Then f is an injective ring
homomorphism from K to L, since all f,, are injective ring homomorphisms. Fur-
thermore note that f(K) is algebraically closed, since K is algebraically closed and
f is injective. Hence L/f(K) is either trivial, or transcendental. Now L/f(K) is
not transcendental, since this implies an extension of the trancendence basis Y of
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L/Lg. Hence L/f(K) is trivial, which means that f is surjective and hence an
isomorphism.
We conclude that K and L are isomorphic. O

Decidability of Th(K). We will now provide an answer to the first question from
in introduction: is Th(K') decidable, where K is an algebraically closed field. We
will apply Theorem 3.6.11 to find an answer.

First notice that Th(K) is complete, for every Lyng-structure K. Hence it
suffices to find an axiomatization A of Th(K) for every algebraically closed field
K. Recall that A C Th(K) is called an axiomatization if and only if A is decidable
and A = Th(K). The difficult task is to prove that A = Th(K). In other words:
A | ¢ for all ¢ € Th(K).

Notice that for all n > 2 we have that ¢,, € Th(K), where

On :=Vag--Va,((an Z0V---Va; #0Vag=0) <+ Jx(apz” + -+ ag =0)).

Furthermore we have either p = 0 € Th(K) or p # 0 € Th(K), for all primes p. It
turns out that these L,ing-sentences completely determine Th(K).

Let Tt be the theory of algebraically closed fields is the theory of rings Thelq
together with the axiom ¢,, for all integers n > 2. It is easy (but tedious) to prove
that T, is decidable. Using the Theorems from the previous section, we are able
to show that T,.s admits quantifier elimination.

Theorem 4.2.3. The Lying-theory Toce admits quantifier elimination.

Proof. With induction on formulas, one can show that every atomic Line-formula
free variables among x1, ...,z is Tying-equivalent to an atomic L,ing-formula of the

form
% ik _
E Cip,. iy oy =0

_____ i (=E(1+---+1) and :E;j :=ux;---x;. Hence every L,ing-literal is Tying-
equivalent to an L,ing-literal of the form P = 0 or P # 0 for some P € Z[z1, ..., z).
Now notice that /\?:1 P; # 0 is Tgeg-equivalent to P; - - - P, # 0. Hence, Theorem
4.1.3 shows that it suffices to show that

¢p:=Fx(Phy#OANP,=0A---ANP, =0)

is Thef-equivalent to a quantifier free £,in-formula, where each P; has free variables
among x1,...,T,. Without loss of generality we may assume that x; = z.

We will apply Theorem 4.1.5. Let K and L be algebraically closed fields, let R
be a subring of K N L, let @ € R* and suppose that L = ¢(a).

If n =0, then ¢ says that Py(@,x) € R[X] is not identically zero. Thus not all
coefficients of Py(d, x) are zero in R. Hence Py(d, x) has only finitely many zeros in
K D R, Since K is infinite (no finite field is algebraically closed) we conclude that

If n > 0, then there exists an b € L with L = Py(d,b) # 0 and L = P;(d,b) =0
for all 0 < ¢ < mn. Then b is algebraic over R and since the algebraic closure embeds
into K, we find some ¢ € K with K |= Py(d,c) # 0 and K |= P;(d,c) = 0 for all
0<i<n.

Now Theorem 4.1.5 applies and we conclude that T, admits quantifier elimi-
nation. O

Let us expand T,.t a little more. For each p € N, which is either prime or zero,
define the theory

TZD

acf "

Tach{pZO} 1fp>0
Tact U{q # 0] ¢ prime} ifp=20

It is easy (but tedious) to prove that 77 is decidable. Moreover, T7 . is a complete
theory.

Corollary 4.2.4. Let ¢ be an Lying-sentence and let p > 0 be either zero or prime.
Then ¢ is Tacr-equivalent to an Lying-sentence of the form \/?:1 t;=0o0r- \/?:1 ti =
0, witht; =1+ ---+1 for all i. Thus we have either T' ; = ¢ or TP = —¢.
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Proof. Let ¢ be an Lying-sentence. Since Ther admits quantifier elimination, we
find a Ticr-equivalent quantifier-free £,ing-formula 9. Using the disjunctive normal
form we find A;; such that ¢ is T,cr-equivalent to \/Z A j Aij. Now notice that A;;
is Lying-equivalent to either ¢;; = 0 or ¢;; # 0 for some closed Lying-term ¢;; (i.e.,
tij =14+ -4+ 1) Let ,um(t) be either tq;j =t or tij # t, depending on AU Then
the set S; := {t € N| A\, pi;(¢)} is either finite or cofinite. Hence

Si={teN|V,A\jui; ()} =U; S

is also either finite or cofinite. Hence we find closed L,ing-terms ¢4, ..., t, such that
S={teN|Vi_ t;=0tor S={teN|-V., t; =0} Thisshows that ¢ is
T,ce-equivalent to an Lying-sentence of the form \/7_, t; = 0 or =/, ¢; = 0.

The second part of the corollary follows immediately. O

From this corollary we know that 77 is a complete axiomatization of Th(K).
If we apply Theorem 3.6.11, we find a positive answer to the Question 1:

Theorem 4.2.5. The theory Th(e) is decidable for every e € Ecact.

Definable subsets of E...;. We will now turn our attention to the description
of all definable subsets of E.,.t. The following theorem provides an answer to the
Question 2, as it completely describes the definable subsets of Eact.

Theorem 4.2.6. Let S C FEcaer be a subset. Then S is definable if and only if
there exists primes p1,...,pn n N, such that S or Ecaer — S equals {[K] € Fcact |
char(K) = p; for some i}.

Proof. Let S C E¢act be a definable subfamily and ¢ be the defining formula of S.
Then by Corollary 4.2.4 we find closed L,ing-terms ¢; such that ¢ is Thcr-equivalent
to i, t; =0or =\/;_, t; = 0. Notice that the closed Lying-terms correspond with
the natural numbers and that the L,ig-sentence m - n = 0 is Txeq-equivalent to
m = 0V n =0. This implies that ¢t; we may assume without loss of generality that
the ¢; correspond with prime numbers. This proves the theorem. O

From Theorem 4.2.6 we see that Question 3 has a negative answer:

Corollary 4.2.7. There is no Lying-sentence ¢ such that K = ¢ if and only if
char(K) = 0 for all algebraically closed fields K.

Theorem 4.2.6 also shows that the transcendence degree is not definable. More-
over, no isomorphism class in E,.f can be defined.

Corollary 4.2.8. There is no Lying-sentence ¢, such that K = ¢, if and only if
trdeg(K) = n for all algebraically closed fields K.

Proof. Suppose that ¢,, exists. Let K be an algebraically closed field with K = ¢,,.
Consider L = K(X), i.e., L is the algebraic closure of the quotient field of the
polynomial ring over K. Then trdeg(L) = n+ 1 and ¢, [~ L. Moreover we have
char(L) = char(K). Hence Theorem 4.2.6 implies that ¢,, € Th(K) = Th(L), which
gives a contradiction. O

If we restrict ourselves to some fixed transcendence degree, then almost all iso-
morphism classes are definable, except for characteristic zero. But it is clear that
the theory of characteristic zero is distinct from the theory of positive characteristic.
Hence isomorphism classes are determined by its theory.
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Chapter 5

Global Fields

In this chapter we will study the isomorphism classes of global fields E,; by answer-
ing the questions from section 3.7.

In order to answer Question 1, we will apply the results from the final sections
of Chapter 3 and show how to interpret the theory of natural numbers inside the
theory Th(K) of a global field K. We will follow [14] and define an interpretation
I : N — K, which implies a negative answer to the first question.

Then we focus on the Question 2 and 3. We will show that the definable subsets
of Eg¢ are in one-to-one correspondence with the L,,isn-definable subsets of N. This
will imply a positive answer to Question 3.

The structure of this chapter is as follows. From section 5.1 up to section 5.5 we
will prove that there exists an interpretation I : N — K. It is quite easy to define
such a map, but it is a bit harder to show that the image is an L,,;;n-structure with
Lying-representable functions and relations. We will deal with this in section 5.5.
By far the hardest part is to show that the image is Lyiyg-definable. We will prove
this by showing in section 5.1 and 5.2 that the valuation domains O,, with p finite
place, are L,ing-definable. Then, using Proposition 1.9.4, we will derive in section
5.3 that the ring of integers Ok is an Lying-definable subset. This will allow us
to introduce divisibility in O, which will be used in section 5.4 to show that the
family of all finite subsets is L,ing-definable. Then in section 5.5 we will see that this
implies that the image of I is definable, which proves that I is an interpretation.

Then we will turn our attention to Question 2 and 3. In section 5.6 we prove that
the Godel function is Lying-representable, which enables us to make make inductive
definitions. We will apply this to polynomials over the prime subfield in section 5.7,
where we will give a one-to-one correspondence between N and the polynomials in
K[X]. This enables us to show in section 5.8 that the definable subsets of E4¢ are
in one-to-one correspondence with the L,,;n-definable subsets of N.

5.1. Reduction to local norms

The first goal of this section is to show that for every global field K there is a
definable family .%#, which consists of almost all valuation rings O, with p an finite
place K. To be more explicit, we will define Ling-formulas ¢(z; %) and x(y) with
free variables « and y1,...,yn, n > 1, such that ¢(x;¢) defines valuation ring O,
at some finite place p whenever x (%) holds. Almost all valuation rings should occur
in this way.

The first step is to define an individual valuation ring O, for some finite place
p, by providing an £ x-formula (the coefficients from M will eventually be replaces
by parameters). In this section we will reduce the definability of O, to finding a
first-order definition of local norms.

Let ¢ be some prime number. Let N denote the set of all non-zero elements of

p
K such that ord,(z) = 0 modulo ¢, i.e.

N]f ={r e K* |ordy(z) =0 mod ¢}.

The following lemma simplifies our task of defining O,:

85
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Lemma 5.1.1. Let p be a finite place of a global field K, £ > 2 a prime number
and Lying the language of rings. If le is defined by an Lying-formula ¢(x), then O,
is defined by the L.ing-formula

Y(x) = 32(p(2) A1 + 7zt = 2),
with m € K* such that ord,(m) = 1.

Proof. Let x be an element of K. If x # 0 then ordy(rz?) = 1 + fordy(z) = 1
modulo £ and ord,(rz%) = co whenever x = 0. Therefore ord,(1) = 0 # ord,(7z*)
and hence by Lemma 2.5.7 we have

ordy (1 + mz*) = min{0, ord, (r2*)} = min{0, 1 + Lord,(x)}.

We find that ord,(1 + 7z*) = 0 modulo £ if and only if ord,(z) > 0.

Using the assumption on ¢(z) and definition of ¢ (z) we find that the conditions
K E ¢(z), K E ¢(1 + 72%) and ord,(1 + 7z*) = 0 modulo ¢ are equivalent.
Therefore K |= ¢ (z) if and only if ord,(z) > 0, i.e., x € O,. O

The above lemma remains true if £ > 1 is an integer, but we do not need this.

This lemma reduced the problem to finding an L,ine-formula ¢(x) that defines
Nf . We will now apply the class field theory in order to define Nf. Following
Rumely [14], we conclude from the second part of Theorem 2.11.4 that N§ equals
the intersection of K with the local norm group at p of the cyclic Kummer extension
K(d"/*) of K, for some d and /.

Theorem 5.1.2. Let p be a finite place of a global field K. Suppose that € #*
char(]?p) is a prime number such that K contains the 2{-th roots of unity. Let
L% = K(dY*%) be an extension of K and B an extension of p. Let Ay the set of all
d € K such that LY/ K is non-trivial and unramified at p. Then for all d € A, we
have that

N, =Kn NL%/K‘,((L%)X)'

Proof. This is the second item of Theorem 2.11.4. O

In view of this theorem we call le the local norm group at p.

For general K such prime ¢ which satisfies the conditions of Theorem 5.1.2 does
not exist. However the next lemma, which will be is slightly more general then
needed, shows that we are able to reduce to this case. This generality is needed
when we turn our attention to L,ine-definable families.

Lemma 5.1.3. Let L/K be a non-trivial finite separable extension of global fields
of degree m and let

F1, C{Og | B finite place of L}

an Lying-definable family of valuation rings of L, parametrized by ¢(x;y) with n
parameters satisfying x(¢). Then

Fr ={OpNK |Op € FL}

is an Lying-definable family of valuation rings of K, parametrized by ¢™ (x;¥) with
m(n + 1) — 1 parameters satisfying x™ ().

Proof. First notice that Op N K = Oy, with p =P N K, because
Op={ze K|ordy(zx) >0} ={x € LN K |ordyp(z)/e(P/p) >0} = Op N K.

Therefore % is a family of valuation rings of K. It remains to show that Fg
is Lying-definable, whenever %7, is Lying-definable. This is done via an explicit
construction of ¢ and x™ from ¢ and x. Notice that by the primitive element
theorem we have L = K(«), since L/K is a finite separable extension. The idea is
to regard L as a vector space over K with basis 1, ..., o™ !. Then every element
of L may be viewed as an m-tuple of elements of K. Replace every occurrence of a
variable u in both ¢ and y with (u1,...,u;), every occurrence of 0 with (0,...,0)
and every occurrence of 1 with (1,0,...,0). Then replace every substring of ¢
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of the form (u1,...,um) + (v1,...,0p) with (ug + v1,...,u, + v,) and replace
every substring of ¢ of the form (u1, ..., um) X (v1,...,0y) with (w1,...,w,), with
w; = Y4 _o UkVi—k. Finally replace every substring of ¢ of the form (u1, ..., u,) =
(U1, .., V) With (w1 = v1 A+ Ay, = vp,). Now we obtained L,ing-formulas

wm(xlw"axm;ylla~"7y1m7-"7yn1;-"aynm)

Xm(ylh s Ylmy - -3 Yndy .- ayn7rL)~

Rename the variable z; to z, x;41 to y; for 1 < ¢ < n and y;; to Yim+;—1 for
1 <i<mand1l<j<m. Then itis clear that # is parametrized by ™ (x; %)
with m(n + 1) — 1 parameters satisfying

Xm(g) =y1=0A - AYmn-1=0A Xm(yma ce aym(n-i-l)—l)-
This proves the lemma. O

Let L be the extension of K obtained by adjoining the 2¢-th roots of unity. Then
L/K is a finite separable extension, since every 2¢-th root of unity is separable over
K. Application of Lemma 5.1.3 shows that Oy, is L,ing-definable in K whenever Oy
is Lying-definable in L. Therefore we may assume without loss of generality that K
contains the 2¢-th roots of unity.

Furthermore we may always choose ¢ such that ¢ # char(K,). Indeed, either
¢ =2 or ¢ =3 will suffice. This shows that we are able to apply Theorem 5.1.2 for
general K.

5.2. Construction of local norms

Let K be a global field, p a finite prime of K and ¢ a prime number with ¢ #
char(I? p)- In this section we will prove that le is Lying-definable. Then Lemma
5.1.1 shows that O, is definable.

In view of Theorem 5.1.2, we will abbreviate K (d'/¢) to L? and we will write
A, for the set of all d € K such that L¢/K is non-trivial and unramified at p. Since
every global norm is a local norm, we know that

NLd/K((Ld)X) - KQNL%/K,D((L%})X) = N;f

Lemma 5.2.1 will show that the global norms from L¢ are Lying-definable. The
aim of this section is to ‘construct’ the local norms le from the global norms
Npa g (L*). If this construction is ‘nice enough’, then the L,yg-definability of N'f
will follow from the L,ing-definability of the global norms from L.

The construction will be as follows: if D C K is an L,ing-definable subset with
D C Ay, then it follows from Lemma 5.2.1 that

Np = |J Npayr (L)
deD

is an L,ing-definable subset of Ng. Then, using Proposition 5.2.2 and Theorem
5.2.6, we will show that there exists Lyiyg-definable subsets Dy, Dy C K such that
Dl, D2 g Ap and

Ny = Np, Np,,

which implies that Nﬁ is Ling-definable.
The first step is to show that, using norm forms, the global norms of L¢ are
L ing-definable.

Lemma 5.2.1. There is an Lying-term Ny(z;§) such that for every non-Cth power
d in K we have that 3d(x = Ny(d; @)) defines Npa,p((L?)*).

Proof. The extension L?/K is non-trivial, because d is not an /-th power. The
powers of d*/* form a basis of L% as a vector space over K. Thus the norm map
Npa g : L% — K defines a norm form

N((d, Ez’) = NLd/K(ao + aldl/z + -+ ag_ld(e_l)/e).
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Now it suffices to show that Ny(d, @) is a polynomial in d and @ with integer coeffi-
cients, since Ny(d, @) is then an L,iyg-term which satisfies the condition.

We calculate the norm using Theorem 2.2.5. For any a € K, let M, denote the
¢ x £ matrix representing the linear map x — ax from L? to L?, with respect to the
power basis 1,d*¢, ..., d“=D/t Write o = ag + a1d™* + - 4+ ag_,d“"/¢. Then
it is easily seen that

M, = agM; + alMdl/e + -+ ag_lMd(z—m/z.

Now since for all 4, every entry of My, is either 0, 1 or d, we conclude that the
entries of M, consist of polynomials in d and @ with integer coefficients. The same
hold for the determinant of M,, hence also for N (d, @). O

To be more explicit; the Lying-term Ny(z;91,...,y¢) equals Ny = y? — y3x for
¢ =2 and for £ = 3 we find N3 = y$ + y3z + y522 — 3y192y3.
It follows from Lemma 5.2.1 that Np is L,ing-definable. Indeed, Np is defined
by
Ye(x) := 3a3d (6(d) Az = Ny(d, @)), (5.1)

whenever D is defined by 6(x).

Proposition 5.2.2. Consider the L;ing-formula
de(w5y1,y2) = 3d13dz(d = Ny(y1,d@1) A xy2 = Ne(y1y2, G2)) (5.2)
If §p(z;u, ), then © € Ay, for all z,u,m € K with u € Uy, — U'f and ord,(m) = 1.

Proof. Suppose that d satisfies 6(x;u, 7). Note that ord,(u) = 0 with u ¢ (K;)*
and that ord,(m) = 1 # 0 modulo ¢. Hence by Theorem 2.11.4 we find that
K, (u!/*) /K, is unramified of degree ¢ and K, ((um)/?)/K, is totally ramified. Fur-
themore d is a norm local norm of K,(u'/*)/K, at p and dr is a local norm of
Ky((um)'/*)/K, at p. From the description of the norm groups in Theorem 2.11.4
and the fact that ord,(7) = 1 we conclude that for some m,n € N and v,w € U,

d = vn", dr = w'(ur)™.

If we multiply the first by 7 we find v+ = w’(ur)™. Hence

nl + 1 = ord, (vr™*1) = ord, (w*(um)™) = m,
because the order of u, v and w at p are all zero. We now find that d = u(wu"7™)*
and hence K, (d'/*)/K, = K,(u'/*)/K, is unramified of degree ¢. Again by Theo-
rem 2.11.4 we find that ord,(z) = 0 modulo ¢, as z is a local norm at p. O

We will now construct «w and , such that Np, with D C A, the subset of K
defined by 0¢(z,u, ), is a large subgroup of Nf. For this construction, we need
some preliminary lemmas.

Lemma 5.2.3. Let K be a global field and n € N an integer. For all elements
ai,...,an € K and all pairwise distinct places p1,...,p, there exists an v € Ok
such that (x) is a prime ideal and © = a; modulo p; for all i.

Proof. By the approximation theorem we find an g € K such that zg = a; mod-
ulo p,; for all i. Now consider the ray class of (zg) modulo m = py---p, (ie.,
[(z0)] € Clw(K)). By Theorem 2.10.6, [(x0)] contains infinitely many prime ideals.
Furthermore notice that every ideal in [(xo)] is principal. Hence we find some z
such that (z) is a prime ideal of Ok and that (z/xg) € Py, i.e., /2o = 1 modulo
p; for all 4. Therefore we find that = a; modulo p; for all i. Notice that = € O,
since (x) is a prime ideal. This completes the proof. O

Lemma 5.2.4. Let L? = K(dl/z) be an extension of a global field K and let p and
q be distinct totally ramified places of K. Then there exists &p,&q € K such that
& e Uy — Ulf and ;g € Ug — Uf and (£, L/ K)y - (&4, L4/ K)q = 1.
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Proof. As LY/K is totally ramified above p and q we find that G, = G4 =
Gal(L?/K). Therefore (-,L¢/K), : K, — Gal(L?/K) and (-,LY/K)q : K4 —
Gal(L?/K) are both surjective. Now notice that Theorem 2.11.4 implies that
NL%/Kp ((L%)X) = (d,(K,)") and that ¢ { ord,(d), because p is totally ramified.
Hence we have that ordg is surjective on NL%/K,, ((L%)X)) Since norms are in the

kernel of the Artin map, we see that (-, L/K), : U, — Gal(L?/K) is still surjective.
The same argument shows that (-, L?/K)q : Uy — Gal(L?/K) is surjective.

Pick o € Gal(L?/K) with o # 1. Then by the surjectivity there exists &, and &,
with (¢, LY/K), = o and (&, L?/K)q = 0!, Furthermore Lemma 2.11.3 implies
that Npa/x (Up) = Ulf and Npa/ i (Ugq) = U§7 hence 0,0~! # 1 implies &, € UP—U,f
and & GUq—Uf. O

Lemma 5.2.5. Let p be a finite place of a global field K, let ¢ # char(K,) be a

X

prime number and x,y € Ok with x =y modulo p. Then y € (K, )¢ implies that
re (K7)' S Npg e, (L)),

where L = K(dl/e) is an extension of K and B a place of L¢ above p.

Proof. If x = y modulo p, with x,y € Ok, then X = 1 is a solution of the primitive
polynomial yX* — x over K, = Ok /p. Using Hensel’s lemma we conclude that z/y
is an (-th power in K, , i.e., z/y € (K,)’. Hence if y € (K;)*, then z € (K;)".
Furthermore since Npa /5 (7) = z! for all z € K,* we see that z is a local norm at

p/He -
p.

Recall the definition of d; from (5.2). We are now ready to prove the following
theorem:

Theorem 5.2.6. Let p be a finite place of a global field K. Suppose that £ #
char([?p) is a prime number such that K contains the 2¢-th roots of unity. Then
there are infinitely many places q # p for which there exist u,m € K such that
0¢(z;u, ) defines a subset D C A, with

Np = N'fﬂNf = {xeN'f\ordq(x)EO mod £}.

Proof. For notational convenience we will write py and qo for p and q emphasize
that p and q are fixed. The proof consists of three steps.

The first step is to construct qg, v and 7. Let m € N be an integer so large
that for all p | £ and = € K such that = 1 modulo p™ we have z € (K;°)*. I do
not know how to prove the existence of m. Consider the ray class group Cly,(K)

modulo
m= (T p) (™)

Then let qo be any prime in the inverse class of pg, distinct from py (equality only
occurs when [po] ! = [po] in Clw(K)). By Theorem 2.10.6 there are infinitely many
choices for qg. By construction we find an element 7 in Ok such that

(7) = poqo, 7#=1 modm.

Now consider the extension L™ = K (7!/¢) of K. By Theorem 2.11.4 the extension
L™ /K is totally ramified above py and qo, since ordy,(m) = ordg,(m) = 1. Hence
using Lemma 5.2.3 and Lemma 5.2.4 we find some u € Ok such that (u) is prime
prime ideal of Ok and

u=1 modm
u=¢, modpgy

u=¢E; mod qo,

where &,, € Up, — U} and &, € Uy, — U§ and (&, L7/K)p, - (€0, L7/ K)q, = 1.
This completes the construction of qg, v and 7.
The second step is to show that D C Ay N A, where D is the subset of K

which is defined by d;(x;u, w). This follows form Proposition 5.2.2 applied to both
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po and qo and hence it suffices to show that v € U,, — Ufo, u € Uy — Ufo and
ordy, (m) = ordg,(m) = 1. The first condition follows from u = &,, modulo pg
and u = £, modulo qg applied to Lemma 5.2.5. The latter condition is a trivial
consequence from () = podo.

The final step is to show that Np = N'fo N Nfo, which is done the standard way
by proving the two inclusions.

Let z € Np be arbitrary. Then there exists some d € D such that z €
NLd/K(<Ld)><). As every global norm is a local norm we find that x € K satis-
fles x € N%O/Kpo ((L%O)X) and x € NLEO/qu ((L,)*). Now since D C Ay, N Ay,
we may apply Theorem 5.1.2 for py and q¢ and conclude that x € Nfo and x € Nfo.
We conclude that Np C leo N Nfo.

Conversely let xg € Ngg N Nfg be arbitrary. We will prove that xg € Np. Write

¢ gl :
(o) = P ag ar" -~ a4,
for some integer s > 1 and integers p,q,k1,...,ks € Z. It suffices to find some

d € D such that zo € Npa;r((L?)*). We choose d as follows: by Lemma 5.2.3
there exists some d € Ok such that (d) is a prime ideal of Ok and

d=1 modm

d=¢,, mod po

d=¢&;, modqo

d=1 mod (u)

d=1 mod q, 1=1

yeees S

The remainder of the proof consists of checking that d € D and g € Npa/x ((L%)*).
We prove that d satisfies

de(x;u, m) = a1 Idz(x = Ny(u, dr) A xm = Ny(um, dz)),

which means that d € D. In other words, we show that d is a global norm from L“
and that dr is a global norm from L"™.

We show that d is a global norm from L* = K(u!/*). By the Hasse norm
theorem applied to the cyclic Kummer extension L*/K we conclude that it suffices
to prove that d is a local norm of L*/K at every prime. Let p be a prime of K and
let P be an extension of p in L.

e If p is an infinite place then Ostrowski’s theorem implies K, = C, since K
contains the sf-th roots of unity. Thus Lg /K, is trivial and d is a local norm
at p.

e If p | £ then L}%/Kp is trivial, because © = 1 modulo m implies v = 1 modulo

p™ and by construction of m we find that u € (K;*)*. Thus Nry/k, (x) ==
for all € K, and hence d is a local norm at p.

o If p = (u) then d = 1 modulo p and d € Ok, since (d) is a prime ideal. Now
Lemma 5.2.5 shows that d is a local norm at p.

e If p is a finite prime with p 1 ¢, p # (u) and p # (d) then ord,(u) = 0 and
ordy(d) = 0. Hence Theorem 2.11.4 shows that L" is unramified at p (either
trivial or non-trivial). Therefore d is a local norm at p.

e If p = (d) then we find by Artin’s reciprocity law that
1=Tl4(d, L"/K)q = (d, L"/K)y,

because the previous items show that (d, L*/K)q = 1 for all q # p. Therefore
d is a local norm at p.

We conclude that d is a global norm form L*.

Next we show that dr is a global norm from L™ = K ((um)'/*). By the Hasse
norm theorem applied to the cyclic Kummer extension L*" /K we conclude that it
suffices to prove that dr is a local norm of L™ /K at every prime. Let p be a prime
of K and let 8 be an extension of p in L"".
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If p is an infinite place then Ostrowski’s theorem implies K, = C, since K
contains the sf-th roots of unity. Thus L /K, is trivial and dr is a local
norm at p.

If p | € then Ly"/K, is trivial, because u,m = 1 modulo m implies ur =

1 modulo p™ and by construction of m we find that ur € (K;)*. Thus
NL;;;‘/K,, () =z for all z € K and hence dr is a local norm at p.

If p equals po or qo then d = ¢, = v modulo p and d/u = 1 modulo p. Now
Lemma 5.2.5 shows that d/u is a local norm at p. But Theorem 2.11.4 shows
that um is also a norm from L*" /K| hence dr = (d/u)(ur) is a local norm at

p.

If p = (u) then d,7 = 1 modulo p and d € Ok, since (d) is a prime ideal.
Now Lemma 5.2.5 shows that d is a local norm at p. We claim that 7 is also
a local norm at p. Then it follows that dr is a local norm at p.

We prove the claim. Notice that (u,L/K), is different from 1 only if q is
Po, qo or p: at infinite places (u,L/K)q = 1 because u = 1 modulo m; at
q ¢ (u,L/K)q because u € (K;)*; and for all other finite places other then
po, qo or p, (u,L/K)q = 1 because Ly /K, is unramified and ordg(u) = 0.
Furthermore u differs from &,, by an ¢-th power in K, , since po { ¢ and
similarly for &;,. Therefore

(U‘?L/K)Po = (glﬂo’L/K)Po = (gqovL/K)gol = (U7L/K)q0'

By Artin’s reciprocity law and we have

1= H(U,L/K)q = (u’L/K)Po ’ (U’L/K)qo ’ (uaL/K)P = (U’L/K)P
q

which means that u is a local norm from Lg /K,. But L/K is unramified at

p and ordp(u) = 1, hence Ly /Ky must be trivial. This means that u € K|
and that u is a local norm at p = (u).

e If p is a finite prime with p { ¢, p # po,qo, (v), (d) then ord,(d) = 0 and
Theorem 2.11.4 shows that L*™ is unramified at p (either trivial or non-trivial).
Therefore we find that d is a local norm at p.

e If p = (d) then we find by Artin’s reciprocity law that
1 =TI, (d, L""/K)q = (d, L"™ [ K)y,

because the previous items show that (d, L""/K)q = 1 for all q # p. Therefore
d is a local norm at p.

We conclude that dm is a norm from L"". Furthermore we have that d € D. In
other words: d satisfies 0¢(z;u, 7).

Finally we show that x( € NLd/K((Ld)X). By the Hasse norm theorem applied
to the cyclic Kummer extension L?/K we conclude that it suffices to prove that xq
is a local norm of L?/K at every prime. Let p be a prime of K and let B be an
extension of p in L9

e If p is an infinite place then Ostrowski’s theorem implies K, = C, since K
contains the sf-th roots of unity. Thus L% /K, is trivial and x is a local norm
at p.

e If p| ¢ then L%/Kp is trivial, because d = 1 modulo m implies d = 1 modulo
p™ and by construction of m we find that d € (K, )*. Thus NL%/K'J () ==z
for all z € K, and hence zg is a local norm at p.

o If p equals pg or qg then d = (, modulo p. So Lemma 5.2.5 shows that d is
a non-{-th power unit in K, and L% /K, is unramified of degree . Theorem

2.11.4 now shows that zq is a local norm at p because o € Ngo N Nfo.
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e If pfland p=gq; with 1 <4 < s then d=1 modulo p. Hence since d € Ok
and p 1 £ we conclude from Lemma 5.2.5 that d € (K, )¢. Therefore Lm/K,J
is trivial and that x( is a local norm at p.

e If p is a finite prime with p{ ¢, p # (d), p # po and p # q; for all 0 < i < s,
then ordy (7o) = 0 and Theorem 2.11.4 shows that L¢ is unramified at p (either
trivial or non-trivial). Therefore we find that x¢ is a local norm at p.

e If p = (d) then we find by Artin’s reciprocity law that

1=T1,(d.L/K)q = (d, L/ K)y,

because the previous items show that (d, LY/K)4 = 1 for all q # p. Therefore
d is a local norm at p.

We conclude that @ € Npa,x((L4)*).
We now have shown that o € Np, which finishes the proof of the equality
Np = N}, NN¢. O
Recall the definition of 1y from (5.1) and d; from (5.2) at page 88. We now show

that we can find L,ing-definable subsets D1, Do C A, such that Nf = Np,Np, and
conclude that Oy is L,ing-definable.

Corollary 5.2.7. Let K be a global field and suppose that £ is a prime number such
that K contains the 20th roots of unity. Consider the Lying-formula

oe(x; §) 1= Fr13z2(x = 2122 A Y0(T1; Y1, Y2) A Ye(T2; Y3, Ya))- (5.3)

For all finite places p of K with ¢ # char(K,) there exists some ¢ € K* such that
¢e(x; €) defines the valuation ring O, in K.

Proof. Let qq and g2 be two distinct primes as in Theorem 5.2.6, i.e., the subsets D;,
for i = 1,2, satisfy Np, = le N Nfi are defined by 0(z;u;, ;) for some u;, m; € K.
We claim that Np, Np, = Ng. In this case every z € N'f is a product of an z; € Np,
and some 3 € Np,. Furthermore Np, is defined by

l/}g(l’;ui,ﬂi) = El(i,d(é(d, ui,m) Nx = N[(d, 6))

Hence ¢y(x;uy,m,uz,m2) defines Ng. Using Lemma 5.1.1 we conclude that O, is
L ing-definable.

It remains to show that Np, Np, = Nf. Observe that Np,, Np,, Np, Np, and
le are all subgroups of K* as they contain 1 and are closed under multiplication.
Since Np, is a subgroup of the product Np, Np, we find a tower of groups

=

Np, € Np,Np, € N},

where the proper inclusion follows form the fact that Np, # Np,. Since this index
of Np, in N'f equals £ we conclude that the index of Np, Np, in N'f divides ¢. But
since { is prime and the first inclusion is proper, we find that this index equals 1.
This proves the claim. O

5.3. Definability of valuation domains

Corollary 5.2.7 and Lemma 5.1.3 provide a huge step towards defining a large family
of valuation rings. But there is still one thing missing, namely the formula which
determines the parameters (c.f., Definition 3.8.4). This problem is solved in the
following lemma.

Lemma 5.3.1. Let p be a finite place of a global field K. Suppose that £ # char(K,)
is a prime number such that K contains the 2¢-th roots of unity. Then there exists
Lring-formulas ¢(x;Y) and x¢(¥) such that

_ {{Op |'p finite} if char(K) >0
F = . .
{0, | p finite and p 1€} if char(K) =0

s parametrized by ¢, with parameters satisfying xo.
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Proof. Recall the definition of ¢, from (5.3). Consider the L,ing-formulas

e (%) Va1Vao((de(w1;9) A de(w2; 7)) — (de(w1 — 22;9) A de(122; 7))
pe(y) = Va(z #0 = (do(z;9) A de(1/259)))
xe() = i) A pe().

Suppose that & € K* satisfies x¢(7). Then ¢,(x;¢) defines a valuation domain in L
(c.f., Definition 1.9.1). Hence by Corollary 2.5.16 we conclude that ¢g(x;¢) defines
O, for some finite place p of L. On the other hand, Corollary 5.2.7 implies that for
every p with char(K,) # ¢ there exists some ¢ € K* such that ¢;(z;¢) defines the
valuation ring Oy in K. It is clear that ¢ € K* satisfies x,().

Let .7 be the family parametrized by ¢, (z;§) with parameters satisfying x.(%).
If char(K) > 0, then ¢ # char(K) = char(K,) and we find by the above discussion
that .# = {O, | p finite}. If char(K) = 0, then the above discussion implies that
F = {0, | p finite and p 1 £}. This concludes the proof. O

Notice that the Ling-formulas ¢, and x, depend on specific properties of K.
Thus we did not found a uniform definition of the family of valuation rings. This
will be solved in the following theorem, which is a reformulation of the results of
paragraph 3 of [14].

Theorem 5.3.2. There exists Lying-formulas and val(z;yi,...,y9) and isval(y)
such that if K is a global field, then val and isval parametrize the family

7 _ {O; | p finite and p {2} if char(K) =0
{O, | p finite} if char(K) >0

Proof. Recall the definition of ¢, from (5.3) and the construction of ¢}* from the
proof of Lemma 5.1.3. Then Lemma 5.1.3 and Lemma 5.3.1 show that the Ling-
formula

d3(z3y1, ... y1) if2=0A3x(z?2+2+1=0)
2(zyn,. .., if2=0A-Fz(2?+2+1=0
Va‘l(x7y1a"'ay9) = ¢3( . yg) . (2 )
da(T591y. - yya) H2#0ATz(z®*+1=0)
G3(@5y1,. . ye) 27 0A-Fa(a? +1=0)
with parameters satisfying
Xg(yl,...,y4) 1f220A3$(I2+$+1:0)
. 2(y1, ..., if2=0A-Fz(z®2+2+1=0
isval(y1,...,y9) = X5 vs) ] (2 )
X2(Y1,.-.yya) H2#0ATz(z?+1=0)
X3(y1s -y y9) i 2#0A-3a(z® +1=0)
defines the family .. O

Let F be the prime subfield of K. Then k C K is called the field of constants
of K if and only if k is the relative algebraic closure of the F in K. The following
corollary shows that k is definable in positive characteristic.

Corollary 5.3.3. There exists an Lying-formula int(z) such that

Ok if char(K) =

{re K| K Eint(x)} = {k if chal"(K) >8

for every global field K.

Proof. Note that the choice of 2 was not necessary and 3 also leads to an Lying-
formulas and val'(z;y1,...,v) and isval (i) that defines the family

a —

{O, | p finite and p {3} if char(K) =0
{O, | p finite} if char(K) >0
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Consider the Lying-formula
int(z) := Vij(isval(7) — val(x; %)) A Vi(isval’ () — val' (z;7)).

Then int(z) defines (), Op, where p runs over all finite places of K. Proposition
1.9.4 shows that this is equal to the integral closure of R in K, where R is the prime
subring of K (i.e., R is the intersection of all subrings of K). If char(K) = 0, then
R =7 = Ok and int(z) defines Og. If char(K) = p > 0, then R = F,, and int(z)
defines the integral closure of F,,. As [, is a field, the integral closure of F, equals
the algebraic closure of F,,. Thus int(z) defines the field of constants k of K. O

Corollary 5.3.3 allows us to choose uniformy a non-integral ¢ in K. Further-
more this allows us to define the notion of divisibility in the ring of integers in
characteristic zero. If K is a number field, then we define

y |z = Fz(int(z;t) Az = yz). (5.4)

The following corollary is very interesting as it allows us to distinguish number
fields from function fields. This will be very important in defining a model of the
natural numbers in a general global field, as we may treat the number field case
and the function field case separately.

Corollary 5.3.4. There exists an Lying-sentence Xo such that K = xo if and only
if char(K) = 0 for all global fields K.

Proof. Consider the sentence
Xo :=Va(int(z) A2#0A2 -z #1).

If char(K') = 0, then int(z) defines Ok. Thus xq is true, since 2 is not invertible in
Ok. If char(K) = p > 0 with p # 2, then 2 is invertible in F,, and xo is false. [

This corollary can be used to find a uniform definition of the ring of integers.

Corollary 5.3.5. There exists an Lying-formula rin(z;t) such that if K is a global
field and t € K non-integral, then rin defines Ok .

Proof. Define the L,isg-formula

() = int(z) i Xo
PRI vitisval(g) — (val(z; ) — 6(t:9)))  otherwise

If char(K) = 0, then rin(z;t) defines O by Corollary 5.3.3. If char(K) =p > 0,
then rin(z;¢) defines (1, Oy, where p runs over the finite places p of K with t € O,.
Then Proposition 1.9.4 shows that rin(z;t) defines the integral closure of F,[t].
Then, by definition, rin(x;t) defines O-. O

This corollary allows us to define the notion of divisibility in the ring of integers.
If K is a global field and ¢t € K is non-integral, then we define

y | @ = Fz(rin(z;t) Az = yz). (5.5)

This clearly generalizes the notion of divisibility defined by (5.4) to arbitrary char-
acteristic. Notice that z and y need not lie in O. However if y |; z and either x
or y is in Ok, then both are in O.

5.4. Definability of finite subsets

Our next step in defining a model of the natural numbers is to find a predicate
which enables us to quantify over all finite subsets of K. In other words we will
show that the family of all finite subsets of K is an L,ing-definable family .%.

We will first show that it suffices to define a cofinal subfamily %’ of % with
respect to inclusion, that is, every member of .% is contained in a member of .%’.
Then % can be constructed from #’ by shrinking the members of .%’.

Finally we will show that such a cofinal subfamily is definable for both zero and
positive characteristic.

In order to prove that the definability of the cofinal subfamily is sufficient, we
need two preliminary lemmas.
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Lemma 5.4.1. Let K be a global field and n a positive integer. Then for all non-
zero ki, ..., k, € K there exists only finitely many x € K such that 1 4+ xk; is zero
or a unit in Ok for some i.

Proof. The idea is to find a non-zero polynomial P € K[X] with the following
property: for all x € K we have that 1 + zk; is zero or a unit in Ok for some
implies P(z) = 0. Consider the function P : K — K given by

n

Pa)=[][Q+2k) [T N/ +2ki)—c)

i=1 06(9]‘2<

Notice that this product is finite, since Of equals either {£1} or F) whenever
char(K) = p.

We first show that P is a non-zero polynomial in z over K. If k; € K, then
Nk (x,)/x(1 + 2k;) = 1 + zk; is a non-zero polynomial in = over K, since all k; # 0.
Hence P is a non-zero polynomial over K. Suppose that k; ¢ K and let d =
deg(k;) > 2 be the degree of k; over K. Recall that

NK(k,)/K(l + xkz) = det(MkaiL

where My 44k, : K(k;) — K(k;) is the linear map defined by multiplication by 1+xk;.
Notice that M1 4zx, = M1+ My My, = I +xMjy,, because 1,2 € K. Now find a; € K
for 0 < j < d such that X¢ —ag_; X" ! — ... — ag is the minimal polynomial of k;
over K. Then with respect to the power basis 1, k;, ..., k‘ffl of K(k;)/K, the linear
map My, is represented by the matrix

00 --- 0 ao
1 O e 0 al
0o o0 - 0 ag—o
00 -+ 1 ag_1

Now it is clear that det(Mjy.k,) is a non-zero polynomial in = over K. Hence if
r € K, then Ng /g, (1 + zk;) = (1 + xk; )R K] Using the transitivity of the
norm we conclude that

NK/K(l + IL’kl) = NK(ki)/]K(NK/]K(k,-)(l -+ l’kl)) = N]K(k,-)/]K(]- + (Ekl)[KK(k‘)]

is a non-zero polynomial in x over K. This implies that P is a non-zero polynomial
over K.

Finally we show that P satisfies the desired property. Let = € K be arbitrary. If
1 + xk; = 0 for some i, then P(x) = 0. If 1 4+ zk; € O for some i, then N /g (1 +
zk;) € O, because Ng /g : K* — K* is a homomorphism with N /x(Ox) € Ok.
Hence P(x) = 0. We conclude that P satisfies the property.

The lemma follows from the fact that P has only finitely many roots, because
P is non-zero. O

Lemma 5.4.2. Let K be a global field with non-integral t € K and let n be a
positive integer. Then for all non-zero k1, ..., k, € K there exists a non-zero ideal
a € Ok such that for all h € a

1+hky --- 14hk,
are pairwise relatively prime elements of Ok .

Proof. Suppose we are given non-zero ki, ...,k, € K for some positive integer n.
Consider a ideal non-zero ideal a C O such that for all p

ordy(a) > maxordp(kj_l) (5.6)
j

and for all p with ord,(k; — k;/) > 1 for some j and j
ordy(a) > maxord,(k; — kjr). (5.7)
3.3’
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Note that a is well-defined, because there are only finitely many primes p such that
we demand ord,(a) > 0.

We will show that a satisfies the conditions. Let h € a be arbitrary. Then we
have that (h) C a and hence a | (k). This implies that ord,(h) > ord,(a). Using
equation (5.6) we find for all p and j that ord,(h) > ordp(kj_l), which means that
ordy(hk;) > 0 and 1 + hk; € Ok. Moreover, if there exists a prime p and j and j’
such that p | (14 hk;) and p | (14 hkj/), then p | hk; — hkj. Hence using (5.7) we
have that

1 <ordy(h(k; — kj)) = ordy(h) 4+ ordy (k; — kjr) < 2ord,(h).

This implies that p | (k). Now, since p | (1 + hk;), we have p | (1). We conclude
that
1+hky -+ 1+ hk,

are pairwise relatively prime elements of Of. O]

We will now show that it suffices to define a cofinal subfamily of .%.

Theorem 5.4.3. Let n be a positive integer and let ¢(x;¥;t) be an Lying-formula,
with parameters satisfying x(4), such that if K is a global field and t € K non-
integral, then ¢ and x define a cofinal subfamily of the family F of all finite subsets
of K. Then the Lying-formula

V(@;7,Z5t) i= (@5 8) N1+ (2 — 21) 22 |¢ 23,
with parameters satisfying x(§) defines F.

Proof. Suppose that ¢(z;;t) and x(¥) define a cofinal subfamily of the family .#
of all finite subsets of K. Then it is clear from the definition that ¢ (z; ¥, 2 t) with
parameters satisfying x(7) defines a subfamily of .%. It remains to show that for
all finite subsets S there exists parameters i and Z such that x(7) and ¢ (x; ¥, 25 t)
defines S.

Let S = {ki,...,kn} be a finite subset of K. We construct ¢ and zZ. By
the assumption on ¢(z;,t), we can find ¢ such that x(7) and ¢(x;¢,t) defines
{k1,.. - km,...,k,}, with n > m. Pick z; such that 0 # k] := k; — z; for all
1 < i < n. Using Lemma 5.4.2 we find a non-zero ideal a C O such that for all
hea

1+ hk, - 1+hkl, --- 1+hk,

are pairwise relatively prime elements of Og. From Lemma 5.4.1 we know that
only finitely many h € K for which 1 4 xyk/ is zero or a unit in Ok for some i. As
a is non-zero, we see that |a N Ok| = |Ok| is infinite. Hence we find some non-zero
h € an Ok such that

1+hk, - 1+hk, - 1+hk,

are non-zero non-unit pairwise relatively prime elements of Og. Now define z, := h
and zg := (14 hk})--- (1 + hkl,).

We show that ¢ (x; ¢, Z;t) defines S. If k satisfies ¢(x; ¢, Z,t), then k = k, for
some 1 < r < n, since k satisfies ¢(x;¥,t). Furthermore we have that 1+ hk’ |
(L+hky)---(1+ hk],), with &’ = k — 21, because 1 + (k — z1)z2 divides z3 in Ok.
Let p be a prime ideal of Ok dividing the proper principal ideal (1 4+ hk’). Such
prime p exists, since all 1 + hk, are non-zero non-unit elements of Ok. Then since
p is prime we find some 1 < s < m such that p | (1 + hk.). Using the fact that all
1 + hk} are pairwise relatively prime, we find that 1 + hk’ = 1 4+ hk. = 1 + hkl.
Since h is non-zero we conclude that k = k; with 1 < s < m. Conversely it is easy
to see that k; satisfies ¢ (z; ¥, 2;t) for all 1 < i < m, which means that ¢ (x; 7, 2 t)
defines S.

We conclude that ¢ (z; ¢, Z;t), with parameters satisfying x(¢) defines the family
Z of all finite subsets of K. O

Now we are going to show that such a cofinal subfamily is definable. In view
of Corollary 5.3.4, we may treat the number field case and the function field case
separately. We start with the number field case, which is proven by Robinson [13].
Recall the definition of divisibility in number fields by formula (5.4).
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Theorem 5.4.4 (Robinson). There exists an Lying-formula ¢n(x;y1,y2;ys) with
parameters satisfying x N (§) such that if K is a number field, then ¢n and xn define
a cofinal subfamily of the family F of all finite subsets of K.

Proof. Consider the L,ing-formula

ON (23 Y1, Y2,93) = (& — y1)y2(1+ (2 — y1)y2) | y3,

with parameters satisfying

XN () = y2,y3 # 0 Aint((z — y1)y2) A int(ys).

Let K be a number field. We first show that ¢ (z; %) defines a finite subset of K,
whenever K = xn (7). Siegel (page 204 and 205 of [15]) proved that if ¢ > 0 is real
and f(X) € Og[X] with at least two distinct roots, then there are finitely many
a € Ok such that N (f(a)) < t. Notice that Nx(f(a)) < Ngk(b) implies f(a) | b.
Take f(X) = X(X +1) and a = (z — y1)y2. Then f has two distinct roots, and
a € Ok since K = xn(%). Now apply Siegels result to f and a and conclude that
there are only finitely many x that satisfy a(1 4 a) | y3. Thus ¢y defines a finite
subset.

Let K be a number field and let S be a finite subset K. Pick y; such that x —
is non-zero for all € S and take yo such that (x — y1)ys € Ok. If we take

s = [ [ F((& = y1)w2),

zeS

then is it easy to see that K = ¢n(z;y1,y2,ys) for all x € S. O
We now show an analogues result for function fields.

Theorem 5.4.5 (Rumely). There ezists an Lying-formula ¢p(x;y1,y2;t) with pa-
rameters satisfying x r(Y) such that if K is a function field and t € K non-integral,
then ¢p and xr define a cofinal subfamily of the family % of all finite subsets of
K.

Proof. Consider the L,ing-formula
or(z;y1,y2;t) :=VZ(isval(2) — (val(xz/y1;2) V val(x/ys2; 2))),

with parameters satisfying xr(¥,t) := y1,y2 # 0. Let K be a global field with
non-integral ¢t € K and let ¥ € K? with K = xr(7,t). Suppose that x satisfies
¢r(x;¥;t). Then for all p we have either ord,(z/y1) > 0 or ord,(z/y2) > 0. Hence
ordy (z) > min, ord,(y;) for all p. Now consider the adele a such that ord,(a,) =
min; ord,(g;) for all p. Then ord, (z) > ord,(ap) for all p and we have x € KND(a).
From Theorem 2.8.5 we see that D(a) is compact and from Lemma 2.8.4 we know
that K is discrete in Ax. Hence K N D(a) is finite and we conclude that ¢z defines
a finite subset.

On the other hand let K be a function field and let S be a finite subset of K.
Choose y; such that ordy(y;) < mingegordy(z) for all p with mingegord,(z) <
0 and then choose y, such that ord,(y2) = 0 for all p with ord,(y;) > 0. We
show that ¢p(s;7;t) for all z € S. Let 79 € S, 7 € K? and suppose that K [~
val(zo/y1; Z). Then ord,(x¢) < ordy(y1) and from the construction of y; it follows
that 0 < mingeg ord, (). Hence, from zg € S we see that ord,(y:) > ord,(z) > 0.
The construction of y, shows that ord,(y2) = 0. This implies that ord,(zo/y2) =
ordy(z9) > 0, which means that K |= val(zo/y2; Z). Therefore z¢ satisfies ¢pp. O

If we apply the above theorems to Theorem 5.4.3, we find a tool to quantify over
all finite sets.

Theorem 5.4.6. There exists an Lying-formula set(x;y1, . . ., Ys; t) with parameters
satisfying isset(y), such that if K is a global field and t € K non-integral, then set
and isset define the family F of all finite subsets of K.
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Proof. Let ¢n and xn be the L;ing-formulas from Theorem 5.4.4, let ¢n and xn
be the Lyyg-formulas from Theorem 5.4.5 and let xo be the L, z-sentence from
Corollary 5.3.4. Then for every global field K, the L,i,g-formula

N (w51, y2,y3)  if xo
X, 3 ) 7t = i
¢( Y1,Y2,Y3 ) {qﬁp(x;yhyz;t) otherwise

with parameters satisfying

XN(ylvy2,Z/3) if xo

T3Y1,Y2,Y3) = i
X (391, Y2, y3) {XF(yhy2) otherwise

defines a cofinal subfamily of %, where % is the family of all finite subsets of
K. Then Theorem 5.4.3 gives an Lyine-formula set(x;y1,. .., Ys; t) with parameters
satisfying isset (%), which satisfies the conditions of the theorem. O

5.5. Model of the natural numbers

In this section we will prove that for every global field, there exist an interpretation
from N to K. Let us first describe the image of this map. Let K be a global field
and t € K be non-integral. Then we define

_ [{0,1,2,...} if char(K) =0
b {1,t,#2,...} otherwise
Then consider the natural map

n if char(K) =0

. (5.8)
t™  otherwise

ItZN%Nt nH{

If ¢ is understood we will abbreviate I;(n) to n. In this section we will show that
I; is an interpretation.
We first show that the image of I; is definable.

Lemma 5.5.1. There exists an Lying-formula nat(x;t) such that for all global fields
K and non-integral t € K, nat defines Ny, with

Proof. Given a global field K and ¢ € K non-integral. Consider the L,i,,-formulas
naty (x;t) := Ja(isset(d@) — (set(0; @, t) AVy(set(y; d,t) = (y = zVset(y+1;d,t)))))
and

natp(x;t) := Jd(isset(d@) — (set(1;d, t) A Vy(set(y;d,t) — (y = z Vset(ty; d,t)))))

and let xo be an L,ing-sentence such that K |= xo if and only if char(K) = 0. We
will show that the L,ing-formula

() naty(z)  if xo
nat(z;t) := .
natp(z;t) otherwise

defines the set N;.

Let * € K be arbitrary. If © € N, then it is clear that K | nat(z;t),
since we can take @ such that sety (@, y) defines {0,1,...,2} or setp(d,y;t) defines
{1,¢t,...,z}. Conversely suppose that K = nat(x;t). If x ¢ N;, then both set(d, y)
and setp(d,y;t) define an infinite set, which is impossible. Hence = € N;. O

Consider the maps @, ® : N; x N; — N; defined by
nom:=n+m, nAmM:=nxm (5.9)
and the binary relation on N; defined by
n<m ifandonlyif n<m (5.10)

We now show that addition, multiplication and the order relation are uniformly
L ing-representable.
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Lemma 5.5.2. There are Lying-formulas ¢4, ¢x and ¢< such that for all global
fields K and non-integralt € K, ¢, ¢« and ¢< represent @, x and < respectively.

Proof. Consider the L,i,g formula

Y=+ T2 if X0
y =x1 X To otherwise

b+ (ys 21, 22) 1= {

Then ¢ represents @, since

n+m if char(K) =0
n®m= )
M = " x ™ otherwise
Using Lemma 5.5.1 we find that
d<(x1,x9;t) == Jy(nat(y; t) Az + 2 = x2)

represents the order relation on N;. Finally, consider the map f; : Ny — N; given
by n®mn + 1. Using the fact that n and n+ 1 are coprime for all n € N, we see that
the Lyine-formula

Yy ait) =Ve(y e 2 ¢ (@ e 2 Az + 11 2))
represents f;. Then the L,i,g-formula

Y = X122 if xo

Ox (ys 21, 203 1) 1= {ft(ﬂﬁl ® x2) = fi(x1) + filze) +y+y otherwise

represents ®, which concludes the proof of the lemma. O

From Lemma 5.5.1 and Lemma 5.5.2 we conclude that I; is an interpretation.

Theorem 5.5.3. If K is a global field, then the map I; : N — K given by equation
(5.8) is an interpretation of models.

If we apply Theorem 3.10.7 and Corollary 3.10.8 to Theorem 5.5.3 we conclude
that Question 1 has a negative answer for Egs.

Corollary 5.5.4. There exists a graded map b : Fr o — FrLiing

global fields K, n € N and for all $ € F7 .~ and all m € N"

th

N 6(m) if and only if K = (ud)(Tu)
Moreover the theory Th(K) of a global field K is undecidable.

such that for all

5.6. The Godel function

As we have answered Question 1, we will now focus on Question 2 and 3. In this
section we will introduce the Godel function for global fields and show that it is
Lying-representable. This will allow us to make inductive definitions, such as finite
sums and products of variable finite length.

We start with the definition of the Godel function.

Definition 5.6.1 (Godel functions). Let K be a global field with non-integral ¢t € K
and n > 1 an integer. A function F : K" x Ny — K is called a Gddel function for
K if and only if

1) F(#,0) € N, for all ¥ € K™;

2) for all m € N and kq,...,k, in K there exists some & € K™ such that
F(Z,0) =m and F(Z,i) = k; for all 1 <1i < m. A

Godel functions allow us to represent all finite sequences in N;. Indeed, F(Z,0)
defines the length and F(Z,4) returns the i-th entry of the sequence defined by Z.

We will show that every global field K admits a Godel function. We first prove
some preliminary results.
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Lemma 5.6.2. Let p be a prime number. Then for each f € F,[X] there exists
infinitely many m € N such that f | X*™ — X™.

Proof. Let g be an irreducible polynomial in F,,[X] and let L be the splitting field of
g over F),. Note that L/F), is algebraic, hence finite. Then L contains p? elements,
where d = [L : F,). Thus |[L*| = p? — 1 and Lagrange theorem shows that every = €
L* satisfies X?*~1 = 1. Thusif # € L and k € N, then satisfies Xk(pd’l)(Xk(pd’l)—
1) = X?m - X™ =0 for m = k(p? —1). Since g is irreducible, f is separable. Hence
flxFm —xm.

Let f be a polynomial in F,[X]. Factor f into irreducibles: f = f;--- f, and
let d be a common multiple of the degrees of the f;. Then f; | X?™ — X™ with
m = p® — 1. Now for all e € N with p® > n we have that

f = flfn | (X2m_Xm)TL ‘ ()(27774_)(777‘)1)c _ sz/_Xm/,

with m’ = p®m. Since d and e do not have an upper bound in N, we conclude that
there are infinitely many m € N such that f | X?™ — X™. O

Lemma 5.6.3. Let K be a global field with non-integral t € K and let n be a
positive integer. Then for all non-zero ky, ..., k, € K there exist hy,...,h, € Ok

such that
1+hmky -+ 14+ hik,

14+ hpkr - 14 bk,

is a matriz of non-zero non-unit pairwise relatively prime elements of O . Moreover
if char(K) > 0 then h; = t*™i 4+ t™i for some m; € N.

Proof. We will construct the hs; in Ok by induction on s. Given s € N with
1 < s < n and suppose we have determined hq,...,hs_1 (for s = 1 there is no
assumption). The construction of hs consists of three steps.

Using Lemma 5.4.2 we find some x € Ok such that for all y € Ok

1+zyky - 1+ zyk,

are non-zero pairwise relatively prime elements of Ok.
Consider the ideal a € Ok such that for all p with p | 14 h;k; for some ¢ and j
ordy(a) > max_ordy(h:k;/zk;) (5.11)
1<8,5,5"
Note that a is well-defined, because there are only finitely many primes p such that
we demand ordy(a) > 0. Choose any y € aN Ok, with y # (zk;)~! for all j. Now if
there exists a prime p and 4, j and j’ such that p | 1 + zyk; and p | 1 + h;k;, then
p | 2yk; — hik;. Using Lemma 2.5.7 we see that

1 < ordy(zykj — h;k;) = min{ord, (xyk; ), ord,(h;k;)} = ord, (hik;),

because ord, (zyk;) > ord,(h;k;) by equation (5.11). We conclude that p | h;k;
and hence p | 1. Therefore, using the induction hypothesis, the whole matrix

14+ hiky - 1+ hik,
1+h571k1 1+hsflkn
1+ xyky - 1+ zyk,

consists of non-zero pairwise relatively prime elements of O.

It remains to find z € Ok such that 1 + xyzk; is a non-zero non-unit element
of O, for all . Then for hy = zyz, the matrix (1 + h;k;);';_; consists of non-
zero non-unit pairwise relatively prime elements of Ok, because yz € a N Ok with
yz # (zk;)~! for all j. Using Lemma 5.4.1 with z; = 2yk; # 0 and y = z, we find
a non-zero polynomial P over K such that for all z € Og we have P(z) = 0 if and
only if 14+ zyzk; is a unit in O for some j. Since P is non-zero, there are at most
deg(P) < oo elements z € Ok such that P(z) = 0. If char(K) = 0, then choose any
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z € Og = Z with P(z) # 0. If char(K) = p > 0 then Lemma 5.6.2 shows that there
are infinitely many z € Og = F,[t] such that zyz = t>™ — t™ for some m € M.
Hence there exist some z € Fp[t] such that P(z) # 0 and zyz = t>™ — t™ for some
m € M. Now define hg := xyz. This concludes the proof. O

We are now ready to show that every global field admits a Godel function.

Theorem 5.6.4. There exists an Lying-formula ¢(k,x1,...,29,4;t) such that for
all global fields K and non-integral t € K, ¢ represents Fy : K x Ny — K which
satisfies

1) Fy(Z,0) € N; for all ¥ € K°;

2) for all m € N and ky,...,ky, in K there exists some T € K° such that
Fiy(Z,0) =m and Fy(Z,i) = k; for all1 <i<m.

Proof. Let xo be the Lying-formula with K = x¢ if and only if char(K) = 0, and
let B; be the push forward of the Gddel beta function along I;. Consider the Lying-
formula

’ 7/) if X0

h = Bi(it,1)* — Bi(ii, i) otherwise

p(h, 7, i;t) == {

and let hy(ii,i) : N} — Og be the function represented by p. Now define the
Lying-formula

(k,Z,05t) = set(k; 1, ..., x6;t) A1+ he(x7,xs,1)(k — x4) | To.
We will show that

k = Bi(x7,28,0) if i =0 and nat(x7;t) A nat(zs;t)

bk, 7. ) = k= ()_‘ ‘ 1fz =0 and ﬁnat(aw;f) .\/ —nat(zs;t)
Y(k, Z,i;t) if i > 0 and k(Y (k, T, ;1))
k=0 otherwise

represents a function F} which satisfies the desired properties.

First notice that this formula defines a function, because for all Z, i and ¢ there
is a unique k with ¢(k, &, ;).

The first property is easy, since for all Z € K we have Fy(%,0) = B;(x7,25,0) €
N; if nat;(27) and nat;(zs) and Fi(Z,0) = 0 € N; otherwise.

For the second property, suppose we are given m € N and kq,...,k,, in K. In
view of the proof of Theorem 5.4.6, we may take x1,...,2z¢ € K such that set;(k;Z)
defines the set {ki1,...,k} and 0 # k. := k; — x4 for all i. Using Lemma 5.6.3 we
find for all 1 <4 < m natural numbers m; € N such that (1 + hlkg)” with

ij=17
P L if xo
! t2mi _ ¢mi  otherwise

is a matrix of non-zero non-unit pairwise relatively prime elements of Og.

Pick x7,xg € K such that Fy(Z,0) := f¢(x7,28,0) = m and B(x7, xs,i) = m, for
all 1 <i <n. Then h; = hy(x7,xs,4) for all 1 <i <mn.

Now comes the main trick. Define zg := [[;_,(1 + h;k}). Then for all k € K
and all 1 <14 < n we have that K = ¢(k, Z,;t) if and only if k = k;. The ‘if’ part
is trivial. For the other direction notice that k = kg for some s and k—x4 =k, # 0,
because K = sety(k, z1,...,2¢). Since 1 + h;k. is neither a zero nor a unit in Ok,
we may consider a prime ideal p which divides both (1 + h;k%) and (zg). Thus the
product xg is in p and hence some factor 1+h; ké is in p or equivalently p | (1+h; k;)
for some j. Now we have s = j = ¢, since 1+ h;k}, and 1+ h; k; are relatively prime
otherwise. We conclude that k = ks = k;, which shows that Fy(#,i) = k; O

Theorem 5.6.4 allows us to make inductive definitions. We will list a few exam-
ples, which will be used in the next sections.

Corollary 5.6.5. There exists an Lying-formula ¢(z,w,i;t) such that for all global
fields K and all non-integral t € K and all i € N; and all w € K, ¢ defines w'.
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Proof. Consider the L,ing-formula
d(zw,i;t) == Ja(F(a,0) = 1 A F(a, i) ==
AVEeN(1<k<i— F(ak)=w-Fl(dkol))).
It it clear that ¢ defines w’. O
We have a similar result for sums.

Corollary 5.6.6. Let ¥(y,x;t) be an Lying-formula such that for all global fields
K and all non-integral t € K, 9 represents a function f : Ny — K. Then there
exists an Lying-formula ¢(z,i;t) such that for all global fields K and all non-integral

t € K and alli € Ny, ¢ defines Y, _, f(k).
Proof. Consider the Lyg-formula
o(x,i;t) = 3a(Y(Fy(a,0),0;t) AY(F,(a,1), z;t)
AVE € N(L <k <i— Af((f, kit) AF(@ k) = f + Fi(d@ ko 1)))).
It it clear that ¢ defines Y% _ f(k). O

Corollary 5.6.7. There exists an Lying-formula ¢(y,x, s, t) such that for all global
fields K with non-integral s,t € K we have that ¢ represents I : Ny — Ny which
satisfies for all n € N and all non-integral s,t € K

1) IsyoI, =1, and
2) ISJ. = Iu,t © Is,u~
Proof. Consider the L;ing-formula
o(y,x,s,t) :== IeI@In(—int(c) A nat(n;c) A Fe(a,0) = F.(a,1) =0

ANF.(@,2n) =z ANF.(d,2n+1) =
AVIieN(2<i<2n+4+1—(
(2|ciNF.(d,i)=s-F.d,i©2))V
(21 iNFe(d,i) =t Fe(d,i©2)))))

It is clear that ¢ represents I, ; and that I, has the required properties. O

5.7. Polynomials over the prime subfield

In this section we will show that there is a partial map N, — K[X], with Lying-
definable domain Ay, such that the evaluation P; at X = w is a uniformly Lying-
representable function.

Consider the map 7 : N — N that maps n to the (n + 1)-th prime number
and consider for each prime p the map ord, : N = N determined by the formula
n = lenpordp("). Then using Theorem 5.5.4 and the fact that = and ord, are
Larith-representable, we conclude that the push forwards m; and ord,; of = and
ord, along I; are uniformly L,i,.-representable. Hence using Corollary 5.6.5 and
5.6.6 we find that there is a uniformly L,ing-representable function P, : K x By — K
given by

no
Py(w,n) == Z at(nip1)w*, n; = ordy, 5),:(n). (5.12)
i=0
with By :={n € Ny | nj41 € A;,0=0,...,n0}.

Enumeration of K. In this paragraph we show that there is an £,i,g-representable
partial surjective map a; : Ny — K, with £,i,s-definable domain A;. Recall that F is
the prime subfield of K. Then the following theorem provides a general surjection.

Proposition 5.7.1. For alln > 0 there exists an Lying-formula én(y, k; ¢, x1, ..., Trn)
such that for all global fields K and all non-integral ty € K, ¢ represents a surjection
st Ny = Flay, ..., x,)].
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Proof. We construct st by induction on n. For n = 0, consider the function

—1)k @ kg if
St(k) = ( k) 3 XO ) ,
Dol otherwise

where k, = ord, (k). If char(K) = 0 then Corollary 3.9.5 and Corollary 5.6.5
show that the first case is uniformly representable. If char(K) > 0 then Corollary
5.6.6 implies that this case is also uniformly representable. Hence sg is uniformly
representable.

Suppose that s¥ is uniformly representable. Then define

ko
sy (k) = Z s (kit1) - 241, ki = ordg, i), (k).
i=0

Corollary 5.6.5 and 5.6.6 show that S?H is uniformly representable, which proves
the theorem. O

This proposition show that there exists an L,ing-formula ¢(x) such that for all
global fields K, ¢ defines F. Indeed, the Lyng-formula ¢(z) := Ft(—int(t) A Ji €
N;(s¢(i) = x)) defines F.

Corollary 5.7.2. There exists an Lying-formula ¢(z,i;t) such that for all global
fields K with non-integral t, ¢ represents a surjective map q; : Ny — Ok.

Proof. Let xo be the Ling-sentence such that K = xo if and only if char(K) = 0.
Then the L,ing-formula

P(x,ist) == {St(i) =z if xo

st(i) =x otherwise

represents a surjection ¢; : Ny — Ok. O
As K = Q(Ok), we are now able to prove that the following:

Theorem 5.7.3. There exists Lying-formulas ¢(z,4;t) and ¥(x;t) such that for
all global fields K with non-integral t, ¥ defines Ay C K, with Ay C N;, and ¢
represents a surjective map a; : Ay — K.

Proof. Let ¢; : Ny — Ok be the surjection from Corollary 5.7.2. Consider the
Lying-formula

Y(z;t) == qi(ords () # 0.

and the L,ing-formula

d(z,i5t) = q(ords (7)) - © = qe(orda ¢ (7).
Then Corollary 5.7.2 shows that ¢ represents a surjective map a; : Ay — K. O

From A; one can easily provide an L ine-formula that defines B;. Hence Theorem
5.7.3 shows that P; from equation (5.12) is uniformly L,ing-representable.

Definability of the degree. If K is a global field, then we have a map degy :
K — N which maps z € K to the degree [K(z) : K] of x over K. If we compose
this map with I;, we find a map degg , : K — N;. In this paragraph we will show
that this maps is L,ing-representable.

We will need two preliminary lemmas. Recall from Theorem 5.6.4 the definition
of the Godel function F; : K° x N, — K.

Lemma 5.7.4. There exists an Lying-formula ¢(y, T,w, m;t) such that for all global
fields K and all non-integral t € K and all w € K, ¢ represents that map

m

Py(#,w,m) =Y Fi(Zi+ 1w’
=0
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Proof. Consider the L,ing-formula

o(y.%,w, m;t) := 3a(F(a,0) = Fy(Z,0) A Fy((@,m) =y
AVE €Ny(L <k <m — Fy(d,k) = Fi(Z,k © D)w* + Fi(d@, k ©1))).

It is clear that ¢ represents P;. O

Lemma 5.7.5. For all Lying-formulas 1 there exists an Lying-formulas ¢<(m;t)
and ¢>(m;t) such that for all global fields K and all non-integral t € K, ¢< defines
min{n € N; | ¥(n)} and ¢> defines max{n € N, | ¢)(n)}.

Proof. Consider the L;iyg-formula(s) given by

p<(m;t) = Y(m)AVn e Ny(¥(n) >m<n
o>(m;t) = Y(m)AVn e Ny(¥(n) >m>n

~ —

It is clear that ¢< and ¢> define the constants min{n € N; | ¢)(n)} and max{n €
Ni [¢(n)}. H

Now we are ready to show that degy , is Lying-representable.

Theorem 5.7.6. There exists an Lying-formula ¢(d,w;t) such that for all global
fields K and all non-integral t € K, ¢ defines degg , : K — Ny.

Proof. Consider the L,ing-formula
¢(d,w;t) :=d =min{n € Ny | Fa(P;(d,w,n) = 0)}.

It is clear that ¢ represents degy ;. O

As we know from Lemma 5.7.5 that the maximum is Lyne-definable, we have
the following corollary.

Corollary 5.7.7. There exists an Lying-formula ¢(d;t) such that for all global fields
K and all non-integral t € K, ¢ defines [K : K];.

Proof. Consider the Lying-formula ¢(d;t) given by
#(d;t) == d = max{n € Ny | Jw(n = degg ,(w))}

We will now show that ¢ defines the constant [K : K];. Suppose that K |= ¢(d;t).
Since K /K is seperable, we find by the primitive element theorem an w € K with
K = K(w) or equivalently degy(w) = [K : K]. Moreover we have that degy(w)
divides [K : K] for all w € K. Hence [K : K] is the maximum of all degy(w) with
we K. O

5.8. Richness of global fields

In this section we will apply the results of the previous sections to the family
isomorphism classes of global fields Eg;.

Just like algebraically closed fields in chapter 4, we will first determine the
isomorphism classes.

Theorem 5.8.1. Let K be a global field. Then K = K(w) with w algebraic over K.

Proof. Note that K/Q is seperable by Theorem 1.11.9 when char(K) = 0. Fur-
thermore, using Lemma 1 at page 48 of Weil [17], we can choose t € K such that
K/F,(t) is separable, whenever char(K) > 0. The theorem follows from the primi-
tive element theorem. O
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Interpretation of K in N. Let K be a global field, ¢ € K be non-integral and
w € K such that K = K(w). In this paragraph we will construct an injective map
Jtw @ K — N and show that it is a uniform interpretation, i.e., there are Layith-
formulas ¢, ¢«, o, ¢1, ¢= and @iy, with some parameters ¢, which make J; into
an interpretation, and these L,ing-formulas do not depend on K. With Theorem
3.10.7 this gives rise to a map A : ]-'gmg — F7 ... such that for every global field
K and every L.ing-sentence ¢ we have

KE¢ ifandonlyif N (\)(#).

th

The map J;, and the related formulas are constructed in several steps.

Lemma 5.8.2. There are Lonn-formulas ¢l (z,2,y;x), ¢%(2,2,9;x), d5(2;x),
d (x5 x), oL (z,y; %) and ¢k (x;x) such that if K is a global field with prime subring

R, then the map J' : R — N given by
2¢ —1 ifchar(K)=0andz >0
T =2z if char(K) =0 and x <0
Yy if0<y<p:=char(K) andp|z—y

is an interpretation, by these Lying-formulas with x = char(K).

Proof. Define (;Sfr (z,z,y;x) by the Lying-formula

=20z ¥y 1 if y=0,2fzand 21y

:—2(1—&-%—1) ifx:0,2\mand2fyand%2+97+1§0
y

z

z

z=2(% + ¥ -1 iszO,Q\xandZTyand%+yT+1>0

2= 2= 4+ L) if y=0,2fzand2|yand - + L <0
1

z

<
+ =
Il

=2z 4+ L)—1 ifx=0,2fzrand2|yand & + L >0
=25 +%5) itx=0,2|zand 2|y
z=xz+y—kx if0<z+y—ky<x for some k € {-1,0,1}

ZZQ(%IX%H)—I if x=0,242and 21y
2:72(_12><3%H) ifx=0,2]|xand 21y

oY (2,2, y; ) = z=-2(% x L) ifx=0,2¢zand 2|y
z=2(5x%)—-1 ifx=02|zand2|y
z=xxy—ky if 0 <xxy—Fky<x for some k € N

Furthermore define ¢ (z) :=x =0, ¢1(z) ==z =1, ¢L(z,y;Xx) ==z =y and
Pim(T3X) =X >0 0< 2 < x.
It is clear that these Lying-formulas satisfy the desired properties. O

Lemma 5.8.3. There are Lon-formulas 3 (z,z,y;x), ¢% (2,2, y;X), §(x;X),
&2 (x;x), o2 (xz,y;x) and ¢2 (x;x) such that if K is a global field and t € K is
non-integral, then the map J? : Ox — N given by

. JH(z) if char(K) =0
min{n € N |z = > I'(n;4+1)t'} if char(K) >0

where ny = ordg ) (n) for all k € N and I' = (JY)71, is an interpretation, by these
Lying-formulas with x = char(K).
Proof. Let f} : N> — N be the function represented by ¢ (z,z,y;x). Define

¢2 — z:f}r(x,y;O) 1sz()
+ z=min{n € N | ny = fi(zp,yr;x), 1 <k <zo+yo} if x>0
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Let fL : N® — N be the function represented by ¢L (z,z,y; x). Define

¢2X — z = fu(z,y;0) . if x=0
z=min{n € N|ny =37 f1(Tit1, Ye—it1:X), 1 <k <zoyo} if x>0

Define ¢ by

2 N, Jz= ifx=0

Po(ix) {le if x>0
Define ¢? by

9, v, Jr=1 ifx=0

#1(ix) {:c_ﬁ if x>0

Define ¢2 (z,y;x) =« = y. Finally define ¢12m by

2 (z;x) = i (3 0) ifx=0
T Vk L, (g1 X) A 208 (Tao 415 X)) AVE > 20 B (zhars x) i x>0

where z, = ord,r(k) (x) for all k € N. It is clear that these L,ing-formulas satisfy the
desired properties. O

Lemma 5.8.4. There are Lon-formulas ¢3 (z,z,y;x), &% (2,2, y;X), op(2;X),
&3 (z;x), ¢2(z,y;x) and ¢3_(x;x) such that if K is a global field and t € K is

im

non-integral, then the map J : K — N given by

z+— min{n € N |z = I?(ng)/I}(n1)}
where ny = ordy () (n) for all k € N and I} = (JZ)™', is an interpretation, by these
Lying -formulas with x = char(K).

Proof. For all n,k € N, we write ng := ord)(n). Let —i—i be the relation repre-
sented by ¢ (z,z,y; x) and x2 be the relation represented by ¢% (z,z,y; x). Define
for O = +, X the Ling-formula

¢ =z =min{n € N | ¥g(n,z,y;x)},

where

Vi (n,z,y;X) = no Xi 1 ><>2< Yyr=m Xi (o Xi Y1 +>2< 1 Xi Yo)

and

Uy (n,m,y;X) 1= no X3 @1 X2 y1 = ny X3 0 X2 Yo
Furthermore define ¢3(z; x) := ¢2(z0, %) and ¢3(x; x) := ¢3(z0, X) A ¢3 (21, x) and
&2 (z,y;x) = x = y. Finally we define

o (T3 X) 1= D (03 X) A G (215 X) A 5 (21, X) A,
with

0 :=VYn(n<zAng Xixl =n xixo —n=ux).

It is clear that these Lying-formulas satisfy the desired properties. O

The following proposition encodes all polynomials over K:

Proposition 5.8.5. There are Layign-formulas ¢4 (z, z,y; x), &% (2,2, y; x), ¢5(; x),
dF(x;x), ¢L(z,y;x) and ¢t (z;x) such that if K is a global field and t € K is non-

integral, then the map J} : K[X] — N given by

no
x> min{n e N|z = Zlf(niﬂ)Xi}
i=0

with ny, = ordy ) (n) for all k € N and I} = (J2)71, is an interpretation, by these
Lying -formulas with x = char(K).
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Proof. For all n,k € N, we write ny := ord.(x)(n). Let —|—§< be the relation repre-
sented by ¢3 (z, z,y; x) and xi be the relation represented by ¢3 (z,x,y; x). Define
for 0 = 4+, x the L;ing-formula where

Yo(n, 2,y x) = Vk(1 < k < 2o+ yo — np = 2 +3 Yk)

and
k

Vi (n,z,y;x) == Vk(1 < k < zoyo — ny = in-&-l X3 Yk—it1)
=0

Furthermore define ¢g(x;x) := Vkdd(xk, X), ¢2(z,y; %) := 2 = y and

¢1 (w3 X) 1= ¢F (1, x) AVE(k # 1 — 3 (2, X))

Finally we define

Do (@5 X) 1= VEG (Trt13 X) A 203 (Ta0415 X)) AVE > @0 3 (Trt13 X)-

It is clear that these Lying-formulas satisfy the desired properties. O

Using the encoding of all polynomials over K, we can now construct an encoding
of the factor ring K = K[X]/(f), where f is the minimal polynomial of a primitive
element w € K. But in order to provide an Lyiyg-representation of the push-forwards
of addition and multiplication, we will need to know the code g of f.

Proposition 5.8.6. There are Laitn-formulas ¢4 (z,2,y;X,9), &x(z,%,9;X,9),

bo(z:X:9), ¢1(23 X, 9), d=(,¥: X, 9) and dim (23X, g) such that if K is a global field,
t € K is non-integral and w € K with K = K(w), then the map Ji., : K — N given

by

no
z— min{n e N |z = fo(niﬂ)wi}
=0

with ny, = ordky(n) for all k € N and I} = (J?)™', is an interpretation, with
x = char(K) and g = JA(f¥).

Proof. For all n,k € N, we write ng := ord)(n). Let —l—i be the relation repre-

sented by ¢4 (2, z, y; x) and xi be the relation represented by ¢ (z, z,y; x). Define
for O = +, x the Lyizg-formula

#% =z =min{n € N | y¥g(n,z,y;x,9)},

where
'LZJ[](n,l',y; ng) = Elh(n = {ED;’;.’E +;1( h X;L( g)

Furthermore define o (w: x) = ¢i(w, x) and é1 (x5 x) == ¢1(x, x) and ¢ (z,y; x) =
x = y. Finally we define

: . _ 4 _
Gim (75X, 9) :=YVn(n <z AJh(n =2+, h xig) —n=uz)

It is clear that these Liyg-formulas satisfy the desired properties. O

If we apply Theorem 3.10.7 to Proposition 5.8.6 we conclude the following:

Theorem 5.8.7. There exists a map A : }"2
field K and every L.ing-sentence ¢ we have

— .7-'%3“ such that for every global

th

ring

K¢ ifandonlyif NE(A)(x,9),

with x = char(K) and g = J}(f) where f € K[X] such that K = K[X]/(f).
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Code of a global field. In this paragraph we will assign to every global field K
a natural number [K| € N with the following properties:

1) there is an Lying-formula code(x;t) such that if K is a global field and ¢t € K
non-integral, then code(z,t) defines I,([ K1) € K;

2) there is an Laitn-formula char(z,y) such that if K is a global field, then
N | char(x, [K1) if and only if K has characteristic x, for all y € N;

3) there is an L,itn-formula gen(x, y; t) such that if K is a global field and ¢t € K
is non-integral, then N = gen(g, [K;t) if and only if J}(f) = g, for some
f € K[X] such that K 2 K[X]/(f).

We will first define a constant char(t) € Ny, such that for all p € N
K = 3t(—int(t) A I;(p) = char(t))

if and only if char(K) = p. It is easy to see that

o t) {x:O if xo

x =min{n € Ny | n =0} otherwise

defines this constant.

Recall that we can enumerate the polynomials over K using P, from (5.12).
Hence we can define the minimal polynomial over K of a given w € K by the
L ing-formula

minpol(w,n;t) := Pi(w,n) = 0 Aordg +(n) = degg ,(w), (5.13)

which defines a subset of K x By of pairs (w,n), such that n is the code of a
minimal polynomial of w. Recall from Corollary 5.6.7 the definition of the map I; 5
and consider the L,ing-formula

genpol(n;t) :== —n € By A IsFw(—int(s) A degg ((w) = [K : K],
A minpol(w, I; s(n)); s). (5.14)

Then K = genpol(n;t) if and only if n encodes the minimal polynomial of a gener-
ating (i.e., primitive) element of K /K. Therefore we can define the following:

Definition 5.8.8 (Coding of global fields). The map [-] : Eg — N defined by
[e] = m if and only if for all primes p with p | m we have p = 2,3 and for some
Kee

K | 3t(—int(¢) A It(mg) = char(t) A I:(mq1) = min{n € N; | genpol(n;t)})
is called the coding of global fields. A

For notational convenience we will write [K] instead of [[K]|. We now show
that [e] is well-defined. First of all, if K and K’ are isomorphic, then they are
elementary equivalent. Therefore the definition does not depend on the choice of K
in e. Furthermore notice that K = genpol(n;t) if and only if genpol(I; v (n);t’), for
all non-integral ¢, € K, because I; s(n) = Iy s(I; v (n)) by Corollary 5.6.7. Now
using that s (m) = Iy (I;(m)), we conclude that m does not depend on the choice
of ¢.

The reason that we have defined the coding [-] in this way is because there is
now a uniform definition of [ K] in a global field K.

Lemma 5.8.9. There is an Lying-formula code(z;t) such that if K is a global field,
then
K [=Vax(code(x;t) <» x = L,([K])).

Proof. Consider the L,i,g-formula
code(z;t) := & = min{n € Ny | genpol(n;t)}.
It is clear from the definition that ¢(z) defines I([K). O

It is easy to see that we have reached the goal of this section, since we can define
char(z,y) := = yo and gen(z,y;t) = x = y;.
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Characterization of definable subsets. The following theorem characterizes
completely the definable subsets of Eg¢. This provides an answer to Question 2 in
the case of global fields.

Theorem 5.8.10. Let S C Eyr be a set of isomorphism classes of global fields.
Then there exists an Lying-sentence ¢ with S = {e € Eg | e = ¢} if and only if
there exists an Lavign-formula ¥(z) with S = {e € Eqg | N = 19(Je])}.

Proof. Let S C Egt be a set of isomorphism classes of global fields. Suppose that
there exists an Laign-formula ¢ (z) with S = {e € Eg¢ | N = 9([e])}. Then let p
be the uniform interpretation of Th(N) in the theory of global fields from Corollary
5.5.4. Then it is clear that

¢ = FIm(—int(t) A code(m;t) A (p)(m))

is an Lying-sentence such that S = {e € Ey | e = ¢}.
On the other hand, let A be the map from Theorem 5.8.7. Then

¥(x) = (Ad)(xo, 1)
is an Larign-formula ¢ (z) with S = {e € Eg¢ | N =4 ([e])}. O
The strength of Theorem 5.8.10 becomes clear by its corollaries.

Corollary 5.8.11. For all global fields K there is a sentence ¢ which is true in
K and false for all global fields L with L ¢ K.

Proof. Let K be a global field and consider the L, ;,-formula
YE)=c=14+---+1 ([K] times).

Then application of Theorem 5.8.10 yields an L,ing-sentence ¢, which is true for
K and false for every global fields L with L # K. O

Thus Corollary 5.8.11 shows that every global field is definable by a single L;ing-
sentence. This implies that two global fields are isomorphic whenever their theories
are equal (i.e., whenever they are elementary equivalent). This provides a positive
answer to Question 3.

Corollary 5.8.12. For all global fields K and L we have that K = L if and only
if K= L.

Proof. Let K and L be global fields. If K = L then clearly K = L. Conversely
suppose that K = L and let ¢k be the L,i,g-sentence from Corollary 5.8.11. Then
L= ¢k, hence L= K. O
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Chapter 6

Finitely Generated Fields

Let K be a field and F its prime subfield. If K/F is finitely generated, then K is
called a finitely generated field. Let Eigr denote the set of all isomorphism classes of
infinite finitely generated fields. Note that we will consider only finitely generated
fields which are infinite, as then we are able to reduce global fields. In this chapter
we will provide a negative answer to Question 1 with E = Figy.

To achieve this, we show that for every infinite finitely generated field K there
exists an interpretation from N to K. Just as with the interpretation of N into
a global field, the hardest part is to show that the image is definable. We will
prove this by reducing to global fields using results from Poonen [11]. These will
be discussed in section 6.1. Then in section 6.2 we conclude that Question 1 has a
negative answer.

The answer of Question 2 and 3 is not yet known in the case of infinite finitely
generated fields.

6.1. Reduction to global fields

In this section we will show that there exists an L,ing-formula that defines a global
field inside every infinite finitely generated field K. We will first describe this global

field and then show that it is definable, using results of Poonen [11].
We first extend our notations about global fields from section 2.1. Let K be
a infinite finitely generated field. Then t € K is called integral if and only if ¢ is
integral over the prime subring of K. For every non-integral t € K define
O = {Z %f char(K) =0 6.1)

F,[t] if char(K)=p>0

Then define K; to be the algebraic closure K = Q(Ok) in K. It is clear that K; is
a global field, as it is finitely generated over the prime subfield and has Kronecker
dimension one. We will provide a first order definition of K; in K.

Characteristic zero. If K is an infinite finitely generated field, then the algebraic
closure k of F in K is called the field of constants. Notice that if char(K) = 0, then
F =K and k = K, is a global field. Hence the following theorem allows us to define
K, in characteristic zero.

Theorem 6.1.1 (Poonen). There exists a Lying-formula ¢(z) such that for all
finitely generated fields K with field of constants k we have

{ze K| KEo¢()} = {g’ ifchar(.K):Q
otherwise
Proof. See Lemma 3.7 of [11]. -

Poonen proved (proof of Theorem 1.1 on page 15 of [11]), using the theory from
Chapter 5, that the above theorems implies that characteristic zero is definable.
However, the proof could be much easier.

111



112 6.2. Richness of finitely generated fields

Corollary 6.1.2. There exists an Lying-sentence Xo such that K = xo if and only
if char(K') = 0 for all infinite finitely generated fields.

Proof. Let ¢(x) be the L,ing-formula from Theorem 6.1.1 and consider the Lying-
sentence xo := Jxd(z). It is clear that K = x¢ if and only if char(K) = 0. O

This corollary generalizes Corollary 5.3.4. Hence we are now able to separate
positive characteristic from characteristic zero.

Positive characteristic. Let K be an infinite finitely generate field. We will now
show that K is definable in positive characteristic. It clearly suffices to show that
the family

Fk = {K; | t non-integral} (6.2)

is L,ing-definable, whenever char(K) > 0.
We first investigate some basic properties of .7 .

Lemma 6.1.3. Let K be an infinite finitely generate field with char(K) > 0 and
let s,t € K be non-integral. Ift € K, then Ky = K.

Proof. Suppose that t € K. Then we have Ks N K; # k, where k is the field
of constants of K. Since K and K; are algebraically closed in K we find that
k C K; N K. Thus there exists some non-integral x € K with x € K; N K;. This
implies that F[z] C K, N K; and since K, and K; are algebraically closed in K we
find that K, and K; both equal the relative integral closure of F[z] in K. Hence
K, =K, = K. O

Theorem 6.1.4 (Poonen). There exists Lying-formulas ¢(z;y) and x(¥) such that
if K is an infinite finitely generated field with char(K) > 0, then ¢ and x define
Tk

Proof. We claim that F' € Zk if and only if F' is algebraically closed in K and
trdeg(F'/k) = 1. Then Proposition 4.10 of [11] proves the theorem.

If FF = K, for some non-integral ¢t € K, then by definition F' is algebraically
closed and trdeg(F/k) = 1. Conversely suppose that F' C K is a subfield such that
F is algebraically closed in K and trdeg(F/k) = 1. Pick t € K — k non-integral.
Then from the uniqueness of the relative algebraic closure it follows that F' equals
the relative algebraic closure of F,[t], where p = char(K) > 0. Hence F = K;. O

We are now ready to show that K is Lying-definable.

Corollary 6.1.5. There exists an Lying-formula gf (x;t) such that if K is an infinite
finitely generated field and t € K is non-integral, then gf defines K.

Proof. Let ¢(x) be the Lying-formula from Theorem 6.1.1, x¢ the Lying-sentence from
Corollary 6.1.2, ¥(z; %) and x(¥) the Lying-formulas from Theorem 6.1.4. Consider
the L, ing-formula

o) if o
gf(z;1) : {Vyﬂ(x(g’)%(w(lﬂg’)%lp(t;?ﬁ)) otherwise

If char(K') = 0, then Theorem 6.1.1 shows that gf defines K. If char(K) > 0, then
Theorem 6.1.4 shows that gf defines | J{K, | t € Ks}. Then Lemma 6.1.3 shows
that gf defines Kj. O

6.2. Richness of finitely generated fields

Let us first describe the image of this map. Let K be an infinite finitely generated
field and t € K be non-constant. Then we define the map

n if char(K) =0

6.3
t"  otherwise (6:3)

I :N—> K nr—>{

We will prove that I; is an interpretation.
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Lemma 6.2.1. Let K be an infinite finitely generated field and t € K be non-
integral. Then there exists a graded map p: Fp . — Fr... such that for alln € N
and for all g € Fz  —and all m € K'

ring ring

Ko = o(m) if and only if K = (u6) (i)

Proof. Let ¢ : K; — K be the inclusion of K; in K. Then Corollary 6.1.5 shows
that the image of ¢ is definable. Hence ¢ : Ky — K is an interpretation of models,
since addition and multiplication are trivially Lying-representable. The lemma now
follows from Theorem 3.10.7. O

Theorem 6.2.2. Let K be an infinite finitely generated field and t € K be non-
integral. Then the map Iy : N — K given by equation (6.3) is an interpretation of
models.

Proof. Notice that I factors through a map I} : N — K; and the inclusion ¢ :
Ky € K. Now let p : Fr,.. — Fr,, be the map from Lemma 6.2.1. Then
pnat(x;t) defines the image of J; in K. Using prin(z;t) instead of rin(z;t) shows
that divisibility |; is Lying-representable in K. Hence the proof of Lemma 5.5.2 also
applies to infinite finitely generated fields. Thus I; is an interpretation. O

ring

If we apply Theorem 3.10.7 and Corollary 3.10.8 to Theorem 6.2.2 we conclude
that Question 1 has a negative answer for Ejg,r.

Corollary 6.2.3. The theory Th(K) of an infinite finitely generated field K is
undecidable.

Question 2 and 3 will remain unanswered in this thesis. At the time of writing,
they are open questions in this field of mathematics.

Pop showed some strong evidence that Question 3 should have a positive answer.
He showed in [12] that if K and L are finitely generated fields with Th(K) = Th(L)
and K is a function field of general type then K is isomorphic to L. He furthermore
shows that the set of isomorphism classes of global fields is a definable subset of
Eiggr.
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